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ABSTRACT

The petrographic and geochem ical investigations of the K adinhani 
m etam orphic, igneous and sedim entary  rocks indicate a great range in 
petrography and geochemistry.

The stratigraphy in the area starts w ith  the m etasedim entary Esiragili 
Form ation w hich is followed upw ards in the D evonian by the Bagrikurt 
F o rm atio n  w hich  is ch a rac te rize d  by m etav o lcan ic  rocks, cherts, 
m e ta se d im e n ta ry  rocks, p e lite , ca rb o n a te , ca lc -silica te  an d  block 
lim estone .T he  fo rm ation  is ov erla in  by the  u p p e r D evon ian -low er 
C arbon iferous K ursun lu  fo rm ation  lim estone, w h ich  reflects a shelf 
env ironm en t and  is cut by in trusive dykes. The Lorasdagi Form ation 
carbonate was deposited in the an open shelf environm ent in the Jurassic to 
Cretaceous, overlies the older rocks unconform ably and  continues up to the 
unconfo rm ab ly  overly ing  u p p e r M iocene-Pliocene O sm ankayasi Tepe 
Form ation lim estone which is overlain by dacite w hich itself is overlain by 
the P lio-Q uaternary Toprakli Formation.

Three phases of deform ation (D1-D 3 ) have been recognized in the

p resen t area.The m icrostruc tu ra l and  p e trog raph ic  investigations show  
d istinct phases of deform ation  and  d ifferen t m etam orph ic  events. The 
app aren t absence of any m ineral grow th  du rin g  D2 and  the post tectonic 
m ineral overgrow th, indicates a m etam orphic relaxation follow ed the M i 

m etam orph ism . The second m etam orphic  even t involves re trogression  
w ith  pseudom orph ic  rep lacem ent of chlorito id , b io tite , am phibo le  and  
feldspar.

The area was m etam orphosed  first u n d er the conditions of the 
g reensch ist facies (the m ost im p o rtan t m inera ls , m uscovite , chlorite, 
chloritoid, actinolite and  stilpnom elane) and then later under the blueschist 
facies m etam orph ism  w hich gave rise to m agnesio  riebeckite, crossite, 
glaucophane, phengite and albite minerals.

The psam m ite and quartzites have a passive or active continental 
m argin  setting. The cherts haye been deposited  in a relatively shallow- 
w ater environm ent sim ilar to recent continental shelf slope environm ent. 
The pelitic rocks w ere orig inally  shales in w hich the m ain control in 
com position was the sheet silicates. The m etabasic schists w ere possibly 
tuffs in the pelites. The calc silicate rocks w ere originally  im pure siliceous 
lim estones w ith  variable am ounts of clay m aterial. The carbonate rocks
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contains variable am ounts of terrigenous m aterial and dolom ite is possibly 
of late diagenetic origin.

The m eta-igneous and igneous rocks are of a subalkaline character. 
The m etahornblende gabbros w ere derived from  a subalkaline basaltic m elt 
w ith  oceanic affinity. The m etadolerites reveal a parental m agm a source 
sim ilar to subduction- related lavas in a continental m argin environm ent. 
The parental m agm a of the m etadolerite involved a mix of subcontinental 
lithosphere and subduction com ponents. The possiblity of derivation of the 
m etatrachyandesite from  basaltic m agm a via crystal fractionation of mafic 
m inerals conflicts w ith the degree of REE fractionation of the m etabasaltic 
andesite.

The dacites w ere evolved m ainly by am phibole fractionation under 
hydrous conditions at shallow levels in the continental crust and  probably 
form ed by fractional crystallization from an andesitic parental m agm a.

The thesis  co n ta in  18 REE an a ly ses, 153 XRF an a ly ses  of 
m etam orphic, igneous and  sed im en tary  rocks, m icroprobe analyses of 
fe ld spars, sheet silicates, am phibo les, pyroxenes, carbonate  m inerals, 
stilpnom elane, chloritoids, tourm alines, rutiles, epidotes, pum pellyites and 
magnetites. There is a new geological m ap of the area.
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I - INTRODUCTION

1.1. DESCRIPTION OF THE AREA

This account describes the resu lts  of a system atic  geological 
investigation of the K adinhani area, Konya, Central Anatolia. The m apped 
area covers about 300km^ and is s ituated  about 60 kilom eters N W  of 
Konya (Figure,l).

The general relief is low hills and  shallow  valleys. Rocks in the 
m ap p ed  area are w ell exposed w ith  m ost arable land  lim ited  to the 
N eogene rocks.

The low er m ost visible un it in the area is the Silurian - D evonian 
age E sirag ili F o rm atio n , co m p rised  m e taca rb o n a te , p h y llite  and  
psam m ites. This fo rm ation  is overla in  by  the  D evon ian  B agrikurt 
Formation, of schist, phyllites, marbles, cherts, quartzites, basic schist, calc 
silicate, pelites and  psam m ites and  also m etavolcanic rocks such as 
m etatrachyandesite and  m etabasaltic andesite. The form ation is overlain 
by D evonian and Carboniferous age K ursunlu Form ation limestone.

The m eta-igneous rocks such  as m e tah o rn b le n d e  gabbro  and  
m etadolerite cut the Perm ian limestone, which is outside the studied  area, 
and older rocks in the present area.

The Lorasdagi Form ation, of Jurassic C retaceous age, overlies the 
K ursunlu  and  Bagrikurt Form ations unconform ably and  continues up  to 
the unconform ably overlying upper Miocene- Pliocene O sm ankayasi Tepe 
Form ation .

The upper M iocene-Pliocene is overlain  by dacite w hich itself is 
overlain by the Plio -Q uaternary Toprakli form ation.
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Figure. 1. Location \map of the area studied .

/ n * a c (  Ran*
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SAHAS'* 20MCM E D I T E R R A N E A N

Figure, la. Tectonic map of Turkey showing the tectonic zones in the Pontides and 
Anatolides. Heavy lines indicate major sutures.
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1.2. PREVIOUS WORK

Considerable work has been carried out on the geology of the region 
as re su lt of m ercury  deposits in the neighbouring  area. Pilz (1937), 
Schum acher (1937), and Kovenko (1939) m ade reg ional surveys of the 
geology w ith  Niehoff(1964) com piling a regional geological m ap  at 
1:100,000. Petrascheck (1964), M aucher (1964), K aaden (1964), W eisner 
(1964) and Holl (1966) carried out investigations into ore deposits and  the 
economic geology.

The first detailed study of the area was m ade by W eisner, (1968) who 
proposed  that the m ercury deposits are related to andesitic volcanism. The 
o ldest fo rm ation  in the region is m etam orphosed  S ilu rian  lim estone 
w hich is overlain  w ith  an angular unconform ity  by Low er D evonian 
phy llite  w ith  U pper D evonian - C arboniferous p h y llite  and  q u artz ite  
follow ing conform ably and then Low er-M iddle C arboniferous lim estone. 
Weisner(1968) described the magm atic activity w hich p roduced  "andesite 
porphyrite" and "andesite".

Bayic (1968) and  Banger (1987) s tu d ied  the p e tro g rap h y  of the 
adjacent area to the east. They found stilpnom elane and  g laucophane 
m in e ra ls  an d  su g g e s ted  th a t these  w ere  th e  re su lt  of b u r ia l 
m etam o rp h ism .

D ogan (1975) , U stundag  (1987) and  Eren(1993), described  the 
stratigraphy of the adjacent area to the east.

Pehlivan (1976) and  M otorcu (1987), considered  the orig in  of the 
m ercury deposits.

Guzel(1983) carried  ou t hydrogeological s tu d ies  on the schist 
underly ing  the lim estone. This author considered the volcanic rocks as 
andesites of Paleogene age.
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1.3. THE AIM OF THE RESEARCH

Alm ost all previous w orkers were satisfied w ith  a brief description 
of the litho logy , w ith o u t in tensive  s tu d y  of the  p e tro g rap h y  and 
geochem istry. G eochem istry is a very im p o rtan t aspect of the present 
work.

The aim  of this research is to decipher the geological history and the 
petrology of the area investigated w hich so far has never been studied  in 
detail. In order to do this a 1:25,000-scale geological m ap of the area was 
com pleted, the s tra tig raphy  and tectonics exam ined and  m ineralogical 
and chemical studies undertaken in order to understand  the petrology of 
the rocks concerned.

The bulk  rock com position was exam ined by the use of X-Ray 
fluorescence, and ICP analysis. Electron m icroprobe analysis was used to 
s tudy  the m ineral com positions
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II-SA M PLIN G  AND ANALYTICAL METHODS

The ultim ate goal of the present study is to reconstruct the original 
rock com positions in order to deduce the source terranes and  in terp re t 
these com positions in terms of tectonic models.

Sam pling involved collection of fresh unw eathered  specim ens from 
various localities in the K adinhani area. Sam ple locations are given in 
Tables in chapter VI.

Bearing in m ind any possible contam ination, large sam ples w ere 
initially trim m ed to rem ove w eathered surfaces using a hydraulic press. 
The sam ples w ere then crushed  into small pieces d ep en d in g  on the 
num ber of the required  test specimens which w ere subsequently  used to 
make thin and polished sections and, chemical analyses.

M ineral analyses w ere obtained  using a C am bridge in stru m en t 
Microscan 5 Machine. This uses X-ray radiation generated by an electron 
beam  striking finely m ade and carbon coated thin probe sections. Each 
elem en t p roduces a characteristic  x-ray energy  sp ec tru m  w hich  is 
m easured by a solid state detector for a counting time of 100 seconds.

Chem ical analyses in conjuction w ith  pe trog raphy  are im portan t 
m eans of exam ining com positional variation in rock sam ples. Therefore 
153 sam ples were subjected to X-ray fluorescence analysis for both major 
and trace elements.

The first step consists of reducing the size of the sam ples to 100 
mesh and then to 250 mesh. The form er size is suitable for m ajor elem ent 
analyses and the latter for the trace elements. The m ethods of analyses are 
those described by H arvey et al. 1981 and H arvey et al. 1973 for trace and 
m ajor elem ents repectively, using fused discs for m ajor e lem ents and 
pressed fine pow ders for trace elements.
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The FeO contents of samples w ere determ ined by the m ethod of 
titra tion  w ith  potassium  - dichrom ate as the X-ray spectrom eter gives 
only total iron. Fe203 is calculated by subtracting FeO m ultiplied by 1.1114, 
from the total iron as Fe2 0 3 .

The am ounts of H 2 O and CO2 w ere determ ined  by a m ethod of 
com bustion, adsorbtion and gravim etry (Riley, 1958). In some samples, 
volatile contents w ere determ ined by m easuring loss on ignition.

REE w ere analyzed  by ICP-mass spectrom etry  (ICP-MS) at the 
Scottish U niversities Research and Reactor Centre. Sam ple dissolution 
prior to introduction into the ICP-MS was achieved by H N O 3-HF-HCIO4 

m icrow ave digestion in sealed Teflon beakers, as detailed  elsewhere ( 
M urray et al. 1991a). Samples were p repared  and  run  in random  order, 
and on different analytical runs, days, and ICP-Ms instrum ents. Data was 
reduced  using a m odified  version of the elem ental data  reduction 
software.



7

III - STRATIGRAPHY 

3. 1. INTRODUCTION

The area is com posed of Paleozoic M esozoic and  Cenozoic rocks in 
the following stratigraphical order;

Table,1 .L ithostratigraphy

NAME AGE THICKNESS (m)

Alluvium

(Unconformity) 

Toprakli Formation)

(Unconformity)

Dacite

(Unconfomity)

OsmankayasiTepeFormation

(Unconformity) 

Lorasdagi Formation

(Unconformity)

upperMiocene-Pliocene

Plio-Quatemary

Jurassic-lower Cretaceous

300

120

650

30

Metadolerite 

Meta hornblende gabbro 

Meta trachyandesite 

Meta basaltic andesite 

Kursunlu Formation 

Bagrikurt Formation 

Esiragil Formation

Devonian

Silurian?- lower Devonian

middle Devonian-lower Carboniferous 200

150

700

300
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3.2. ESIRAGIL FORMATION

The oldest form ation exposed in the area is the Esiragil Formation. 
The lower part of this form ation is mostly of m etacarbonate w ith phyllite 
and  psam m ite. Tow ards the top of the form ation, the carbonate beds 
w ith in  the fo rm ation  increase in p ro p o rtio n  and  the phy llite  and  
psam m ite decrease.

The psam m ites are fine-grained  yellow -brow n siliceous rocks. 
Cream -yellowish m etacarbonate units are interbedded w ith phyllite.

Weisner(1968) first observed and nam ed this form ation as "yellow- 
grey limestone". Dogan (1975) nam ed them the "Ertugrul lim estone stage" 
and U stundag  (1987) observed them w ithin Esiragil Village and nam ed 
them the Esiragil Formation.

Exposures occur on Yapraklibasi Tepe (35200-19100), Gulbek Tepe 
(38700-14700) and Tulbent Tepe (37500-13500) (appendix-1).

This fo rm ation  passes u p w ard s  in to  the B agrikurt F orm ation  
(tab le ,1) w ith  a g rad a tio n a l contact, defined  at the top of the 
m etacarbonate w hich underlies a consistently p u rp le  coloured phyllite 
which itself forms the base of the Bagrikurt Formation. The boundary  of 
the two form ations can be seen very clearly in the Ketele Dere. The bottom  
of the form ation is now here seen in the present area bu t the form ation is 
overthrust onto ophiolitic rock outside the studied  area to the southest.

No fossils w ere found. W eisner (1968) ten ta tively  suggested  a 
Silurian ?-Devonian age for the form ation due to the stratigraphy.

3.3. BAGRIKURT FORMATION

This form ation is the com m onest in the area ( appendix-1) and 
includes phyllite, schist, marble, quartzite, m etachert, psam m ite, pebbly 
quartzite, milky quartz veins, m etaconglom erate and block limestone. It is 
overlain conform ably by M iddle Devonian limestone.

U stundag  (1987) nam ed the form ation after Bagrikurt Village but 
good exposure also occurs in Kadinhani town (33000-31000), Bulgurpinari 
village (25700-21500) and on Tavsankayasi (32500-19000), Kartal Yaylasi 
(39000-18400) and Kara Tepe (35000-33400).
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G enera lly  the sch ist an d  p e lite  have b ro w n ish -p u rp le -g re y  
w eathered  surface bu t fresh rocks are greenish  in colour, w ith a well 
developed schistosity- In tercalations of m icaschist, phyllite, psam m ite, 
quartzite and lim estone occur. It is dom inated by a penetrative schistosity 
and show s the later developm ent of crenulation cleavages. The bedding 
planes of the phyllite  w ere not observed in the field due to strong 
developm ent of the foliation. M ilky quartz  veins are parallel to the 
foliation of the phyllite and are synm etam orphic.

Occasionally, conglom erates occur w ith rounded  clasts varying from 
3 cm to 10 cm in diam eter of phyllite, m etachert, quartzite and lim estone 
fragm ents. The pebbles show elongation in one direction and flattening in 
the other direction which is in the cleavage. Pebbly quartzite is exposed in 
the area, w ith 0.2 - 2 cm grain size in best preserved pebbly horizons. The 
pebbly horizons consist of abundant pebbles of quartz, w ith some feldspar 
and mica minerals. The pebbles are elongated in length up to 0.5-lcm. and 
sedim entary  grading is well preserved. Dark grey lim estone and m arble 
occur as lenses surrounded by schists and phyllite and are up to 20 -40 cm 
thick.

Basic schists occur in the form ation and are generally concordant 
w ith the schistosity of the host rocks. They are green to dark  green in 
colour and have a fine to m edium  grain size.

M etacherts, from 15cm to 15m in thickness are in terbedded  w ith 
m etapelites. The bed thicknesses of the m etacherts range betw een 3cm 
and 15cm.

Grey and w hite quartzites up  to 10 m thick are interlayered w ith 
pelites and occur on the highest ridges in the area.

Psam m ites vary in colour from pale-grey to pink. Occasionally the 
rocks are found in terbedded  w ith pelite  bands (3cm to 15 cm thick). 
Generally they occur close to the quartzite. The grains are flattened in the 
foliation and elongated to lengths up to 0.5cm. Bedding planes are well 
developed in this rocks. G raded sandstones occur in cyclic sequence 
probably as result of turbidity currents.

Block lim estone have a very sharp contact w ith pelites.
The form ation  underlies  the K ursun lu  F orm ation  conform ably 

(table 1). The boundary  is at the top of the schist w hich underlies a 
p e rs is te n t lim estone w hich itself form s the base of the K ursun lu  
Formation. The boundary  can be seen very clearly around  the Sivri Tepe 
(27000-29000) Imamcal Tepe (31500-29500).
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Weisner(1968) suggested a D evonian age for the form ation due to 
the s tra tig raphy , as this form ation underlies the K ursunlu  Form ation 
w hich has M iddle D evonian-low er C arboniferous fossils H ow ever, this 
assum es the sucession is right way up which seems likely.

3.4. KURSUNLU FORMATION

The form ation is dark black bitum inous lim estone, first nam ed by 
Dogan (1975) from K ursunlu Village

It occurs in the vicinity of Karacam Tepe (39000-20600), Dellal Tepe 
(34300-27500), on Imamcal Tepe (31500-29500), Elm aliagili Tepe (38.800- 
30900) and Sivri Tepe (27000-29000) (appendix-1).

The lower parts of the Form ation are recrystallized, m assive, beige- 
light grey and m edium  bedded. The top of the un it is m edium  to thick 
b ed d ed , d ark  grey do lom itic  lim estone.T he fo rm ation  con ta ins an 
a b u n d a n t m ic ro fau n a  w hich  is d ifficu lt to id en tify  , d u e  to 
m etam orphism  and recrystallization. The follow ing fossil was identified 
in this s tudy  A m phipora ram osa (PHILLIPS) w hich indicates a M iddle 
Devonian age .

The fo rm ation  is overla in  by the L orasdag i F orm ation  w ith  
unconform ity (table,1).

3.5. METATRACHYANDESITE

The rocks are green coloured w ith large ( 0,5x1.5 cm) plagioclase 
phenocrysts  and  w ith  good foliation w hich is conform able w ith  the 
country  rock foliation. These rocks occur on Tasli Tepe (33000-32500), 
Bostanligin Tepe (32.700-31800), north of the Imamcal Tepe (28.800-31.300) 
and south of M ecidiye Village(32000-33000) (appendix-1) in the Bagrikurt 
Formation. The age of these rocks is unknow n.

3.6. METABASALTIC ANDESITE

The rocks are green coloured and  generally  concordant w ith  the 
m ain schistosity of the host rocks. These rocks occur as a sill in Karanlik 
D ere (40500-17500) (appendix-1). The age of the rocks is unknow n and 
possibly of the same age as the m etatrachyandesite .



3.7. METAHORNBLENDE GABBRO

Gabbro dykes containing Na-am phibole, hornblende and plagioclase 
have a NW strike, vary in w idth from l-5m , outcrop in exposures up to 
300m long. The dykes are often nearly  vertical (80-90 dip) and were 
in tru d e d  in to  the m etased im en ts  a t r ig h t ang les to the m id d le  
C arb o n ife ro u s  lim estone b ed d in g  p lan es  or o ld e r rock foliations. 
Exposures occur at Elmaliagili tepe (38.800-30900), Igdeli Burnu (37200- 
28700), Unluk Tepe (38.000-25000) (appendix-1).

3.8. METADOLERITE

A few m etadolerite dykes containing augite and plagioclase have a 
NW strike, vary in w idth from l-3m , outcrop in exposures up to 500m and 
cross the M iddle Carboniferous and older rocks. The dykes m ay be the 
same age as the m etahornblende gabbro. The exposures occur on Ces Tepe 
(39700-22700) and west of Kurucay Dere (39000-22400) ( appendix-1).

3.9. LORASDAGI FORMATION

This fo rm ation  consists  of g rey  rec ry s ta lliz e d  fossilife rous 
lim estones nam ed by Goger et al (1969). A ccording to Eren (1993), the 
following fossils w ere identified Trocholina cf. alpina (LEUPOLD) which 
indicates a Jurassic-lower Cretaceous age. Exsposures occur on Aydalcatagi 
Tepe (30000-19000), Somakli Tepe (27200-21900) and  U yuz tepe (27600- 
19700) (appendix-1).

The formation is overlain by the O sm ankayasi Tepe Formation 
w ith unconform ity (table,!).

3.10. OSMANKAYASI TEPE FORMATION

This pale m arly lim estone is richly fossiliferous and nam ed from 
O sm ankayasi Tepe in this study. Exposures also occur on O sm ankayasi 
Tepe (40800-11900) and O gudunkafa Tepe(37300-12300) (appendix-1).
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It u n co n fo rm ab ly  ov erlie s  the E sirag ili F o rm atio n  an d  is 
unconform ably overlain by the Toprakli Formation (table,l). In this study 
the follow ing fossils w ere determ ined  ; C ym nocodium , L ithophyllum , 
L itttom nium  and C ym opolla w hich indicate a U pper M iocene-Pliocene 
age. The form ation is probabably lacustrine in origin.

3.11. DACITE

Dacite lavas and agglom erates som etim es w ith cooling joints, were 
erup ted  to form volcanic domes. Dacite occurs in the vicinity of Asarkale 
Tepe (37700-14700) (appendix-1). The rock contains phenocrysts of feldspar, 
ho rnb lende , biotite  and quartz . The O sm ankayasi Tepe Form ation 
underlies the dacite unconform ably on Yaziyeri. It is younger than U pper 
M iocene.

3.12.TOPRAKLI FORMATION

The lithology com prises m ainly m arls and m arly lim estones w ith 
clays, tuff, sandstone, pebbles and conglom erate. Eren (1993) nam ed the 
form ation .

The form ation overlies the other form ations unconform ably and is 
g en e ra lly  h o rizo n ta l. The facies have  te rre s tr ia l and  la c u s tr in e  
characteristics.

It overlies the O sm ankayasi Tepe Form ation  (tab le ,1) and  it is 
probably Plio-Quaternary in age.

3.13 ALLUVIUM

The lithology com prises m ainly gravel, sand and clay along 
stream s.
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IV - STRUCTURAL GEOLOGY

Except for the Q uaternary  rocks all the o lder un its  have been 
complexly deform ed in the H ercynian and A lpine orogenic m ovem ents. 
The Cenozoic rocks are only affected by low N-S compression.

The term  sch istosity  describes a p lanar, p en e tra tiv e  fabric of 
m etam orphic origin, also referred to as slaty cleavage. Original bedding or 
com positional layering is referred to as So.

In the study area three phases of deform ation have been recognized 
(D 1-D 3 ). The first deform ation event was synchronous or just before the 
regional m etam orphism  that affected the w hole area. The strike of Si is 

dom inan tly  NNW-SSE bu t due to later m ovem ents it can be NE-SW 
(appendix-1). In general, the mesoscopic Fi folds recognized are sharp and 
the flattened limbs are often sheared-out parallel and into the regional Si. 
The FI folds often d isp lay  "S" and  "Z" shapes, and  they are both  
sym m etrical and asym m etrical (Plate, 2). The second and third phases of 
deform ation (D2 , D3 ) represent post-m etam orphic episodes and developed 
type 3 and type 2 refolded folds, crenulation cleavages (S2 , S3 ), kink bands 

and lineation (Plate 1, 2, 3).

D1 Deform ation

The structures form ed during  the first phase of deform ation  are 
w id esp read  in the area. This d e fo rm atio n  is re sp o n sib le  for the 
developm ent of m ajor F i folds (appendix-1) and  they are the earliest 

folding about NNW-SSE striking axial planes (appendix-1) .
The early cleavage (Si) developm ent depends on the lithology of the 

rock in w hich it develops and also on the in tensity  of the deform ation. 
This Si cleavage is strongly developed in the schist and pelite and clearly 

seen in the field (plate, 1, 2)
The m ineral lineation is generally very poorly or w eakly developed. 

H o w ev er, L i lineations are strongly  d eveloped  on calc schist and 
lim estone surfaces (plate, 5)

The m ain faults are NNW-SSE and  both strike slip, and dip slip 
faults have been recognized (appendix, 1).
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D2 Deform ation

The D2 structures are m ost evident in the schist and pelite. This 
deform ation produces a strong crenulation cleavage (S2 ). H ow ever there 
are a few localities where the S2 fabric can be seen in the field (plate 1, 2).

Evidence from field studies indicates that there are major F2 folds in 
the studied area with ENE-WSW striking axial planes (appendix- 1).

The L2 lineations in the area are m ainly developed in the m arble 

and calc schist (plate, 5).
SSW -NNE faults and  strike slip fau lts  have been recognized  

(appendix-1).

D3 Deformation
This deform ation produces warps to open upright folds (plate 6) and 

kink bands structures are found in pelite and schist (plate, 3). As (S3 ) Fabric 
has been observed in the area (plate, 1).

Joints
Joints are very prom inently  developed in the p resent area. M ore 

than one set of joints have been recognized. The m ost com m on joints are 
ob lique ex tension joints (p late 4, 5), som e are filled w ith lim onitic 
m aterial.

V eins
N um erous quartz and calcite veins can be seen in the present area. 

Some of them  are 0-3 m. and they follow the deform ation  directions. 
M etadolerite and m etahornblende gabbro veins are developed in a N50- 
70W direction (appendix-1).



M ICROSTRUCTURE

M icrostructu res observed  in th in  sections reveal tw o regional 
m e tam o rp h ic  even ts, o u tla s tin g  th ree  p h ases  of defo rm atio n . The 
m icrostructures observed du ring  the first m etam orphic even t (M i) are 
regarded  as being syntectonic to D p  The second m etam orphic event (M2) 
w as post-tectonic (post-D 2). The third phase of deform ation has no major 
im print on a micro-scale,being post-m etam orphic.

1-M icrostructural C haracteristics of the First M etam orphic Event
(M i).

a) M icrostructure of sheet slicates;

W ell p rese rv ed  S i sch istosity  is w ell d eveloped  in the m ore 
m icaceous layers w here the fo liation is defined  by  a com positional 
layering, clearly distinguishable in hand  specim en. These com positional 
layers consist mainly of sheet silicates.

The first phase of deform ation produced tight isoclinal folds w ith an 
axial-planar foliation. M icroscopic F i folds have been observed (see Plate 
7). A second phase of deform ation (D2 ) is recognized in the folded SI 
foliation form ing the F2 folds.

b) Chloritoid m icrostructure

Skeletal chloritoid has been observed  in a few rock specim ens, 
chloritoids found in some rocks show evidence of syntectonic rotation and 
deform ation, w ith  w rapping  of the foliation around  the porphyroblasts 
(Plate, 8), indicating a possible early syn-D i origin. In m ore micaceous 
rocks the sheet-silicate foliation (Si) bends or w raps aro u n d  deform ed 

chloritoids, w ith a sheath of chlorite flakes in the pressure shadow s along 
the foliation.
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The foliation of the rock is m arked by parallel needle-like chlorite 
and  some m uscovite flakes (Plate 8). Also post-tectonic chloritoid rosettes 
enclosing a relict foliation exist (Plate 10).

c) Am phiboles in the pelitic schists;

Large, actinolites occur in the pelitic schists. D ue to syntectonic 
ductile  shearing  the am phiboles som etim es develop  in to  needle-like 
grains w ith a preferred orientation, m arking the foliation (Plate 9).

C om m ent:

The regional M l m etam orphic  even t p ro d u ced  the  d istinc t Si 

foliation that can be recognized th roughou t the m apped  area. The m ost 
im portan t m inerals, i.e. m uscovite, chloritoid, actinolite crystallized and 
grew  during this event.

Before the onset of the second m etam orphic event; the second phase 
of deform ation locally crenulated the Si foliation to form  a S2 crenulation 

foliation (Plate 7).

2. M icrostructural characteristics of the second m etam orphic event
(M2)

The sheet-silicate fabric

In the study  area, the early Si foliation in some micaceous quartzites 

and  schists is folded or crenulated on a m icroscale to form  a crenulation 
foliation (S2).

R ecrysta lliza tion  of m uscovite  in the h in g e  zones of the S2 

crenulation foliation and around large mica "fish" ( see p late 7), coincides 
w ith the M2 m etam orphic event. The mica initially recrystallized as small, 
flakes but the size of the M 2 recrystallized m uscovite is variable, usually a 

few microns and the muscovite grains are weakly orientated  (Plate 7).
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3. M icrostructures of the third m etam orphic event

The th ird  m etam orphic event can be d istinguished  as a retrograde 
even t, w ith  p seu d o m o rp h ic  rep lacem en t of ch lo rito id , p lag ioclase , 
pyroxene, am phibole and  biotite po rphyrob lasts. C hlorito id  rim s and  
cracks alter to chlorite. Biotite breaks dow n to Fe-rich chlorite. Ca- 
plagioclase has been transform ed to Na-plagioclase. H ornblende is replaced 
by riebeckite, crossite, w inchite and actinolite and  actinolite often shows 
partia l replacem ent by w inchite and riebeckite. A ugite and salite w ere 
replaced by sodic am phibole and actinolite. Epidote grains often overgrow  
sheet silicates and feldspar. Epidotes occur in m any rocks and  it is often 
im possible to determ ine w hether they are early  m inerals or secondary 
alteration products.
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P la t e .1. T he  m e so s c o p ic  F i  fo ld s  r e c o g n iz e d  a re  iso c l in a l  a n d  

recu m b en t.  The h in g e  zones  are  sh a rp  a n d  the fla ttened . L im bs are  often  
s h e a re d -o u t  para l le l  to the  reg iona l S p  The seco n d  an d  th i rd  p h a s e s  of 

d e fo rm a t io n  (D2 ,D3 ) r e p re se n t  p o s t -m e ta m o rp h ic  e p iso d es  a n d  d e v e lo p e d  

type  3 a n d  type  1 re fo lded  folds, c renu la t ion  c leavage (S2 , S3 ). S ou th  of the 

S o g u to z u  (27550-25950), B agriku rt  fo rm ation .

P l a t e . 2. S i  s c h is to s i ty  fo ld e d  b y  D 2 - S u c c e ss iv e  s ta g e s  in  a 

s y m m e tr ic a l  fo ld ing . S o u th  of K arta l T ep e  ( 24250-22650 ), B a g r ik u r t  

F o r m a t io n .



1 9

Plate  .3. C o n ju g a te  k ink  folds in la m in a ted  pelitic  rocks. 

K ete le  D ere  (35750-20100), B agrikurt Form ation .

Plate. 4. S ystem atic  a n d  n on -sys tem atic  joints .

S o u th  of Sivri T ep e  (27400-28350), K u rsu n lu  F o rm ation .
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Pla te  5. Joints a n d  lineation  on  m arb le .

S o u th  of Sivri T epe  (27450-28500), B agriku rt  F o rm a t io n

Plate. 6 . D 3 u p r ig h t  p lu n g in g  fo lds in Esiragil F o rm atio n  carbonate . 

K etele  D ere (35800-19500), Esiragil Form ation .



Pla te .7. P h o to m ic ro g rap h  of pelitic rocks. C renu la t ion  cleavages a long  the short  
limbs of sym m etr ic  m icrofolds in a schist fabric. The early  Si foliation in micaschist is 
folded or  c renu la ted  by  S2- [Crossed Nicol] x 2.5. Sam ple  289, Locality (37675-18250), 
Bagrikurt  Form ation.

ate lo to m ic ro g ra p h  of pelitic  rocks. Si d i s to r te d  a r o u n d  a ch lo r i to id  
p o rp h y ro b la s t .  [C rossed  Nicol] X 2.5. Sam ple  429, Locality (35050-33375), B agriku rt  
Form ation.
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P la te .9. P h o to m ic r o g r a p h  f ro m  q u a r tz - a lb i te -  e p id o te - a c t in o l i t e  

schist. N e e d le - l ik e  ac t in o li te  g ra in s  w i th  a p re fe r r e d  o r ie n ta t io n ,  m a rk s  
the  fo lia tion  S p  [C rossed  Nicol] X 2.5. S am p le  62, Locality  ( 33250-22600 ), 

B a g r ik u r t  F o rm atio n .
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V - PETROGRAPHY AND MINERAL CHEMISTRY

From about 600 sam ples collected du rin g  m app ing  about 200 thin 
sections w ere exam ined and  represen tative rocks w ere stud ied  w ith  the 
electron m icroprobe

5.1. ESIRAGIL FORMATION

CHLORITE-CALC SCHIST

The schist is com posed of 50-60% calcite, 15-25% quartz , 5-10% 
chlorite, 3-5% m uscovite, and accessory m agnetite, all in a schistose texture 
w ith  a preferred  grain shape orientation. Relict quartz  grains com m only 
have well developed deform ation features, including  deform ation  bands, 
undulose extinction,and deform ation lamellae, subgrains and su tu red  grain 
boundaries. Q uartz also forms fibrous fringes, com m only in association with 
fibrous chlorite, indicating that solution transfer processes operated  during  
deform ation  (Ram say& H uber 1983). Tw inned calcite and  deform ation  
banding in calcite is common.

PHYLLITES

These rocks are com posed of 45-56% quartz, 30-35 % sericite, 5-8% 
chlorite, 3-6% opaque m inerals and accessory tourm aline, in a fine-grained 
schistose texture.

A very high degree of orientation is characteristic, w ith  an elongation 
of fine-grained (0 .2-0 .3 mm) quartz  and sericite as thin lenses, and  w ith 
sericite and chlorite in parallel foliation. The grow th of the quartz  grains has 
been re ta rd ed  by the presence of num erous sm all mica flakes. G rain 
boundaries are slightly curved  or straight. U ndu lose  ex tinction is very 
common. Mica flakes are less than one mm in length, exhibiting a preferred 
orientation. The chlorite grains are generally less than 0.3 mm in diam eter, 
and are in terg row n w ith the w hite mica. Some grains reach 10mm in 
diam eter. Irregular crenulations occur.



CALC- SCHISTS

These schists have bands of fine-grained calcite, dolom ite and fine­
g ra ined  ( l - 2m m) quartz , m icas and  hem atite  w hich  are p robably  relict 
bedding. Deformation tw inning is conspicuous in m uch of the coarse calcite. 
The grain  size d istribution  is unim odal. The calcite grain  boundaries are 
su tu re d  and  the q u artz  po rp h y ro b las ts  have u n d u lo se  extinction , are 
fragm ented  and set in a secondary calcite cement. There are also calcite 
inclusions w ithin the quartz grains. The rocks show  sheety and lam inated 
zones.

QUARTZ -BEARING MARBLES

These consist of 50-70% calcite-dolom ite, 20-40% quartz, accessory 
ankerite and  an Fe-oxide in a cataclastic texture. In strongly altered  rocks 
close to m ineralization, ferroan dolom ite and  ankerite occur (table 2). The 
texture is dom inated largely by the individual dolom ite grains, w hich show 
a strong  elongation in the p lane of foliation and  characteristically  have 
irregu lar and  in terlocking boundaries. The larger po rphyrob lasts  (4mm) 
show  strain, and extrem ely fine-grained dolom ite is found interstitial to the 
larger grains. A nkerites are fine to m ed ium  g ra ined . F ractu res have 
developed w ithin  coarse calcite and quartz  crystals and  all fractures have 
been filled by m icrocrystalline calcite. Some coarse calcite crystals show  
deform ation tw inning and inclusion trails.
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Table 2. Composition of dolomite and ankerite minerals.
Sam. N o  460 460 460 460 460 460

D o lo m ite D o lo m ite D o lo m ite D o lo m ite A n k er ite A n k er ite
S i0 2 0.09 0.09 0.07 0.05 0.69 0.60
T i0 2 0.06 0.01 0.02 0.00 0.05 0.04
FeO * 0.30 0.40 0.39 0.26 12.87 12.86
MgO 21.44 20.91 21.25 21.04 17.36 17.36
C aO 30.39 29.69 30.20 31.18 24.95 24.93
N a 2 0 0.21 0.19 0.08 0.00 0.19 0.19
K2O 0.03 0.01 0.02 0.02 0.03 0.03
T o ta l 52.52 51.3 52.03 52.55 56.14 56.01

Formula on the basis of 6 Oxygens
S i 0.00 0.00 0.00 0.00 0.02 0.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.01 0.01 0.01 0.01 0.34 0.34
Mg 0.95 0.96 0.95 0.96 0.81 0.86
C a 1.03 1.02 1.03 1.03 0.82 0.77
N a 0.01 0.01 0.01 0.00 0.01 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00
T o ta l 2.00 2.00 2.00 2.00 2.00 2.00

LITHIC ARENITES

These consist of 60-80 % q uartz , 3-4% m uscovite, and  5-15% of 
g roundm ass which com prises calcite, sericite, chlorite, ilm enite, hem atite 
and accessory tourm aline and zircon in a lepidoblastic texture.

A ngular to sub-rounded quartz is set in a fine-grained m atrix, which 
consists of fine quartz grains, chlorite, calcite and sericite. Q uartz grains are 
dim ensionally  elongated and crystallographically strongly orientated. The 
mica flakes (up to 0.4mm) are, in general, oriented parallel to the bedding  
bu t sm all laths m ay occur as inclusions in q uartz  grains. The carbonate 
cem ent includes iron-bearing  types show ing  fain t b row nish  ox idation  
streaks. Calcite is replaced by euhedral secondary quartz, and secondary 
calcite forms fine anhedral grains.



2 6

5.2.BAGRIKURT FORMATION

PHYLLITES

These contain 30% sericite, 25-30 % q uartz , 5-10 % calcite, 3-5% 
chlorite, 3-5% chloritoid, 3-5% m uscovite, 3-5% hem atite and ilm enite in a 
fine-grained texture.

The m atrix has equidim ensional grains, and  a fine layering which is 
predom inantly  parallel to the cleavage.
The cleavage w raps around  the chlorito id  and  chlorite  po rphyrob lasts  
sigm oidaly and the ends of the porphyroblasts are rounded  in contact w ith 
the cleavage (Plate 7). Inclusions of quartz and sericite are common in all 
the po rphyrob lasts. There are post-tectonic  m uscovites later than  the 
schistosity, which are undeform ed and perpendicular to the schistosity. The 
syntectonic and coarse anhedral calcite crystals are w rapped  around by the 
foliation. The m agnetite occurs as dendritic grains.

QUARTZITES

These consist of 80-90% quartz, 3-5% sericite, chlorite, 3-5% albite, K- 
felspar, tou rm aline , zircon, m agnetite , h em atite  w ith  Fe-oxides in a 
granoblastic texture.

The polygonal-granoblastic quartz grains are generally small, (0.4-0.6 

mm in diam eter) w ith slightly  curved  grain  boundaries  and  have w eak 
undulose extinction.

Fine sericite and greenish chlorite flakes, (0.4mm) have a preferred 
orientation . Small, recrystallized  m uscovite flakes in the quartz ites are 
com m on. Sm aller flakes are som etim es enclosed in q uartz  grains, often 
displaying rounded ends in the quartz.

METACHERT

This dom inantly consists of fine-grained quartz  w ith cryptocrystalline 
and  m icrocrystalline quartz , rad io laria , calcite, hem atite , g raph ite  and 
lim onite .
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The size of the grains is very uniform  and so fine-qrained that the 
texture is effectively cryptocrystalline w ith crystallized areas of secondary 
quartz. The quartz is dom inantly in veins . The groundm ass is essentially 
m ade up of quartz and carbonate. In some assem blages quartz veinlets are 
noted inside fractured granules.

A radial texture occurs in some specim ens due to p igm entation of 
lim onite in the core of granoblastic quartz. In the outer zone, a concentric 
texture occurs due to alternating zones or rings of iron-oxide pigments.

SUBLITHARENITE

These consist of 60-75% quartz 15 % calcite 5 % m uscovite and 15% 
groundm ass, in w hich are calcite, sericite, chlorite, q uartz  and accessory 
zircon, ilmenite, hem atite and Fe-oxides in a lepidoblastic texture.

O rig ina l q u artz  g ra in s have been  rec ry s ta llized  to p ro d u ce  a 
granoblastic -polygonal texture, w ith an average grain size of 0.4 mm. Mica is 
small (0 .2mm) and grows on quartz grain boundaries dissem inated through 
the rock, exhibiting a preferred grain grow th orientation. The coarse calcite 
shows tw inning and elongated grain shapes.

BLOCK LIMESTONE

These are rich in white, grey and cream calcite, and show  bedding 
w ith a granoblastic to schistose texture with late fractures and deform ation 
tw inning in the calcite. M agnetite also occurs in the rocks.

CHLORITE- MUSCOVITE SCHISTS

These com prise 40-50% m uscovite, 25-30% quartz, 5-10% chlorite, 5- 
10% m agnetite, hem atite and accessory tourm aline.

The m uscovite , q u a rtz  and  ch lo rite  m ay have all crysta llized  
syntectonically. C renulation  cleavage has developed  in the fine grained 
rocks.

There are m icaceous-rich  zones, co rre sp o n d in g  to cren u la tio n  
cleavages along alternate limbs of sym m etric m icrofolds in a differentiated 
Si layering fabric. The Si fabric trends are overprin ted  by an S2 crenulation 
cleavage. Irregular shaped masses of quartz in the hinges of micaceous layers 
(Plate. 7) have been recrystallised in the fold hinges.
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CHLORITE-MUSCOVITE-CHLORITOID SCHISTS

These contain 35-47% chloritoid, 20-30% quartz, 5-20% m uscovite,
3-5% chlorite, 3-5% tourm aline, albite and hem atite, ilm enite and rutile.

M uscovite , ch lo rite  and  q u a rtz  p o rp h y ro b la s ts  have d iffe ren t 
orien tations and overprin t an earlier stage of fabric developm ent. Some 
chlorites are aligned parallel to the schistosity.

M uscovite is present in five of the analysed specim ens (Table 3). A 
paragonite com ponent of betw een 3.9 and 12.55 mol % has been determ ined 
by microprobe.

Chloritoid grains, 2-3mm long, show pale green (£) to blue green (# ) 
pleochroism . Some chloritoid crystals occur as rosette-like clusters (Plate, 
10). They show post-crystalline deform ation. No alum inium  silicates such 
as kaolinite or pyrophyllite occur w ith chloritoid.

Present techniques do not allow routine distinction of Fe+2 and Fe+3, 
hence for m ost cases, total Fe is used as Fe+2 in chloritoid, because usually 
Fe+3 is low in chloritoid (Deer et al. 1982).

The analyzed chloritoids (Table,4) from K adinhani are characterized 
by low Mg. C hloritoid from carbonate free sam ples (237) is m uch m ore 
m agnesian (Fe/M g = 8.96-9.55) than that from carbonate bearing sam ple (44). 
Chloritoid is characteristically high in AI2O 3 and  has (Fe/M g) ratios above 

0.6. Ti and Mn are present in very low, but extrem ely variable am ounts 
w ithin individual crystals.

Tourm aline is present as irregular shaped crystals in the plane of 
foliation. The colour is pale yellow -brow n to brow nish . T ourm aline was 
analyzed by electron m icroprobe in two samples. Significant com positional 
variation occurs for FeO, MgO, and CaO. Changes in S i02  and  AI2O 3 and 
sm all T i02  variations are, w ith one exception, also small. R epresentative 

m icroprobe analyses of tourm aline are given in Table 5.
M agnetite and rutile are the dom inant Fe-Ti oxide m inerals. Rutile 

contains >98 % Ti02, approxim ately 0.5% FeO, and  m inor am ounts of Si and 

Al (Table 6 ).
Q u artz  occurs as fin e -g ra in ed  and  p o rp h y ro b la s tic  crystals . 

Polycrystalline q uartz  porphyrob lasts  are su rro u n d ed  by a fine-grained  
m atrix of quartz, chlorite and muscovite. Plagioclase porphyroblasts have 
albite tw inning and are Ano.5-1.1 (Table 7).



Table 3. Com position of muscovite
S am p le N o 239 306 134 134 191
S i0 2 48.00 46.00 46.41 46.25 45.84
T i0 2 0.17 0.19 0.64 0.80 0.20
AI2O 3 35.55 30.90 30.36 30.50 34.41
Fe203 1.53 3.28 2.09 2.32 1.51
FeO 0.24 0.52 0.33 0.36 0.24
MnO 0.05 0.07 0.00 0.01 0.00
M gO 0.00 1.85 2.20 2.24 0.84
C aO 0.00 0.05 0.02 0.03 0.00
N a 2 0 1.00 0.70 0.60 0.29 0.80
K2O 9.47 9.77 10.57 10.43 9.55
TOTAL 96.01 93.03 93.22 93.23 93.39

Recalculated to 22 Oxygens
S i 6.21 6.25 6.34 6.32 6.40
Ti 0.01 0.02 0.06 0.08 0.00
A1+6 1.78 1.74 1.65 1.67 1.59

A1+4 3.64 3.12 3.24 3.23 3.21
Fe+3 0.15 0.34 0.21 0.23 0.40

F e+2 0.02 0.06 0.03 0.04 0.07
Mn 0.00 0.00 0.00 0.00 0.00
Mg 0.19 0.38 0.44 0.45 0.30
C a 0.00 0.00 0.00 0.00 0.00
N a 0.2 5 0.18 0.15 0.07 0.16
K 1.56 1.55 1.84 1.81 1.74
Total Cat. 13.81 13.64 13.96 13.90 13.87

End m em ber of the m uscovite minerals
M uscovite 78.25 77.80 91.87 90.95 87.05
P aragon ite 12.55 9.45 7.92 3.90 8.15

Fe+3 is calculated by ratio according to Schumacher (1991)

Table 4. Com position of chloritoids
S a m p .N 44 44 237 237 237 237 237
S i0 2 24.95 23.28 24.43 25.94 24.01 24.98 24.44
T i0 2 0.96 0.29 0.47 0.18 0.54 0.86 0.12
AI2O 5 37.17 38.74 39.77 39.60 39.43 39.59 39.94
FeO * 26.03 26.41 23.52 22.11 25.44 24.41 24.22
MnO 0.20 0.13 0.17 0.24 0.22 0.17 0.17
M gO 1.53 1.65 2.47 2.80 1.99 2.43 2.35
C aO 0.06 0.37 0.03 0.00 0.00 0.01 0.00
N a 2 0 0.04 0.00 0.00 0.00 0.00 0.00 0.00
K2O 0.03 0.00 0.01 0.07 0.01 0.00 0.00
TOTAL 91.97 90.87 90.87 90.94 91.64 92.45 91.24

Recalculated to 12 Oxygens
S i 2.11 1.98 2.04 2.14 2.02 2.07 2.04
Ti 0.06 0.01 0.03 0.00 0.00 0.00 0.00
A l 3.71 3.89 3.91 3.86 3.91 3.87 3.93
Fe 1.84 1.88 1.64 1.53 1.79 1.69 1.69
Mn 0.01 0.13 0.01 0.01 0.01 0.01 0.01
Mg 0.19 0.21 0.30 0.34 0.35 0.30 0.29
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N a 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total Cat. 7.92 8.01 7.93 7.88 8.08 7.94 7.96

Total Fe as FeO*
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Table 5. Composition of tourmalines
244 
34.77  

1.38 
32.54  
10.61 

0.05 
4.95 
0.66
1.17  
0.04

86.17
Recalculated to 31 Oxygens

S am p le  N o 244

S i0 2 34.69

T i0 2 1.64

A I2O 3 32.62

FeO * 11.23
MnO 0.03
M gO 4.74
C aO 0.84
N a 2 0 1.05

K2O 0.09
TOTAL 86.93

Si 
Ti 
A l  
Fe 
Mn 
Mg 
Ca 
N a 
K
Total Cat.

5.87  5.9
0.23 0.19
7.05 7.02
1.75 1.66
0.00 0.00
1.32 1.38
0 .16  0.13
0.39 0.40
0.02 0.01
16.79 16.69

Total Fe as FeO*

244  
34.54  

1.71 
32.48  
11.12 

0.05 
5.13 
0.77  
1.06 
0.03  

86.89

5.85
0.24
6.99
1.73
0.00
1.42
0.15
0.39
0.00
16.77

244
35.18

0.77
32.28

7.86
0.01
8.54
0.68
1.59
0.06
86.97

5.95
0.10
6.79
1.15
0.00
2.23
0.13
0.50
0.00
16.85

244
35.62

1.40
32.38

6.98 
0.07  
8.45 
0.40  
1.39 
0.03 

86.72

5.99  
0.18
6.89  
1.00 
0.00 
2.13  
0.25  
0.45  
0.00
16.89

Sample No 
S i0 2 
Ti02 
AI2O3 
FeO*
MnO 
MgO 
CaO 
N a20  
TOTAL

Table 6 . Com position of rutiles
244 244

0.30 0.24

98.47 99.08

0.04 0.02
0.40 0.46

0.00 0.01
0.00 0.00
0.12 0.00
0.08 0.01

99.11 99.82

244
1.23

97.94
0.21
0.68
0.00
0.09
0.00
0.02

100.17
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Table 7. Com position of plagioclases
S am p le N o 320 320 320 320 320
S i0 2 68.00 67.85 67.15 68.09 67.33
T i0 2 0.00 0.00 0.15 0.1 0.03
A I2O 3 20.22 20.41 20.79 20.90 20.49
F eO * 0.44 0.61 0.60 0.04 0.03
MnO 0.05 0.07 0.05 0.02 0.07
M gO 0.42 0.44 0.70 0..69 0.60
C aO 0.11 0.18 0.17 0.23 0.13
N a 2 0 10.86 10.49 9.72 10.68 10.72
k 2o 0.68 0.67 0.79 0.94 0.86
TOTAL 100.78 100.72 100.12 101.69 100.26

Recalculated to 32 oxygens
S i 11.8 11.78 11.72 11.75 11.73
T i 0.00 0.00 0.00 0.00 0.00
A l 4.12 4.18 4.28 4.24 4.21
Fe 0.06 0.01 0.08 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00
Mg 0.10 0.01 0.01 0.01 0.15
C a 0.02 0.03 0.02 0.04 0.00
N a 3.64 3.53 3.29 3.57 3.62
K 0.15 0.14 0.17 0.20 0.19
T otal Cat. 19.89 19.68 19.56 19.81 19.90

End m em ber of the plagioclase m inerals as below
An 0.50 0.80 0.80 1.10 0.60
Ab 95.60 95.5 94.80 93.70 94.60
Or 3.80 3.70 4.40 5..20 4.80

FeO* is total iron as FeO.

CALCITE-EPIDOTE BEARING SCHISTS

These schists consist of 40-50% epidote, 25-30% calcite, 15-20% quartz, 
5-10% chlorite, 5-10% sericite, 3-5% albite, 3-5% am phibole, and  accessory 
apatite , hem atite  and  m agnetite, in a schistose texture. They are fine 
grained, strongly foliated and lineated schists, dom inated  by epidote and 
calcite. The epidote occurs as aggregates of spongy crystals. The am phibole is 
m ostly  deep  green  w inch ite  often  sh o w in g  p a tch y  rep lacem en t by 
m agnesian  riebeckite. M ost of the rock is com posed  of a fine-grained 
g roundm ass of mafic m inerals containing th in  bands, rich in quartz  and 
albite. The foliation is crenulated.
Representative microprobe analyses of epidote are given in Table 8 .
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Table 8. Composition of Epidotes
S a m .N 289 289 41 41 281 281 456cor 456ri
SiC>2 36.40 36.00 36.59 36.00 36.20 36.20 36.30 36.89
T i0 2 0.07 0.02 0.19 0.08 0.04 0.08 0.18 0.17
A I2O 3 22.50 22.65 23.44 23.00 23.78 23.85 23.95 23.17
Fe2C>3 15.27 15.80 14.49 14.54 14.92 14.94 15.27 14.57
F eO 0.67 0.61 0.54 0.64 0.70 0.66 0.77 0.69
MnO 0.06 0.21 0.25 0.22 0.27 0.18 0.27 0.39
M gO 0.36 0.21 0.20 0.12 0.06 0.00 0.07 0.17
C aO 23.27 23.70 22.53 23.67 22.60 22.49 22.21 22.70
N a 2 0 0.05 0.08 0.00 0.05 0.16 0.05 0.00 0.12
TOTAL 98.65 99.05 98.23 98.32 98.73 98.45 99.02 98.87

R ecalcu lated  to 25 O xygen
S i 6.19 6.17 6.14 6.23 6.29 6.25 5.85 5.93
T i 0.00 0.00 0.02 0.01 0.00 0.01 0.02 0.02
A l 4.31 4.48 4.64 4.36 4.14 4.32 4.17 4.20
Fe+3 1.76 1.59 1.41 1.66 1.83 1.70 1.97 1.76

Fe+2 0.09 0.08 0.07 0.08 0.09 0.09 0.10 0.09
Mn 0.09 0.03 0.03 0.02 0.03 0.02 0.03 0.05
Mg 0.09 0.05 0.05 0.02 0.01 0.00 0.01 0.04
C a 4.06 4.08 4.05 4.09 4.09 4.04 3.83 3.91
N a 0.01 0.02 0.00 0.01 0.05 0.01 0.00 0.03
T otal C a tl6 .5 1 16.50 16.41 16.46 16.53 16.44 15.98 16.03
Pistasite 28,99 26.19 23.3 27.57 30.65 28.23 32.08 29.53

Fe+^is calculated by ratio according to Schumacher (1991).

ALBITE- CHLORITE- AMPHIBOLE- EPIDOTE SCHISTS

These consist of 25-30%epidote, 20-25% am phibole, 15-18% quartz, 15- 
17% chlorite, 5-10% albite and accessory m agnetite, sphene and apatite. This 
is a m edium  grained, strongly foliated schist dom inated  by epidote and 
green am phibole, w ith m inor w inchite and m agnesian riebeckite.

Epidote occurs m ost com m only as porphyrob lasts  (0.05mm). It is 
pleochroic from pale yellow to colourless.

F in e-g ra in ed  g reen  ch lo rite  is u b iq u ito u s  an d  re p re sen ta tiv e  
m icroprobe analyses of epidote are given in table 9. Using the nom enclature 
of Hey (1954) the chlorite is pycnochlorite (Figure 2).
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Figure 2 . Chemical com position of chlorites p lotted  on Hey's (1954) 

diagram .

A m phiboles (Table 10) occur as tiny green needles, rarely 0,5-2m m  
long. According to the classification of Leake (1978), the am phiboles are 
actinolites, magnesio-riebeckite, m agnesio-hornblende and  w inchite (Figure 
3). The green m agnesian hornb lende and  actinolite  often show  partia l 
replacem ent by winchite and magnesian riebeckite.

(Ca+Na)B H  .34 : NaB<0.67

1 .00 
0.90

(Na+K)* < 0.50 : Ti< 0.50 
8.00 7.50 7.25 6.50

0.50

0.00

Magnesio- 
t  hornblende 
• • • • •Actinolite

-Ac!
ho*

Ferro-
actinolite

Fer. 
ac. 
hor.

Ferro-
hornblende

NaB » 1 .34 
(Na+K)^ < 0.50

+
CM0/u_
+O'
z
o*

z

0.00

0.50

1.00

Ferro- 
Glcph.

Crossite

Riebec­
kite

Olau-
cophane

•
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Figure 3. Classification of amphiboles (after Leake, 1978; H awthorne, 1981).
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The albite has lam ellar tw inn ing  . The m ost com m on type is a 
sim ple tw in com posed of two individuals. It is generally fairly clear and of 
very fine grain size.

M agnetite ranges from fine to coarse grained. It also occurs in strongly 
recrysta llized  assem blages w hich show  the relict ou tline  of m agnetite  
g ranules. M any of the m agnetites are ox id ized  to eu h ed ra l hem atite. 
Representative analyses are given in Table 11.

Table 9. Com position of chlorites
Smp. No 320 281 281 281 281 307
Si0 2 28.79 27.90 28.30 28.00 27.60 25.90
Ti0 2 0.05 0.07 0.00 0.01 0.00 0.00
AI2O3 19.10 18.30 19.00 18.84 18.20 19.90
Fe2C>3 5.73 3.91 3.67 4.00 3.80 4.26
FeO 20.64 14.08 13.23 14.40 13.68 15.35
MnO 0.38 0.40 0.40 0.40 0.39 0.24
MgO 10.86 21.10 21.80 21.03 21.50 18.99
CaO 0.30 0.08 0.08 0.11 0.00 0.10
N a20 0.08 0.09 0.07 0.02 0.16 0.06
K20 0.19 0.00 0.00 0.00 0.00 0.00
TOTAL 86.12 85.93 86.55 86.81 85.33 84.80

Recalculated to 28 Oxygens

Si 6.08 5.71 5.72 5.68 5.69 5.43
Ti 0.00 0.01 0.00 0.00 0.00 0.00
Al 4.76 4.42 4.52 4.50 4.42 4.92
Fe+3 0.91 0.60 0.55 0.61 0.59 0.67
Fe+2 3.64 2.41 2.23 2.44 2.36 2.69
Mn 0.06 0.06 0.06 0.06 0.06 0.04
Mg 3.42 6.44 6.56 6.41 6.61 5.93
Ca 0.06 0.02 0.02 0.00 0.00 0.02
Na 0.03 0.03 0.03 0.04 0.06 0.02
Total Cat. 18.96 19.70 19.69 19.74 19.79 19.70

End m em ber of the chlorite m inerals as below
Mg-Cl 34.21 64.44 65.68 64.11 66.14 59.39
Fe- 36.49 24.13 22.37 24.44 23.62 26.94
Fe*/(Fe*+mg)0.57 0.31 0.30 0.32 0.29 0.36

Fe+^is Calculated by ratio according to Schumacher (1991).
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Table 10. Composition of amphiboles
Sam. No 41.ac 41.ac 62.ac 62.mh 6. mrb 6.ac 456. w 456.w
SiC>2 52.49 52.38 54.55 51.70 53.98 53.60 52.76 52.72
TiC>2 0.13 0.08 0.02 0.76 0.03 0.02 0.05 0.07
AI2O3 3.00 3.82 3.00 6.70 2.49 1.90 4.05 4.07
FeO* 12.20 12.66 12.65 12.10 22.96 8.92 16.19 15.87
MnO 0.21 0.28 0.33 0.39 0.45 0.45 0.25 0.22
MgO 15.28 14.95 16.00 15.40 8.94 18.11 12.54 10.60
CaO 12.16 11.88 8.63 9.22 0.85 12.70 7.06 7.89
N a2 0 0.65 0.60 1.51 0.93 7.24 0.55 3.43 4.24
K2O 0.39 0.11 0.05 0.06 0.00 0.04 0.13 0.23
TOTAL 96.51 96.76 96.74 97.77 96.94 96.29 96.25 95.91

Recalculated to 23 Oxygens
Si 7.65 7.53 7.71 7.22 7.96 7.69 7.61 7.77
A1+ 4 0.34 0.46 0.18 0.77 0.03 0.30 0.28 0.29
AIT 0.51 0.66 0.51 1.14 0.41 0.32 0.80 0.79
A1+ 6 0.17 0.19 0.33 0.36 0.37 0.01 0.55 0.53
Ti 0.01 0.00 0.00 0.08 0.00 0.00 0.00 0.00
Fe+3 0.09 0.22 0.16 0.30 1.27 0.17 0.30 0.00
Mg 3.32 3.26 3.48 3.33 1.89 3.87 2.69 2.24
Fe+2 1.39 1.33 1.25 1.16 1.45 0.89 1.29 1.52
Mn 0.02 0.03 0.04 0.04 0.05 0.05 0.03 0.02
FMT 13.02 13.06 13.27 13.30 13.06 13.02 13.08 13.30
Ca 1.91 1.86 1.34 1.53 0.12 1.95 1.09 1.20
NaM4 0.07 0.07 0.37 0.16 1.80 0.02 0.82 0.00
NaT 0.18 0.17 0.42 0.26 1.99 0.15 0.95 1.16
N aA 0.11 0.09 0.05 0.10 0.18 0.12 0.13 0.00
K 0.072 0.021 0.01 0.011 0.00 0.008 0.02 0.04

F£3 is calculated by estimation according to Spear and Kimball (1984). 
ac: actinolite mh: magnesian hornblende mrb: magnesian riebeckite 
w: winchite

Table 11. Composition of magnetites
Samp. N 314 314 457 457 457
SiC>2 0.48 0.49 0.54 0.47 0.40
TiC>2 0.44 0.00 0.00 0.10 0.00
AI2O3 0.25 0.00 0.39 0.16 0.27
Fe2 0 3 68.38 68.46 66.58 68.65 67.15
FeO 32.26 31.38 28.72 30.73 28.9
MnO 0.18 0.00 0.10 0.06 0.04
MgO 0.11 0.0 0.38 0.07 0.25
CaO 0.07 0.06 0.08 0.05 0.09
N a 2 0 0.00 0.23 0.23 0.22 0.31
TOTAL 102.10 100.62 97.02 100.51 97.41

Recalculated to 32 Oxygens
Si 0.08 0.06 0.02 0.02 0.02
Ti 0.01 0.00 0.00 0.00 0.00
A1 0.01 0.00 0.02 0.00 0.01
Fe3 1.85 1.92 1.96 1.98 1.99
Fe2 1.04 0.98 0.96 0.98 0.95
Mn 0.01 0.00 0.00 0.00 0.00
Mg 0.01 0.00 0.02 0.00 0.01
Ca 0.00 0.00 0.00 0.00 0.00
N a 0.00 0.04 0.02 0.02 0.02
Total Cat. 3.00 3.00 3.00 3.00 3.00

Fe+3 is calculated by cation balance according to Schumacher (1991). 
End member of the minerals as below

Mg-ferrite 0.06 0.00 1.324 0.039 0.869
Magnetit 99.64 99.99 97.77 99.596 98.483
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5.3. KURSUNLU FORMATION

This form ation is a grey, black lim estone com posed of m icrite cement, 
dolom ite, biom icrite and Fe-oxide. R ecrystallization has p ro d u ced  large 
sparry  calcites derived from  prim ary fossil fragm ents. Very sm all calcite 
grains are found  m ainly  in the g roundm ass, b u t som etim es fill fossil 
cavities. The calcites often  show  defo rm ation  tw in  lam ellae. Poorly 
developed  stylolites rarely  occur. D olom ite has alm ost o b lite ra ted  the 
original structure of the fossils.

5.4. METATRACHYANDESITE

This rock is com posed of 35-50% plagioclase, 13-17% clinopyroxene, 5- 
15% mica, 5-13% am phibole, 3-10% chlorite, 2-8% quartz, 0-8% calcite, 1-1.5% 
epidote, 0-1% pum pellyite, 5-7% sanidine, w ith accessory m agnetite, sphene 
and apatite.

The original porphyritic  and  am ygdalo idal tex ture of the rocks is 
preserved in some samples, bu t commonly is deform ed and w rapped  around 
by granules and prism s of epidote, pum pellyite and flakes of chlorite.

The groundm ass is m ade of plagioclase, iron oxide, clinopyroxene, 
quartz, am phibole, sericite, chlorite, epidote and pum pellyite.

G enerally  euhedral plagioclase phenocrysts (<6m m ) are norm ally  
zoned. Plagioclase phenocrysts have been to tally  transfo rm ed  into sodic 
plagioclase w ith a com position of Ano-2 up  to Oro-4 . Also, plagioclases are 
partially replaced by epidote and sericite. A lbitization is m arked by a dusty  
appearance. Twins are generally preserved bu t zoning is partially  destroyed. 
Sanidine is com m on in the g roundm ass. A nalyses of plagioclase are 
presented in Table 12, and Figure 4.
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•  phenocry i t i  
o g r ou n d ma n

A b A n

Figure 4. Albite in the m etatrachyandesite.

C lin o p y ro x en e  occurs as p h en o c ry sts  (0.5-2m m ) and  in the 
g ro u n d m ass . T he  m ineral occurs as m inute colourless to pale  green 
crystals. The com position is the salite according to Poldervaart et al.(1951, 
figure, 5). The com position is W 045.5-47.2, En36.7-42,4 , Fs12.2-17.6- High Wo 
con ten ts are suggested  to re su lt from  a su b stan tia l C a-T scherm ak 's 
com ponen t (e.g, Brown, 1967: Barberi et al . 1971; H uebner, 1980). 
G roundm ass clinopyroxenes (<0.2 mm) locally form  parallel intergrow ths. 
The analyses are characterized by relatively low T i0 2  (0.10-0.27) and low 
AI2O 3 (0.99-1.48) contents. Analyses of phenocrysts are presented in Table 13.

DI0PS IDE HEDENBERGITE
45

25

ENSTATITE FERROS IUTE

Figure 5. Com position of clinopyroxene, p lo tted  on the diagram  after 
Poldervaart et al. (1951).
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The pyroxene com positions plotted  in Figure 6 . a, c indicate tholeiitic 
and calc-alkali character. Figure 6 . b, show s that they plo t in the orogenic 
field.

alkali
Ti

0.05 -

0.00
0.50.6 0.70.8 0.9 1.0 1.1 1.2

Ti+Cr

b)

0.06 - 
0.05 - 
0.04 - 
0.03 - 
0.02  -  

0.01  -  

0.00

non-orogemc

orogenic

Ca+Na

■pi 0.06 -

0.05 - Calc-alkali

0.04 -

0.03 -

0.02  -

0.01  - tholeitic
0.00

0.30.0 0 0.2c
Al total

Fig. 6 a, b and c. Composional variations of pyroxene phenocrysts from 
the m eta trachyandesite  in term s of Ti, Ca, N a, Cr and  Al u sing  the 
discrim inant diagram s of Leterrier et al. (1982).

A m phibole phenocrysts  are o live-green  to  pale  lav en d er b lue  . 
Actinolite is fairly abundant as tiny needles and prism s, and as bundles of 
pale bluish green needles. Needles are up to 0.15 m m  long and prism s up to 
0.5 mm long are common. AI2O 3 values averaged are less than 1.5 percent. 

M ost sodic am phibole com m only forms rim s a ro u n d  the salite (Plate, 11) 
and  is lavender b lue to violet. M ost riebeck ites in these rocks show  
pleochroism  which is<=<= blue to indigo = yellow  to brow n, ^= g rey  blue. 
Crossite is partly  replaced by actinolite, and  has *< = yellow, P = blue, 
violet. A ccording to the classification of Leake (1978.; F igure 7), the
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am phiboles are actinolites, ferro- w inchite (which is green-blue), winchite,
m agnesio-riebeckite, crossite and, less frequently, calcian ferro glaucophane,
which is blue . Analyses of am phibole are presented in Table 14.

(Ca+Na BH .34: Nag <0.67

1.00 
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0.00
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Figure 7. Classification of am phiboles (after Leake, 1978; H aw thorne,
1981).

Am ygdales range in size from 0.5-2mm to 3-4mm in diam eter. Poly 
and m onom ineralic am ygdales are d istinguishable and a m ineral zonation 
from  rim to core is common. A narrow  rim  of pum pellyite, epidote, chlorite 
and  quartz  is generally present, follow ed tow ards the centre by calcite , 
chlorite, ep ido te , q uartz  and  pum pelly ite  (Plate, 12). Com m on m ineral 
assem blages in am ygdales are pum pelly ite , chlorite, ep ido te  and  quartz. 
Brownish green pum pellyite predom inates in the am ygdales. Pum pellyite 
form s tiny acicular prism s and  spheru litic  sheaves d isp lay ing  strong 
pleochroism  and dispersion, w ith fan-like, rad ial extinction. Some fibres 
occur in tergrow n with epidote which is readily  d istingu ished  from other 
m inerals by its higher relief and birefringence. The iron content (FeO*) 
ranges from 8.26 to 11 %. The com positions of pum pelly ites are given in 
Table 15.

C hlorite occurs as flaky or feathery  aggregates, pale-green  and  
yellow ish, green-brow n groundm ass m aterial, w here it form s either from  
alteration of volcanic glass or from fine-grained prim ary  m inerals, and as 
infill of amygdales. The com positions of the chlorites are given in Table 16; 
they are pycnochlorites (Hey 1954) Figure 8 .
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Figure  8. C o m p o s it io n  of ch lorites  p lo t ted  on  Fley's (1954) d iag ram .

Y e llo w  e p i d o t e  r e s u l t s  f ro m  th e  a l t e r a t i o n  o f  g r o u n d m a s s  

c l in o p y ro x e n e ,  a n d  as f il l ing  in a m y g d a le s  (T ab le  17). T h e  p is ta c i te  

c o m p o n e n t  is 23 to 26.55.

O ccasiona l la rge r  flakes of w h ite  m ica a n d  p h e n g i te  (F igure, 9) w h ich  

are  y e l lo w ish  g reen ,  an d  m u sco v i te  occur sc a t te re d  th ro u g h o u t  the  rocks. 

A lso  w h i te  m icas  occu r  p a r t ic u la r ly  w i th in  a lb i t iz e d  p la g io c la se ,  a n d  are  

freq u en t ly  a pa le  yellow ish  in th in  section. Selected ana ly se s  of these  la rger  

f lakes  a re  in c lu d e d  in T ab le  18. E n d  m e m b e r  c o m p o s i t io n s  of the  m icas  

vary  b e tw ee n  p a rag o n ite  (0.1-43) a n d  m arg a r i te  (0.75-5.93).
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7 .4 Then git
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M agnetite (Table, 19) forms subhedral to anhedral m icrophenocrysts 
w hich grade into m inute particles in the groundm ass.

Q uartz  phenocrysts  (<2mm) are p a rtly  re so rb ed  and  contain  
inclusions of colourless to pale brow n glass. Q uartz is also present in m ost 
am ygdales. Accessory m inerals are euhedral sphene and  apatite, com m only 
as inclusions in plagioclase, m agnetite and am phibole.

Table 12. Composition of plagioclases
Sm.N 227 227 183 183 183 183 183 183 323 323

micr phe core mid. rim core mid. rim mic phe
Si0 2 68.68 70.59 66.89 67.46 67.93 67.63 68.02 67.35 70.62 68.17
TiC>2 0.07 0.22 0.00 0.00 0.01 0.00 0.07 0.00 0.00 0.02
AI2O 19.29 18.79 19.72 19.08 19.64 19.79 19.65 19.89 18.41 19.56
Feo* 0.06 0.05 0.02 0.00 0.00 0.84 0.00 0.43 0.32 0.03
MnO 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.13 0.02 0.02
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.108 0.02 0.00
CaO 0.05 0.01 0.45 0.27 0.14 0.23 0.31 0.149 0.00 0.26
Na2 0 11.57 10.01 11.01 11.09 11.69 11.49 10.90 11.33 9.62 11.18
K2O 0.04 0.55 0.06 0.10 0.14 0.79 0.10 0.13 0.75 0.03
TOT. 99.76 100.25 98.15 98.00 99.55 100.77 99.30 99.12 99.74 99.27

Recalculated to 32 Oxygens
Si 12.04 12.42 11.89 11.95 11.85 11.85 11.90 11.88 12.52 11.96
Ti 0.01 0.03 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Al 3.97 3.48 4.13 4.04 4.15 4.15 4.14 4.13 3.43 4.04
Fe 0.01 0.07 0.00 0.00 0.01 0.01 0.00 0.00 0.58 0.00
Mn 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00
Ca 0.09 0.02 0.09 0.05 0.04 0.04 0.05 0.03 0.00 0.05
Na 3.92 3.41 0.09 3.87 3.98 3.96 3.75 3.88 3.30 3.80
K 0.09 0.12 3.79 0.02 0.02 0.01 0.02 0.03 0.17 0.01
T.Cat 20.13 19.56 19.94 19.93 20.04 20.02 19.91 19.94 19.49 19.86

End m em ber of the plagioclase minerals
An 0.20 0.48 2.20 1.30 0.70 1.08 0.50 0.70 0.00 1.20
Ab 99.60 95.95 97.60 97.90 98.90 97.90 99.30 98.50 95.05 98.60
Or 0.20 3.48 0.40 0.60 0.60 0.40 0.00 0.80 4.40 0.20

FeO* is total iron as FeO.
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Tabic 13 . Composition of clinopyroxenes
Sa.N o 227 227 227 323 227 373 373

Core
373
rime

SiC>2 52.87 51.80 51.55 52.40 52.35 51.52 52.58 51.89
Ti0 2 0.10 0.14 0.27 0.19 0.19 0.22 0.18 0.20
AI2O3 1.00 1.18 1.48 1.35 0.99 1.39 1.27 1.29

FeO* 9.48 9.60 9.88 9.37 9.35 9.49 9.52 8.99
MnO 0.40 0.37 0.46 0.30 0.38 0.37 0.28 0.28
MgO 13.69 12.97 13.00 12.84 13.11 12.61 13.18 13.37
CaO 22.40 22.79 22.40 22.19 22.92 22.72 22.17 22.60
N a2 0 0.60 0.43 0.54 0.70 0.42 0.57 0.57 0.54
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03
TOtal 100.54 99.28 99.58 99.04 

R ecalcu lated  to 6 o x y g e n s
99.71 98.89 99.75 99.19

Si 1.99 1.99 1.93 1.99 1.98 1.99 1.99 1.98
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al+6 0.04 0.05 0.06 0.05 0.04 0.06 0.05 0.05
Al+4 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Fe+3 0.07 0.07 0.09 0.01 0.05 0.06 0.04 0.07
Fe+2 0.21 0.23 0.21 0.21 0.23 0.23 0.25 0.21
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00
Mg 0.75 0.70 0.72 0.72 0.73 0.70 0.73 0.74
Ca 0.88 0.91 0.90 0.90 0.91 0.91 0.88 0.90
Na 0.04 0.03 0.03 0.00 0.03 0.04 0.04 0.04
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
T otal 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

End m em b er o f the c lin o p y ro x en e  m in era ls as b e lo w
wo 45.56 46.87 46.15 47.00 47.00 47.37 46.04 46.66
En 38.73 37.10 37.22 36.56 37.39 36.57 38.06 38.39
Fs 15.69 16.00 16.62 16.36 15.59 16.05 15.89 14.94

Fe+3 is calculated by normalization according to Schumacher (1991). 

Table 14. Composition of amphiboles
Sa.N 227 373 227 373 227 373 183 183 183 373

mgr mgr Cr Cr w w Fw ac ac cfg
SiC>2 55.80 54.60 52.00 55.37 54.35 54.27 53.25 55.99 53.92 56.00
TiC>2 0.00 0.02 0.73 0.00 0.12 1.15 0.00 0.10 0.17 0.96
AI2O 2.20 2.76 2.85 3.00 2.94 3.12 2.13 1.37 1.41 3.13
FeO* 18.57 18.96 27.93 18.64 20.55 17.96 20.99 14.62 14.97 17.90
MnO 0.30 0.40 0.21 0.25 0.22 0.34 0.33 0.33 0.48 0.18
MgO 10.69 10.94 4.37 10.60 9.40 9.79 9.32 12.74 11.79 9.60
CaO 3.39 2.59 1.46 2.50 3.20 4.07 7.11 11.51 11.12 3.63
N a2 0 5.00 5.76 6.37 5.50 4.60 5.04 3.10 1.00 1.39 5.61
K 20 0.10 0.20 0.16 0.16 0.23 0.12 0.11 0.10 0.09 0.12
Total 96.05 96.23 96.08 96.03 95.59 95.86 96.23 97.66 95.25 97.13

Recalculated to 23 Oxygens
Si 7.98 7.92 7.93 7.96 7.97 7.94 7.95 8.08 7.98 8.16
A l+4 0.01 0.07 0.06 0.03 0.02 0.05 0.04 0.00 0.00 0.00
AIT 0.36 0.47 0.51 0.51 0.51 0.54 0.37 0.23 0.25 0.53
A l+6 0.34 0.39 0.44 0.48 0.49 0.49 0.33 0.00 0.00 0.00
Ti 0.00 0.00 0.08 0.00 0.01 0.12 0.00 0.01 0.01 0.10
Fe+3 1.04 1.00 0.87 0.98 0.74 0.36 0.39 0.00 0.00 0.00
Mg 2.36 2.36 0.99 2.31 2.09 2.17 2.07 2.74 2.65 2.08
Fe+2 1.26 1.29 2.68 1.29 1.82 1.87 2.22 1.76 1.89 2.18
Mn 0.04 0.04 0.03 0.03 0.02 0.04 0.04 0.04 0.06 0.02
FmT 13.05 13.11 13.11 13.11 13.19 13.08 13.07 12.87 12.90 13.10
Ca 0.53 0.40 0.24 0.39 0.51 0.65 1.13 1.78 1.80 0.56
NaM 1.40 1.47 1.65 1.49 1.28 1.26 0.79 0.00 0.00 0.00
NaT 1.43 1.62 1.88 1.56 1.33 1.45 0.90 0.27 0.40 1.58
N aA 0.03 0.14 0.23 0.06 0.05 0.19 0.10 0.00 0.00 0.00
K 0.015 0.027 0.003 0.048 0.061 0.0 0.158 0.0 0.0 0.0

Fe+3 is calculated by estimation according to Spear and Kimball (1984)
Mgr: magnesio-riebeckite Cr: Crossite w: Winchite Fw: Ferro-winchite ac: actinolite Cfg: 
Calcian ferro glaucophane
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Table 15. C om position  of pum pelly ites
Sample No 183 183 183 183 183

Core rim
SiC>2 36.06 35.13 36.49 37.34 37.35
TiC>2 0.18 0.05 0.181 0.189 0.13
AI2O3 23.58 21.98 21.88 22.29 23.21
FeO* 10.02 11.00 8.78 8.26 8.50
MnO 0.34 0.28 0.173 0.22 0.15
MgO 2.29 4.11 2.58 2.57 1.64
CaO 21.39 19.31 22.19 22.27 22.92
TOTAL 93.86 91.86 92.27 93.14 93.90

Recalculated to 51 Oxygens
S i 12.31 12.29 12.60 12.73 12.62
Ti 0.05 0.01 0.05 0.05 0.03
A l 9.49 9.07 8.90 8.96 925
Fe 2.86 3.29 2.53 2.35 2.40
Mn 0.09 0.09 0.05 0.06 0.04
Mg 1.16 2.14 1.32 1.31 0.82
Ca 7.82 7.13 8.21 8.14 8.30
Total Cat. 33.73 34.02 33.61 33.60 33.46

Total Fe as Feo*

Table 16. Composition of chlorites
Samp. No. 183 183 183 183
SiC>2 28.20 27.56 28.20 28.49
TiC>2 0.01 0.00 0.08 0.00
AI2O3 18.90 20.30 19.08 20.70
Fe2C>3 5.85 5.86 5.87 5.71
FeO 21.06 21.12 21.13 20.56
MnO 0.53 0.56 0.49 0.45
MgO 13.63 12.19 12.95 12.20
CaO 0.20 0.30 0.20 0.20
N a2 0 0.20 0.23 0.15 0.07
K2O 0.00 0.00 0.00 0.00
TOTAL 88.38 88.12 88.15 88.38

Recalculated to 28 Oxygens
Si 5.82 5.71 5.82 5.79
Ti 0.00 0.01 0.00 0.00
A1+6 4.59 4.97 4.46 4.96
A1+4 0.90 0.91 0.91 0.87
Fe+3 3.63 3.66 3.65 3.49
Fe+2 0.09 0.09 0.08 0.08
Mn 4.19 3.77 3.98 3.70
Ca 0.05 0.07 0.04 0.00
Na 0.09 0.09 0.06 0.03
K 0.00 0.00 0.00 0.00
Total Cations 19.36 19.28 19.00 18.92

End member of the chlorite minerals as below
Mg-Cl 41.93 37.70 39.87 37.00
Fe-Cl 36.36 36.36 36.52 34.99
Fe*/(Fe*+mg) 0.52 0.54 0.53 0.54

Fe+3 is calculated by ratio according to Schumacher (1991).
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Table 17. C om position  of ep idotes
Sample No 183 183 183 183 183 183
SiC>2 38.10 37.33 37.72 38.37 38.13 38.60
TiC>2 0.14 0.11 0.08 0.67 0.00 0.09
AI2O3 24.17 23.43 23.74 22.45 22.80 23.75
Fe20 3 11.51 11.54 12.17 12.69 11.75 11.15
FeO 0.54 0.54 0.57 0.60 0.55 0.52
MnO 0.07 0.03 0.27 0.10 0.00 0.09
MgO 0.08 0.20 0.00 0.26 0.19 0.51
CaO 23.48 22.46 22.93 20.59 21.05 22.18
N a2 0 0.00 0.00 0.00 0.00 0.00 0.00
K2O 0.03 0.05 0.04 0.03 0.02 0.01
TOTAL 98.12 95.69 97.52 95.76 94.49 96.90

Recalculated to 25 oxygens
Si 6.03 6.04 6.02 6.18 6.12 6.13
Ti 0.02 0.01 0.01 0.08 0.00 0.01
Al 4.51 4.47 4.46 4.26 4.35 4.45
Fe+3 1.37 1.40 1.46 1.54 1.50 1.33
Fe+2 0.07 0.07 0.07 0.08 0.08 0.07
Mn 0.01 0.00 0.04 0.01 0.00 0.01
Mg 0.02 0.05 0.00 0.06 0.05 0.12
Ca 3.98 3.90 3.92 3.55 3.82 3.78
N a 0.00 0.00 0.00 0.00 0.00 0.00
K 0.01 0.02 0.01 0.01 0.01 0.02
Total Cat. 16.02 15.96 15.99 15.77 15.93 15.92
pistasite 23.29 23.85 24.66 26.55 25.64 24.00

Fe+3 is calculated by ratio according to Schumacher (1991).

Table 18. Composition of micas
Sm.N 227 227 227 373 373 183 183 183 183 183

Phg. Phg. Phg. Phg Phg. mus rrus mus rrus mus
SiC>2 52.00 49.87 49.40 50.64 49.23 47.93 51.00 48.67 51.48 45.84
TiC>2 0.32 1.22 1.41 1.72 1.50 0.14 0.07 0.06 0.13 0.09
AI2O 18.74 19.97 19.89 19.46 19.80 37.65 29.00 33.31 27.68 32.89
Fe2 0 5.18 6.26 5.91 4.90 5.66 0.24 0.94 0.71 1.67 1.71
FeO 0.82 0.99 0.93 0.77 0.90 0.03 0.15 0.11 0.26 0.03
MnO 0.00 0.01 0.08 0.04 0.07 0.01 0.06 0.17 0.08 0.07
MgO 4.67 4.25 4.00 4.07 4.11 0.87 3.78 1.39 3.60 1.08
CaO 0.10 0.69 0.80 1.01 0.86 0.58 0.60 0.04 0.68 0.14
N a2 0 0.01 0.12 0.10 0.00 0.08 0.35 0.20 0.18 0.35 0.17
K2O 10.70 10.49 10.27 10.17 10.54 10.85 10.59 11.12 10.68 10.79
Total 92.54 93.87 92.79 92.78 92.75 98.65 96.38 95.76 96.61 92.81

Recalculated to 22 Oxygens
Si 7.23 6.9 6.91 7.00 6.86 6.06 6.76 6.41 6.78 6.25
Ti 0.03 0.12 0.14 0.17 0.15 0.01 0.00 0.00 0.01 0.01
A l+6 0.76 1.09 1.08 0.99 1.14 1.93 1.23 1.58 1.21 1.74
A1+4 2.31 2.16 2.19 2.17 2.11 3.82 3.19 3.58 3.08 3.55
Fe+3 0.54 0.65 0.62 0.51 0.59 0.02 0.09 0.07 0.16 0.17
Fe+2 0.01 0.11 0.11 0.09 0.10 0.04 0.02 0.01 0.03 0.03
Mh 0..00 0.00 0.01 0.00 0.01 0.00 0.01 0.02 0.01 0.01
Mg 0.10 0.87 0.83 0.84 0.85 0.16 0.70 0.27 0.68 0.22
Ca 0.01 0.10 0.12 0.15 0.13 0.08 0.08 0.00 0.09 0.02
N a 0.02 0.03 0.03 0.00 0.22 0.09 0.05 0.05 0.09 0.04
K 0.90 1.85 1.83 1.79 1.88 1.75 1.70 1.87 1.72 1.88
T.Cat. 13.87 13.94 13.90 13.83 13.95 13.94 13.84 13.90 13.88 13.95

End member of the mica minerals as below
Mus 95.0 91.74 90.68 87.49 88.63 87.55 84.60 93.45 86.45 94.00
Par 0.10 1.58 1.33 0.10 1.04 4.30 2.40 2.40 4.30 2.25
Mar 0.75 5.05 5.93 7.35 6.10 3.95 4.05 0.30 4.60 1.10

Fe+3 is calculated by ratio according to Schumacher (1991).

Mus:muscovite Phg:phengite Par:paragonite Manmarcasite
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Table 19. Composition of magnetites
A nalyses No 22 7 227 227 227

S i0 2 0.00 0.50 0.80 0.49

TiC>2 0.18 0.11 0.60 0.20

AI2O 3 0.08 0.56 0.63 0.53

Fe2 0 3 53.38 58.21 66.79 54.9

FeO 47.98 42.39 32.68 41.88

MgO 0.07 0.00 0.00 0.04

CaO 0.18 0.20 0.07 1.38

N a 2 0 0.89 0.67 0.16 0.58

T otal 0.17 0.00 0.69 0.06

TOTAL 102.9 102.6 102.42 100.06

Recalculated to 3 2 oxygen
Si 0.05 0.03 0.02 0.03

Ti 0.00 0.00 0.05 0.00

A l 0.00 0.00 0.01 0.07

Fe3 1.27 1.46 1.79 1.30

Fe2 1.27 1.19 0.99 1.11

Mn 0.00 0.00 0.00 0.00

Mg 0.01 0.01 0.00 0.08

Ca 0.04 0.03 0.01 0.00

N a 0.01 0.00 0.00 0.00

T otal 3.00 3.00 3.00 3.00

Fe+3 is calculated by cation balance according to Schumacher (1991)
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5.5. METABASALTIC ANDESITE

These rocks consist of 30-50% plagioclase, 30-45% clinopyroxene, 10- 
2 0 % ep id o te , chlorite , w hite m ica, s tilp n o m elan e  an d  biotite,. 0-5 % 
am phibole and accessory sphene, apatite and m agnetite.

The original porphyritic textures are preserved  in the rocks. A ll the 
prim ary plagioclase has recrystallized com pletely to albite ( Ab 95-99 A n  0-8 
Or 0-3; Table, 20. Figure 10). associated w ith  epidote. The phenocrysts are 
euhedral to subhedral and are enriched w ith  epidote and  sericite inclusions. 
They show  strong undulatory  exinction and are tabular w ith sim ple twins.

O r

A b A n

Figure 10. Plagioclase observed in metabasaltic andesite.

M inor quartz  crystals occur w hich are e longated  parallel to the 
schistosity. Also some quartz  occurs as fine-grained aggregates scattered  
th roughou t the groundm ass.

The clinopyroxene grains occur as euhedral to subhedral 
microphenocrysts and phenocrysts. The composition of the pyroxene is 
augite (Figure 11; Table, 21). Relict colourless or pale brown augites are 
common, which are subhedral with an average diameter of about 0.5 mm . 
Common alteration products of the pyroxene are calcite, chlorite, epidote 
and amphibole. They are generally replaced marginally by green 
metamorphic actinolite or sodic amphibole (Plate, 13). The igneous augite is 
charecterized by low Ca and high Ti, being Wo(37.i6-43.87), En (40 .7-45.1), Fs 
(11.38-19.82) as tabulated in Table 21.
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DIOPS IDE HEDEMBERGITE

25

ENSTATITE FERROSILITE

F igure  11. C o m p o s i t io n  of cpx, p lo t te d  on  the  d ia g ra m  of P o ld e rv aa r t  

et al. (1951).

T he Ti, Cr, Ca, N a  a n d  Al c o n te n ts  of the  p y ro x e n e  p h e n o c ry s ts  

in d ica te  tha t the ch em is try  of the m e tab asa l t ic  a n d e s i te  is of o ro g en ic  an d  

tholeiitic affinities (F igure 12. a-c).

0 .0 6  i

~  0 . 0 5 -
Ti+Cr

0 .04 -

no n -o ro ge m calkali

0 .03  - 

0  .02  -  

0.01  - oro gem c
0 .0 5  - 0.00thol ei i t ic  and 

ca l c -alka l i 0 .5  0 .6  0 .7  0 .8  0 .9  1.0b)

0.00
a) 0 .5  0 .6 0 .7  0 .8 0 .9  1 .0 1 .1 1 .2 

Ca+Na

T i 0 .0 6  - 

0 0 5  - 

0 .0 4  -

0 .0 3  -

0.02  -

thol e i i t i c
0.01 -,

0.00
c) 0.0 0.1 0.2 

A l total
0 .3

Fig. 12. a, b a n d  c. C o m p o s i t io n a l  v a r i a t io n s  of c l in o p y ro x e n e  

p h en o c ry s ts  from  the m e tabasa ltic  an d es ite  in te rm s  of Ti, Ca, N a, C r a n d  Al 

u s ing  the d isc r im in an t  d ia g ra m s  of Leterrier  et al. (1982).
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Am phibole is ubiquitous with both sodic and calcic am phiboles (Table 
22). A ctinolite occurs in rocks as prism atic crystals (0.1mm long) and 
needles ( 0.15mm long). It shows ^<= pale green, p>= pale yellow green, 

K=colourles. It has M g/(M g+Fe) ratios of 0.56 to 0.63. G laucophane shows 
<*=yellow, £>=blue and l$=violet colours. They occur around  relict augite 

(Plate,13). All am phiboles form ed as secondary phases from clinopyroxene. 
According to the classification of Leake (1978), these are actinolite, richterite 
and ferro-glaucophane (Figure 13).

1981).

1.00 
0.90

0.50

0.00

(Ca+Na)B» 1 .34: Nae<0.67 
(Na+K)A < 0.50 : Ti< 0.50

6.50
Trpm nl

Magnesio
hornblende

Actinolite 
. «  *

:erro
actinolite

Ferro
hornblende

+
CMa>u.+O'
X
O'
X

0.00

0.50

Nae>1 34 
(Na+K)A < 0.50

1 .00

Ferro Riebec- <N
4/

I  glcph
Crossite

kite. u .+
O'

Glau­
cophane

Magne.
riebec.

X
O'
X

0.00 0.30 0.70
Fe3/Fe3+A16

1 .00

Si P e r  F o rm u la  Unit

Figure 13. Classification of am phibole (after Leake, 1978; H aw thorne,

Stilpnom elane appears as °<=light golden yellow to £>=brown needles 
in the matrix, and single and acicular crystals in the phenocryst phases (Plate, 
14), suggesting  a considerable ferric iron content. The com position  of 
stilpnom elane is given in Table 23. The Fe/(Fe*+mg) ratios are 0.68, and  in 
Al (0.39-0.44), in Si 2.66-2.85).

Biotite forms partly resorbed phenocrysts (2-4mm) exhibiting green to 
dark  coffee brow n pleochroism , or redd ish  orange w here oxidized, and  
altered to chlorite. Individual plates may be up to 0.1 mm across. Analyses of 
b iotite  phenocrysts show  relatively  h igh  Ti0 2  (1 .2 9 -4 .8 0 )  content and  an 

Fe/(Fe+Mg) ratio of (0.42-0.50) (Table 24).

Two types of w hite micas (Table 25) are recognised in these rocks. One 
is a fine-grained w hite mica or sericite, generally included w ithin feldspar 
and pyroxene. The other type of mica is scarce and appears as small flakes 
aligned parallel to the schistosity.

The epidote formed from prim ary augite as small irregular patches, or 
scattered in the groundm ass. Also it occurs as rad ia ting  clusters . The 
composition is shown in Table 26.
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Pale green chlorite (Table, 26) occurs as platy and  fibrous aggregates 
rep lac ing  the pyroxene and  am phiboles, and  tends to align along the 
schistosity w ith some chlorite pseudom orphs after biotite. The com position 
of chlorite are pycnochlorite and  brunsv ig ite  (Figure 14) w ith 0.43-0.54 
Si/(Si+A l) ratio.

0.8 

0.7

4  0.6

0.5
t  +

h  n  0 .4
+ t

CVi ^

t  +
*  t  0.2 h

pu,
0.1 -  

o.o L
4.0

m

2.40.3

5.0 5.6 6.2 7.0 8.0

Figure 14. Com position of chlorites plotted on Hey's (1954) diagram.

O xides are com pletely recrystallized  to fine-grained  (0.5-0.8 mm) 
sphene .M agnetite occurs as small granules concentrated in the groundm ass.
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Tabic 20. C om position of plagioclases
Sample N 272 277 405 405 405 405

microlit pheno pheno rim core pheno
SiC>2 68.19 67.26 69.03 68.36 67.60 66.85
T1O2 0.02 0.00 0.03 0.01 0.00 0.00
AI2O3 20.22 19.32 19.15 19.84 19.18 19.88
FeO* 0.32 0.16 0.04 0.02 0.94 0.22
MnO 0.02 0.00 0.01 0.00 0.10 0.08
MgO 0.28 0.00 0.10 0.28 1.17 0.25
CaO 0.14 0.20 0.03 0.23 0.20 0.30
N a2 0 11.05 11.50 10.97 11.02 10.66 10.71
K2O 0.35 0.09 0.03 0.20 0.13 0.62
TOTAL 100.59 98.53 99.39 99.96 99.98 98.91

Recalculated to 32 oxygens
Si 10.85 10.80 11.92 11.90 11.71 11.81
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Al 4,10 4.05 4.03 4.07 4.03 4.14
Fe 0.05 0.03 0.02 0.03 0.02 0.04
Mn 0.00 0.00 0.00 0.00 0.01 0.11
Mg 0.07 0.00 0.00 0.07 0.31 0.07
Ca 0.02 0.02 0.00 0.04 0.03 0.06
N a 3.83 3.87 3.69 3.72 3.68 3.67
K 0.01 0.01 0.00 0.04 0.03 0.14
Total Cat. 20.04 20.03 19.96 19.92 20.10 19.99

End member of the plagioclase minerals as below
An 0.70 0.99 0.20 1.10 0.90 1.40
Ab 98.90 98.30 99.20 97.10 98.30 95.00
Or 0.30 0.49 0.60 1.10 0.80 3.50

FeO* is total iron as FcO.

Table 21. Composition of clinopyroxenes
Sam .N 272 272 272 272 272 272 272 272
Si0 2 51.44 50.79 51.50 51.51 51.15 51.63 52.43 51.65
TiC>2 0.32 0.30 0.32 0.31 0.24 0.18 0.17 0.19
AI2O3 2.37 2.14 2.32 2.41 2.24 2.88 1.69 2.60

FeO* 12.04 13.57 11.79 11.25 7.62 6.95 7.64 8.26
MnO 0.35 0.32 0.32 0.31 0.14 0.14 0.22 0.20
MgO 14.30 14.21 15.23 14.85 15.98 15.78 15.93 15.76
CaO 19.25 18.19 18.13 19.13 22.12 21.25 20.75 21.04
N a2 0 0.32 0.81 0.24 0.27 0.21 0.26 0.28 0.24
TOTAL 100.39 100.33 99.85 100.04 99.70 99.07 99.11 99.94

Recalculated to 6 Oxygens
S i 1.91 1.91 1.91 1.91 1.88 1.91 1.94 1.91
Ti 0.01 0.01 0.01 0.01 0.006 0.005 0.004 0.005
A1+6 0.08 0.09 0.08 0.08 0.10 0.88 0.06 0.09
A1+4 0.02 0.00 0.02 0.02 0.00 0.03 0.02 0.02
Fe+3 0.07 0.11 0.06 0.05 0.13 0.06 0.04 0.09
Fe+2 0.30 0.23 0.30 0.29 0.10 0.16 0.19 0.17
Mn 0.01 0.01 0.01 0.01 0.00 0.00 0.07 0.00
Mg 0.79 0.83 0.84 0.82 0.87 0.87 0.88 0.86
Ca 0.76 0.71 0.72 0.76 0.87 0.84 0.82 0.83
N a 0.02 0.05 0.02 0.02 0.01 0.02 0.02 0.02
TotalCat.4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

End member of the clinopyroxenes as below
Wo 39.43 37.40 37.16 39.18 43.87 43.58 42.29 42.44
En 40.74 43.49 43.43 42.31 44.09 45.03 45.17 44.21
Fs 19.82 19.09 19.39 18.49 12.03 11.38 12.53 13.34

Fe+3 is calculated by normalization according to Schumacher (1991).
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Table 22. Composition of amphiboles
Sam. N o 272 272 405 405 405 405

ac rich. ac ac Fgl Fgl
Si 0 2 53.08 55.81 52.10 53.81 57.56 53.45
Ti0 2 0.05 0.02 0.00 0.00 0.02 0.27
AI2O 3 1.29 6.81 1.43 0.50 2.59 1.78
F eO * 16.95 12.57 14.57 15.12 21.28 23.19
MnO 0.17 0.10 0.40 0.49 0.18 0.20
MgO 12.10 8.73 14.33 14.18 5.58 7.23
CaO 11.95 8.79 11.44 12.26 1.03 1.62
N a 2 0 0.35 4.44 0.67 0.38 5.86 5.96
K2O 0.17 0.09 0.13 0.04 0.20 0.22
TOTAL 96.11 97.46 95.08 96.97 94.43 93.92

Recalculated to 23 O xygens
Si 7.92 8.04 7.77 7.91 8.66 8.28
A l+4 0.00 0.00 0.22 0.08 0.00 0.00
AIT 0.22 1.11 0.25 0.08 0.45 0.32
A l+6 0.00 0.00 0.29 0.04 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.03
Fe+3 0.00 0.00 0.16 0.03 0.00 0.00
Mg 2.69 1.81 3.18 3.10 1.25 1.67
Fe+2 2.11 1.46 1.65 1.83 2.67 3.00
Mn 0.02 0.01 0.05 0.06 0.02 0.03
FMT 12.99 12.46 13.09 13.03 13.08 13.35
Ca 1.91 1.31 1.82 1.93 0.16 0.27
N aM 4 0.00 0.00 0.08 0.03 0.00 0.00
N aT 0.10 1.20 0.19 0.10 1.71 1.79
N aA 0.00 0.00 0.11 0.08 0.00 0.00
K 0.03 0.02 0.02 0.09 0.04 0.04

Fe+3 is calculated by estimation according to Spear and Kimball (1984). 
acactinolite rich:richterite FghFerro-glaucophane

Table 23. Composition of stilpnomelanes
Sam. N o  408 408 278 272 277 408 408
SiC>2 46.69 47.08 48.78 48.21 48.52 48.76 47.47
TiC>2 0.15 0.14 0.13 0.20 0.11 0.10 0.15
AI2O 3 5.79 5.90 6.71 6.54 6.27 5.62 5.75
FeO* 26.97 27.21 27.22 25.97 25.91 25.68 26.92
MnO 1.62 1.81 0.78 0.55 0.73 1.74 1.71
MgO 6.93 6.81 7.09 6.26 5.48 6.83 6.72
CaO 0.11 0.17 0.22 0.24 0.73 0.17 0.14
N aO 0.61 0.24 0.31 0.31 0.43 0.27 0.29
K2O 1.27 1.20 1.40 1.64 1.09 1.28 1.44
TOTAL 90.14 90.56 92.64 90.02 89.27 90.45 90.54

Recalculated to 8oxygens
S i 2.66 2.67 2.69 2.62 2.85 2.71 2.66
Ti 0.01 0.01 0.01 0.09 0.01 0.01 0.01
A l 0.39 0.39 0.43 0.44 0.41 0.40 0.39
Fe 1.29 1.29 1.25 1.20 1.26 1.26 1.25
M i 0.79 0.87 0.04 0.03 0.03 0.09 0.09
Mg 0.59 0.57 0.58 0.53 0.45 0.59 0.59
Ca 0.01 0.01 0.01 0.01 0.04 0.01 0.01
N a 0.07 0.03 0.03 0.03 0.04 0.03 0.03
K 0.09 0.09 0.01 0.12 0.09 0.01 0.10
TOTAL 5.20 5.17 5.15 5.13 5.07 5.17 5.18

Total Fe as FeO*
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Table 24. Composition of biotites
Sample No 277 277 277 277 277 2 77
Si0 2 35.70 35.82 38.10 36.98 35.10 38.19
Ti0 2 4.07 4.62 1.29 2.98 4.80 1.77
AI2O3 13.24 13.12 11.80 12.56 13.00 12.23
Fe2 0 3 3.68 3.65 3.56 3.68 3.49 3.58
FeO 18.77 18.64 18.16 18.79 17.81 18.27
MnO 0.36 0.30 0.31 0.30 0.32 0.40
MgO 9.26 9.81 12.04 10.36 9.95 11.39
CaO 0.09 0.07 0.02 0.10 0.34 0.06
N a2 0 0.13 0.16 0.28 0.27 0.37 0.29
K2O 9.21 9.03 9.46 9.26 8.71 9.41
TOTAL 94.51 95.22 95.02 94.92 93.89 95.59

Recalculated to 2 2  Oxygens
Si 5.57 5.52 5.87 5.70 5.48 5.84
Ti 0.48 0.53 0.15 0.35 0.56 0.20
Al 2.43. 2.38 2.14 2.28 2.39 2.20
Fe+3 0.43 0.42 0.41 0.43 0.41 0.41
Fe+2 2.45 2.40 2.34 2.42 2.33 2.34
Mn 0.04 0.04 0.04 0.04 0.04 0.05
Mg 2.15 2.25 2.76 2.38 2.31 2.59
Ca 0.01 0.01 0.00 0.02 0.06 0.01
N a 0.04 0.05 0.08 0.08 0.11 0.09
K 1.83 1.77 1.86 1.82 1.73 1.83
To.Cations 15.45 15.43 15.67 15.54 15.46 15.59

End member of the biotite as below
Phlogopi 35.88 37.60 46.08 39.73 38.63 43.31
Annite 40.83 40.08 39.02 40.45 38.83 39.00

Fe+3 is calculated by ratio according to Schumacher (1991).

Table 25. Composition of white micas
Sample No 408 408 272 272 272
S i0 2 50.90 50.70 49.45 49.76 48.71
TiC>2 0.24 0.19 0.21 0.13 0.31
AI2O 3 19.30 19.44 23.40 21.46 21.82
Fe203 6.61 7.00 5.78 6.35 8.74
FeO 1.05 1.11 0.91 1.01 1.38
MnO 0.05 0.03 0.01 0.11 0.10
MgO 4.69 4.81 4.31 5.00 3.80
CaO 0.00 0.12 0.01 1.48 0.48
N a2 0 0.00 0.08 0.00 0.00 1.43
K2O 11.13 11.09 10.89 9.61 7.72
TOTAL 93.97 94.57 94.97 94.91 94.49

Recalculated to 22 Oxygens
Si 7.05 6.97 6.74 6.80 6.67
TI 0.02 0.02 0.02 0.01 0.03
A1+6 0.95 1.02 1.25 1.19 1.32
A1+4 2.19 2.13 2.50 2.26 2.22
Fe+3 0.69 0.72 0.59 0.65 0.90
Fe+2 0.12 0.13 0.10 0.11 0.16
Mn 0.01 0.00 0.00 0.01 0.01
Mg 0.96 0.98 0.87 1.02 0.78
Ca 0.00 0.02 0.00 0.22 0.07
N a 0.00 0.02 0.00 0.00 0.38
K 1.96 1.95 1.89 1.67 1.36
Total Cat. 13.98 14.02 14.00 13.96 13.93

End member of the mica minerals as below
muscovite 98.30 97.40 94.75 83.80 68.05
paragonite 0.00 1.10 0.10 0.00 19.15
marcasite 0.00 0.95 0.10 10.90 3.55

Fe+3 is calculated by ratio according to Schumacher (1991).
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Table 26. Composition of epidote and chlorites
Sam ple N o 272 272 404 404

SiC>2 37.99 38.43 25.79 27.17

IiC >2 0.15 0.17 0.10 0.00

AI2O 3 22.91 22.21 17.92 17.85

Fe2C>3 12.96 12.35 5.89 5.77

FeO 0.64 0.55 21.23 20.78

MnO 0.15 0.10 0.60 0.47

MgO 0.52 0.14 13.74 13.75

CaO 22.66 23.36 0.11 0.02

N a 2 0 0.02 0.01 0.05 0.07

K2 0 0.04 0.03 0.00 0.00

TOTAL 98.04 97.35 85.43 85.88

Recalculated to 25 oxygens for epidote, 28 oxygens for chloi
S i 6.20 6.21 5.58 5.90

Ti 0.02 0.02 0.02 0.00

A l 4.35 4.46 4.57 7.65

Fe+3 1.74 1.62 0.96 1.58

Fe+ 2 0.09 0.06 3.84 6.32

Mn 0.02 0.01 0.11 0.14

Mg 0.11 0.04 4.43 3.86

Ca 3.91 4.09 0.02 0.09

N a 0.01 0.03 0.03 0.01

K 0.01 0.0 0.0 0.0

To.Cation 16.03 16.06 19.67 19.44

Pistasite 28.73 26.64

End members of the chlorite as below
M g-Cl 44.36 38.63

Fe-Cl 38.46 40.45

Fe*/(Fe*+mg) 0.52 0.67

Fe+3 is calculated by ratio According to Schumacher (1991).
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5.6. METAHORNBLENDE GABBROS

The com position  of the rocks is 25-40% p lag io c lase , 15-25% 
am phibole, 8-17% mica, 4-14% epidote, 9-13% quartz, 4-14% chlorite, 4-7% 
calcite, 1-3% augite and orthoclase, and  accessory m agnetite, sphene and  
apatite. The m ost common rock type is coarse grained and granular.

The feldspar occurs m ostly as euhedral equant grains of albite (Ab 
100-95 OrO-25) and rare oligoclase (Anio Abss Or 5). Large crystals display 
w avy extinction and tw isted poly synthetic tw inning. Some plagioclases are 
found as small hypidioblastic to idioblastic zoned crystals, w ith chlorite and 
epidote filling the intergranular space. M any plagioclase crystals are clouded 
w ith  ab u n d an t orien ted  needles of opaque inclusions. A lbite and  quartz  
develop granophyric  textures in the rock. Plagioclase is saussuritize4 , 
ep idotized and sericitized. M icroprobe analyses of plagioclase are given in 
Table 27 and Figure 15.

O r

A b A n

Figure 15. Chemical com position of plagioclase plotted  on the Or-Ab- 
An diagram .

H ornblende occurs as large (up to 2-3mm diam eter), g reen  and  
b row nish  green crystals w hich are partia lly  or com pletely replaced  by 
actinolite, sodic am phibole, chlorite and  ep ido te  (Plate, 15). Secondary 
am phiboles form ed at the expense of earlier am phiboles contain less Al and 
higher Si and  M g than  the hornblende. A ctinolite is usually  g reen  and 
prism s of up  to 0.6 mm long are common M g/(M g+Fe) ratios of 0.49 to 0.57
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, w ith  the M g/(M g+Fe) ra tio  decreasing  slightly  w ith  increasing  Al. 
Following Leake's (1978) chemical classification, am phibole (Table 28) ranges 
from  crossite , ferro w inch ite , w inch ite , m ag n es io -h o rn b len d e , ferri- 
ho rn b len d e , ferri-actinolitic  h o rn b len d e  to actino lite  (F igure, 16). The 
w inchite to crossite am phibole w ith  lavender b lue-purple colour occurs with 
actinolite.
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Figure 16. Classification of am phiboles from  m etahornblende gabbro 
(after Leake, 1978; Hawthorne, 1981).

The m ain types of chlorite are yellowish to golden brow n diabanite, a 
pale-green phenochlorite and ripidolite (Hey,1954); (Table 29 and Figure 17). 
They occur as aggregates of p lates which entirely  replace hornb lende and 
actinolite.



Figure 17. Com position of chlorites, plotted on H ey's (1954) diagram .

Pale yellow epidote (Table 30) is form ed by saussuritization. A nhedral 
crystals are com m on, w ith  som e rad ia ting  crystals. E p ido te  is evenly 
d istribu ted  th roughou t the rock. It m ay have partially  replaced plagioclase 
and  actinolite.

Q uartz, chlorite and albite are in part recrystallized.
M uscovite and sericite include paragonite (from 0.45 to 1.3 % ) and  

m argarite (from 1.2 to 1.65 % ) as given inTable 31.
Rare clinopyroxene relics are augitic according to Poldervaart et al. 

(1951), as given in Table 31.
M agnetite and  ilm enite are accessory m inerals som etim es occurring 

as inclusions w ithin am phibole porphyroblasts. The m agnetite com position 
is given in Table 31.

Sphene is present in rocks as small, irregularly  shaped  grains of high 
relief. A patite is also present. Calcite com m only occurs as inclusions w ithin 
albitized plagioclase.
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Table 27. Composition of feldspars
Sam p.N 337 313 313 313 337 379 379
SiC>2 68.03 66.15 68.97 68.38 68.81 67.20 66.33
TiC>2 0.03 0.03 0.05 0.00 0.01 0.05 0.02
AI2O3 19.74 21.62 19.90 19.64 19.49 20.02 21.23
FeO* 0.20 0.34 0.22 0.28 0.44 0.08 0.01
MnO 0.00 0.02 0.03 0.00 0.02 0.04 0.00
MgO 0.44 0.95 0.15 0.11 0.03 0.10 0.30
CaO 0.57 o.438 0.12 0.107 0.12 0.16 2.64
N a2 0 10.96 7.20 12.11 11.59 11.70 11.11 8.50
k 2o 0.23 4.11 0.09 0.06 0.17 0.09 1.79
TOTAL 100.19 100.85 101.63 100.10 100.79 98.85 100.82

Recalculated to 32 Oxygens
S i 11.81 11.24 11.89 11.93 11.96 11.94 11.28
Ti 0.00 0.00 0.00 0.00 0.00 0.01 0.00
A l 4.16 4.68 4.04 4.04 3.99 4.03 4.53
Fe 0.31 0.36 0.32 0.42 0.65 0.01 0.30
Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Mg 0.12 0.26 0.41 0.30 0.00 0.03 0.09
Ca 0.11 0.86 0.22 0.20 0.22 0.03 0.51
N a 3.80 2.56 4.05 3.92 3.94 3.87 2.99
K 0.05 0.96 0.00 0.00 0.00 0.02 0.41
Total Cat. 20.36 20.17 20.10 20.00 20.01 19.97 20.14

End member of the plagioclase m inerals as below
An 2.9 2.2 0.59 0.50 0.60 0.80 12.76
Ab 95.6 66.00 98.79 99.00 98.99 98.50 72.76
Or 1.3 24.00 0.00 0.00 0.01 0.50 10.50

FeO* is total iron ias FeO.

Table 28. Composition of amphiboles
Sa.N o 344 344 379 344 337 3 79 379 339 379

W Fw Fw c ac Fh-C Fah-r mh-C mh-r
Si0 2 51.10 50.87 51.90 51.65 50.89 46.10 48.97 45.30 45.18
Ti0 2 0.70 1.88 0.50 0.15 0.35 0.87 0.37 1.04 1.59
AI2O3 4.47 4.11 11.14 5.98 3.25 5.39 3.72 6.54 7.28
FeO* 19.63 19.13 15.57 22.39 20.90 22.29 22.46 18.98 19.80
MnO 0.21 0.23 0.39 0.20 0.40 0.44 0.38 0.32 0.31
MgO 9.58 9.00 4.83 10.10 11.72 9.56 9.18 10.49 10.28
CaO 3.66 5.00 7.35 1.19 9.62 9.81 11.54 10.59 10.04
N a2 0 4.69 5.30 4.67 5.87 0.86 1.08 0.77 1.30 1.70
K2 0 0.11 0.17 0.18 0.04 0.11 0.23 0.11 0.13 0.12
Total 94.15 95.69 96.53 97.57 98.10 95.77 97.50 94.69 96.30

Recalculated to 23 Oxygens
S i 7.70 7.77 7.64 7.56 7.51 7.08 7.40 6.94 6.76
A1+ 4 0.29 0.29 0.00 0.43 0.48 0.91 0.59 1.05 1.23
AIT 0.79 0.70 1.89 1.01 0.56 0.97 0.66 1.18 1.31
Al+6 0.50 0.40 0.00 0.57 0.08 0.06 0.06 0.12 0.08
Ti 0.07 0.21 0.05 0.01 0.03 0.10 0.04 0.12 0.18
Fe+3 0.60 0.12 0.00 0.89 0.34 0.55 0.40 0.57 0.59
Mg 2.15 1.95 1.03 2.16 2.57 2.18 2.06 2.39 2.34
Fe+2 1.86 2.20 1.88 1.79 2.23 2.30 2.47 1.85 1.94
Mn 0.02 0.02 0.04 0.02 0.06 0.05 0.04 0.04 0.04
FmT 13.23 13.36 12.56 13.46 13.34 13.27 13.06 13.12 13.19
Ca 0.59 0.78 1.13 0.18 1.52 1.61 1.86 1.73 1.64
NaM 4 1.17 1.18 0.00 1.34 0.13 0.11 0.07 0.13 0.15
NaT 1.37 1.49 1.30 1.64 0.24 0.32 0.22 0.38 0.50
N aA 0.19 0.31 0.00 0.29 0.11 0.20 0.15 0.27 0.34
K 0.02 0.04 0.04 0.01 0.01 0.05 0.02 0.018 0.02

Fe+3 is calculated by estimation according to Spear and Kimball (1984). 
w: winchite Fw: Ferro-winchite c: Ferro crossite ac: actinolite Fh: Ferro-hornblende 
Fah: ferro-actinolitic hornblende mh: magnesio-hornblende, C: core r: rim.



Table 29. Composition of chlorites
Sample No 337 313 337 313 313
S i0 2 28.31 28.20 29.67 26.59 25.40
T i02 0.03 0.02 0.01 0.03 0.09
A1203 19.28 19.00 19.40 17.96 19.40
Fe203 5.49 5.26 5.89 6.99 7.29
FeO 19.77 18.96 21.43 25.16 26.24
MnO 0.40 0.30 0.37 0.49 0.47
MgO 16.17 16.46 12.30 12.00 10.62
CaO 0.30 0.40 0.21 0.03 0.03
N a 2 0 0.26 0.25 0.17 0.08 0.10
K 20 0.04 0.08 0.03 0.04 0.02
TOTAL 90.05 88.93 89.48 89.37 89.66

Recalculated to 28 Oxygens
SI 5.72 5.77 5.89 5.58 5.39
Ti 0.00 0.00 0.00 0.00 0.00
Al 4.59 4.56 4.58 4.44 4.85
Fe+3 0.83 0.80 0.89 1.10 1.16
Fe+2 3.34 3.23 3.55 4.41 4.66
Mn 0.06 0.05 0.06 0.08 0.08
Mg 4.87 4.96 3.70 3.75 3.36
Ca 0.06 0.08 0.04 0.00 0.00
N a 0.10 0.09 0.06 0.03 0.04
K 0.01 0.02 0.00 0.01 0.00
Total Cat. 19.58 19.61 18.77 19.63 19.59

End member of the chlorite minerals as below
Mg-Cl 48.70 49.96 30.77 37.54 33.62
Fe-Cl 33.42 32.30 35.59 44.18 46.61
Fe*/(Fe*+mg) 0.46 0.45 0.54 0.59 0.63

Fe+3 is calculated by ratio according to Schumacher (1991)

Table 30. Composition of epidotes
Samp. No 344 344 337 313 313 337
S i0 2 37.00 37.10 37.06 38.17 37.47 37.79
TiC>2 0.01 0.01 0.00 0.00 0.00 0.04
A120 3 23.20 23.81 22.45 23.19 23.00 22.91
Fe20 3 13.30 13.55 13.95 12.65 13.00 12.67
FeO 0.61 0.62 0.64 0.60 0.60 0.58
MnO 0.21 0.13 0.14 0.15 0.06 0.03
MgO 0.23 0.19 0.09 0.13 0.17 0.13
CaO 22.70 22.96 23.77 23.42 23.50 24.13
N a203 0.00 0.00 0.00 0.11 0.05 0.00
K20 0.48 0.06 0.05 0.10 0.06 0.03
TOTA1 97.74 98.43 98.15 98.52 97.85 98.31

Recalculated to 25 Oxygens
S i 6.26 6.49 6.17 6.21 6.20 6.22
Ti 0.01 0.02 0.00 0.00 0.00 0.03
Al 4.42 4.24 4.48 4.45 4.56 4.52
Fe+3 1.74 1.66 1.75 1.72 1.61 1.56
Fe+2 0.08 0.08 0.08 0.08 0.07 0.07
Mn 0.03 0.00 0.01 0.02 0.01 0.05
Mg 0.05 0.05 0.02 0.03 0.04 0.03
Ca 3.93 3.85 4.13 4.08 4.05 4.14
N a 0.0 0.05 0.0 0.04 0.01 0.00
K 0.1 0.03 0.01 0.02 0.01 0.00
Total Cat. 16.62 16.47 16.65 16.65 16.56 16.62
Pistacite 28.25 28.13 28.08 27.87 26.09 25.65

Fe+3 calculated by ratio according to Schumacher (1991).
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Table 31.. Com position of muscovite, Pyroxene and m agnetite m inerals
Sam.No 337mus 337mus 313mus 337cpx 313cpx 313mgn 313mgn
Si02 50.80 49.70 50.10 50.79 49.58 0.97 0.87
Ti02 0.02 0.02 0.10 0.67 0.47 0.44 0.17
AI2O3 21.59 19.20 22.19 3.83 5.43 0.25 0.47
Fe203 8.00 9.32 6.38 0.00 0.00 0.00 0.00
FeO 1.27 1.48 1.01 8.43 12.35 88.60 88.67
MnO 0.08 0.02 0.06 0.17 0.22 0.18 0.00
MgO 4.30 4.44 3.85 17.20 13.83 0.11 0.06
CaO 0.23 0.16 0.09 18.79 15.61 0.07 0.61
Na2 0 0.01 0.09 0.03 0.15 0.15 0.00 0.06
k2o 10.54 9.98 10.60 0.00 0.00 0.00 0.09
TOTAL 96.84 94.41 94.41 100.03 97.64 90.62 91.00

R ecalculated to oxygens 22 for m uscovite, 6 for pyroxene,32 for 
m agnetite m inerals
Si 6.83 6.90 6.86 1.88 1.88 0.03 0.03
Ti 0.02 0.00 0.01 0.01 0.01 0.01 0.00
A1+6 1.16 1.09 1.13 0.16 0.24 0.01 0.00
A1+4 2.26 2.04 2.45 0.05 0.01 0.00 0.00
Fe+3 0.81 0.97 0.65 0.05 0.01 1.88 1.65
Fe+2 0.14 0.17 0.11 0.21 0.33 1.11 1.30
Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.86 0.91 0.78 0.93 0.79 0.00 0.00
Ca 0.03 0.02 0.01 0.73 0.69 0.00 0.02
Na 0.02 0.02 0.00 0.01 0.04 0.00 0.00
K 1.81 1.76 1.85 0.00 0.00 0.00 0.00
Total Cat. 13.96 13.88 13.92 4.00 4.00 3.00 3.00

End m em ber of the minerals as below
mus 90.5 88.4 92.7 wo:38 wo:34.9 Mt:99 Mt:99.9
par 1.3 1.2 0.45 En:48.4 En:43 Usp:0.6 Usp:0.2
mar 1.6 1.2 0.75 Fs:13.58 Fs:13.5

Fe + 3 is calculated by ratio  for m uscovite, by norm alizatic
pyroxene, by cation balance for m agnetite according to Schumacher (1991). 

M us:m uscovite  C px:clinopyroxene P a r:p a rag o n ite  M ar:m arcasite  
woiwollastonite En:enstatite Fs:ferrosilite M tim agnetite U sp:ulvospinel
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5.7. METADOLERITES

These consist of 35-55% plagioclase, 30-45% clinopyroxene, 10-15% 
sericite, chlorite, calcite, epidote, ilm enite, sphene, quartz  and apatite. The 
prim ary doleritic texture can still be recognized in the rocks.

Feldspars, occur as small laths and all feldspars are altered to albite 
(Table.32 and Figure 18) sericite,calcite and chlorite.

O r

A b A n

Figure 18.Plagioclase in the m etadolerite

The clinopyroxene is strongly m oulded on plagioclase laths to give a 
subophitic texture. The com positions are plotted  on the P o ldervaart (1951) 
diagram , which shows the augitic character (Figure 19). The clinopyroxene's 
com position is given in Table 33. W hile Fe, Ti and Mn increase from the 
core to the rim, Cr and Mg decrease.

DIOPS IDE HEDEMBERGITE

ENST ATITE FERROSILITE

Figure 19. C om position  of cpx, p lo tted  on the d iag ram  after 
Poldervaart et al. (1951).
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T h e  Ti, Cr, C a, N a  a n d  A1 co n ten ts  of the  p y ro x e n e  p h e n o c ry s ts  

in d ica te  tha t the ch em is try  of the m e tad o le r i te  is n o n -o ro g en ic  acco rd ing  to 

F igu re  20 ,w ith  calcalkaline affinities (F igure 20).
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Fig. 20. a, b a n d  c. C o m p o s i t io n a l  v a r ia t io n s  o f  c l in o p y ro x e n e  

p h e n o c ry s ts  from  the m e tad o le r i te  in te rm s of Ti, Ca, N a ,  C r a n d  A1 using 

th e  d isc r im in a n t  d ia g ra m s  of Leterrier et al. (1982).

F in e -g ra in e d  w h i te  m ica  or seric ite  (Table. 34), r e p la c e s  fe ldspar.  

C h lo r i te  occurs as agg rega tes  scattered  in i r regu la r  pa tches .  E p id o te  o :cu rs  

as sm all  i r regu la r  pa tches ,  or is sca tte red  in the rock.

I lm en ite -m a g n e t i te  in te rg ro w th s  fo rm  sca t te red  i r r e g u la r  agg rega tes  

as m u c h  as 0.4 m m  in d iam ete r .  I lm enite  occurs  in s le n d e r  la th s  u p  tc 0.3- 

0.5 m m  in length .
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Table 32. C o m p osition  o f feldspars
Samp.No 414 414 414 414 417 417 417 417
Si0 2 67.24 66.55 66.67 66.58 66.99 66.88 68.36 66.73
Ti0 2 0.00 0.12 0.05 0.06 0.12 0.12 0.07 0.16
AI2O3 20.01 20.10 20.06 20.01 20.29 20.18 19.85 19.70
FeO* 0.25 0.57 0.69 0.74 0.40 0.56 0.21 0.80
MnO 0.00 0.01 0.03 0.00 0.02 0.00 0.00 0.01
MgO 0.00 0.25 0.33 0.19 0.07 0.23 0.00 0.39
CaO 0.13 0.13 0.39 0.19 0.27 0.15 0.07 0.08
N a2 0 11.81 11.49 11.30 11.37 11.63 11.72 11.53 11.32
K2O 0.06 0.14 0.41 0.50 0.07 0.06 0.08 0.29
Total 99.54 99.35 99.93 99.56 99.86 99.92 100.17 99.48

Recalculated to 32 Oxygen
Si 11.84 11.76 11.76 11.76 11.76 11.76 11.92 11.8
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A 1 4.16 4.20 4.16 4.16 4.20 4.16 4.08 4.12
Fe 0.04 0.08 0.12 0.12 0.04 0.08 0.04 0.12
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.08 0.08 0.04 0.00 0.04 0.00 0.12
Ca 0.04 0.04 0.08 0.04 0.04 0.04 0.00 0.00
N a 4.04 3.92 3.84 3.92 3.96 4.00 3.98 3.88
K 0.00 0.04 0.08 0.12 0.00 0.00 0.00 0.08
Total 20.12 20.12 20.04 20.16 20.00 20.08 20.38 20.18
Cat.

End member of the plagioclase minerals as below
An 1.00 1.00 2.00 0.98 1.00 0.99 O.tX) 0.00
Ab 99.00 98.00 96.00 96.00 99.00 99.00 100.00 97.97
Or 0.00 1.00 2.00 0.98 0.00* 0.00 0.1X) 2.02

FeO* is total iron as FeO.

Table 33. Composition of clinopyroxenes
Sm.N 414 414 414 414 414 414 414 414 414 414

core rim core rim core rim core rim
S i0 2 50.50 50.80 50.36 53.57 52.84 51.19 52.40 50.49 52.86 50.28
Ti0 2 1.20 1.40 1.39 0.93 0.60 1.06 0.61 1.37 0.73 1.47
AI2O 2.87 2.59 2.46 2.48 1.52 2.50 1.65 2.21 1.68 2.43

FeO* 9.06 11.89 11.66 13.28 8.86 9.21 8.53 11.08 8.44 13.03
MnO 0.22 0.21 0.19 0.21 0.23 0.28 0.21 0.23 0.28 0.30
MgO 15.18 14.60 14.96 11.73 16.87 15.75 16.80 14.12 16.40 13.08
CaO 19.80 17.74 18.42 16.21 18.36 19.29 18.70 19.14 19.15 19.30
Na2 0 0.32 0.50 0.49 0.32 0.30 0.43 0.43 0.37 0.29 0.43
k2o 0.00 0.06 0.00 0.33 0.04 0.05 0.00 0.00 0.01 0.10
Total 99.15 99.79 99.93 99.06 99.62 99.76 99.33 99.01 99.84 100.42

Recalculated to 6 oxygens
Si 1.90 1.90 1.88 2.05 1.94 1.89 1.93 1.90 1.95 1.88
Ti 0.04 0.04 0.04 0.03 0.02 0.03 0.02 0.04 0.02 0.04
A1 0.13 0.12 0.10 0.11 0.07 0.11 0.07 0.10 0.07 0.11
Fe+3 0.05 0.04 0.09 0.00 0.02 0.06 0.04 0.04 0.00 0.07
Fe+2 0.23 0.33 0.27 0.43 0.26 0.22 0.22 0.31 0.26 0.33
Mn 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Mg 0.84 0.81 0.83 0.67 0.93 0.87 0.92 0.79 0.89 0.73
Ca 0.79 0.71 0.73 0.67 0.72 0.76 0.74 0.77 0.76 0.79
Na 0.02 0.04 0.04 0.02 0.02 0.03 0.03 0.03 0.02 0.03
K 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

End member of the clinopyroxene minerals as below
Wo 41.117 37.35 37.99 37.64 37.52 39.68 38.24 40.20 39.26 40.29
En 43.842 42.75 42.92 37.88 47.96 45.06 47.78 41.24 46.76 37.97
Fs 15.042 19.89 19.08 24.46 14.51 15.25 13.96 18.55 13.97 21.73

Fe+3 is calculated by normalization according to Schumacher (1991).
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Table 34. Composition of white micas
Sm. N o 414 414 414 417 417 417 417

SiC>2 47.63 43.75 48.70 48.37 48.76 49.02 48.45

Ti0 2 0.14 0.10 0.19 0.05 0.19 0.14 0.18

AI2O 3 25.92 24.18 24.71 27.91 25.50 28.23 25.46

Fe2C>3 5.31 8.05 5.98 3.82 5.12 4.09 5.70

FeO 0.84 1.28 0.95 0.61 0.81 0.65 0.91

MnO 0.00 0.00 0.07 0.00 0.04 0.01 0.04

MgO 3.94 7.34 4.23 2.40 2.86 2.81 3.50

CaO 0.25 0.63 0.04 0.02 0.05 0.05 0.08

N a 2 0 0.20 0.45 0.15 0.11 0.02 0.21 0.33

K2O 9.14 9.38 10.73 11.10 11.01 10.73 10.19

T otal 93.37 95.06 95.75 94.39 94.36 95.94 94.84

Recalculated to 22 oxygens
S i 6.53 6.11 6.60 6.57 6.66 6.54 6.59

Ti 0.02 0.01 0.02 0.05 0.02 0.01 0.02

A l6 1.47 1.88 1.40 1.42 1.33 1.46 1.40

A l4 2.72 2.10 2.54 3.04 2.78 2.98 2.67

Fe3 0.54 0.84 0.61 0.39 0.52 0.41 0.58

Fe2 0.10 0.15 0.18 0.07 0.09 0.07 0.10

Mn 0.00 0.00 0.00 0.09 0.01 0.00 0.01

Mg 0.80 1.53 0.85 0.48 0.58 0.55 0.71

Ca 0.04 0.09 0.01 0.00 0.01 0.01 0.01

N a 0.05 0.12 0.04 0.03 0.01 0.05 0.09

K 1.60 1.32 1.86 1.92 1.92 1.83 1.77

T otal 13.87 14.17 14.04 13.95 13.94 13.94 13.95

End member of the white mica minerals as below
Mus 79.90 65.85 92.75 96.20 96.05 91.35 88.45

Par 2.65 6.10 1.95 1.45 0.25 2.70 4.35

Mar 1.85 4.70 0.30 0.15 0.35 0.35 0.60

Fe+3 is calculated by ratio according to Schumacher (1991).
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5.8. LORASDAGI FORMATION

These grey lim estones consist of m edium  to coarse g rained  , calcite, 
and detrital grains such as quartz and Fe-oxide. The m atrix grain size varies 
from a fine to coarse grain size. Micrite grains have increased in size due to 
recrystallization. Anhedral, interlocking crystals exhibit a polygonal texture 
Equant calcite crystals occur in fossil cavities as a cement.

5.9. OSMANKAYASI TEPE FORMATION

T hese cream , g rey  lim esto n es  h av e  a m ic rite  m atrix . 
M icrocrystalline calcite is found m ainly in the groundm ass. Calcite and  clay 
are the dom inant cem ent inside the fossil cavities. N eedle-like and  m icrite 
grains act as cement. The needle-like grains of calcite line fossil cavities, 
w hereas the m icrites random ly  fill fossil cavities. The m asses of dark  
cryptocrystalline calcite are not completely hom ogeneous. Secondary sparry 
calcite has precipitated around the fossils. Some Fe-oxide pigm ents occur in 
the rims of the fossils.

5.10. DACITE

This rock contains phenocrysts of plagioclase 25-40%, quartz  20-25%, 
am phibole 15-20%, biotite 5-8%, sanidine up to 5-7% , oxides 2-3% and 
accessory sphene and apatite w ith a groundm ass which is m icrocrystalline 
and equiqranular, cryptocrystalline and glassy .

Feldspar phenocrysts d isp lay  oscillatory and  reverse zon ing  w ith 
An5o-30 Abso-zo O r 2-5 and  O 75-40 Ab25-60 An 2-8, the latter being sanidine 
com position  (Table 35, F igure, 21). Phenocrysts are m ain ly  andesine  in 
co m position  and  the g ro u n d m ass  m icrocrysta ls  are  san id in e . Som e 
phenocrysts have sieve texture (Plate, 16). previous studies have suggested 
that sieve texture in plagioclase results from the reaction of sodic feldspar 
becoming m ore calcic ( Kuno, 1950; Anderson, 1976, Nixon and Pearce, 1987).

Z oning in plagioclase phenocrysts can be d iv id ed  in to  fine-scale 
oscillatory zoning and larger -scale com positional shifts superim posed  on 
fine-scale patterns. Fine scale zoning is though t to be contro lled  by the 
in te rp lay  of g row th  and diffusion  rates in com positional an d  therm al 
b o u n d ary  layers (unrelated  to m agm a m ixing) su rro u n d in g  in d iv id u a l



6 5

crystals (Sibley et al., 1976; Kuo and Kirkpatrick, 1982; Loomis, 1982; Pearce 
and  Kolisnik, 1990).

Sanidine in dacite is invariably rounded , em bayed and m antled by 
plagioclase. Q uartz is similarly rounded and em bayed.

O r

A b A n

Figure 21. Com position of feldspar.

H ornblende is the second m ost abundant phenocryst phase (Table 36). 
It occurs as subhedral to anhedral crystals (4mm) and exhibits olive-green to 
pale  b row n  pleochroism . Thin op aq u e  rim s, p resu m ab ly  fo rm ed  by 
oxidation on extrusion, are found on m any crystals and  locally Fe-Ti oxides 
appear to have replaced entire phenocrysts. Inclusions w ithin am phibole are 
plagioclase, m agnetite , biotite, apatite , and  rare zircon. A m phiboles are 
m ag n e s io -h o rn b le n d e , tita n ian  p a rg a s ite , ed e n itic  h o rn b le n d e  an d  
m ag n es io -h as tin g s ite  (L eake,1978). The co m p o sitio n s  are  typ ica l of 
am phiboles occuring in orogenic dacites (Jakes &White,1972; Ew art, 1979,
1982).

Biotite forms subhedral phenocrysts (2mm), w ith  green to dark  coffee 
brow n pleochroism  w here oxidized. B reakdow n of b iotite form s opaque 
ox ides rim m ed  or rep laced  by fin e -g ra in ed  in te rg ro w th s  rich  in  
titanom agnetite  and  am phibole. A nalyses of b io tite  phenocrysts  show  
relatively high TiC>2 and  a uniform ly m agnesian com position as show n in 
Table 37.

Phenocrysts of m agnetite (Table 37) (up to 0.5mm) are subhedral to 
anhedral w hereas m icrophenocrysts are euhedral; som e of the anhedral 
crystals are xenocrysts. Apatite and Fe-Ti oxides occur as inclusions.
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Table 35. Composition of feldspars
An.Sp 271 271 271 271 271 271 271 271

rim m iddle core pheno pheno pheno microl microl
Si0 2 57.33 59.84 60.29 59.21 71.43 59.81 57.55 67.84
Ti0 2 0.30 0.03 0.04 0.04 0.07 0.05 0.04 0.08
AI2O3 27.14 24.85 24.74 25.61 17.68 25.98 27.00 18.63
FeO* 0.23 0.19 0.20 0.16 0.45 0.27 0.34 0.29
MnO 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.00
MgO 0.01 0.01 0.00 0.11 0.20 0.06 0.00 0.03
CaO 9.52 7.42 7.10 7.47 2.68 7.73 9.44 0.11
N a2 0 6.09 7.29 7.20 7.06 4.56 6.84 5.74 2.80
K2O 0.53 0.67 0.67 0.63 3.06 0.58 0.53 12.66
TOTAL 101.15 100.30 100.24 100.31 100.16 101.32 100.64 102.44

Recalculated to 32 Oxygens
Si 10.19 10.62 10.69 10.57 10.41 10.56 10.27 10.41
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Al 5.79 5.32 5.29 5.42 3.56 5.40 5.68 3.56
Fe 0.03 0.03 0.03 0.02 0.07 0.04 0.05 0.04
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.02 0.05 0.01 0.00 0.00
Ca 1.78 1.38 1.32 1.38 0.52 1.46 1.80 0.14
N a 2.06 2.47 2.43 2.36 1.60 2.34 1.98 0.99
K 0.11 0.15 0.15 0.01 0.70 0.13 0.12 2.87
Total Cat20.00 20.01 19.94 19.96 19.95 19.96 19.93 19.95

End member of the plagioclase minerals
An 44.40 34.23 33.2 35.33 12.50 36.60 44.78 0.50
Ab 51.50 60.97 60.09 60.37 38.40 58.50 49.35 24.10
Or 3.00 3.60 3.70 3.53 17.00 3.30 3.07 71.80

FeO* is total iron as FeO.

Table 36. Composition of amphiboles
Sample No 271 271 271 271

Edh TiPS Mghast Parg.horn
S i02 42.40 41.57 41.75 43.76
Ti0 2 1.40 2.30 2.33 2.10
AI2O3 9.52 13.30 13.27 12.60
F eO * 17.78 11.10 9.57 13.39
MnO 0.50 0.00 0.24 0.20
MgO 10.30 14.00 14.70 10.76
CaO 11.80 11.60 11.00 10.26
N a2 0 1.40 2.32 2.10 1.86
K2O 1.10 1.00 1.00 1.49
TOTAL 96.20 97.19 95.96 96.42

Recalculated to 23 Oxygens
Si 6.55 6.18 6.09 6.46
A1+ 4 1.44 1.81 1.90 1.53
AIT 1.69 2.27 2.22 2.24
A1+ 6 0.25 0.46 0.32 0.70
Ti 0.16 0.25 0.25 0.23
Fe+3 0.55 0.40 0.67 0.31
Mg 2.31 3.03 3.33 2.42
Fe+ 2 1.68 0.94 0.46 1.61
Mn 0.06 0.00 0.03 0.02
FMT 13.04 13.09 13.07 13.01
Ca 1.91 1.80 1.84 1.66
NaM4 0.05 0.10 0.08 0.32
NaT 0.41 0.65 0.58 0.54
NaA 0.36 0.55 0.49 0.29
K 0.21 0.18 0.18 0.47

Fe+3 is calculated by estimation according to Spear and Kimball (1984)
Edh: Edenitic hornblende Tipg: Titanian-pargasite Mghast:magnesio hastingsite Parg 
horn: Pargasitic hornblende.
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Table 37. Com position of biotite and m agnetite m inerals
Sample No 271 271 271 271
SiC>2 37.00 37.16 0.30 0.40
Ti02 4.21 4.23 2.94 3.60
AI2O3 14.50 14.70 1.77 1.30
Fe203 3.50 3.43 64.00 62.39
FeO 15.85 15.51 23.40 32.40
MnO 0.35 0.33 0.97 0.80
MgO 11.36 11.36 0.65 0.97
CaO 0.01 0.05 0.15 0.00
Na2 0 0.36 0.48 2.17 0.15
K2O 9.50 9.49 0.08 0.00
TOTAL 96.64 96.74 96.43 101.65

Recalculated to 22 oxygens for biotite, 32 oxygens for m agneti
Si 5.49 5.50 0.01 0.01
Ti 0.45 0.50 0.08 0.09
Al 2.47 2.49 0.07 0.05
Fe+3 0.38 0.37 1.9 1.72
Fe+2 2.16 2.11 0.70 1.01
Mn 0.04 0.04 0.03 0.02
Mg 2.66 2.65 0.03 0.05
Ca 0.00 0.01 0.00 0.00
Na 0.10 0.13 0.15 0.01
K 1.76 1.74 0.00 0.00
Total Cation 15.55 15.54 3.00 3.00

End :member of the biotite and m agnetite m inerals as below
Phlogopite 15.55 15.54 Sp 4.66 2.95
Annite 44.76 44.60 Mt 94.97 89.21

Mg-Fer. 0.00 2.61
Fe+3 is calculated by ratio according to Schumacher (1991).

Com positions of the hornblende can be used to estim ate the pressure 
of form ation of granitic rocks (Johnson and  R utherford, 1989). If the same 
calibration apply to dacites, the results indicate a pressure of 6-7 Kbar. The 
c ry s ta lliz a tio n  te m p e ra tu re s  o b ta in e d  from  h o rn b le n d e -p la g io c la se  
geotherm om eters suggest that the tem pera tu re  w as 743 (+75)°c  to 789 

(+75)°C (Blundy and Holland, 1990).
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P late .10. P h o tom ic rog raph  of pelitic rock. Post-tectonic chloritoid rosette  preserv ing  
relict foliation. N o  d isequ il ib r ium  textures b e tw een  chloritoid  and  q u a r tz  can be observed . 
Matrix m inera ls  are  quartz  and  chlorite. [Crossed Nicols] X 10.
Sam ple 237, Locality (34750-33500), Bagrikurt Form ation.

■ V  * m r r .  Ij'T ' ^ t m J r
P la t e . l l .  P h o to m ic ro g ra p h  of m e ta t ra c h y an d e s i te  sh o w in g  salite  s u r ro u n d e d  by 

riebeckite m inera l [Crossed Nicol] X.10. Sam ple 373, Locality (33050-32275)
Sa: salite, Ri: r iebeckite.
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P l a t e .12. P h o to m ic r o g r a p h  of m e ta t r a c h y a n d e s i t e .  P u m p e l ly i t e  a g g r e g a te s  
su r ro u n d e d  by epidote , chlorite, salite and quartz  minerals. The central of the am igda lo id  is 
quartz . [Crossed Nicol] X2.5. Sam ple 183, Locality(33050-323(X)).
Q: quartz ,  Pu: pum pelly ite , ch: chlorite, Ep: ep ido te ,  Sa: salite.

P la te .13. P h o to m ic ro g ra p h  of m etabasa lt ic  andesi te .  A ug ite  p o rp h y ro b la s t  w ith  
g la u c o p h a n e  a n d  fib rous ac t ino li te  rim. [P lane -po la r ized ]  X 2.5.S am p le  408, Locality  
(40550-17450). Gl: g laucophane, Ac: actinolite, Au: augite.
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P l a t e .14. p h o to m ic r o g r a p h  of m e ta b a s a l t i c  a n d e s i te  s h o w in g  a g g re g a te s  of 
s t i lpnom elane . [Crossed Nicol] X10. Sam ple  364, Locality (39900-17275).

P la te .15. Pho tom ic rog raph  of m e tah o rn b len d e  gabbro  show ing  ep ido te ,  plagioclase, 
qua r tz ,  ch lorite  and  h o rn b len d e  w hich w as rep laced  by crossite  and  riebeckite  [Crossed 
NicolsJ X 2.5. Sam ple  379, Locality (37250-28550)- 
Pig: Plagioclase, cr: Crossite, ri: riebeckite, ho: hornb lende , Ep: epidote .
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P la te .16. P h o to m ic ro g ra p h  of dac i te  sh o w in g  sieve te x tu re  [C rossed  

Nicol] X2.5. S am ple  265, Locality (39200-12950).

/
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VI - GEOCHEMISTRY

153 rock samples have been analyzed for major and trace elements, 12 
metapelitic rocks, 10 metabasic schists, 18 Calc silicate rocks, 16 carbonate rocks, 18 
psammite, 10 quartzites, 8 metacherts, 20 metahornblende gabbros, 4 metadolerites, 9 
metabasaltic andesites, 14 metatrachyandesites, and 14 dacites. 18 rock samples have 
been analyzed for REE elements, 2 metahornblende gabbros, 2 metadolerites, 2 
metatrachyandesites, 2 metabasaltic andesites, 2 dacites, 1 psammite, 1 quartzite and 
6 metacherts.

The majority were analyzed by a Philips PW 1450 sequential X-ray 
fluorescence (XRF) spectometer with an on - line microcomputer for data processing 
at the Department of Geology & Applied Geology, Glasgow University. A few' 
samples were analysed for REE by ICP methods and Instrumental Neutron 
Activation Analysis at the Scottish Universities Research and Reactor Centre ( by 
Nuclear Activation Services) (see chapter 2).

6.1. PSAMMITE AND QUARTZITE

The chemical compositions of the psammites and quartzites are given in 
Tables 38, 39, 40.

The Pettjohn et al. (1972) diagram as modified by Herron (1988) classifies 
sandstones using the ratios Log (Fe2 0 3 /K 2 0 ) and Log (Si0 2 /A l2 0 3 ).

The quartzites with 90-98 wt % SiC>2 and the psammites with 76-89 wt % Si02  
are mostly litharenites (Fig. 22) by Herron’s (1988) method.

Fig. 22 Classification of psammites after Herron (1988).

Major and trace element variations are shown on Harker variation diagrams 
(Fig. 23). This suggests a strong input of detrital acidic igneous rock or re-worked 
sandstone or quartzite with concentration and depletion of resistant zircon into 
certain almost quartz - pure layers. Such a situation is typical of many beach sands 
with mechanical and chemical destruction of all but the most resistant minerals.

2

Fe-shale Litharenit 
* C

Sublitharenite

Wacke _^rkose1 Subarkose / Quartz arenite

Fe-sand

-1
0.0 0.5 1.0 1.5 2.0 2.5

Log(Si02/A1203)
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Fig. 23. H arker variation diagram s of the som e m ajor oxides and 
some trace elem ents for psam m ite ( ° )  and quartzite ( • ) .

N iggli num bers have been used by Van de Kam p et al. (1976) and 
Van de Kam p and Leake (1985) in geochemical provenance studies of
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unconso lidated  sand  and  sandstones. As po in ted  ou t by the authors 
N iggli num bers elim inate the effect 'of the closed array ' w here quartz 
(p red o m in a te ly  S i02) is the dom inant m ineral in sandstones. N iggli 
values are based on the m olecular proportions of A1 2 0 3 , CaO, FeO tot 
+M gO+M nO and N a 2 0 + K 2 0  independent of the value of S i02 (N iggli, 
1954).

Niggli m g vs Niggli si (Fig. 24) shows si enrichm ent exceeding that 
form ed in igneous rocks, i, e. these clastic sedim ents extend outside the 
igneous field which was separated by Van de Kamp and Leake , (1985).

6000 — W  - * 10000
#

•
IS 

1 *

_ a  <
9 *

•

1

- H

z
1000

o  •  o  . *  °
-  sedimentary ° D  q

<> • Ib 9 fg dC<%  °

°  •  ° o % °

----.--1---■— L .--1--■— 1 . 100
igneous field

_L_1 . I i . i .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Niggli mg Niggli mg

Fig. 24. Plot of N iggli m g vs N iggli si for psam m ite ( ° )  and 
quartzite ( • ) .

Niggli al-alk has been show n by Van de Kam p and Leake (1985) to 
be a good m easure of the abundance of orig inal clay m ineral in a 
sedim ent and also that m any trace and some m ajor elem ents are largly 
fixed in clay m inerals in typical sedim ents. Fig. 25 shows that Cr, Zr, Th, 
Sr and N iggli ti and other elem ents show no correlation w ith  al-alk. The 
lack of positive correlation  of Zr and  Ti w ith  al-alk is particu la rly  
significant as these correlation are very strong in all shales (eg Senior and 
Leake, 1978). The chem istry indicates that detrita l clay m inerals (illite, 
m ontm orillonite) w ere probably no t significant in these rocks, w ith  Ti 
and  Zr not being absorbed on clay m inerals b u t probably  ad d ed  in 
resistant detrital grain like zircon and rutile.

Van de Kamp and Leake (1985) give typical values of >30 al-alk for 
shales and clay-rich rocks. The high al-alk values in the K adinhani 
psam m ite reflect the high percentage of m uscovite and  the relativly low 
feldspar content (Ab and K- feldspar both have al-alk =0). The detrital
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m u sc o v ite  m a y  be resp o n sib le  for the rather h ig h  Cr v a lu e s  as Cr read ily  

en ter  m u sc o v ite .
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Fig. 25  . M ajor o x id e s  and  trace e lem en t v a lu es  v s  N ig g li  a l-alk  for 

p sa m m ite  ( ° )  and  quartzite  ( • ) .
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A I2O 3 has positive correlation w ith Ga as is favoured  by their 

s im ilia r ion ic rad ii and  charges. Rb exh ib it very  good positive  
correlations w ith  K2O which indicates that both elem ents w ere in mica 
and K-feldspars (Fig. 26). FeO*(total) exhibits a good positive correlation 
w ith  M gO (Fig. 26) which indicates that these elem ents are held in the 
m afic com ponen ts a lthough  som e Fe certain ly  cam e in m agnetite  
m inerals that are present in the rocks.

The association  betw een Al and  Ga is reflected  in the high 
correlation betw een AI2O 3 and Ga in both psam m ites and quartzite, Ga 

being w idely d istributed in all the Al-bearing m inerals (Fig. 26).
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Fig.26. Major oxides and trace elem ent plots for psam m ite ( ° )  and 
quartzite ( • ) .

Sr and La are low in the quartzite com pared w ith the psamm ites. 
Sr is no rm ally  expected to be in p lagioclase and  carbonate in the 
sandstones. Ba, Ce and La are higher in the psam m ites, probably due to 
their concentrations in muscovite.

Tectonic Setting;
The chem ical com position of sandstones in relationsh ip  to the 

tectonic setting of deposition has been stud ied  by a num ber of authors
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(Crook, 1974; Schwab, 1975; M aynard et al. 1982; Bhatia, 1983, Bhatia and 
C rook ,1986). C lear chem ical d istinction  is u sually  a p p a ren t betw een  
quartz-poor (58%-62%, SiC>2) intra-oceanic fore-arc sedim ents and quartz- 
rich (avg. 77%, SiC>2) passive m argin, trailing-edge, sedim ents. H ow ever, 
su b d iv is io n s  of active tectonic setting; strike  slip o rogens, active 
continental m argins, and  both  continental and  in tra-oceanic back-arc 
basins, usually  associated w ith  in term ediate-quartz  (6 8 % - 74%, SiC>2 ) 

sandstones show  considerable overlap in both  major and  trace elem ent 
geochem istry.

Bhatia (1983) has show n by the use of bivariate plots of selected 
geochemical param eters Log (K 2 0 /N a 2 0  vs SiC>2; AI2O 3 /SiC>2 vs Fe2 0 3  

+ MgO and T i02  vs F e203(t0 tal) + MgO and of d iscrim inant functions 

b ased  on m ajo r e lem en t analyses, th a t san d sto n es  of d iffe re n t 
sed im en ta ry  p rovenance  and  tectonic se ttin g  can be ch arac terized  
geochem ically. Bhatia (1983) noted that oceanic island  arc sandstones 
dom inantly  derived  from  calc-alkaline andesites have higher abundance 
of T i02 , A1203 , N a2 0 , and K2O com pared to sandstones. The continental 
island  arc sandstones, dom inantly  derived from  felsic volcanic rocks, 
have higher Si0 2 , K2O, and K2 0 / N a 2 0  (=0.60) and low er F e203(to tal) 
+MgO than  the oceanic island arc sandstones. The active continental 
m argin  sandstones are dom inantly  derived from  the up lifted  basem ent 
and  reflect the com position of the upper continental crust in their higher 
SiC>2 and K2O contents and  K2 0 / N a 2 0  =1 . The passive m argin  type 
sandstones are significantly enriched in S i02  and dep leted  in AI2 O 3 , 
TiC>2 , N a2 0 , and CaO and have a K 2 0 /N a 2 0  ratio >1 . A lthough Roser 

and Korsch (1985) have criticized these criteria, Van De Kam p and Leake 
1985 found that their results from the NE Pacific m argin to be generally 
b u t not invariably compatible with those of Bhatia (1983).

W hen com pared to the psam m ite and quartzite  used  in Bhatia's 
(1983) study, all the rocks consistently plot on the various diagram s (Fig. 
27) in dom ains m ost closely related to the passive continental m argin 
field or m arginally  fall into the active continental m argin field (Fig, 27). 
O n the discrim inant function diagram  (Fig. 28), the da ta  give a clear 
indication of a passive m argin type setting.
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Fig. 27. Plot of log (K2 0 / N a 2 0 )vs S i0 2  for q u a rtz ite s  an d  

psam m ites , (after Bhatia, 1983).
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Fig. 28. Plot of discrim inant functions FI and  F2 (as calculated by 
Bhatia, 1983) show ing the position of psamm ites and  quartzite.

W hen com pared  to the fields delim ited  by Roser and  Korsch 
(1988), all rocks are of a quartzose sed im entary  p rovenance source 
(Fig.29).
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Fig.29. Plot of discrim inant function FI and  F2 (as calculated by 
Roser and  Korsch, 1988) show ing the p rovenance of psam m ites and  
quartzite.

Relationship to general igneous trends;
The AFM diagram , w ith w eight percent (N a2 0 + K 2 0 ), total Fe as 

FeO, and MgO, is w idely used in studies of igneous rocks to d isp lay  the 
distinctive enrichm ent trends (iron or alkali) of tholeiitic, alkaline and  
or, calc-alkaline suites. It has been show n by Robinson and  Leake (1975) 
th a t sed im entary  rocks have trends w hich m im ic the alkali igneous 
enrichm ent trends, m aking the AFM diagram  a relatively unsatisfactory  
tool to discrim inate between metavolcanic and m etasedim entary  rocks in 
high grade m etam orphic terranes. The psam m ites and  quartzites define a 
tren d  sim ilar to the alkali -rich trend  of typical tholeiitic an d  calc- 
alkaline rocks on the AFM diagram  (Fig. 30).



8 0

F e 0*(to ta l )
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Fig.30. AFM diagram  show ing the d istribu tion  of psam m ite (O) 
and quartzite ( • )  from  the study area com pared to the general fields of 
tholeiitic (Th) and calk-alkaline CA) volcanic rocks.(after Robinson and  
Leake, 1975).

On the K2O: N a2 0 :M g 0  triangular diagram  (Fig. 31), the m ajority 

of psam m ite  show  relative enrichm ent in K over N a com pared  to 
common acid igneous rocks, resulting in their plotting on the K2O side of 

the igneous trend. The psam m ites and quartzite from  the K adinhani area 
can be in te rp re ted  from  these diagram s as hav ing  either an acidic 
igneous source or be derived from re-worked sandstones or arkoses.
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Fig.31. K 2 0 : N a 2 0 : M g 0  t r i a n g u la r  d i a g r a m  s h o w i n g  the t r e n d  of  

igneous  rocks (after de la Roche,  1966), p s a m m i te  ( ° )  a n d  qua r tz i te  ( • )

Source  mate r ia l  for the rocks;

T h o r i u m  has  been  s h o w n  to be  im m o b i l e  a n d  en r ic hed  in d e e p ly  

w e a th e re d  soils (K ronberg  et al. 1979). P robab ly  the sou rce  te rrain for the 

p s a m m i t e  a n d  q u a r t z i t e  w a s  low  in Th  (av.  7 for p s a m m i te ,  5.9 for 

q u a r t z i t e )  c o m p a r e d  to the  a v e r a g e  u p p e r  c ru s ta l  v a l u e  (10.7 p p m )  

r eco rded  by  Taylor  and  M cL enna n  (1985). L ow  Th va lues  m a y  sugges t  that 

gran it ic  d e t r i tu s  is low in these rocks.  The  L a / T h  rat ios  of the p s a m m i te s  

a nd  quar tz i te  are 2.4 -2.6, in a g ree m en t  w i th  a va lu e  of 2.7 r ep o r te d  for the 

u p p e r  c rus t  (M cL en n a n  et al., 1980), in d i c a t in g  the  p r e d o m i n a n c e  of a 

felsic c o m p o n e n t  in their source  materia l  (Fig. 32).
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Fig. 32. L a /T h  vs. T i02  d iagram  show ing  the source of the 

K adinhani psam m ite ( ° )  and quartzite ( • ) ,  (after Bhatia &Taylor, 1981; 
M cLennan et al., 1984; Taylor & McLennan, 1985).

Rare earth  elements;
The chondrite-norm alized value of the psam m ites and  quartzites 

from Kadinhani are plotted in Fig. 33 and are com pared to the composite 
of N. Am erican shales and upper continental crust (from Taylor et al., 
1985). The REE patterns from the rocks are quite sim ilar to NASC and 
upper continental crust REE patterns (Fig.33), but at lower concentrations 
due to the d ilu ting  effects of large volum es of quartz. The negative 
Eu/Eu* value is 0.63 for quartzite and 0.56 for psam m ites which are not 
significantly d ifferent from that obtained by Taylor et al., (1985) for a 
com posite of N. Am erican shales (0.70). The negative Eu anom alies may 
be in terpreted  as reflecting shallow, intracrustal d ifferentiation resulting 
in Eu depletion in the upper crust, associated w ith  the p roduction  of 
granitic rocks (McLennan, 1989).

The patterns rem ain very nearly parallel to each other and there is 
little difference betw een the quartzites and psam m ites, bu t the quartzites 
have lower Eu/Eu* and lower HREE than the psam m ites.

These REE characteristics are similar to cratonic sedim entary rocks. 
The general sim ilarity  of the REE p atte rn s in the psam m ites and  
quartzites, variable LREE enrichm ent, Eu depletion and flat HREE reflect 
the sedim entary  provenence. These indicate u ltim ate sedim ent sources 
dom inated by granites with negative Eu anomalies (Taylor et al., 1986).
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1000 ucc
NASC

160

67
100

0

La Ce P r  Nd Sm Eu Gd Tb Ho Er Tm Yb Lu

F ig .  3 3 . C h o n d r i t e  n o r m a l i s e d  R E E  p a t t e r s  f o r  p s a m m i t e  ( 1 6 0 )  a n d  q u a r t z i t e  

(6 7 )  ( U U C  ; u p p e r  c o n t i n e n t a l  c r u s t ,  N A S C ;  N o r t h  A m e r i c a n  s h a l e  c o m p o s i t i o n )  ( a f t e r  

B o y n t o n ,  1 9 8 4 ) .

T a b l e  3 8 . M a j o r  a n d  t r a c e  e l e m e n t s  o f  p s a m m i t e s
Sa.NO 114 179 159 193 175 298 162 477 476 53
S1O 2 81.1 78.60 81.74 84.92 81.87 81.31 88.79 84.15 76.02 86.40
Ti()2 0.23 0.29 0.55 0.23 0.79 0.23 0.19 0.25 0.40 0.18
AI2O3 8.78 6.63 9.27 7.01 5.&3 5.94 5.29 6.62 9.80 0.59
FeO 0.35 1.68 0.36 0.47 1.20 1.79 0.19 0.40 0.60 0.00
Fe20 3 0.80 2.59 1.52 0.48 2.75 3.69 0.21 1.77 4.32 10.22
M nO 0.01 0.05 0.03 0.02 0.03 0.01 0.0 0.03 0.02 0.30
M gO 0.57 1.18 0.50 0.32 0.78 1.32 0.12 0.61 0.60 0.06
C aO 0.02 3.36 0.08 0.03 1.21 0.00 0.03 0.08 0.00 0.0
N a2 0 0.76 1.49 0.80 1.71 1.31 0.00 1.25 0.70 2.31 0.59
K2O 1.65 0.64 2.82 2.37 0.81 0.80 2.04 1.32 2.46 0.06

P2O5 0.15 0.06 0.05 0.05 0.03 0.02 0.01 0.06 0.08 0.05
CO2 1.10 0.13 ().(X) 0.(X) 0.80 0.00 0.00 0.10 0.(X) ().(X)
U2O 3.13 2.(X) 2.10 1.90 3.15 1.33 2.50 1.63 1.% 0.35
TOTAL 98.5 98.7 99.8 99.5 100.6 96.4 100.6 97.2 98.6 100.8
Cr 12. 178 165 bdl 440 76 160 46 349 168
Co 2. 13 14 bdl 9 35 bdl 5 5 5
Ni 6 15 36 2 29 77 5 9 7 4
Cu 1 4 85 4 15 bdl 0 bdl bdl 2
Zn 15 27 73 bdl 34 16 0 18 18 18
Ca 10 5 9 0 9 8 5 8 bdl 3
Rb 86 35 25 1 50 33 53 68 4 27
Sr 90 184 30 172 41 42 11 30 12 47
Y 8 17 17 6 16 18 12 10 12 0
Zr 99 116 251 59 349 81 54 162 190 161
Ba 205 304 150 10 308 117 1158 412 19 249
La 32 18 12 8 20 33 6 7 19 9
Ce 59 19 26 bdl 33 66 1 20. 30 16
Pb 9 3 8 1 8 9 9 7 3 9
U bdl bdl bdl bdl bdl 3 bdl 1 0 5
Th 12 10 8 7 8 2 8 6 4 bdl
C o o r d i n a t e s o f  t h e a n a l y s e d s a m p l e s
114 28020-23125
179 30000-32500
159 31700-33500
193 28750-29750
175 32825-33250
298 33275-18500
162 31500-32900
53: 34750-21475
477 30500-32650
476 30500-32650
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Table 38. Continued
Sa.No 32 160 97 a 299 182 188 46 327 Ar.Mean
SiC>2 78.30 82.88 79.51 83.38 81.4 86.6 77.82 82.47 82.00
TiCb 0.66 0.33 0.59 0.10 0.23 0.45 0.71 0.43 0.38
AI2O3 5.29 8.67 9.95 3.39 6.12 4.97 11.28 8.78 6.60
FeO 0.00 0.30 1.31 0.08 0 0.71 2.49 0.73 0.84
Fe203 2.91 1.85 3.06 0.45 4.42 1.88 3.28 4.63 2.82
MnO 0.02 0.05 0.05 0.03 0.05 0.45 0.05 0.06 0.07
M gO 0.35 0.81 1.15 0.21 1.96 0.04 0.46 0.40 0.63
CaO 7.01 0.07 0.12 0.00 0.07 0.00 0.00 0.00 1.10
Na2 0 0.84 0.81 0.84 0.47 1.10 0.58 0.78 0.81 1.00
K2O 1.07 0.45 1.85 3.17 0.50 1.01 0.82 1.82 1.42
P2O5 0.03 0.01 0.09 0.00 0.06 0.00 0.02 0.01 0.05
CO2 0.60 0.00 0.00 1.10 0.00 0.00 0.00 0.00 0.60
H2O 1.90 1.30 1.66 3.50 2.75 2.00 1.92 0.00 2.06
TOTAL 99.00 97.90 100.20 95.90 98.70 98.70 99.60 100.10 98.90

Cr 317 110 127 102 164 47 98 55 145
Co 3 4 11 bdl 4 4 12 8 9
Ni 8 18 32 4 16 12 12 19 18
Cu 6 0 16 bdl 4 4 16 bdl 14
Zn 5 51 68 bdl 8 14 189 32 39
Ca 4 11 13 6 11 5 11 11 8
Rb 34 31 91 68 115 50 51 90 76
Sr 58 77 56 6 14 13 20 27 52
Y 27 17 22 8 18 19 14 15 15
Zr 363 146 235 43 324 193 67 148 169
Ba 105 139 312 210 419 240 477 373 289
La 20 26 27 10 22 22 0 19 18
Ce 46 85 38 13 45 22 11 34 31
Pb 5 54 ' 12 4 4 3 51 11 12
U bdl 1 bdl bdl bdl bdl 2 bdl 2
Th 9 10 5 6 10 4 1 9 7

Ar.M ean: arithm etic m ean 
Coordinates of the analysed samples
32: 38250-21375
160: 31825-33750
97a: 31875-25325
299: 33375-18275
182: 30400-32675
188: 34800-33250
46: 34875-20425
327; 35050-33375
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Table 39. Major and trace elem ents of Quartzites
Sa.No 116 468 97 60 67 198 51
Si0 2 92.66 90.18 97.53 90.68 97.67 93.58 92.93
TiC>2 0.21 0.36 0.16 0.27 0.25 0.26 0.12
AI2O3 3.00 3.18 0.31 1.53 0.71 1,28 0.38
FeO 0.80 0.43 0.79 0.50 0.39 1.79 0.51
Fe2C>3 0.40 1.37 0.41 0.95 0.13 0.50 0.48
MnO 0.03 0.02 0.03 0.03 0.02 0.03 0.06
MgO 0.00 0.52 0.08 0.34 0.17 0.29 0.04
CaO 0.04 2.02 0.00 0.04 0.00 0.00 0.00
N a20 0.78 0.55 0.71 0.00 0.53 0.53 0.52
k2o 0.20 0.45 0.05 0.15 0.08 0.05 0.07
P2O5 0.04 0.02 0.01 0.02 0.00 0.00 0.00
CO2 0.00 0.20 0.00 0.10 0.00 0.00 0.00
H20 0.00 2.30 0.00 0.61 0.00 2.10 1.20
TOTAL 98.16 101.6 100.00 95.22 99.95 100.41 97.30

Cr 41 117 31 19 113 163 155
Co 7 5 bdl 11 1 3 bdl
Ni 8 4 4 2 7 3 9
Cu bdl 2 bdl bdl bdl 1 bdl
Zn 12 18 bdl 6 6 16 10
Ga 0 3 1 0 bdl 2 1
Rb 11 27 4 9 7 4 6
Sr 24 47 11 12. 10 6 5
Y 21 0 11 12. 15 8 9
Zr 214 161 115 341 288 162 73
Ba 43 249 24 103 46 19 38
La 11 9 17 9 16 14 7
Ce 25 16 26 36 29 17 11
Pb 5 9 5 13 5 7 5
U bdl 0 bdl 0 bdl bdl bdl
Th 4 bdl 5 5 4 7 7

Coordinates of the analysed samples;
116: 25975-23000
468 31770-33250
97: 31875-25325
60 : 33900-21875
67: 33375-22625
198: 23800-21600
51: 33675-20750
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Table 39.
Sample No

Contunued.
219 143 57 Ar.Mean

SiC>2 90.06 92.78 95.10 93.31
Ti0 2 0.24 0.12 0.04 0.2
AI2O3 4.25 2.49 2.00 1.91
FeO 0.60 0.00 0.00 0.72
Fe2C>3 4.00 0.86 0.51 0.96
MnO 0.11 0.02 0.12 0.05
MgO 0.26 0.20 0.15 0.20
CaO 0.00 0.00 0.00 0.7
N a2 0 0.62 0.00 0.00 0.6
K2O 0.06 0.45 0.00 0.17
P2O5 0.00 0.01 0.00 0.02
CO2 0.00 0.00 0.00 0.0
H2O 0.00 2.50 0.20 1.49
Total 100.25 99.43 98.13 98.95

Cr 67 bdl 27 81
Co 4 bdl 0 5
N i 9 11 bdl 6
Cu bdl 5 bdl 3
Zn 38 0 25 16
Ga 3 3 bdl 2
Rb 3 17 4 9
Sr 14 4 8 14
Y 13 15 5 12
Zr 157 33 8 155
Ba 19 81 16 64
La 17 41 2 14
Ce 16 13 bdl 21
Pb 29 6 3 9
U bdl bdl bdl 0
Th 10 5 bdl 6

Ar. Mean: arithmetic mean

Coordinates of the analysed samples;
219: 25000-21300
143: 23525-24600
57 : 34200-21400

Table 40. Rare earth element data for psammite 160 and Quartzite 67.
Sample No 67 160
La 16.8 7.4
Ce 31.8 33.0
Pr 4.1 2.0
Nd 14.3 6.9
Sm 2.8 1.4
Eu 0.5 0.2
Gd 2.1 1.2
Tb 0.2 0.2
Dy 0.8 1.0
Ho 0.1 0.2
Er 0.3 0.6
Tm 0.5 0.1
Yb 0.3 0.6
Lu 0.1 0.1

Coordinates of the analysed samples;
67: 33375-22625
160: 31825-33750
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6.2. METACHERT

From the m ineralogical and petrographical data  on the K adinhani 
cherts it is clear that they consist entirely of m icrocrystalline quartz  and 
chalcedony.

The chemical data are presented in Table 41 and  42. All types of 
chert average about 93% S i02 and 1.38 % AI2O 3 w ith  very little T i02  in 

m ost rocks. MnO and FeO are low in all siliceous rocks. The M nO content 
of the cherts ranges from 0.01 to 0.04 % w ith a m ean value of 0.02%. One 
sample, 482, has high Fe203 content and contains the highest Cr, Zr, Ce, 
La contents in Table 41. Iron is present in m ost of the sam ples in the form 
of iron oxides (hematite). M ost other elem ents occur in small am ounts 
w ith the exception of Ba wihch ranges up to 889 ppm  (sample 463) .

The S i02  concentration of the cherts decreases w ith  increasing 
AI2 O 3 , CaO, N a2 0 3 , K2 O and Fe2 0 3  contents (Table, 41). There is a 
positive correlation betw een the AI2O 3 and N a2 0 + K 2 0  contents (Fig. 34) 
which is in terpreted  to indicate the presence of clay or feldspar. AI2O 3 

also has a positive correlation w ith FeO*(totalh an association in terpreted  
to be indicative of chlorite.

*
O

Q>Ei,

12
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6
4
2
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2
CM
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J  0 L 
3 0 32

A1203(wt%)

Fig.34. Plot of AI2O 3 vs K2 0 + N a2 0  

m etachert.

A1203(wt%)

and AI2O vs FeO*(total) in

Sugisaki et al. (1982) no ted  th a t the A l2 0  3 / T i 0 2  ra tio  of 
argillaceous sedim ents rem ains essentially constant from  the continental 
shelf to the deep ocean floor environm ent, w hereas the M n O /T i0 2  ratio  
shows a m arked increase from shallow -w ater to pelagic environm ents in 
sedim ents.

The K adinhani m etachert averages 19 in A l2 0 3 /T i0 2  and 0.3 in 
M n O /T i0 2  com pared to average shallow-water chert values of 18-25, and  

0.1-0.4 as reco rded  by Sugisaki et al.(1982). This suggests th a t the
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Kadinhani metacherts have been deposited in a relatively shallow -w ater 
environm ent.

Ce anomaly values (Ce/Ce*) range from 0.7 to 1.16. Ce/Ce* does not 
change during diagenetic formation of chert lenses (Murray et al., 1992). Ce/Ce* 
correlates best with AI2O3 , Na2 0 , K2O, and TiC>2 (Table 41), indicating that as 
the terrigenous input increases in abundance so does Ce/Ce*. The Ce anomaly 
generally approaches values of Ce/Ce* 0.86. This relationship is also shown by 
the broad positive association between Ce/Ce* and the aluminosilicate indices 
of AI2O3 and K2O; note also that there is no relationship between Ce/Ce* and 
MnO or CaO (Fig. 35).

U 1.0

"i--------------- r
0.02 0.04

MnO(wt%)
1 2 

A1203(wt%)

<u 1.0

0.2 0.4 0.6
CaO(wt7o) K20(wt%)

Fig. 35. Plot of Ce/Ce* vs. some major oxides for metacherts.

The positive correlation of REEs with AI2O 3 (Fig. 36) implies that the 
terrigenous fraction is the dominant REE carrying phase (Murray et al., 1991). 
The positive correlation of REEs (total) with Fe203(total) indicates that the 
abundance of the metalliferous component is responsible for the variations in 
REE content.
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Fig. 36. The total REEs vs some major oxides for metacherts.
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In figure 37, The plot of al-alk vs some REE and La, Ce, Eu and LREEs 
show positive correlation with al-alk. It sugges that clay mineral control the 
LREE in chert.
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Fig. 37. Some REE vs al-alk.
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The REE patterns (Fig, 38) show a small negative Ce anomaly. Large 
negative Ce anomalies are suggestive of deep-sea environments (Schimizu 
and Masuda, 1977).
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Figure 38. Chondrite -norm alised rare earth  elem ent d istribution 
patterns for m etacherts from the Kadinhani area. Chondrite norm alising 
values from Boynton (1984).

Chert and shale samples from Franciscan sequences deposited near a 
spreading ridge average Ce/Ce*=0.29; those deposited on the ocean-basin floor 
and not affected by metalliferous activity or continental inpu t average 
Ce/Ce*=l .03. Chert and shale from the continental proxim al Clarem ont 
Formation average Ce/Ce*= 0.93 (Murray et al., 1991).

Two depositional regimes can be identified; ocean-basin floor with 
Ce/Ce*~0.55 and continental margin (within -100 km of a landmass) with 
Ce/Ce* -0.90 to 1.30 and very low total REE (Murray et al., 1991).

Open-ocean sea-water displays extremely low Ce/Ce* values, mostly 
ranging from 0.2-0.3, due to preferential removal of oxidized Ce (cf. Elderfield, 
1988). Courtois and Hoffert (1977), on two surface sediment transects from the 
central South Pacific toward South America, document a systematic change 
from deep sea surface sediments ( Ce/Ce* 0.25) to continental margin sediment 
(Ce/Ce* 0.8-1).

Sample 450 shows a negative Eu anomaly, while sample 449 shows a 
positive Eu anomaly. The cause of the decreases in Eu/Eu* in chert may reflect 
a small loss of feldspar (Taylor and McLennan, 1985).

M ost continental m argin sedim ents d isp lay  in term ed ia te  REE 
abundances, variable LREE enrichment and variable negative Eu anomalies, 
with Eu/Eu* in the range 0.6-1.0 (e.g., Me Lennan et all., 1989,1990 a,b).

The chert samples from Kadinhani generally have Ce/Ce* 0.7 - 1.16. 
and Eu/Eu* -  0.8-1.4 ( one sample (450) has Eu/Eu*-0.14 and one sample (449) 
has Eu/Eu* -5.3). The La/Yb ratio of the cherts normalized to chondrites range 
from 3.3 to 12. This ratio gives a measure of the light REE enrichment over the 
heavy REE relative to a chondrite average. The REE patterns (Fig. 38) from 
cherts suggest that they are thought to have formed in shallow -w ater 
environm ents.
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Table. 41. Major and trace elements of Metacherts
Sa.No 448 463 482 449 450 435 478 473 Ar. Mean
SiC>2 89.85 97.14 84.52 92.41 93.02 98.34 94.40 94.98 93.08
Ti02 0.11 0.04 0.17 0.04 0.07 0.06 0.07 0.06 0.07
AJ2Q3 2.81 0.53 2.04 1.24 0.75 0.97 1.72 0.98 1.38
FeO 0.62 0.05 0.80 0.26 0.02 0.00 0.28 0.06 0.26
Fe2C>3 3.15 0.30 10.93 0.16 0.05 0.00 1.19 0.34 2.00
MnO 0.02 0.02 0.02 0.01 0.01 0.04 0.02 0.03 0.02
MgO 0.69 0.42 0.49 0.01 0.25 0.00 0.53 0.57 0.37
CaO 0.00 0.00 0.23 0.00 0.78 1.35 0.06 0.(X) 0.30
Na20 0.00 0.01 1.14 0.18 0.42 038 0.00 0.03 0.28
K2O 0.66 0.12 0.67 0.07 0.19 0.01 0.63 0.00 0.29.
P2O5 0.13 0.01 0.12 0.00 0.05 0.02 0.02 0.00 0.04
LOI 0.40 0.76 0.84 0.33 1.10 0.25 0.35 0.00 0.37
Total 97.77 99.4 101.97 94.71 96.71 101.6 99.27 97.05 98.48

Cr 12 145 174 75 177 24 124 70 100
Co 25 4 7 bdl bdl bdl 0 bdl 4
Ni 51 3 4 1 2 2 6 0 8
Cu 0 bdl bdl bdl bdl 6 31 bdl 5
Zn 31 bdl 4 0 5 0 11 0 6
Ca 2 bdl 5 1 0 0 2 1 1
Rb 23 6 14 13 7 12 22 15 16
Sr 165 12 9 19 10 14 4 3 29
Y 14 10 11 5 8 4 8 7 8
Zr 42 27 81 24 15 17 23 20 31
Ba 160 889 5.3 183 146 64 164 150 285
La 2 2 8 2 bdl 2 5 4 3
Ce 20 bdl 45 5 bdl 4 15 16 13
Pb bdl bdl 22 26 9 13 25 20 13
U 1 bdl 3 6 bdl 5 2 0 2
Th 3 bdl 8 bdl bdl bdl bdl bdl 1

Ar.Mean: Aritmetic mean 
Coordinates of the analysed samples
448 24500-22125
463 24025-22750
482 26625-27125
449 25275-26875
450 27375-28500
435 39100-30750
478 32000-29500
473 40500-27500

Table 42.
sam. No 448 482 449 450 435 478
La 15.4 23.7 7.8 7.5 11.6 14.3
Ce 16.3 15.4 5.8 4.5 7.7 10.0
Pr 12.8 14.0 5.4 5.2 6.4 11.5
Nd 9.9 9.8 4.3 5.0 4.8 8.8
Sm 9.5 9.2 0.8 3.6 2.5 5.9
Eu 6.9 7.7 3.1 0.3 1.6 2.7
Cd 1.0 1.6 0.4 0.4 1.5 0.5
Tb 5.4 3.6 1.3 1.9 1.1 2.3
Dy 2.8 2.1 0.6 0.8 0.9 1.2
Ho 3.7 3.2 3.6 0.9 0.8 1.5
Er 3.2 2.9 0.7 0.7 0.9 1.2
Tm 4.0 3.7 0.9 0.6 1.4 1.3
Yb 4.6 4.1 0.9 0.7 1.0 1.4
Lu 5.0 4.3 0.9 0.3 1.1 1.6
Ce/Ce* 1.2 0.8 0.9 0.7 0.9 0.8
Eu/Eu* 1.3 1.4 5.2 0.2 0.8 0.8
total 100.5 105.3 40.5 32.1 43.4 64.2
REEs
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6.3. PELITE, BASIC SCHIST AND CALC SILICATE ROCKS

M etapelitic rocks have low CaO (< 1 w t %) and  com prise phyllite, 
chlorite -chloritoid schist and chlorite- m uscovite schist. M etabasic schists 
have (1-10 w t %) CaO and consist of albite-chlorite- actinolite -epidote 
schist. Calc silicate rocks have (>10 w t %) CaO and include chlorite-calc 
schist, calcite-epidote schist and calcite-m uscovite - ep ido te  schists. The 
major and  trace - elem ent com positions of these rocks are given in tables 
43, 44 and 45.

The chemical characteristics of these three groups will be exam ined 
in order to determ ine the original sources of each group.

D isc rim in a tio n  b e tw een  o rth o - and  p a ra -a m p h ib o lite s  by 
geochem ical m eans was undertaken  by Leake (1964) and  Van de Kam p 
(1969) using  various N iggli values (al, alk, c, mg). Leake (1964) used the 
plot of N iggli c vs m g to dem onstrate differences betw een pelitic rocks 
(with low  c and  m g values), mafic volcanic rocks (w ith in term ediate  c 
and m g values) and  pu re  and im pure carbonate rocks (w ith high c and  
mg values).

O n the N iggli c vs m g diagram  (Fig. 39) and  N iggli al-alk vs c 
diagram  (Fig. 40) the m etapelitic rocks plot w ithin the field of shales, the 
plagioclase and  actinolite  rich m etabasic schists closely follow  an 
igneous tren d  and the calc-silicate rocks p lo t in the  field of pelite- 
lim estone m ixtures. These deductions are confirm ed by a N iggli al-alk 
against c p lo t (Fig. 40) in which the same features re -occur bu t w ith the 
m etabasic schists (except one sam ple) p lo tting  in the field of igneous 
rocks, consistent w ith the igneous trend in Figure 40. These schists m ay 
have been basic tuffs in the pelites.



9 3

100 r lim estone

dolomite

pelite- lmestone mixture ♦

-C ignejbus>rend

Fig. 33. N iggli c vs m g plot show ing the fields of shales, dolom ites, 
lim estone and  pelite-lim estone m ixtures as w ell as the igneous trend  
defined by the Karroo basalts (after Leake, 1964). m etapelites (° ), metabasic 
schist (+), calc silicate rocks (♦) from the studied area.

al-alk

100

1 shales

iqneous field limestone

20 40 800 60 100

Fig. 40. N iggli al-alk : c plot show ing the fields of shales, dolom ites, 
lim estones and  the igneous field (after Van de Kam p, 1969). D ata are 
m etapelites (°), metabasic schist (+), calc silicate rocks (♦)
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In figure 41, plots of Zr, Rb, Ba, Ni, Ga, La, AI2O 3 , K2O and T i02  
against al-alk for the m etapelites show  positive correlation. Senior and  
Leake (1978) suggest that all these elem ents are substantially  added  in 
sheet (mica and clay) m inerals in pelites. Zr correlates poorly w ith al-alk 
(Fig. 41), probably because it is partly  added in clay m inerals and partly  in 
detrital zircon in the original sedim ent. The calc silicate rocks show  a 
similar positive correlation for al-alk and T i02, AI2O 3 , Rb and Ga bu t the 
rem a in in g  e lem en ts  are m ore sca tte red  as ca rb o n a te  d ep o s itio n  
in fluenced  m any trace elem ents. The m etabasic schists p lo t off the 
sedim entary trend for Ti0 2  which supports an igneous origin.
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Figure 41. Plots of Niggli al-alk against La, Ni, Ga, Zr, Ba, Rb , Ce, 
TiC>2 , AI2O 3 and  K2O. m etapelites (°), m etabasic schist (+), calc silicate 

rocks (♦).
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In figure 42, the K content is alm ost certainly due to the original 
p resence of clay m inerals and , or m ica. As there  are clear positive 
correlations betw een K and Ba, Th, Rb and  AI2O 3 in the m etapelites these 

elem ents are clay-mineral related (probably illite).
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Figure. 42.Plots of K2O against Rb, Ba, Th and AI2O 3 . m etapelites (°), 
metabasic schist (+), calc silicate rocks (♦). CaO vs Sr is plotted  (Fig. 43) and 
show s a positive trend for calc silicate rocks, and  thus Sr was ad d ed  in 
calcite.
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Fig. 43. CaO vs Sr diagram , m etapelites (° ), m etabasic schist (+), calc 
silicate rocks (♦).
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Z r /T i0 2  vs Ni plot has been used to test for sedim entary  and 

igneous origins of rocks (Fig. 44). Igneous rocks generally have lower 
Z r / T i 0 2  ratios than sed im entary  rocks w ith  the sam e Ni content. 
A lthough some overlap occurs, an op tim um  line d iv id ing  the field of 
sedim entary rocks from igneous rocks can be draw n. As Sr, Ti and Ni all 
tend to be relatively immobile during greenschist and am phibolite facies 
m e tam o rp h ism  (C ann 1970; E llio tt 1973; F ield an d  E lliott. 1974; 
W inchester and Floyd 1976, W inchester et al. 1980) , the concentration of 
these elem ents in the pelitic rocks will be approxim ately the sam e as in 
the original rocks. On this diagram , pelitic rocks, m etabasic schist and 
calc silicate rocks from the K adinhani area plot w ithin the igneous field 
(Fig. 44). which since the rocks concerned are clearly sedim entary shows 
that this plot is not a reliable discrim inator of sedim entary  and igneous 
provenances.

CM

o
• H
E—

N

1000  -  

10 -  

.1 -

sedimentary field

+ + ■”■ o +
qq|  _ igneous field

____   i____ i____ i____ i . i
0 100 200 

N i (ppm)
300

Fig. 44. Z r /T i0 2  vs Ni d iagram  con trasting  igneous and 
sed im entary  (after W inchester et al, 1980). m etapelites (° ) , m etabasic 
schist (+), calc silicate rocks (♦)..

The pelitic rocks and  calc silicate rocks fall in the tholeiitic and 
calc-alkaline fields on an AFM plot but the m etabasic schists fall w ithin 
the tholeiitic field only (Fig. 45).
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total  FeO (wt&)

TH

♦♦

Na20+K20(wt%)

Fig.45.AFM diagram  show ing the d istribution of m etapelitic rocks 
from the s tudy  area com pared to the general fields of tholeiitic (TH) and 
calk-alkaline (CA) igneous rocks (after M oore, 1977 and  Zelt 1980). 
m etapelites (° ), metabasic schist (+), calc silicate rocks (♦)

A m easure of the degree of w eathering, term ed the chemical index 
of a lteration  (CIA) has been used  by N esbitt and  Young (1982) as an 
estim ate of clim atic conditions existing d u rin g  the sed im en tation  of 
pelitic rocks. The chemical index of alteration  is calculated from  the 
form ula :

CIA= (AI2O3 /  (Al2C>3+CaO*+Na2O+K2O))X100 

using m olecular proportions, w here CaO* represents the am ount of CaO 
in silicate form. The influence of w eathering increases w ith  increasing 
values of CIA . Granites and granodiorites have CIA values of the order 
of 45 to 55 w hereas shales and residual clays have m uch higher values (70 
to 90) C lays fo rm ed  p rim arily  by m echan ical p rocesses at low  
tem peratures are essentially ground dow n rock and thus have low er CIA 
values than residual clays and shales ( N esbitt and  Young, 1982).

The m etapelitic  rocks have an average of 79.6 CIA value, 
m etabasic schists averages 57.8 CIA and calc silicate rocks average of 
15.4 CIA. An interpretation following N esbitt and Young (1982) w ould be 
tha t the d iffe ren t types form ed u n d er som ew hat d ifferen t clim atic 
conditions; the calc silicate rocks under colder climatic conditions than 
the o ther g ro u p s  and the m etapelites u n d e r considerab ly  w arm er 
conditions, slightly  w arm er than other g roup  pelitic rocks and  calc 
silicate rocks.
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Table 43. Major Oxides and Trace elementsc of metapelitic rocks
Sa.No 151 231 208 104 107 48 35
Si0 2 65.90 66.70 55.40 67.40 69.46 61.70 58.80
TiC>2 1.26 0.99 1.10 0.61 0.64 0.47 0.81
AI2O3 14.10 20.50 23.95 12.70 13.82 16.10 20.10
FeO 9.59 0.64 0.00 1.19 0.79 7.12 4.39
Fe203 2.61 4.66 10.92 3.73 4.68 3.74 2.40
MnO 0.05 0.05 0.07 0.05 0.04 0.10 0.08
MgO 0.46 0.77 0.65 1.58 2.00 4.10 2.31
CaO 0.00 0.41 0.09 0.82 0.36 0.00 0.13
Na2 0 0.78 0.60 0.49 0.19 0.00 1.19 1.29
k2o 0.82 4.40 1.15 3.37 3.54 2.90 4.73
P2O5 0.02 0.17 0.13 0.09 0.21 0.15 0.14
LOI 4.50 0.01 4.70 5.30 3.60 1.76 3.20
Total 98.60 99.80 98.56 97.00 99.14 99.18 98.40

Cr 633 130 144 355 68 76 146
Co 29 30 21 20 24 17 27
Ni 242 48 69 74 45 18 59
Cu 26 9 17 57 75 68 26
Zn 75 116 122 29 24 206 70
Ga 20 22. 36 15 16 14 25
Rb bdl 140 74 93 120 57 150
Sr 205 31 122 11 15 20 61
Y 18 30 44 26 38 17 39
Zr 93 249 276 314 126 66 172
Ba 50 639 174 282 538 483 563
La 5 29 59 26 43 12 40
Ce bdl 54 119 86 69 19 73
Pb 1 14 19 5 15 5 5
U bdl bdl 7 bdl 0 1 0
Th bdl 18 22 11 13 3 15

Coordinates of the analysed samples
151 32825-26750
231 37200-16500
208 25250-21300
104 27500-25825
107 28125-25900
48 33675-20475
35: 36375-18750
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Table 43. Continued
Sa.NO 42 306 40 305 289 Ar. Me
S1O2 65.60 65.60 73.30 70.50 62.30 65.22
TiC>2 0.70 0.77 0.84 0.88 0.73 0.81
AI2O3 16.70 18.00 11.80 14.55 19.20 16.8
FeO 4.59 4.19 3.00 1.44 3.90 3.4
Fe2C>3 2.65 3.04 2.02 4.23 3.75 4.02
MnO 0.14 0.06 0.07 0.06 0.11 0.79
MgO 0.87 2.36 1.50 0.81 1.73 1.59
CaO 0.02 0.52 0.16 0.13 0.10 0.22
Na2 0 0.81 0.99 3.01 2.24 1.08 1.0.5
k2o 3.13 4.13 1.62 2.65 4.16 3.04
P2O5 0.05 0.10 0.12 0.12 0.09 0.11
LOI 4.50 0.02 2.00 3.00 1.00 2.55
Total 99.30 99.80 99.40 99.66 98.10 98.14

Cr 196 190 80 90 139 146
Co 19 25 11 9 25 21
Ni 69 96 27 26 94 72
Cu 22 33 3 2 60 31
Zn 108 74 69 78 105 85
Ga 21 24 14 18 24 20
Rb 106 166 65 117 175 105
Sr 189 62 53 52 96 76
Y 35 25 32 29 31 30
Zr 154 173 256 234 158 189
Ba 499 445 348 484 575 423
La 41 21 27 24 34 30
Ce 78 45 50 55 69 55
Pb 14 6 12 9 11 8
U bdl bdl bdl bdl bdl 0
Th 9 17 11 13 14 12

Ar. mean: Arithm etic mean
Coordinates of the analysed samples
42: 36150-18525
306: 36100-18150
40: 36375-18125
305: 36175-18300
289: 37675-18250
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Table 44. Major oxides and trace elements of the metabasic schists.
Sa.No 154 286 47 281 283 79
SiC>2 60.40 54.56 46.78 52.80 66.86 64.40
TiC>2 0.50 1.47 1.18 0.53 0.41 0.12
M2O3 14.30 14.86 21.10 14.40 11.5 7.21
FeO 4.49 4.75 1.39 3.85 3.83 0.43
Fe2C>3 6.72 6.24 9.82 6.89 4.75 0.58
MnO 0.07 0.24 0.04 0.20 0.15 0.14
MgO 1.45 2.34 1.35 8.13 4.74 8.78
CaO 6.80 4.68 4.23 5.76 7.16 5.72
Na20 1.77 0.98 0.51 1.50 0.65 2.85
k2o 2.26 3.76 5.37 0.24 0.66 0.24
P2O5 0.22 0.1 0.14 0.26 0.14 0.22
LOI 0.06 6.54 6.38 3.53 0.14 5.56
Total 99.0 98.1 98.34 98.20 100.5 96.25

Cr 129 395 160 124 120 180
Co 21 45 26 39 16 1
Ni 25 257 65 20 17 6
Cu bdl 51 4 3 890 9
Zn 26 102 33 113 70 2
Ga 12 19 31 13 10 2
Rb 71 6 149 15 11 9
Sr 192 156 122 505 444 93
Y 18 20 29 17 18 17
Zr 73 120 233 94 46 55
Ba 730 69 388 77 208 50
La 11 17 56 20 6 13
Ce 17 20 106 8 10 15
Pb 12 2 8 12 11 9
U bdl bdl bdl 1 bdl bdl
Th 7 2 18 8 6 4

Coordinates of the analysed samples
154: 32250-28500
286: 38900-19100
47: 34400-20100
281: 40225-16450
283: 39425-17125
79: 31875-25375
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Table 44. Continued
Sa.NO 5(7) 289b
SiC>2 60.80 49.90
TiCb 0.90 1.21
AI2O3 7.36 15.30
FeO 3.35 3.90
Fe2C>3 4.34 5.71
MnO 0.19 0.11
MgO 2.95 10.90
CaO 9.90 4.43
Na2 0 2.55 2.45
K2O 0.08 0.03
P20 5 0.11 0.16
LOI 5.80 4.50
Total 98.3 97.1

Cr 197 245
Co 29 22
Ni 43 64
Cu 66 18
Zn 170 30
Ga 12 10
Rb 3 2
Sr 549 372
Y 25 45
Zr 60 92
Ba 29 55
La 5 13
Ce bdl bdl
Pb 3 4
U bdl bdl
Th 0 bdl

Ar. Mean: arithm etic m ean

Coordinates of the analysed samples 
5(7): 35400-22125
289b: 37675-18250
41: 36075-18400
62: 33250-22600

41 62 Ar.Mean
46.40 50.00 55.30

1.45 1.40 0.51
14.10 14.90 13.5
6.87 3.09 3.6
6.21 8.10 5.4
0.19 0.22 0.16
7.77 8.03 4.1
9.70 9.50 6.6
2.16 3.85 1.9
0.50 0.07 1.3
0.12 0.10 0.2
2.00 0.00 3.5

97.5 99.3.0 98.3

359 390 230
49 49 29
95 98 69
71 63 117
89 90 67
18 13 14
0 1 26

324 333 308
36 39 26

157 142 107
44 25 162
5 bdl 14

bdl bdl 32
4 3 6
bdl bdl 0
5 4 5
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Table 45- Major oxides and trace elements of calc silicate rocks

Sa.No 411 464 467 425 81 65 271 278 163
SiC>2 42.10 45.45 43.81 37.46 61.42 62.22 75.16 71.28 73.22
TiC>2 0.52 0.57 0.12 0.74 0.34 0.32 0.40 0.25 0.26
AI2Q3 4.53 5.03 3.42 13.12 2.60 2.28 3.81 3.00 2.63
FeO 1.00 4.32 0.00 1.36 0.79 0.00 1.02 0.19 0.39
Fe2C>3 0.66 1.87 1.28 5.65 1.34 1.42 0.52 1.07 0.95
MnO 0.04 0.10 0.19 0.32 0.31 0.14 0.15 0.13 0.14
MgO 0.79 2.33 0.89 2.09 0.16 0.57 0.50 0.31 0.20
CaO 18.65 21.55 25.94 17.08 15.57 16.51 12.99 13.36 15.56
Na2 0 0.40 0.45 0.08 1.86 0.58 0.76 0.57 0.04 0.00
K2O 1.43 0.45 0.41 1.41 0.57 0.49 0.44 0.30 0.50
P20 5 0.04 0.05 0.13 0.10 0.02 0.01 0.01 0.02 0.03
LOI 29.80 18.53 21.12 16.26 12.94 13.15 1.55 6.80 6.5
Total 100.00 100.70 97.4 97.45 96.64 97.87 97.15 96.95 98.38

Cr 18 60 13 89 166 34 161 18 191
Co bdl 26 2 14 14 1 3 bdl 1
Ni 3 45 30 37 8 bdl 6 5 4
Cu 703 bdl bdl bdl 8 bdl bdl bdl bdl
2 n 4 47 57 50 2 bdl 1 2 3
C 3 3 7 17 15 3 0 2 3 1
Rb 23 21 89 80 23 17 19 20 15
Sr 393 194 288 278 48 31 84 80 32
Y 10 22 29 29 10 18 16 17 20
Zr 28 170 160 167 202 181 140 72 131
Ba 68 76 219 288 230 186 102 92 56
La 2 9 10 26 8 7 6 13 12
Ce 14 37 18 74 26 30 7 16 10
Pb 6 13 23 23 7 11 8 4 7
U 6 6 8 8 1 0 bdl bdl bdl
Th bdl bdl 3 3 bdl bdl 6 3 2

Coordinates of the analysed samples
411: 38375-15675
464: 31925-33235
467: 32450-33250
425: 32325-24825
81: 31750-25625
65: 23600-23325
271-s-: 40500-15500
278: 40375-16025
163: 30625-32100
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Table. 45. continued
Sa.NO 410 426 469 485 61 293a 303 233 191 Ar. Mean
S i02 69.27 66.21 74.54 64.22 69.63 66.15 48.30 71.5 51.9 60.7
Ti02 0.33 0.52 0.40 0.71 0.42 0.31 0.74 0.27 0.41 0.41
A12C>3 2.10 5.68 1.82 5.16 2.55 2.25 13.50 5.51 13.4 5.71
FeO 0.40 0.6 0.62 2.39 0.00 0.00 2.08 0.59 0.35 0.89
Fe2C>3 1.17 2.11 0.44 2.45 1.09 2.64 5.86 3.98 7.23 2.3
MnO 0.06 0.12 0.03 0.05 0.07 0.15 0.12 0.11 0.23 0.14
MgO 0.71 1.58 0.25 1.39 0.70 0.85 1.45 0.26 1.14 0.89
CaO 10.58 10.71 9.25 10.41 10.83 10.84 16.90 16.40 23.2 15.3
Na20 0.00 2.58 0.50 0.05 0.05 0.48 0.00 0.50 0.91 0.55
k2o 0.23 0.44 0.29 0.82 0.40 0.41 2.06 0.11 0.10 0.6
P2O5 0.01 0.04 0.02 0.05 0.02 0.01 0.09 0.01 0.07 0.04
LOI 9.0 10.0 7.98 10.32 8.95 11.16 8.13 2.10 2.52 1 0.8
Total 93.85 100.5 96.1 98.02 94.71 95.25 99.30 101.4 100.00 97.9

Cr 138 395 54 84 40 69 84 237 20 98
Co 0 45 0 9 1 28 17 5 5 10
Ni 0 257 5 22 2 4 49 14 5 23
Cu bdl 51 I bdl 3 bdl 0 2 bdl 42
Zn 1 102 2 43 1 1 40 23 16 22
Ca 1 19 2 5 1 1 14 7 15 6
Rb 14 6 17 35 23 21 66 70 68 35
Sr 105 156 30 39 35 95 104 34 16 103
V 10 20 12 18 10 16 33 17 23 18
Zr 222 120 85 250 150 153 148 96 71 141
Ba 75 69 136 102 209 158 259 319 389 168
La 4 17 6 14 3 4 36 61 9 13
Ce 20 20 10 38 12 34 55 98 6 29
Pb 11 2 11 6 10 18 66 10 0 13
U 9 bdl 21 9 bdl 7 bdl 1 bdl 4
Th bdl 2 bdl 1 8 2 11 5 4 4

Ar. Mean: A rithm etic m ean 
Coordinates of the analysed samples
410: 39800-15000
426: 32300-24875
469: 32500-33450
485: 37875-14825
61: 33925-22800
293a: 18650-33400
303; 33500-18200
233: 33225-33275
191: 29750-27875
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6.4. GEOCHEMISTRY OF CARBONATE ROCKS

Geochemical analysis has aim ed to determ ine the provenance and 
reconstruct the history of the sedim entary rocks.

Geochemical analyses of carbonate rocks are listed in Table 47. In 
table 46 the m ain chemical features of the different carbonate form ations 
are com pared. A I2 O 3 is believed to be a valid  ind icato r of the 

orig inal con ten t of clay m inerals in general and  this has obviously 
influenced the concentrations of several o ther elem ents. AI2O 3 shows a 
positive correlation w ith K 20, total FeO and TiC>2 (Fig. 46) all of which 

are likely to be contained  in clay m inerals in d ifferen t p roportions. 
W here AI2O 3 is zero or extremely low (eg sp. 287) clearly the S i02 cannot 

have been in troduced  into the original sed im en t in clay m ineral or 
feldspar and was probably therefore either in traces of detrital quartz or in 
siliceous organism s.
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Fig.46. Plots against A1203 in carbonate rocks.
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Strontium  (Sr) is one of the m ost im p o rtan t m inor elem ents in 
carbonate rocks especially in dolomites as discussed by Veizer and others 
(1978) w ho regarded Sr as an indicator of the derivation of the dolomite. 
Early dolom ite w ith high Sr was interpreted as replacing aragonite while, 
in  contrast, diagenetic dolom ite w ith low Sr w as in terpreted  as replacing 
o th er carbonates th a t lacked Sr (Veizer e t al., 1978). W hen salin ity  
increases the Sr content is also expected to increase, bearing in m ind, 
how ever, that the m ost im portan t factor w hich determ ines the am ount 
of Sr in dolom ite is the tim e of dolom itization. Early diagenetic fine 
crysta lline  dolom ites have h igher Sr contents than  la ter d iagenetic  
dolomites. The range of Sr in late diagenetic dolom ites is typically 90- 300 
p p m  (Veizer and  Dem ovic, 1974). The Sr con ten t of the K ursun lu  
dolom ites in the studied  area is betw een 52 and  90 ppm , suggesting that 
the dolomites are late diagenetic (Table 55).

W eber (1964) and W edepohl et al. (1972) concluded that Rb is 
concentrated in the clay fractions of the insoluble residue of the carbonate 
rocks. Degens et al. (1957) pointed out that there is no structural position 
for Rb in kaolinite bu t Rb can substitute for K in illite, m ontm orillonite 
and  micas. Rb values are, 54 ppm  for the Esiragili Form ation carbonate 
and  15-69 ppm  for calc-schist and 4-10 ppm  for other rocks (Table 46). The 
Rb is m ost likely to be concentrated in the muscovite.

Ba w as observed  by F riedm an (1969) to be low  in m arine  
lim estones (less than 60 ppm ) and  high in the fresh w ater lim estones ( 
m ore than 60 ppm). The Ba contents which exceed 60 ppm  in the Esiragili 
and  Bagrikurt form ations are ra ther high w hich m igh t be due to the 
m ixing of continental sedim ent.

Pb is 0-29 ppm  in all the carbonate rocks except the calc-schist 
w hich has 29-69 ppm  of Pb (Table 47). W edepohl et al (1974) stated that 
calcite and dolom ite cannot incorporate appreciable concentrations of Pb, 
because sea and interstitial waters usually contain very little Pb. He added 
tha t p lants can concentrate large am ounts of Pb and  he quoted  Koster 
(1969) th a t kaolin ite  can have higher than 40 ppm  Pb. The high Pb 
content in the calc-schists is probably related to organic m aterial or clay 
m inerals.
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Table 46. Some important major oxides and trace elements contents in different
carbonate rocks .

1 2 3 4 5 6

SiC>2 4.34 2.3-12.6 1.4 -3.2 0.1 - 4.2 0 :—1 0 Ci 0.9

Ti0 2 0.13 0.02-0.14 0.06 - 0.03-0.13 0.02-0.04 0.03

AI2O3 1.78 0.12-1.31 0.12-0.48 0.0-1.61 0.14-0.17 0.0

MgO 0.73 0.3 0.4 -0.8 0.5 -0.8 20.5-24.4 0.08

FeO total 0.79 0 .2-2 0.1-0.9 0.05-0.3 0 .2-0.2 0.1

Sr 91 15-649 11-1697 188-487 52- go 163

Rb 54 15-69 4-10 5-9 4-6 0

Ba 131 79-310 0-96 0-310 2-28 0

Pb 11 29-69 0-11 2-6 0-24 0

1 -Esiragili Formation carbonate 2- Bagrikurt Formation calc-schist 3- Bagrikurt 
Formation block limestone 4-Kursunlu Formation Marble 5- Kursunlu Formation 
dolomite 6- Lorasdag Formation marble.

Table.47 . Major oxides and trace element concentrations of carbonate rocks
Sa.No 222 (4) 345 78(4) 483 287 434 480 310

(4) (4) (4) (5) (5) (6)
Si02 4.20 4.29 2.52 0.10 1.% 1.07 0.10 0.00
TiC>2 0.05 0.06 0.07 0.04 0.04 0.04 0.02 0.02
A12Q3 1.61 1.71 0.32 0.09 0.00 0.14 0.17 0.15
FeO 0.00 0.00 0.00 0.15 0.00 0.06 0.00 0.00
Fe2$3 0.13 0.11 0.26 0.02 0.05 0.01 0.00 0.00
MnO 0.03 0.03 0.01 0.01 0.02 0.02 0.02 0.00
MgO 0.71 0.62 0.54 0.52 0.84 22.08 24.38 20.54
CaO 34.60 53.64 54.92 54.84 53.74 28.91 33.09 29.33
Na20 0.30 0.30 0.41 0.23 0.75 0.06 0.03 O.(X)
K2O 0.10 0.11 0.18 0.03 0.07 0.04 0.05 0.07
F205 0.00 0.00 ().(X) 0.01 0.00 0.01 0.02 0.01
LOI 39.19 39.70 40.63 42.25 42.83 46.64 42.34 47.67
Total 100.92 100.57 99.86 99.50 100.30 99.07 100.22 97.74

Cr bdl bdl bdl bdl bdl bdl bdl bdl
Co bdl bdl bdl bdl bdl bdl bdl bdl
Ni 2 2 bdl 0 2 1 bdl 3
Cu 5 bdl bdl 5 bdl bdl bdl bdl
Zn bdl bdl 5 bdl 59 bdl 6 bdl
Ga 1 0 bdl bdl bdl bdl bdl 0
Rb 5 6 5 9 0 5 4 6
Sr 188 246 221 487 339 52.0 90 73
Y 6 6 7 0 6 2 2 5
Zr 26 23 19 bdl 12 16 18 11
Ba 6 bdl bdl 15 11 28 22 2
La bdl 6 bdl 2 bdl 0 bdl 5
Ce bdl bdl bdl bdl bdl bdl bdl bdl
Pb 4 3 2 6 4 9 14 0
U bdl 1 bdl 2 bdl bdl 3 0
Th 9 6 bdl bdl 1 bdl bdl 3

Coordinates of the analysed samples
222: 37750-24825
345: 37300-25300
78: 37525-25500
483: 31825-30000
287: 39750-20675
434: 39500-32250
480: 31850-29700
310: 31800-29500
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Table 47. Continued
Sa.NIo 423 90 (6) 163 201 487 461 458 38 (3)

(1) (2) (2) (3) (3) (3)
SiC>2 4.31 0.92 2.30 12.58 1.38 2.04 2.43 3.21
TiC>2 0.13 0.03 0.05 0.11 0.06 0.06 0.04 0.02
AI2Q 3 1.78 0.00 0.25 1.31 0.48 0.42 0.15 0.12
FeO 0.50 0.00 0.00 0.59 0.50 0.05 0.0 0.00
Fe203 0.34 0.10 0.23 1.45 0.43 0.95 0.0 0.23
MnO 0.08 0.00 0.00 0.12 0.04 0.02 0.01 0.03
MgO 0.73 0.08 0.30 0.30 0.50 0.38 0.75 0.53
CaO 42.91 55.99 55.51 46.70 53.62 54.65 53.74 54.11
Na2 0 0.41 0.37 0.43 0.25 0.12 0.40 0.15 0.45
K2O 0.43 0.03 0.07 0.31 0.17 0.13 0.05 0.05
P2O5 0.07 0.00 0.00 0.01 0.08 0.02 0.01 0.00
LOI 48.31 42.98 38.96 36.81 43.83 42.62 42.1 41.30
Total 100.00 100.50 98.0 99.00 100.79 101.74 99.43 99.46

Cr 66 bdl 41 65 bdl 243 bdl bdl
Co 6 bdl 0 2 bdl bdl 0 bdl
Ni 8 0 1 5 bdl 3 1 bdl
Cu 1 bdl bdl 1 9 bdl bdl bdl
Zn 2 bdl 6 22 0 3 bdl 4
Ca 7 0 8 4 0 0 0 bdl
Rb 54 bdl 69 15 10 9 4 3
Sr 91 163 15 649 1697 11 147 210
Y 19 5 16 24 4 6 8 5
& 403 52 156 61 bdl 25 16 6
Ba 131 bdl 310 79 67 96 15 bdl
La 17 6 15 11 8 0 5 bdl
Ce 40 bdl 21 11 5 bdl bdl bdl
Pb 11 bdl 8 29 11 7 2 0
U 9 bdl bdl 1 1 1 bdl bdl
Th 0 2 8 7 bdl bdl bdl bdl
Coordinates of the analysed samples
423: 35875-19350
90: 31600-21300
163 30625-32100
201 24050-21125
487 36975-18025
461 38000-16075
458 38300-18525
38: 37375-19000
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6.5. META - IGNEOUS AND IGNEOUS ROCKS

6.5.1. M ETA -IG N EO U S ROCKS

Previous chapters show ed that the rocks have been altered during  
m etam orphism . E pidotization, sericitization, alb itiziation , silicification 
and chloritization occur in the rocks.

During albitization of feldspar, Na was retained in albite microlites 
and phenocrysts, but the Ca, K and Rb ions w ere excluded. Sericite 
alteration is characterized by very strong K, Rb, and  Ba enrichm ent and 
epidote provides a stable phase for the Ca displaced from the plagioclase. 
Chlorite alteration is characterized by m oderate Mg enrichm ent.

The large ion lithophile elements (LILE) may have been affected by 
m etam orphism  so the relatively im m obile elem ents are m ostly used in 
the petrogenetic in terpretation of the meta - igneous rocks. Ti, Y, Zr, Nb, 
Ga, Cr, Ni, P and REE often do not change substantially  du ring  low- 
tem perature m etam orphism  (Volkova et al, 1992). They are generally  
considered to be relatively im m obile during  alteration or m etam orphic 
processes and have therefore been used to elucidate the petrogenesis of 
meta-igneous rocks. (Field &Elliott 1974; Cann 1970; Pearce & Cann 1973 ; 
Floyd & W inchester 1978).

6 .5.1.1. M ETATRACHYANDESITE AND METABASALTIC 
ANDESITE

The major oxides, trace elem ent contents and  CIPW norm  values 
for the m etatrachyandesites are given in Table 48, and  data  for the 
m etabasaltic andesites are given in Table 49. Rare earth  elem ent data for 
both of the rocks are given in table 50.

On the Z r/T i0 2  vs. N b /Y  diagram  (Fig. 47) the m eta volcanic rocks 

generally plot in the trachyandesite and basaltic andesite fields (Fig. 47). 
Similar features are seen on the Z r/T i0 2  vs. Ga diagram  (Fig. 48). The 
T i0 2  vs. Z r /P 2 0 5  plot (Fig. 49) confirms the sub-alkaline character of 
these metavolcanics.

On d iagram  (Fig. 50) the m etatrachyandesites plot in the calc- 
alkaline field, and the m etabasaltic andesites partly  in the calc-alkaline 
and partly in the tholeiite field.
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Rhyolite

Andesite

0.01"
Andesite Basalt

0.1 10
Nb/Y

o metabasaltic andesite 
a metatrachyandesite

Fig. 47. Z r /T i0 2  vs N b /Y  diagram  show ing the com position of 

m etavolcanic rocks types from  the K adinhani area. Field boundaries are 
from  W inchester & Floyd (1977).

o metabasaitic andesite 
a metatrachy andesite

RD+D xhyodacite*-dacite  
TA t r a c h y a n d e s i t e

RD+D

ANDESITE
.01

BASALT

.001
10 200 30 40

Ga
Fig.48. Z r /T i0 2  vs Ga variation diagram  show ing distribution  of 

metavolcanics. Field boundaries are from W inchester & Floyd(1977).
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o metabasaltic andesite 
a  m etatrachyandesite

alkaline

T i02  (v t % )

0.00 0.05 0.10 0.15

Z r/P205

Fig. 49. T i02  vs Z r /P 2 0 s  d iscrim ination d iagram  revealing the 

original m agm a types. Field boundaries are from  Floyd& W inchester 
(1975), and W inchester & Floyd (1976).
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Si02(wt7o)
Fig. 50. SiC>2 vs FeO*/M gO diagram  for metavolcanics rock (after 

Gill, 1981; and  Ew art, 1982). M etatrachy andesite (*) and  m etabasaltic 
andesite ( ° )

The m ajor and trace elem ent variations against S i02  are show n in 
Fig. 51. The w eak negative correlation betw een AI2O 3 and S i02 suggests 
that plagioclase was present in the liquidus phase in the m etavolcanic 
rocks (Me M illan & D ungan, 1986). Most of the elem ent variation in the 
m etabasaltic andesite  plots show  considerable scatter. H ow ever w ith 
increasing SiC>2 , Zr, P2 O 5 and K2 O show positive correlation, some
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elem ents and oxides such as Rb, MgO, FeO and  T i02  show  negative  

correlations in the m etatrachyandesite.
D epletion of FeO, MgO and enrichm ent of K 20, w ith  increasing 

Si0 2  reflect the crystallization of hornblende, plagioclase and  pyroxene 

in the m etatrachyandesite (Romick et al, 1992).
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Figure 51. H arker d iagram  show ing variation of major oxides and 
trace elem ents in the m etavolcanic rocks, m etatrachyandesite  (*) and  
m etabasaltic andesite (o).
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The major and  trace elem ent data of the m etavolcanic rocks are 
p lo tted  against N iggli mg in Fig. 52. N iggli ti, Zr, Cr, and  Ni show  
positive correlations w ith  N iggli mg. These v a ria tio n  trends are 
consistent w ith know n igneous fractionation trends; in particu lar, the 
sam ples w ith the g reatest iron-enrichm ent show  the h ighest levels for 
the incom patible elem ents (cf. W ager and Brown, 1967).

Niggli tiZ ngpm )

o <P°Q

0.7 0.3

Cr(ppm)
A  ^  *

iNi(ppm)

o o 0  A

500Srtppm )Y(ppm)
ooo

0.7 0.3 0.4

Rb(ppm)■ Ba(ppm)
- 3 0 0

- 2 0 0

- 1 0 0

0.7 0.3

K20(wt7o) Na20 (wt%)

0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6
Niggli mg Niggji mg

Fig. 52. Plots of m ajor oxides and  trace elem ents and N iggli ti 
versus Niggli mg, m etatrachyandesite ( A) and m etabasaltic andesite (°).
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T he  TiC>2 v e rsu s  Z r p lo t  (Fig. 53) s h o w s  th a t  the  m e ta  b asa lt ic  

an d es i te s  lie w i th in  in the  Arc L ava  field  w h e re a s  m e ta t r a c h y a n d e s i te s  

fall in the W ith in -  P late  lava  field.

100000
o m e t a b a s a l t i c  andes i t e  

a m e t a t r a c h y a n d e s i t e

Ti(ppm )

O A10000

Arc I_av83
Within-Plate Lavas

1000
100010 100

Zr(ppm )

Fig. 53. Ti vs. Z r P lot for the m e tavo lcan ic  rocks  of the  K a d in h a n i  

area. Field b o u n d a r ie s  from  Pearce (1982) an d  P h a rao h  & Pearce  (1984).

T he  effects  o f  f ra c t io n a t io n  can  be  a c c o m m o d a te d  by  p lo t t in g  

in c o m p a tib le  e le m e n t  Y ag a in s t  a c o m p a tib le  e le m e n t  su ch  as Cr. D ata  

fo r  th e  K a d in h a n i  m e ta v o lc a n ic s  ro c k s  a re  p l o t t e d  o n  th e  C r-Y  

d isc r im in a t io n  d ia g ra m  (Fig. 54). T he  rocks  are  a g a in  c o n s is te n t  w i th  a 

vo lcan ic  a rc  for th e  m e ta b a sa l t ic  an d e s i te s  a n d  w i th in -p la te  a ff in i ty  for 

the m e ta t ra c h y a n d e s i te
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1000

o  m e t a b a s a l t i c  a n d e s i t e  
a  m e t a t r a c h y  a n d e s i t e

co
CL

100
Cr{ppm )

Volcanic Arc Basalt
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Y(ppm )

Fig.54. C r v e rsu s  Y Plot s h o w in g  the  d is t r ib u t io n  of m e tav o lc an ic  

rocks . Field b o u n d a r ie s  from  Pearce (1982).

T hese  d e d u c t io n s  a re  fu r th e r  s u p p o r te d  by  Z r / Y  ra t io s  for the  

rocks s tu d ie d .  P earce  (1983) s h o w e d  th a t  w h e n  a b a s a l t  su i te  has  b een  

id e n t i f ie d  as h a v in g  a vo lcan ic  arc  c h a ra c te r ,  p lo t t in g  th e  Z r / Y  ra t io  

aga in s t  Zr p ro v id e s  an  effective m e an s  of d isc r im in a t in g  b e tw e e n  ocean ic  

a n d  co n t in en ta l  arc  se tt ings .  F u r th e rm o re ,  b asa lts  f ro m  the  c o n t in e n ta l  

arc e n v i ro n m e n t  h a v e  h ig h  Z r / Y  ra tios  re la t iv e  to th o se  of o cea n ic  arc 

se tt ings  because  the  Zr d e r iv e d  from  an  e n r ic h e d  s u b -c o n tin e n ta l  m a n t le  

so u rce  is a d d e d  to the  s u b d u c t io n  c o m p o n e n t .  A c c o rd in g ly ,  the  m e ta  

b a sa l t ic  a n d e s i t e s  s t u d i e d  can  th u s  be  c h a r a c te r i z e d  as  th o s e  of 

con tinen ta l arc affinities (Fig. 55).
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Zr/Y
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co n tin e n ta l arc
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Fig. 55. Z r /Y  v ersu s  Zr oceanic - co n tin en ta l volcanic arc 
d isc rim in a tio n  d iag ram  (Pearce,1983) show ing  the d is tr ib u tio n  of 
m etabasaltic andesites from  the K adinhani area.

It has been show n that in volcanic arc environm ents, subduction  
zone enrichm ent of lithospheric  m antle, locally coup led  w ith  crustal 
assim ilation in zones of thickened crust, generally  yield m agm as w ith  
enchanced concentrations of large-ion Lithophile (LIL) elem ents such as 
K,Rb, Th, U, LREE etc. (Jakes et al., 1972; Gill, 1981; Pearce, 1982 and 
Tokel, 1987).

The K adinhani m etavolcanic rocks have low  contents of Nb, and 
N b /Y  ratios ranging from  0.29 to 0.75 for the m etabasaltic andesite, and 
0.46-1 for the  m eta trachyandesites , These ra tio s  are typical of a 
subalkaline m agmatic series w ith N b /Y  <1 (Pearce & Gale 1977).

The MORB - and  P rim itive m antle - n o rm alized  incom patib le 
elem ent p a tte rn s of the rocks are show n in F igures 56, 57. A verage 
sam ples of m etavolcanic rocks from  the area are p lo tted  on N-MORB 
and M antle - norm alized incom patible elem ent diagram s (Figures, 56 and 
57).
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The negative Nb anom aly (Fig. 56 and  57) is in te rp re ted  as 
representative of the com position of the subduction  - related  source 
m aterial. The high LILE en richm ent m ay be the re su lt of crustal 
contam ination since all likely contam inants contain large negative Nb 
anomalies (Dupuy et al. 1979; Taylor & M aclennan 1981; W eaver et al., 
1983: Pearce 1983).

1000
meta  t rachyandei i t e  
meta basaltic andesite

100

N-M0RB

Rb Ba Th Nb Ce P Zr Ti YSr K

Fig. 56. M ORB-norm alizing incom patible elem ent pa tte rns for 
averages of the m etabasaltic andesites and m etatrachyandesites from the 
Kadinhani area. Normalizing values are as cited in Pearce (1982).

10000
meta trachyandesite 
meta basaltic andesite

1000

100

10

Rb Ba Th K Nb La Ce Sr P Zr Ti Y

Fig. 57. Prim ordial m antle (PM) norm alized m ulti-elem ent patterns 
for averages of m etatrachyandesite and m etabasaltic andesite from the 
Kadinhani area. Normalizing values as cited in Wood et al. (1979).
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Sam ples exhibit m oderate enrichm ent in light REE and LIL (as 
show n by Th), and show  depletion in N b as reflected in the negative 
anom aly . These featu res ind icate  the  p resence  of a su b d u c tio n  
com ponent in the genesis of these rocks ( Pearce, 1982). The rocks are 
characterized  by a general enrichm ent in Sr, K, Rb, Ba and Th, and 
selective enrichm ent in Ce and  P com pared to MORB (Fig. 56). This 
enrichm ent has been attributed to the introduction of aqueous fluids, and 
possibly sedim ent - derived melt, from a subducted  oceanic lithosphere 
into the  overlying m antle w edge (Best 1975; Kay 1977; Saunders & 
Tarney 1979; Pearce 1982,1983).

C hondrite - norm alized REE patterns for the m etavolcanic rocks 
from the Kadinhani area (Fig. 58) generally show  a strongly fractionated 
REE p a tte rn  w ith  L R EE /H R E E ra tio s  (L a /L u )  =24-25 for 
m eta trachyandesite  and  15-27 for m eta basaltic andesite . Both rocks 
display strongly fractionated patterns. Plagioclase fractionation is evident 
fro m  the s lig h t d e v e lo p m e n t of a n e g a tiv e  Eu an o m aly  in  
m etatrachyandesite . The flat HREE p a tte rn  m ay ind icate  am phibole 
fractionation.

1000
metatrachy andesite 

metabasaltic andesite
277

408

^4vO
cC

o —«o

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig 58. C hondrite - norm alized rare earth  elem ent patterns for 
m etatrachyandesite and m eta basaltic andesite from  the K adinhani area. 
C hondrite norm alizing values from Boynton (1984).

The strongly fractionationated and enriched REE patterns of the 
m etavolcanics from  the s tu d y  area ind icate  th a t the conditions of 
form ation of these rocks m ay have involved continental crust.
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Petrogenesis;

M etabasaltic andesites are iden tified  as con tinen ta l arc types 
show ing transitional betw een calcalkaline and  tholeiite characters b u t 
the  m e ta tra ch y an d e s ite s  are  ca lca lk a lin e  in  co m p o sitio n . T hus, 
m etavo lcan ics  s tu d ie d  show  s im ila ritie s  in te rm s of chem ical 
com position and  tectonic setting and came from  a subduction  related  
zone.

The metavolcanic rocks w ere apparently  derived from  very sim ilar 
enriched continental source regions, a lthough  system atic variations in 
bulk  com position and  in com patible elem ent abundances do not im ply 
significant differences in melting. They thus form  a genetically related  
com agm atic suite.

Both rocks show  m arked  en rich m en t in m ost incom patib le  
elem ents (LILE, LREE) com pared to N-MORB (Fig. 56).

The geochem istry as a w hole indicates that the m etavolcanics m ay 
have been derived from a subcontinental lithospheric source enriched in 
LIL and HFS elem ents. Such enrichm ents m ay have occurred  in the 
source region prior to m agm a generation and  /  or during  the ascent of 
m agm a through the thick continental crust.
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Table. 48-Major Oxides, Trace Elements and CIPW Norms of the
Metatrachyandesites
SA.No 227a 170 167 169 172 173 166
S i02 56.00 57.00 58.30 58.50 59.10 58.00 58.00
TiC>2 1.20 1.00 0.90 1.10 1.10 0.90 0.80
AI2O3 15.30 14.20 14.60 13.20 13.60 17.50 15.00
FeO 2.45 3.35 3.50 2.50 3.25 4.60 2.44
Fe203 3.59 3.78 3.25 3.85 3.27 2.06 3.00
MnO 0.15 0.15 0.10 0.10 0.10 0.11 0.21
MgO 5.00 5.00 3.80 4.50 4.40 2.15 4.61
CaO 5.10 5.15 4.00 4.80 4.70 1.87 4.25
Na20 1.80 1.80 3.00 2.35 2.20 2.09 1.62
k2o 6.50 6.25 5.95 5.60 5.95 7.15 6.18
P2O5 0.80 0.70 0.70 0.70 0.70 0.80 0.70
CO2 0.00 0.00 0.20 0.10 0.00 0.30 0.15
h 2o 2.17 1.60 1.88 2.25 1.60 1.97 2.92
TOTAL 100.06 99.98 100.18 99.55 99.97 99.50 99.88

Cr 227 171 230
Co 9 21 20
Ni" 21 42 35
Cu 103 9 25
Zn 48 77 70
Ga 10 20 21
Rb 59 215 161
Sr 1243 411 561
Y 30 20 23
Zr 218 248 342
Nb
Ba 1030 1596 2065
La 43 61 82
Ce 104 122 139
Pb 38 4 4
U 3 1 bdl
Th 40 41 26

229 235 232 239
19 28 22 20
35 54 35 30
26 155 26 25
69 96 64 64
22 23 20 19

160 303 180 155
551 604 550 549
22 18 22 22

322 200 322 340

2058 3650 2071 2070
81 69 81 82

141 137 145 130
3 114 5 5

bdl 0 bdl bdl
27 37 27 24

Ap 1.91 1.65 1.67
11 2.34 1.94 1.75
Or 39.35 37.70 35.93
Ab 15.65 15.48 25.97
An 14.83 12.48 9.00
C 0.00 0.00 0.00
Mt 4.03 5.29 4.57
He 0.69 0.00 0.00
Di 4.47 7.01 5.23
Hy 10.67 10.64 9.30
Q 5.88 7.63 6.42
Cm 0.04 0.04 0.04

Coordinates of the analysed samples
170: 32985-32200
167: 32990-32300
169: 32875-32250
172: 29950-32100
173: 30065-32125
166: 32875-32275
227a: 33025-32200

1.67 1.67 1.91 1.69
2.16 2.15 1.76 1.57

34.22 35.81 43.55 37.82
20.55 18.94 18.27 14.21
9.21 9.86 4.21 15.96
0.00 0.00 4.92 0.00
4.42 4.59 2.93 4.23
0.66 0.00 0.00 0.00
8.32 7.24 0.00 0.89
7.72 9.03 10.59 11.99

10.89 10.52 11.62 11.33
0.04 0.04 0.04 0.07
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Table. 48- Continued
Sa.NO 371 374 372 164 227 323 370 373 Ar.Mean
S1O2 57.80 55.35 55.80 58.80 64.62 55.50 54.70 53.50 57.39
TiC>2 0.82 0.97 0.88 0.83 0.80 0.92 1.29 1.34 0.99
A1203 15.00 14.70 14.60 13.70 14.30 15.40 13.80 14.50 15.00
FeO 2.81 3.49 2.57 3.27 1.48 4.60 6.56 2.85 3.31
Fe203 3.54 3.52 4.12 3.23 3.45 2.76 5.09 5.70 3.60
MnO 0.07 0.10 0.11 0.11 0.06 0.11 0.19 0.10 0.10
MgO 4.12 4.62 4.71 4.49 1.69 4.83 5.33 5.66 4.32
CaO 3.80 4.81 4.99 4.51 3.37 4.62 5.62 4.59 4.41
N a20 2.82 2.07 2.37 2.83 6.57 1.61 2.58 3.26 2.59
K2O 4.98 5.84 5.11 4.67 1.22 5.84 1.06 4.14 5.09
P2O5 0.57 0.58 0.59 0.60 0.56 0.51 0.13 0.44 0.60
CO2 0.35 0.20 0.15 0.36 0.00 0.40 0.10 0.21 0.16
H2O 3.00 3.18 3.50 2.61 1.90 2.52 3.50 3.65 2.55
TOTAL 99.68 99.43 99.50 100.01 100.02 99.62 99.95 99.94 99.70
Cr 171 178 174 230 227 147 74 236 200
Co 21 19 23 20 10 19 25 27 20
Ni" 41 46 46 37 22 33 10 55 36
Cu 9 bdl 13 25 103 6 1 1 40
Zn 78 72 80 72 48 81 96 95 74
Ga 20 25 19 20 10 24 16 22 19
Rb 216 263 276 161 59 260 11 305 185
Sr 411 541 711 560 1242 325 148 603 m
Y 20 24 19 21 10 25 17 23 19
Zr 248 212 247 343 218 251 139 200 256
Nb 13 16 17 21 14 15 19 16
Ba 1596 3861 3333 2065 1030 2054 114 3750 2156
La 62 44 54 83 43 65 4 62 61
Ce 122 105 119 140 104 122 9 137 118
Pb 4 4 18 4 39 9 4 115 27
U 1 5 0 bdl 3 bdl bdl 0 1
Th 44 34 37 27 40 22 1 38 31
Ap 1.39 1.42 1.46 1.44 1.35 1.25 0.32 1.11 1.45
11 1.65 1.94 1.78 1.63 1.56 1.84 2.60 2.77 1.%
Or 31.20 36.50 32.00 28.60 7.44 36.60 6.61 16.59 30.66
Ab 25.30 18.50 21.20 24.70 57.30 14.50 23.10 29.95 22.72
An 11.40 14.50 12.00 11.20 3.25 15.60 24.40 13.79 12.11
C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mt 4.98 4.95 5.22 4.57 2.19 3.93 7.13 4.49 4.50
He 0.00 0.00 0.38 0.00 1.83 0.00 0.00 2.33 0.39
Di 3.65 5.32 7.87 6.28 7.96 4.17 3.35 6.05 5.18
Hy 8.56 11.35 8.77 10.40 0.65 15.20 17.70 12.50 10.33
Q 11.70 5.28 9.04 11.00 16.30 6.70 14.50 10.30 9.93
Cm 0.04 0.04 0.04 0.04 0.04 0.03 0.02 0.04 0.40

A r.M ean:arithm etic mean
371 32875-32325
374 32925-32125
372 : 29975-32175
164 32625-31725
323 33050-32300
373 33050-32275
370 32500-31650
227 33025-32250
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Table 49. Major oxides , Trace Elements and CIPW norms of the
MetaBasaltic Andesite
Sam pel No 272 409 405 364 274
S i02 52.89 52.49 53.59 52.04 55.55
TiC>2 0.60 0.60 1.30 0.60 0.46
AI2O3 15.65 15.96 15.63 15.16 15.46
FeO 4.65 5.76 5.23 4.72 5.55
Fe203 6.19 5.78 6.71 7.50 2.92
MnO 0.15 0.17 0.21 0.20 0.16
MgO 4.24 4.15 3.75 3.96 2.93
CaO 4.89 5.86 3.78 4.49 5.85
Na20 3.97 2.46 1.93 3.78 4.42
k2o 2.19 2.50 2.51 3.28 2.41
P205 0.28 0.26 0.18 0.25 0.21
C02 0.55 0.40 0.15 0.47 0.50
h 2o 3.50 3.10 3.21 2.26 2.11
TOTAL 99.75 99.49 98.18 98.71 98.53

Cr 55 77 74 58 91
Co 29 27 31 26 13
Ni" 13 12 6 11 bdl
Cu 140 11 175 145 66
Zn 114 81 15 7 119 79
Ga 14 15 18 14 15
Rb 37 70 13 53 6
Sr 191 443 231 178 111
Y 20 17 15 18 19
Zr 37 149 63 53 6
Nb 7 5 10 9 bdl
Ba 1559 1204 176 2045 166
La 5 10 1 9 10
Ce 16 21 5 22 18
Pb 6 6 9 9 9
U bdl 0 4 bdl bdl
Th 6 6 4 5 10

Ap 0.69 0.65 0.46 0.60 0.51
11 1.23 1.21 6.41 1.19 0.89
Or 13.83 15.77 15.05 20.45 2.42
Ab 54.43 22.24 23.44 33.83 37.89
An 20.58 26.8 18.66 15.54 26.97
C 0.00 0.00 2.44 0.00 0.00
Mt 8.54 7.88 6.24 10.22 4.15
He 0.00 0.00 2.09 0.00 0.00
Di 2.74 1.95 0.00 4.95 0.83
Hy 12.19 14.48 10.53 9.38 13.83
Q 5.57 8.77 14.43 3.58 12.28
Cm 0.02 0.01 0.02 0.01 0.01

Coordinates of the analysed sample
272: 39825-17175
409: 40500-17500
405: 39875-17250
407: 40100-17325
364: 39900-17275
274: 40100-17375
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Table 49. Continued
S a m p .N o 277 406 404 408 Ar.M ean
Si02 56.30 54.22 54.67 53.58 53.92
TiC>2 0.82 0.43 0.52 1.09 0.71
AI2O 3 14.40 14.44 15.90 15.67 15.36
FeO 2.47 5.88 6.64 2.16 4.78
Fe2 0 3 3.87 3.95 4.54 6.79 5.35
MnO 0.10 0.18 0.20 0.14 0.16
MgO 4.00 2.93 4.79 5.43 4.02
CaO 3.85 8.79 4.45 5.07 5.21
Na20 5.00 2.26 2.66 2.21 3.17
K2O 4.55 1.06 1.20 3.02 2.52
P2O 5 0.60 0.16 0.19 0.35 0.26
C02 0.38 0.90 0.20 0.35 0.42
H 2 O 1.89 3.95 1.90 3.54 2.82
TOTAL 98.23 99.15 98.00 99.40 99.04

Cr 143 59 82 152 88
Co 15 21 24 10 22
N i" 25 15 11 25 13
Cu 19 27 119 3 94
Zn 172 81 215 61 120
Ga 20 14 13 18 16
Rb 184 2 5 94 51
Sr 165 87 222 115 193
Y 25 15 18 30 20
Zr 320 69 91 175 121
N b 8 7 1 9 8
Ba 1653 74 92 1791 973
La 84 8 13 35 19
Ce 162 8 15 77 38
Pb 46 8 9 3 12
U 7 0 0 0 1
Th 65 6 6 24 14

A p 1.39 0.42 0.44 0.86 0.30
11 1.92 0.89 0.98 2.22 1.87
Or 17.18 14.14 11.18 15.08 13.9
Ab 42.72 20.73 30.87 23.96 32.22
An 17.19 31.47 20.78 22.70 22.29
C 0.00 0.00 2.02 0.00 0.49
Mt 4.80 5.58 6.35 3.12 6.37
H e 0.45 0.00 0.00 4.23 0.75
D i 11.45 11.99 0.00 1.37 7.83
H y 4.75 8.55 19.18 13.83 11.85
Q 4.46 9.74 7.94 12.41 8.78
Cm 0.03 0.02 0.01 0.03 0.01
Ar.Mean: Arithmetic mean 
Coordinates of the analysed samples 
277: 33025-32250
406: 40400-17550
404: 40400-17500
408: 40550-17450
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Table. 50. Rare earth elem ent data for the m eta trachyandesite 227, 
323 and metabasaltic andesite 408, 277.
Sample No 227 323 408 277
La 171.1 167.8 116.3 259.9
Ce 143.9 166.5 105.2 197.5
Pr 114.1 128.8 76.9 141.5
N d 87.4 95.0 61.9 105.1
Sm 48.0 50.3 40.0 61.1
Eu 27.5 37.3 33.1 40.0
Gd 27.3 29.2 26.1 36.4
Tb 18.0 18.3 18.2 24.2
Dy 13.6 13.7 13.6 17.6
Ho 9.5 9.3 9.9 12.3
Er 9.2 8.8 9.4 11.7
Tm 8.1 7.5 8.1 9.9
Yb 7.6 7.4 8.1 10.2
Lu 7.1 6.6 7.4 9.7

Coordinates of the analysed samples 
227; 33025-32250
323: 33050-32300
408: 40550-17450
277: 33025-32250
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6 .5.1.2. METAHORNBLENDE GABBRO AND METADOLERITE

Petrography, m ineral chem istry, and  relict m ineral assem blages 
indicate that dykes of m etahornblende gabbro (with prim ary  hornblende) 
and  m etad o le rite  occur w ith  d ifferen t m ineralog ical com positions. 
Geochemical data  will be used to find ou t if these rock types could be 
petrogenetically related. Using the CIPW norm s classification scheme of 
Streckeisen and Le M aitre (1979) these rocks plot in the diorite gabbro - 
m onzo diorite^monzo gabbro fields (Fig. 59).

0.5

0.4
♦ m e ta h o m M e n d e  gabbxo 
□ m etadolerite

0.3

0.2
9* 
□ ♦

1.0a ♦_ ^  ^  J  0b 
10a'

  0.0 0 ‘=0 /(0 +0r+ab+an) 
AN0R=an/(an+0r)
F ,=(ne+lc+kp) /(ne+lc+kp+or+at

10b'

*0.2

-0 .4
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

A N 0 R
Fig. 59. CIPW  n o m e n c la tu re  an d  c lassifica tio n  of the  

m etahornb lende gabbro and  m etadolerite  from  the K adinhani area, 
ANOR vs.Q' p lo t after Streckeisen and LeM aitre (1979). Field names: 2. 
a lk a li-fe ld sp ar g ran ite ; 3a,3b .granite; 4 .g ranod io rite : 5a,5b .tonalite; 
6 .a lk a li-fe ld sp ar syenite; 7. syenite; 8 . m onzon ite ; 9 .m onzod io rite  
m o n zo g ab b ro ; 10a ,10b. d io rite  gabbro ; l l . f o id  sy e n ite ;1 2 . fo id  
m onzosyenite; 13. foid m onzod io rite  m onzogabbro; 14.foid d io rite  
gabbro; 15. foidolite. * indicates prefix "quartz", ' indicates prefix "foid 
bearing".

The m etahornblende gabbro and m etadolerite rocks belong to the 
subalkaline rock series (Figure, 60) according to the classifications of Floyd 
and W inchester (1975) and W inchester and Floyd (1976). On the alkali 
vs. S i02  p lo t (Fig. 61) the m etahornblende gabbros m ostly p lo t in the 

tholeiite field and the m etadolerites in the calcalkaline field bu t some of 
the gabbros do straddle the boundary.
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T i0 2  (v\%)

alkaline

♦ □ ♦
d* ♦
.  ♦ A

subalkaline  
♦ ♦

□ m etadolente  

♦ metahombiemde gabbio

0
0.00

♦ ♦♦
0.150.05 0.10

Z r/P 205
Fig. 60. Z r / P 2 0 5  v e rsu s  T i0 2  d i s c r im in a t io n  d ia g ra m  u s e d  to 

r e v e a l  the o r ig in a l  rock  or m a g m a  type . F ie ld  b o u n d a r ie s  f rom  F loyd&  

WinLchester (1975) an d  W in ch es te r  a n d  F loyd  (1976).

O<u

7

6

5
tholeiitic

4

I

2 ♦ ♦
calc-alkaline

o
48 50 52 54 56 58 60 62 64 66 68 70

Si02(w t% )
Figure  61. SiC>2 vs F e O * /M g O  for m e ta h o rn b le n d e  g a b b ro  (♦) a n d  

m e ta d o le r i t e  (□ )  (after Gill, 1981 a n d  Ew art, 1982).

T h e  m a jo r  o x id e s  a n d  t ra c e  e l e m e n t s  c o m p o s i t i o n s  o f  th e  

m e t a h o r n b l e n d e  g a b b r o  a re  p r e s e n t e d  in  T a b le  51 a n d  fo r  th e  

m e ta d o le r i te  in Table 52. R are  ea r th  e le m e n t  d a ta  for b o th  of the  rocks 

are  g iv e n  in table 53.

T he  in c o m p a t ib le  e l e m e n t  ra t io s  of th e  m e ta d o le r i t e s  a n d  the  

m e ta h o rn b le n d e  g abb ros  (K /N b ,  K /B a , P /C e ,  R b /S r ,  Z r / N b ,  Z r /Y ,  K /R b ,  

C e / 'Y , a n d  B a /Z r)  d iffer from  each  o ther.  T he  d iffe rences  in  in c o m p a tib le  

e l e m e n t  ra tios  m a y  h a v e  a r isen  by  ex ten s iv e  p lag ioc lase , c l ino p y ro x en e ,  

a p a t i te ,  a n d  T i-m agne tite  frac tiona ton  (M ikha lsky  et al., 1993).

The m e ta h o rn b le n d e  g a b b ro  sh o w s  a la rge  ra n g e  of m g -n u m b e rs
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( m g=(m ol 100 X M g/(M g+Fe)) betw een 33.30-61.30, but, the m etadolerites 
have m g-num bers between 25.60 - 31.40.

F ig u re  62. i l lu s tr a te s  H a rk e r  v a r ia t io n  d ia g ra m s  for 
m etahornblende gabbro and m etadolerite.

Since Ba and  K have large ionic rad ii, these elem ents tend to 
concantrate  in am phibole, w hich has a large vacant site (Yam am oto, 
19841). The increase in Ba and K w ith increasing S i02 suggests the onset of 

amp>hibole fractionation in the evolution of the m etahornblende gabbro. 
D ep le tions in CaO and M gO and  en richm en t in K2 O reflect the 

crystallization of hornblende in the m etahornblende gabbro. The decrease 
in T i02 ,C aO  and MgO reflects crystallization of ilm enite and augite in 
m etadolerite. La, Zr, and P2O 5 contents decline slightly w ith increasing 
Si0 2  in the m etadolerite.These depletions correlate w ith the presence of 
apattite phenocrysts and zircon inclusions in pyroxene phenocrysts in 
m etadolerite. The slight increase in N a2 0  indicates that plagioclase was 
domiinant crystalline phase in m etahornblende gabbro. Sr is generally, 
stromgly concentrated into plagioclase (Jensen, 1973). Thus, the steep, 
positive trend of Sr suggests that the start of plagioclase fractionation was 
considerably delayed in m etahornblende gabbro. Zr and Y increase w ith 
increeasing Si0 2  show ing that separation  of zircon d id  not occur in 
m etahornb lende gabbro. G enerally, depletions in com patible elem ents 
(Ni a n d  Co) and enrichm ent in incom patible elem ents (Ba, Y and Ce) 
indiicate the ex istence of c rysta l frac tio n a tio n  p ro cesses  in the 
m etahornblende gabbro.

Furtherm ore, H arker variation diagram s suggest hornblende and  
mincor plagioclase fractionation  in the m etahornb lende  gabbros, and  
augiite and ilm enite fractionation in the m etadolerites.
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CaO(wt<7o)T i0 2 (wt%)

A1203(wt%)Na20(wt% )

■ FeO*(wt%) £ S K20(wt%)

56 46

MgO(wt%) P205(wt%)

56 46

Ga(ppm) Fb(ppm)

56 46
Ce(ppm)Co(ppm)

48 50 52
£102 (WT%)

56 46 50 52 54
£102 fWT % )

Fig. 62. H arker diagram s show ing variation of m ajor oxides and 
trace elements in M etahornblende gabbro (♦) and m etadolerite (□).
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F igure 62. co n tin u ed ,
m etadolerite (□)

56 46 48 50 52 54 56
£i0 2  (W t % )

m etah o rn b len d e  gab b ro  ( ♦) an d

Plots of Cr and Ni against Zr show different trends for the two rock 
types confirm ing their distinctness (Figure, 63). In the m etadolerite, Cr 
content decreases w ith increasing Zr, suggesting significant clinopyroxene 
fractionation (Ernst et al., 1991). How ever, in m etahornblende gabbro Y

i
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show s positive  tren d  w ith  increasing  Zr, su g g es tin g  h o rn b le n d e  
fractionation and  significant plagioclase accum ulation in the evolution 
of the rocks.
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Figure 63. Trace elements concentrations vs. Zr, m etahornblende 
gabbro (♦) and m etadolerite (□).
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All major and trace elem ent data are also plotted against N iggli mg 
in Figure 64 and 64a. N egative correlations betw een N iggli m g and Nb, 
Zr, Y, P2O 5 , T i02 and N a2 0  and poor positive correlations w ith Cr, and 
Ni are present in m etahornblende gabbro. These trends suggest that the 
parent m agm a of the m etahornblende gabbros are likely to represent low 
degrees of partial m elting (M ikhalsky et al., 1993). In the m etadolerite Y 
is negatively correlated  w hereas Ba, Fe2 C>3 , to tal FeO*, and  CaO are 

positively correlated w ith Niggli mg, representing m ajor plagioclase and 
ilmenite control in the evolution of the rocks (DePaolo, 1981).

56
54
52
50
48
46

:Si02(wt%) * ° *  Ti0 2 (wt%)
- LI J

♦ : * D° ♦ ♦♦
♦ V

' L 1 . 1 . 1 . 1 . . 1 . □. 1 . 1 . 1 . 1 . 1 . 1 ,
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

1.8 
1 .6 
1 .4 
1 .2 
1 .0 
0.8

12
10
8
6
4
2
0

L Fe203(wt%)

* ♦ a♦ a
* V s

- l _ l  I I L L„ I I ■ I ■ I ■

FeO*(wt%)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 o.O 0.1 0.2 0.3 0.4 0.5 0.6 0.7

lA1203(wt7o) 
□

♦ * *

1 . i ■ 1 ■ 1

MnO(wt%)
19 
18 
17 
16 
15 
14 
13

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
10 „ TZ"\ ♦ "♦ ^

4 
3 
2 
1 
0

■ CaO(wt%) *
•H

Na2 0 (wt%) 
*  ♦

0
1 □ *  > 0° ♦ ■ 1

 ■ □ ♦ 
1 □ <

. 1 . 1 . I . 1 . 1 . 1 . 1 1 i.—L 1 1 -1 1 1 t 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0 0 1 0  2 0 3 0 4 0 5 0 6 0 7

0.6 
0.5LK20(wt%) ♦ 1 F*205(wt7o)

1 D ♦ ♦ -

1. 1 . 1 . 1 #  1 y  ♦ , 1 .

r □ «► °♦ O .
' . 1 . 1 . 1 . 1 . 1 . 1 .

0.4
0.3
0.2
0.1
0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Niggli mg Niggli mg

Figure.64.Plots of major oxides versus N iggli mg, m etahornblende 
gabbro (♦) and m etadolerite (□). FeO*: total.
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Fig. 64a. C ontinued, m etahornblende gabbro (♦) and  m etadolerite

In a Ti versus Zr p lot (Fig. 65), both the m etahornblende gabbro 
and the m etadolerite plot in the Mid- Ocean - Ridge Basalt (MORB) field. 
H ow ever, in the m etadolerites m ost of the geochem ical data  (e.g. REE) 
indicates that the rocks are related to w ithin-plate lavas.
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Fig. 65. Ti v e r s u s  Z r  for the  m e ta h o r n b le n d e  g a b b r o s  a n d  

m e tad o le r i te s  of the  K ad in h an i  area. Field b o u n d a r ie s  f rom  P ea rce  (1982) 

a n d  P h arao h & P ea rce  (1984).

O n  the T i0 2  (wt%) v e rsu s  Z r / P 2 0 5  d ia g ra m  of F loyd et al. (1975) 

the m e ta h o rn b le n d e  g abb ros  fall in the field of abyssal tho le ii tes  (Fig. 6 6 ).

Zx/P205 —>
Figure. 6 6 . Z r / P 2 0 5 - T i0 2  d ia g ra m  of the m e ta h o rn b le n d e  g ab b ro  

(♦) a n d  m e tad o le r i te  (□), after F loyd et al (1975).

The geochem ica l charac teris tics  of the m e ta h o rn b le n d e  g a b b ro s  are  

i l lu s t r a t e d  o n  N -M O R B  a n d  P r im i t iv e  M a n t le  - n o r m a l iz e d  p a t t e r n s  

(F ig u res  67-68) w h ic h  d e m o n s t r a te  th a t  th e  g a b b ro s  a re  s im i la r  to
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tholeiitic N-MORB but relatively  enriched  in K,Th, Rb, Ba, N b and 
depleted in Ce and Ti.

The m etadolerites are enriched in Rb, K, Ba, Th, Ce, P and  Nb and 
depleted in Ti and Y relative to MORB, being calc-alkaline m etadolerites, 

indicated by enrichm ent in K, Rb, Ba, Nb, Ce, P, Zr, and Ti com pared 
w ith  the tho le iitic  m eta h o rn b len d e  gabbros as seen on  MORB - 
norm alized patterns (Figure, 67). These characteristics m ay be due to the 
involvm ent of subcontinental lithosphere in m agm a genesis as show n by 
Pearce (1983). The patterns (enrichm ent in LILE relative to HFSE) suggest 
th a t both  u p p er m antle (sub-continental lithosphere) and subduction  
com ponents m ay have been involved in the genesis of the m etadolerites 
in a continental m argin environm ent (W atters et al., 1987).

1000
m etadoleiite
meta hornblende gabbxo

100

N-MORB

Sr K Rb Ba Th Nb Ce P Zr Ti Y

F ig .67. M O R B -n o rm alize d  p a t te rn s  fo r a v e ra g e s  of
m etahornblende gabbros and m etadolerite sam ples from the K adinhani 
area. N orm alizing values as cited in Pearce (1982).
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Fig. 68. P rim ordial m antle - norm alized  m ulti-elem ent patterns 
for averages of the m etahornblende gabbros and  the m etadolerites from  
the K adinhani area. N orm alizing values as cited in W ood et al. (1979 ).

The slight dow nw ards depleted, p atterns of the HREE (Fig. 69) 
profiles in the m etadolerite could be explained by the fractionation of 
clinopyroxene which has larger crystal /  liquid  d istribution  coefficients 
for im iddle REE than for light or heavy REE in basic liquids ( Luhr & 
Carm ichael, 1980).

D uring the evolution of mafic melts the La/Y b ratio is frequently a 
good  indicator of fractional crystallization. In the m etadolerites, (La/Yb)isj 
is 6-12 show ing m oderate fractionation, during  fractional crystallization 
of pUagioclase, the La/Y b ratio will decrease in the residual liquid because 
this m ineral p referentially  incorporates the ligh t ra re  ea rth  elem ents 
(LREE) over the heavy REE. D uring pyroxene fractionation, how ever, 
the ILa/Yb ratio will increase in the residual liquid. A small increase of 
L a /Y b  w ith  decreasing  m g-num ber can be exp la ined  by pyroxene 
fractionation (Bosbach et al, 1991).

The m etadolerites are LREE enriched w ith (Ce/Sm)N =2.5, (Fig. 69), 
w hich  are sim ilar to those of subduction- related m agm as ( W ood, Joran 
& Trevil, 1979; W ood, 1980; Pearce, 1982,1983). The m ore fractionated and 
LREE- en riched  character of the m etado lerites  ind ica tes  th a t the 
evolution of the rocks involved continental crust (W atters et al, 1987).
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The REE (Fig. 69) patterns of the m etahornblende gabbros are quite 
different being alm ost flat w ith  no LREE enrichm ent or depletion  and 
slightly negative Sm-Lu slopes, being a pattern characteristic of MORB.

The (La/Yb)N ratio for the m etahornblende gabbro is 1-1.4 im plying 
only slight d ifferentiation of the initial m agm as and  closeness in their 
com position to the parent m agm a (Volkova et al., 1992).

O ne sam ple of the m etah o rn b len d e  gabbro  has a sign ifican t 
positive Eu anom aly, probably reflecting the accum ulation of plagioclase 
(Stosch and Lugmair, 1987).

These patterns are sim ilar to the bulk  of REE profiles of ocean 
floor basalts (Schilling, 1971, 1975). Rare-earth elem ent patterns from  the 
least frac tio n a ted  m eta h o rn b len d e  gabbro  show  a sim ilarity  th a t 
corresponds w ith  tholeiitic suite types im plying a probable w orldw ide 
sim ilarity of source and process in the production of ocean - ridge type 
m agm a (Arth, 1981).

1000

3  100
•cJ
rTS
£O

A
U
r*VO 10

1

Fig. 69. C hondrite  - norm alised  rare  earth  elem ent d istribu tion  
patterns for the m etahornblende gabbro and m etadolerites from  the 
K adinhani area. Chondrite norm alising values from  Boynton(1984).

metadolerite 
metahomblemde gabbio

417

414
344

337

La Ce Pr Nd Sm Eu Gd Tb Ho t r  Tm Yb Lu
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Petrogenesis;
G e o c h e m ic a l c o n s id e ra t io n  of th e  m e ta d o le r i te s  a n d  

m etahornblende gabbros shows that these two rocks types are distinct. 
Therefore, they shou ld  have been derived  from  d ifferen t m agm atic 
sources.

The m etahornblende gabbros show  a large range of m g-num bers 
(=100 (M g/M g+Fe+2)) betw een 33.30 and 61.30, bu t the m etadolerites 
have a small range of mg=25.60 - 31.40. Since fractionation of hornblende 
requires a hydrous m agm a and does not pass into augite fractionation the 
tw o m agm as are not related. This is also suggested by the m etadolerite 
having relatively high Ni ( 56-119 ppm ) and Cr (150-516 ppm ) com pared 
to the m etahornblende gabbros which have low Ni (5- 53 ppm ) and Cr (0- 
294 ppm ) d esp ite  being  less frac tio n a ted  as reg a rd s  mg. These 
re la tionsh ips are only  com patible w ith  tw o d ifferen t and  u n re la ted  
m agm as.

Many elem ent ratios of the m etadolerites and the m etahornblende 
gabbros (K /N b, K /Ba, P /C e, Rb/Sr, Z r/N b , Zr/Y , K /R b, Ce/Y , and Ba/Zr) 
are quite different.

The m etaho rnb lende  gabbros are tholeiitic show ing significant 
iron enrichm ent w hereas the m etadolerites are calc alkaline w ith  lack of 
iron enrichm ent. M ajor and trace elem ent variations suggest that crystal 
fractionation p layed  an im portan t role in the evolu tion  of both  rocks; 
hornb lende in m etahornb lende  gabbro, and  augite and  Fe-Ti oxide 
fractionation in m etadolerite.

The m etahornblende gabbros have low Ni (average -18  ppm , see 
table 51) contents. The low Ni contents of the rocks im ply that even the 
m ost mafic rocks are not prim ary m antle derived m elts (A therton, 1985). 
M oreover, both  rock types do not represent prim ary m elt features, and 
thus they have originated from different parental m agm a sources.

The relative role of continental crust and u p p er m antle in the 
petrogenesis of continental igneous rocks is often difficult to evaluate. 
These difficulties are exaggerated  in dealing w ith  m etam orphosed  
igneous rocks. A m ajor p rob lem  concerns w h e th e r th ere  is the 
petrogenetic relationship  betw een the m etahornblende gabbros and the 
m etadolerites.

In the m etahornblende gabbros, REE patterns and  com positional 
data  suggest deriva tion  from  a paren ta l source sim ilar to tholeiitic 
MORB- type melts. Form ation of such a parental MORB- type m elt is
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com m only ascribed to sm all percen t of partia l m elting  of relatively  
undep le ted  m antle source and, possibly follow ed by sm all degrees of 
fractional crystallization (e.g. Cullers and Graf, 1984b).

The m etahornblende gabbro was derived from  source a sim ilar to 
m id-ocean- ridge type parent. The low  abundance of N b and  o ther 
elem ents w ith high ionic po ten tial ( e.g. Ti) in the m etahornb lende 
gabbro m ay be a resu lt of their retention in residual phases stable in a 
hydrated m antle source region (Kay, 1977, Pearce, 1982). The m etadolerite 
reveals paren tal m agm a was sim ilar to subduction  re la ted  lavas in a 
con tinen tal m argin  env ironm ent, involv ing  a m ix of subcon tinen ta l 
lithosphere and subduction components.

The norm alized incom patible elem ent p a tte rn s (Fig. 67) of the 
calc-alkaline continental m etadolerites, are enriched in K,Rb, Ba, Nb, Ce, 
P, Zr and  Ti, com pared  w ith  the tholeiitic oceanic m etaho rnb lende  
gabbros. These characteristics m ay be d u e  to the  invo lvem en t of 
subcontinental lithosphere in m agm a genesis as show n by Pearce (1983). 
F u rth erm o re  bo th  u p p e r  m an tle  (sub -con tinen ta l lithosphere) an d  
sub d u ctio n  com ponents can be iden tified  in incom patib le  e lem en t 
p a tte rn s  of m e tad o le rite  from  co n tin en ta l m arg in  en v iro n m e n ts  
(Watters et al, 1987).

In conclusion, m etahornblende gabbro and  m etadolerite  are not 
cogenetic, and were derived from different m agm atic sources.
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Table 51. Major Oxides, Trace Elements and CIPW norms of the
Metahornblende Gabbro.
Samp. No 186 a 225 224 73 77 77 a
SiC>2 53.50 51.50 53.30 54.00 50.60 53.00
Ti02 1.20 1.10 1.25 1.20 0.98 1.20
AI2O3 14.50 14.50 15.00 15.00 15.50 15.50
FeO 7.90 9.77 6.47 8.91 9.21 8.06
Fe2C>3 5.39 2.40 3.44 2.88 1.71 2.54
MnO 0.15 0.17 0.16 0.18 0.19 0.20
MgO 5.41 6.94 8.39 4.9 6.54 4.17
CaO 7.80 8.95 3.50 6.75 9.16 7.00
Na2 0 2.57 2.72 1.82 2.27 2.82 4.02
k2o 0.14 0.94 2.95 2.24 0.95 0.39
P2O5 0.12 0.12 0.11 0.17 0.13 0.16
CO2 0.35 0.45 0.13 0.48 0.55 0.43
h 2o 1.75 1.35 2.00 1.75 2.21 3.20
TOTAL 100.78 100.91 98.52 100.75 100.55 99.87

Cr 110 65 111 110 bdl 110
Co 32. 38 33 32 bdl 32
Ni" 9 28 9 6 5 10
Cu 11 49 10 8 1 9
Zn 112 82 113 0 0 112
Ga 18 16 17 0 0 18
Rb 7 17 16 6 6 7
Sr 240 226 238 250 258 240
Y 41 34 39 40 6 42
Zr 128 68 126 119 24 128
Nb
Ba 118 228 117 116

7
bdl 118

La 9 11 9 10 bdl 9
Ce 13 3 12 13 bdl 14
Pb 5 8 6 5 4 5
U 0 bdl bdl bdl bdl 0
Th 6 2 2 7 8 6

Ap 0.28 0.30 0.28 0.42 0.33 0.39
11 0.39 0.19 0.38 0.39 0.21 0.39
Or 0.83 5.67 18.02 13.65 5.85 2.48
Ab 22.50 23.60 15.90 19.79 24.70 35.95
An 28.6 25.16 17.13 24.91 27.84 24.40
C 0.00 0.00 2.82 0.00 0.00 0.00
Mt 7.46 3.40 4.84 4.07 2.45 3.63
He 0.00 0.00 0.00 0.00 0.00 0.00
Di 8.69 16.04 0.00 6.99 15.14 9.32
Hy 18.93 25.27 31.96 22.41 19.69 18.55
Q 12.15 0.11 10.37 7.08 3.56 4.58
Cm 0.03 0.02 0.03 0.03 0.00 0.03

Coordinates of the analysed samples
186a: 35250-32875
225: 37250-28550
224: 39000-29100
73: 40050-27400
77: 37750-25125
77a: 37825-25135
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Table.51. Continued
Sam.Nc1 353 312 309
SiC>2 51.90 50.70 52.12
TiC>2 1.10 1.19 1.02
AI2O3 13.30 14.10 14.50
FeO 7.19 7.64 8.16
Fe2C>3 6.03 6.02 3.74
MnO 0.15 0.18 0.20
MgO 5.80 6.60 5.50
CaO 7.70 4.55 6.75
Na20 3.60 2.60 3.90
k2o 0.45 2.35 1.00
P2O5 0.11 0.16 0.12
CO2 0.51 0.30 0.46
h 2o 2.25 3.20 2.31
TOTAL 100.09 99.59 98.78

Cr 64 64 63
Co 38 37 36
Ni" 11 8 9
Cu 10 9 8
Zn n o 112 110
Ca 18 19 15
Rb 6 7 6
Sr 240 241 239
Y 40 439 38
Zr 129 128 126
Nb
Ba 226 226 220
La 10 10 9
Ce 3 3 3
Pb 5 5 6
U bdl bdl bdl
Th 7 6 7

Ap 0.25 0.39 0.30
11 0.21 0.39 0.40
Or 2.77 15.01 6.20
Ab 31.97 23.77 34.59
An 19.76 21.44 20.00
C 0.00 0.00 0.00
Mt 8.36 8.38 5.30
He 0.00 0.00 0.00
Di 15.90 1.45 11.71
Hy 15.13 25.39 19.92
Q 5.08 3.51 1.26
Cm 0.01 0.02 0.01

326 337 431 383
50.77 49.15 50.19 50.08

1.70 1.03 1.20 1.44
14.80 14.63 14.4 17.24
8.79 4.56 6.98 7.64
5.70 7.06 4.84 3.30
0.25 0.22 0.18 0.08
4.07 6.84 4.89 5.56
5.13 9.58 9.56 6.95
4.60 3.53 2.11 0.55
0.21 0.64 0.38 2.17
0.17 0.07 0.12 0.19
0.33 0.60 0.61 0.45
2.30 2.00 3.45 3.10

98.82 99.91 98.91 98.75

123 178 96 294
29 134 37 21
12 25 27 53
16 76 19 23

106 204 88 69
19 19 17 18
4 9 8 65

272 172 226 62
40 21 35 25

113 50 96 125
3 3 10 14

110 47 119 193
6 0 bdl 13
4 bdl bdl 24
4 11 4 4

bdl 6 bdl bdl
1 0 3 4

0.42 0.18 0.30 0.46
3.40 1.97 2.47 2.88
1.30 3.96 2.42 13.59

41.00 31.00 19.28 4.90
20.00 23.00 30.95 35.20
0.00 0.00 0.00 1.90
7.96 9.65 6.80 4.69
0.00 0.00 0.00 0.00
4.56 20.10 15.68 0.00

16.48 8.86 11.94 23.22
4.44 0.78 9.92 12.94
0.03 0.04 0.01 0.05

Coordinates of the analysed samples 
353: 38875-31050
312: 40225-27250
309: 40375-25375
326: 35250-32800
337: 37125-28575
431: 23375-22990
383: 38750-27000
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Table.51. Continued
S a m .N o 368 344 377 339 357 186 313 A r.M ean
SiC>2 50.59 51.38 54.20 55.59 52.42 54.04 50.86 51.98
TiC>2 1.41 1.19 1.20 1.29 1.27 1.67 1.28 1.24
AI2O 3 13.68 13.84 14.35 14.16 14.75 14.43 13.87 14.6
FeO 2.22 2.77 5.56 8.15 7.55 7.00 6.10 7.03
Fe2C>3 10.32 9.04 4.85 4.19 5.10 7.13 6.19 5.09
MnO 0.21 0.17 0.16 0.19 0.19 0.23 0.14 0.18
M gO 5.55 5.55 3.83 4.47 6.23 4.12 5.37 5.53
C aO 8.52 6.85 4.97 6.05 4.23 5.02 4.64 6.66
N a 2 0 2.70 3.31 3.20 3.40 4.77 4.75 3.59 3.14
k 2o 0.21 1.00 1.44 0.77 1.36 0.29 2.48 1.11
P2O5 0.12 0.12 0.16 0.11 0.12 0.17 0.80 0.16
CO2 0.58 0.4 0.26 0.18 0.14 0.38 0.30 0.39
h 2o 3.00 2.93 3.33 1.65 1.20 0.90 3.25 2.35
TOTAL 99.11 98.55 97.51 100.20 99.34 100.13 98.87 98.65

Cr 135 67 106 50 65 111 137 103
Co 36 38 21 27 38 32 35 31
N i" 32 29 14 13 29 10 26 18
G j 45 49 5 24 39 11 13 22
Zn 90 82 103 90 82 112 64 92
Ca 15 16 17 18 17 19 17 15
Rb 5 17 25 11 24 7 38 14
§r 238 226 248 155 207 240 160 219
Y 39 34 47 46 29 42 33 36
Zr 90 69 151 152 82 129 73 105
N b 6 10 6 7 4 7
B a 52 316.78 155 117 228 119 121 147
La bdl 1.00 4 3 11 9 12 7
Ce 2 5.95 16 11 3 14 bdl 7
Pb 4 8.00 3 4 bdl 5 2 5
U bdl bdl bdl bdl bdl 0 bdl bdl
Th 1 1.96 1 7 2 6 bdl 4

A p 0.30 0.30 0.39 0.27 0.30 0.39 0.21 0.38
11 2.92 2.43 2.48 2.50 2.46 3.22 2.75 1.62
Or 1.36 6.38 9.27 4.66 8.27 1.71 13.00 6.72
Ab 24.95 30.28 29.52 29.35 41.53 41.03 15.14 26.98
An 26.90 21.56 22.37 21.60 15.21 17.62 19.72 23.15
C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23
Mt 2.05 4.52 6.77 5.91 7.13 9.78 8.54 6.08
H e 8.07 5.22 0.00 0.00 0.00 0.00 0.00 0.66
D i 14.34 11.13 2.75 6.82 4.48 5.42 4.47 8.74
H y 8.46 9.78 10.19 17.02 18.89 11.62 16.33 17.50
Q 10.42 7.07 16.00 11.60 0.00 8.87 2.78 6.62
Cm 0.03 0.01 0.03 0.02 0.01 0.03 0.03 0.02
Am-Mean: A rithm etic m ean
Coordinates of the analysed samples
368: 39750-31705
344: 40250-27750
377: 37200-28550
339: 38950-29075
357: 40125-27750
186: 35250-32800
313: 40200-27625
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Table 52. Major Oxides values, Trace element and CIPW norms
of the M etadolerite
Sampel No 413 417 414 415 Ar.Mean
SiO? 50.95 51.32 52.32 53.82 52.10
TiC>2 1.40 1.36 1.71 0.93 1.35
AI2O3 14.61 15.66 16.89 15.28 15.61
FeO 7.80 7.73 5.35 7.53 7.10
Fe203 2.82 1.39 1.79 3.88 2.47
MnO 0.13 0.10 0.10 0.17 0.12
MgO 7.00 6.05 6.51 6.31 6.46
CaO 5.20 4.59 4.35 6.37 5.12
Na2 0 2.34 3.11 2.12 2.17 2.93
K2O 2.18 2.26 2.61 1.71 2.43
P2O5 0.18 0.36 0.16 0.11 0.22
CO2 0.49 0.37 0.39 0.53 0.44
H2O 3.20 3.61 3.70 1.10 2.65
TOTAL 98.30 98.01 98.00 99.91 98.76

Cr 388 150 295 516 337
Co 43 39 31 54 42
Ni" 90 56 119 76 85
Cu 31 52 37 43 40
Zn 85 78 107 92 90
Ga 19 20 18 15 18
Rb 20 36 32 33 30
Sr 193 144 173 280 198
Y 24 23 24 11 21
Zr 113 145 124 63 111
Nb 13 17 10 11 12
Ba 232 295 184 225 234
La 12 16 bdl 4 8
Ce 13 29 12 bdl 13
Fb 4 5 5 7 5
U bdl bdl bdl 3 1
Th 4 4 5 2 4

Ap 0.42 0.61 0.53 0.30 0.60
11 2.67 2.59 1.34 1.97 2.23
Or 12..88 13.34 27.81 21.40 20.75
Ab 19.80 26.3 21.52 20.64 22.48
An 21.52 18.72 30.37 27.39 27.48
C 0.00 0.00 0.00 0.00 0.00
Mt 4.10 2.02 3.32 5.52 3.78
He 0.00 0.00 1.80 0.00 0.45
Di 0.00 0.00 0.00 3.57 4.11
Hy 27.32 26.00 1.89 15.30 11.47
Q 4.71 2.42 10.00 4.90 6.36
Cm 0.08 0.03 0.07 0.00 0.04

Ar. Mean: arithm etic mean 
Coordinates of the analysed samples 
413: 39350-22000
417: 39750-22125
414: 38650-22500
415: 38600-22325



Table 53. Rare earth  elem ent data for the m etahornblende gabbro 
344, 337 and m etadolerite 414,417.
Sample No 344 337 414 417
La 14.4 9.3 38.3 58.5
Ce 14.5 9.6 33.5 49.0
Pr 15.0 10.3 27.1 39.3
Nd 15.0 10.4 22.8 31.7
Sm 16.7 10.1 16.8 20.8
Eu 42.6 10.8 17.1 19.9
Gd 14.8 9.9 49.1 15.5
Tb 13.6 9.6 11.8 12.6
Dy 13.3 9.3 10.1 10.1
Ho 11.6 8.5 8.0 7.7
Er 12.0 8.5 7.7 6.8
Tm 10.3 8.2 6.4 5.7
Yb 10.5 8.2 6.5 5.2
Lu 8.7 7.7 5.8 4.3

C oordinates of the analysed samples
344:: 40250-27750
337:: 37125-28575
414:: 38650-22500
417:: 39750-22125
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6.5.2. IGNEOUS ROCKS 

DACITE

Dacites have been classified according to a total alkali versus silica 
(TAS) diagram s (Fig. 70). The rocks fall w ithin the high-K dacites field on 
S i0 2  vs K2 O diagram  (Fig, 71). They are also p lo tted  on a norm ative 
colo»ur index vs. norm ative plagioclase com position diagram  (Fig, 72).
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Fig lure 70, 71. Chemical classification diagram s of dacite. (70) S i02 vs. 
total alkali plot (LeBas et al.,1986) and (71) S i02 vs. K2O plot (Peccerillo 
and Taylor, 1976).
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Figure. 72. Plot of normative plagioclase composition versus normative colour 

index for dacite (after Irvine and Baragar, 1971).

The dacites are typicaly calcalkaline in com position according to 
the classification schemes of Irvine and Baragar (1971), and  Gill (1981) and 
Ew.art, (1982) (Fig. 73, 74). On an AFM diagram, the rocks show  little iron 
enrichm ent and plot in the calc-alkaline field (Fig. 75).

Alkaline

O 110

subal kali ne

J    L J  . L

42 46 50 54 58 62 66 70 74 78 
Si02(wt% )

7

tholeiitic

3

2
calc-a l  kali ne

o
6052 56 64 6848

Si02(w t% )

Fig.73. Chem ical d iscrim ination  of dacites based  on S i02  vs. 
N a ;2 0  + K 2 0  plot (after Irvine and Baragar, 1971) and  (74); S i02  vs. 

FeO */M gO  plot (after Gill, 1981; Ewart, 1982).



1 4 8

F

f i=K20+Na20
F=FeO*+MnO
M=MgO

t h o le i i t i c

c a lc -a lk a l in e

A M

Fig. 75. AFM diagram  show ing the com position of dacites. The 
thiclk line seperates tholeiitic and calc-alkaline com positions (Irvine & 
Baraigar, 1971).

Major, trace elem ents and CIPW norms are listed in Table 54 and 
R are elem ent analyses are given in table 55.

Figure 76 is a H arker variation diagram  for the dacites. TiC>2, CaO , 
M gO  and Th decrease w ith increasing Si02- Sr, Nb and Y increase w ith 
in c re a s in g  S i0 2  contents. These varia tions su g g est th a t crystal 

fracttionation of mafic m inerals played a significant role in the genesis of 
the (dacite (Peccerillo et al., 1976). Depletions of CaO and MgO w ith 
in c re a s in g  S i0 2  content, reflect the crysta lliza tion  of h o rn b len d e , 
plag;ioclase and pyroxene (Romick et al, 1992). The decrease in T i02  
reflec ts  crystallization of titaniferous m agnetite  (Barton et al, 1986). 
G enerally , trace elem ents show  considerable scatter on the variation  
d iagram s. How ever, system atic trends are show n by m ost of the major 
elem ents and are broadly consistent w ith crystallization of the observed 
phemocryst phases in the rocks.
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Fig. 76. H arker diagram  show ing variations of m ajor oxides and
trace elem ents for dacites .
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Dacites have relatively high La/Y  and N b /Y  ratios, com pared w ith 
typical calcalkaline orogenic suites (Gill, 1981). Lam bert and  H olland 
(1974) described J and L- type trends, which lead respectively to depletion 
and enrichm ent in Y content in a calcalkaline series. The J and L-trends 
have been used for hornblende, and pyroxene controlled differentiation
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t re n d s  respectively ,  as these m in e ra ls  can  be critical in d e te rm in in g  tren d  

d irec tio n .

In the  Y v e rsu s  C aO  p lo t  (F igure , 77), th e  d ac i te s  p lo t  on  the  Y 

d e p le te d  s ide  of the s ta n d a rd  calcalkaline  t re n d  as o b ta in e d  by  p y ro x e n e  

a n d  p lag ioc la se  - d o m in a te d  f ra c t io n a t io n  (L a m b e r t  a n d  H o l la n d ,  1974). 

T h u s ,  th e y  d e f in e  a J - ty p e  t r e n d  s u g g e s t in g  h o r n b l e n d e  c o n t ro l le d  

f rac t io n a t io n  (Figure, 77).
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Fig. 77: Y v e rsu s  N b , La a n d  C aO  p lo ts  for dac ites .  T he  s ta n d a rd  

ca lcalkaline  t ren d  is from  L am bert a n d  H o lla n d  (1974).

C h o n d r i te  -n o rm a l iz e d  REE d is t r ib u t io n  p a t t e r n s  of tw o  d ac i te  

s a m p le s  a re  s h o w n  in Fig. 78. T he REE p a t te rn s  a re  h ig h ly  f rac t io n a ted ,  

ex h ib it in g  s teep  s lopes  w ith  ( L a /L u ) ^  ratios ra n g in g  b e tw e e n  21-22. The 

p a t t e r n s  a re  s l ig h t ly  co n c a v e  u p w a r d .  N o  i m p o r t a n t  E u  a n o m a ly  

(E u /E u * =  0.95) w as  fo u n d  in the  rocks. G e n e ra l ly ,  REE p a t t e r n s  are  

s im i la r  to th o s e  of o ro g e n ic  ca lc -a lk a l in e  s u i te s  ( G i l l ,1981). T race  

e le m e n t  ch a rac te r is t ic s  (e.g., lo w  Y(7-18)) a n d  d e p le te d  H REE p a t te rn s  

co u ld  be acco u n ted  for by  ex trem e  am p h ib o le -  f rac t io n a t io n  (D efan t e t al-, 

1991).
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Fig. 78. C hondrite -no rm alized  rare  earth  elem en t d is tr ib u tio n  
p atterns for dacites from  the K adinhani area. C hondrite  norm aliz ing  
values from Boynton (1984).

Petrogenesis

Dacites have low to m oderate concentrations of in N b (15-18 ppm ), 
Zr (141-263 ppm ) and Y (7-18 ppm ) w hich are characteristics of orogenic 
calcalkaline associations (Gill, 1981). They also show  REE patterns sim ilar 
to that of the orogenic high - K calc-alkaline rocks (e.g, Gill, 1981).

The data suggests that the dacites evolved m ainly by fractional 
c ry sta lliz a tio n , p o ssib ly  from  an in te rm e d ia te  co m p o sitio n . The 
geochem ical d a ta  are also consisten t w ith  a h y d ro u s crysta lliza tion  
assem blage in which hornblende was one of the prim ary phenocrysts and 
exerted a m ajor control on the crystallization history particu larly  in the 
K-rich dacite. The H arker diagram s show  that am phibole fractionation 
played an im portant role in the m odification of the calc-alkaline m agm a.

Dacites exhibit d isequlibrium  textures such as oscillatory zoning 
and sieve texture in plagioclase. Oscillatory zoning in plagioclase can be 
related to m agm a m ixing (Hollister and G ancarz, 1971; N akam ura 1973). 
Sieve textures in plagioclase result from  the disso lu tion  of plagioclase 
(Tsuchiyama, 1985) probably due to influxes of new  magm a.

A ccording to petrog raph ic  observations and  geochem ical data , 
both m agm a mixing and  crystal-fractionation have been involved in the 
evolution of these dacites.
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Table. 54. Major Oxides , Trace Elements and CIPW Norms of
dacite

Sa.No 265a 269a 269ab 270a 271a 241 243
SiC>2 66.20 65.50 65.50 64.90 64.50 65.00 65.00
TiC>2 0.30 0.30 0.40 0.40 0.30 0.30 0.40
AI2O3 17.60 16.40 16.50 15.90 16.50 17.20 16.00
FeO 1.20 1.66 1.60 2.61 2.25 1.37 1.65
Fe203 2.72 2.07 2.06 1.45 1.47 1.96 2.21
MnO 0.08 0.10 0.09 0.10 0.10 0.08 0.10
MgO 0.98 1.45 1.64 1.92 1.87 1.73 2.21
CaO 2.38 3.95 3.75 3.82 3.79 3.95 3.95
Na20 2.78 4.04 3.79 4.05 4.02 3.67 3.47
k2o 3.95 3.07 3.43 3.60 3.57 3.41 3.40
P2O5 0.19 0.19 0.19 0.19 0.18 0.19 0.19
CO2 0.41 0.08 0.15 0.25 0.33 0.41 0.50
h 2o 0.88 1.16 0.36 0.46 0.72 0.72 1.18
Total 99.67 99.97 99.40 99.60 99.60 99.99 100.26

Cr 101 50 51 30 52.07 100.04 52.12
Co 5 10 11 6 7.36 6.22 11.31
Ni 5 9 10 6 5.02 4.97 5..1
Cu 5 15. 16 6 3.01 5.00 6.02
Zn 41 40 39 36 33.24 42.11 41.99
Ga 18 19 20 18 19.67 18.01 17.89
Rb 182 148 147 137 161.21 186.36 183.13
Sr 505 584 582 544 431.80 503.93 503.08
Y 12 16 16 18 7.01 13.20 14.01
Zr 149 262 262 147 141.90 145.75 145.04
Ba 812 1002 1002 893 901.21 810.11 1002.01
La 23 37 38 32 31.97 22.31 38.06
Ce 48 55 55 51 54.09 47.12 53.20
Pb 47 27 26 28 26.89 46.02 45.01
U 1. bdl bdl bdl 4.02 1.00 bdl
Th 17 18 17 24 28.02 15.90 17.02

Ap 0.46 0.44 0.46 0.44 0.44 0.44 0.44
ill 0.58 0.57 0.77 0.76 0.59 0.57 0.76
Or 24.20 18.20 20.70 21.50 21.68 20.20 19.90
Ab 24.40 34.26 32.70 34.50 34.85 31.10 29.10
An 10.90 18.07 17.60 14.70 16.89 18.40 17.80
C 4.03 0.00 0.21 0.00 0.00 0.72 0.00
Mt 2.82 2.94 2.92 2.07 2.10 2.16 4.36
He 0.67 0.00 0.00 0.00 0.00 0.00 1.45
Di 0.00 4.20 0.00 2.57 0.94 0.00 0.25
H y 2.54 2.42 4.71 6.45 6.68 7.49 5.33
Q 29.00 18.75 19.60 16.60 15.68 18.60 20.40
Dl 77.70 71.21 73.00 72.70 72.22 70.00 69.40
NCI 5.95 10.14 8.42 11.80 9.31 9.20 10.10
NPC 31.00 33.53 35.00 29.90 32.64 34.20 34.90
Coordinates of the analysed samples
265a: 39200-12950
269a: 38025-15800
269ab: 37400-15400
270a: 37225-15600
271a: 37675-15675
241: 37400-15300
243: 37575-15450
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Table 54. Continued
Sam.No 242 242a 243a 268 269 270 271 265 Ar.Mean
SiC>2 65.00 66.50 66.00 65.17 65.06 63.22 64.42 63.83 64.98
TiC>2 0.30 0.30 0.30 0.44 0.49 0.44 0.56 0.51 0.40
AI2O3 16.50 17.00 17.00 15.76 15.93 15.75 16.87 16.81 15.41
FeO 1.87 1.87 1.44 0.83 0.92 1.79 0.92 0.59 1.37
Fe2C>3 1.71 1.81 2.10 2.71 3.10 1.86 3.47 2.91 2.24
MnO 0.09 0.10 0.09 0.07 0.08 0.08 0.08 0.04 0.08
M gO 1.34 1.45 1.44 1.41 1.66 1.65 0.72 0.78 1.55
CaO' 3.75 3.00 3.20 3.87 3.68 3.65 2.40 3.30 4.85
Na2 0 3.6 7 3.50 3.72 3.78 3.87 4.55 2.97 3.17 3.73
K2O 3.65 3.78 3.48 3.50 3.31 3.45 3.63 4.89 3.60
P2O5 0.17 0.17 0.17 0.17 0.18 0.17 0.19 0.18 0.18
CO2 0.58 0.33 0.41 0.32 0.30 0.27 0.20 0.12 0.31
H2O 1.12 0.60 0.88 0.70 0.90 1.00 0.90 0.65 0.81
TOTAL 99.76 100.41 100.24 99.40 99.80 99.89 99.40 99.79 99.82

Cr 30 51 101 44 51 30 52 101 59
Co 6 7 6 9 11 6 7 6 7
Nii 9 8 6 6. 9 6 5 5 6
Cu 16 14 5 bdl 15 6 3 5 7
Zn 40 39 41 40 39 37 32 41 39
Ca 20 20 17 20 19 18 20 18 19
Rb 148 147 181 138 149 137 160 181 159
Sr 583 582 501 542 584 545 431 507 528
Y 16 16 17 15 16 18 7 12 14
Zr 262 263 165 147 262 146 141 148 185
Nb 15 18 16 17 13 16
Ba 892 901 812 829 1003 892 901 813 898
La 32 31 25 38 38 33 33 24 34
Ce 51 54 47 57 54 51 54 48 52
Pb 26 27 45 30 27 28 27 47 33
U bdl bdl bdl 0 bdl bdl 4 1 1
Th 18 17 15 24 18 24 27 17 20

Ap 0.42 0.39 0.42 0.41 0.42 0.42 0.44 0.41 0.44
ill 0.57 0.57 0.57 0.85 0.97 0.85 1.10 1.01 0.73
Or 22.43 22.46 20.80 21.04 19.92 20.92 22.16 29.84 21.72
Ab 31.72 29.77 31.80 32.56 33.33 48.13 25.97 27.74 32.13
An 17.82 13.87 14.84 15.99 16.67 8.09 11.06 15.69 15.22
C 0.11 2.11 1.76 0.00 0.00 0.00 4.07 0.75 0.91
Mt 2.44 2.58 2.98 1.32 1.37 2.65 1.17 0.28 2.33
H e 0.00 0.00 0.00 1.73 2.06 0.00 2.54 2.63 0.73
Di 0.00 0.00 0.00 1.85 0.58 7.38 0.00 0.00 1.18
Hy 4.91 5.02 4.02 2.71 3.94 1.68 1.82 2.04 4.10
Q 19.85 23.09 22.66 20.78 20.63 9.76 29.59 19.52 20.3
DI 72.62 68.00 72.27 74.39 73.87 78.82 77.72 77.11 73.36
NCI 7.91 8.16 7.58 8.45 8.93 12.56 6.63 5.96 9.00
NPC 3100 31.78 31.82 32.94 33.34 14.40 29.87 35.12 31.96

Ar. Mean: A rithm etic m ean
DI: Differentiation index
NCI: norm ative colour index
NPC: norm ative plagioclase com position
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Table. 55. Rare earth element data for the Dacite
Sample No 271 270
La 96.1 111.5
Ce 72.3 78.3
Pr 45.2 52.4
Nd 30.3 35.5
Sm 15.4 18.2
Eu 11.8 14.5
Gd 9.8 11.7
Tb 7.2 8.7
Dy 5.9 7.3
Ho 4.5 5.6
Er 4.5 5.8
Tm 4.2 5.2
Yb 4.3 5.8
Lu 4.0 5.2

Coordinates of the analysed samples
242: 37500-15200
242a: 37500-15250
243a: 37500-15450

268: 38025-15375

269: 37825-15675

270: 37120-15475

271: 37700-15650

265: 3925-13000
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VII - METAMORPHISM

In this chapter an attem pt will be m ade to determ ine the variation in 
the g rade  of m etam o rp h ism  across the m ap p ed  area. A ccord ing  to 
p e tro g ra p h ic  ev idence, tw o p ro g rad e  reg io n a l m e tam o rp h ic  even ts  
occurred, but m ineral assem blages and critical m inerals for the precise 
d e te rm in a tio n  of the p re ssu re  an d  te m p e ra tu re  c o n d itio n s  of 
m etam orphism  are generally absent.

The presently accepted criteria (for example, W inkler, 1967, p .161) for 
classifying rocks in the blueschist facies as opposed to the greenschist facies 
surprising ly  does not include the presence of sodic am phibole. Terranes 
containing both greenschist and blueschist have been generally classified as 
transitional betw een the greenschists and the blueschists facies (Turner, 
196<8; Ernst and  o ther, 1970, p .201). A lthough  it is only  a p o in t of 
term inology, the question  is w orth  considering; shou ld  the b o u n d ary  
betw een the greenschist and blueschist facies be set w here w ith increased 
pressure crossites first become stable, and the assem blage albite + actinolite + 
iron  oxide became unstable or should it be set w here the assem blage albite+ 
acti:nolite (w ithout iron oxide) becomes unstable, and the com position range 
of sodic am phibole expands into the glaucophane field ? Because the sodic 
am phiboles are so easily recognized, the m ost logical place to arbitrarily set 
this> facies boundary  w ould seem to be at the point w here crossites are first 
stable, thus, according to this scheme; 1) The presence of g laucophane or 
crossite plus ep idote indicates the blueschist facies. This sam e conclusion 
w as m ade by Ernst in 1963. (2) The assem blage albite p lus actinolite plus 
iron  oxide indicates the greenschist facies as does the stable co-existence of 
albi te w ith chlorite.

The Stability Fields of Minerals of the Study Area:
The experim ental and hypothetical phase re la tionsh ips of Ca-Na 

am phiboles, Ca-silicate, sheet silicates, carbonate, and  m agnetite m inerals 
are (discussed below.

PRESSURE AND TEMPERATURE

C om positions of the C a-am phiboles and  crossite can be used to
estim ate the p ressu re  of m etam orphism  (Raase 1974; Brown 1977 ). The
p lo tting  of the am phibole from actinolite to crossite on the N aM 4-A l,v  
diagram  of Brown (1977) for the m etahornblende gabbro and the plotting of
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the crossite on the same diagram  for the m etatrachyandesite (Figure 79. a, b) 
suggest a m etam orphic pressure of 3-6 Kbar for the m etahornblende gabbro, 
and 6-7 Kbar for the m etatrachyandesite,

N a M IV
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0.0
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Fig. 79. Tentative estim ate of the relationship  betw een p ressu re  of 

m etam orphism  and NaM^V vs A L ^  in the m etahornblende gabbro (a) and 

m etatrachyandesite (b). Diagram based on Brown (1977).



1 5 8

The p lo t t in g  of h o rn b le n d e  an d  ac tino lite  on the AlVI~Si d ia g ra m  of

R aase  (1974) sugges ts  a m e ta m o rp h ic  p re s su re  of a b o u t 5 k bar  or m o re  th an  5 
k b ar  for m etabasic  schist a n d  m etabasa ltic  andes ite  ( Fig. 80. a,b).
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A m p h i  b o l e s  
h i g h  p r e 33U

Al™

1 .5

1 .0

0.5

0.0 
b) 6.0 6.5 7.0

formed at 
res (>5kb)

7.5 8.0
Si

Fig.80. H o rn b le n d e  an a ly se s  p lo t te d  on  an  AlVI a g a in s t  Si d ia g ra m  

(afte r Raase, 1974), for m e tabas ic  schist (a) a n d  m etabasa ltic  an d es ite  (b) .

616999999999999999999999999999996



1 5 9

T he te m p e ra tu re  o b ta in e d  fro m  h o rn b le n d e -p la g io c la s e  
geotherm om eters suggest that the tem perature du ring  m etam orphism  w as 
ab o u t 521(±75)-482 ( ±75) °C , and  the p ressu re  ab o u t 3-6 Kbar for 
m etahornblende gabbro, 431 (±75 ) - 400(±75) °C and  the pressure about 5-7 
Kbar for the m etabasaltic andesite  , and 426 (±75)-395 (±75) °C and the 
pressure  about 5-7 Kbar for m etabasic schist. These estim ates are based on 
Blundy and H olland 's (1990) plagioclase-hornblende geotherm om eter. The 
tem peratures seem to be rather high for blueschist rocks which rarely exceed 

400 °C.

NaM lV poor calcic am phibole is sequentially replaced first by a deeper 
green to green blue winchitic am phibole, and then by a blue riebeckite. The 
ex tre m e ly  low  N aM lV  con ten t of the ac tino lite  suggests  th a t the 
m ettam orphism  w as in itia ted  w ith  low  p re ssu re , g reen sch is t facies
conditions and only later became of blueschist facies.

The follow ing reaction m ight come closest to the true  m agnesio-
riebeckite - form ing reaction;
24 ed en ite  + 16 albite + 15 m agnetite + 48 Co3 + 56H 20 = 20 m agnesio- 
riebeckite + 15 clinochlorite + 48 calcite + 11 quartz.

The presence of glaucophane indicates relatively high pressures (>6 
Kbair at 400 °C; M aresch, 1977). Glaucophane is alm ost invariably found only 
in low  - tem perature m etam orphic rocks which belong to the high-pressure 
ty p e  (Miyashiro, 1972). In particular, glaucophane requires a m inim um  of 4 

Kbair P H 20  and is probably not stable above 550°C, bu t it is stable above 350 
°C(]Maresch, 1977). These m axim um  possible stability lim its are essentially 
cormpatible w ith the high-pressure, low tem perature conditions deduced for 
g laucophane from m etam orphic terranes (Maresch, 1977).

The com m on coexistence of both sodic and  calcic am phiboles and 
th e ir com positional trends are characteristic and at the low est grade, only 
riebeckite or crossite appear. W ith increasing grade, alkali am phibole first 
becom es enriched in the glaucophane com ponent, w hich later coexists w ith 
actimolite to define a com positional gap, and  finally occurs as w inchite and 
presum ably  hornblende (Liou & M aruyam a, 1987).

The m etatrachyandesite  includes pum pelly ite . The coexistence of 
pum pelly ite , chlorite, epidote, actinolite and  quartz  indicates m etam orphic 
conditions near those for the reaction;
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Pum pellyite+chlorite+  quartz= ep ido te= actino lite+ H 20  at H 2 0  =7 
K bar, T=370 °C (Nitsch, 1971). In an Al:Fe:Mg diagram  (Figure 81) m ost of 
the pum pellyites plot in the high pressure field and are rich in Al.

A1

H i g h - p  T e rr a n es

Fe* Mg

Fig.. 81. Com positional variations of pum pellyite under high-pressures after 
Eva;rts & Schiffman, (1983).

The pistacite com ponent of epidote from  the area varies from  23.3 to 
32.0)8. Coombs et al (1976) suggest that the tendency for pistacitic epidote 
frorm 26 to 39 %Ps crystallize at low tem peratures (M iyashiro and  Seki, 1958) 
is re la te d  to a general tendency for decreasing  fC>2 w ith  advancing  
m ettam orphism .

The pressure- tem peratu re  m etam orphic env ironm ent is estim ated  
for (epidote by Black and Brothers (1977) to have been ~350°C, 7 kbar; by 
Feiminger (1982) to have been 350-40°C; P total~^fluid ^  Kt>a r-

In F igure 82. the atom ic p roportions of Mg+ vs N a+ K in m ica 
m im erals are p lotted . A clear relationship  is show n betw een  a low  N a 
conttent and  a high Mg content. The fields are superim posed  on the 
d iag ram , w hich indicates, low pressures (L) and m edium  to high pressure 
(H) w ith  the sam ples from  the present area p lo tting  m ostly  in the high 
p ressu re  field.
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Fig. 82. Plot of M g a g a in s t  N a  for m u sco v i te  a n d  w h ite  m ica  an a ly se s  

f ro m  h igh  (H) an d  low  (L) p re s su re  a rea  (After C ip r ian i  e t al., 1971).

T he  e x p e r im e n ta l  w o rk  of V e lde  (1965) a n d  M a s s o n e  & S c h re y e r  

(1 987) s h o w s  th a t  p h e n g i te  w ith  Si co n ten t  > 3.3 c ry s ta l l iz es  u n d e r  r a th e r  

h ig h  P / T  cond it ions .  In the  s tu d y  a rea  the Si c o n te n t  in p h e n g i te  in the  

m ie ta trachyandesi te  is m o re  than  3.3.

F ro m  the  c o m m o n  a sso c ia t io n  w ith  q u a r tz  + m u s c o v i te  + ch lo ri te ,  

c h lo r i to id  in the  s tu d y  a rea  is th o u g h t  to h av e  b een  p r o d u c e d  by  reac tions  

s im i la r  to th o se  p r o p o s e d  b y  S eide l a n d  O k ru s c h  (1975). T hese  m in e ra l  

a s s e m b la g e s  a re  ind ica tive  of m e ta m o rp h ic  c o n d it io n s  in  excess of 4-5 K bar  

a t  380-400 °C.

In an  Al:Fe:Mg d ia g ra m  m o s t  of the  ch lo ri te  f ro m  the  a rea  p lo ts  

w d th in  the  c o m p o s i t io n a l  field  of ch lo ri tes  f rom  g re e n sc h is t  facies rocks  

(F igu re  83).
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Fe

greenschist facies

AlMg
Fig. 83. Chlorite Al-Fe-Mg compositions from the greenschist facies after 

Velde (1977, Figure 31b).

S tilp n o m elan e  is freq u en tly  asso c ia ted  w ith  h igh  p re ssu re  
m etam orphic m inerals and is less com m on in low pressure assem blages 
(Miyashiro & Shido, , 1973). The stability of stilpnom elane varies widely and 
is s trong ly  d ep en d en t on the bulk  rock chem istry  . For exam ple, 
stilpnom elane is often present in low-grade m etabasites (Winkler, 1979) and 
very low-grade m etam orphosed iron formations (Deer et al, 1966).

The albite ( Ab ^  t ^^) com ponent of the plagioclase is very high,

which agrees with low temperatures. r
A nkerite is fine to m edium  grained. The coarseness of ankerite is 

related to the diffusion of cations during very low -grade m etam orphism . 
Perrau lt (1955) suggested that ferroan dolom ites represent replacem ent of 
earlier materials.

The TiC>2 content of the magnetite m inerals from the area is between 0-

0.6 wt%. M etamorphic m agnetite in the greenschist facies contains only 0.03 
to 0.69 w t % TiC>2 (Abdullah and Atherton, 1964).

Metacherts and schists include graphite. Based on X-ray difraction work 
and  by com parison  w ith  m etam orphic m inera l facies, Landis (1971) 
determ ined graphitization to begin at a tem perature of at least 300 °C with 
fully-ordered graphite appearing not before 450°C; pressures were thought to 
range between 2 and 6 Kbar. In a similar study, Gray (1974) obtained data of 
300-500 °C and over 3 Kbar respectively.

M ost of the m etam orphic m inerals from  the different type rocks 
studied are given in Table 56. It m ust be appreciated that m ost rocks contain 
d isequ ilib rium  assem blages as the b luesch ist m etam orph ism  did no t 
recrystallize all the earlier greenschist assemblages.



Table. 56. M etam orphic m inerals in the greenschist and blueschist 
m etam orphism s for different rocks in the studied  area.

Minerals ineta bast, meta metabasc. meta meta meta

andesite trac.ands. schist hbl. gabb. dolerite sediments 

G B G B G B G B G  B G  B

Magn.-hornblende .......  .........

Winchite .......  .......  .......

Ferro winchite ------ -----

Riebeckite .......

Mag. riebeckite .......................................

Richterite .......

Actinolite -......  .......  .......  .........  .........

Actinol.-hornblende .......  .........

Ferro-glaucophane ...... .......

Crossite .......  ........

Pumpellyite .......
Chloritoid ........

Albite .............................................................................................................................

Stilpnomelane .......

Muscovite .............................................................................................................................

Phengite .......

Epidote .............................................................................................................................

Ankerite ...................

Hematite .............................................................................................................................

Sphene .............................................................................................................................

Brusvigite ..................

Ripidolite .................. ................... ...................

Pycnochlorite ......................................  ..................

Diabanites ...................

Graphite 

G: Greenschist 

B: blueschist

The age of the m etam orphism  has not been determ ined . H ow ever, 
geological investigations to the north  of the M enderes M assif and  the 
Afyon-Bolkardag Belt suggest that the greenschist m etam orphism  seems to 
have been  com pleted  before the late C retaceous and  the b lueschist 
m etam orphism  is " early Alpine" in age and is believed to have taken place 
during the late Cretaceous - early Eocene interval (see chapter, 8).



VIII. THE TECTONIC EVOLUTION OF TURKEY AND 
EVOLUTION OF THE PRESENT AREA.

Geologically, Turkey was created during the Alpine orogeny caused 
by the collision of Laurasia and G ondw analand since the late Mesozoic. 
In the classical, four- fold tectonic subdivision of Turkey (Ketin 1966), 
the Pontides in the no rth  can be assigned  to Laurasia, w hereas the 
Anatolides, Taurides, and the Border Folds belong to the G ondw analand 
realm  w ith  the m ajor Tethyan Izm ir-E rzincan su tu re , separa ting  the 
Pontides from the A natolides (Figure 1 a).

D uring the M esozoic and earlier, the A nato lides and T aurides 
form ed a w ide and  extensive platform , the A natolide Tauride platform  
(Sengor 1979), w hich w as largely  con tiguous to G o n d w an lan d  bu t 
separated  from it d u ring  the late M esozoic by a narrow  ocean -the 
M esogea of Biju-Duval and  o thers  (1977) w hose rem nan ts  are the 
Tekirova and Troodos ophiolites and  the present Eastern M editerranean. 
The closure of the Tethys ocean by subduction  and  the subsequen t 
collision of the two continents led to the Alpine orogeny in Turkey.

The Pontides, A natolides, and  Taurides are subdiv ided  in Figure 
la  into several zones com m only separated  by m inor and  often d ispu ted  
sutures.

There are four m ajor un its  in  the A nato lides w hich are the 
M enderes Massif, the Afyon-Bolkardag Zone, the Tavsanli Zone, and  the 
Kirsehir Massif. Also five m ajor h igh-pressure m etam orphic com plexes 
are recognized in Turkey (Okay 1986). These are (1) the Tavsanli zone in 
w estern  Turkey; (2) the m etam orphic A lanya nappes; situated  on the 
M editerranean coast in southern  Turkey; (3) the Bitlis M assif in eastern 
Turkey; (4) the Karakaya complex of the Pontides which has an extensive 
d is tr ib u tio n  in no rthern  Turkey and (5) the Afyon -B olkardag Zone 
which surrounds and lies to the east of the M enderes M assif and includes 
present area. The M enderes massif (sensu strico) in the w est consists of 
gneisses and  m ica sch ists fo rm ed  from  rem o b ilised  P recam b rian  
basem ent (Durr and  others 1978; Sengor and  others 1984b).The Afyon 
zone (Okay 1984a) form s the Paleozoic to Low er Tertiary  sedim entary  
cover to the gneisses of the M enderes M assif, and  has u n d erg o n e  
m edium  to low grade Barrovian m etam orphism  along w ith  the
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M enderes Massif during  the Eocene (Durr and others 1978; Caglayan and 
others 1980; Sengor and others 1984b). South of the M enderes m assif the 
Afyon zone consists of a thick basal metaclastic sequence of Paleozoic age 
overlain by over one Km of Mesozoic m arbles w ith  a em ery horizon. The 
m arbles are succeeded by a slightly m etam orphosed thin sequence of red 
m icritic lim estone and flysch w ith serpentinite and lim estone olistoliths 
of Paleocene and  early Eocene age.The sw itch from  neritic to pelagic 
sedim entation in the Afyon Zone was caused by the em placem ent of the 
Lycian N appes, which lie technically  over the lower Eocene flysch of the 
A fyon Zone (D urr and  othersl978). The em placem ent of the Lycian 
N appes was follow ed by a Barrovian type of regional m etam orphism , 
w hich has affected the M enderes Massif, the Afyon Zone, and the basal 
parts of the Lycian N appes (de Graciansky 1966; Basarir 1970;Dora 1981). In 
contrast, a w ell-docum ented Eocene HP - LT m etam orphism  exists in the 
Cyclades im m ediately to the west of the M enderes M assif(e.g.Altherr and 
others 1979; Blake and  others 1981). The Afyon zone show s a
§im ilar s tra tig raphy  and  m etam orphism  to the n o rtheast p a rt of the 
M enderes Massif (cf.Okay 1984a).

N orth  of the M enderes M assif, the northw est Turkish blueschist 
belt or the Tavsanli zone (Okay 1984b), com prised  of volcanic and 
sed im entary  rocks m etam orphosed  in the blueschist facies du rin g  the 
m id-Cretaceous, is partly  thrust over the Afyon zone.

D uring the M esozoic , the area of the M enderes M assif , Afyon 
Z one and  the m ajor p a rt of the T aurides w as a B ahaam ian - type 
carbonate platform  on continental crust.(Okay 1986).

Turkish blue schists share two com m on features w ith m any other 
A lpine HP-LT m etam orphic complexes; the short time span of the HP-LT 
m e ta m o rp h ism , an d  b lu esch is t p ro to lith s  co n s is tin g  m ain ly  of 
sedim entary  rocks deposited on continental crust. These features , which 
d iffe re n tia te  th ese  b lu esc h is t from  the  C ircu m  -Pacific  H P-LT 
m etam o rp h ic  com plexes, are p robab ly  a reflection  of the pecu liar 
characteristics of the Tethys ocean(Okay 1986).
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EVOLUTION OF THE PRESENT AREA

On the basis of p rev ious know ledge and  the new  evidence 
presented in this thesis following history can be deduced.

The oldest rocks in the present area are of Silurian - Devonian age. 
The base of the Esiragili Form ation, w hich is conglom erate outside the 
present area, was followed by sandstone, shale and  carbonate as seen in 
the present area. The form ation was deposited on a continental m argin 
in S ilurian  -D evonian time. T ransgressive processes w ere dom inan t 
d u rin g  the deposition  of these particu lar sed im ents. The follow ing, 
D evonian Bagrikurt Form ation contained shale, sandstones, quartzite , 
cherts, siliceous carbonates, conglomerates. Volcanism is also recorded in 
the form ation w ith am igdaloidal trachyandesite, w hich is calc alkaline 
and of a w ith in  p late setting, basaltic andesite , w hich is transitional 
tholeiitic to calc alkaline and of continental arc character. All these rock 
types in the B agrikurt Form ation suggest that the p resen t area was 
subjected to geotectonic activity in the D evonian-Carboniferous period. 
The volcanic rocks m ay be related  to a con tinen tal m arg in  and  a 
continental arc of H ercynian oregeny.

Later, there was a re tu rn  to shallow  w ater conditions w ith  the 
carbonate deposition of the K ursunlu Form ation in C arboniferous time 
and  the  tran sfo rm atio n  of lim estone in to  do lo m ite  d u rin g  early  
diagenesis. These carbonates, which reflect shelf environm ents, are cut by 
in trusive dykes which are hornblende gabbros which are tholeiitic and 
MORB in character, and dolerites which are calc-alkaline in character.

Considering all the above data and its position it is proposed that a 
back arc basin was developed in the this belt d u rin g  the D evonian - 
Carboniferous. The opening of this basin was characterized by the dolerite 
which in tru d ed  the K ursunlu Formation.

All rocks in the present area have undergone intense deform ation 
and greenschist m etam orphism  du rin g  the A lpine orogeny. The first 
phase of deform ation (Di) and a penetrative (Si) was accom panied by the 

m ost im portan t m inerals, m uscovite, chlorite, chloritoid, actinolite and 
stilpnom elane and grew during  greenschist facies m etam orphism .
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The m etased im ents m ay have w eathered  and  eroded  until the 
L orasdagi Form ation carbonate was deposited  in the an open  shelf 
environm ent in Jurassic to Cretaceous time.

The second and the third phases of deform ation (D2 , D3 ) took place 

during  blueschist m etam orphic episodes and  developed uprigh t fold and 
crenulation  cleavages (S2 , S3 ) and lineation (L2 ) and  kink bands. The 

m ost im p o rtan t m inerals, m agnesio riebeckite, crossite, g laucophane, 
phengite , pum pelly ite  and  albite w ere form ed d u rin g  the b lueschist 
m etam orphism . It is believed that this last m etam orphism  acted during  
late Cretaceous and Eocene time.

No further sedim ents w ere deposited  in the p resent area till Late 
M iocene times. Sedim ents m ay be up lifted  and  eroded  until the late 
Miocene. D uring late M iocene - Pliocene, a shallow  lagoon form ed by 
b lock -fau lting  accom pan ied  by volcanism . The O sm an K ayasitepe 
F o rm ation  lim esto n e  w as d ep o sited  w ith  volcanic  m a te ria l in  a 
continental environm ent during  the volcanism  , which w as calc alkaline 
and  w ith  orogenic high K dacitic m agm a and w as influenced by the 
continental crust post collision tectonism and subduction.

A fter the lake d ried  out, som e paleosoils form ed. A lluv ium  
developed  by alteration  of the various lithologies in stream s in the 
Q uaternary.



16 8

IX. CONCLUSIONS

1-The geological m aps of the K adinhani area at 1:25.000 scale 
covering 300Km^ and have been completed (appendix-1).

2- The lithostra tig raph ic  units of the K adinhani area show  the 
Esiragili Form ation is the o ldest Form ation and  includes m etacarbonate, 
p h y llite  and  psam m ite. This form ation  is overla in  by the D evonian 
Bagrikurt Form ation, of schist, phyllites, m arbles, cherts, quartzites, basic 
schist, calc silicate, pelites and  psam m ites and  also m etavolcanic rocks 
such as m etatrachyandesite and metabasaltic andesite. The Form ation was 
o v erla in  by D evonian  and  C arbon iferous age K u rsu n lu  F orm ation  
lim estone.

The m eta - igneous rocks such as m etaho rnb lende  gabbro  and 
m etadolerite cut the Perm ian limestone, which is outside the studied  area, 
and  older rocks in the present area.
The L orasdag i F orm ation , of Ju rassic-C retaceous age, overlies the 
K ursunlu  and Bagrikurt Form ations unconform ably and  continues up  to 
the unconform ably overlying upper Miocene- Pliocene O sm ankayasi Tepe 
F orm ation .
The u p p er M iocene-Pliocene is overlain by dacite w hich itself overlies 
lim estone which is overlain by the Plio -quaternary Toprakli formation.

3-The psam m ite and quartzite  sam ples from  K adinhani have a 
generally  sim ilar chem istry w hich suggests a sim ilar source for these 
rocks w hich  a passive  or active con tinen ta l m arg in  se tting . The 
geochem istry and  especially the REE values suggest that the rocks were 
derived  from a granitic, sedim entary, or m etasedim entary  acidic source, 
or sources.

4-The m ajor oxides, trace elem ents, REE, and  REE patterns in the 
cherts are in favour of deposition of the K adinhani cherts in a basin not 
far from  the continent and  they have been deposited  in a relatively 
shallow -w ater env ironm ent sim ilar to recent continental shelf slope 
environm ents. In the m etachert the m ain control in com position was 
clay which influenced Al, Fe and LREE.
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5-The pelitic rocks in the Kadinhani area contain less than 1 % CaO 
and were originally shales in which the m ain control in com position was 
the sheet silicates (clay, mica, and chlorite) w hich influenced elem ents 
such as Zn, Rb, Ba, Ga, La, Al, K, and Ti. The sedim ents w ith 1-10 % CaO 
were originally rich in basic m agm atic m aterial and possibly form ed tuffs 
in the pelites. The basic m agm a was probably tholeiitic basalt. The calc 
silicate rocks w ere originally im pure siliceous lim estones (not dolom ites) 
w ith variable am ounts of clay m aterial (pelite) and Zn was added  in clay 
m inerals to the calc silicate rocks. The CIA values suggest that basic 
schist, pelitic rocks and calc silicate rocks have form ed under som ew hat 
different climatic conditions.

6 - C arbonate  rocks contain  variable am o u n ts  of te rrig en o u s 
m aterial such as clay, m uscovite, quartz and chlorite. The Sr com position 
of the dolom ite in the area studied  is very low and possibly of late 
diagenetic origin. Geochem ical evidence supports the presence of very 
little detrital inpu t into the carbonates in the area studied.

7-The pe tro lo g y  and  geochem istry  of the m eta-igneous and  
volcanic rocks have been described.

8- The Ti, Cr, Ca, Al and N a contents of the clinopyroxenes in the 
m e tad o le rite  allow s iden tifica tio n  of a non-orogen ic  and  calc alkali 
c h a rac te r . F rom  the m e ta tra c h y a n d e s ite  th ese  e le m en ts  a llow  
discrim ination of orogenic, tholeiitic and calc-alkali characters and  from the 
m etabasaltic andesite rock allows identification of orogenic and  tholeiitic 
varia tion .

9- A m phibole and  biotite m ineral com positions from  the dacites 
show typical orogenic character.

10-The pe tro logy  and  geochem istry  of the m eta-igneous and  
volcanic rocks have been described. The m eta-igneous and  volcanic 
rocks are of a sub-alkaline (tholeiitic + calc-alkaline) character.

11-Petrochem ical characteristics of the K adinhani volcanic and  
m eta-igneous rocks suggest tha t they m ay have been d erived  from  
subcontinental lithosphere, except the m etahornblende gabbro which has 
MORB - REE characteristics. It is difficult to explain the intrusion of such 
a m agm a as dykes as into continental crust.
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12-The geochemical data show that the rock types w ere produced 
in d iffering  tectonic settings. The geodynam ic system  evolved  w ith  
tension replaced by com pression and a transition  from  initial oceanic 
volcanism  to continental arc to continental orogenic volcanism.

13- The differences in geodynam ic conditions are seen in the 
chemical and REE com positions of the m eta-igneous and  volcanic rocks. 
The best inform ation on this is prov ided  by the elem ents that are inert 
during  low -tem perature m etam orphism  i.e the highly charged lithophile 
elem ents Th, Zr, Nb, the REE, the transition group elem ents (Ti, Cr, Co) 
and P.

14-Small am ounts of crustal contam ination in the evolution of the 
rocks are indicated by high Rb, Ba and LREE contents.

15-The m etahornblende gabbros are tholeiitic and their elem ent 
concentrations plot in the m id-ocean ridge basalt (MORB) field. The 
m etadolerite  and  m etatrachyandesite are calcalkaline and  their elem ent 
concen tra tions p lo t in the fields of w ith in  p la te  basa lts  (WPB). 
M etabasaltic andesites show  transition from  tholeiitic to calc-alkaline 
and  their elem ent concentrations plot in the field of continental arc 
lavas (CAL).

16-The m eta trachyandesite and m etabasaltic andesite have sim ilar 
REE p a tte rn s, P rim ord ia l m antle and N -M O R B -norm alized profiles, 
s trong ly  suggesting  a sim ilar origin. H ow ever, the possib ility  of 
derivation  of the  m etatrachyandesite  from  basaltic m agm a via crystal 
frac tio n a tio n  of m afic m inerals conflicts w ith  the deg ree  of REE 
fractionation of the m etabasaltic andesite.

17-The m etahornblende gabbro was derived from source sim ilar to 
a m id-ocean- ridge type parent. The m etadolerites parental m agm a was 
s im ila r  to  s u b d u c tio n  re la te d  lavas in a c o n tin e n ta l m a rg in  
en v iro n m en t, invo lv ing  a mix of sub co n tin en ta l lith o sp h ere  and  
subduction  com ponents.

18- Dacites show the characteristics of typical orogenic H igh - K 
dacites w hich contain high Al, low Ti, Nb, and REE. The rocks w ere 
evolved m ainly by am phibole fractionation under hydrous conditions at 
shallow  levels in the continental crust and probably form ed by fractional 
crystallization from andesitic parental magmas.



171

19-Three phases of deform ation (D1-D 3 ) have been recognized in 
the p resen t area. D i m inor folds and D i cleavage are the do m in an t 

structural elem ents in the area. Oblique extension joints are the result of 
later brittle deform ation. D3 m inor structures are only developed locally 

and  no m ajor fold related  to this deform ation occurs in the area. The 
m icrostructural and petrographic investigations show  distinct phases of 
deform ation and different m etam orphic events.

20- A w ell developed schistosity is ev iden t in rocks rich in sheet 
silicates, b u t carbonate-rich m etasedim ents show  only a faint schistosity. 
Some rocks show  an ad d itio n a l crenulation  cleavage. The crenulation  
cleavage as observed in thin sections, either consists of dark  trains of iron 
oxides and  o p aque  granu les in terspersed  w ith  d im ensionally  o rien ted  
p hy llo silica tes , or as agg regates  of p ara lle l d im en sio n a lly  o rien ted  
phyllosilicates. The d o m in an t m ineral assem blage in the crenu la tion  
cleavage is m uscovite and sericite-opaque m inerals particu larly  w here the 
host rock m ineralogy is w hite mica - quartz-chlorite-am phibole-epidote and 
opaque m inerals.

21- D iagnostic m ineral assemblages and m ineral chem istry have been 
docum ented for all the rocks in the studied area. Com m on m inerals in the 
s tu d ied  area are albite + crossite+ riebeckite* g laucophane+  w inchite*  
ac tin o lite+  h o rn b le n d e *  ch lo rite*  b io tite*  e p id o te *  p u m p e lly ite *  
c h lo rito id *  s tilp n o m e lan e *  calc ite*  m ag n e tite*  q u a r tz *  d o lo m ite*  
sphene*  san id ine*  s iderite*  w hite  m ica* hem atite*  ap a tite*  an tigorite  
and graphite. These are indicative of m etam orphic conditions dealt w ith in 
the last chapter. Calcic plagioclase, augite,hornblende, biotite and  salite are 
relicts from  earlier igneous crystallization.

22- Seritization, chloritization, saussuritization  and  alb itization are 
w idely observed in the m eta igneous rocks.

23- The com positional changes of m inerals w ith  increasing  grade 
w ere de te rm in ed . All Ca-Al silicates (pum pelly ite  an d  ep ido te), and  
phengite increase in AI2O 3 , am phibole changes from  riebeckite th rough  

crossite- glaucophane and actinolite to winchite.
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24-The studied  area was m etam orphosed  first under the conditions 
of the greenschist facies and then later under the blueschist facies. The 
blueschist facies m inerals are best developed in the m etabasaltic andesite, 
and  the m etatrachyandesite . The presence of cogenetic calcic and  sodic 
am phibo les in  the m e tah o rn b len d e  gabbro  and  m etabasic  sch ist are 
recognized as transitional betw een the greenschist - blueschist facies. The 
m etabasaltic andesite, m etatrachyandesite and m etabasic schists are foliated 
and the foliation is parallel to Si in the su rrounding  m etapelites, calc-schists 
and  p sam m ites . The m ost im p o rtan t m in era ls , m uscov ite , ch lorite , 
chloritoid, actinolite, and  stilpnom elane grew  du rin g  the D i deform ation 
u n d e r  g reen sch is t facies m e tam o rp h ism . This m e tam o rp h ism  w as 
accom panied by crystal - plastic deform ation of albite and quartz. Chloritoid 
in the pelitic rocks show s evidence of syntectonic rotation and deform ation, 
w ith  w rapp ing  of the foliation around  the po rphyrob lasts, ind icating  a 
possible early syn-D i origin. These facts and the am phibole com positions in 
the rocks suggest that the greenschist facies m etam orphism  p redated  the 
blueschist facies m etam orphism  in the K adinhani area.

25-The blueschist m etam orphism  gave rise to m agnesio - riebeckite, 
crossite, glaucophane, phengite,pum pellyite and albite m inerals.

26- The age of the m etam orphism s has not been determ ined . The 
p ressu re-tem p era tu re  m etam orph ic  en v ironm en t is calculated  to have 
been 3-6 Kbar and 350-500 °C for greenschist facies in m etapelitic rocks and 
m etahornblende gabbro and m etabasaltic andesite. They are com posed of 
typical greenschist m inerals w hich are chloritoid, actinolite, stilpnom elane, 
chlorite and  epidote. The pressure-tem perature m etam orphic environm ent 
is calculated to have been 6-7 Kbar and 350-400 °C for blueschist facies in the 
m etatrachyandesite which is composed of typical blueschist m inerals nam ely 
albite, phengite, pum pellyite, m agnesio riebeckite, crossite and  glaucophane.
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