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ABSTRACT 

The Urumiyeh-Dokhtar Volcanic Belt (U-DVB) is the largest volcanic belt in Central 

Iran and originated as a continental arc in the Tertiary. This dissertation summarises the 

results of a detailed petrographic, geochemical and isotopic study of potassic rocks 

from three areas of this belt, comprising the Islamic Peninsula, Aghda and Shahrbabak. 

The U - D V B is composed mainly of tephrite, tephriphonolite, phonotephrite, phonolite, 

basalt, trachybasalt, basaltic trachyandesite, trachyandesite, trachyte, dacite and rhyolite. 

The Islamic Peninsula stratovolcano was active between 8 and 6.5 M a and produced 

magmas with between 43.5 and 58.0% Si02. All rock types have common 

mineralogical and textural characteristics. The Aghda region is composed of volcanic 

rocks which range in age from 23.5 to 15.7 M a and contain between 49.8 and 71.2% 

SiO,. Tephriphonolite being characterised by the occurrence of abundant (commonly 

4 0 % by volume), large trapezohedra composed of single crystals of analcime or 

aggregates of pumpellyite. Volcanic rocks from Shahrbabak have isotopic ages between 

37.5 and 2.8 M a and Si02 contents from 47.2 to 67.6%. 

Diopside is the only pyroxene present in samples from all three study areas and usually 

shows decreasing contents of M g O from core to rim, reflecting normal magmatic 

evolution. Sanidine is the only K-feldspar present in all samples. Plagioclase 

phenocrysts usually show Ca-rich cores and Na-rich rims, reflecting normal magmatic 

evolution. Titanomagnetite is the most c o m m o n Fe-Ti oxide in rocks from the study 

areas and olivine has a compositional range from Fog5I to Fo856. Leucite occurs in 

rocks from the Islamic Peninsula but this phase has undergone ion-exchange 

pseudomorphous replacement by analcime in the other two areas. In the Aghda area 

analcime in the lowest tephriphonolite became unstable and was replaced by 

pumpellyite which has a wide compositional range, reflecting variable input of Fe, M g , 

Ca and Al from the precursor analcime and alteration of inclusions. 
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Lavas from the Islamic Peninsula are undersaturated in Si02 and have high contents of 

CaO, K 2 0 and other incompatible elements, and low contents of A1203, Ti02, and 

compatible elements. Rocks from Aghda are characterised by being oversaturated to 

undersaturated in Si02, high in A1203, C a O and alkalies and incompatible elements but 

low in Ti02, M g O and compatible elements. The rocks from Shahrbabak are 

characterised by being saturated to undersaturated in Si02, with low Mg-numbers and 

contents of Ti02 and compatible elements, but high contents of A1203, C a O and the 

incompatible elements. 

The U-DVB developed in the Tertiary in response to northeastward subduction of the 

Neo-Tethys lithosphere beneath the Central Iran Plate. This tectonic setting together 

with geochemical and isotopic data provide strong evidence of the involvement of 

subduction-related processes in the generation of potassic magmas in the U - D V B . The 

eNd values (+1.3 to +4.1) and initial
 87Sr/86Sr ratios (0.70427-0.70567) for samples from 

Shahrbabak volcanic rocks are markedly different from those of the Islamic Peninsula 

and Aghda (eNd = -2.2 to -4.7; initial
 87Sr/86Sr = 0.70651-0.70871) and probably reflect 

differences in the mantle sources. Geochemical variations in Shahrbabak rocks, 

particularly in initial 87Sr/86Sr ratios and contents of Ba (280-1450 ppm), L R E E and 

incompatible elements reflect heterogeneity in the mantle source. The source mantle for 

the Islamic Peninsula magmas was heterogeneously enriched in L F S E and L R E E , 

probably during metasomatism by fluids released from the subducted slab. The mafic-

intermediate rocks from Aghda with high K, L R E E , Th, Zr, 87Sr/86Sr and low eNd were 

generated by partial melting of mantle previously metasomatised by fluids derived from 

dehydration of the subducting oceanic crust and overlying sediment, but felsic rocks 

with high initial Sr isotopic ratios (0.70871) and low Sr contents were probably derived 

by anatexis of continental crust. 
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CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCTION 

The Urumiyeh-Dokhtar Volcanic Belt (U-DVB) is a major Cretaceous to Recent 

geological structure in Central Iran, extending over a length of approximately 2,000 km 

and width of about 100 km (Fig. 1.1). The belt contains a wide variety of extrusive and 

subvolcanic rock units including several well exposed, but poorly understood, areas of 

Tertiary felspathoid-bearing rocks. Various aspects of this volcanic belt have been 

studied by many investigators (Schroder, 1944; Forster et al., 1972; Amidi, 1975; 

Shahabpour, 1982; Moradian, 1991; Hassanzadeh 1993; Atapour, 1994) but few 

publications deal with the alkaline rocks of the belt. 

In the global context, ultrapotassic, potassic alkaline and shoshonitic volcanic rocks are 

relatively limited in abundance but they are widely distributed, and in many areas have 

important economic implications. Detailed study of the undersaturated, alkali-rich rocks 

of the U-DVB should provide not only significant new geological data on the local 

scale, but also important insights into the tectonic development of the region and the 

petrogenesis of potassic rocks in general. 

1.2 AIMS OF THE STUDY 

This thesis presents the results of a study of the petrography, geochronology and 

geochemistry of Tertiary felspathoid-bearing rocks from the U-DVB of Iran. The major 

aims of the study have been to: 
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(a) document the petrography, geochronology and geochemistry of the 

felspathoid-bearing rocks; 

(b) determine the origin of unusual, large (several cm) analcime and pumpellyite 

crystals in some lavas; 

(c) determine the magmatic affinity of, and relationships between, these 

felspathoid-bearing rocks; and 

(d) develop a model for the petrogenesis of, and tectonic setting for, the 

felspathoid-bearing rocks. 

1.3 PREVIOUS WORK 

The volcanic rocks of Central Iran have been studied by many investigators but no 

detailed geochemical and geochronological studies have been carried out in the area. 

Schroder (1944) studied the tectonics of Iran, particularly in the Central Iran Plate, and 

recognised the U-DVB. A geological map of Iran at the scale of 1:2,500,000 published 

by the National Iranian Oil Company (1959) was the first to show the full extent of the 

U-DVB. 

A study of the magmatic rocks in the central-southern part of the U-DVB by Forster et 

al. (1972) recognised Palaeogene alkaline volcanic units and proposed that they were 

formed by magmatic differentiation. Subsequent studies by Haynes and McQuillan 

(1974), Jung et al. (1975) and Berberian et al. (1982) concluded that volcanism in 

central and southern Iran was related to subduction of the Arabian plate beneath the 

Eurasian plate. Amidi (1975), however, concluded that the genesis of igneous rocks in 

the central parts of the U-DVB was not related to subduction and proposed that these 

rocks were produced by melting or mobilisation of sialic basement during rifting 
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processes. Contrary to these proposals invoking subduction or rifting in magma genesis, 

Moine-Vaziri and Aminsobhani (1978) concluded that the available geochemical and 

geophysical data base was not sufficiently comprehensive to permit definitive 

interpretation of the structure of the belt and the origin of the volcanism. 

Other studies on the U-DVB include two unpublished doctoral theses by Shahabpour 

(1982) and Hassanzadeh (1993) which proposed a subduction-related origin for 

metalliferous deposits in the southeastern part of the belt. In the more recent account of 

the tectonic setting of Iran, Alavi (1994) recognised the Zagros Orogenic Belt which 

includes the U-DVB as a subduction-related arc. 

1.4 THESIS ORGANISATION 

This thesis is divided into four major parts. Chapters 1 and 2 are introductory, 

presenting background information including a discussion of the relevant literature on 

the geological and tectonic setting of Iran and the U-DVB. Part 2 (Chapters 3, 4, 5 and 

6) is essentially descriptive covering topics such as stratigraphic relationships, 

geochronology, petrography, and geochemistry together with a general discussion about 

chemical variation within felspathoid-bearing rocks in the U-DVB. 

Part 3 (chapters 7, 8 and 9) is largely interpretive and deals with the magmatic 

affinities and petrogenesis of felspathoid-bearing rocks in the U-DVB. Part 4 consists 

of tables, figures and Appendices. This part contains details of methods of 

investigation, analytical techniques, whole-rock major and trace element data, and 

CIPW norms of the analysed rocks. 
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1.5 LOCATION 

Iran is located in the middle of the Indonesian-Himalayan-Mediterranean mountain belt 

(Fig. 1.2) which separates the Eurasian Plate in the north from the Gondwanan plates to 

the south. The U-DVB links the major European and East Asian mountain ranges. 

Three widely separated areas of felspathoid-bearing rocks occur within this volcanic 

belt and provide the basis for the present study. These areas comprise the Islamic 

Peninsula, Aghda and Shahrbabak (Fig. 1.1). 

The Islamic Peninsula includes the stratovolcano of Saray which is located in 

northwestern part of the U-DVB and in the eastern part of Lake Urumiyeh between 

latitudes 37°44' and 37°56N and longitudes 45°24' and 45°35E (Fig. 1.1). The nearest 

major settlement is Tabriz which is approximately 70 km to the east-northeast. The 

stratovolcano is exposed over an elliptical area with approximate dimensions of 25 km 

north-south and 15 km east-west. 

The felspathoid-bearing rocks from the Aghda area are developed in the central part of 

the U-DVB between latitudes 32°9' and 32°19N and longitudes 53°7 and 53°18E 

(Fig. 1.1). The outcrops occur just to the north of the village of Qaleh-e-Khargushi 

which is approximately 45 km south of the city of Aghda, in the southwestern part of 

the province of Yazd. 

The Shahrbabak area is located in the southeastern part of the U-DVB and in the south-

southwestern Kerman province, between latitudes 30°22 and 30°34N and longitudes 

54°59'and 55°10'E (Fig. 1.1). 
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1.6 CLIMATE AND VEGETATION 

The U-DVB extends diagonally from the northwest to southeast of Iran (Fig. 1.1) with 

climatic changes due mainly to differences in latitude and elevation above sea level. 

Average data for altitude, rainfall and temperature in each of the three study areas are 

summarised in Table 1.1. Average temperatures in all three regions are moderate but 

maxima and minima are extreme and make field work in either summer or winter 

hazardous. All areas are rugged, sparsely vegetated and have variable rainfall with most 

precipitation occurring during winter and spring. The arid nature of the study areas 

coupled with the sparse vegetation provides excellent exposures of the felspathoid-

bearing units. 

1.7 IGNEOUS ROCK NOMENCLATURE 

Recently the International Union of Geological Sciences (KJGS) Subcommission on the 

Systematics of Igneous rocks published a systematic classification of plutonic and 

volcanic rocks based on modal mineral contents and chemical parameters (Le Bas and 

Streckeisen, 1991). The recommended scheme for volcanic rocks where the modal 

mineral contents cannot be determined accurately because of the microcrystalline, 

cryptocrystalline or even glassy texture of the groundmass is based on a plot of total 

alkalis versus silica (TAS) and this is the classification system used throughout this 

thesis. 

In addition, potassium contents in rocks from the Islamic Peninsula, Aghda and 

Shahrbabak are variable and on the basis of increasing K20 with increasing Si02 

(Peccerillo and Taylor, 1976; Wheller et al., 1987), rocks from these areas have been 

subdivided into four groups comprising the calcalkaline, high-K calcalkaline 
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shoshonitic and leucititic series. 

1.8 DATA PRESENTATION 

All sample numbers refer to material housed in the University of Wollongong. Major 

element analytical data for whole rocks and minerals are expressed as weight percent 

(wt%) and for classification purposes have been recalculated to 1 0 0 % on a volatile free 

basis. The original total is listed in Appendix D and trace element contents are 

expressed in parts per million (ppm). Total iron is reported as FeO for both whole rock 

and mineral analyses. 

Data calculation and plotting were achieved by using a variety of computer programs 

including, in particular, Geochemical Data Analysis (GDA; Sheraton and Simons, 

1988). Mg-number and C f f W norms were calculated with analyses normalised to 

100.00% on a volatile free basis and with the mole fraction of ferrous iron set at 0.80 

(Hughes and Hussey, 1976). Classification and end member calculations for pyroxene 

analyses were carried out using the computer program of Cebria G o m e z (1990). 
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CHAPTER 2 

TECTONIC SETTING 

2.1 INTRODUCTION 

Iran which is located in a collision zone between the Turan Plate to the north and the 

Arabian Plate to the southwest (Fig. 1.1) consists of a number of continental segments 

which are separated by major boundary faults. These continental segments differ in the 

nature of the sedimentary sequences developed, the timing of magmatic and 

metamorphic events and also in structural characteristics (Berberian and King, 1981). 

Throughout the Late Precambrian and Paleozoic, Iran was an extension of the Arabian 

Continental Platform, and thus a part of Gondwana. During the Late Paleozoic or Early 

Triassic it separated from the Gondwanan-Arabian Plate and collided with the Eurasian-

Turan Plate in the Late Triassic (Stocklin, 1974; Soffel and Forster, 1980; Davoudzadeh 

and Schmidt, 1982). Today, Iran forms a solid land-bridge between the old continental 

masses of Afro-Arabia and Eurasia (Stocklin, 1974) and is divided into several major 

structural zones comprising the Zagros Orogenic Belt, Central Iran Plate, Alborz Belt, 

Kopeh Dagh Fold Belt and East Iran Belt (Fig. 1.1; Alavi, 1991, 1994). 

The continental crust of Iran was metamorphosed, granitised, folded and faulted by the 

Pan Africa (Katangan) Orogeny of approximately 960-600 Ma. These metamorphosed 

orogenic rocks, which are poorly exposed, form the basement of the region (Stocklin, 

1968; Nabavi, 1976). The consolidation of the Precambrian basement of Iran was 

followed by a long period of remarkable tectonic calm from Early Cambrian to Middle 

Triassic. During this time, the whole region lacked major magmatism or folding and 
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comprised a relatively stable continental platform with epicontinental shelf deposits 

(Stocklin, 1968). 

Late Triassic-Late Jurassic volcanic activity produced tholeiitic basaltic lava flows in 

the Shemshak Formation of the Central Iran Plate and Alborz Belt. Cretaceous tectonic 

activity is divided into three phases comprising Late Neocomian-Albian, Late Santonian 

and Late Maastrichtian events. These phases were associated with episodic imbrication 

and emplacement of ophiolite-radiolarites along the Main Zagros Thrust Line and 

within the Central Iran Plate. These Mesozoic ophiolites have been interpreted as 

remnants of oceanic crust and are unconformably overlain by Paleocene-Eocene 

shallow water detrital strata (Pilger, 1971; Takin, 1972; Rico, 1974; Stocklin, 1974; 

1977; Alavi-Tehrani, 1975, 1976; Nabavi, 1976; Beloussov and Sholpo, 1976; 

Hushmand-Zadeh, 1977). Volcanism in the Central Iran Plate and Alborz Belt peaked 

during the Eocene but continued into the Neogene and Quaternary (Berberian and King, 

1981). 

2.2 ZAGROS OROGENIC BELT 

The Zagros Orogenic Belt trends northwest-southeast for about 2000 km from the East 

Anatolian Fault of eastern Turkey to the Oman Line in southern Iran and forms part of 

the extensive Alpine-Himalayan mountain range (Bushara, 1995). The Zagros Orogenic 

Belt formed due to an Early Mesozoic separation of the Iranian continental block from 

the rest of the Gondwana and subsequent northeast dipping subduction of the Neo-

Tethyan oceanic crust beneath the Iranian plate and final collision of the Afro-Arabian 

and Iranian plates (Takin, 1972; Crawford, 1972; Alavi, 1980; Berberian and King, 

1981; Sengor, 1984; Dercourt et al., 1986). 
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The Zagros Orogenic Belt is subdivided into the Zagros Fold-Thrust Belt, Sanandaj-

Sirjan Zone and Urumiyeh-Dokhtar Arc (also known as the Urumiyeh-Dokhtar 

Volcanic Belt). The Main Zagros Thrust Line separates the Sanandaj-Sirjan Zone from 

the Zagros Fold-Thrust Belt while the boundary of the Sanandaj-Sirjan Zone with the 

U-DVB to the northeast is characterised by a series of elongate structural depressions. 

Rock sequences (including ophiolite complexes) exposed along this boundary which is 

taken to be the suture between the Afro-Arabian and the Iranian plate are strongly 

dismembered, sheared and mylonitized (Alavi, 1994). This boundary is discussed in 

more detail in Section 2.2.2. 

2.2.1 Zagros Fold-Thrust Belt 

The Zagros Fold-Thrust Belt was defined by Falcon (1969) and consists of several 

sedimentary sequences which cover Precambrian metamorphic basement. This basement 

is an extension of the Proterozoic Arabian Shield which extends in a northeastward 

trending belt below the Persian Gulf-Mesopotamian basin, the Zagros Fold-Thrust Belt, 

and the Sanandaj-Sirjan Zone (Giesse et al., 1983). Davoudzadeh and Weber-

Diefenbach (1987) subdivided the 6-10 km thick sedimentary succession into three 

main units comprising: 

(a) a latest Precambrian to Late Palaeozoic succession of evaporate-dolomite 

units together with shallow, epicontinental shelf siliciclastic and 

carbonate rocks; 

(b) a succession of Carboniferous-Permian to Late Cretaceous continental 

shelf/platform carbonates; and 

(c) a sequence of latest Cretaceous to Recent synorogenic marine and nonmarine 

carbonates. 
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Structurally, the Zagros Fold-Thrust Belt is characterised by well developed northwest-

southeast trending, doubly plunging, simple parallel anticlines and synclines which were 

formed predominantly by flexural slip mechanisms (Colman-Sadd, 1978). 

2.2.2 Sanandaj-Sirjan Zone 

The Sanandaj-Sirjan Zone of Stocklin (1968), which equates to the Rezayeh-

Esfandagheh Belt of Takin (1972), lies to the southwest of the U-DVB. The zone has a 

width of 150-250 km, and has structural trends which are parallel to the rest of the 

Zagros orogenic elements. The northeastern part of the zone contains a series of well 

developed, elongated depressions that are parallel to the southwestern boundary of the 

U-DVB. 

Stocklin (1968) interpreted the Sanandaj-Sirjan Zone as a part of the Central Iran Plate, 

separated from the Zagros Fold-Trust Belt by the Main Zagros Thrust Line. The Main 

Zagros Thrust Line has been widely accepted as being the suture between the Afro-

Arabian and Iranian plates (e.g. Takin, 1972; Crawford, 1972; Berberian and King, 

1981; Sengor, 1990; Darvichzade, 1992), but according to Alavi (1980, 1994), the 

suture occurs along the boundary between the Sanandaj-Sirjan Zone and U-DVB rather 

than along the Main Zagros Thrust Line. 

The Sanandaj-Sirjan Zone consists of intricately folded and strongly faulted rock 

assemblages ranging in age from Precambrian to Holocene. Parts of these assemblages 

have been affected by at least three phases of regional metamorphism including one 

during the Precambrian and the other two during the Late Mesozoic (Alavi, 1980). 
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2.3 CENTRAL IRAN PLATE 

The Central Iran Plate is a roughly triangular area surrounded by the East Iran belt to 

the east, the Alborz Belt to the north, and the Sanandaj-Sirjan Zone to the southwest 

(Fig. 1.1; Stocklin, 1968). During the Precambrian and Paleozoic the Central Iran Plate 

was a part of the Arabian Plate and was separated from Eurasia by the Hercynian 

Ocean (Berberian and King, 1981). Central Iran was a stable platform during the 

Palaeozoic but tectonic activity in the Late Triassic produced a series of horsts and 

grabens between major faults (Stocklin, 1968). 

Late Palaeozoic rifting in the Arabia-Iran platform along the present line of the Main 

Zagros Thrust Line initiated separation and northward movement of Central Iran, and 

opened the Neo-Tethys Ocean in the south. During the Middle Triassic narrow troughs 

formed between the Tabas and Lut Blocks and the remainder of the Central Iran Plate 

(Fig. 1.1). The Neo-Tethys Ocean in this region started to close in the southwest 

towards the end of Cretaceous while the northern parts of this ocean largely closed up 

by the Eocene. 

Subduction of the Neo-Tethys Oceanic crust beneath the southern active margin of 

Central Iran (Sanandaj-Sirjan Zone) produced an Andean-type magmatic-arc during 

Mesozoic and possibly Tertiary times (Berberian F, 1981). Syntectonic regional 

greenschist facies metamorphism occurred along the southern margin of the Central 

Iran Plate during the Late Triassic and was accompanied by a strong compressional 

deformation of Triassic rocks in the region (Haghipour, 1974; Berberian, 1977). Late 

Triassic-Early Jurassic granitic intrusions are exposed along the Central Iranian active 

continental margins (Dimitrijevic, 1973; Berberian and Nogol, 1974; Sabzehei, 1974). 
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The Jurassic diorites and Cretaceous granites-diorites of the Alvand Batholith in the 

Hamedan area of the Sanandaj-Sirjan Zone are interpreted as subduction-related 

magmatism along the Sanandaj-Sirgan Zone (Berberian and Berberian, 1981). 

The northward movement of the Arabian Plate and northward subduction of the Neo-

Tethys Oceanic Crust led to the closure of the Neo-Tethys Ocean and collision of 

Arabia with Central Iran in the Late Cretaceous (Stocklin, 1974; Berberian and King, 

1981). 

2.4 VOLCANISM IN THE CENTRAL IRAN PLATE 

The Central Iran Plate has undergone several major orogenic episodes and is 

characterised by a series of syntectonic metamorphic and magmatic events which 

affected the southwestern margin, particularly during the Late Palaeozoic, Middle 

Triassic, Late Jurassic and Late Cretaceous (Berberian, 1983). 

Precambrian volcanic units are dominated by post-orogenic alkali rhyolite, rhyolitic 

tuff, and quartz porphyry of the Taknar Formation in the Kashmar region, northeastern 

Central Iran Plate, and the Rizu-Desu Series in the southeastern part of the plate 

(Forster et al., 1973). After a Middle Triassic compressional phase, the plate underwent 

tensional movements with initiation of this extensional phase being characterised by the 

emplacement of Late Triassic continental alkali basaltic lavas (Assereto, 1966). Belts of 

ophiolite-melange composed mainly of ultramafic rocks, pillow lavas, pelagic strata, 

and metamorphic rocks (Fig. 2.1) were developed during the Late Cretaceous, with the 

process of ophiolite emplacement continuing until the Late Maastrichtian (Sabzehei and 

Berberian, 1972; Stocklin, 1974, 1977; Stoneley, 1974, 1975). 
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The main mountain belts which formed during the Late Cretaceous orogenic 

movements controlled the development and evolution of volcanogenic sedimentary 

basins throughout the Eocene. Therefore, most of the main physiographic features of 

the Central Iran Plate were established by the Eocene. 

Tertiary volcanic activity in the Central Iran Plate has been reviewed by Crawford 

(1972), Dewey et al. (1973), Forster (1976), Alavi-Tehrani (1976) and Farhoudi (1978). 

The Tertiary volcanism in the Central Iran Plate was followed by Late Eocene tectonic 

events. Lava flows and tuffs with different compositions developed during the Neogene 

in the eastern Central Iran Plate, Azarbaijan (northwestern Central Iran Plate), and 

south of Quchan (northeastern Central Iran Plate). Neogene continental volcanism 

produced a thick sequence of both lava flows and pyroclastic rocks and volcanism 

culminated in the Pliocene-Pleistocene with the formation of large stratovolcanoes 

composed mainly of andesite, dacite and basalt, and with the intrusion of subvolcanic 

intermediate and felsic rocks. 

Volcanic activity in the Central Iran Plate is considered to be related to either 

subduction of the Arabian Plate under the Iranian Plate along the Main Zagros Thrust 

Line (Berberian and King, 1981) or melting and mobilisation of sialic crustal material 

during a rifting process (Takin, 1972; Amidi, 1975, 1977; Conrad et al., 1977). 

2.5 URUMIYEH-DOKHTAR VOLCANIC BELT (U-DVB) 

The U-DVB is the largest volcanic belt in Iran and runs parallel to the Sanandaj-Sirjan 

Zone and Zagros Fold-Thrust Belt, approximately 150 km northeast of the Zagros Main 

Thrust Line which marks the boundary between the Arabian and Central Iranian 
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continental plates (Berberian and King, 1981). Geomorphologically, the U-DVB 

comprises a mountain range with elevations up to 4420 m (Kuh-e-Hazard) separated 

from the Sanandaj-Sirjan Ranges by a continuous zone of depressions, including the 

Urumiyeh Lake, Tuzlu-Gol, Gavkhuni and Jazmurian depression of Iranian Baluchestan. 

Outcrops within the U-DVB comprise a wide variety of lithologies including granites, 

granodiorites, diorites and gabbros as well as widely distributed basaltic lava flows, 

trachybasalts (locally shoshonitic), andesites, dacites, trachytes and pyroclastic units. 

The Bouguer gravity map of Iran (Dehghani and Makris, 1983) shows negative 

anomalies of about -150 m Gal along the U-DVB and the calculated crustal thickness 

of 45-50 km, which is 5-10 km thicker than the average thickness, is probably related 

to the magmatic activity and northeastward thrust faulting (Alavi, 1994). 

2.5.1 Tectonic Setting of the Urumiyeh-Dokhtar Volcanic Belt 

The U-DVB comprises a distinctive, thick sequence of volcanic and subvolcanic units. 

Genesis of the belt has been controversial with several major tectono-magmatic models 

being proposed. One model favours continental rifting (Emami, 1981; Amidi et al., 

1984; Amidi and Michel, 1985) while another model relates genesis of the belt to Late 

Cretaceous continent-continent collision between Arabia and Central Iran (Stocklin, 

1974; Berberian and King, 1981). The most popular model, however, involves Andean-

type subduction of the Tethyan oceanic crust beneath the Central Iran Plate during the 

Tertiary to generate the volcanism (Berberian et al., 1982; Alavi, 1994). Evidence cited 

in support of this subduction-based model includes the presence of post-Paleogene 

calcalkaline plutons (Berberian F. 1981) and porphyry copper mineralisation in the U-

DVB (Shahabpour, 1982; Giesse et al., 1984, Hassanzadeh, 1993). 
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The youngest pelagic fossils incorporated in the Zagros ophiolites are Late Cretaceous 

in age which Berberian and King (1981) interpret as being indicative of the timing of 

ophiolite emplacement and thus the age of continent-continent collision. As suggested 

by Bird (1978) this age may merely record obduction of the offshore intraoceanic arc 

of the Zagros-Oman passive margin, while the rest of the oceanic crust still existed to 

be subducted beneath the Central Iran Plate during the Tertiary. A major problem with 

the model for Late Cretaceous closure of Tethys is that if no Tertiary Tethys Ocean 

was available for subsequent subduction, then post-Cretaceous opening of the Indian 

and Red Seas could not have been compensated by plate destruction, and would require 

an expanding Earth (Stocklin, 1983). 

Alavi (1994) noted that the peak magmatic activity in the U-DVB occurred during the 

Eocene. Geochemical data for Eocene-Oligocene alkaline volcanic rocks of the U-DVB 

presented in this thesis (section 8.3) are indicative of a subducted-related origin for 

these volcanic rocks. In addition, isotopic and geochemical data in the three study areas 

(Chapter 3, 6, 8) are not compatible with closure of the Tethyan Ocean during the Late 

Miocene which suggested by Berberian F. (1981) and Hassanzadeh (1993). 

A dextral strike-slip fault system has been proposed along the Main Zagros Thrust Line 

and the U-DVB. The cause of this faulting has been assumed to be the counter­

clockwise rotation of the Arabian Plate during the opening of the Red Sea and is 

therefore thought to have begun in the Miocene, not in the Late Cretaceous or Early 

Tertiary (Berberian, 1976). Several well exposed north-northwest dextral shears (e.g. 

Zephreh fault) have been mapped within the U-DVB (Stocklin and Nabavi, 1973). The 

en-echelon nature of these north-northwest faults indicates the presence of a major 
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northwest-striking, dextral shear between the crustal blocks on the northeast (Central 

Iran) and the southwest (Sanandaj-Sirjan). 
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CHAPTER 3 

GEOLOGICAL SETTING AND GEOCHRONOLOGY 

3.1 INTRODUCTION 

The three study areas consist mainly of Tertiary (post Late Eocene) volcanic rocks 

(Moine-Vaziri, 1985; Bina et al., 1986; Hassanzadeh, 1993) and field observations 

show that the mafic rocks are older than the felsic ones. Due to the relatively young 

age of the rocks and occurrence of sanidine, biotite and hornblende, the K-Ar method 

of isotopic dating was selected for age determination. This method is applicable to a 

wide range of minerals and rock types and is particularly useful for rocks of the age 

and composition encountered in the study areas (McDougall and Harrison, 1988). The 

K-Ar data are summarised in Table 3.1 and are integrated with other isotopic age data 

for the study areas. Results presented in this thesis are the first radiometric ages for the 

subvolcanic intrusions in the study areas. 

The stratigraphic relationships within each area are summarised in geological maps and 

stratigraphic tables and only units for which age-data are available are discussed in the 

text. 

3.2 ISLAMIC PENINSULA 

The Islamic Peninsula covers an area of approximately 360 km2 and is bounded by the 

Tabriz Fault in the north and Zarineh Fault in the south. Included in the area is the 

Late Miocene stratovolcano of Saray which is located in the eastern part of Urumiyeh 

Lake. This stratovolcano was formed during two major eruptive episodes which 



18 

produced deposits ranging from tephrite to trachyte in composition (Moine-Vaziri et al., 

1991). Products of the earlier cycle mainly comprise leucite-bearing tephrite lavas and 

pyroclastic units whereas the later cycle mainly produced phonotephrite lava together 

with leucite-bearing tephrite and phonolitic pyroclastic units. These eruptive cycles 

were followed by intrusion of leucite tephrite, leucitite-phonolite, trachyandesite and 

trachyte mainly as plugs and dykes. 

A major vertical fault trending almost east-west divides the stratovolcano into a 

northern and southern section (Fig. 3.1). The northern block has been upthrown an 

unknown amount and the fault truncates several units including the large trachyandesite 

plug at the centre of the volcano. Precise correlation between blocks on either side of 

the fault is not possible due to the lack of appropriate marker beds, but in general, the 

units exposed in the northern block are older than those exposed south of the fault. 

Nine stratigraphic units are recognised in the volcanic deposits and their distribution 

and stratigraphic relationships are summarised in Figures 3.1 and 3.2 respectively. The 

basal exposures of the volcanic pile consist of intercalations of leucite tephritic lava and 

pyroclastic breccia which crop out mainly in the northern exposures of the volcano 

(Fig. 3.1). Moine-Vaziri (1985) reported a whole-rock, K-Ar age of 7.8±0.29 Ma for 

this unit but on the basis of new K-Ar data for a trachyte dyke and trachyandesite plug 

(discussed below) this isotopic age appears to be too young. 

A trachyandesite plug is exposed in the centre of the stratovolcano and marks the 

position of the major eruptive vent, with all extensive extrusive units dipping 

essentially radially away from this area (Fig. 3.1). Similarly, many dykes trend radially 
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away from this plug. With the exception of several trachyte plugs and dykes, the 

trachyandesite is the youngest exposed unit of the stratovolcano. Analytical data for 

both sanidine and biotite from this unit are reported in Table 3.1. The biotite is very 

fresh as confirmed by the high content of K20 and, although the sanidine crystals are 

also very fresh, some phenocrysts have slightly corroded rims which reflects 

disequilibrium with the trachyandesite magma. The K-Ar dates for the coexisting 

sanidine and biotite differ by more than the analytical uncertainty and this discrepancy 

is presumed to reflect the incorporation of xenocrystic sanidine which gives a slightly 

older age than the biotite. Accordingly, the date for the biotite (8.0±2 Ma) is taken to 

represent the time of crystallisation of the unit. 

Trachyte dykes and plugs are widespread throughout the study area and intrude all 

other units of the Islamic Peninsula volcano. Leucitite-phonolite dykes are most 

common in the northern part of the volcano while trachytic dykes crop out mostly in 

the southern part of the stratovolcano. Many of these small intrusions show at least 

slight hydrothermal alteration but a dyke which crops out approximately 3 km southeast 

of the village of Agh-Gonbad (Fig. 3.1) has fresh, groundmass sanidine suitable for K-

Ar dating. The age of 6.5±1 Ma is taken to represent the time of crystallisation of the 

trachyte because of its concordance with field relationships and the K-Ar age of 

8.0±2 Ma for the older trachyandesite plug. 

The whole-rock, K-Ar age of 7.8±0.29 Ma obtained by Moine-Vaziri (1985) for the 

basal tephrite unit of the older eruptive cycle in the stratovolcano is discordant with the 

new K-Ar dates reported in Table 3.1 and the dated sample is presumed to have lost Ar 

to give an apparently young age. The new K-Ar dates show that the most recent 
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activity of the younger volcanic cycle continued until at least approximately 6.5 Ma. 

The major fault across the Islamic Peninsula volcano post-dates this activity. 

3.3 AGHDA 

The Aghda study area is composed of Eocene-Miocene volcanic rocks and occurs 

within the large Nain region which Amidi (1975) subdivided into four major zones 

comprising: 

1. a western zone composed of Paleozoic and Mesozoic sedimentary rocks; 

2. an eastern zone of Tertiary and Quaternary volcanic and intrusive rocks; 

3. a Palaeozoic metamorphic complex, together with Cretaceous volcanic and 

sedimentary rocks, (the latter are overlain by Palaeocene calcareous strata); 

and 

4. the Surk Zone which is characterised by the occurrence of melange and 

ophiolites. 

Aghda occurs in the eastern zone which is characterised by extensive magmatism, both 

in space and in time. Amidi (1975) and Bina et al. (1986) have subdivided the 

magmatic and metamorphic activity into several phases listed below. 

(a) Eocene and Miocene volcanic eruptions which produced lavas forming part 

of the present study and extensive pyroclastic deposits; 

(b) an Oligocene rhyolitic phase, involving production of rhyolitic lavas and 

pyroclastic units; 

(c) an Oligocene-Miocene volcanic and sedimentary phase, containing andesitic 

volcanic lavas and pyroclastic units; 

(d) Early Miocene greenschist facies metamorphic rocks; 
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(e) Middle Miocene plutonic masses; and 

if) Neogene continental and lagoonal deposits unconformably overlain by 

Pliocene and Pleistocene conglomerates. 

The Miocene volcanic sequence is subdivided into several units (Fig. 3.3) which 

generally have an east-west strike and a dip of between 30 and 40° towards the south 

(Fig. 3.3). A tephriphonolite lava approximately 150 m above the base of the measured 

section (Fig. 3.4) has a whole-rock, K-Ar age of 23.5±1.2 Ma (Table 3.1; Bina et al., 

1986). The unit contains large trapezohedra of analcime and pumpellyite which are 

interpreted to reflect ion-exchange pseudomorphous replacement of primary leucite, 

followed by zeolite facies metamorphism (Section 5.4). Formation of the 

pseudomorphous analcime and pumpellyite indicates extensive elemental migration in 

the unit and makes interpretation of the significance of the K-Ar difficult. Bina et al. 

(1986) recognised that the sequence had been metamorphosed and concluded that the 

K-Ar date recorded the timing of this metamorphic event rather than the age of 

crystallisation. A major potential problem with this interpretation, however, is that 

alteration produced by metamorphism of the style and grade encountered at Aghda is 

notoriously heterogeneous even on a small scale (Section 5.4.1) and thus is unlikely to 

produce re-equilibration of the K-Ar system during the metamorphic event. In this case 

the date does not necessarily record the age of the metamorphic event but may reflect 

some intermediate time between crystallisation and the peak of metamorphism. The K-

Ar date, however, does appear to indicate a minimum age for the lava and a maximum 

age for metamorphism. 

The only fresh, unequivocally magmatic material in the region suitable for K-Ar dating 
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is hornblende from a trachyandesite plug at Kuh-e-Mil in the northern part of the study 

area (Fig. 3.3). This plug intrudes the Eocene sequence recognised by Amidi (1975) but 

its relationship to the lavas overlying this part of the stratigraphy is unknown. The K-

Ar date of 15.7±1 Ma (Table 3.1) is interpreted as the age of emplacement of the plug. 

3.4 SHAHRBABAK 

The Shahrbabak study area is located in the Kerman region which Dimitrijevic (1973) 

subdivided into four major geological units comprising the: 

1. Rafsanjan Belt; 

2. Dehaj-Sarduiyeh Belt; 

3. Coloured Melange; and 

4. Sirjan Belt. 

Feldspathoid-bearing rocks occur in the Dehaj-Sarduiyeh Belt where a sequence of 

basaltic, andesitic and trachytic lavas and pyroclastic units and associated sedimentary 

strata are developed. This sequence is divided into three series comprising an Early 

Eocene volcanic series best developed in the southeastern part of belt, the Razak 

volcanic series which is developed in the northwestern part of the Shahrbabak area, and 

the Hezar volcanic series (Djokovic et al., 1973). Both the Razak and Hezar series were 

originally assigned an Eocene age by Dimitrijevic (1973) but more recent dating has 

shown that at least the Hezar series formed during the Oligocene (Hassanzadah, 1993). 

The Hezar series contains several undersaturated, K-rich units which form the basis for 

the present investigation. Volcanism and accompanying intrusive activity in the general 

region continued until the Pliocene. 

Isotopic dates determined by Hassanzadeh (1993) supplemented by two K-Ar dates 



23 

determined as part of the present investigation (Table 3.1; Fig. 3.5) provide a sound 

basis for understanding the timing of magmatic activity in the Shahrbabak region. The 

histogram of isotopic ages from the region (Fig. 3.5) omits the two Ar-Ar ages 

determined by Hassanzadeh (1993) for analcime because these are considered to be too 

young (Section 3.4.2). The isotopic data show that magmatic activity in the region 

occurred during four episodes comprising eruption of the Razak series, the Hezar series, 

Mid-Miocene volcanism and Late Miocene-Pliocene activity. 

3.4.1 Razak volcanic series 

Outcrops of the Razak series occur in the northern and eastern parts of the study area 

(Fig. 3.6) and consist of trachyte, trachyandesite and basaltic trachyandesite lava flows, 

tuff and breccia intercalated with calcareous marine strata containing Late Eocene 

fossils (Srdic et al., 1972). The sequence has undergone a pervasive albitization and 

silicification which are presumed to be essentially coeval with emplacement and to be 

related to hydrothermal alteration in a submarine environment (Hassanzadeh, 1993). An 

Ar-Ar isotopic age of 37.5±1.4 Ma for albite from a silicified trachyte lava (Table 3.1; 

sample MD30) is consistent with the Late Eocene stratigraphic age and is interpreted as 

the age of eruption (Hassanzadeh, 1993). 

3.4.2 Hezar volcanic series 

The Hezar series forms the upper part of the "Eocene" volcanic sequence of Srdic et al. 

(1972) and covers a large part of the Shahrbabak study area (Fig. 3.6). The succession 

comprises a series of mainly tephriphonolite lavas intercalated with less voluminous 

trachyandesite and andesite lavas, together with a few pyroclastic units (Fig. 3.7). 

Volcanic units of this series lack biotite and amphibole but are characterised by the 
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occurrence of large analcime pseudomorphs after leucite set in a groundmass rich in K-

feldspar (Section 4.4.1). 

Hassanzadeh (1993) reported several Ar-Ar dates and one Rb-Sr isotopic age for units 

from this series. Ages for two stratigraphically equivalent lavas (Table 3.1; samples JZ1 

and JZ3) gave a range of Ar-Ar dates which are generally younger than three more 

precise and restricted isotopic ages for a stratigraphically younger unit (sample FT3). 

The variable ages for samples JZ1 and JZ3 presumably reflect variable elemental 

exchange during pseudomorphous replacement of primary leucite by analcime (see 

Section 5.4) and do not record the age of crystallisation. In contrast, the isotopic data 

for the stratigraphically higher lava involving different isotopic systems and materials 

are concordant and reflect an age of approximately 29 Ma for the time of 

crystallisation. 

3.4.3 Mid-Miocene igneous activity 

Miocene igneous activity in the Shahrbabak region is characterised by the development 

of conspicuous calcalkaline domes, plugs and subvolcanic intrusions (Dimitrijevic, 

1973), and subordinate andesite lavas which unconformably overlie the Hezar series 

(Hassanzadeh, 1993). Hornblende from one of these andesite lavas yielded an Ar-Ar 

age of 19.3±0.4 Ma (Table 3.1, sample SH9). 

Hornblende and K-feldspar separates from a quartz monzonite intrusion yield Ar-Ar 

ages of 18.3±0.2 and 17.9±0.2 Ma respectively, and hornblende from another part of 

the intrusion gave an age of 16.9±0.2 Ma (Hassanzadeh, 1993; Table 3.1). The dacite 

plug of Kuh-e-Tezerej in the northeastern part of the study area (Fig. 3.6) contains 
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fresh biotite suitable for isotopic dating. Isotopic data yield an age of 16.4±1 Ma 

(Table 3.1) which is essentially coeval with mid-Miocene Ar-Ar dates for the andesite 

lava and quartz monzonite intrusion obtained by Hassanzadeh (1993). 

The isotopic ages for the plug and other subvolcanic intrusions in this region are 

indistinguishable from the K-Ar age of 15.7±1 Ma obtained for the trachyandesite plug 

at Kuh-e-Mil in the Aghda study area (Section 3.3). These dates indicate that felsic, 

calcalkaline magmatism was widespread in the U-DVB during the mid-Miocene. 

3.4.4 Late Miocene-Pliocene igneous activity 

Several large Late Miocene-Pliocene stratovolcanoes also occur in the Shahrbabak 

region. The largest of these, the Kuh-e-Masahim volcano, with a basal diameter of 

approximately 35 km occurs 30 km east of the study area. Three minerals from two 

samples from different stratigraphic levels in the volcanic pile have been dated by the 

Ar-Ar method and give concordant ages of 6.3±0.9, 6.8±0.4, and 6.4±0.8 Ma 

(Hassanzadeh, 1993; Table 3.1). Dating of fresh biotite from a trachyandesite intrusion 

northeast of Qotb-Abad (Fig. 3.6) yields an age of 6.5±1 Ma (Table 3.1) which is 

consistent with the field relationships and thus is interpreted as the age of intrusion. 

Further support for this interpretation is provided by the contemporaneity between the 

K-Ar date for the trachyandesite intrusion and the age of the Kuh-e-Masahim volcano. 

Biotite analyses from deposits of the Kuh-e-Madvar volcano 25 km southeast of the 

study area provide an Ar-Ar age of 2.8±0.2 Ma which probably marks the most recent 

episode of felsic calcalkaline magmatism in the region (Hassanzadeh, 1993; Table 3.1). 



26 



27 

CHAPTER 4 

PETROGRAPHY 

4.1 INTRODUCTION 

The felspathoid-bearing rocks from the U-DVB are petrographically diverse. Most of 

the Islamic Peninsula rocks are relatively fresh, porphyritic and holocrystalline. The 

rocks from the two other areas, however, have undergone slight secondary alteration, 

although in most cases the secondary minerals are too fine-grained for precise optical 

identification. Some phases of the extrusions are vesicular or amygdaloidal and many 

samples of the rocks of these study areas are altered with the development of a wide 

range of secondary minerals. Samples with minimal alteration have been chosen for the 

present study. Petrographic data for representative samples of the various intrusions 

and extrusions were determined by routine petrographic techniques. Modal data were 

obtained from 118 samples (Appendix B) and compositional data for the principal 

phases in 22 selected samples are listed in Appendix C. Chemical analyses of the major 

phases were carried out using a CAMEBAX Cameca electron microprobe. 

4.2 ISLAMIC PENINSULA 

Miocene rocks from the Islamic Peninsula occur as lavas, plugs, dykes and pyroclastic 

breccias. Based on the TAS diagram these extrusive and intrusive rocks are subdivided 

into tephrite, phonotephrite, basalt, trachyandesite and trachyte (Section 6.2). 

Texturally, most of the extrusive and intrusive rocks of the Islamic Peninsula are 

similar. They are holocrystalline and porphyritic with abundant phenocrysts of 
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pyroxene, leucite and sanidine while the groundmass is fine-grained, and shows an 

intergranular texture. In thin section most pyroxenes show normal zoning and some of 

them show oscillatory zoning. All phenocrysts of leucite are euhedral and show 

complex twinning (plate 1A). The less abundant primary minerals comprise biotite, 

apatite and titanomagnetite. Secondary chlorite, calcite, serpentine and zeolite also 

occur, mainly as pseudomorphs after olivine. 

4.2.1 Tephrite 

Petrographic data for tephrite samples from the Islamic Peninsula are listed in 

Table 4.1. Tephrite occurs as lavas, dykes, and pyroclastic units which crop out all over 

the study area, especially in the northern part of the stratovolcano. Tephrite samples are 

grey or dark brown in hand specimen. Petrographic evidence for alteration is limited, 

but some samples contain pseudomorphous replacements after olivine. Phenocrysts may 

be poikilitic and consist of leucite and pyroxene, together with pseudomorphs after 

olivine. These phenocrysts occur in a holocrystalline or cryptocrystalline groundmass. 

Diopside occurs both as phenocrysts and in the groundmass. It is the most abundant 

phenocrystic phase and occurs as green to pale yellow, euhedral to subhedral grains. 

The largest grains are 6.6 mm across but phenocrysts normally range between 2.0 and 

4.5 mm in size, and the size of diopside in the groundmass is between 0.2 and 0.6 mm. 

The majority of diopside phenocrysts are fresh and many grains contain inclusions of 

apatite, titanomagnetite and leucite which produce a sieve-like texture. Pyroxene 

phenocrysts also display simple and poly synthetic twinning. Diopside phenocrysts from 

the Islamic Peninsula show strong oscillatory zoning (plate 2). Phenocrysts range from 

Wo47 oEn4g 5Fs4 5 to Wo493En360Fs147 in composition (Fig. 4.1). 
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Leucite is the other abundant phenocryst. It occurs as white trapezohedra with a 

maximum dimension of 2.8 mm but most leucite phenocrysts range between 1.0 and 

2.3 mm across. Groundmass grains range between 0.02 and 0.8 mm in size. Leucite 

grains are mostly fresh, but in some samples they have been altered to a mixture of 

analcime and nepheline. 

Sanidine occurs as euhedral to subhedral grains which range between 1.5 and 2.5 mm 

in size. These crystals are mainly fresh, but some grains show kaolinite alteration. 

Phenocrysts display simple twinning, whereas groundmass grains are untwined 

microlites. In some samples (e.g. R14448 and R14449) sanidine occurs as thin rims 

around leucite phenocrysts and was formed by magmatic reaction. 

Olivine occurs as subhedral grains between 0.02 and 0.6 mm across. The cores of most 

grains are fresh but the margins of many olivine grains are altered. Titanomagnetite is 

common in all samples as phenocrysts, in the groundmass, as inclusions in mafic 

minerals, and as reaction products around olivine and biotite. 

Brown mica occurs in the groundmass as subhedral to anhedral grains, 0.02 to 0.5 mm 

long. Some grains are corroded and altered to chlorite and titanomagnetite. Brown mica 

is strongly pleochroic (X = brown, Y = Z = reddish brown) and in some samples (e.g. 

R14449, R14456, R14457 and R14458) it surrounds other minerals. Based on the 

pleochroism and associated minerals it is probably biotite. 

Fine-grained crystals of apatite occur as inclusions within pyroxene (e.g. R14450) and 

sanidine phenocrysts, and also occur as needles in the groundmass in some samples 
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(e.g. R14458). Secondary minerals comprise chlorite, calcite, serpentine and zeolite. 

Most of these secondary minerals occur as pseudomorphs after olivine, replace rims on 

biotite grains, or occur along joint surfaces and in small amygdales. 

4.2.2 Phonotephrite 

Petrographic data for phonotephrite samples from the Islamic Peninsula are listed in 

Table 4.2. These rocks are exposed in the form of pyroclastic units (R14453), dykes 

(R14460, R14445 and R14472) and lavas (R14461, R14467). The phonotephrite rocks 

of the Islamic Peninsula are grey and black in hand specimen, and have undergone only 

minor alteration. 

Samples of phonotephrite from the Islamic Peninsula are glomeroporphyritic with a 

fine-grained groundmass. Abundant phenocrysts of leucite, pyroxene and pseudomorphs 

after olivine are visible in hand specimen. The leucite is euhedral with a white colour; 

pyroxene phenocrysts are also euhedral but are green to black in colour; and 

pseudomorphs after olivine are anhedral with a brown colour. 

Diopside occurs both as a phenocryst and in the groundmass. Phenocrysts are greenish, 

pale-yellow and euhedral to subhedral, zoned, commonly contain inclusions of apatite 

and titanomagnetite, and some have corroded crystal margins (e.g. R14461). The grain 

size of diopside phenocrysts ranges between 1.5 and 5.9 mm. Diopside phenocrysts are 

less abundant in phonotephrite than in tephrite and basalt from the Islamic Peninsula. 

Diopside grains range from Wo47 5En43 4Fs9, to Wo487En389Fs124 in composition 

(Fig. 4.2). 
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Leucite phenocrysts are euhedral and some have been altered to nepheline and analcime 

(e.g. R14453, R14467). Leucite phenocrysts normally range between 1.0 and 2.4 mm in 

size and commonly contain inclusions of titanomagnetite and pyroxene. 

Sanidine crystals are simply twinned and occur as small phenocrysts and, more 

commonly, as laths in the groundmass. Phenocrysts range between 1.0 and 1.4 mm in 

size and show slight alteration to kaolinite. 

Biotite crystals are subhedral to anhedral in shape, brown in colour and contain 

titanomagnetite inclusions. The grain size ranges between 0.02 and 0.4 mm and some 

grains have been partially altered to chlorite. The margins of many biotite grains are 

dark and rounded, which may indicate some resorption. Other minor components of the 

groundmass comprise titanomagnetite, apatite, calcite, zeolite and chlorite. 

4.2.3 Basalt 

Petrographic data for basalt dykes from the Islamic Peninsula are listed in Table 4.3. 

Samples are porphyritic, holocrystalline and grey to greenish grey in colour. Diopside is 

the dominant phase followed in decreasing order of abundance by leucite, biotite and 

olivine. The maximum dimension of diopside phenocrysts is approximately 20 mm. 

Groundmass grains are less than 0.4 mm across and consist of diopside, leucite, biotite, 

titanomagnetite, accessory apatite, together with secondary chlorite and calcite. 

Diopside occurs as euhedral to subhedral, yellowish green grains. Phenocrysts display 

simple and multiple twinning, and have a compositional range of Wo475En495Fs30 to 

Wo492En410Fs9g (Fig. 4.3). 
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Leucite is the other abundant phenocrystic phase. It is euhedral in shape and lacks 

complex twinning because most grains have been altered to sanidine and analcime. 

Biotite occurs as an anhedral groundmass phase, commonly surrounding other minerals. 

4.2.4 Trachyandesite 

Petrographic data for trachyandesite samples from the Islamic Peninsula are listed in 

Table 4.4. Trachyandesite occurs mainly as plugs (e.g. R14698), but also occurs as 

blocks in some pyroclastic units. Samples are grey in hand specimen, fresh, and 

glomeroporphyritic with a fine-grained groundmass. Phenocrysts comprise sanidine, 

pyroxene and biotite. 

Diopside phenocrysts occur as yellowish green, euhedral to subhedral grains between 

1.3 and 3.6 mm in size and which show both polysynthetic and simple twinning. 

Phenocrysts range from Wo47 7En45 2Fs7, to Wo495En354Fs15, in composition (Fig. 4.4). 

Euhedral to subhedral sanidine grains are the main phenocrystic phase, and also occur 

as a major constituent of the groundmass where they define a flow foliation. At the 

summit of the trachyandesite plug located between the Saray and Agh-Gonbad Valleys 

(Fig. 3.1), abundant large (15 mm in length) sanidine phenocrysts show evidence of 

resorption and reaction around the grain rims and are probably xenocrystic in origin. 

These sanidine phenocrysts range between Or62g and Or729 in composition (Fig. 4.5). 

Biotite occurs as a common euhedral to subhedral, strongly pleochroic (X = pale-

brown, Y = Z = brown) phase between 1.2 and 4.4 mm in size. Equant, subhedral 

titanomagnetite grains occur as phenocrysts and in the groundmass. Other minor 
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constituents include calcite and sericite. 

4.2.5 Trachyte 

Petrographic data for trachyte exposed as plugs and dykes (e.g. R14465) are listed in 

Table 4.5. Trachyte samples are light grey in colour and mostly fresh with a 

glomeroporphyritic texture and a holocrystalline groundmass. Phenocrysts comprise 

large crystals of sanidine, clinopyroxene and biotite. 

Prismatic phenocrysts of clinopyroxene are greenish or pale yellow in colour, range 

between 1.0 and 2.5 mm in size and commonly contain inclusions of apatite and 

titanomagnetite. In some instances phenocrysts show partial alteration to uralite. 

clinopyroxene also occurs in the groundmass. 

Euhedral sanidine crystals are a major phenocrystic phase and are also a common 

groundmass component where they define a flow foliation. The sanidine crystals are 

simply twinned and generally fresh but some grains show a slight alteration to kaolinite 

(e.g. R14445). They range from 1.5 to 8.9 mm in length and commonly contain 

inclusions of titanomagnetite and pyroxene. 

Euhedral to subhedral biotite grains occur as a minor phase in trachyte samples from 

the Islamic Peninsula. All grains are strongly pleochroic (X = brown, Y = Z = dark 

brown), and are rimmed by titanomagnetite. The phenocrysts range between 1.0 and 

5.3 mm in size. Equant grains of titanomagnetite between 0.01 and 0.9 mm in size 

occur in the groundmass. Accessory minerals include zircon, sphene and apatite. Calcite 

and kaolinite occur as secondary minerals in the groundmass. 
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4.3 AGHDA 

On the basis of contents of silica and total alkalis (TAS) the rocks of the Aghda region 

are subdivided into phonotephrite, tephriphonolite, phonolite, basaltic trachyandesite, 

trachyandesite, trachyte and rhyolite (Section 6.3). These rocks types were emplaced as 

lavas, pyroclastic units, plugs and dykes. 

4.3.1 Phonotephrite 

Petrographic data for phonotephrite are summarised in Table 4.6. The phonotephrite 

rocks occur as lavas which are slightly altered, holocrystalline, glomeroporphyritic and 

have a fine-grained groundmass. Samples are black to greenish grey in hand specimen, 

and contain euhedral to subhedral, black to green phenocrysts of diopside, white 

plagioclase, pale green to pale brown analcime, and anhedral, black to brown 

pseudomorphs after olivine. 

Diopside phenocrysts occur as pale yellowish, subhedral to anhedral grains between 1.6 

and 5.4 mm in size. Most phenocrysts are fresh and show simple twinning, 

compositional zoning and have inclusions of titanomagnetite and apatite. In some 

instances the crystal margins are corroded. Diopside phenocrysts range from 

Wo47gEn4Q0Fs122 to Wo467En346Fslg7 in composition (Fig. 4.2). 

Sanidine occurs both as phenocrysts and in the groundmass and many grains show at 

least partial alteration to kaolinite and sericite. Sanidine is the dominant felsic mineral 

in phonotephrite from the Aghda region. Phenocrysts range between 1.0 and 5.9 mm in 

size, show simple twinning and range from Or747 to Or77g in composition (Fig. 4.6). 
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Plagioclase is mostly euhedral to subhedral in shape with many grains showing partial 

alteration of the more calcic cores to sericite, calcite and zeolite. Plagioclase crystals 

range between 2.0 and 5.7 mm in length and commonly show polysynthetic twinning. 

The composition ranges from cores of An74, to rims of An682 (Fig. 4.6). Small 

inclusions of Fe-Ti oxide and pyroxene occur in many plagioclase phenocrysts. 

Analcime occurs as trapezohedra between 3.0 and 8.9 mm across and contains 

inclusions of plagioclase, pyroxene, Fe-Ti oxide and apatite. Some analcime crystals 

show a relict complex twinning and their origin by pseudomorphous replacement of 

primary leucite is discussed in Section 5.4. 

Biotite is a minor constituent of the groundmass and occurs as subhedral to anhedral, 

brown flakes which are partly altered to chlorite. Olivine occurs as greenish, subhedral 

grains between 0.1 and 0.6 mm in size. The cores are fresh but alteration to serpentine 

and iddingsite around the margins and along fractures is common. Other minor phases 

present in samples of phonotephrite include apatite, Fe-Ti oxide and secondary calcite, 

zeolite, epidote, sericite and chlorite. 

4.3.2 Tephriphonolite 

Petrographic data for tephriphonolite from Aghda are summarised in Table 4.7. Hand 

specimens are brown or greenish grey in colour and contain prominent large 

trapezohedra of analcime and pumpellyite, together with phenocrysts of sanidine, 

plagioclase and diopside. These rocks are holocrystalline and glomeroporphyritic with a 

fine-grained groundmass consisting of biotite, nepheline, olivine, titanomagnetite, 

apatite, and secondary prehnite, zeolite, sericite and kaolinite. 
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Spectacular large trapezohedra composed of single crystals of analcime or aggregates of 

pumpellyite occur in the tephriphonolite lavas from Aghda. Both pumpellyite and 

analcime crystals display a euhedral, cubic trapezohedral form and are up to 3 cm in 

diameter, and collectively the large crystals may comprise up to approximately 40% of 

the host unit. Trapezohedra released from the lavas are concentrated on the tops of 

these units during weathering and erosion. Detailed description and discussion of the 

origin of these trapezohedra are presented in Section 5.4. 

Diopside occurs as euhedral to subhedral, pale-yellowish and purplish grains both as 

phenocrysts and in the groundmass. The majority of diopside phenocrysts are fresh, 

range from 1.0 to 2.7 mm in size and display simple twinning. Inclusions of 

titanomagnetite, sanidine and apatite are common. Phenocrysts range from 

Wo469En3g ,Fs150 to Wo469En32gFs203 in composition (Fig. 4.7). 

Sanidine occurs as euhedral to subhedral phenocrysts between 1.5 and 3.9 mm in 

length, and it is also the major constituent of the groundmass. Some grains show slight 

alteration to kaolinite and the phenocrysts range between Or746 and Or9gl in 

composition (Fig. 4.8). Plagioclase also occurs both as phenocrystic grains between 1.0 

and 5.9 mm in length and also as small, euhedral to anhedral crystals in the 

groundmass. Prominent alteration to sericite, kaolinite and carbonate is restricted to the 

cores but all plagioclase grains have been albitised as shown by the compositional 

range from An39 to Ang5 (Fig. 4.8). Biotite and Fe-Ti oxide inclusions are common in 

plagioclase phenocrysts. Albite twinning is the dominant twin type, but a few grains 

also display pericline twinning. Biotite occurs as subhedral to anhedral grains which are 

strongly pleochroic (X = pale-brown, Y = Z = brown). The size ranges from 0.1 to 
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0.9 mm with an average size of 0.5 mm. Some grains are corroded at the crystal 

margins. 

4.3.3 Phonolite 

Petrographic data for phonolite lavas and dykes from Aghda are summarised in 

Table 4.8. Some samples contain vesicles infilled with epidote, calcite and zeolite but 

the amygdales rarely exceed 10% of the volume of the rock. In general, samples of 

phonolite from Aghda are red to brown in colour and are holocrystalline with 

glomeroporphyritic aggregates set in a fine-grained to microcrystalline groundmass. 

Sanidine is normally the most abundant phenocrystic and groundmass phase in these 

rocks, with groundmass laths comprising up to approximately 85% of the sample. 

Alteration to kaolinite and sericite is common in some grains. Sanidine phenocrysts 

range between 2.0 and 7.7 mm in length and commonly display simple twinning. 

Plagioclase occurs as euhedral to subhedral grains between 1.0 and 6.0 mm in length. 

Polysynthetic twinning is common and some grains show at least partial alteration to 

sericite and carbonate. 

Euhedral phenocrysts of diopside are pale-yellowish to greenish in colour and range 

between 1.5 and 3.8 mm in size. Inclusion of apatite, titanomagnetite and sanidine are 

common. Equant, subhedral, beige-coloured analcime grains which range between 1.5 

and 3.0 mm in size are also common. These have replaced primary leucite 

(Section 5.4). Small, equant grains of titanomagnetite are common throughout the 

groundmass. Other minor constituents comprise biotite and apatite, together with 

secondary calcite, zeolite, sericite, epidote and chlorite. 



38 

4.3.4 Basaltic trachyandesite 

Petrographic data for samples of basaltic trachyandesite lavas are summarised in 

Table 4.9. Some areas of exposure of this lithology show evidence of alteration with 

the development of abundant epidote, which occurs in masses up to 10 cm across, 

together with veins containing native copper and zeolites. Fresh samples are 

holocrystalline and porphyritic with phenocrysts of pyroxene, feldspars and nepheline 

set in a fine-grained groundmass of feldspars, diopside, biotite olivine and Fe-Ti oxides. 

Diopside phenocrysts are yellowish, euhedral to subhedral, between 2.0 and 4.0 mm 

across and display simple twinning. Most of the phenocrysts exhibit zoning and contain 

inclusions of apatite and titanomagnetite. The groundmass grains occur as anhedral 

grains and are untwined. Diopside phenocrysts range from Wo461En389Fs150 to 

Wo469En340Fs19 j in composition (Fig. 4.4). 

Sanidine occurs as euhedral to subhedral phenocrysts between 1.0 and 3.6 mm in length 

and it also is the major constituent of the groundmass. Some sanidine phenocrysts show 

slight alteration to kaolinite, and inclusions of titanomagnetite are common. The 

composition of sanidine ranges from Or764 to Or877 (Fig. 4.9). 

Plagioclase occurs as euhedral to subhedral grains between 2.0 and 5.0 mm long and 

have polysynthetic twinning. In some samples plagioclase phenocrysts have been 

partially altered to sericite with the core region showing the most extensive alteration. 

Compositions range from An60g to An624 (Fig. 4.9). In some samples (e.g. R14488) 

phenocrysts are rimmed by sanidine. 
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Nepheline phenocrysts are euhedral grains between 1.0 and 3.2 mm long. The nepheline 

phenocrysts comprise between 4.0 and 10.2% (by volume) of the rock. Biotite occurs as 

anhedral grains in the groundmass and have a mean grain size of 0.5 mm. Some grains 

are corroded (R14481) and have very dark brown rims. Equant, subhedral grains of Fe-

Ti oxide between 0.01 and 0.8 mm across occur in the groundmass and comprise 

between 0.5 and 3.5% of the total rock volume. Secondary minerals comprise about 

5.5% of the total volume and consist of calcite, sericite, zeolite and epidote. 

4.3.5 Trachyandesite 

Trachyandesite samples are exposed both as lavas and plugs. Petrographic data are 

summarised in Table 4.10. Samples of trachyandesite are fresh, light grey in colour, 

and porphyritic with phenocrysts of hornblende, sanidine and plagioclase set in a fine­

grained, holocrystalline groundmass. 

Sanidine phenocrysts occur as laths between 2.0 and 4.8 mm long. Some phenocrysts 

are slightly altered to kaolinite and most grains exhibit simple twinning. Plagioclase is 

the main felsic mineral in samples of trachyandesite and occurs as euhedral to 

subhedral grains both as phenocrysts and in the groundmass. Plagioclase phenocrysts 

range between 1.5 and 5.0 mm in length and commonly show polysynthetic twinning 

and oscillatory zoning (plate IB). Some grains are slightly altered to sericite and 

titanomagnetite inclusions are common. 

The main mafic mineral in trachyandesite samples is hornblende which occurs as green, 

prismatic crystals which range between 1.0 and 3.4 mm long. Most phenocrysts are 

fresh and inclusions of titanomagnetite and apatite are common. The only other mafic 
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minerals are biotite and Fe-Ti oxide which occur as subhedral to anhedral grains in the 

groundmass. Apatite occurs both as inclusions within phenocrysts and also as needles in 

the groundmass of some samples. 

Secondary minerals comprising calcite, sericite, zeolite and kaolinite constitute 9.9% of 

the total rock volume. Calcite and zeolite minerals occur mainly in cavities and along 

joints. 

4.3.6 Trachyte 

Petrographic data for trachyte which occurs as lavas and dykes all over the study area 

are summarised in Table 4.11. These rocks are porphyritic with phenocrysts of sanidine, 

clinopyroxene, nepheline and plagioclase set in a holocrystalline, fine-grained, often 

microlitic groundmass. In hand specimen trachyte samples are brown and grey in 

colour, and may be vesicular or amygdaloidal with aggregates of epidote and zeolite 

(e.g. R14489). 

Phenocrystic sanidine grains are euhedral to subhedral in shape, between 1.5 and 

6.8 mm long and display simple twinning. Some crystals have been altered to sericite 

and kaolinite and commonly contain inclusions of Fe-Ti oxide. Small laths of sanidine 

are by far the most voluminous constituent of the groundmass. Plagioclase also occurs 

as euhedral to subhedral phenocrysts up to 5.0 mm in size, and commonly displays 

polysynthetic twinning. These phenocrysts contain small inclusions of titanomagnetite 

and show partial alteration to epidote and sericite. A few phenocrysts of euhedral to 

anhedral and zoned grains of clinopyroxene also occur in trachyte samples. 
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Biotite crystals occur as anhedral, pleochroic (X = pale-yellow, Y = Z = red-brown) 

grains in the groundmass. Titanomagnetite grains are anhedral, range between 0.01 and 

1.0 mm across and comprise between 0.5 and 6.2% of the total rock volume. Other 

minor constituents comprise secondary calcite, epidote, zeolite and chlorite. 

4.3.7 Rhyolite 

Petrographic data for rhyolite lavas from Aghda are summarised in Table 4.12. Samples 

are white or grey in colour and consist of phenocrysts of quartz, K-feldspar and 

plagioclase set in a holocrystalline, fine-grained groundmass. K-feldspar is the major 

constituent and occurs as subhedral to anhedral phenocrysts between 1.5 and 4 mm 

long and as small laths in the groundmass. Phenocrysts contain inclusions of 

titanomagnetite and some grains have been altered to kaolinite. Plagioclase phenocrysts 

occur as euhedral to subhedral grains up to 6.3 mm long and have common 

polysynthetic twinning. Some phenocrysts have been partially altered to sericite. Quartz 

occurs both as a phenocrystic phase and in the groundmass. 

Biotite and titanomagnetite occur as subhedral grains which constitute a minor part of 

the groundmass. Zircon is the accessory phase while secondary calcite, sericite and 

zeolite make up about 1.3% of the total rock volume. 

4.4 SHAHRBABAK 

On the basis of the total alkalis versus silica plot (TAS), the intrusive and extrusive 

rocks of Shahrbabak are subdivided into tephriphonolite, basalt, trachybasalt, basaltic 

trachyandesite, trachyandesite, trachyte and dacite (Section 6.4). These lithologies occur 

as lavas, plugs, dykes and pyroclastic units. 
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Texturally, most of these rocks are similar with abundant phenocrysts of pyroxene, 

plagioclase, sanidine and less common biotite, olivine and hornblende. In addition to 

these minerals, the groundmass also contains apatite and titanomagnetite together with 

secondary minerals including large trapezohedra of analcime and small grains of 

calcite, epidote, zeolite, chlorite, kaolinite and sericite. 

4.4.1 Tephriphonolite 

Petrographic data for tephriphonolite are summarised in Table 4.13. In the Shahrbabak 

region, the tephriphonolite rocks are interbedded with altered trachyandesite and are 

greenish grey to black in colour. Samples consist of phenocrysts of diopside, sanidine, 

plagioclase, nepheline and abundant analcime which originated by pseudomorphs 

replacement of primary leucite (Section 5.4). The groundmass is holocrystalline and 

fine-grained. 

Phenocrystic and groundmass diopside grains are almost colourless with a greenish tint. 

The phenocrysts of diopside are euhedral to subhedral grains with a maximum 

dimension of 2.5 mm. Some grains have ragged edges due to resorption (e.g. R14535 

and R14544) and most show minor compositional zoning (e.g. R14531 and R14541) 

and have inclusions of titanomagnetite and apatite. Clinopyroxene phenocrysts range 

from Wo47gEn3ggFs,34 to Wo456En357Fs]87 in composition (Fig. 4.7). 

Sanidine is the most abundant phase in the tephriphonolite rocks and occurs both as 

euhedral phenocrysts up to 5 mm long and as abundant, small laths in the groundmass. 

Most phenocrysts show at least partial alteration to kaolinite and sericite and commonly 

contain inclusions of titanomagnetite and apatite. Sanidine compositions range from 
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Or627 to Or93g (Fig. 4.10). 

Plagioclase occurs as euhedral to subhedral phenocrysts between 1.2 and 5.8 mm long. 

Twinning according to the albite and albite-Carlsbad laws is common and thin rims of 

sanidine occur on many phenocrysts. Compositions of fresh plagioclase crystals range 

from An50g3 to An592 but some samples contain albitised grains (Fig. 4.10). 

Analcime occurs as abundant trapezohedra between 5.0 and 30.0 mm in size and are 

greenish and pinkish in colour. These trapezohedra differ in size and abundance 

throughout the study area, with those in the south being larger and more numerous than 

those in the north. In the southernmost part of the study area trapezohedra of analcime 

have been released from the groundmass during weathering and erosion. Collectively, 

the large crystals may comprise up to 30% of the host unit and all crystals contain 

abundant inclusions of plagioclase, pyroxene and titanomagnetite. Some analcime 

trapezohedra show a relict complex twinning (e.g. R14541 and R14557). 

Nepheline phenocrysts are euhedral to subhedral grains with a maximum dimension of 

2.5 mm. Crystals are cloudy in thin section and most show evidence of alteration (e.g. 

R14540, R14544 and R14551). 

Anhedral grains of titanomagnetite occur both in the groundmass and as inclusions in 

other minerals in tephriphonolite samples. Most of the grain edges are rounded which 

may indicate some resorption. The grains range between 0.01 and 1.0 mm in size. 

Apatite is the only accessory phase and occurs as needles in the groundmass and as 

small inclusions in other phases. 
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Secondary minerals including calcite, sericite, zeolite, kaolin, chlorite and epidote 

comprise about 4.4% of the total rock volume. Calcite and zeolite minerals occur 

mainly as amygdales and fillings along joint surfaces. 

4.4.2 Basalt 

Petrographic data for basalt samples from Shahrbabak area are summarised in 

Table 4.14. All samples are dark grey in hand specimen and are porphyritic with a 

holocrystalline groundmass. Phenocrysts comprise about 34.5% of the total rock volume 

and consist mainly of olivine, diopside, plagioclase and K-feldspar. Plagioclase crystals 

are the dominant phase, followed in decreasing order of abundance by sanidine, 

diopside, and olivine. 

Diopside occurs both as phenocrysts and in the groundmass. Most phenocrysts are 

yellowish, euhedral to subhedral in shape and between 1.0 and 5.4 mm in size. Some 

grains contain inclusions of titanomagnetite and plagioclase, and most grains display 

simple twinning. Diopside phenocrysts range from Wo465En399Fs,36 to Wo469En377Fs154 

in composition (Fig. 4.3). 

Plagioclase is the most abundant felsic phenocrystic phase in basalt from Shahrbabak 

and occurs as euhedral to subhedral phenocrysts between 2.0 and 4.6 mm in length and 

as small laths in the groundmass. Most phenocrysts contain titanomagnetite inclusions 

and grains are generally fresh although a few exhibit minor alteration to sericite. Albite 

and Carlsbad twinning occur in most of the samples as does oscillatory zoning. The 

composition of plagioclase phenocrysts ranges from Ang41 to An383 (Fig. 4.11). 

Sanidine phenocrysts are subhedral with simple twinning. The size of sanidine 
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phenocrysts is between 1.0 and 2.5 mm. The composition of the phenocrysts ranges 

from Or375 to Or446 (Fig. 4.11). 

Olivine usually occurs as greenish, subhedral grains with curved fractures and between 

1.3 and 2.8 mm across. The margins of olivine phenocrysts have been altered to 

iddingsite and serpentine whereas the cores are fresh. Olivine ranges from Fo719 to 

Fo72, in composition (Appendix C). 

Titanomagnetite occurs as anhedral crystals scattered throughout the groundmass and as 

inclusions in the other minerals. Secondary minerals comprise chlorite and sericite, and 

pseudomorphs of iddingsite and serpentine after olivine. 

4.4.3 Trachybasalt 

Petrographic data for samples of trachybasalt lavas from Shahrbabak region are 

summarised in Table 4.15. All samples are dark grey to black in hand specimen and are 

porphyritic with a holocrystalline groundmass. Phenocrysts comprise approximately 

30% of the total rock volume and consist of plagioclase, diopside, sanidine and olivine. 

Diopside phenocrysts are pale yellow in colour, euhedral to subhedral in shape and 

range between 1.5 and 3.7 mm in size. They show oscillatory zoning and contain 

inclusions of titanomagnetite and apatite. The composition of the diopside phenocrysts 

ranges from Wo46^ gFsg 3 to Wo479En327Fs,94 (Fig. 4.12). 

Plagioclase is the most abundant phenocrystic and groundmass phase and occurs as 

euhedral to subhedral phenocrysts between 1.0 and 2.0 mm in length and as small laths 
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in the groundmass. A flow foliation is defined by alignment of both phenocrystic and 

groundmass grains. Most phenocrystic grains show albite and Carlsbad twinning and 

also exhibit oscillatory zoning. Some plagioclase phenocrysts have corroded cores and 

inclusions of apatite. Most grains are fresh but some show alteration to sericite and 

calcite. Phenocrysts range from Anlg7 to An576 in composition (Fig. 4.13). 

Sanidine occurs as euhedral to subhedral, mainly fresh, simply twinned grains between 

1.5 and 2.2 mm long. Other primary minerals comprise olivine and titanomagnetite. 

Olivine crystals from the southern part of study area are fresh and green with a 

maximum dimension of 2.5 mm, but most olivine grains from the northern part of the 

area have been completely pseudomorphed by iddingsite and serpentine. 

Titanomagnetite occurs as subhedral, equant grains crystals scattered throughout the 

groundmass of trachybasalt samples. Secondary minerals comprise calcite, chlorite, 

iddingsite and serpentine. 

4.4.4 Basaltic trachyandesite 

Petrographic data for basaltic trachyandesite lavas from Shahrbabak are summarised in 

Table 4.16. Samples are brown to black in hand specimen and contain abundant 

phenocrysts of pyroxene and plagioclase. Some of the samples are vesicular or 

amygdaloidal, with the amygdales composed of calcite and zeolite (e.g. R14538, 

R14537), but the cavities or amygdales rarely exceed 15% by volume of the rocks. The 

groundmass is holocrystalline and composed of fine-grained feldspars, olivine and Fe-

Ti oxide. A well-developed flow foliation is defined by alignment of groundmass 

feldspar laths in some samples (e.g. R14549). 
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Diopside occurs as yellow to greenish, subhedral phenocrysts with a maximum 

dimension of 4.5 mm. Simple twinning and inclusions of titanomagnetite and apatite 

are common. Plagioclase is the dominant felsic mineral in samples of basaltic 

trachyandesite and occurs both as euhedral to subhedral phenocrysts and as laths in the 

groundmass. Phenocrysts range between 2.0 and 4.2 mm in size and are commonly 

zoned and twinned according to the albite and Carlsbad laws. Some plagioclase crystals 

are partially altered to sericite and carbonate. Inclusions of titanomagnetite are present 

in some plagioclase phenocrysts (e.g. R14553). Sanidine also occurs both as a 

phenocrystic and groundmass phase but most grains have been altered to kaolinite. 

Other primary minerals comprise titanomagnetite and accessory apatite. Secondary 

minerals include calcite, zeolite, chlorite, sericite, kaolinite and pseudomorphs of 

serpentine and iddingsite after olivine. 

4.4.5 Trachyandesite 

Petrographic data for trachyandesite lavas and small, subvolcanic intrusions from 

Shahrbabak are summarised in Table 4.17. Samples are greenish grey and brown in 

hand specimen and are glomeroporphyritic with prominent aggregates of feldspar 

phenocrysts set in a holocrystalline, fine-grained groundmass. 

Diopside phenocrysts are relatively rare and occur as yellowish, subhedral grains which 

range between 1.2 and 1.8 mm in size. Plagioclase is the major constituent of 

trachyandesite samples from Shahrbabak and occurs as euhedral to subhedral 

phenocrysts between 1.0 and 1.7 mm long and as small laths in the groundmass. 

Phenocrysts commonly show albite, Carlsbad and pericline twinning and oscillatory 



48 

zoning. In some samples (e.g. R14554), plagioclase phenocrysts are grouped into 

aggregates producing a glomeroporphyritic texture. The composition of the plagioclase 

grains ranges from Ang2 to An515 (Fig. 4.14) but the more anorthite-poor compositions 

probably reflect partial albitisation. 

Sanidine is a common constituent in trachyandesite samples and occurs both as 

euhedral to subhedral phenocrysts up to 3.4 mm long, and as small laths in the 

groundmass. Sanidine also occurs as thin rims around plagioclase phenocrysts in some 

samples (e.g. R14517, R14554). Many grains show simple twinning and are fresh but 

some grains show partial alteration to kaolinite. The composition of the sanidine grains 

ranges from Or563 to Or929 (Fig. 4.14). 

Hornblende is the dominant mafic mineral in most samples of trachyandesite (e.g. 

R15757) and occurs as green prisms up to 2.5 mm long which have altered rims. 

Titanomagnetite grains are equant and subhedral with a maximum dimension of 

0.8 mm. Primary accessory phases comprise apatite and zircon which usually occur as 

inclusions in the phenocrystic phases. Secondary minerals include calcite, sericite, 

epidote, zeolite and chlorite. 

4.4.6 Trachyte 

Trachytic rocks from Shahrbabak are fresh and form plugs and other subvolcanic 

intrusions. Petrographic data are summarised in Table 4.18. Samples are light grey in 

colour and porphyritic with common phenocrysts of hornblende, biotite, plagioclase and 

sanidine set in a fine-grained, holocrystalline groundmass. 
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Hornblende is the dominant mafic mineral and occurs as subhedral to euhedral grains 

up to 2.8 mm long. Most grains are strongly pleochroic (X - pale-green; Y = Z = 

green) but some of the hornblende in sample R145 36 has been converted to opaque 

minerals. 

Plagioclase occurs as euhedral to subhedral phenocrysts between 1.4 and 4.0 mm long. 

Most phenocrysts have oscillatory zoning, and twinning according to the albite, 

Carlsbad and pericline laws is common. Inclusions of biotite, hornblende and 

titanomagnetite are also common. Grains are generally fresh, but some phenocrysts 

show alteration to sericite (e.g. R14536). Phenocrysts range from An242 to An315 in 

composition (Fig. 4.15). 

Sanidine is the dominant groundmass phase and also occurs as subhedral phenocrysts 

ranging in size from 1.8 to 4.9 mm. The other phenocrystic phase is biotite which 

occurs as euhedral to subhedral, pleochroic (X = pale-brown, Y = Z = brown) grains 

between 1.0 and 2.3 mm long. Many biotite grains are fresh, but some are corroded and 

altered to chlorite and Fe-Ti oxides (e.g. R14536). 

Accessory apatite and zircon occur as inclusions in the other minerals and in the 

groundmass. Minor secondary calcite and sericite occur in the groundmass. 

4.4.7 Dacite 

Petrographic data for dacite plugs from the Shahrbabak area are summarised in 

Table 4.19. Most samples of dacite are fresh, grey in colour and have abundant 

phenocrysts of plagioclase, sanidine, hornblende, biotite and quartz set in fine-grained, 
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holocrystalline groundmass. 

Plagioclase is the major felsic mineral in dacite samples from Shahrbabak and occurs 

both as phenocrysts and in the groundmass. Phenocrysts are euhedral to subhedral in 

shape and are generally fresh but in some samples they show slight alteration to 

sericite. The size of the plagioclase phenocrysts ranges between 1.5 and 4.6 mm and 

most grains show oscillatory zoning with albite, pericline and Carlsbad twins (Fig. B). 

Plagioclase phenocrysts range from An2] g to An315 in composition (Fig. 4.15). Sanidine 

also occurs both as phenocrysts and in the groundmass. Phenocrysts are euhedral to 

subhedral grains up to 3.2 mm long. Most phenocrysts show simple twinning and are 

fresh but some show alteration to kaolinite. Groundmass grains are mainly fresh, fine­

grained, simply twinned laths. 

Hornblende, biotite and Fe-Ti oxides are the only mafic minerals in samples of dacite 

from Shahrbabak. Hornblende phenocrysts are euhedral to subhedral, pleochroic (X = 

brown, Y= Z = dark brown) prisms up to 3.2 mm long. In some samples (e.g. R15811, 

R14526) most of the hornblende crystals have been replaced by calcite. Inclusions of 

titanomagnetite and apatite are common in some phenocrysts. Biotite grains are 

euhedral to anhedral in shape and occur as brownish phenocrysts and in the 

groundmass. Some grains are corroded and many show alteration to chlorite and 

opaques. Biotite phenocrysts range between 1.2 and 1.8 mm in size. 

Quartz occurs both as phenocrysts (4.5%) and in the groundmass (16%). Most quartz 

grains are subhedral to anhedral in shape and resorption embayments are common (e.g. 

R15811). The maximum dimension of the crystals is 1.5 mm. Other primary phases 
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comprise titanomagnetite, apatite and zircon whereas minor amounts of secondary 

calcite, sericite and kaolinite are also present. 

4.5 MINERAL CHEMISTRY 

Chemical data for pyroxene, sanidine, plagioclase, olivine, biotite, Fe-Ti oxides, 

amphibole and leucite from different rock types are summarised and discussed in the 

following sections. 

4.5.1 Pyroxene 

Diopside is the only pyroxene present in samples from all three study areas (Fig. 4.16). 

In most diopside crystals the average MgO content is higher in the core than the rim 

whereas the average FeO content is lower in the core than the rim (e.g. Tables 4.20 to 

4.23; Fig. 4.17). This enrichment of FeO from core to rim is consistent with normal 

fractionation during magmatic evolution. 

In tephrite from the Islamic Peninsula the mean MgO and CaO contents decrease from 

core to rim whereas Ti02, A1203, FeO and Na20 increase (Table 4.20). Rims have a 

more restricted range of compositions and are relatively enriched in ferrosilite 

compared to the cores (Fig. 4.1). 

Compositions of diopside phenocrysts in phonotephrite from Aghda and the Islamic 

Peninsula are similar but diopside grains from Aghda have higher average contents of 

A1203 and FeO and lower MgO and CaO (Tables 4.21, 4.22; Fig. 4.2). Clinopyroxene 

crystals in tephriphonolite from Aghda and Shahrbabak are very similar in composition, 

but the average content of FeO in samples from Aghda is slightly higher than in 
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samples from Shahrbabak (Tables 4.23, 4.24; Fig. 4.7). 

Diopside phenocrysts in basalt samples from the Islamic Peninsula have a narrow range 

of compositions and have the highest average MgO and CaO, and lowest average FeO 

contents of all pyroxene samples from the three study areas (Table 4.25). Diopside 

phenocrysts in basalt samples from Shahrbabak also have a very restricted 

compositional range but are relatively enriched in the ferrosilite component and 

depleted in enstatite and wollastonite compared to the same rock type from the Islamic 

Peninsula (Fig. 4.3). 

The mean core and rim compositions for diopside phenocrysts in trachyandesite from 

the Islamic Peninsula are indistinguishable within the limits of analytical uncertainty 

(Table 4.26). Similarly, the average core and rim compositions for diopside from 

basaltic trachyandesite from Aghda are indistinguishable (Table 4.27) but differ from 

the Islamic Peninsula samples in having lower contents of enstatite and wollastonite 

and higher contents of ferrosilite (Fig. 4.4). In addition, the Aghda samples have higher 

average contents of A1203, Ti02 and FeO compared with diopside in trachyandesite 

from the Islamic Peninsula. 

Analysed diopside grains from the three study areas are characterised by a decrease in 

MgO, CaO and Si02, and an increase in FeO, Ti02 and A1203 from core to rim (e.g. 

Tables 4.20, 4.21, 4.28; Fig. 4.18). This variation records normal composition zoning. 

In addition, diopside phenocrysts in tephritic rocks from the Islamic Peninsula show 

oscillatory zoning in thin section (Fig. C). Both types of zoning indicate that complete 

chemical equilibrium was not reached during crystallisation, and reflect the conditions 
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of rapid cooling during volcanic crystallisation (Embey-Isztin et al., 1993; Dobosi and 

Fodor, 1992). Oscillatory zoning in pyroxene phases is probably related to alternating 

periods of growth, dissolution, reaction and lack of growth; all of which can reflect 

changes in bulk liquid composition, temperature and pressure (Pearce and Kolisink, 

1990; Reeder et al., 1990). 

In most of the diopside phenocrysts from tephrite and phonotephrite, Si02 content 

decreases with increasing A1203 and Ti02 (e.g. Tables 4.21, 4.26, 4.28). This behaviour 

in basaltic rocks may reflect the influence of two concurrent factors: an increase of 

silica activity and a decrease of pressure during crystallisation (Kushiro, 1969; 

Thompson, 1974). 

4.5.2 K-feldspar 

Sanidine is the only K-feldspar present in samples from the Islamic Peninsula, Aghda 

and Shahrbabak (Fig. 4.19) and it is a major constituent of trachyandesite, trachyte, 

phonotephrite and tephriphonolite samples from these three areas. The sanidine 

phenocrysts from the Islamic Peninsula, Aghda and Shahrbabak have compositions of 

Or628-729> Or746-981 ana* Or3i.5-Q29 respectively (Tables 4.30 to 4.35). 

Spherulite intergrowth of quartz and sanidine occurs in some samples (e.g. R14504, 

R14467). It seems that in these rocks the composition closely approximates that of an 

eutectic mixture of quartz and sanidine (Shelley, 1993), so that the intergrowth can be 

attributed to simultaneous crystallisation of these two minerals. 

The amount of Ti02 (0.00-0.15) and MgO (0.00-1.77) in the all samples from the three 
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study areas is very low, while FeO ranges from 0.00 to 1.99 percent. CaO is usually 

less than 2% but it is greater in the basaltic rocks (Table 4.33). With an increase in 

Si02 in sanidine phenocrysts the amount of K20 increases except in tephriphonolite 

(Table 4.32). Sanidine grains in the phonotephrite and basaltic trachyandesite from 

Aghda have higher contents of A1203 than sanidine in the other rock types. 

The average contents of A1203, Ti02, FeO and Na20 are higher in the sanidine 

phenocrysts in basaltic trachyandesite and trachyandesite from Aghda and the Islamic 

Peninsula compared with phenocrysts in trachyandesite from Shahrbabak, while K20 is 

lower (Tables 4.30, 4.34, 4.35). The K-feldspar phenocrysts in the trachyandesite and 

basaltic trachyandesite from the study areas are sanidine in composition, and phenocryst 

composition range from Or563 to 0r929 (Tables 4.30, 4.34, 4.35; Fig. 4.5). However 

trachyandesite and basaltic rocks of the Shahrbabak area contain both the lowest and 

highest average content of anorthite compared with other samples (Tables 4.33, 4.35). 

The compositions of sanidine phenocrysts in tephriphonolite from Aghda and 

Shahrbabak are similar but the content of K20 in sanidine phenocrysts from Aghda is 

higher than in the phenocrysts from Shahrbabak. Furthermore, sanidine phenocrysts in 

phonotephrite from Aghda have lower contents of alkalis and higher contents of A1203 

than the tephriphonolite (Tables 4.31, 4.32, 4.36). The sanidine phenocrysts have a 

compositional range of Or627 to Or9g, in tephriphonolite and phonotephrite (Fig. 4.20). 

The high-potassic sanidine crystals are associated with the high-calcic plagioclase in the 

tephriphonolite from Shahrbabak, and the most-sodic sanidine crystals coexist with the 

most-calcic plagioclase in the basalt from Shahrbabak (Tables 4.33, 4.36, 4.37, 4.38; 

Figs. 4.10, 4.11). Sanidine in basalt from Shahrbabak has the highest anorthite and 
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lowest orthoclase contents of the analysed K-feldspars from the study areas (Fig. 4.11). 

4.5.3 Plagioclase 

Plagioclase is the most and second most abundant phase in rocks from the Shahrbabak 

and Aghda regions respectively. The mean compositions of plagioclase grains in each 

rock type are shown in Tables 4.37 to 4.45. Most plagioclase phenocrysts from the 

Aghda and Shahrbabak regions have Ca-rich cores and more Na-rich rims (Fig. 4.21), 

which is attributed to normal magmatic fractionation. Most plagioclase crystals show an 

increase in Na20 and a decrease in A1203 with increasing Si02 content (e.g. 

Tables 4.37, 4.39, 4.41; Fig. 4.22). Plagioclase phenocrysts in some samples (e.g. 

R14488) are commonly rimmed by sanidine. This mantling of plagioclase by sanidine 

may occur due to a shift in composition and temperature of the magma in either the 

magma chamber or during ascent from the chamber to the surface. 

Some plagioclase phenocrysts in the Aghda region and most phenocrysts in the 

Shahrbabak region show minor normal compositional zoning with the exception of 

plagioclase in the trachybasalt (R15809) and dacite (R15811) from Shahrbabak, which 

show oscillatory zoning in thin section. These oscillatory-zoned grains have a wide 

compositional range from cores of An36g to rims of Anlg7 and cores of An315 to rims 

An22, respectively (Appendix C). Zoning in plagioclase is indicative of failure of the 

mineral to attain equilibrium with the surrounding liquid and is normally attributed to 

change in temperature and pressure either within the magma chamber or during ascent 

from the chamber to the vent (e.g. McBirney, 1979). Oscillatory zoning in plagioclase 

is hiatal or episodic in nature. It is probably due to pulses of growth alternating with 

periods of dissolution, reaction or lack of growth (possibly very slow growth). The 



56 

growth is therefore periodic but discontinuous (Pearce and Kolisnik, 1990; Singer et al., 

1995). 

The composition of plagioclase phenocrysts in tephriphonolite and phonotephrite from 

Shahrbabak and Aghda range from labradorite to bytownite, but some samples of 

tephriphonolite from Aghda and Shahrbabak contain albitised grains (Tables 4.37, 4.39, 

4.41; Fig. 4.23). Plagioclase phenocrysts in tephriphonolite from Aghda are more sodic 

than the phenocrysts from Shahrbabak, and the average content of albite in phenocryst 

rims is higher than in the cores. In addition, average compositions of plagioclase in 

phonotephrite are generally richer in the anorthite and orthoclase components than in 

tephriphonolite (Tables 4.37, 4.39, 4.41). The compositions of core and rim of 

plagioclase phenocrysts in tephriphonolite from Aghda are similar but the rims are 

slightly richer in albite (Table 4.39). Plagioclase phenocrysts in tephriphonolite are less 

calcic than those in phonotephrite and basaltic trachyandesite from the Aghda region 

(Tables 4.39, 4.41, 4.42; Figs 4.24, 4.25). Plagioclase phenocrysts in tephriphonolite 

from all study areas, however, have more sodic rims than plagioclase in all other rock 

types (Tables 4.37, 4.39). 

Compositionally the plagioclase phenocrysts in basaltic trachyandesite from Aghda 

range from oligoclase to labradorite, and are similar in composition to the phenocrysts 

in trachyandesite from Shahrbabak (Fig. 4.26). Moreover, the plagioclase phenocrysts in 

trachyandesite from Shahrbabak are relatively enriched in A1203, CaO and FeO 

compared with plagioclase in basaltic trachyandesite from Aghda (Tables 4.42, 4.43). 

Plagioclase cores in basaltic trachyandesite from Aghda show a wide range in 

composition (Table 4.42) and a decrease in CaO from the core towards the rim is 
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accompanied by an increase in K20 (Table 4.42). 

Plagioclase crystals in basalt and trachybasalt from Shahrbabak range from oligoclase 

to bytownite in composition (Fig. 4.13). Cores of plagioclase phenocrysts in basalt have 

a small compositional range compared with phenocrysts in trachybasalt but the 

phenocrysts differ markedly in composition between the two rock types (Tables 4.38, 

4.44). The average compositions of plagioclase in trachyte and dacite from Shahrbabak 

are shown in Tables 4.40 and 4.45 respectively. Compositions of cores and rims of 

plagioclase phenocrysts in dacite do not show any appreciable variation and have a 

overall range from oligoclase to andesine (Fig. 4.15). The average contents of Ti02, 

A1,03, FeO and Na20, however, are slightly higher in trachyte than dacite. 

4.5.4 Olivine 

In the present study, olivine has not been found in rocks from the Aghda region. In the 

Islamic Peninsula and Shahrbabak areas, it usually occurs as equant grains with a 

resorbed rim and irregular curved fractures. Some olivine phenocrysts are fresh, 

especially those from the Shahrbabak region, but many crystals are partially altered 

along fractures and around grain margins. 

Analysed olivine crystals from the Islamic Peninsula and Shahrbabak are unzoned. Both 

core and rim compositions for olivine in tephrite from the Islamic Peninsula are Fo 
84.8 

and Fog40 respectively (Table 4.46). In the Shahrbabak area the average core and rim 

compositions for olivine in trachybasalt are Fog56 and Fog51 respectively, and the 

average core and rim compositions in basalt are Fo72, and Fo720 respectively 

(Tables 4.47, 4.48). All olivine analyses are plotted in Figure 4.27, as Mg/Mg+Fe2+ 
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versus the atomic proportion per formula unit of Mn. The olivine crystals show a 

considerable range of Mg/Mg+Fe2+ values between 0.72 and 0.86. The Mg/Mg+Fe2+ 

ratio for trachybasalt (Shahrbabak) and tephrite (Islamic Peninsula) is higher than for 

basalt from Shahrbabak. The CaO content in olivine crystals from both areas is >0.1% 

which is typical of the composition of olivine phenocrysts from silica undersaturated 

lavas (Marcelot and Rancon, 1988). The olivine grains have low contents of Ti02, 

A1203, Cr203 and NiO, but some substitution of CaO for MgO, and MnO for FeO has 

occurred. Collectively, all the olivine grains from the studied rocks are similar in 

composition to olivine from the leucite basanites of West Germany (Duda, 1975) and 

Kharsareh massif in Iran (Leterrior, 1985). 

Roeder and Emsile (1970) determined experimentally that at 1 Kb total pressure for 

basaltic liquids, the distribution coefficient (Kd) for the Fe/Mg partition between olivine 

and coexisting liquid is 0.3. Nicholls (1974), however, suggested that under high 

pressure hydrous conditions the value of Kd may be approximately 0.4. The Mg-

number of the liquid in equilibrium with the olivine has been calculated on the basis of 

the analysed olivine composition and Roeder and Emsile's equation. Similarly, the Mg-

number of the host whole-rock sample has been calculated and the two Mg-numbers 

can be compared to determine whether the olivine phenocrysts in samples from the 

Islamic Peninsula and Shahrbabak regions are in equilibrium with their host rocks. The 

Mg-number of the olivine has been calculated assuming that all Fe is present as Fe2+ 

whereas the calculation for whole-rock samples assumes that FeO is either 0.8 or 0.9 

times total Fe as FeO. Results of these calculations using Kd values of 0.3 and 0.4 are 

listed in Tables 4.49 and 4.50. The calculated Mg-numbers for the three whole-rock 

samples and liquid in equilibrium with the analysed olivine show the closest 
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correspondence when a Kd value of 0.4 is used (Tables 4.49 and 4.50). This suggests 

that the olivine phenocrysts crystallised at high pressure. 

4.5.5 Biotite 

Biotite is the second most common mafic mineral in trachyandesite, trachyte and dacite 

from the Islamic Peninsula and Shahrbabak. Most of the biotite crystals are fresh. The 

absence of significant alteration is supported by the relatively high K20 contents 

(Tables 4.51 to 4.53). Some grains, however, show slight alteration along grain 

boundaries and cleavage traces, and some grains are surrounded by a rim of granular 

Fe-Ti oxide. 

Chemical data for biotite from the Islamic Peninsula and Shahrbabak have a restricted 

range of values of Mg/Mg+Fe2+ with all analyses except two plotting as biotite 

(Mg/Mg+Fe2+ <0.67; Deer et al., 1966). The exceptions are mica in trachyandesite 

(R14698) from the Islamic Peninsula and trachyte from Shahrbabak which plot as 

phlogopite (Fig. 4.28). All Fe has been assumed to be FeO in the calculation because 

Fe203 cannot be determined on the electron microprobe; the amount of Fe present as 

ferric iron is considered to be negligible. 

The average compositions of biotite phenocrysts in trachyte and dacite from 

Shahrbabak are similar and have an essentially constant content of A1203 (Tables 4.51, 

4.52; Fig. 4.28), but the A1203 content of biotite in trachyandesite from the Islamic 

Peninsula increases as FeO increases (Table 4.53; Fig. 4.29). 

Biotite is accompanied by hornblende in most samples, except in trachyandesite from 
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the Islamic Peninsula which contains abundant diopside. The absence of hornblende in 

trachyandesite probably reflects the relatively dry condition of this magma. Biotite 

phenocrysts in the trachyandesite from the Islamic Peninsula are compositionally 

similar to biotites in the calcalkaline magma from Northern Territory, Australia 

(Sheppard, 1995). 

4.5.6 Titanomagnetite 

Titanomagnetite is very common as scattered, equant grains in all the studied samples, 

but it is generally more abundant in the mafic than the felsic rocks. It is clearly an 

early crystallising phase, commonly being included in phenocrysts, particularly in mafic 

minerals. In some instances grain edges are rounded, probably indicating resorption. In 

general, the Fe-Ti oxide crystals are relatively Ti-rich and are classified as 

titanomagnetite except those in trachyte and trachyandesite from Shahrbabak which 

have low (<3%) Ti02 contents (Tables 4.54, 4.55) and which are classified as 

magnetite. 

Titanomagnetite grains in tephrite from the Islamic Peninsula have higher Si02, FeO 

and Ti02 and lower A1203 and MgO than grains in the basalt and phonotephrite 

(Tables 4.56, 4.57, 4.58). Also titanomagnetite grains in phonotephrite appear to be 

chemically homogenous (Table 4.58). Titanomagnetite in trachyandesite from the 

Islamic Peninsula contains considerably lower amounts of Ti02 and MgO, and higher 

FeO contents compared with titanomagnetite grains in all other rocks from this area 

(Tables 4.56 to 4.59). Titanomagnetite grains from Aghda and Shahrbabak are richer in 

Ti02 than samples from the Islamic Peninsula (Tables 4.54 to 4.66). Also 

titanomagnetite in basaltic trachyandesite from Aghda contains higher Si02 and CaO, 
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and lower FeO and A1203 contents compared with the titanomagnetite grains in 

tephriphonolite and phonotephrite (Tables 4.61, 4.62, 4.63). Titanomagnetite grains in 

trachybasalt from Shahrbabak and phonotephrite from the Islamic Peninsula have the 

highest MgO contents compared with all other samples (Tables 4.54 to 4.66). The 

chemical data which are summarised in Tables 4.57 and 4.65, show that the 

compositions of the titanomagnetite in the basaltic rocks from the Islamic Peninsula and 

Shahrbabak are different to each other. In particular, titanomagnetite grains from 

Shahrbabak which are slightly altered to hematite contain higher Si02 and A1203 than 

unaltered grains from the Islamic Peninsula. 

The average contents of Si02, A1203, MgO and CaO are greater and Ti02 and MnO are 

lower in titanomagnetite grains from tephriphonolite from Aghda compared with the 

crystals in tephriphonolite from Shahrbabak (Tables 4.62, 4.66). Magnetite phenocrysts 

in trachyte from Shahrbabak tend to be lower in MnO and TiO^ and higher in A1203, 

MgO and FeO compared with grains in dacite from this area (Tables 4.54, 4.60). 

Titanomagnetite grains in tephrite and tephriphonolite from all study areas are 

compositionally similar to titanomagnetite crystals in the tephrite and phonotephrite 

from eastern Paraguay (Chiaramonti et al., 1992) and the Roman province, Italy 

(Cundari, 1979). 

4.5.7 Amphibole 

Amphibole occurs only in the high-K calcalkaline rocks (Section 4.4) such as trachyte 

and dacite from the Shahrbabak region. Green to brown prismatic phenocrysts of 

amphibole are the dominant mafic mineral in the trachyte and dacite from this region. 

Iron titanium oxides are the only common inclusions in these amphibole grains. 
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Chemical data and formulae listed in Tables 4.67 and 4.68 show that the amphibole 

grains are magnesio-hornblende on the basis of the classification of Leak (1978). 

All the amphibole crystals are calcic with (Ca+Na)>1.34 and Na<0.67 (Leak, 1978) and 

they have characteristically low contents of Al (A1203 = 7.38 to 10.41 wt%) and 

relatively high contents of Mg (MgO = 12.70 to 14.67 wt%). The average content of 

Si02 in most of the amphibole phenocrysts is low (<47%), and the average content of 

Na20 is higher than K20 (Tables 4.67, 4.68). Furthermore, the average content of 

A1203 in magnesio-homblende from dacite is slightly higher than in amphibole from 

trachyte, but the MgO content is lower (Tables 4.67, 4.68). The CaO contents of 

amphibole crystals do not show significant variation from trachyte to dacite (Tables 

4.67 and 4.68). This accords with the observation of Cawthorn (1976) that the CaO 

content of amphibole appears to be insensitive to the CaO content of the magma. 

Fractionation factors for MgO, FeO and Ti02 in amphibole were determined by 

dividing each of the oxide concentrations in the mineral by that in the whole rock 

(Cawthorn, 1976). The MgO fractionation factor for amphibole grains in igneous rocks 

ranges from approximately 2 for high temperature magmas (1000°C) to 10 at lower 

temperatures (800°C; Cawthorn, 1976). The calculated fractionation factor for 

magnesio-hornblende from the Shahrbabak region ranges from 9.7 to 13.4, indicating 

that crystallisation occurred at a lower temperature. Similarly, Cawthorn (1976) 

determined a range of 2 to 6 for the FeO fractionation factor at lower temperatures. 

This fractionation factor for amphibole from the Shahrbabak region ranges from 3.5 to 

4.9, again being consistent with lower temperature crystallisation. 
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The Ti02 fractionation factor for amphibole is pressure dependant and decreases from a 

value of 5-10 for extrusive rocks, to 1-5 for rocks crystallised at crustal pressures 

(Cawthorn, 1976). Because the fractionation factor of Ti02 in amphibole grains from 

the Shahrbabak region ranges from 2.6 to 4.1, these grains probably crystallised within 

a subsurface magma chamber or during ascent from the chamber to the surface. 

Some amphibole phenocrysts from the study areas are characterised by reaction rims of 

Fe-Ti oxides (e.g. R14699), and in a few instances (e.g. R14526), grains have been 

replaced by a granular aggregate of Fe-Ti oxides. Many investigations have noted that 

hydroxyl hornblende decomposition occurs under conditions of rapid cooling at low 

pressure, such as those conditions prevailing during eruption (e.g. Luher and 

Carmichael, 1980). 

4.5.8 Leucite 

Leucite is a characteristic mineral of K-rich, Si02-poor lavas. At high temperatures it 

has cubic symmetry, but during cooling it reversibly changes to a tetragonal form and 

develops complex twinning (Lange et al., 1986). In the U-DVB leucite phenocrysts are 

only abundant in the rocks of the Islamic Peninsula. Leucite is the second-most 

abundant phase in the rocks of the Islamic Peninsula, and the most common felsic 

mineral in tephrite from this region. 

The composition of the leucite phenocrysts in tephrite and phonotephrite are shown in 

Tables 4.69 and 4.70. The Na20 content in leucite phenocrysts from tephrite and 

phonotephrite is low and may be attributed to volatilisation of the element during 

microprobe analysis utilising a finely focused beam and a wavelength dispersive 
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system. The average content of FeO in leucite from tephrite is slightly more than in 

phonotephrite (Tables 4.69, 4.70). The contents of MgO, MnO and CaO in leucite 

phenocrysts from tephrite and phonotephrite are negligible. In the north of the study 

area the rims of some leucite grains have been changed to nepheline (e.g. R14447, 

Appendix C). Coexisting nepheline and leucite have been reported from basanitic lavas 

in Kenya (Brown and Carmichael, 1969). In some samples from the Agh-Gonbad 

Valley exchange of Na and K atoms and breakdown of the leucite structure occurred by 

reaction between leucite crystals and sodium-rich liquid to produce analcime 

pseudomorphs after leucite (e.g. R14464). 

Leucite in the Islamic Peninsula is characterised by having structural formulae in which 

the numbers of Si ions is either 1 or 2. At low temperature, the structure of leucite is 

based on a three-dimensional interconnected tetrahedral framework with three 

crystallographically distinct tetrahedral sites (Mazzi et al., 1976), but it becomes 

metrically cubic near 650°C through a series of structural phase transitions (Lange et 

al., 1986; Phillips and Kirkpatric, 1994). The role of ordering of Si and Al over these 

three sites in the structural phase transitions that occur at elevated temperatures has 

recently been studied by Dove et al. (1993) and Kohn et al. (1995). Most analysed 

leucites are nearly stoichiometric except two analyses (Nos 38 and 39 from sample 

R14447), which have a cation deficiency with Si/Al<2. Similar non-stoichiometric 

analyses of leucite have been reported by Marcelot and Rancon (1988) and Vankooten 

(1980). 

Although most of the leucite compositions are nearly stoichiometric with the total 

number of ions 4 (Appendix C), the sum of Si plus Al is <3 which allows Fe3+ to fill 
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vacancies in the tetrahedral structural sites. This phenomenon is known to characterise 

crystallisation of leucite from alkaline magma (Mitchell and Bergman, 1991, cited in 

Hassanzadeh, 1993). The ratio Si/Al in leucite crystals from the Islamic Peninsula is 

between 2.03 and 2.06 which is characteristic of leucite from many lavas (e.g. Birch, 

1978). 

Leucite phenocrysts in tephrite and phonotephrite from the Islamic Peninsula are 

compositionally similar to the leucite crystals from Viruga Range, Rwanda (Marcelot 

and Rancon, 1988) and West Kimberly, Australia (Carmichael, 1967). Compared with 

leucite crystals from Roccamonfina, Italy (Gupta and Fyfe, 1975), the Islamic 

Peninsula leucites have higher K20 and lower Na20 and total Fe as FeO. 

4.6 SUMMARY 

In general, Miocene rocks of the Islamic Peninsula are similar in mineralogy and 

texture. In hand specimen they are dark to grey, and are porphyritic with either a 

holocrystalline or cryptocrystalline groundmass. Primary minerals in all samples 

comprise diopside, sanidine, leucite, biotite, titanomagnetite and accessory apatite. 

Diopside, leucite and sanidine are the dominant phenocrystic phases. In holocrystalline 

samples, the phenocrysts are set in a fine-grained groundmass of diopside, sanidine, 

leucite, biotite and titanomagnetite. 

In the Aghda region all rock types except tephriphonolite have a similar texture and 

mineralogy. Tephriphonolite is distinguished by the occurrence of abundant (commonly 

40% by volume), large trapezohedra of analcime and pumpellyite. In hand specimen all 

rock types are grey, brown or black in colour and are porphyritic with a holocrystalline 
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groundmass. Major primary minerals comprise sanidine, pyroxene, plagioclase, 

titanomagnetite and accessory apatite and zircon. Sanidine and plagioclase are the most 

abundant phenocrystic phases. Diopside is pale-yellowish in colour and occurs as both 

as phenocrysts and in the groundmass; most phenocrysts show zoning, and some have 

corroded margins. 

Six of the seven different rock types which occur in the Shahrbabak region have 

common textural and mineralogical characteristics. The exception is the tephriphonolite 

which contains abundant (up to 30%), large trapezohedra of analcime. All samples are 

porphyritic with a holocrystalline groundmass. The mineralogy of all samples comprises 

plagioclase, sanidine, pyroxene, analcime, hornblende, biotite, olivine, and 

titanomagnetite, together with accessory apatite and zircon. Hornblende phenocrysts in 

trachyte and trachyandesite are fresh and green to brown in colour. Quartz phenocrysts 

in samples of dacite are embayed as a result of resorption. Plagioclase is the dominant 

felsic mineral in most rock types, and in some samples phenocrysts are rimmed by 

sanidine. Normal and oscillatory zoning are common, as is albite and Carlsbad twinning 

and alteration to sericite. Pyroxene occurs as phenocrysts and also in the groundmass. 

Diopside is the only pyroxene present in samples from all three study areas. In most 

diopside crystals the average content of MgO is higher in the core than the rim whereas 

the average FeO content is lower in the core than the rim. This variation is consistent 

with normal fractionation during magmatic evolution. Most of the diopside phenocrysts 

from the study areas show normal zoning, except phenocrysts in tephritic rocks from 

the Islamic Peninsula which show oscillatory zoning. 
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The K-feldspar phenocrysts from the Islamic Peninsula, Aghda and Shahrbabak have a 

compositions of Or62g.729, Or746.9gl and Or315.929 respectively. The amount of Ti02 and 

MgO in all sanidine crystals from study areas is very low, while FeO ranges from 0.20 

to 0.86 percent. 

Most plagioclase phenocrysts from the Aghda and Shahrbabak regions have Ca-rich 

cores and more Na-rich rims, which is attributed to normal magmatic fractionation. The 

composition of plagioclase phenocrysts range from labradorite to bytownite (in 

tephriphonolite and phonotephrite), from oligoclase to labradorite (in basaltic 

trachyandesite and trachyandesite). from oligoclase to bytownite (in basalt and 

trachybasalt), and from oligoclase to andesine (in trachyte and dacite). 

Analysed olivine crystals from the Islamic Peninsula and Shahrbabak are unzoned. The 

olivine grains have low contents of Ti02, A1203, Cr203 and NiO, but some substitution 

of CaO for MgO, and MnO for FeO has occurred. The calculated Mg-numbers for the 

three whole-rock samples and liquid in equilibrium with the analysed olivine show the 

closest correspondence when a Kd value of 0.4 is used. This suggests that the olivine 

phenocrysts crystallised at high pressure. 

Most of the biotite crystals from the Islamic Peninsula and Shahrbabak are fresh. The 

absence of significant alteration is supported by the relatively high K20 content. 

Chemical data for biotite from the Islamic Peninsula and Shahrbabak have a restricted 

range of values of Mg/Mg+Fe2+ with all analyses except two plotting as biotite and the 

exceptions are phlogopite. 
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In general, the Fe-Ti oxide crystals are relatively Ti-rich and are classified as 

titanomagnetite except those in trachyte and trachyandesite from Shahrbabak which 

have low (<3%) Ti02 contents and which are classified as magnetite. 

Amphibole occurs only in the high-K calcalkaline rocks such as trachyte and dacite 

from the Shahrbabak region. Chemical data show that the amphibole grains are 

magnesio-hornblende. All the amphiboles are calcic and they have characteristically 

low contents of Al and relatively high contents of Mg. 

In the U-DVB leucite phenocrysts are only abundant in the rocks of the Islamic 

Peninsula. The rims of some leucite grains have been changed to nepheline and some 

of phenocrysts have been pseudomorphed by analcime. 
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CHAPTER 5 

ORIGIN OF LARGE TRAPEZOHEDRA OF ANALCIME AND PUMPELLYITE 

5.1 INTRODUCTION 

Analcime is a cubic, hydrated Na-aluminosilicate which is widespread in nature but 

most commonly is produced during low grade metamorphism and late stage 

hydrothermal activity in basaltic and related rocks. It occurs in veins, cavities, as a 

replacement of other silicate phases and is commonly interstitial in habit. Large crystals 

are rare but euhedral trapezohedra up to several centimetres in size have been recorded 

from Alberta (Pearce, 1970, 1993), Mocambique (Woolley and Symes, 1976) and 

northwest Iran (Comin-Chiaramonti et al., 1979). At these localities the analcime 

crystals occur in alkali-rich undersaturated igneous rocks variously described as 

blairmorite, analcimite and phonolite. 

Pumpellyite is a monoclinic, hydrated Ca-aluminosilicate which is an index mineral for 

the recognition of facies in low-grade metamorphism and is also produced during 

hydrothermal alteration. It commonly occurs as fine-grained aggregates in 

metamorphosed and altered basaltic and intermediate lavas and volcaniclastic units 

where it pseudomorphously replaces primary mineral phases and glass, and also forms 

veins and cavity infillings. 

Analcime and pumpellyite co-exist in some mafic igneous and related rocks which have 

undergone low grade metamorphism or hydrothermal alteration. In the U-DVB 

analcime crystals are common in tephriphonolite from Aghda and Shahrbabak but are 
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rare in lavas from the Islamic Peninsula. In addition, pumpellyite is common in the 

Aghda region but absent from the Islamic Peninsula and Shahrbabak. Due to the 

common occurrence in the Aghda region of spectacular large euhedral trapezohedra 

which are now composed of either analcime or pumpellyite, a detailed study was 

undertaken to describe their occurrence, chemistry and origin. Representative analyses 

of analcime, pumpellyite and mineral inclusions in the trapezohedra from Aghda are 

presented in Tables 5.1 to 5.3. 

5.2 OCCURRENCE 

The trapezohedra occur in an Eocene sequence of lavas and very minor pyroclastic 

units which occur approximately 45 km southwest of Aghda (Fig. 3.3). The units are 

mainly phonolite, tephriphonolite, basaltic trachyandesite and trachyte in composition. 

In addition to variable proportions of the primary igneous phases comprising K-

feldspar, plagioclase, clinopyroxene, nepheline, Fe-Ti oxide, biotite, olivine and apatite, 

the sequence contains a variety of secondary minerals including pumpellyite, prehnite, 

analcime, zeolites, epidote, calcite, chlorite, sericite, kaolinite and hydrated products 

after olivine. Low grade metamorphism of the igneous units has been attributed to 

greenschist facies conditions (Amidi, 1975) but the common occurrence of analcime is 

indicative of zeolite facies conditions. 

Large (up to 3 cm in diameter) euhedral crystals of pumpellyite and analcime occur in 

three, stratigraphically adjacent tephriphonolite lavas that can be traced for 

approximately 10 km along strike. The lowermost lava has a maximum thickness of 

20 m and is characterised by the presence of large greenish-grey crystals of 

pumpellyite. The middle unit (1 m thick) and the upper lava (15 m thick) contain large 
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brownish-grey crystals of analcime. Large pumpellyite crystals are restricted to the 

lower flow and large analcime crystals are restricted to the middle and upper flows. 

Both pumpellyite and analcime crystals display a euhedral, cubic trapezohedral form 

(Fig. 5.1). 

Analcime trapezohedra are optically continuous, implying that they are single crystals. 

The pumpellyite trapezohedra, however, are composed mainly of an aggregate of 

randomly arranged, colourless, pumpellyite flakes up to 0.25 mm long, but most grains 

are <0.05 mm in size. A few small patches of colourless prehnite also occur. Both 

types of trapezohedra contain abundant plagioclase laths up to 2 mm long which are 

arranged in a well-developed concentric pattern (Fig. 5.2), together with common, 

randomly distributed pyroxene, Fe-Ti oxide and apatite inclusions. The identity of all 

phases was confirmed by X-ray diffraction and electron microprobe analysis. X-ray 

diffraction data from a polished section through the centre of an analcime 

trapezohedron (Fig. 5.2) confirm that it is a single crystal. 

5.3 MINERAL CHEMISTRY 

Compositions of the pumpellyite grains from Aghda are typical of pumpellyites from 

low-grade metamorphic facies (Lucchetti et al., 1990) but, compared to many other 

occurrences, the variations at Aghda appear to be large for the small areas involved. 

Within a single trapezohedron MgO and total Fe as FeO range from <0.09 to 3.05% 

and 2.19 to 12.08% respectively (Table 5.2). The correlation between total Fe as FeO 

and the sum of A1203 and MgO (Fig. 5.3) indicates that compositional variations are 

principally related to Fe-Al and Fe-Mg substitution. Larger grains of pumpellyite 

appear to have lower contents of total Fe as FeO compared to smaller grains. Plots of 
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contents of A1203, total Fe as FeO and MgO versus distance from the rim of a large 

trapezohedron show no simple correlation between composition and position (Fig. 5.4). 

Variation in CaO which ranges from 21.44 to 22.86% is minimal and within the limits 

of analytical uncertainty (Table 5.2). 

Prehnite is relatively rare in the trapezohedra and the main chemical variation relates to 

minor Fe-Al substitution. The compositions are typical of prehnite produced during 

hydrothermal alteration and low-grade metamorphic facies (Bevins and Merriman, 

1988). All plagioclase inclusions in the pumpellyite trapezohedra have been altered to 

albite (Table 5.2). Precipitation of native-copper in parts of the Aghda volcanic 

sequence is consistent with hydrothermal activity in this region. 

The analcime trapezohedra are remarkably homogeneous (Tables 5.1) with chemical 

variation being within analytical uncertainty associated with electron microprobe 

analysis. In contrast to the albitised plagioclase inclusions in the pumpellyite 

trapezohedra, feldspar inclusions in analcime are fresh with very minor normal zoning 

and range between An560 and An693 in composition. Core compositions of plagioclase 

inclusions show no correlation with position in the trapezohedra (Fig. 5.5). Pyroxene 

grains are relatively fresh diopside with low contents of Na20 and the Fe-Ti oxide 

phase is titanomagnetite (Table 5.3). 

5.4 ORIGIN OF THE TRAPEZOHEDRA 

Analogous large trapezohedra composed of analcime have been recorded from Alberta 

(Pearce, 1970), Mocambique (Woolley and Symes, 1976) and northwest Iran (Comin-

Chiaramonti et al., 1979) but similar occurrences of pumpellyite have not been recorded 
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in the literature. The primary or secondary origin of large analcime crystals in igneous 

rocks has been the topic of debate for a considerable time and is discussed in more 

detail below. The secondary origin of the pumpellyite is less equivocal. 

Pumpellyite is a metamorphic or alteration mineral which commonly replaces glass, 

plagioclase, pyroxene, olivine, hornblende and biotite, and also forms veins and cavity 

infillings. It has monoclinic symmetry and characteristically forms with a fibrous habit 

(Deer et al., 1986), and in many cases pseudomorphously replaces primary mineral 

phases. Depending on the whole-rock composition, fluid pressure and oxygen fugacity 

the upper stability limit for pumpellyite is approximately 375°C (see Deer et al., 1986 

for review). In the Aghda area the pumpellyite clearly originated by pseudomorphous 

replacement of a precursor which had an euhedral cubic trapezohedral crystal form. In 

addition, the high modal content (up to approximately 40%) of the pseudomorphous 

pumpellyite trapezohedra requires that the precursor is a common mineral in 

undersaturated, alkali-rich volcanic rocks. On the basis of the trapezohedral crystal form 

and occurrence in rocks of this type, potential precursors are garnet, leucite and 

analcime. 

Although garnet is reasonably common in igneous rocks, particularly alkaline types 

where Ti-rich andradite (melanite) is developed (Deer et al., 1982), it is a very unlikely 

precursor for the pumpellyite crystals. Melanite garnet is unaltered and shows no 

evidence of resorption in phonolites from the Crowsnest Formation of Alberta (Pearce, 

1970; Dingwell and Brearley, 1985). These rocks are compositionally very similar to 

the tephriphonolites from Aghda and have been subjected to zeolite facies 

metamorphism (Ferguson and Edgar, 1978). The stability of garnet at Crowsnest and 
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other localities where rocks of similar composition occur and have undergone similar 

styles of metamorphism implies that garnet, if developed, would also be stable at 

Aghda. In addition, the trapezohedral crystal form of the pseudomorphs at Aghda is not 

consistent with melanite (or andradite) being the precursor. The melanite at Crowsnest 

forms dodecahedra (Pearce, 1970; Dingwell and Brearley, 1985) which is the preferred 

habit for ugrandite series garnets such as andradite rather than members of the 

pyralspite series which crystallise as trapzohedra (Kostov, 1968). The whole-rock 

geochemistry of the tephriphonolite from Aghda (Table 6.8) also precludes the former 

occurrence of appreciable Ti-gamet. Elemental mobility during conditions of low grade 

metamorphism is a well documented and widespread phenomenon but Ti is generally 

considered to be relatively immobile during this style of alteration (e.g. Crawford et al., 

1992). The low Ti02 contents (<0.56) in the tephriphonolites from Aghda are 

inconsistent with the former occurrence of significant amounts of any Ti-bearing phase. 

Because many of the data relevant to consideration of leucite as being the precursor 

mineral also impinge on the origin of the large analcime trapezohedra, these two 

potential precursors will be considered concurrently. Leucite and its alteration products 

comprising analcime, nepheline, alkali feldspars, muscovite, biotite and carbonates 

commonly occur in undersaturated, K-rich volcanic rocks. The most spectacular crystals 

consist of large (several cm) euhedral trapezohedra now composed of analcime but 

which are interpreted as having originated by pseudomorphous replacement of leucite 

(Karlsson and Clayton, 1991). The origin of small analcime trapezohedra which occur 

in igneous rocks in veins, cavities and as replacement of glass is widely accepted as 

being due to low grade metamorphism or hydrothermal processes but the large crystals 

have been interpreted both as primary phases which have crystallised from a silicate 
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melt and as pseudomorphs after leucite formed by ion-exchange reactions. The major 

arguments based on petrography, geochemistry and experimental data both for and 

against the primary origin of these large crystals have been presented and discussed in 

recent papers by Karlsson and Clayton (1991; 1993), Pearce (1970; 1993) and Line et 

al. (1995). 

A major feature in support of a secondary origin of large analcime crystals in igneous 

rocks is the very restricted, high range of pressure (5-12 Kbar PH20) and temperature 

(600-660°C) for analcime stability in simplified synthetic systems (see Karlsson and 

Clayton, 1991). In addition, the transformation of leucite to analcime has been 

demonstrated experimentally and proceeds very rapidly at a subsolidus temperature 

either during cooling (Taylor and MacKenzie, 1975) or after the host magma 

solidification (Gupta and Fyfe, 1975). The analcime-rich lavas from the Aghda area 

contain only minute amounts of an unequivocally primary hydrous phase (biotite), and 

lack evidence for rapid transport of crystals from the depths indicated by the stability 

field for analcime. In addition, primary crystallisation of a Na-rich phase such as 

analcime would necessitate crystallisation of a sodic pyroxene rather than diopside. The 

homogenous nature of the large, single analcime crystals is also more consistent with a 

secondary origin rather than formation by magmatic crystallisation. 

The large analcime trapezohedra are interpreted as having formed by ion-exchange 

pseudomorphous replacement of primary leucite either during cooling or shortly 

afterwards. The ease, rapidity and selectivity of the replacement process are evidenced 

by the lack of effect on the other phases included in analcime. This replacement of 

leucite by analcime presumably occurred in all three phonolite lavas, with subsequent 
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metamorphic replacement of analcime by pumpellyite in the lower unit. Formation of 

analcime as an intermediate phase rather than direct replacement of primary leucite by 

pumpellyite is envisaged due to the apparent ease and rapidity of analcime replacement 

of leucite. The preferential replacement of analcime by pumpellyite in a specific 

phonolite lava may reflect differences in permeability. 

In the lower phonolite lava the sources of Ca, Fe and Mg ions required for the 

development of pumpellyite were the plagioclase, pyroxene and titanomagnetite which 

occur as fresh inclusions in the analcime trapezohedra but which are replaced or 

extensively altered in the pumpellyite trapezohedra. The variable chemistry of the 

pumpellyite grains within a single trapezohedron reflects the distribution of these 

inclusions. In particular, the variability in the content of total Fe as FeO in the 

pumpellyite grains reflects the scattered nature of small granules of Fe-Ti oxide 

inclusions in analcime. The relatively small variation in A1203 content may reflect an 

essentially homogeneous input from the precursor analcime coupled with a variable 

input from the albitisation of plagioclase. 

5.4.1 Metamorphic conditions 

The common occurrence of analcime at Aghda is indicative of zeolite facies conditions 

rather than greenschist facies metamorphism as has been suggested previously (Amidi, 

1975). Important variables involved in the development of the alteration assemblages 

include temperature (T), load pressure (PtotaI), fluid pressure (Pfluld), fluid composition, 

fo2, permeability and host-rock chemistry. In the Aghda area the juxtaposition of the 

three tephriphonolite lavas and close similarity in bulk-rock compositions, clearly 

demonstrate that the development of pumpellyite rather than analcime or vice versa was 
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not determined by temperature, load pressure related to burial nor to the whole-rock 

composition of the host lavas. The most important variables in determining the 

composition and identity of the pseudomorphous replacement mineral at Aghda appear 

to have been fluid chemistry and Pnuid. This conclusion is consistent with the findings 

of several earlier studies of low grade metamorphism and hydrothermal alteration of 

mafic and intermediate volcanic successions. Differences in the fluid composition can 

produce marked effects on the compositions of alteration minerals, even on the scale of 

an individual phenocryst (Evarts and Schiffrnan, 1983). Compositional variations of a 

mineral species at the scale of a contiguous flow, or even the scale of a thin section, 

show that the intensity of alteration was spatially uneven depending on rock 

permeability (Aguirre and Atherton, 1987). In a study of the hydrothermal alteration 

effects associated with intrusion of dolerites into a Proterozoic sequence, AlDahan 

(1986) concluded that the common occurrence of pumpellyite in intruded basalts but 

very restricted development in intruded clastic units was not controlled by the 

composition of the host rocks but was related to fluid composition and Pnuid. Several 

recent studies have clearly demonstrated that not only the composition of individual 

minerals but also the stability relationships in P-T space are strongly dependent on the 

fluid composition, particularly the content of C02 (Starkey and Frost, 1990; Digel and 

Ghent, 1994). 

In the Aghda tephriphonolites the occurrence of prehnite is indicative of fC02 <0.002 

(Digel and Ghent, 1994). The presence of pumpellyite and absence of epidote may be 

related to conditions of low fC02 and activity of H20 and probably high Pflu,d (= Plithostatlc) 

which favour the formation of pumpellyite relative to epidote (Liou, 1979). The 

development of pumpellyite in preference to epidote also indicates that the fluid 
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composition was relatively reducing rather than oxidising (Metcalfe et al., 1992). The 

replacement of leucite by analcime presumably occurred either during cooling or 

shortly afterwards and was related to ion-exchange reactions. In the lowermost 

tephriphonolite, however, the analcime became unstable and was replaced by 

pumpellyite. The fine grained nature of the pumpellyite is typical of natural pumpellyite 

grains which usually form microcrystalline aggregates during replacement of primary 

phases under zeolite facies conditions (Schiffman and Liou, 1983). The variable 

chemistry of the pumpellyite grains within a single trapezohedron reflects the 

distribution of these inclusions. In particular, the variability in the content of total Fe as 

FeO in the pumpellyite grains reflects the scattered nature of small granules of Fe-Ti 

oxide inclusions in analcime. The relatively small variation in A1203 content may 

reflect an essentially homogeneous input from the precursor analcime coupled with a 

variable input from the albitisation of plagioclase. The chemical variability in the 

pumpellyite grains from Aghda supports the contention that alteration is heterogeneous 

even on the scale of an individual phenocryst as has been suggested in earlier studies of 

low grade metamorphism (Evarts and Schiffman, 1983). 

5.5 SUMMARY 

Large (up to 3 cm in diameter), euhedral, cubic trapezohedra composed of single 

crystals of analcime or aggregates of pumpellyite occur in three stratigraphically 

adjacent tephriphonolite lavas from the Aghda region. Large pumpellyite crystals are 

restricted to the lower flow and analcime is restricted to the middle and upper flows. 

The trapezohedra contain concentrically arranged inclusions of plagioclase, pyroxene, 

titanomagnetite and apatite. In contrast to the albitised plagioclase inclusions in the 

pumpellyite trapezohedra, feldspar inclusions in analcime are fresh with very minor 
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normal zoning and range between An560 and An693 in composition. 

The analcime crystals are remarkably homogeneous in composition, contain only 

minute amounts of a hydrous phase (biotite), and lack evidence for rapid transport of 

crystals from the depths indicated by the stability field for analcime. In addition, 

primary crystallisation of a Na-rich phase such as analcime would necessitate 

crystallisation of a sodic pyroxene rather than diopside. The analcime is interpreted as 

having formed by ion-exchange pseudomorphous replacement of primary leucite, either 

during cooling of the lavas or shortly afterwards. 

The pumpellyite trapezohedra are composed mainly of an aggregate of randomly 

arranged colourless pumpellyite flakes which are compositionally typical of pumpellyite 

produce during low-grade metamorphism. In the lower tephriphonolite lava, the 

analcime became unstable and was replaced by pumpellyite which has a wide range in 

compositions related to Fe-Al and Fe-Mg substitution. The wide range in compositions 

reflects the variable input of Fe, Mg, Ca and Al from the precursor analcime and 

alteration of plagioclase, clinopyroxene and Fe-Ti oxide. The occurrence of analcime 

and pumpellyite at Aghda is indicative of zeolite facies and may be related to 

conditions of low fC02 and H20 activity and probably high Pnujd. 
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CHAPTER 6 

TOTAL-ROCK GEOCHEMISTRY 

6.1 INTRODUCTION 

In the present study, representative samples of different rock types from the Islamic 

Peninsula, Aghda and Shahrbabak have been analysed for major and trace elements, 

using X-ray fluorescence spectrometry. Rare Earth Elements (REE), Hf, Sc, Ta, Th and 

U concentrations in 18 samples were determined by instrumental neutron activation 

analysis (INAA), and strontium and neodymium isotopic ratios for the same 18 samples 

were measured by mass spectrometry. The Sr and Nd isotopic and REE data presented 

in this thesis are the first isotopic and REE data reported for the volcanic and 

subvolcanic rocks in the study areas. All analytical methods are listed in Appendix A. 

Chemical data and CIPW norms for individual samples are listed in Appendices D, E. 

Mean composition, elemental ratios, the Differentiation Index (DI) and Mg number 

(Mg#) for each rock type in the three study areas are presented in Tables 6.1 to 6.24. 

In this thesis geochemical data are used for rock classification, in the construction of 

variation diagrams, in comparisons with experimentally determined rock compositions 

where conditions of formation are known, and to identify the tectonic setting during 

emplacement. 

6.2 ISLAMIC PENINSULA 

Based on the TAS scheme the analysed samples from the Islamic Peninsula comprise 

12 tephrites, three phonotephrites, one basalt, two trachyandesites and one trachyte 
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(Fig 6.1). Most of the tephrite and phonotephrite samples have high K20 (>3.60 wt%), 

MgO (>6 wt%) and K20/Na20 ratios (>2) and can be classified as ultrapotassic (Foley 

et al., 1987). The relatively low K20/Na20 ratios (<2) in other tephrite and 

phonotephrite samples (e.g. R14455, R14464) are due to the conversion of leucite to 

secondary analcime in these samples (section 5.4). 

The mean and range of major and trace element contents in each rock type from the 

Islamic Peninsula are summarised in Tables 6.1 to 6.6. These rocks are **ultrabasic to 

intermediate in composition and are characterised by being undersaturated in Si02, with 

low average contents of A1203 (12.18 wt%) and Ti02 (1.16 wt%), and high contents of 

CaO (10.61 wt%) and K20 (5.30 wt%). The rocks are enriched in the incompatible 

elements K, Rb, Sr, Ba, Th, Nd and Light REE (LREE). The compatible elements Cr 

and Ni are relatively low in abundance (Table 6.6). 

6.2.1 Major elements 

Major element results are expressed as weight percent of the ten elements traditionally 

listed as oxides in a major element chemical analyses. The chemical features of the 

Islamic Peninsula rocks are illustrated in more detail by compositional histograms 

(Fig. 6.2) and have been plotted on MgO diagrams (Fig. 6.3). The MgO plot is the 

most appropriate for rock series which include abundant mafic members (Rollison, 

1993). 

The content of Si02 has a broad range between tephrite (43.54 wt%) and trachyte 

(58.02 wt%) (Tables 6.1, 6.5). Figure 6.2 shows that the Si02 distribution emphasises 

the abundance of tephrite and phonotephrite samples in the Islamic Peninsula. The 
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compositional histogram in Figure 6.2 shows that Ti02 values are commonly between 

0.70 and 1.2 wt%, but up to 1.4 wt% over the sample set. The frequency increase at 

higher TiO, contents reflects the abundance of tephrite and phonotephrite samples. 

Figure 6.3 shows that the Ti02 content increases from basalt towards tephrite and 

phonotephrite then at -5% MgO decreases to trachyandesite and trachyte, reflecting the 

higher modal abundance of titanomagnetite in tephrite and phonotephrite rocks 

(Tables 4.1, 4.4). High Ti02 contents (1.06-1.37) in tephrite and phonotephrite lavas are 

unusual compared to typical arc magmas (<1% Ti02). The content of A1203 in the 

Islamic Peninsula rocks are relatively low and variable (Table 6.6; Fig. 6.2) and are 

lower in the mafic than the felsic rocks. The A1203 content exhibits an increasing 

frequency until -12 wt% then decreases at higher A1203 values (Fig. 6.2). In Figure 6.3 

A1,03 shows a positive correlation with MgO, which reflects an increase in modal K-

feldspar from mafic to felsic rock types (Tables 4.1 to 4.5). Tephrite and phonotephrite 

have the highest contents of total iron as Fe203 of all analysed samples from the 

Islamic Peninsula (Tables 6.1 to 6.5). In Figure 6.2 total iron as Fe203 content shows 

an increasing frequency towards higher total iron as Fe203 until 9 wt% then decreases. 

The content of total iron as Fe203 decreases from mafic to felsic rocks which may be 

related to crystal fractionation of clinopyroxene and olivine (Tables 4.1 to 4.5; Fig. 6.3; 

Feely et al., 1993). Basalt has the highest content of MgO compared with all other 

samples from the Islamic Peninsula (Tables 6.1 to 6.5). The MgO content ranges from 

2.30 to 14.33 wt%, with variable distribution (Table 6.6; Fig. 6.2) which are 

comparable with MgO contents for Vulsini and Roccamonfina lavas, Italy (Rogers et 

al., 1985). The CaO contents are dominated by values between 10 and 13 wt%, and 

have a broad range between 3.5 and 15 wt% (Fig. 6.2). Figure 6.3 shows that CaO 

content has a negative correlation with MgO, which is probably related to crystal 
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fractionation of clinopyroxene and plagioclase (Cox, 1980). However, tephrites have 

higher MgO, CaO and Fe203 but lower Si02, A1203 and K20 than phonotephrites 

(Tables 6.1, 6.2). The unusually high CaO/Al203 value (1.9) in the basaltic dike from 

the Islamic Peninsula reflect clinopyroxene accumulation by flow differention which is 

consistent with petrographic evidence (Table 4.3). The average content of Na^ in 

trachyandesite is higher than in all the other rocks from the Islamic Peninsula 

(Tables 6.1 to 6.5). The Na20 content has an almost symmetrical distribution with a 

maximum frequency between 2.20 and 2.40 wt% (Fig. 6.2). The increase in K20 

content from trachyandesite to trachyte is probably related to the higher abundance of 

sanidine in trachyte from the Islamic Peninsula (Table 4.4, 4.5). Figure 6.2 shows that 

K20 contents have a large variations from tephrite to trachyte (1.63 to 7.98 wt%; 

Tables 6.1 to 6.5), probably related to variability of leucite, K-feldspar and biotite in 

different rock types from the Islamic Peninsula (Tables 4.1 to 4.5). The K20 

enrichment is accompanied by enrichment of other LFSE, including Rb (44-380 ppm), 

and Ba (2380-4800 ppm). The Na20 and K20 contents show an inverse correlation with 

MgO, but with considerable scatter in data which could be related to the variation in 

leucite content in different rock types and presence of secondary analcime in some 

samples (Fig 6.3). The average content of P205 decreases from basalt (1.14 wt%) to 

trachyte (0.39 wt%; Tables 6.1, 6.5) and P205 show a variable distribution, dominated 

by values between 1.1 and 1.8 wt% (Fig. 6.2). The content of P205 shows an increases 

from basalt towards the tephrite and phonotephrite then at 6.5% MgO decreases to 

trachyandesite and trachyte, these changes may be related to the higher abundance of 

apatite in tephrite (Tables 4.1 to 4.4). 

Mg-numbers decrease from basalt (80.96) to trachyte (47.95), while the DI increases 
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from basalt (22.85) to trachyte (77.32; Tables 6.3, 6.5). The majority of Mg-numbers 

range between 55 and 75 (Fig. 6.4). Basaltic dyke (R14457) with a Mg-number of 

80.96, MgO = 14.33 wt% and high Ni (153 ppm) and Cr (650 ppm) values can be 

regarded as being close to a primary magma (Frey et al., 1978; Clague and Frey, 1982). 

Most of the Islamic Peninsula lavas have a Mg-number less than 74 and must have 

suffered some differentiation. The Mg-number in tephrite is lower than the basalt from 

the Islamic Peninsula (Table 6.1, 6.3). 

6.2.2 Incompatible elements 

Trace elements usually represent concentration of less than 1000 ppm in the analysed 

rocks from the Islamic Peninsula, with the only exceptions being Ba and Sr. 

Incompatible trace elements of Tertiary rocks from the Islamic Peninsula, normalised to 

Mid-Ocean Ridge Basalt (MORB), using the normalising values of Pearce (1983) are 

ploted in Figure 6.5. They show most elements, especially Ba, Th, Nb and Ce, are 

significantly enriched in the Islamic Peninsula rocks compared to MORB (Fig. 6.5). All 

patterns show an overall relative enrichment with increasing incompatibility from right 

(Yb) towards left (Ba) on the plot, with negative anomalies for Rb, K, Ta and Ti. 

Except for Ti and P the anomalies are much stronger for the basalt than the other rock 

types. Contents of Zr and Hf in the trachyandesite are higher than in the other samples. 

The patterns for all rock types are almost parallel, implying their oogenetic nature. 

6.2.2.1 Low Field Strength Elements (LFSE) 

Tephrite samples from the Islamic Peninsula have the widest range of Sr between 835 

and 1980 ppm (Table 6.1). The Sr content in the phonotephrites ranges from 1060 to 
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1410 ppm (Table 6.2), and in the trachyandesites from 1370 to 1570 ppm (Table 6.4). 

The content of Sr increases from basalt towards thephrite and phonotephrite, then 

remains the same through the trachyandesite and trachyte (Fig. 6.6) this is probably 

related to the basalt being relatively primitive (section 6.2.1). 

The average content of Rb ranges between 44 and 269 ppm from basalt to trachyte 

(Tables 6.3, 6.5). The K/Rb ratio has been used by many authors (e.g. Shaw, 1968; 

Jakes and white, 1970; Bose et al., 1982) as an indicator of fractionation in igneous 

systems. Rubidium and K have similar chemical properties and similar ionic radii. As a 

result of this close association, the K/Rb ratio is restricted in most common igneous 

rock types and is usually constant in each rock type as the fractionation evolves. 

The K/Rb ratio for each rock type from the Islamic Peninsula is listed in Tables 6.1 to 

6.6. Two samples of tephrites (R14455, R14464) are excluded due to conversion of 

leucite to secondary analcime in these samples. The content of Rb in biotite is very 

high resulting in a low K/Rb ratio for this mineral (Ewart and Griffin, 1994). If biotite 

is removed from the system, the residual liquid will increase in the K/Rb ratio. In 

contrast, K-feldspar has a high K/Rb ratio and if it is removed from the system, the 

K/Rb ratio will decrease (Jakes and White, 1970). The average content of the K/Rb 

ratio in tephrite is lower (K/Rb = 178) than the phonotephrite (K/Rb = 252) in the 

Islamic Peninsula. This increase are possibly related to fractional crystallisation of 

biotite (Nelson, 1992) and higher abundance of K-feldspar in phonotephrite (Tables 4.1, 

4.2). Rubidium shows no good correlation with MgO possibly depending on the 

variability of biotite, leucite and K-feldspar in different rock types from the Islamic 

Peninsula and conversion of leucite to analcime in some samples (Fig. 6.6). For 
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example, basalt (R14457) with the lowest content of Rb has the lowest modal content 

of leucite and lacks sanidine, also some of the leucite in this sample changed to 

analcime. Whereas, the tephrite (R14444) with the highest Rb contains the highest 

modal content of sanidine (Appendix B). 

6.2.2.2 High Field Strength Elements (HFSE) 

Yttrium ranges between 25 and 44 ppm for different rock types from the Islamic 

Peninsula (Table 6.6; Fig. 6.6). The content of Y in tephrite is higher than the values 

for trachyandesite rocks in the Islamic Peninsula (Tables 6.1, 6.4). High contents of Y 

in tephrite are probably related to the higher modal abundance of clinopyroxene and 

apatite in tephrite (Tables 4.1, 4.4). Yttrium plotted against MgO shows an increases 

from basalt towards the tephrite and phonotephrite rocks, then at -6.5% MgO decreases 

to the trachyandesite and trachyte rocks. These changes probably related to the higher 

abundance of clinopyroxene and apatite in tephrite and phonotephrite (Hack et al., 

1994; Fig. 6.6). 

The average content of Th is high in the rocks from the Islamic Peninsula (Tables 6.1 

to 6.5; Fig. 6.6). Thorium is generally accepted as the most incompatible element in an 

open system and it is also relatively insensitive to hydrothermal alteration processes 

(Caroff et al., 1993). Trachyte with the highest Th contents is also higher in Si02, Zr 

and Nb and lower in CaO than all other analysed samples (Tables 6.1 to 6.5). In the 

Islamic Peninsula the content of Th increases from basalt to trachyte (Tables 6.1 to 6.5; 

Fig. 6.6). High content of Th reflects the presence of abundant zircon and titanite in 

trachyte from the Islamic Peninsula (Table 4.5). 
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Niobium has a range from 22 to 92 ppm and is generally higher in the felsic rocks 

(Tables 6.3, 6.5). The average contents of Nb in tephrite and phonotephrite is from 34 

to 36 ppm in the Islamic Peninsula (Table 6.1, 6.2). Tephrites have the greatest range 

of Nb (23-48) compared with all other samples from the Islamic Peninsula (Table 6.1 

to 6.5). The Zr/Nb ratio decreases from mafic to felsic rocks in the Islamic Peninsula 

(Tables 6.1 to 6.5). The decreasing Zr/Nb from mafic to felsic indicates Nb is better 

able to enter into tetrahedral coordination in silicate systems than Zr and is thus 

preferentially retained in residual liquids (Wyborn, 1983). Figure 6.6 shows that Nb 

content increases from mafic towards the felsic rocks probably related to the higher 

modal biotite in felsic rocks (Tables 4.1 to 4.4). 

The content of Zr is relatively high in the Islamic Peninsula rocks and it ranges from 

236 ppm in the basalt to 845 ppm in the trachyte (Tables 6.3, 6.5). Zirconium shows 

negative correlation with MgO (Fig. 6.6). The Zr/Hf ratio decreases from 53 in the 

tephrite to less than 41 in the trachyandesite, which may be related to higher partition 

coefficient of Zr in clinopyroxene than the Hf, so that the mafic rocks have a higher 

Zr/Hf ratio than the felsic rocks in the Islamic Peninsula (Tables 6.1, 6.4; Wyborn, 

1983). 

In trachyandesite samples some trace elements have a relatively restricted range; Nb 

(51-56 ppm), Y (27-28 ppm), Ce (132-135 ppm) and Th (46-47 ppm) (Table 6.4). With 

the exception of Yb, Sc, Cr, U and Lu the average content of all analysed trace 

elements in the tephrite is higher than the average value for the basalt (Tables 6.1, 6.3). 
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6.2.2.3 Rare Earth Elements 

The REE comprise a group of 15 trace elements with atomic numbers from 57 (La) to 

71 (Lu). The REE with lower atomic numbers are referred to as the Light REE 

(LREE), those with higher atomic numbers as the Heavy REE (HREE), and those with 

intermediate atomic numbers as the Middle REE (MREE). All REE are trivalent except 

Eu and Ce under most geologic conditions. 

The REE patterns for three tephrites, one phonotephrite, one basalt and one 

trachyandesite from the Islamic Peninsula are similar, although the abundances are 

variable (Fig. 6.7). All the samples are enriched in LREE and strongly fractionated 

(LaN/YbN values of 14.4 to 21.4) with moderate negative Eu anomalies for most of the 

samples (Eu/Eu* = 0.73 to 0.80). 

6.2.3 Compatible elements 

The average contents of Ni in tephrite and phonotephrite are 49 and 36 respectively 

(Tables 6.1 and 6.2). Low Cr and Ni contents in these rocks indicate that they are not 

primary melts from mantle peridotite, but may be related to the fractionation of olivine 

and clinopyroxene (Wittke and Mack, 1993; Embey et al., 1993; Muller et al., 1993). 

However, despite the high MgO contents in the rocks of the Islamic Peninsula, they 

have relatively low average contents of Ni (47 ppm) and Cr (167 ppm; Table 6.6). 

Figure 6.6 shows that the contents of Ni and Cr decrease from basalt towards the 

trachyandesite and trachyte probably related to the higher modal olivine and 

clinopyroxene in basalt from the slamic Peninsula (Skulski et al., 1994; Green, 1994). 

The contents of Sc and V from the Islamic Peninsula are plotted in Figure 6.6 as a 
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function of MgO content. Scandium has a positive correlation with MgO, as expected, 

because Sc is concentrated in pyroxenes (Tables 4.1 to 4.4). Figure 6.6 shows that V 

increases from basalt towards tephrite and phonotephrite then decreases at -7.5% MgO 

to trachyandesite and trachyte. This decreases is probably related to the fractionation of 

titanomagnetite as V has a high partition coefficient for this mineral in mafic rocks 

(Tables 4.1 to 4.5; Rollinson, 1993). However, average content of V and Sc decrease 

from phonotephrite to trachyandesite (Tables 6.2 and 6.4; Fig. 6.6). This may be related 

to the higher modal clinopyroxene in phonotephrite (Peccerillo and Taylor, 1976). This 

is consistent with petrographic evidence (Tables 4.2 and 4.4). 

6.2.4 Sr and Nd Isotopes 

As shown in Table 6.7, the high-K alkaline rocks from the Islamic Peninsula have 

initial 87Sr/86Sr ratios of 0.70774 to 0.70848 and the sNd values ranging from -4.7 to 

-3.3. The range of initial isotopic values for the analysed samples is significantly larger 

than the estimated 2CT analytical uncertainties which equal to ±0.00005 and ±0.5 for 

initial 87Sr/86Sr and eNd units respectively. These uncertainties are considered to 

represent maximum values based on the 2a uncertainties derived from replicate 

measurements of standards (Table 6.7) and other, non quantifiable variables (e.g. 

sample selection). The initial 87Sr/86Sr ratio for tephrite samples are from 0.70820 to 

0.70848. Tephrite (R14447) has the higher initial 87Sr/86Sr ratio and lower sNd than all 

the other rocks from the Islamic Peninsula (Table 6.7). The initial 87Sr/86Sr ratio of the 

trachyandesite (0.70800) is higher than the basalt and phonotephrite (0.70778 and 

0.70774, respectively). This difference is not related to a simple fractionation processes. 



91 

6.3 AGHDA 

The mean and range of compositions for representative samples from Aghda are listed 

in Tables 6.8 to 6.15. The plot of K20+Na20 versus Si02 (TAS) shows that samples 

from Aghda comprise six tephriphonolites, one phonotephrite, one phonolite, six 

basaltic trachyandesites, one trachyandesites, two trachytes and two rhyolites (Fig. 6.8). 

These rocks are characterised by being oversaturated to undersaturated in silica, mafic 

to felsic in composition, high in A1203, CaO, alkalies and the incompatible elements 

Ba, Rb, Sr, Th, Zr, Nd and LREE, but low in Ti02, MgO and compatible elements 

(Table 6.15). 

6.3.1 Major elements 

The chemical features of Aghda samples are illustrated by compositional histograms 

(Fig. 6.9) and Harker type variation diagrams (Fig. 6.10). The Harker diagrams show 

two distinct groups of rocks comprising a mafic-intermediate group with <60% Si02 

and a felsic group with >60% Si02. Most of the analysed rocks from Aghda belong to 

the mafic-intermediate group which, on average, contains higher contents of Ti02, 

A1203, Fe203, MgO, CaO, P205 and most of the incompatible elements than the felsic 

rocks (Tables 6.8 to 6.14). 

The content of Si02 ranges from 49.81 in phonotephrite to 71.15 wt% in rhyolite 

(Tables 6.9, 6.14). Although there is a wide range of values for Si02, the distribution of 

Si02 contents emphasises the abundance of tephriphonolite, phonolite and basaltic 

trachyandesite (Fig. 6.9). Also there is probably a gap due to fractional crystallisation 

in the Si02 contents (58-64 wt%) between the two groups. Figure 6.9 shows that the 

Ti02 content has an almost symmetrical distribution, is generally low and has a broad 
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range between 0.2 and 0.95 wt%. The content of Ti02 decreases from mafic towards 

the felsic rocks with considerable scattering (Fig. 6.10) and reflects the higher modal 

content of titanomagnetite in mafic rocks (Tables 4.7 to 4.12; Seymour and 

Vlassopoulos, 1992). The content of A1203 ranges between 14.10 and 20.83 wt% 

(Table 6.15) and is higher in the rocks with lower Si02 content (53.08) than the rocks 

with higher Si02 content (71.15%). Tephriphonolite samples from Aghda have the 

highest contents of A1203 compared with all other samples, reflecting higher modal 

content analcime in this rock type (Tables 6.8 to 6.14; 4.7). Figure 6.9 shows that 

A1203 exhibits an increasing frequency towards the higher A1203 contents in samples 

from Aghda. The content of A1203 generally decreases from rocks with lower Si02 

contents (49.81-51.13%) to rocks with higher Si02 contents (63.85-71.15%), although 

there is considerable scatter and a gap in the A1203 contents between the two groups, 

reflecting different modal content of analcime, plagioclase and K-feldspar in different 

rock types (Tables 4.6 to 4.12; Fig. 6.10). The average contents of total Fe as Fe203 

and MgO are higher in basaltic trachyandesite than all other samples from Aghda 

(Tables 6.8 to 6.14). The compositional histogram in Figure 6.9 show that the Fe203 

content is variable, but has a maximum frequency between 3.5 and 4 wt%. The content 

of MgO decreases from basaltic trachyandesite towards trachyandesite which may be 

related to crystal fractionation of clinopyroxene and olivine (Tables 4.9, 4.10). In felsic 

rocks, the content of MgO is essentially the same in both trachyte and rhyolite 

(Fig. 6.10). Figure 6.10 shows Fe203 content in basaltic trachyandesite is higher than 

the other samples, reflects the higher modal content of clinopyroxene in this rock 

(Tables 4.6 to 4.12). In felsic rocks, the content of Fe203 decreases from trachyte to 

rhyolite reflecting higher modal clinopyroxene and titanomagnetite in trachyte 

(Tables 4.11, 4.12). Rhyolite from Aghda is enriched in alkalis, and depleted in MgO, 
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total Fe as Fe203 and CaO (Table 6.14) relative to the more mafic rock types. The CaO 

content ranges from 0.54 in rhyolite to 8.02 wt% in basaltic trachyandesite 

(Tables 6.11, 6.14; Fig. 6.9). The content of CaO decreases from basaltic trachyandesite 

towards phonolite then increases to trachyandesite which may be related to the different 

modal content of plagioclase and clinopyroxene in mafic rocks (Tables 4.8 to 4.10). In 

felsic rocks the content of CaO in trachyte is higher than rhyolite reflecting higher 

modal clinopyroxene in trachyte (Tables 4.11, 4.12; Fig. 6.10). The K20 has a greater 

range (1.80 to 9.82 wt%) than Na20 (2.47-6.15 wt%) in the rocks from Aghda 

(Table 6.15). In Figure 6.9, K20 shows a gradually increasing frequency until 5.5 wt%, 

then decreases towards the higher K20 contents, whereas the maximum frequency for 

Na20 is between 4 and 4.25 wt%, but most values have similar frequencies. In mafic 

rocks the content of K20 in tephriphonolite and phonolite is higher than the other 

samples reflects the higher modal K-feldspar in these rocks (Figure 6.10; Tables 4.6 to 

4.10). In felsic rocks the content of K20 decreases from trachyte to rhyolite reflecting 

higher modal K-feldspar in trachyte (Tables 4.11, 4.12). In mafic rocks the content of 

Na20 does not show any regular variation with Si02 probably depending on the 

variability of analcime and plagioclase in different rock types (Fig. 6.10). In felsic 

rocks, the content of Na20 is essentially the same in both trachyte and rhyolite 

(Fig 6.10). Among the rocks with Si02 contents (<56%), phonolite has the lowest 

content of Na20, reflecting lower modal plagioclase in this rock type (Tables 4.6 to 

4.10; Fig. 6.10). Phonotephrite has the highest content of P205 compared with all other 

samples from Aghda. The distribution of P205 is variable, with maximum frequency 

between 0.2 and 0.3 wt% (Fig. 6.9). The P205 content decreases from mafic to felsic 

rocks (Fig. 6.10) and reflects the higher abundance of apatite in the mafic rocks. 
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The raiite of Mg-numbers is between 16.2 and 52.6 (Table 6.15). The majority of 

samples have Mg-numbers less than 50; only three samples have Mg-numbers of more 

than 50 and the maximum frequency of values falls in the range of 48-50 (Fig. 6.11). 

The low Mg-numbers for mafic rocks from the Aghda region implies that these rocks 

do not represent primary, mantle derived melts. 

6.3.2 Incompatible elements 

Incompatible element contents of rocks from Aghda normalised to MORB are plotted 

on Figure 6.12. Spidergram patterns show most elements are significantly enriched in 

Aghda samples compared to MORB, while K, Ta, P and Ti show negative anomalies. 

These patterns show considerable similarity for the less incompatible elements (Zr, Yb 

and Ti). The morphology of the P-Ti sector of the spidergram for the felsic rocks 

shows a continuous increase from P to Zr then decrease towards the Hf and Ti 

(Fig. 6.12). Aghda spidergram patterns show enrichment from right towards left, except 

for P, Ti and Ba; depletion of Ba with respect to Rb for the acidic samples and this 

relationship is reversal for the mafic samples. The LFSE show considerable scatter, 

with no clear difference between the mafic and felsic group samples, which is probably 

related to the variability of K-feldspar, plagioclase, clinopyroxene and biotite 

abundances in different rock types from Aghda (Tables 4.6 to 4.12). The stronger 

negative P and Ti anomalies could reflect apatite and titanomagnetite removal. 

Enrichment of Zr and Hf is also stronger for the felsic group compared to the mafic 

group samples. Differences in the incompatible element patterns implies that rocks with 

Si02 contents (<59%) and rocks with Si02 contents (>66%) from the Aghda region are 

genetically unrelated (Fig. 6.12). 
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6.3.2.1 LFS Elements 

Strontium ranges between 106 and 1340 ppm for rhyolite and phonotephrite 

respectively (Tables 6.9, 6.14). Trachyandesite has the widest range of Sr with between 

448 and 1280 ppm (Table 6.12), and rhyolite has the lowest range of Sr between 106 

and 166 ppm (Table 6.14). In tephriphonolite the range of Sr values is between 575 and 

818 ppm (Table 6.8). The tephriphonolites have less Sr than the phonotephrites. This is 

probably due to plagioclase in phonotephrites being more calcic than in the 

tephriphonolites (Tables 4.39, 4.41). The low Sr in rhyolite from Aghda is related to 

lack of plagioclase (Table 4.12; Nash and Crecraft, 1985). Figure 6.13 shows Sr content 

decreases from phonoterphrite towards phonolite and trachyandesite probably related to 

the crystal fractionation of clinopyroxene (Tables 4.6, 4.10; Green, 1994). In felsic 

rocks the content of Sr remains constant in both trachyte and rhyolite. 

Rubidium ranges between 35 and 385 ppm in basaltic trachyandesite and phonolite 

respectively (Tables 6.10, 6.11). In general, the content of Rb increases from basaltic 

trachyandesite towards the tephriphonolite and phonolite then decreases to 

trachyandesite, these changes possibly indicating different modal of K-feldspar and 

biotite in mafic rocks (Tables 4.6 to 4.10; Fig. 6.13; Ewart and Griffin, 1994). In felsic 

rocks the content of Rb decreases from trachyte to rhyolite reflecting higher modal K-

feldspar in trachyte (Tables 4.11, 4.12; Fig. 6.13). Comparison of Figure 6.13 with 

Harker type diagrams for major elements (Fig. 6.10) show that Rb follows the trend of 

K20 since K-rich minerals host this element. 

6.3.2.2 HFS Elements 

The content of Y in samples from Aghda is within the range of 8 to 34 ppm 
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(Table 6.13), and is higher in the felsic rocks than the mafic rocks (Fig. 6.13). High 

contents of Y normally reflect the presence of abundant apatite but this is not a 

plausible explanation for felsic rocks from Aghda, because neither the modal abundance 

of apatite nor the content of P205 is high in felsic rocks from this region. The other 

common minerals which readily accommodate Y are biotite and zircon (Ewart and 

Griffin, 1994), which are both more common in the Aghda rhyolite than the other rock 

types of the region (Tables 4.6 to 4.12). 

Thorium ranges from 16 ppm in trachyandesite to 51 ppm in trachyte (Tables 6.12, 

6.13), and is higher in the felsic rocks than the mafic rocks from Aghda (Tables 6.8 to 

6.14). Figure 6.13 shows that Th increases from phonotephrite towards tephriphonolite 

then decreases to trachyandesite. These changes may be related to the different 

abundances of clinopyroxene and accessory minerals such as apatite and zircon in 

mafic rocks (Tables 4.6 to 4.12). In felsic rocks the content of Th in trachyte is higher 

than the rhyolite probably related to the presence of abundant clinopyroxene and apatite 

in trachyte (Green, 1994; Fig. 6.13). 

Niobium ranges from a minimum of 6 ppm in trachyandesite up to 32 ppm in trachyte 

(Tables 6.12, 6.13). Figure 6.13 shows that Nb increases from phonotephrite towards 

the tephriphonolite then decreases to trachyandesite. These changes are probably related 

to the different abundances of clinopyroxene, titanomagnetite and biotite in mafic rocks 

(Tables 4.6 to 4.10; Pearce and Norry, 1979; Green, 1994). In felsic rocks the content 

of Nb decreases from trachyte to rhyolite reflecting higher modal titanomagnetite and 

clinopyroxene in trachyte (Tables 4.11, 4.12; Fig. 6.13). 
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Zirconium in Aghda volcanic rocks ranges in value between 118 and 490 ppm 

(Table 6.15). In Figure 6.13 the Zr content increases from phonotephrite towards the 

phonolite then decreases to trachyandesite may be related to the different abundances 

of clinopyroxene and titanomagnetite in mafic rocks (Tables 4.8, 4.10; Nielsen et al., 

1994; Forsythe et al., 1994). The content of Zr in felsic rocks is higher than the mafic 

rocks, which can be regarded as the presence of abundant zircon in felsic rocks 

(Tables 4.6 to 4.12). 

6.3.2.3 Rare Earth Elements 

The REE concentrations for samples of trachyte, rhyolite, basaltic trachyandesite, 

phonotephrite and two samples of tephriphonolite from Aghda are plotted relative to 

chondrite in Figure 6.14. The ZREE ranges from 139 to 216 ppm and some REE have 

a relatively restricted range (Table 6.15). All the analysed rocks are enriched in LREE, 

and show a high degree of fractionation (La^/Y^ values of 9.30 to 15.69) except 

trachyte and rhyolite. The main difference is that the trachyte and rhyolite have a flat 

MREE to HREE partem, with strong negative Eu anomalies (Eu/Eu* = 0.37-0.39), 

implying that these rocks are genetically unrelated to other rocks from Aghda 

(Fig. 6.14). Fractionation in mafic rocks (tephriphonolite, phonotephrite and basaltic 

trachyandesite) can be controlled by separation of clinopyroxene, apatite and 

plagioclase, because partition coeficient of REE in these minerals is high (Green, 

1994). 

6.3.3 Compatible elements 

The contents of Ni, Cr and V in the basaltic trachyandesite are higher than the all other 

samples from Aghda (Tables 6.8 to 6.14). The Cr content has a wide range from 1 
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(rhyolite) to 96 ppm (basaltic trachyandesite; Tables 6.11, 6.14). In mafic rocks the 

contents of Cr and Ni do not show any regular variation reflecting different modal 

contents of clinopyroxene and olivine in different rock types from Aghda (Green, 1994; 

Skulski et al., 1994; Fig 6.13). In felsic rocks, the contents of Cr and Ni are the same 

in both trachyte and rhyolite (Fig. 6.13). The content of Sc decreases from basaltic 

trachyandesite and phonotephrite towards tephriphonolite reflecting the higher modal 

clinopyroxene and biotite in basaltic trachyandesite (Tables 4.6, 4.7, 4.9; Fig. 6.13). 

Figure 6.13 shows that V decreases from mafic towards felsic rocks, probably related to 

the higher modal titanomagnetite and clinopyroxene in mafic rocks (Tables 4.6 to 4.12). 

The mafic rocks from Aghda are very low in Ni (Table 6.15), and cannot represent 

primitive magmas (Wittk and Mack, 1993). 

6.3.4 Sr and Nd Isotopes 

The Tertiary rocks from Aghda show a wide range of initial 87Sr/86Sr values from 

0.70651 to 0.70871 and the eNd value ranges from -3.8 to -2.2 (Table 6.7). The range 

of initial isotopic values for the analysed samples is significantly larger than the 

estimated 2a analytical uncertainties which equate to ±0.00005 and ±0.5 for initial 

87Sr/86Sr and eNd units respectively. A sample of trachyte (R14480) has the highest 

initial 87Sr/86Sr ratio (0.70871), and the lowest eNd value (-3.8) for samples from the 

Aghda region. The Rocks with Si02 contents (63.85-71.15%) have a wide range of 

initial 87Sr/86Sr ratios (0.70718-0.708710). Figure 6.15 shows Si02 and Rb/Sr contents 

increase, conversely Sr decreases from rocks with lower Si02 contents (49.81-51.13%) 

to rocks with higher Si02 contents (63.85-71.15%). The overall positive correlation 

between initial 87Sr/86Sr ratio and Si02 from Aghda (Fig. 6.15) indicates that the 

proportion of the isotopically enriched end-member in the magma increased with 
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magmatic differentiation (Reiner et al., 1996). The initial 87Sr/86Sr ratio differences 

between rocks with different Si02 contents (49.81-71.15%) indicate that they are 

genetically unrelated. However, isotope variability in rocks with Si02 contents (49.81-

51.13%) is not related to a simple fractionation processes, because the range of initial 

isotopic values is outside the range of analytical uncertainity. 

6.4 SHAHRBABAK 

Various features of the total-rock geochemistry of the Tertiary, mafic to felsic volcanic 

rocks from Shahrbabak are summarised in Tables 6.16 to 6.24. Based on the TAS 

classification (Fig. 6.16), the rocks analysed from Shahrbabak comprise two basalts, 

one trachybasalt, three basaltic trachyandesites, one phonotephrite, ten tephriphonolites, 

two trachyandesites, one trachyte and four dacites. Although there are some significant 

geochemical differences among the volcanic rocks from Shahrbabak, particularly in the 

abundances of alkalies and the degree of silica saturation. But there are some 

similarities including low Mg-numbers, Ti02 and compatible elements, but high 

contents of A1203, CaO, and the incompatible elements, K, Ba, Sr, Rb, Th, Nd and 

LREE (Table 6.24). 

6.4.1 Major elements 

The compositional histograms and Harker type variation diagrams show the chemical 

features of the rocks from Shahrbabak (Figs. 6.17; 6.18). The Harker diagrams show 

three distinct groups of rocks comprising a group of rocks with <50% Si02, second 

group with 50-60% Si02, and third group with >60% Si02. Most of the analysed rocks 

from Shahrbabak belong to the mafic-intermediate group which, on average, contains 

higher contents of Ti02, Fe203, MgO, CaO, A1203, P205 and incompatible elements and 
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lower TiO,, Fe203, MgO and CaO than the felsic and mafic groups respectively 

(Tables 6.16 to 6.24). 

In Figure 6.17 the Si02 distribution emphasises the abundance of intermediate rocks 

such as tephriphonolite, phonotephrite, basaltic trachyandesite and trachyandesite. 

Figure 6.18 shows the large variation in Si02 content from 47 wt% in basalt to 68 wt% 

in dacite. The content of Ti02 has a broad range between 0.35 and 1.10 wt% and shows 

variable frequency (Fig 6.17). The Ti02 content decreases from mafic to felsic rocks 

reflecting the higher modal titanomagnetite in mafic rocks (Tables 4.14 to 4.19; 

Fig. 6.18). The content of total Fe as Fe203 ranges from 1.99 in dacite to 11.22 wt% in 

basalt (Tables 6.18 to 6.23). Content of total Fe as Fe203 are dominated by values 

between 2.5 and 7.5 wt% (Fig. 6.17). Figure 6.18 shows that mafic rocks have the 

highest content of Fe203 compared with other rocks, reflecting the higher modal of 

olivine in these rocks (Tables 6.14 to 6.19). In mafic-intermediate rocks the decrease in 

Fe203 content from trachybasalt to trachyandesite is probably related to the crystal 

fractionation of olivine and titanomagnetite (Fig. 6.18; Tables 4.15, 4.17). In felsic 

rocks the content of Fe203 in trachyte is slightly higher than dacite. The content of 

A1203 is relatively high and variable (14.44 to 20.33 wt%; Table 6.24). The A1203 

content exhibits an increasing frequency towards the maximum values of 19.4 wt%, 

then decreases for higher A1203 contents (Fig. 6.17). The A1203 content does not show 

any regular variation with Si02, but the content of A1203 is higher in tephriphonolite 

and phonotephrite than the other samples, and reflects the higher modal abundance of 

analcime and K-feldspar in these rocks (Table 4.13 to 4.19). Also, high abundances 

with scattered data for A1203 indicate probably feldspar accumulation as phenocrysts 

commonly observed in subduction related magma (Gill, 1981). The contents of CaO 
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and MgO are higher in the mafic than the felsic rocks from Shahrbabak (Tables 6.16 to 

6.23). The high MgO value for trachybasalt is related to the higher modal olivine in 

this sample (Embey et al., 1993). Figure 6.17 shows MgO content gradual increases to 

a mode of 2 wt%, whereas CaO exhibits a variable distribution, with maximum 

frequency between 4 and 4.5 wt%. The content of MgO decreases from basalt and 

trachybasalt towards tephriphonolite and trachyandesite, reflecting the higher modal 

content of olivine and clinopyroxene in basalt and trachybasalt (Tables 4.13 to 4.17; 

Fig. 6.18). In felsic rocks the content of MgO in trachyte is slightly higher than the 

dacite. The content of CaO in basalt is higher than the other rocks probably related to 

the higher modal clinopyroxene in these rocks (Tables 4.13 to 4.17). In Figure 6.18 

CaO content decreases from trachybasalt towards trachyandesite may be related to the 

crystal fractionation of plagioclase and clinopyroxene (Tables 4.14, 4.17) but few 

samples show higher CaO abundances for their Si02 levels and plot away from the 

general trend, which could be related to secondary processes owing to mobile nature of 

CaO. In felsic rocks, the content of CaO is the same in both trachyte and dacite except 

one sample of dacite (Fig. 6.18). 

The average content of Na20 is higher than K20 in the rocks from Shahrbabak 

(Tables 6.24). The Na20 content is dominated by values between 3.60 and 5.80 wt%, 

whereas K20 shows a variable distribution (Fig. 6.17). Figure 6.18 shows that the 

content of K20 in basalt is lower than the other rocks, reflecting the lower content of 

K-feldspar in these rocks. The K20 content increases from trachybasalt towards the 

tephriphonolite then decreases to trachyandesite reflecting higher modal content of K-

feldspar in tephriphonolite (Tables 4.13, 4.17). In felsic rocks the content of K O is 

essentially the same in both trachyte and dacite (Fig. 6.18). In Figure 6.18 Na,0 
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content does not show any regular variation with Si02 (Tables 4.13 to 4.19). The 

content of P2Os ranges from 0.14 and 0.56 wt% (Table 6.24) and has an almost 

symmetrical distribution. The average content of P205 in basic-intermediate group is 

higher than the other groups. In mafic-intermediate rocks the content of P205 decreases 

from trachybasalt towards tephriphonolite and trachyandesite, reflects the higher 

abundance of apatite in trachybasalt (Fig. 6.18). 

The trachybasalt (R15812) shows the maximum Mg-number (71.90) for analysed 

samples from Shahrbabak. The majority of samples have Mg-numbers in the range of 

34-50, and only two analyses have an Mg-number of more than 70 (Fig. 6.19). The low 

Mg-number, Cr and Ni contents in these mafic rocks preclude their being primary melts 

of mantle peridotite (Seymour and Vlassopoulos, 1992). 

6.4.2 Incompatible elements 

incompatible element contents of samples from Shahrbabak normalised to MORB are 

plotted on Figure 6.20. Spidergram patterns show most elements are significantly 

enriched in the Shahrbabak samples compared to MORB, while K, Ta and Ti show 

negative anomalies except for basalt which has a negative anomaly for Ta only, and 

continuous increase in enrichment with increasing incompatibility from Yb to Ba on the 

plot. The patterns are similar for felsic and mafic rocks, but the negative anomaly for 

Ta is stronger for the basalt. The Th, Nb, Ce, Zr and Hf contents are high for the 

trachyandesite (R14528), relative to the other samples. Spidergram patterns show 

depleted Ti, Y and Yb in the felsic group compared to the mafic and mafic-

intermediate groups. The patterns drawn for incompatible elements of three rock groups 

of Shahrbabak are not well parallel, implying they are not cogenetic. 
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6.4.2.1 LFS Elements 

Shahrbabak rocks have a wide range of Sr contents between 410 and 1330 ppm for 

trachyandesite and trachybasalt respectively (Tables 6.20, 6.21). The average content of 

Sr in mafic group is lower than the other groups from Shahrbabak (Tables 6.16 to 

6.23). In mafic-intermediate group the content of Sr decreases from trachybasalt 

towards the tephriphonolite and trachyandesite reflecting higher modal plagioclase in 

trachybasalt (Tables 4.13 to 4.17; Fig. 6.21). The removal of ferromagnesian minerals 

such as clinopyroxene resulted in the trachybasalt from Shahrbabak being enriched in 

the constituent of plagioclase (Hall, 1987). In felsic rocks, the content of Sr does not 

show any regular variation with Si02 (Fig. 6.21). 

Rubidium ranges between 19 and 383 ppm for basalt and tephriphonolite respectively 

(Tables 6.16, 6.18). In mafic-intermediate rocks the Rb content increases from 

trachybasalt towards the tephriphonolite then decreases to trachyandesite reflecting 

higher modal K-feldspar in tephriphonolite (Tables 4.13, 4.17; Fig. 6.21). In felsic 

rocks the content of Rb is very similar in both trachyte and dacite (Fig. 6.21). 

6.4.2.2 HFS Elements 

Yttrium has a range from 7 to 33 ppm and is generally higher in the mafic than the 

felsic rocks (Tables 6.16 to 6.24). Dacites have the greatest range of Y (7-28 ppm) and 

trachyandesites have the highest content of Y compared with all other samples from 

Shahrbabak (Tables 6.16 to 6.23). The content of Y in basic group is lower than the 

mafic-intermediate group. In mafic-intermediate rocks the content of Y increases from 

trachybasalt towards the trachyandesite, and reflects the presence of apatite and zircon 

in trachyandesite (Lambert and Holland, 1974; Green 1994; Table 4.17). In felsic rocks 
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the content of Y remains the same from trachyte to dacite except one sample (R14526) 

of dacite, and reflects the higher abundance of zircon in this sample (Fig. 6.21). 

The average content of Th ranges between 4 and 21 ppm from basalt to trachyandesite 

in Shahrbabak (Tables 6.18, 6.21). Trachyandesite has the highest value of Th 

compared with all other samples (Tables 6.16 to 6.23; Fig. 6.21). Thorium is 

significantly incorporated in apatite and zircon (Caroff et al., 1993). The mafic rocks 

have the lowest content of Th relative to other rocks, reflecting the absent of zircon in 

these rocks. In mafic-intermediate rocks the increase in Th from trachybasalt towards 

the trachyandesite is related to the presence of apatite and zircon in trachyandesite 

(Tables 4.13 to 4.17). In felsic rocks Th content increases from trachyte to dacite may 

be depending to the higher abundance of zircon in dacite (Fig. 6.21). 

Niobium concentration is up to 15 ppm in different rock types of Shahrbabak and is 

highest in trachyandesite (Tables 6.16 to 6.23). Figure 6.21 shows that mafic rocks 

have the lowest content of Nb relative to other rocks may be related to absent of biotite 

and zircon in these rocks (Table 4.14). In mafic-intermediate rocks the increase in Nb 

content from phonotephrite towards trachyandesite probably related to the presence of 

zircon in trachyandesite (Pearce and Norry, 1979; Green, 1994). In felsic rocks Nb 

content does not show any regular variation with Si02, but the content of Nb in some 

samples of dacite is higher than trachyte and reflects the higher modal content of zircon 

in these samples (Fig. 6.21). 

Trachyandesite and basalt from Shahrbabak have the highest (402 ppm) and the lowest 

(66 ppm) contents of Zr respectively (Tables 6.18, 6.21). The Zr/Hf ratio in 
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trachyandesite is higher than the dacite, and reflects the presence of abundant 

clinopyroxene and zircon in trachyandesite (Tables 6.21, 6.23, 4.17, 4.19). Also the 

increase in Zr content from trachybasalt towards the trachyandesite may be related to 

the presence of zircon in trachyandesite (Table 4.13 to 4.17; Fig. 6.21). In felsic rocks 

the content of Zr is very similar in both trachyte and dacite (Fig. 6.21). 

6.4.2.3 Rare Earth Elements 

The REE concentrations in two tephriphonolites, one basalt, one trachyandesite, one 

trachyte and one dacite are plotted relative to chondrites in Figure 6.22. The ZREE 

content ranges from 75 to 157 ppm in the samples from Shahrbabak (Appendix D). The 

REE patterns for the tephriphonolites and the trachyandesite of Shahrbabak are similar 

except that the trachyandesite is more enriched in HREE. These rocks are strongly 

fractionated in LREE and have a flat MREE to HREE pattern (Laj/YbN values of 6.61 

to 7.98), with moderate to strong negative Eu anomalies (Eu/Eu* = 0.60 to 0.79). 

Negative Eu anomalies are normally interpreted as resulting from removal of 

plagioclase or may be due to increasing oxygen fugacity (Hanson, 1980). Basalt 

(R14550) is characterised by a lower enrichment in LREE compared with other samples 

and unfractionation for HREE (Fig. 6.22), with a Laj/YbN ratio of 5.43, implying that it 

is unrelated to the other rocks. Two samples of dacite and trachyte (R14512, R14699) 

display similar patterns and have the most fractionated REE pattern compared with 

other samples with Laj/Ybu ratios between 21 and 32.51. These samples show a slight 

to moderate negative Eu anomaly (Eu/Eu* = 0.78-0.86). However, these two samples 

appear to be genetically unrelated to other rocks from Shahrbabak. The high La^/Yl^ 

ratios, suggest an important role for clinopyroxene in their formation, because partion 

coefficient of HREE are higher than the LREE in clinopyroxene (Green, 1994). 
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6.4.3 Compatible elements 

The average contents of Cr, Ni, V and Sc decrease from mafic to felsic rocks in 

Shahrbabak (Tables 6.16 to 6.23). Most of the rocks from Shahrbabak have low Sc, Cr 

and Ni contents. The low Cr and Ni contents in the mafic and mafic-intermediate rocks 

of Shahrbabak may be attributed to olivine and clinopyroxene fractionation (Stolz et al., 

1990). Trachybasalt has the highest average content of both Cr and Ni compared with 

other samples, reflecting the higher modal content of olivine in this rock (Table 6.16 to 

6.23). The contents of V and Sc in mafic rocks is higher than the other rocks probably 

related to the high abundant of olivine and clinopyroxene in these rocks. In mafic-

intermediate rocks the decrease in V content from trachybasalt towards tephriphonolite 

and trachyandesite may be related to the crystal fractionation of clinopyroxene, 

titanomagnetite and olivine (Tables 4.14, 4.17; Fig. 6.21). In felsic rocks the contents of 

Sc and V remain constant in both trachyte and dacite. The contents of Ni and Cr do not 

show any regular variation with Si02, but the contents of Ni and Cr in basalt, 

trachybasalt and one of the basaltic trachyandesite samples are higher than the other 

samples, and reflects the higher modal contents of olivine and clinopyroxene in these 

rocks (Tables 6.16 to 6.23; Fig. 6.21). 

6.4.4 Sr and Nd Isotopes 

The Tertiary rocks from Shahrbabak have initial 87Sr/86Sr ratios between 0.70427 and 

0.70567 and the eNd values range from +1.3 to +4.1 (Table 6.7). The range of initial 

isotopic values for the analysed samples is significantly larger than the estimated 2o 

analytical uncertainties which equate to ±0.00005 and ±0.5 for initial 87Sr/86Sr and eNd 

units respectively. The sample of tephriphonolite (R14522) has the highest initial 

87Sr/86Sr ratio (0.70567), and the lowest eNd (+1.3) compared for samples from the 
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Shahrbabak area. The acidic rocks (trachyte and dacite) have a restricted range of initial 

87Sr/86Sr ratio (0.70427-70451) and trachyte (R14512) has the lowest initial 87Sr/86Sr 

ratio (0.70427) for the group. Figure 6.15 shows the relationship of the Sr isotopic data 

with SiO,, Sr and Rb/Sr contents. The Sr isotopic data show a negative correlation from 

mafic to felsic rocks relative to SiO, (Fig. 6.15). Due to negative correlation of Sr 

isotopic value from mafic to felsic rocks of the Shahrbabak region, these rocks can not 

be genetically related. However, isotope variability in mafic rocks is not related to a 

simple fractionation processes, because the range of initial isotopic values is higher 

than the analytical uncertainty. 

6.4.5 SUMMARY 

The Islamic Peninsula rocks possess the characteristics of a typical high-K alkaline 

suite. These rocks are characterised by being undersaturated in Si02, with low average 

contents of A1203 and Ti02, and high contents of CaO and K20. The rocks are enriched 

in the incompatible elements, but compatible elements are relatively low in abundance. 

The behaviour of different major and trace elements relative to MgO content, suggests 

that fractional crystallisation seems to be the main process involved in development of 

these rocks. Most of the Islamic Peninsula rocks have Low Mg-number, Cr, Ni and V 

contents and must have suffered some differentiation. Multi-element patterns for all 

rock types are almost parallel, implying their oogenetic nature. All the samples from the 

Islamic Peninsula are enriched in LREE and strongly fractionated with moderate 

negative Eu anomalies for most of the samples. Decreasing content of the trivalent 

ferromagnesian elements V and Sc from tephrite to trachyandesite suggests 

clinopyroxene fractionation. The high-K alkaline rocks from the Islamic Peninsula have 

initial 87Sr/86Sr ratios of 0.70774-0.70848 and the eNd value ranging from -4.7 to -3.3. 
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This difference is not related to a simple fractionation processes, because the range of 

initial isotopic values is higher than the analytical uncertainty. The Aghda region 

contains are mostly of alkaline rocks. These rocks are characterised by being 

oversaturated to undersaturated in Si02, mafic to felsic in composition, high in A1203, 

CaO and alkalies and incompatible elements but low in Ti02, MgO and compatible 

elements. The Harker diagrams show two distinct groups comprising mafic-intermediate 

and felsic rocks. The low Mg-number, Cr, Ni and V contents for mafic rocks from the 

Aghda region implies that these rocks do not represent primary mantle derived melts. 

Spidergram patterns show overall enrichment from Yb to Ba with negative anomalies in 

K, Ta, P and Ti. The REE patterns for samples of Aghda are all enriched in LREE and 

show a high degree of fractionation, except trachyte and rhyolite which are genetically 

unrelated to other rocks from Aghda. The Tertiary rocks of Aghda show a wide range 

of initial 87Sr/86Sr ratios and eNd values. The differences in isotopic values between 

mafic and felsic groups indicate that these two groups are genetically unrelated. In 

mafic rocks the range of initial isotopic values is outside the range of analytical 

uncertainty then, they are not related to a simple fractionation processes. 

The Tertiary volcanic rocks from Shahrbabak are characterised by being saturated to 

undersaturated in silica, mafic to felsic in composition and have some common 

features, such as low Mg-numbers, contents of Ti02 and compatible elements and high 

A1203, CaO and incompatible element. Harker diagrams show three distinct groups 

comprising mafic, mafic-intermediate and the felsic rocks. The low Mg-number. Cr and 

Ni contents of the rocks from Shahrbabak preclude their being primary melts of mantle 

peridotite. Incompatible elements show a continuous increase in enrichment with 

increasing incompatibility from Yb to Ba. The REE patterns for tephriphonolite and 
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trachyandesite are similar. Trachyte and dacite display similar patterns and are 

genetically unrelated to other samples from Shahrbabak. The Tertiary rocks from 

Shahrbabak have initial 87Sr/86Sr ratios between 0.70427 and 0.70567 and the eNd values 

from 1.3 to 4.1. Tephriphonolite has the highest initial ratio of 87Sr/86Sr and the lowest 

sNd value of the samples from Shahrbabak. The variability in isotopic values, suggests 

that these three rock groups are genetically unrelated in the Shahrbabak region. 
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Ill 

CHAPTER 7 

MAGMATIC AFFINITIES 

7.1 INTRODUCTION 

The major magma series recognised in island arc systems and active continental 

margins comprise low-K (tholeiite), calcalkaline, high-K calcalkaline, shoshonitic and 

leucititic. The volcanic and plutonic rocks of active continental margins range in 

composition from basalt to rhyolite (Wilson, 1989). In the study areas, alkaline rocks 

are dominant and are usually associated with calcalkaline rocks particularly in the 

Aghda and Shahrbabak regions. 

The chemical analyses of samples from the study areas have been plotted on the K20 

versus Si02 diagram with boundaries between low-K, calcalkaline, high-K calcalkaline 

and shoshonite suites from Peccerillo and Taylor (1976) and the boundary between 

shoshonite and leucititic suites from Wheller et al. (1987). Figure 7.1 shows that, for 

the Islamic Peninsula, all samples of tephrite and basalt except two (R14455, R14457) 

are leucititic in affinity. These two samples have relatively low K20 and plot in the 

shoshonitic field because leucite phenocrysts have been replaced by analcime (section 

5.4). Trachyandesite and trachyte samples also plot in the shoshonitic field. Figure 7.1 

shows that about half of the samples from Aghda are shoshonitic while trachyandesite 

samples fall within the high-K calcalkaline field, and most of the tephriphonolite and 

phonolite plot in leucititic field. The analysed samples from Shahrbabak belong to four 

series comprising leucititic, shoshonitic, high-K calcalkaline, and calcalkaline rocks 

(Fig. 7.1). 
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7.2 TEPHRITE AND TEPHRIPHONOLITE OF LEUCITITIC SERIES 

According to Washington (1927) the term leucitite was first proposed for a rock 

containing leucite and pyroxene (in equal amounts) with a small amount of nepheline. 

Leucite-bearing rocks, notably leucitite and leucite tephrite, form a rare group of 

alkaline mafic or ultramafic rocks (Marcelot and Rancon, 1988). As a felspathoid, it is 

restricted to rocks that are deficient in silica but enriched in K20. Leucite is not 

commonly found in nature and normally occurs either in sodium-poor phonolites or in 

mafic extrusions quenched from high temperature (Heaney and Veblen, 1990). 

The leucititic series from the study areas are undersaturated in silica based on CEPW 

norm calculations (Fig. 7.2). Typically the U-DVB leucititic series have Si02 less than 

50 wt%, Si02/K20 lower than 9, and K20/Na20 greater than 1 (Table 7.1). Other 

notable features of these rocks are high concentrations of some elements including Ba, 

Rb, Sr, Zr, Nb, La and Y (Table 7.2). These characteristics are similar to the leucite 

bearing rocks from Vulsini, Central Italy (Varekamp and Kalamarides, 1989). In the 

AFM diagram all samples plot in the alkaline field and have strong alkali enrichment in 

the most felsic samples (Fig. 7.3). In the Na20-K20-CaO ternary diagram (Fig. 7.4) the 

overall trend reflects the enrichment of K20 over Na20 in all samples. In the U-DVB 

the high alkali and low silica content of leucite-bearing rocks is reflected by the 

common occurrence of minerals such as leucite and nepheline. 

7.3 SHOSHONITIC SERIES 

The term shoshonite was originally coined for potassic orthoclase bearing basalt from 

Yellowstone Park, Wyoming, USA (Iddings, 1895). The geochemical characteristics of 

the shoshonitic rock association have been identified by various workers. Corrireau and 
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Gorton (1993) defined shoshonitic rocks as displaying strong enrichment in Al, Ca, K 

and LFSE relative to the HFSE and low Mg content characteristic of arc related 

magmas. Morrison (1980) stated that the high-K shoshonite lavas are usually associated 

with calcalkaline rocks along subduction zones at continent collision margins. Such 

rocks typically have high K20/Na20 (>0.5), low iron enrichment, high Na20+K20 (>5 

wt%), high LFSE (e.g. K, Rb, Sr and Ba), high but variable A1203 (9-20 wt%) and 

generally low Ti02 (Tables 7.3, 7.4). The characteristics identified by Morrison (1980) 

compared to the relevant data for rocks from the U-DVB are presented in Table 7.3. 

Most of the shoshonitic samples from studied rocks in the U-DVB are unsaturated in 

silica although a few samples from Aghda and Shahrbabak are saturated in respect to 

the CIPW norm (Fig. 7.5). Morrison (1980) noted that shoshonites are characterised by 

low-iron enrichment. This feature is also demonstrated in the U-DVB by a calcalkaline 

affinity for the shoshonite association (Fig. 7.6). Similarly, the total alkali content of 

shoshonitic rocks from the U-DVB is generally high (>5%; Fig. 7.7) and the K20/Na20 

ratio is also high (>0.5 at 50% Si02, >1 at 60% Si02; Fig 7.8). Lavas from the U-DVB 

contain up to 1.10% Ti02 (Fig. 7.9) which is lower than maximum value of 1.3% 

suggested by Morrison (1980). The A1203 content of shoshonitic rocks from the U-DVB 

ranges from 14 to 20.50% (Fig. 7.10) and is slightly higher than the maximum value of 

19% suggested by Morrison (1980). 

7.4 HIGH-K CALCALKALINE ROCKS 

The importance of the distinction between the alkaline and calcalkaline groups of 

igneous rocks was first pointed out by Iddings (1892). The calcalkaline group was 

assigned various names such as subalkaline, calcalkaline and nonalkaline by different 

authors. The term subalkaline is somewhat ambiguous because various authors use it 
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only for transitional rocks between the alkaline and calcalkaline. The term calcalkaline 

is used by most petrologists today for compositions between low-K (tholeiitic) and 

alkaline. In this thesis, the term high-K calcalkaline is used to describe the most 

potassic representatives of the calcalkaline rocks. 

In terms of the CJJPW normative mineralogy, the high-K calcalkaline rocks from the U-

DVB range from Ne-normative to Q-normative (Fig. 7.11). The high-K calcalkaline 

rocks of the U-DVB are characterised by low-iron enrichment, as exhibited by a typical 

calc-alkaline trend on an AFM plot (Fig. 7.12). Total alkali content of the U-DVB 

rocks is generally high (>4 wt%; Fig. 7.7) and the K^/Na^ ratio is >0.5 at 58% Si02 

(Fig. 7.8). The Ti02 content of high-K calcalkaline rocks from the U-DVB has a 

maximum of 1.05 wt%, but most values are between 0.35 and 0.65 wt% (Fig. 7.9). The 

A1203 contents range from 15 to 18.50 wt%, with the majority in the range of 15-17 

wt% (Fig. 7.10). 

7.5 COMPARISON OF LEUCITITIC, SHOSHONITIC AND HIGH-K 

CALCALKALINE ROCKS FROM THE U-DVB 

The studied rocks from the U-DVB are mainly shoshonitic and leucititic in affinity. All 

tephrite, and the majority of tephriphonolite and phonotephrite samples are leucititic in 

composition. Other rock types from the three study areas have shoshonitic to high-K 

calcalcaline affinity. Using age data and field evidence, shoshonitic and leucititic 

association occurred at the early stage of magmatism in Shahrbabak and Aghda 

(Table 3.1). In these regions, magmatism was followed by production of high-K 

calcalkaline rocks. The shoshonitic and leucititic rocks from the Islamic Peninsula are 

younger than those from Aghda and Shahrbabak (Table 3.1). 
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In term of major element contents, the average content of Ti02, Fe203, MgO, CaO, K20 

and P205 is higher, but Si02, Na20 and A1203 contents is lower in the leucitic rocks 

than the shoshonitic rocks from the U-DVB (Tables 7.2, 7.4) due to higher abundance 

of leucite, clinopyroxene, titanomagnetite and apatite in leucititic than the shoshonitic 

rocks (Tables 4.1 to 4.17). The average content of Si02 and CaO is lower and the Ti02, 

A1203, Fe203 and K20 higher in shoshonitic rocks compared to the high-K calcalkaline 

rocks from the study areas (Tables 7.4, 7.5) reflecting more abundances of analcime, 

sanidine and titanomagnetite in shoshonitic rocks (e.g. Tables 4.7, 4.8 4.13). Although 

there are some significant geochemical differences among the shoshonitic and high-K 

calcalkaline rocks, particularly in the abundances of alkalies and in degree of silica 

saturation, all these rocks have some common features. The similarities include a low 

Mg-number, Ti02 and high A1203 and K20 contents and porphyritic character. These 

feature are typical of calcalkaline and shoshonitic suites of orogenic zones. 

The leucititic rocks contain higher average contents of the trace elements Rb, Nb, Pb, 

Y, Ba, Zn, Cu, Ta, Cr and V than shoshonitic rocks in the U-DVB (Tables 7.2, 7.4). 

The shoshonitic rocks contain higher average contents of the incompatible elements Rb, 

Nb, Pb, Y, Ba, Zn and Ta and lower average contents of compatible elements such as 

Ni and Cr than the high-K calcalkaline rocks (Tables 7.4, 7.5). The leucititic, 

shoshonitic and high-K calcalkaline rocks from the U-DVB are enriched in LREE. In 

general, the leucititic rocks have a higher average content of LREE than the shoshonitic 

and high-K calcalkaline rocks probably related to the high abundances of clinopyroxene 

and apatite in leucititic rocks. The amounts of HREE in these three rock associations 

are variable (Tables 7.2, 7.4, 7.5). 
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The leucititic rocks have initial 87Sr/86Sr ratios between 0.70738 and 0.70848 which are 

higher than the initial 87Sr/86Sr ratios for shoshonitic rocks. The shoshonitic rocks, 

however have a wide range of initial 87Sr/86Sr ratios (0.70475-0.70800) compared with 

rocks from other series, and are higher than the restricted range for high-K calcalkaline 

rocks (0.70427-0.70452) from the U-DVB. Conversely the eNd values in high-K 

calcalkaline samples are higher than those of the leucititic and shoshonitic rocks 

(Tables 7.2, 7.4, 7.5). However, isotope variability in these rocks suggestes that these 

three series rocks are genetically unrelated in the U-DVB. 

In order to facilitate comparison between Tertiary volcanic rocks of the U-DVB and 

volcanic rocks from other regions the rock series are further subdivided into low 

(<52%) and high (>52%) Si02 groups. 

7.6 COMPARISON WITH OTHER LEUCITITIC ROCKS 

Leucite-bearing rocks are found in widely scattered localities all over the world. The 

best known localities include the volcanic fields of East Africa Rift, Kastamonu area 

(Turkey), east and southeast Ruwenzori (Uganda), West Kimberley, and New South 

Wales (Australia), Java and Celebes (Indonesia), the Leucite Hills of Wyoming, the 

Roman province of Italy, Mauricia and Armaria provinces (Spain) and the Laacher See 

district (Germany). All these localities are confined to continental regions. Occurrence 

of leucite-bearing rocks in oceanic areas is very limited (e.g. Tristan da Cunha Islands). 

Analytical data for leucititic rocks from the U-DVB are compared with analytical data 

for rocks from various of tectonic and geographic regions (Tables 7.6, 7.7, 7.8). 
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7.6.1 Leucitites (<52% Si02) 

A compilation of published whole-rock geochemical data for leucititic rocks with less 

than 52% Si02 from various regions show many similarities between regions, but also 

some significant differences (Table 7.6). Data for the U-DVB leucititic samples fall 

near the middle range of values for all regions with the exception of P205 which is 

much higher in the U-DVB samples than the other areas. Leucititic rocks from the 

Roman province, Central Italy (Holm et al., 1982; Table 7.6, column C) have lower 

MgO and higher K20 compared with similar rocks from elsewhere. Leucititic rocks 

from Umbria-Latium, Italy (Stoppa and Lavecchia, 1992; Table 7.6, column E), have 

much higher values for MgO and CaO, but lower contents of A1203, MnO, and Na^ 

compared with all other leucititic rocks from elsewhere (Table 7.6). 

Relatively few comparative trace element data are available (Table 7.6) but the trace 

element data for the U-DVB rocks are within the range of values for all regions. The 

major exceptions are the contents of Zr and Nb which are higher than the other regions. 

The HREE and V contents of the U-DVB leucititic samples are similar to those of 

Vulsini, Central Italy (Rogers et al., 1985; Table 7.6, column B) but the contents of 

some trace elements (e.g. Cr and Zr) are higher in the U-DVB. The abundances of 

MREE (Sm and Eu) for the leucititic rocks in Vulsini, Central Italy (Rogers et al., 

1985; Table 7.6, columns B) are higher than the Roman province, Italy (Peccerillo, 

1992 ; Table 7.6, column D). Leucititic rock from Roman province, Italy (Peccerillo, 

1992; Table 7.6, column D) have lower contents of REE and Ba than similar rocks 

from other regions, but the content of Cr is higher. 

The Sr isotopic values of the U-DVB leucititic rocks fall near the middle range of 
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values for all regions and are close to those for rocks from Roccamonfina (Rogers et 

al., 1987; Table 7.7. column F). Leucititic rocks from the Alban Hills (Conticelli and 

Peccerillo, 1992; Table 7.7, column G) have higher Sr isotopic ratios, while rocks from 

the Western and Central Europe (Wilson and Downs, 1991; Table 7.7, column H) 

have lower Sr isotopic ratios than similar rocks from elsewhere. The average Nd 

isotopic ratio for samples from the U-DVB is higher than the average for the Roman 

province (Holm et al., 1982; Table 7.7, column C). 

7.6.2 Leucitites (>52% Si02) 

There are few publications with analytical data for leucititic rocks with more than 52% 

Si02. Comparison of the mean analyses of the U-DVB with analytical data for rocks 

from other regions (Table 7.8, column A) indicates close similarities in whole-rock 

geochemistry between most regions except Leucite Hill. Leucititic rocks from Leucite 

Hill, Italy (Bergman, 1987; Table 7.8, column F) have much higher values for Ti02, 

MgO and K20, but lower A1203, MnO and Na^ in comparison with other samples. 

Leucititic rocks from Roccamonfina (Appleto, 1972; Table 7.8, column G) have higher 

A1203 compared with similar rocks from elsewhere. 

The U-DVB rocks have lower contents of most trace elements compared to leucititic 

rocks from elsewhere (Table 7.8). The REE contents of the U-DVB samples are lower 

than the rocks from other regions (Table 7.8). Contents of Ni, Cr, Zr, Ba, Sr, Nb, La, 

Ce, Sm and Eu in rocks from Leucite Hill (Bergman, 1987; Table 7.8, column F) are 

much higher compared with all samples from other regions, but Y and Lu are lower. 
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7.7 COMPARISON WITH OTHER SHOSHONITIC ROCKS 

Comparison of the mean analyses of the shoshonitic rocks from the U-DVB with 

analytical data for rocks from other regions (Tables 7.9, 7.10) indicates close 

similarities in whole-rock geochemistry. 

7.7.1 Shoshonites (<52% Si02) 

A compilation of published whole-rock geochemical data for shoshonitic rocks with 

less than 52% Si02 from various regions shows many similarities between regions, but 

also some significant differences (Table 7.9). Data for the U-DVB samples fall in the 

range of values for all regions with the exception of relatively low Si02. Shoshonitic 

rocks from Northwestern Alps (Venturelli et al., 1984; Table 7.9, Column C) have 

much lower values for A1203 and Na20 than similar rocks from elsewhere. Both Ti02 

and Fe203 values for shoshonitic rocks from Ascenison Island (Sorensen, 1974; 

Table 7.9, Column J) are relatively high compared with all other samples. 

The U-DVB rocks have higher Pb, Th, U and Tb contents compared with shoshonitic 

samples from elsewhere. Shoshonitic rocks from Walton Peak, Colorado (Thompson et 

al., 1993; Table 7.9, Column H) have much higher contents of Ba, Zr, Nb and Hf, 

whereas rocks from Greece (Pe-Piper, 1983; Table 7.9, Column I) contain low Ba, Sr 

and Ni compared with similar rocks from elsewhere. The REE (La, Ce, Nd, Yb and 

Lu) are more abundant in Roman province samples than in the U-DVB rocks 

(Peccerillo, 1992; Table 7.9, Column B), and the contents of Sm, Eu and Tb are 

slightly lower. The REE contents of the U-DVB rocks are higher than those of the 

Abitibi Greenstone Belt (Dostal and Muller, 1992; Table 7.9, Column F). Shoshonitic 

rocks from the Permian Sydney Basin (Carr, 1984; Table 7.9, Column E) have 
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consistently lower contents of light REE (La and Ce) than similar rocks from other 

regions. In contrast, shoshonitic rocks from Walton Peak, Colorado (Thompson et al., 

1993; Table 7.9; Column H), contain higher contents of LREE (La and Ce) and 

medium REE (Sm and Eu) than similar rocks from elsewhere. Both V and Ni are 

relatively low for the U-DVB rocks and the contents of REE are not identical for the 

rocks from the U-DVB and Guffey volcanic (Wobus et al., 1990; Table 7.9, column J). 

The Sr isotopic values of the U-DVB shoshonitic rocks fall near the upper end of the 

range of values for all regions documented in Table 7.7 and are close to the values for 

rocks from Stromboli (Francalanic et al., 1988; Table 7.7, column E). Shoshonitic rocks 

from the Birunga and Toro-Ankole (Bell and Powell, 1969; Table 7.7, column I) have 

higher Sr isotopic values, whereas rocks from Taru Volcano (Rogers and Setterfield, 

1994; Table 7.7, column D) have relatively low Sr isotopic ratios compared to similar 

rocks from other regions. The Nd isotopic ratios for samples from the U-DVB lie 

within the range of values for similar rocks from elsewhere (Table 7.7). 

7.7.2 Shoshonites (>52% Si02) 

Comparison of major element geochemical data for shoshonitic rocks with more than 

52% Si02 from many regions (Table 7.10) shows these rocks form a coherent group 

and that data for U-DVB rocks lie within the range of values for all regions. The 

exceptions being K20, which is higher than all other regions (Table 7.10). The contents 

of Si02 for shoshonitic rocks from the Roman province (Peccerillo, 1992; Table 7.10, 

column J) is higher than other regions. Rocks from Canary Islands (Borely, 1974; 

Table 7.10, column K) have higher Ti02, A1203 and Nap and lower P2Os, CaO, MgO 

and Fe203 than similar rocks from elsewhere. 
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In general, the trace element data for the U-DVB rocks are within the range of values 

for all regions. The exceptions are U, Pb, Hf and Ta contents which are higher and V 

and Sc are lower than the other regions. Shoshonitic rocks from Fiji (Gill and Whelan, 

1989; Table 7.10, column C) have higher contents of Sr and V, while rocks from the 

Northern Mariana Arc (Bloomer et al., 1989; Table 7.10, column E) have lower Ni 

than similar rocks from elsewhere. The HREE (Yb and Lu) contents of the U-DVB 

samples show a similar abundance to rocks from the Northwestern Alps (Venturelli et 

al, 1984; Table 7.10, column H). The rocks from Roman province (Peccerilo, 1992; 

Table 7.10, column J), contain higher contents of LREE (La and Ce) and MREE (Sm 

and Eu) than similar rocks, while the HREE (Yb and Lu) contents of samples from the 

Southern Sydney Basin (Carr, 1984; Table 7.10, column D) are higher than the other 

regions, except Roman province. 

7.8 COMPARISON WITH OTHER HIGH-K CALCALKALINE ROCKS 

A compilation of major and trace element data for high-K calcalkaline rocks from 

various part of the world is presented in Tables 7.11 and 7.12. 

7.8.1 High-K calcalkaline (<52% Si02) 

A compilation of major element data for high-K calcalkaline rocks with less than 52% 

SiO: from many regions (Table 7.11) indicates that these rocks form a coherent group, 

and the data for rocks of the U-DVB lie in the range of values for all regions. High-K 

calcalkaline rocks from northwest Colorado (Thompson et al., 1993; Table 7.11, 

Column I) have higher values for Fe203 and P205, whereas high-K calcalkaline rocks 

from the Abitibi Greenstone Belt (Dostal and Muller, 1992; Table 7.11, Column F) 

have higher contents of MgO and lower contents of Ti02 and A1203 compared with 
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other regions. Rocks from east Africa rift system (Gurenko et al., 1991; Table 7.11, 

column D) have higher Ti02, CaO and lower Si02 than similar rocks from elsewhere. 

The trace element data for the U-DVB rocks lie in the middle range of values for other 

regions with the exception of Sr which is much higher in the U-DVB samples than the 

other areas (Table 7.11). Compared to the other regions the concentration of Ce and Ni 

in the U-DVB samples is higher, with the exception of rocks from the Guffey Volcano 

(Wobus et al., 1990; Table 7.11, Column E) and northwest Colorado (Thompson et al., 

1993; Table 7.11, Column I), however the content of U is lower. Rocks from north 

Wales (Kokelaar, 1986; Table 7.11, Column J) have the lowest REE values whereas 

La, Ce, Nd and Sm abundances for northwest Colorado (Thompson et al., 1993; 

Table 7.11, Column I) represent the highest values of other regions. Contents of Yb and 

Hf in rocks from Roman province (Peccerillo, 1985; Table 7.11, Column C) are much 

lower when compared with similar rocks from elsewhere. Rocks from the Northern 

Azerbaijan (Riou et al., 1981; Table 7.11, Column G) have lower Tb than other 

regions. 

7.8.2 High-K calcalkalines (>52% Si02) 

Compilation of major element data for high-K calcalkaline rocks with more than 52% 

Si02 from various regions (Table 7.12) show these rocks also form a coherent group 

and the data for the U-DVB rocks lie within the range of values for all regions except 

for the relatively high Na20 and low Ti02. High-K calcalkaline rocks (Gill and Whelan, 

1989; Table 7.12, Column D) have much higher values for Ti02, A1203, Fe203, MgO 

and CaO and lower values for Si02, Na20 and K20 compared with the U-DVB rocks. 

Rocks from northern Italy (Barth et al., 1993; Table 7.12, Column J) have higher MgO 



123 

and lower Na20 than similar rocks from Costarica. 

The U-DVB rocks have lower Y and V contents compared with high-K calcalkaline 

rocks from elsewhere, but have high Ba contents. High-K calcalkaline andesite from 

Kastamonu (Peccerillo and Taylor, 1976; Table 7.12, Column C) has much higher 

contents of Ni, Cr and Sc, whereas rocks from Ungaran (Claproth, 1989; Table 7.12, 

Column B) contain relatively low Cr compared with similar rocks from other regions. 

Rocks from the Northwestern Alps (Venturelli et al., 1984; Table 7.12, Column G) 

have higher LREE and rocks from the Northern Azerbaijan (Riou et al., 1981; 

Table 7.12, Column E) have lower Sm, Eu, Tb and Yb compared with elsewhere. Also, 

both Nb and Y contents of samples from Costarica (Cigolini et al., 1991, Tables 7.12, 

Column K) are higher than the other regions. 

The Sr isotopic values for the U-DVB high-K calcalkaline rocks fall near the lower end 

of the range of values for all regions presented in Table 7.7. High-K calcalkaline rocks 

from Latir Volcano (Johnson et al., 1990; Table 7.7, column F) have higher Sr isotopic 

values than those of similar rocks from other regions. The Nd isotope values for high-K 

calcalkaline rocks from the U-DVB lie within the range of values for all regions (Table 

7.7). 

7.8.3 Calcalkaline rocks 

Comparison of major element geochemical data for calcalkaline rocks from various 

region is shown in Table 7.13. These rocks form a coherent group and the data for the 

U-DVB rocks are within the range of values for all regions with exceptions of Ti02, 

MnO and MgO which are much lower in the U-DVB samples than the other regions. 
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Calcalkaline rocks from Sardinia, Italy (Montanini et al., 1994; Table 7.13, Column E), 

have higher values for Ti02, Fe203 and K20, but lower A1203, while rocks from the 

Kastamonu (Peccerillo and Taylor, 1976; Table 7.13, Column I) have higher A1203 and 

CaO than similar rocks from elsewhere. Rocks from northern Italy (Barth et al., 1993; 

Table 7.13; Column G) have higher MgO and lower CaO than rocks from other 

regions. 

The trace element contents of the U-DVB rocks fall near the lower end of the range of 

values for all regions documented in Table 7.13. The major exceptions are the content 

of U, Yb, Lu, Sc and V which are lower than for other regions. Rocks from northwest 

Colorado (Thompson et al., 1993; Table 7.13, Column C) have higher light REE, U, Nd 

and Ni, but lower Y, while rocks from the Atesina-Cimad Asta (Barth et al., 1993; 

Table 7.13, Column G) have relatively high Yb, Sc, but lower Ni than rocks from 

elsewhere. The calcalkaline rocks from eastern Anatolia, Turkey (Pearce et al., 1990; 

Table 7.13, Column J) have much higher Zr and V, and Nb and Cr in the rocks from 

Sardinia, Italy (Montanini et al., 1994; Table 7.13, Column E) are higher than other 

rocks. 

7.9 SUMMARY 

Based on the K20 and Si02 contents the volcanic rocks from the U-DVB are typical of 

the leucititic, shoshonitic and high-K calcalkaline rock associations. Leucititic rocks are 

dominant in the Islamic Peninsula while shoshonitic rocks are more common in the 

Aghda and Shahrbabak areas. Although there are significant geochemical differences 

among the three volcanic series, particularly in the abundance of alkalies and in degree 

of silica saturation, common features include low Ti02, high A1203 and K20 contents 
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and porphyritic character. These features are typical of alkaline and calcalkaline suites 

of orogenic zones. 

The average content of Ti02, Fe203, MgO, CaO, K20 and P205 is higher and Si02, 

Na20 and A1203 is lower in the leucitic rocks when compared to the shoshonitic rocks 

from the U-DVB. Also incompatible elements such as Rb, Nb, Pb, Y, Ba, Ta and 

compatible element Cr and V are higher in the leucititic rocks than shoshonitic rocks. 

The shoshonitic rocks from the U-DVB have higher contents of Ti02, A1203, Fe203, 

and incompatible trace elements including Rb, Nb, Y, Ba and Ta than the high-K 

calcalkaline rocks. The leucitic, shoshonitic and high-K calcalkaline rocks from the U-

DVB are enriched in LREE; in general, the leucitic rocks have a higher average content 

of LREE than the shoshonitic and high-K calcalkaline rocks. In the AFM plots the 

leucititic rocks show a more restricted range of compositions than the shoshonites and 

high-K calcalkalin rocks. Comparison of geochemical data for leucititic, shoshonititic 

and high-K calcalkaline rocks from various tectonic and geographic regions shows the 

rocks of each association from coherent groups, and most of the U-DVB rocks fall in 

the range of values. The REE contents of leucititic rocks from the U-DVB are lower 

than the rocks from Roccamonfina Volcano (Luhr and Gianetti, 1987) whereas, the 

HREE and V contents are similar to those of the Vulsini (Rogers et al., 1985). The 

REE contents for the U-DVB shoshonitic rocks are higher than those of Abitibi 

Greenston Belt rocks (Dostal and Muller, 1992), and the HREE contents of the U-DVB 

shoshonitic rocks have a similar abundance to the rocks from the northwestern Alps 

(Venturelli et al., 1984). The REE contents for the U-DVB high-K calcalkaline rocks 

are lower than those of Colorado rocks (Thompson et al., 1993). 
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The leucititic rocks from the U-DVB have higher initial Sr isotopic ratios than 

shoshonitic and high-K calcalkaline rocks. The shoshonitic rocks, however, have a wide 

range of Sr isotopic ratios compared with rocks from other series, and are higher than 

the restricted range of high-K calcalkaline rocks from the U-DVB. Conversely the sNd 

values in high-K calcalkaline are higher than those of the leucititic and shoshonitic 

rocks. 
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CHAPTER 8 

PETROGENESIS 

8.1 INTRODUCTION 

Potassic rocks are defined as those that are characterised by a molar K20/Na20 ratio 

that is around or slightly higher than unity at MgO>3 wt% and the term ultrapotassic is 

reserved for the rocks that have MgO>3 wt% and molar K20/Na,0>2.5 (Peccerillo, 

1992; Foley et al., 1987). Potassium-rich rocks are limited in abundance but are found 

in widely scattered localities all over the world. They include volcanic, subvolcanic and 

plutonic bodies that are found in three distinctive environments (Thompson and Flower, 

1986). Potassic and ultrapotassic igneous rocks include a variety of compositions that 

range from shoshonitic magmas associated with calcalkaline volcanics in many volcanic 

arcs to ultrapotassic lamproites, lamprophyres, kimberlites, melilitic and leucitic rocks 

(Foley and Peccerillo, 1992 and Wooley et al., 1996). Potassic volcanic rocks form by 

low degree of partial melting, under hydrous conditions in a low heat-flow 

environment, of upper mantle lherzolite that have been metasomatically enriched in 

LILE and LREE (Meen, 1987). In the U-DVB four groups of potassic igneous rocks 

occur: 

(a) a potassic calcalkaline series ranging from trachytes to dacites, 

(b) a high-K calcalkaline series ranging from basalts to trachyandesites, 

(c) a high-K shoshonitic series ranging from phonotephrites to tephriphonolites; and 

(d) ultrapotassic leucititic series ranging from tephriphonolites to tephrites. 

The K-rich igneous rocks from the Islamic Peninsula, Aghda and Shahrbabak in the U-

DVB are located in the middle of the extensive Alpine-Himalyan orogenic belt between 
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the Arabian and Eurasian plates. Potassium-rich igneous rocks of Tertiary age are 

common along the Alpine-Himalayan orogenic belt. A large number of occurrences of 

shoshonites and leucitites in Italy (Coltorti et al., 1991), Spain (Venturelli et al., 1984), 

Turkey (Keller, 1983), Pakistan (Searle, 1991), Tibet (Arnaud et al., 1992; Turner et al, 

1996), China (Pognante, 1990), and Indonesia (Wheller et al., 1987) have been 

investigated and the current study fills the missing link to the database of Tethyan K-

rich magmas in Iran. Volcanic rocks from the U-DVB are mainly alkaline and 

calcalkaline in composition, and were emplaced between the Early Tertiary and the 

Present. Important features for the petrogenesis of the U-DVB rocks include the 

occurrence of leucititic, shoshonitic and high-K calcalkaine series (Chapter 6, 7) 

combined with the tectonic setting involving subduction of the Neo-Tethys oceanic 

crust beneath the Central Iran Plate (Chapter 2). 

There are two major theories for the genesis of the U-DVB rocks. The first ascribes the 

origen of the volcanic belt to continental rifting (Amidi et al., 1984; Amidi and Michel, 

1985) while the second, more widely accepted model involves subduction (e.g. Takin, 

1972; Stocklin, 1977; Berberian and King, 1981; Berberian F., 1981; Shahabpour, 1982; 

Sengor, 1990; Hassanzadeh, 1993; Alavi, 1994). 

8.2 ROLE OF CONTINENTAL RIFTING IN PRODUCING POTASSIUM-RICH 

VOLCANIC ROCKS 

The term rift refers to a major normal fault zone caused by wholly extensional stress at 

right angles to the strike of the fault (e.g. Quennell, 1985). The best examples of 

continental rifts comprise the East African rift zone, the Baikal rift zone and rifts in 

Western North America. Such rift zones are characterised by recent volcanism, seismic 
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activity and normal faulting. 

The tectonic setting together with available geochemical and isotopic data from this 

study do not characterise a rift model for the U-DVB rocks. According to many Iranian 

geologist, the U-DVB is parallel to the Zagros Main Thrust Line, ophiolite-melange 

belt and linear metamorphic belt of the Sanandaj-Sirjan could have resulted from 

subducting Neo-Tethys oceanic crust beneath the Central Iran. Also development of the 

major Iranian porphyry copper deposits and extensive formation of andesite-dacite 

stratovolcanoes in the U-DVB may indicate that rifting was not developed in the U-

DVB region (Stocklin, 1974; Berberian and King, 1981; Hassanzadeh, 1993; Alavi, 

1994). 

There are three major chemical end-members recognised for ultrapotassic rocks (Foley 

et al., 1987). The analyses of the Islamic Peninsula have been plotted on the CaO 

versus A1203 and CaO versus Si02 diagrams (Fig. 8.2) and all data points except 

sample R14457 fall in the subduction-related field. Also Zr-Nb diagram (Fig. 8.1) 

shows that not any samples plot in rifting field. 

Geochemically, the LREE contents in the U-DVB tephrite are lower and HREE are 

higher than those of western branch of the East African Rift (Davies and Lioyd, 1988). 

The 87Sr/86Sr ratios for the tephritic rocks in the U-DVB are significantly higher than 

the western rift of Africa (Bell and Powell, 1969). Ultrapotassic rocks from the Islamic 

Peninsula (Table 6.2), have much higher values for Ba, Rb, Sr, Th, U and Zr but lower 

content of Nb, Cr, Ni, Hf and Ta compared to similar rocks in the western branch of 

the East Africa Rift System (Thompson et al, 1984). Consequently, none of the 
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geochemical and other geological data for the volcanic rocks from the U-DVB support 

a model in which the volcanism is related to rifting. 

8.3 ROLE OF SUBDUCTION IN POTASSIUM-RICH VOLCANIC ROCKS 

FROM THE U-DVB 

It is generally accepted that arc basalts are derived from partial melting within the sub-

arc mantle wedge either subsequent to, or concomitant with, the addition of an enriched 

component from the subducted oceanic plate (Gamble et al., 1993; Plank and Langmuir, 

1993; Muller et al., 1992;). Various hypotheses for the origen of the added component 

include partial melts from subducted lithosphere (Marsh, 1982; Myers et al., 1986b), 

the incorporation of subducted sediments (Tera et al., 1986) and an incompatible 

element enriched fluid phase derived by dehydration of the uppermost hydrothermally 

altered portion of the oceanic crust (Kay, 1980; Gill, 1981; Tatsumi et al., 1986; Sun 

and McDonough, 1989), or some combination of these (Johnson et al., 1996). 

The content of trace elements of ultrapotassic rocks from the Islamic Peninsula are 

relatively comparable with similar rocks from Alban Hill (Peccerillo, 1992). Also 

HREE and LREE contents of tephritic rocks are similar to those of Roman region 

(Giannetti and Ellam, 1994). The HREE, Ba, Sr, Rb, Ni, Cr, Th and V contents of the 

U-DVB shoshonitic rocks are within the range of values for similar rocks from the 

Tibetan plateau (Turner et al., 1996). The Sr isotopic values of the ultrapotassic rocks 

from the U-DVB are close to the values for rocks from Roccamonfina (Giannetti and 

Ellam, 1994). In addition, high-K calcalkaline and shoshonitic rocks from Shahrbabak 

show similar Sr isotopic ratios with rocks from Stromboli (Francalanci et al., 1988). 

Generally, the potassic rocks from the Islamic Peninsula, Aghda and Shahrbabak show 
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high A1203, K20, LFSE and LREE abundances and low abundances of Ti02 and HFSE 

(Ta, Nb and Zr) in addition to LREE>Nb and Zr>Y (Tables 6.1 to 6.24). These features 

provide strong evidence of the involvement of subduction-related processes in the 

generation of orogenic potassic magmas in the U-DVB (Stolz et al., 1990; Ellam and 

Harmon, 1990; Nelson, 1992). Also trace-element ratios suggest a subduction zone 

source for the U-DVB lavas. Values for La/Nb (2.3-3.3), La/Th (2.5-3.0) and Ba/La 

(27.9-62.2) are all within the range defined by orogenic volcanics (Gill, 1981). In 

addition, the Ba/Nb values of the U-DVB volcanic rocks range from 60.5 to 139.5 and 

are all much greater than the value of 28 considered by Fitton et al. (1988) to mark the 

lower limit for arc magmas (Tables 6.3, 6.11, 6.19). 

Figures 8.1 (Zr vs Nb and K20 vs Ti02) and 8.3 (La-TiO2*100-HF*10) show that all 

samples from the studied areas plot within the subduction field. These diagrams are 

useful in distinguishing potassic and ultrapotassic rocks related to intra-plate activity 

from those directly or indirectly related to subduction (Wilson, 1989; Thorpe, 1987). 

Development of the U-DVB within a subduction related setting during Tertiary time is 

supported by the following evidences: (1) The occurrence of Post-Palaeogene 

calcalkaline plutons and porphyry copper mineralisation along the U-DVB (Shahabpour, 

1982; Berberian F. 1981; Hassanzadeh, 1993), (2) The trend of U-DVB is parallel to 

the Main Zagros Thrust Line indicating a structural relationship exists between the 

Arabian and Central Iranian plates, and (3) The presence of ophiolitic rocks preserved 

along tha Main Zagros Thrust Line. Neo-Tethys oceanic crust was being subducted 

beneath the Central Iran Plate (continental crust) throughout Tertiary, and the U-DVB is 

interpreted as results from this subduction. 
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According to Berberian F. (1981) and Hassanzadeh (1993) the Neo-Tethys ocean 

between Arabian and Central Iran Plates was consumed towards Neogene, and final 

closure took place during Late Miocene. On the other hand, petrochemical studies and 

isotopic age dating of the Oligo-Miocene volcanic rocks (this study Chapters 3, 6) 

disagree with the Late Miocene closure of the Neo-Tethys ocean between Arabian and 

Central Iran plates. Since all samples from mafic to intermediate composition with 

Oligo-Miocene age plotted in postcollisional field (Fig. 8.4), consequently the closure 

could have taken place in the Late Eocene. 

Based on the isotopic and geochemical evidence of this study, it is proposed that the U-

DVB rocks can not be wholy derived from subduction of Neo-Tethys beneath the 

Central Iran Plate. The geochemical and isotopic data from the U-DVB imply that the 

volcanic rocks have been generated from two source materials: one yielding material 

rich in K-group elements with relatively high 87Sr/86Sr (>0.7065) values and low 

143Nd/144Nd values for the Islamic Peninsula and Aghda; and the other yielding material 

low in K-group elements compared to the Islamic Peninsula and Aghda with relatively 

low 87Sr/86Sr (<0.7057) values and high 143Nd/144Nd values for Shahrbabak (Tables 6.6, 

6.7, 6.15, 6.24). The Islamic Peninsula and Aghda rocks are considered to be from 

Neo-Tethys ocean, but those of Shahrbabak region are related to Nain-Baft Ocean 

which formed by tearing of the Central Iran Plate (Sengor, 1990). The isotopic and 

geochemical data from Shahrbabak are similar to those obtained by Hassanzadeh (1993) 

from Miduk and Sar Cheshmeh copper mines located in Shahrbabak area. He realised 

that the evolution of the copper mines is related to Nain-Baft Ocean. The plot of Zr 

versus Zr/Nb (Fig. 8.5) implying distinct overlap of samples from the Islamic Peninsula 

and Aghda regions, but separated field is remarkably indicated for all samples from 
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Shahrbabak. However, potential source regions for the U-DVB rocks comprise the 

subducted oceanic crust and the mantle wedge above the subducted slab, and/or 

combinations of these two endmember sources. 

8.3.1 Subducted lithosphere as the source region 

Modem theories in petrogenesis of magmatic arcs discuss two principal groups: those 

which derive primary magmas directly by melting of a peridotite mantle and those 

which derive magmas directly from the melting of subducted oceanic crust or from the 

melting of peridotitic mantle which has been modified by the introduction of water 

and/or a silicate liquid originating in this crust. Many authors have argued convincingly 

that much of the LFSE enrichment is a result of addition of a subduction component to 

the mantle wedge via aqueous fluid derived from dehydration of the subducting oceanic 

crust and overlying sediment (e.g. Peccerillo, 1990; Beccaluva et al., 1991; Foley and 

Peccerillo, 1992). 

For several reasons, geochemical data obtained from most samples of the studied rocks 

are not consistent with generation of the U-DVB lavas by melting of the subducted 

oceanic slab. The exception is only for two samples of dacite and trachte (R14512, 

R14699) from Shahrbabak, which will be discussed in the next paragraph. The 

occurrence of abundant mafic lavas (44-59% Si02) in the U-DVB necessitates high 

degrees of partial melting of eclogite which is unlikely to occur. In addition, the high 

degrees of partial melting required for this model are inconsistent with the observed 

relatively high contents of K20 which imply small degrees of partial melting. Also, 

very low degree partial melts of a MORB-like source mantle cannot yield K20 contents 

>0.8% (Allan et al., 1993). Other weaknesses of the eclogite partial melting model have 
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been found in both major and trace elements studied. The major element chemistry of 

partial melts of quartz eclogite, estimated from experimental studies are not typically 

calcalkaline (Stem, 1974). Trace element contents of most samples in the U-DVB, 

particularly REE data are inconsistent with this model. If the liquids were derived from 

an eclogitic source, then it must be strongly depleted in HREE (e.g. Gill, 1981), due to 

high values of HREE partition coefficients for equilibrium between basaltic to andesitic 

liquids. Most of the samples from the U-DVB do not show strong depletion in HREE 

(e.g. R14457, R14550) and indicate that garnet is absent from the source material, or at 

most, it is a minor phase for these samples. 

The dacite and trachyte from Shahrbabak show high Na20/K20, high Sr and low Y 

(Tables 6.22, 6.23) and strongly HREE depletion (Fig. 6.25). Recent authors (e.g. 

Peacok et al., 1994; Sen and Dunn, 1994) belive that such composional behaviour of 

dacite and trachytic rocks is consistent with their generation by melting of subducting 

oceanic lithosphere. The low radiogenic Sr and high eNd value (+4.1 and +3.8) for 

dacite and trachyte respectively (Table 6.7) indicate that pelagic sediments could not 

have been involved in the genesis of the dacite and trachyte from Shahrbabak. Partial 

melting of an amphibole eclogite source would generate melts that have high Sr/Y but 

low Y (Defant and Drummond, 1990). Figure 8.6 shows that dacite and trachyte 

samples from Shahrbabak plot at high Sr/Y and low Y compared to other samples from 

the U-DVB. However, as noted above, they are high in Na20/CaO values and Sr 

content. Also, HREE depletion and low Sc abundances are due to early crystallisation 

of amphibole or possibly partitioning in garnet at the source, all suggest that the 

involvement of a slab in the genesis of these two rock types is likely. 
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8.3.2 MANTLE AS THE SOURCE: 

8.3.2.1 Primary and derivative magmas 

Primary basaltic magmas are those formed by partial melting of the upper mantle, the 

compositions of which have not been modified subsequently by fractional 

crystallisation, crustal contamination, or other processes during movement from the 

source region to the surface, or following emplacement. The subcontinental upper 

mantle is mineralogically complex and chemically heterogeneous (e.g. Zindler and Hart, 

1986) and although a variety of primary magma compositions are to be expected, 

several features are available for the recognition of primary mantle-derived magmas. 

These are include Mg-number, trace element contents and the presence of high pressure 

inclusions. If the Tertiary rocks of the U-DVB are the products of mantle-derived 

melts, the primary or derivative nature of the most mafic rocks of the province must be 

ascertained. Two features are particularly relevant for the recognition of primary 

mantle-derived rocks. Assuming the primary mantle-derived melts will be in 

equilibrium with olivine of composition Fog6.90, the primary magmas should have Mg-

numbers between 68-75 (Wilson, 1989). The maximum Mg-number for samples from 

the Islamic Peninsula is 74.2 (Table 6.1), from Aghda is 50.3 (Table 6.8), and from 

Shahrbabak is 49.4 (Table 6.16). The composition of olivine from the Islamic Peninsula 

and Shahrbabak are Fog4.86 and Fo72.g6 respectively (Appendix C). Except the high Mg-

number of the Islamic Peninsula which is close to the value of primary magma; the low 

values of Mg-number and olivine for other regions indicate that if magmas were 

derived from the mantle, they were not primary but must have undergone subsequent 

fractionation. The behaviour of major and trace elements in respect to the MgO and 

Si02 content or evolution of the rock series (Chapter 6) possibly suggests that fractional 

crystallisation of olivine, spinel, clinopyroxene and plagioclase were mainly responsible 
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for the formation of different rock types. 

Trace element data have been utilised to prove the primary or derivative signature of 

basalts from many areas. The elements which have proved to be most useful for this 

purpose are Ni, Sc and Cr. Wilson (1989) suggested a content of 400-500 ppm Ni for 

primary magmas in equilibrium with typical upper mantle, whereas, Wass (1980) 

proposed a wider range of Ni contents between 403 and 890 ppm for primary basalts 

from the Southern Highlands of New South Wales. Although, the Ni contents of 

primary mantle-derived magmas vary from one region to another, Ni contents of at 

least 200-300 ppm are normal (BVSP = Basaltic Volcanic Special Project, 1981). The 

maximum Ni contents in the rocks of the studied areas are 153, 28 and 158 ppm for 

the Islamic peninsula, Aghda and Shahrbabak respectively which are below the lower 

limit of Ni contents for primary mantle-derived magmas. Schilling et al. (1983) 

introduced range of 40.02-36.47 and 528-278 ppm for Sc and Cr respectively from 

primary magma. In contrast to the data for Ni, the basalt (sample R1445 7) from the 

Islamic Peninsula contains relatively high contents of Sc (38.5 ppm) and Cr (650 ppm) 

probably related to the abundances of clinopyroxene in basalt (Table 4.3), which are 

consistent with primary mantle derivation. If the Islamic Peninsula basalt derives from 

mantle, the low Ni content suggests that considerable fractionation of olivine has been 

occurred during upward moving to the surface. The tephriphonolite samples from 

Aghda and Shahrbabak have relatively low contents of Sc (3.67-3.72 ppm) and (7.58-

7.76 ppm) respectively, indicating that these rocks did not form from primary magmas. 

8.3.2.2 Fractionation model and major element composition of the primary magma 

As previously mentioned (Chapter 6), most mafic to intermediate rocks from the U-
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DVB developed by fractional crystallisation of olivine and clinopyrexene from a mantle 

source. Analyses of the most primitive lavas from representative volcanic rocks in the 

U-DVB are listed in Table 8.1. Assuming that these primitive compositions were once 

a mixture of liquid in equilibrium with crystal phase, and ultimately derived from the 

mantle. 

A useful model for the derivation of the lavas listed in Table 8.1 is based on the 

proposal that olivine was the major crystalline phase involved in fractionation (Chapter 

6). Modelling was accomplished by the incremental addition of small (0.5 wt%) 

amounts of olivine to the lava compositions of Table 8.1 until the calculated primary 

magma was in equilibrium with two distinct olivine compositions (Mg/Mg+Fe+2 = 0.84 

and 0.88) were obtained. These compositions correspond to the range thought to exist 

in the mantle (Nicholls and Whitford, 1976). The calculation, was based on a program 

(GDA) Sheraton and Simons (1988) and a Kd value of 0.3 was utilised. 

Tables 8.1 and 8.2 summarise the observed compositions and calculated primary 

magma compositions together with the amount of olivine fractionated for analysed 

rocks from the U-DVB. The results show that the amount of olivine removed from 

primary melt is: 3.9-13.9, 11.7-14.8 and 9.5-17.7 wt% for the Islamic Peninsula, Aghda 

and Shahrbabak respectively. This olivine composition is in equilibrium with olivine of 

composition (Mg/Mg+Fe+2 = 0.84) to produce the observed lavas. If the primary 

magma is in equilibrium with olivine of composition (Mg/Mg+Fe+2 = 0.88), it requires 

removal of olivine ranges 6.3-24, 18.1-23.6 and 18.9-25.5% for the Islamic Peninsula, 

Aghda and Shahrbabak, respectively. 
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The modelled primary compositions for the studied areas are compared with other 

primary magmas from different places in Tables 8.2 and 8.3. Compared to the data for 

Karisimbi (Rogers et al., 1992), the calculated primary compositions for the Islamic 

Peninsula have low contents of Si02, Ti02 and A1203 and relatively high contents of 

CaO and K20 (Tables 8.2, 8.3). Compared to the major element composition used by 

Roeder and Emslie (1970; Table 8.3), the calculated compositions for Aghda show low 

contents of Ti02, FeO and CaO and relatively high contents of Si02, A1203 and K,0. 

Compared to the primary magma compositions of BVSP (1981) and Best (1982) listed 

in Table 8.3, the calculated compositions for Shahrbabak show high contents of Si02, 

A1203 and K20 and low contents of Ti02 and CaO. 

8.3.2.3 RARE EARTH ELEMENTS 

Based on the data and discussion presented in section 8.3 the mantle appears to be 

most likely source region for the most rocks from the U-DVB. The REE are a very 

powerful tool for petrogenetic studies because they are geochemically similar and are 

very sensitive indicators of petrogenetic processes and can therefore be used to 

constrain the composition of the mantle source region. The upper mantle is 

heterogeneous in REE content, especially in LREE. The LREE concentration in primary 

liquids depends essentially on the degree of partial melting and the initial concentration 

of these elements in the source rock. Most of the rocks from study areas are alkaline, 

and are characterised by a large enrichment of total REE and LREE relative to 

chondrite. 

8.3.2.3.1 Islamic Peninsula 

In Figure 6.7 La and Ce exhibit variable behaviour with the LREE varying from 180 to 
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250 times chondrite and HREE concentrations are between 4 and 8 times the chondrite 

abundances. The REE Patterns for the rocks from the Islamic Peninsula are linear with 

a small negative Eu anomaly, except trachyandesite which have greater negative Eu, 

implying their oogenetic nature. 

As shown in Figure 6.7 tephrite, phonotephrite and basalt samples (R14447, R14454, 

R14455, R14466 and R14457) from the Islamic Peninsula have very similar REE 

characteristics, although the absolute abundances are variable. The concentration of 

REE in these rocks is high due to abundance of accessory minerals, such as apatite. 

Apatite is enriched in REE particularly where associated with alkaline igneous rocks 

(Henderson, 1984; and Rae et al., 1996), and is common in the rocks from upper 

mantle (O'Reilly and Griffin, 1988). Also clinopyroxene is a major repository for REE 

during mantle melting and low-pressure crystallisation (Gaetani and Grove, 1995). 

Several factor, may contribute to the variability of REE partitioning in clinopyroxene. 

Partitioning is dependent on temperature, pressure and compositional effects (Eickschen 

and Harte, 1994). According to Gallahan and Nielson (1992), the most important 

compositional factors controlling the REE partitioning between clinopyroxene and melt 

at constant temperature and pressure are the Ca content of the clinopyroxene and the Al 

content of the melt. Petrographic evidence indicate an abundance of clinopyroxene and 

apatite within the Tephrite, phonotephrite and basalt samples in the Islamic Peninsula 

rocks (Tables 4.1, 4.2, 4.3). These rocks may be derived by partial melting of source 

rich in clinopyroxene and apatite. 

The trachyandesite (R14698) shows a fractionated REE pattern (Fig. 6.7) for both 

LREE and HREE with LaN/YbN ratios 17.72 and total REE 277. A negative Eu 
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anomaly seems to be quite common in trachyandesitic rocks. Negative Eu anomalies 

are normally interpreted as the result of removal of plagioclase. Petrographic data 

indicate a lack of plagioclase within the rocks from the Islamic Peninsula. The negative 

anomaly may be related to the fractional crystallisation of apatite, because the 

partitioning of the REE between apatite and silicate melts varies systematically with 

atomic number, the middle REE (e.g. Eu) being more easily accommodated than either 

the light or the heavy elements (Watson and Green, 1981; Green, 1994). Consequently 

when apatite starts fractionating the Eu tend to be extracted from the melt at a greater 

rate than the other elements. The similarity of trachyandesite REE pattern compared to 

that of the more mafic members of the Islamic Peninsula indicates a common 

mechanism of genesis for all these rocks. 

The REE patterns from the Islamic Peninsula show strongly fractionated patterns for 

both light and heavy REE. The steep REE patterns with HREE depletion suggest that 

clinopyroxene was a residual phase during partial melting to produce these magmas, 

and that they were derived from a LREE-enriched source. Abundances of HREE are 

rather constant (Yb = 1.90-2.67), but abundances of LREE are variable (La = 49.10-

81.10), so that there is a range in LaN/YbN = 14.4-21.4. These features are typical of 

alkaline magmas derived from mantle lherzolite source (Alibert et al., 1983 and Leat et 

al., 1990). 

Experimental petrology indicates small degrees of melting (less than about 10%) of 

peridotite in the mantle, yield alkali-rich basalt which are characterised by high LREE 

contents and La/Lu ratios (Henderson, 1984). Also Meen (1987) considered that 

potassic volcanic rocks produce by low degrees of partial melting, of upper mantle 
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Iherzolite that has been enriched in LFSE and LREE. Therefore according to the results 

of geochemical and REE analyses, generation of K-rich alkaline magmas from the 

Islamic Peninsula could be related to the partial melting of a metasomatised mantle-

peridotite, such as a phlogopite-bearing wehrlite or a phlogopite and amphibole-bearing 

clinopyroxenite. However, the overlaps in the data (Fig. 6.8) indicate that they may 

have been derived from same mantle source. The REE patterns in the Islamic Peninsula 

lavas are closely similar and overlap those from Vulsini, Central Italy, which Rogers et 

al. (1985) argued were derived from mantle source. 

8.3.2.3.2 Aghda 

The total REE content of Aghda are variable (Table 6.15) with an average value of 172 

ppm. These values are within the range for shoshonite which is characteristic of 

continental arc shoshonite (Henderson, 1984). In mafic rocks the MREE decrease in 

abundance from Sm to Ho, and the HREE are variable in composition from Ho to Lu. 

The Yb and Lu exhibit highly variable behaviour from tephriphonolite to rhyolite in 

Aghda rocks, with the HREE varying from 6 times to 20 times chondrite (Fig. 6.14). 

As shown in Figure 6.14 sample R14480 (trachyte) and R14493 (rhyolite) from Aghda 

have very similar REE characteristics. Both patterns show high degree of fractionation 

for LREE (La-Sm) whereas MREE and HREE are almost unfractionated with strong 

negative Eu anomalies (Eu/Eu* = 0.37-0.39). The negative Eu anomaly may indicate the 

removal of plagioclase from the magma, because Eu is preferentially partitioned into 

plagioclase. Petrographic studies support this with a lack of the plagioclase being 

observed within these samples (Table 4.11, 4.12). The value of Yb and Lu in two 

samples (R14480, R14493) are considerably higher than the other samples of Aghda 
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region (Fig. 6.14). Petrographic and geochemical features indicate that the afore 

mentioned samples contain a large amount of zircon. Since HREE accumulate in zircon 

(Sawka, 1985), then abundance of Yb in these samples is attributed to the presence of 

significant amounts of zircon. Figure 6.14 also shows that, in terms of the total REE 

content and the presence of a distinct negative Eu anomaly (Eu/Eu* = 0.37-0.39), the 

Aghda felsic rocks are similar to an average upper continental crust as determined from 

post-Archean composite shale (Taylor and Mclennan, 1985). However, felsic rocks 

from Aghda may be derived by melting of continental crust. 

Two tephriphonolite samples (R14483, R14508), one phonotephrite (R14500) and 

basaltic trachyandesite (R14488) from Aghda show similar REE characteristics 

(Fig. 6.14). These patterns show a high degree of fractionation for LREE and HREE 

with La/Yb ratios between 9.30 and 15.69. A moderate but significant negative Eu 

anomaly (Eu/Eu* = 0.72-0.75), is observed in all the patterns. The fractionation of REE 

is probably related to clinopyroxene and apatite removal because clinopyroxene and 

apatite have high partition coefficients for the REE (Green, 1994; Hauri et al., 1994; 

Gaetani and Grove, 1995). However, suggest that these rocks are derived from parental 

magmas that evolved from primary magmas produced by the partial melting of the 

mantle lherzolite. 

The almost parallel REE patterns of the analysed samples illustrated in Figures 6.7 and 

6.14 suggest that mafic-intermediate rocks from the Islamic peninsula and Aghda have 

close similarities in their chemical characteristics, probably indicate their derivation 

from the same mantle source. 
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8.3.2.3.3 Shahrbabak 

All the analysed rocks show an enrichment in LREE and fractionated. The La and Ce 

exhibit highly variable behaviour in Shahrbabak rocks, with the LREE varying from 50 

times to 110 times chondrite (Fig. 6.22). The MREE decrease in abundance from Sm to 

Ho, and the HREE are variable in composition from Ho to Lu. The REE patterns for 

the three rock groups from Shahrbabak are not well parallel, implying that they are not 

genetically related. 

REE abundances for trachyte and dacite are plotted relative to chondrites in 

Figure 6.22. Two patterns are similar although the absolute abundances are variable 

with the more silicic rocks generally more enriched in the REE. None shows a 

significant Eu anomaly. The two patterns display a strong degree of fractionation for 

both LREE and HREE and £REE range 87-102 which are considerably lower than 

ZREE tephriphonolites and trachyandesite. The overall similarity in shape of the REE 

patterns of the dacite and trachyte (Fig. 6.22) indicates that parental magmas to the 

dacite and trachyte were derived from source regions that had similar relative 

concentrations of REE and similar residual mineralogy. The parallel nature of the 

HREE patterns establishes that the residues had a big partition coefition for these 

elements, and consequently that they were garnet. Low abundances of HREE in 

trachyte and dacite magma reflect retention of these elements in residual garnet in the 

partially melted subducted slab eclogite. The lack of Eu anomalies and very high Sr 

abundances implies that plagioclase was not likely to have been a residual phase. 

The basalt (R14550) shows a REE pattern (Fig. 6.22), with moderate degrees of 

fractionation for LREE and has a flat MREE to HREE pattern. No Eu anomaly 
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observed in this partem. The absence of negative Eu anomaly with Mg-numbers greater 

than 50 in basalt suggests that such magmas can be produced by partial melting of 

spinel lherzolites (Jaques and Green, 1980). 

Shoshonites are normally characterised by steep LREE patterns and rather flat HREE 

(Henderson, 1984; Geringer and Ludick, 1990). Two tephriphonolite (R14522, R14557) 

and one trachyandesite (R14528) shoshonitic samples from Shahrbabak region 

(Figure 6.22), show very similar REE characteristics, and a high degree of fractionation 

for LREE and almost unfractionation for middle and heavy REE, with LaN/YbN ratios 

between 6.61 and 7.98. A moderate negative Eu anomaly (Eu/Eu* = 0.60-0.79) is 

observed in these two patterns. The flat HREE patterns of these rocks exclude the 

presence of garnet during the melting. However, tephriphonolite and trachyandesite 

with a strong LREE enrichment but a much flatter HREE patterns from Shahrbabak 

compared with modelling results of suggestive of a spinel lherzolite source (Manetti et 

al, 1979; Dostal and Muller, 1992) 

8.4 MODEL FOR MAGMA GENESIS 

8.4.1 Nd isotopes 

Isotopic composition of Sr and Nd provide some of the most useful information for 

elucidating magmatic processes at convergent plate boundaries, because the various 

source components involved have contrasting isotopic signatures. Neodymium isotopic 

ratios measured in rocks from the Islamic Peninsula, Aghda and Shahrbabak regions, 

along with calculated e^ at 9, 20 and 15 Ma are presented respectively in Table 6.7. A 

significant variation is evident in the eNd of the samples from the U-DVB, which 

ranges from -4.7 to +4.1 and can be interpreted in terms of variable mantle sources (Pin 
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and Marini, 1993). The eNd values of Tertiary volcanic rocks from the U-DVB are vary 

widely above and below CHUR (Chondritic Uniform Reservoir). A positive epsilon 

value implies that the magmas were formed from depleted mantle whereas, a negative 

value indicates that they were derived from enriched mantle sources (Faure, 1986). The 

ENd of Shahrbabak volcanic rocks is markedly different from those of the Islamic 

Peninsula and Aghda. However, the high eNd values of volcanic rocks from Shahrbabak 

also display lower LREE and incompatible trace element contents in comparison to low 

eNd volcanic rocks from Aghda and the Islamic Peninsula (Tables. 6.6, 6.15, 6.24). The 

eNd isotopic values of the Islamic Peninsula and Aghda are generally low (Table 6.7) 

suggesting an interaction between fluids released from subducted slab and mantle 

components (Jones and Cann, 1994). It is proposed that the positive eNd values, low 

TiO:, Y and HREE abundances characteristic of Shahrbabak rocks are due to derivation 

of magmas from depleted zone of uppermost mantle compared to the Islamic Peninsula 

and Aghda (McCulloch. 1993; Dupuy et al., 1995). It follows that these rocks came 

from two isotopically distinct source regions. The Nd isotope data give an eNd of (-2.2 

to -4.7) for the Islamic Peninsula and Aghda, which are generally low, suggesting that 

the fluids responsible for metasomatism of the mantle source regions could have been 

derived from subducted oceanic crust and overlying sediments (Jones and Cann, 1994) 

and for Shahrbabak is from +1.3 to +4.1 which are consistent with derivation from the 

mantle without or with little crustal input. 

Figure 8.7 shows rocks from the U-DVB have a low and relatively restricted range of 

43Nd/,44Nd ratios but a wide range of 87Sr/86Sr ratios. These ratios clearly distinguish 

them from MORB which has higher ,43Nd/,44Nd (>0.5130, Saunders et al., 1988) and 

lower 87Sr/86Sr ratios. Then suggest that the mantle beneath the U-DVB is not of the 
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MORB-type, but is more radiogenic in Sr. Also, Figure 8.7 shows that the rocks of the 

U-DVB plot along mainly two trends reflecting Nd heterogeneity. One of these trends 

includes of the Shahrbabak samples, which have plotted parallel and close to mantle 

array, and the other trends include Islamic Peninsula and Aghda, which have relatively 

close trend to the Roccamonfina and Batu Tara (Stolz et al., 1988, Nelson, 1992). 

However, Nd isotopic differences between the Islamic Peninsula, Aghda and 

Shahrbabak rocks preclude any comagmatic relationships between the lavas of the 

Islamic Peninsula, Aghda and Shahrbabak. 

8.4.2 Sr Isotopes 

The regional variation in 87Sr/86Sr ratios of volcanic rocks along the U-DVB are 

0.704273-0.705668 for the eastern part (Shahrbabak), 0.706508-0.708710 for central 

part (Aghda) and 0.707735-0.708478 for the western part (Islamic Peninsula). These 

variations fall within the range of values associated with magmas produced at 

destructive plate margins such as the Tibetan Plateau (Turner et al., 1996); Lr Antilles 

(Davidson, 1983; White and Patchett, 1984), Sunda arc (Stolz et al., 1990) and Roman 

Province (Holm et al., 1982). The observed increase in these values compared to that of 

MORB (typically 0.7030) is usually ascribed either to a lithospheric mantle with higher 

Rb/Sr ratios over a geologically long period or by fluid released from dehydration of 

altered basaltic crust and subducted sediments. Figure 8.8 displays the distribution of 

87Sr/86Sr ratios from the Islamic Peninsula and Aghda are different from Shahrbabak 

and histograms from the Islamic Peninsula and Aghda are skewed toward higher values 

of the 87Sr/86Sr, which may result from metasomatism of the upper mantle source region 

by a fluid that had high 87Sr/86Sr and low 143Nd/144Nd and was enriched in K, Rb and 

LREE. Despite the age differences between the Islamic Peninsula (8 Ma) and Aghda 
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(24 Ma) volcanic rocks, both areas have very close and relatively high 87Sr/86Sr and low 

eNd values (Table 6.7), which suggests same mantle source for their parental magma. 

8.4.2.1 Islamic Peninsula 

The K-rich lavas from the Islamic Peninsula have a wide range of Sr and Nd isotopic 

compositions (Table 6.7). Isotopic ratios of Sr and Nd in the Islamic Peninsula lavas 

are shown in conventional isotope diagram in Figure 8.7 relative to other mantle 

derived K-rick rocks. The 87Sr/86Sr and sNd values show large variation and have 

relatively overlap with those lavas from Aghda but are different from Shahrbabak. Also 

they fall close to the high 87Sr/86Sr and low eNd of the Roccamonfina field (Rogers et 

al., 1987; Fig. 8.7). The initial 87Sr/86Sr ratios for rocks from the Islamic Peninsula are 

slightly more radiogenic than those for the ultra-potassic rocks from Leucite Hill, 

Wyoming (range 0.70537 to 0.70779; Vollmer et al., 1984) and are low radiogenic 

compared to the leucitites for Vulsini, Italy (range 0.70879 to 0.71105; Rogers et al., 

1985). The variable 87Sr/86Sr values are taken as evidence of large geochemical 

heterogeneities in the mantle source. 

The geochemical variation within the Islamic Peninsula province cannot be explained 

with different degrees of partial melting and subsequent fractionation from a broadly 

homogeneous mantle. The source mantle for the Islamic Peninsula magmas was 

anomalously and heterogeneously enriched in LFSE, LREE, high 87Sr/86Sr and low eNd 

which probably related to metasomatised mantle. Because of the tectonic peculiarities 

of the region, processes of mantle metasomatism can be related to the migration of 

fluids from Cretaceous-Tertiary subduction of the Neo-Tethys oceanic crust beneath 

Central Iran. As proposed for high-K rocks from Italy by Dupuy et al. (1981), Civetta 
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et al. (1981), Rogers et al. (1985), Nelson (1992). Also data from the Islamic Peninsula 

rocks show negative Ta and Ti anomalies relative to the other elements (Fig. 6.6) 

which providing some support for this model (Maury et al., 1992). 

8.4.2.2 Aghda 

The Sr and Nd isotopic compositions of representative Aghda lavas are illustrated on 

conventional Sr-Nd covariation diagram relative to other mantle derived K-rich rocks 

(Fig. 8.7). Aghda lavas have a restricted range in Nd isotopic composition (eNd = -2.2 

to -3.8) and slightly more radiogenic 87Sr/86Sr (0.70651-0.70871). They plot close to the 

high 87Sr/86Sr and low sNd of the field defined for Roccamonfina and Batu Tara fields 

(Stolz et al, 1988; Nelson, 1992; Fig. 8.7). Also initial 87Sr/86Sr ratios for rocks from 

Aghda are slightly less radiogenic than those for the rocks from Tibetan plateau (range 

0.70792 to 0.71370; Turner et al., 1996), but are considerably more radiogenic than 

values for rocks from Tavua Volcano, Fiji (range 0.70356 to 0.70410; Rogers and 

Setterfield, 1994). The broad range of Sr and Nd isotope ratios for mafic and felsic 

rocks from Aghda indicates that these two groups were derived from isotopically 

different sources. The Sr isotope ratio of the felsic rocks are high and have low Sr 

contents (Tables 6.7, 6.14) suggest that probably are derived by anatexis of continental 

crust (Hawkesworth and Vollmer, 1979). 

The mafic-intermediate rocks from Aghda with high K, LREE, Th, Zr, high 87Sr/86Sr 

ratios and low e^ were generated by partial melting of metasomatism mantle 

(Venturelli et al., 1984, Jones and Cann, 1994) and suggest that the fluids responsible 

for metasomatism of the mantle source region could have been derived from subducted 

Neo-Tethys oceanic crust beneath Central Iran plate. As proposed for other shoshonitic 



149 

rocks in the Alpine-Himalayan orogenic belt such as Tibetan Plateau (Turner et al., 

1996). Northern Karakorum (Pognante, 1990), Eastern Anatolia, Turkey (Pearce et al., 

1990). It is probably most likely that the isotopic variations of the aghda volcanics 

reflect heterogeneities of the mantle source. 

8.4.2.3 Shahrbabak 

The rocks from Shahrbabak have high initial 143Nd/,44Nd ratios with eNd values (at 15 

Ma) from +1.3 to +4.1 and low initial 87Sr/86Sr ratios in the range 0.70427-0.70567, 

contrasting with the values for the Islamic Peninsula and Aghda lavas, which show a 

wider range of higher rSr/86Sr ratios and lower ENd (Table 6.7). The Sr and Nd isotope 

ratios from Shahrbabak are plotted in standard isotopic covariation diagram relative to 

other mantle derived rocks in Figure 8.7. The Shahrbabak samples fall far than Aghda 

and the Islamic Peninsula fields within the lower radiogenic field, slightly outside the 

mantle array, at a positive eNd field, indicating derivation from a depleted mantle 

compared to the Aghda and the Islamic Peninsula, and ruling out involvement of 

continental crustal components in their petrogenesis. Initial 87Sr/86Sr ratios for felsic 

rocks from Shahrbabak are slightly low radiogenic than those for dacitic rocks from 

western Japan (range 0.70436 to 0.70511; Notsu et al., 1990) and 87Sr/86Sr ratios of the 

trachytic and dacitic rocks are relatively simillar, suggesting the same source magmas 

for felsic rocks (Table 6.7). But shoshonitic rocks from Shahrbabak are high radiogenic 

compared to shoshonitic rocks from Tavua Volcano, Fiji (range 0.70356 to 0.70410; 

Rogers and Setterfield, 1994). It is more likely that the isotopic variations of 

Shahrbabak rocks reflect that they were derived from isotopically heterogeneous mantle 

sources (Stolz et al., 1990). 
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It is accepted that comagmatic igneous rocks have been consolidated with the same 

87Sr/86Sr ratio but they have different 87Rb/86Sr ratios. The plot of 87Rb/86Sr versus 

Sr/ Sr for Tertiary lavas from Shahrbabak should display a horizontal line. On the 

other hand, The data for Shahrbabak, do not define a horizontal line (Fig. 8.9) but have 

considerable scatter. The scatter in isotopic ratios may be due to contamination but the 

lack of correlation between the 87Sr/86Sr ratio and contents of Si02, Sr and Rb/Sr 

(Fig. 6.17) makes these possibilities unlikely. 

8.4.3 Model for LFSE enrichment and HFSE depletion 

Abundances of moderately and strongly incompatible elements from the U-DVB show 

the enrichment in LFSE and LREE and relative depletion in HFSE compared with 

MORB that are characteristic of magmatic arcs of convergent plate boundaries (Bacon, 

1990; Stolz et al., 1996). This variation probably results from differences in degree of 

partial melting and amount of LFSE enrichment of the mantle wedge and extent of 

fractional crystallisation. Many authors have argued convincingly that much of the 

LFSE enrichment is a result of addition of a subduction component to the mantle 

wedge via aqueous fluid derived from dehydration of the subducting oceanic crust and 

overlying sediment (e.g. Tatsumi et al., 1986; Davidson et al., 1987; Ellam and 

Hawkesworth, 1988; Pearce and Peat, 1995). 

In the U-DVB rocks, if crustal contamination of mantle derived liquid was minimal or 

non-existent, the high concentration of LFSE must be inherited from the source region. 

In regions where the presence of an active Benioff zone has been established, most 

authors generally accepted that subducting slabs act more like a catalyst for inducing 

melting in the overlying mantle wedge by supplying fluids released by dehydration 
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reactions (e.g. McCulloch, 1993; Tatsumi and Eggins, 1996). The released super critical 

fluids carry water soluble components such as alkalies and LFSE including Rb, Sr, Ba, 

Th, U and LREE (McCulloch and Gamble, 1991). There are numerous theories for the 

origin of HFSE depletions in arc magmas, but no consensus. One hypothesis is that Nb 

and Ta are relatively insoluble in hydrous fluids evolved by the dehydration of the 

downgoing slab in a subduction zone, compared to LFSE and LREE (Saunders et al., 

1980; Hawkesworth et al., 1993). Metasomatism by these fluids may enrich the mantle 

source of arc magmas in LFSE and LREE, but not Nb and Ta. Also HFSE depletions 

may result from reaction between ascending basaltic liquids and depleted peridotite in 

mantle wedge (Kelemen et al., 1990; Kelemen et al., 1992). The HFSE including Ti, 

Zr, Nb, Y and HREE are immobile during alteration of mafic or even felsic rocks by 

hydrous fluids (Saunders et al., 1979). Thus, it is probable that HFSE is refined in the 

subducting slab which sinks into lower mantle. It has also been suggested that under 

high PH,0 and J02 (normally expected in subduction zone environment) minor mineral 

phases such as ilmenite, sphene (containing Ti, Nb and Ta) and zircon (containing Zr 

and Hf) gets stabilised within the subducting slab or mantle wedge (Saunders et al., 

1980). Thus, on melting of such enriched mantle wedge will generate magma enriched 

in alkalies, LFSE, LREE and depleted in HFSE-HREE, erupting as magmatic arc 

volcanics located about 100 to 150 km above the subducting slab (Crawford et al, 

1987; Tatsumi, 1986). The above petrogenetic models suggesting fluid phase mantle 

metasomatism can explain most of the observed chemical features in the U-DVB. This 

model has been invoked in many area such as the Tibetan Plateau (Turner et al., 1996), 

Leucite Hills, Wyoming (Vollmer, 1984), Sunda arc (Stolz et al., 1990), Tavua 

Volcano, Fiji (Rogers and Setterfield, 1994). 



152 

The geochemical features of the mafic to intermediate rocks from the Islamic Peninsula 

and Aghda, suggest that: alkaline and calcalkaline melts may have been generated by 

partial melting of metasomatised peridotitic material and subsequent fractional 

crystallisation. Also, plot of highly incompatible element ratios (Fig. 8.10) shows strong 

overlap in these ratios for the Islamic Peninsula and Aghda rocks indicate that 

probably they were derived from same mantle source. But differences in the most mafic 

rocks from the Islamic Peninsula and Aghda reflect compositional differences or the 

degree of enrichment of incompatible elements in the source regions. However, many 

observed geochemical variations in Shahrbabak rock, particularly in 87Sr/86Sr ratios, Ba, 

LREE and scatter incompatible elements in Figure 8.5 reflects heterogeneity in the 

mantle source for Shahrbabak rocks. 

8.5 SUMMARY 

There are two major theories for the genesis of the U-DVB rocks. The first ascribes the 

origin of the volcanic belt to continental rifting while the second, more widely accepted 

model involves subduction. The tectonic setting together with available geochemical 

and isotopic data, for the studied rocks do not characterise a rift model for the U-DVB 

rocks. Most of the potassic rocks from the studied areas show high A1203, K20, LFSE 

and LREE abundances and low abundances of Ti02 and HFSE, Ta, Nb and Zr in 

addition to LREE>Nb and Zr>Y. Those features provide strong evidence of the 

involvement of subduction-related processes in the generation of orogenic potassic 

magmas in the U-DVB. Also, trace-element ratios suggest a subduction zone source for 

the U-DVB. Based on the isotopic and geochemical evidence of this study, the Islamic 

Peninsula and Aghda rocks are considered to be from Neo-Tethys ocean, but those of 

Shahrbabak region are related to Nain-Baft ocean. For several reasons, geochemical 
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data obtained from most samples of the studied areas are not consistent with generation 

of lavas by melting of the subducted oceanic slab. The exception is only for two 

samples of dacite and trachyte from Shahrbabak. The maximum Ni contents in the 

rocks of the studied areas are below the lower limit of Ni contents for primary mantle-

derived magmas. According to the results of geochemical and REE analyses, generation 

of K-rich alkaline magmas from the Islamic Peninsula could be related to a small 

degree of partial melting of mantle lherzolite source. The REE Patterns for the rocks 

from the Islamic Peninsula are linear with a small negative Eu anomaly, implying their 

cogenetic nature. Trachyte and rhyolite from aghda have very similar REE 

characteristics. Both patterns show high degree of fractionation for LREE whereas 

MREE and HREE are almost unfractionated with strong negative Eu anomalies. These 

features indicate that felsic rocks from Aghda may be derived by melting of continental 

crust. However, suggest that mafic-intermediate rocks from Aghda are derived from 

parental magmas that evolved from primary magmas produced by the partial melting of 

the mantle lherzolite. The REE patterns for the three rock groups from Shahrbabak are 

not well parallel, implying that they are not genetically related. The REE patterns for 

trachyte and dacite display a strong degree of fractionation for both LREE and HREE. 

Low abundances of HREE in trachyte and dacite magma reflect retention of these 

elements in residual garnet in the partially melted subducted slab eclogite. The absence 

of negative Eu anomaly with Mg-number greater than 50 in basalt suggests that such 

magmas can be produced by partial melting of spinel lherzolites. However, 

tephriphonolite and trachyandesite with a strong LREE enrichment but a much flatter 

HREE patterns from Shahrbabak compared with modelling results of suggestive of a 

spinel lherzolite source. A significant variation is evident in the eNd of the samples 

from the U-DVB, which ranges from -4.7 to +4.1 and can be interpreted in terms of 



154 

variable mantle sources. The eNd of Shahrbabak volcanic rocks is markedly different 

from those of the Islamic Peninsula and Aghda. The eNd isotopic values of the Islamic 

Peninsula and Aghda are generally low (Table 6.7) suggesting an interaction between 

fluids released from subducted slab and mantle components. It is proposed that the 

positive 8Nd values, low Ti02, Y and HREE abundances characteristic of Shahrbabak 

rocks are due to derivation of magmas from depleted zone of uppermost mantle 

compared to the Islamic Peninsula and Aghda. The source mantle for the Islamic 

Peninsula magmas was anomalously and heterogeneously enriched in LFSE, LREE, 

high 87Sr/86Sr and low eNd which probably related to metasomatised mantle. The broad 

range of Sr and Nd isotope ratios for mafic and felsic rocks from Aghda indicates that 

these two groups were derived from isotopically different sources. The Sr isotope ratio 

of the felsic rocks are high and have low Sr contents (Tables 6.7, 6.14) suggest that 

probably are derived by anatexis of continental crust. The mafic-intermediate rocks 

from Aghda with high K, LREE, Th, Zr, high 87Sr/86Sr ratios and low sNd were 

generated by partial melting of metasomatised mantle. However, It is more likely that 

geochemical variations in Shahrbabak rocks, particularly in 87Sr/86Sr ratios, Ba, LREE 

and scatter incompatible elements reflects heterogeneity in the mantle source for 

Shahrbabak rocks. 
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CHAPTER 9 

CONCLUSIONS 

9.1 CONCLUSIONS 

The U-DVB is the largest volcanic belt in Iran and runs parallel to the Zagros Fold-

Thrust Belt, approximately 150 km northeast of the Zagros Main Thrust Line which 

marks the boundary between the Arabian and Central Iranian continental plates. 

The three study areas (Islamic Peninsula, Aghda and Shahrbabak) in the U-DVB consist 

mainly of Tertiary (Oligocene-Miocene) volcanic rocks. Due to the relatively young age 

of the rocks and occurrence of sanidine, biotite and hornblende, the K-Ar method of 

isotopic dating was used for age determinations. Stratigraphic relationships within each 

area are summarised in geological maps and stratigraphic tables and only units for 

which age-data are available are discussed in the text. 

The Islamic Peninsula stratovolcano was formed during two major eruptive episodes 

which produced deposits ranging from tephrite to trachyte in composition. The K-Ar 

dates for sanidine and biotite in the trachyandesite and trachyte were determined. The 

age of 6.5+1 Ma is taken to represent the time of crystallisation of the trachyte because 

of its concordance with field relationships and the K-Ar age of 8.0+2 Ma for the older 

trachyandesite plug. 

The Aghda area is composed of Eocene-Miocene volcanic rocks. Tephriphonolite rocks 

from Aghda contain large trapezohedra of analcime and pumpellyite which are 

interpreted to reflect ion-exchange pseudomorphous replacement of primary leucite, 
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followed by zeolite facies metamorphism. Whole-rock K-Ar dating from tephriphonolite 

obtained by Bina et al. (1986) indicates a minimum age for the lava and a maximum 

age for metamorphism. The K-Ar age of 15.7+1 Ma on hornblende from the 

trachyandesite (in Kuh-e-Mil located in the northern part of the Aghda), is interpreted 

as the age of emplacement of the plug. 

Isotopic data from this study are combined with those of obtained by Hassanzadeh 

(1993) (Tble 3.1) indicate that magmatic activity in Shahrbabak region occurred during 

four episodes: comprising eruption of the Razak series, the Hezar series, Mid-Miocene 

volcanism and late Miocene-Pliocene activity. An Ar-Ar isotopic age of 37.5+1.4 Ma 

for albite from a silicified trachyte lava in the Razak volcanic series is consistent with 

the late Eocene stratigraphic age and is interpreted as the age eruption (Hassanzadeh, 

1993). Volcanic units of the Hezar series lack biotite and amphibole but are 

characterised by the occurrence of large analcime pseudomorphs after leucite set in a 

groundmass rich in K-feldspar. The variable ages for tephriphonolites presumably 

reflect variable elemental exchange during pseudomorphous replacement of primary 

leucite by analcime and do not record the age of crystallisation. 

The isotopic age (Ar-Ar) of 29.8+0.6 Ma for tephriphonolite from a stratigraphically 

higher lava in the Hezar series is considered to represent the time of crystallisation. 

Isotopic data from the dacite plug of Kuh-e-Tezerj in the northeastern part of the study 

area yield a K-Ar age of 16.4+1 Ma which is essentially coeval with mid-Miocene Ar-

Ar dates (Hassanzadeh, 1993) for andesite lava and quartz monzonite intrusion. Several 

large Late Miocene-Pliocene stratovolcanoes also occur in the Shahrbabak region. The 

K-Ar age of the trachyandesite intrusion located northeast of Qotb-Abad is 6.5+1 Ma 
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which is consistent with the field relationships and thus is interpreted as the age of 

intrusion. 

Miocene rocks of the Islamic Peninsula are similar in mineralogy and texture. Primary 

minerals comprise diopside, sanidine, leucite, biotite, titanomagnetite and accessory 

apatite. Diopside, leucite and sanidine are the dominant phenocrystic phases. 

In the Aghda region all rock types except tephriphonolite have a similar texture and 

mineralogy. Tephriphonolite is distinguished by the occurrence of abundant (commonly 

40% by volume), large trapezohedra of analcime and pumpellyite. Primary minerals 

comprise sanidine, diopside, plagioclase, titanomagnetite and accessory apatite and 

zircon. Secondary analcime and pumpellyite are common. 

Six of the seven different rock types which occur in the Shahrbabak region have 

common textural and mineralogical characteristics. The exception is the tephriphonolite 

which contains abundant (up to 30% by volume), large trapezohedra of analcime. The 

mineralogy of all samples comprise plagioclase, sanidine, diopside, analcime, 

hornblende, biotite, olivine and titanomagnetite, together with accessory apatite and 

zircon. Plagioclase is the dominant felsic mineral in most rock types, and in some 

samples phenocrysts are rimmed by sanidine. Normal and oscillatory zoning are 

common, as is albite and carlsbad twinning and alteration to sericite. 

Diopside is the only pyroxene present in samples from all three study areas. In most 

diopside crystals the average content of MgO is higher in the core than the rim. This 

variation is consistent with normal fractionation during magmatic evolution. Most of 
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the diopside phenocrysts from the study areas show normal zoning, except phenocrysts 

in tephritic rocks from the Islamic Peninsula which show oscillatory zoning. 

Anorthoclase is the only K-feldspar present in samples from the Islamic Peninsula, 

Aghda and Shahrbabak and have a compositions of Or628.729, Or746.981 and Or3I5.929 

respectively. Spherulite intergrowths of quartz and anorthoclase occur in some samples 

and are attributed to simultaneous crystallisation of these two minerals. 

Most plagioclase phenocrysts from the Aghda and Shahrbabak regions have Ca-rich 

cores and more Na-rich rims, which is attributed to normal magmatic fractionation. 

Some plagioclase phenocrysts in some samples are commonly rimmed by sanidine. 

Some Plagioclase phenocrysts from the study areas show minor normal compositional 

zoning with the exception of plagioclase in the trachybasalt, dacite and trachyandesite 

from Shahrbabak and Aghda respectively which show oscillatory zoning. The 

composition of plagioclase phenocrysts ranges from oligoclase to bytownite. 

Analysed olivine crystals from the Islamic Peninsula and Shahrbabak are unzoned. The 

olivine grains have low contents of Ti02, A1203, Cr203 and NiO, but some substitution 

of CaO for MgO, and MnO for FeO has occurred. The calculated Mg-numbers for the 

three whole-rock samples and liquid in equilibrium with the analysed olivine show the 

closest correspondence when a Kd value of 0.4 for Mg in olivine is used. This suggests 

that the olivine phenocrysts crystallised at high pressure. 

Most of the biotite crystals from the study areas are fresh. The absence of significant 

alteration is supported by the relatively high K20 content. Chemical data for biotite 
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from the Islamic Peninsula and Shahrbabak have a restricted range of values of 

Mg/Mg+Fe2+ with all analyses except two plotting as biotite; the exceptions plot in the 

phlogopite field. 

The Fe-Ti oxide crystals from the study areas are relatively Ti-rich and are classified as 

titanomagnetite except those in trachyte and trachyandesite from Shahrbabak which 

have low (<3%) TiO: contents and which are classified as magnetite. 

Amphibole occurs only in the high-K calcalkaline rocks from the Aghda and 

Shahrbabak regions. Chemical data show that the amphibole grains are magnesio-

hornblende. The fractionation factors calculated for MgO and FeO in magnesio-

hornblende indicate that crystallisation occurred at a low temperature. The fractionation 

factor for TiO, in the studied samples suggests crystallisation at crustal pressures. 

Leucite phenocrysts are abundant in the rocks of the Islamic Peninsula. The rims of 

some leucite grains have been changed to nepheline and some of phenocrysts have been 

pseudomorphed by analcime. Leucite from the Islamic Peninsula is characterised by 

having structural formulae in which the numbers of Si ions is either 1 or 2. All 

analysed leucites are nearly stoichiometric except for two analyses, which show a 

cation deficiency with Si/Al<2. 

In the tephriphonolite lavas from the Aghda region, analcime crystals are remarkably 

homogeneous in composition and lack evidence for rapid transport of crystals from the 

depths indicated by the stability field for analcime. In addition, the rocks contain only 

minute amounts of a hydrous phase (biotite) and primary crystallisation of a Na-rich 
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phase such as analcime would necessitate crystallisation of a sodic pyroxene rather than 

diopside. The analcime is interpreted as having formed by ion-exchange 

pseudomorphous replacement of primary leucite, either during cooling of the lavas or 

shortly afterwards. The pumpellyite trapezohedra are composed mainly of an aggregate 

of randomly arranged colourless pumpellyite flakes which are compositionally typical 

of pumpellyite produce during low-grade metamorphism. In the tephriphonolite lava, 

the analcime became unstable and was replaced by pumpellyite which has a wide range 

in compositions related to Fe-Al and Fe-Mg substitution. The occurrence of analcime 

and pumpellyite at Aghda is indicative of zeolite facies metamorphism and may be 

related to conditions of low fco2 and H20 activity and probably high Pfluid. 

Lavas from the Islamic Peninsula exhibit a continuum of compositions which range 

from 43.54% to 58.02% SiO, and posses the characteristics of a typical high-K alkaline 

suite and are characterised by being undersaturated to saturated in Si02, with low 

average contents of A1203 and Ti02, and high contents of CaO and K20. The content of 

total Fe as FeO decreases from mafic to felsic rocks which may be related to crystal 

fractionation of clinopyroxene and olivine. The rocks are enriched in incompatible 

elements, but compatible elements are relatively low in abundance. The behaviour of 

different major and trace elements relative to MgO content suggests that fractional 

crystallisation is the main process involved in the development of these rocks. The 

high-K alkaline rocks from the Islamic Peninsula have initial 87Sr/86Sr ratios of 0.70774-

0.70848 and the sNd value ranging from -4.7 to -3.3. This difference is not related to a 

simple fractionation processes, because the range of initial isotopic values is higher 

than the analytical uncertainty. Multi-element patterns for all rock types from the 

Islamic peninsula are almost parallel, implying their oogenetic nature and most 
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elements (especially Ba, Th, Nb and Ce) are significantly enriched compared to MORB 

(Fig. 6.6). 

Rocks from Aghda are characterised by being oversaturated to undersaturated in Si02, 

mafic to felsic in composition, high in A1,03, CaO and alkalies and incompatible 

elements but low in Ti02, MgO and compatible elements. The average contents of total 

Fe as FeO and MgO are higher in basaltic trachyandesite than all other samples from 

Aghda. The content of MgO decreases from basaltic trachyandesite towards 

trachyandesite which may be related to crystal fractionation of clinopyroxene and 

olivine. Harker diagrams show two distinct groups comprising mafic-intermediate and 

felsic rocks. The low Mg-number, Cr, Ni and V contents for mafic rocks from the 

Aghda region imply that these rocks do not represent primary mantle derived melts. 

Spidergram patterns show most elements are significantly enriched in Aghda samples 

compared to MORB, while K, Ta, P and Ti show negative anomalies. Differences in 

the incompatible element patterns implies that mafic and felsic rocks from the Aghda 

region are genetically unrelated. 

Although there are some significant geochemical differences among the volcanic rocks 

from Shahrbabak, particularly in the abundances of alkalies and the degree of silica 

saturation, there are some similarities including low Mg-numbers and contents of TiO 

and compatible elements, but high contents of A1203, CaO, and the incompatible 

elements (K, Ba, Sr, Rb, Th, Nd and LREE). Harker diagrams show three distinct 

groups comprising mafic, mafic-intermediate and the felsic rocks. Most of the rocks 

from Shahrbabak have low Sc, Cr and Ni contents. The low Mg-number, Cr and Ni 

contents of the rocks from Shahrbabak preclude their being primary melts of mantle 

2 
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peridotite. Spidergram patterns show most elements are significantly enriched in the 

Shahrbabak samples compared to MORB, while K, Ta and Ti show negative anomalies. 

The multi- element patterns of three groups from Shahrbabak are not parallel, implying 

they are not cogenetic. 

On the basis of K20 and Si02 contents the volcanic rocks from the U-DVB are typical 

of the leucititic, shoshonitic and high-K calcalkaline rock associations. The studied 

rocks from the U-DVB are mainly shoshonitic and leucititic in affinity. Comparison of 

geochemical data for leucititic, shoshonititic and high K-calcalkaline rocks from various 

tectonic and geographic regions shows that the rocks of each association form a 

coherent group, and that most of the U-DVB rocks fall in the range of values from 

these regions. 

The tectonic setting together with geochemical and isotopic data for the studied rocks 

do not support a rift model for the generation of the U-DVB rocks. Most of the 

potassic rocks from the studied areas show high contents of A1203, K20, LFSE and 

LREE abundances and low abundances of Ti02 and HFSE, Ta, Nb and Zr in addition 

to LREE>Nb and Zr>Y. Those features, together with trace element ratios, provide 

strong evidence of the involvement of subduction-related processes in the generation of 

potassic magmas in the U-DVB. The geochemical and isotopic data from the U-DVB 

imply that the volcanic rocks have been generated from two source materials; one 

yielding material rich in K-group elements and high 87Sr/86Sr values and low 

l43Nd/144Nd values for the Islamic Peninsula and Aghda; and the other yielding material 

low in K-group elements and low 87Sr/86Sr values and high ,43Nd/144Nd values for 

Shahrbabak. Generation of K-rich alkaline magmas from the Islamic Peninsula could be 
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related to a small degree of partial melting of mantle lherzolite source. The REE 

patterns for the rocks from the Islamic Peninsula are parallel with a small negative Eu 

anomaly, implying their cogenetic nature. Trachyte and rhyolite from Aghda have very 

similar REE characteristics. Both patterns show a high degree of fractionation for 

LREE whereas MREE and HREE are almost unfractionated with strong negative Eu 

anomalies. These features indicate that felsic rocks from Aghda may be derived by 

melting of continental crust. The REE patterns for the three groups from Shahrbabak 

are not parallel, implying that they are not genetically related. The REE patterns for 

trachyte and dacite display a strong degree of fractionation for both LREE and HREE. 

Low abundances of HREE in trachyte and dacite magma reflect retention of these 

elements in residual garnet in partially melted subducted slab eclogite. 

The sNd values for samples from Shahrbabak volcanic rocks are markedly different 

from those of the Islamic Peninsula and Aghda and probably reflect differences in the 

mantle sources. The ENd values for Islamic Peninsula and Aghda are generally low 

(Table 6.7) suggesting an interaction between fluids released from subducted slab and 

mantle components. It is proposed that the positive ENd values, low Ti02, Y and HREE 

abundances characteristic of Shahrbabak rocks are due to derivation of magmas from a 

depleted zone of uppermost mantle compared to the Islamic Peninsula and Aghda. The 

source mantle for the Islamic Peninsula magmas was anomalously and heterogeneously 

enriched in LFSE, LREE, high 87Sr/86Sr and low eNd which was probably related to 

metasomatism. The broad range of Sr and Nd isotope ratios for mafic and felsic rocks 

from Aghda indicates that these two groups were derived from isotopically different 

sources. The felsic rocks have high initial Sr isotopic ratios and have low Sr contents 

(Tables 6.7, 6.14), suggesting that they were probably derived by anatexis of 
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continental crust. The mafic-intermediate rocks from Aghda with high K, LREE, Th, 

Zr, high Sr/86Sr ratios and low eNd were generated by partial melting of metasomatised 

mantle. Geochemical variations in Shahrbabak rocks, particularly in 87Sr/86Sr ratios and 

contents of Ba, LREE and incompatible elements reflect heterogeneity in the mantle 

source. 
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Fig. 1-2. Indonesia Himalaya Mediterranean Belt (from Sengor, 1990). Key to lettering 
D ^Devonian, C = Carboniferous, P = Permian, Tr = Triassic,! = Jurassic, 
K = C etaceous, Ca = Cainozoic, Pal = Palaeocene, E = Eocene, M = Miocene 
PJ = Pliocene, e = early, m = middle, 1 = late. 
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clinopyroxene from the Islamic Peninsula, Aghda and Shahrbabak (oxides, wt%) . 
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Fig. 4-21. Plagioclase compositions for rocks from Aghda and Shahrbabak. 
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Fig. 4-22. (continued). Variation of Si02 with A1203 in plagioclase from Aghda and 

Shahrbabak (oxides, wt%) . 
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Fig. 4-26. Plagioclase compositions for basaltic trachyandesite from Aghda and 

trachyandesite from Shahrbabak. 
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Plate 1A. Multiple twinning in leucite in tephrite from the Islamic Peninsula (R14447; 

crossed polars; field of view 1.6 mm wide). 

Plate IB. Oscillatory zoning in plagioclase in trachyandesite from Aghda ( R1581 

crossed polars; field of view 1.6 mm wide). 



Plate 2. Oscillatory zoning in diopside in tephrite from the Islamic Peninsula (R14447; 

crossed polars: field of view 1.6 mm wide). 
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Fig. 5-1. Euhedral trapezohedra of analcime (L or R) and pumpellyite (R or L). 

Fig. 5-2. Photograph of polished sections through centres of pumpellyite (left) and 

analcime (right) showing inclusions arranged in a well-developed concentric pattern. Bar 

scale is 1 c m long. 
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Fig. 6-16. Total alkalis versus Si02 (wt%) classification (TAS) 

for Tertiary volcanic rocks from Shahrbabak. 
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Fig 8-3. Discrimination diagrams for potassic volcanic rocks 

from the U-DVB, based on the immobile elements, used to 

separate oceanic arc from continental/postcollisional arcs 

(after Muller et al., 1992). 
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Fig 8-4. Discrimination diagram for potassic volcanic rocks 

from the U-DVB, based on simple ratios of immobile elements, 

used to separate continental from postcollisional arcs (after 

Muller et al., 1992). 
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Component 

PHENOCRYSTS 

diopside 

sanidine 

leucite 

Fe-Ti oxide 

GROUNDMASS 

olivine 

diopside 

sanidine 

leucite 

biotite 

Fe-Ti oxide 

Modal data (vol%) 

Mean (26) 

30.4 

7.4 

24.8 

0.3 

0.2 

10.3 

11.3 

9.0 

2.0 

1.9 

Range 

20.0-40.2 

1.0-24.2 

2.0-37.7 

2.2-5.0 

0.5-3.0 

1.5-2.0 

0.5-44.0 

0.2-30.2 

0.2-10.0 

0.2-4.2 

Grain Size 

diopside to 6.6mm 
mostly 
2.0-4.5 mm 

other minerals 
1.0 to 2.8 mm 

normally 
0.3 to 0.5 mm 

range 
0.02-0.8 mm 

Others: (1.8) apatite, chlorite, iddingsite, serpentine, 
calcite, sericite, zeolite, analcime 

Table 4-1. Petrography of tephrite from the Islamic Peninsula. 

Component 

PHENOCRYSTS 

diopside 

sanidine 

leucite 

GROUNDMASS 

diopside 

sanidine 

leucite 

olivine 

biotite 

Fe-Ti oxide 

Modal data (vol%) 

Mean (7) 

27.7 

8.1 

20.9 

8.8 

18.2 

6.0 

1.5 

0.3 

4.1 

Range 

27.7-37.7 

1.0-24.7 

6.7-40.2 

1.0-12.0 

2.7-48.5 

0.2-37.2 

0.8-2.6 

1.0-3.7 

1.2-7.7 

Grain Size 

diopside 
1.5 to 5.9 mm 

mostly 
1.0-4.0 mm 

other minerals 
1.0 to 4.5 mm 

normally 
0.2 to 0.5 mm 

range 
0.02-0.8 mnu 

Others: (4.5) calcite, zeolite, apatite, chlorite 

Table 4-2. Petrography of phonotephrite from the Islamic 
Peninsula. 
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Component 

PHENOCRYSTS 

diopside 

leucite 

GROUNDMASS 

diopside 

leucite 

biotite 

olivine 

Fe-Ti oxide 

Modal data (vol%) 

Mean (2) 

48.0 

18.2 

14.5 

9.0 

3.7 

2.0 

1.7 

Range 

46.5-49.5 

15.0-21.4 

11.7-17.3 

7.5-10.5 

2.4-5.0 

1.0-3.0 

1.4-2.0 

Grain Size 

1.8-20.0 mm 
1.0-1.6 mm 

normally 

0 .04-0.34 mm 

Others: (3.2) chlorite, calcite, apatite 

Table 4-3. Petrography of basalt from the Islamic Peninsula. 

Component 

PHENOCRYSTS 

diopside 

sanidine 

biotite 

GROUNDMASS 

sanidine 

Fe-Ti oxide 

Modal data (vol%) 

Mean (2) 

7.7 

9.4 

4.9 

73.4 

0.6 

Range 

7.2-8.2 

2.0-16.7 

4.7-5.2 

68.0-81.4 

0.2-1.0 

Grain Size 

1.3-3.6 mm 

2.3-25. mm 

1.2-4.4 mm 

normally 
0.01-0.6 mm 

Others: (4.0) sericite, calcite 

Table 4-4. Petrography of trachyandesite from the Islamic 
Peninsula. 
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Component 

PHENOCRYSTS 

diopside 

sanidine 

biotite 

GROUNDMASS 

diopside 

sanidine 

Fe-Ti oxide 

Modal data (vol%) 

Mean (6) 

7.8 

9.5 

0.7 

2.8 

75.2 

1.5 

Range 

0.7-17.5 

1.0-21.0 

1.7-2.5 

1.0-6.2 

55.7-91.4 

0.2-2.0 

Grain Size 

1.0-2.5 mm 

1.5-8.9 mm 

1.0-5.3 mm 

normally 

0.01 to 0.9 mm 

Others: (3.0) calcite, apatite, sericite, zircon, sphene 

Table 4-5. Petrography of trachyte from the Islamic Peninsula. 

Component 

PHENOCRYSTS 

diopside 

sanidine 

plagioclase 

analcime 

GROUNDMASS 

diopside 

sanidine 

analcime 

olivine 

biotite 

Fe-Ti oxide 

Modal data (vol%) 

Mean (5) 

4.3 

6.0 

9.7 

7.2 

1.1 

50.3 

12.1 

0.8 

0.5 

2.1 

Range 

0.5-8.0 

0.5-15.7 

.4.0-19.2 

5.0-10.0 

0.2-2.2 

19.7-70.0 

16.0-56.7 

0.1-1.7 

0.3-1.3 

0.2-5.5 

Grain Size 

1.6-5.4 mm 

1.0-5.9 mm 

2.0-5.7 mm 

3.0-8.9 mm 

normally 
0.1-0.8 mm 

range 
0.02-1.0 mm-" 

Others: (6.1) calcite, sericite, epidote, chlorite, 
apatite, zeolite, iddingsite, serpentine 

Table 4-6. Petrography of phonotephrite from Aghda. 
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Component 

PHENOCRYSTS 

diopside 

sanidine 

plagioclase 

analcime' 

pumpellyite" 

GROUNDMASS 

diopside 

sanidine 

plagioclase 

nepheline 

biotite 

olivine 

Fe-Ti oxide 

Others: (2.8) 
kaoline, prehn 

Modal 

Mean (8) 

3.1 

5.5 

4.5 

21.8 

9.5 

1.4 

34.5 

13 .0 

1.0 

0.3 

1.5 

1.3 

calcite, seric 
ite, zeolite 

data (vol%) 

Range 

1.0-8.0 

2.0-7.5 

1.5-7.0 

19.2-42.2 

5.8-20.7 

0.2-3.0 

24.5-45.2 

4.7-20.0 

0.8-1.3 

0.2-0.9 

0.9-2.5 

0.2-2.7 

ite, apatite, 

Grain Size 

1.0-2.7 mm 

1.5-3 .9 mm 

1. 0-5. 9 mm-

4.3-32.0 mm 

4 . 0-32.0 mm 

normally 
0 .2-0 .7 mm 

range 
0 .02-0.9 mm 

chlorite, 

Table 4-7. Petrography of tephriphonolite from Aghda. 
* Both analcime and pumpellyite are pseudomorphs after leucite 
(section 5.4) 

Component 

PHENOCRYSTS 

diopside 

sanidine^ 

plagioclase 

analcime 

GROUNDMASS 

sanidine 

analcime 

biotite 

Fe-Ti oxide 

Modal data (vol%) 

Mean (8) 

3 .0 

8.1 

8.0 

11.9 

50.9 

2.1 

0.1 

3.2 

Range 

2.5-11.0 

1.5-17.0 

5.6-15.0 

2.0-10.5 

35.0-85.0 

1.2-17.7 

0.5-0.7 

1.0-10.5 

Grain Size 

1.5-3.8 mm 

2.0-7.7 mm 

1.0-6.0 mm 

1.5-3 .0 mm 

normally 
0.2 to 0.6 mm 

range 
0.01-0.8 mm 

Others: (12.2) calcite, sericite, epidote, aoatite, zeolite, 
chlorite, sericite 

Table 4-8. Petrography of phonolite from Aghda. 
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Component 

PHENOCRYSTS 

diopside 

sanidine 

plagioclase 

nepheline 

GROUNDMASS 

diopside 

sanidine 

plagioclase 

biotite 

olivine 

Fe-Ti oxide 

Modal data (vol%) 

Mean (4) 

6.7 

9.9 

9.8 

3.6 

3.1 

54.9 

2.5 

0.3 

1.4 

2.3 

Range 

2.0-10.0 

7.2-12.0 

2.5-14.0 

4.0-10.2 

1.0-7.7 

45.0-60.5 

1.0-6.0 

0.1-1.0 

0.3-2.5 

0.5-3.5 

Grain size 

2.0-4.0 mm 

1.0-3.6 mm 

2.0-5.0 mm 

1.0-3.2 mm 

normally 
0.1 to 0.5 mm 

range 
0 . 01-0 . 8 mm 

0.3-0.7 mm'' 

Others: (5.5) calcite, sericite, cholorite, zeolite, 
epidote. 

Table 4-9. Petrography of basaltic trachyandesite" from Aghda. 

Component 

PHENOCRYSTS 

hornblende 

sanidine 

plagioclase 

GROUNDMASS 

diopside 

plagioclase 

biotite 

Fe-Ti oxide 

Modal data (vol%) 

Mean (5) 

4.2 

10.9 

15.1 

0.8 

55.5 

0.1 

3.6 

Range 

8.2-8.7 

6.0-20.0 

6.2-25.0 

1.8-2.0 

50.0-61.0 

0.1-0.7 

2.0-5.0 

Grain Size 

1.0-3.4 mm 

2.0-4.8 mm 

1.5-5.0 mm 

normally 
0.2 to 0.6 mm 

range 
0 . 02-0.9 mm 

Others: (9.9) calcite, sericite, apatite, zeolite, 
kaoline 

Table 4-10. Petrography of trachyandesite from Aghda. 



268 

Coponent 

PHENOCRYSTS 

diopside 

sanidine 

plagioclase 

nepheline 

GROUNDMASS 

sanidine 

biotite 

Fe-Ti oxide 

Modal data (vol%) 

Mean (10) 

0.8 

13.5 

3.5 

4.5 

64.8 

0.3 

3.1 

Range 

1.0-4.7 

0.2-38.2 

1.0-12.2 

4.2-15.5 

30.7-82.7 

0.2-1.0 

0.5-6.2 

Grain Size 

1.0-2.8 mm 

1.5-6.8 mm 

2.0-5.0 mm 

1.0-5.3 mm 

normally 
0.3 to 0.7 mm 

range 
0.01-1.0 mm 

Others: (9.2) calcite, epidote, chlorite, zeolite 

Table 4-11. Petrography of trachyte from Aghda. 

Component 

PHENOCRYSTS 

sanidine 

plagioclase 

quartz 

GROUNDMASS 

quartz 

sanidine 

biotite 

Fe-Ti oxide 

Modal data (vol%) 

Mean (2) 

12.5 

4.0 

18.0 

10.1 

52.9 

0.8 

0.6 

Range 

10.7-14.2 

1.5-6.5 

15.5-20.5 

8.0-12.2 

29.0-76.7 

0.4-1.2 

0.2-1.0 

Grain Size 

1.5-4.0 mm 

2.0-6 . 3 mm 

1.5-3.5 mm 

normally 
0.3 to 0.7 mm 

range 
0.02-1.0 mm 

Others: (1.3) calcite, sericite, zeolite, zircon 

e 4-12. Petrography of rhyolite from Aghda. 
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Component 

PHENOCRYSTS 

diopside 

sanidine 

plagioclase 

analcime 

nepheline 

GROUNDMASS 

diopside 

sanidine 

Fe-Ti oxide 

Modal data (vol%) 

Mean (6) 

1.2 

10.1 

10.5 

30.0 

3.0 

1.5 

41.1 

3.1 

Range 

0.6-2.3 

5.3-22.3 

8.0-16.6 

22.0-38.0 

2.0-4.0 

0.3-4.1 

7.3-60.0 

1.0-5.2 

Grain Size 

1.0-2.5 mm 

2.0-5.0 mm 

1.2-5.8 mm 

5.0-30 .0 mm 

1.5-2.5 mm 

normally 
0.3 to 0.6 mm 

range 
0.01-1.0 mm 

Others: (4.4) calcite, chlorite, apatite, sericite, 
kaoline, epidote, zeolite 

Table 4-13. Petrography of tephriphonolite from Shahrbabak. 

Component 

PHENOCRYSTS 

olivine 

diopside 

plagioclase 

sanidine 

GROUNDMASS 

diopside 

plagioclase 

Fe-Ti oxide 

Modal data (vol%) 

Mean (2) 

3.0 

6.3 

17.7 

7.5 

15.0 

41.3 

5.6 

Range 

1.5-4.5 

4.4-8.2 

15.4-20.0 

6.5-8.5 

14.0-16.0 

35.2-47.4 

5.2-6.0 

Grain Size 

1.3-2.8 mm 

1.0-5.4 mm 

2.0-4.6 mm 

1.0-2.5 mm 

normally 
0.1 to 0.3 mm 

range 
0.01-0.6 mm 

others- (3.3) sericite, chlorite, iddingsite, serpentine 

Table 4-14. Petrography of basalt from Shahrbabak. 
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Component 

PHENOCRYSTS 

diopside 

plagioclase 

sanidine 

olivine 

GROUNDMASS 

diopside 

plagioclase 

Fe-Ti oxide 

Modal data (vol%) 

Mean (2) 

2.0 

19.9 

1.25 

2.5 

3.5 

53.3 

7.7 

Range 

1.3-2.7 

3.6-36.3 

0.9-1.6 

1.5-3.5 

0.0-7.0 

29.3-77.3 

7.0-8.3 

Grain Size 

1.5-3.7 mm 

1.5-2 .2 mm 

1.0-2.0 mm 

1.0-2.5 mm 

normally 
0 . 3-0 . 5 mm 
range 

0 .01-0.8 mm 

Others: (6.0) calcite, chlorite, sericite, apatite, 
iddingsite, serpentine 

Table 4-15. Petrography of trachybasalt from Shahrbabak. 

Component 

PHENOCRYST 

diopside 

sanidine 

plagioclase 

GROUNDMASS 

olivine 

sanidine 

plagioclase 

Fe-Ti oxide 

Modal data (vol%) 

Mean (2) 

2.7 

22.0 

9.3 

3.3 

1.8 

41.7 

5.1 

Range 

2.0-3.3 

10.6-33.3 

7.3-11.3 

2.6-4.0 

0.0-3.6 

40.0-43.3 

3.6-6.6 

Grain Size 

1.6-4.5 mm 

1. 0-2.2 mm 

2.0-4.2 mm 

normally 
0.2 to 0.7mm 

range 
0.01-1.0 mm 

Others: (14.0) calcite, zeolite, chlorite, sericite, 
apatite, kaolinite, iddingsite, serpentine 

Table 4-16. Petrography of basaltic trachyandesite from 
Shahrbabak. 
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Component 

PHENOCRYSTS 

hornblende 

diopside 

sanidine 

plagioclase 

GROUNDMASS 

hornblende 

diopside 

sanidine 

plagioclase 

Fe-Ti oxide 

Modal data (vol%) 

Mean (3) 

1.7 

0.9 

13.0 

18.2 

2.1 

0.2 

28.0 

30.4 

2.9 

Range 

0.0-5.0 

0.0-2.6 

1.3-23.6 

7.6-30.6 

1.2-3.3 

0.0-0.6 

21.3-35.6 

17.0-40.3 

2.3-4.0 

Grain Size 

1.3-2.5 mm 

1.2-1.8 mm 

1.5-3.4 mm 

1.0-1.7 mm 

normally 
0.4-0.7 mm 

range 
0.01-0.9 mm 

Others: (2.6) calcite, epidote, sericite, zeolite, chlorite, 
zircon, apatite 

i 1 

Table 4-17. petrography of trachyandesite from Shahrbabak. 

Component 

PHENOCRYSTS 

hornblende 

sanidine 

plagioclase 

biotite 

GROUNDMASS 

sanidine 

Fe-Ti oxide 

Modal data (vol%) 

Mean (4) 

9.7 

4.3 

26.0 

3.2 

55.0 

0.5 

Range 

9.3-10.0 

3.0-5.6 

25.0-27.0 

1.3-5.0 

52.0-61.0 

0.3-0.6 

Grain Size 

1.3-2.8 mm 

1.8-4.9 mm 

1.4-4 . 0 mm 

1.0-2.3 mm 

normally 
0.2 to 0.9 mm 

Others: (1.5) zircon, apatite, calcite, sericite 

Table 4-18. Petrography of trachyte from Shahrbabak. 
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Component 

PHENOCRYSTS 

1 . . , 
horns J. ence 

sanidine 

plagioclase 

quartz 

biotite 

GROUNDMASS 

hornblende 

sanidine 

plagioclase 

quartz 

biotite 

Fe-Ti oxide 

Others: (4.7) 

Modal 

Mean (3) 

3 .3 

4.9 

20.5 

4.5 

3 . 6 

3.9 

7.9 

30.4 

16.0, 

1.4 

3 .5 

calcite, seri 

data (vol%) 

Range 

3.0-4.5 

2.6-6.0 

16.6-25.3 

3.5-5.0 

0.5-5.8 

5.0-5.6 

1.8-11.3 

15.0-49 .3 

15.0-18.0 

0.7-2 .3 

0.6-5.5 

cite, kaolinite, 

Grain Size 

1.2-3.2 mm 

1.0-3.2 mm 

1.5-4.6 mm 

1.0-1.5 mm 

1.2-1.8 mm 

normally 
0.1 to 0.8 mm 

range 
0 . 02-1.0 mm 

apatite, zircon 

Table 4-19. Petrography of dacite from Shahrbabak. 

SiO-

TiO-

AI:0, 

MgO 

CaO 

MnO 

FeO 

Na:0 

K:0 

Wo 

En 

Fs 

Mean (9) 

50.98 

0.75 

2.00 

15.03 

23 .86 

0.14 

5.40 

0.42 

0.01 

48.80 

42.96 

8.23 

Cores 
Range 

48.38-53.84 

0.20-1.22 

0.62-4.98 

13 .12-17.75 

22.97-24.67 

0.04-0.25 

2.82-7.32 

0.18-0.84 

0.00-0.03 

46.88-50.00 

37.50-48.48 

3.03-12.5 

Mean (13) 

50.49 

1.09 

2 .48 

13.20 

21.86 

0.17 

7.84 

0.49 

0.01 

48.74 

39.89 

14.59 

Rims 
Range 

45.57-52.54 

0.43-2.37 

0.62-5.19 

3.97-15.53 

6.49-24.70 

0.05-0.29 

5.02-8.27 

0.32-1.00 

0.00-0.03 

47.67-50.26, 

35.48-43.75 

9.09-12.90 

. Chemical data for pyroxene in tephrite from the 
^insula(oxides, wt%). 
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Si02 

Ti02 

A1:03 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Wo 

En 

Fs 

Mean (3) 

50. 14 

0.87 

3.13 

14.35 

23.24 

0.16 

6.30 

0.49 

0.02 

48.79 

41.17 

10.53 

Cores 
Range 

49.13-51.15 

0.47-1.18 

2.61-3.98 

13.50-15.30 • 

22.98-23 .45 

0.08-0.26 

5.61-6.99 

0.42-0.58 

0.01-0.04 

48.48-49.40 

39.39-42.42 

9.09-12.12 

Mean (3) 

48.45 

1.35 

4.3 2 

13.28 

23 .18 

0.19 

7 .26 

0.56 

0.15 

49 .49 

38.13 

12 .37 

Rims 
Range 

47.83-48.91 

1.16-1.59 

3 .70-4.82 

12 .96-13.77 

23 .02-23.37 

0.21-0.61 

7.17-7.32 

0.52-0.59 

0.02-0.40 

48.48-50.00 " 

37.50-39.39 

12.12-12.50 

Table 4-21. Chemical data for pyroxene in phonotephrite from the 
Islamic Peninsula (oxides, wt%) . 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Wo 

En 

Fs 

Mean 

49.68 

0.78 

3.69 

13.25 

21.96 

0.26 

9.25 

0.40 

0.00 

45.93 

38.54 

15.05 

Cores 
(3) Range 

49.00-50.53 

0.71-0.86 

2.32-4.53 

13.21-13.30 

21.80-22.05 

0.22-0.30 

8.95-9.69 

0.38-0.41 

0.00-0.01 

45.42-46.34 

38.34-38.67 

15.05-16.25 

Mean (3) 

48.45 

1.03 

4.42 

12.36 

21.15 

0.29 

10.03 

0.43 

0.02 

46.73 

36.27 

17.00 

Rims 
Range 

47.89-48.83 

0.87-1.15 

3.55-5.27 

11.55-13.14 

20.45-22.55 

0.22-0.37 

8.88-11.39 

0.36-0.50 

0.01-0.03 

46.41-47.05 

34.10-38.13 

14.82-19.49 

Table 4-22. Chemical data for pyroxene in phonotephrite from 
Aghda(oxides, wt%). 
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Si0: 

TiO-

A1:03 

MgO 

CaO 

MnO 

FeO 

Na:0 

K-0 

Wo 

En 

Fs 

Cores 
Mean (6) Range 

49 .48 

0.86 

3.44 

12.34 

22.08 

0.33 

10.20 

0.47 

0.01 

46.52 

36.16 

17.32 

49.05-50.30 

0.61-0.90 

2.67-4.16 

11.11-13.11 

21.73-22.44 

0.28-0.41 

9.02-12.18 

0.39-0.55 

0.00-0.02 

46.00-47.17 

32.83-38.08 

15.21-20.85 

Mean (6) 

49.92 

0.82 

2 . 63 

12.00 

22.00 

0.38 

10.75 

0.48 

0.06 

46.43 

35.23 

18.34 

Rims 
Range 

49.74-50.07 

0.71-0.92 

2.27-3.51 

10.99-12.66 

21.69-22.77 

0.31-0.46 

9.19-12.11 

0.43-0.52 

0.00-0.11 

45.95-47.64 

32 .55-36.84 

15.52-20.85 

Table 4-23. Chemical data for pyroxene in tephriphonolite from 
Aghda (oxides, wt%). 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Wo 

En 

Fs 

Mean (10) 

49.34 

0.94 

3.10 

12.81 

22.40 

0.35 

9.27 

0.50 

0.01 

46.93 

38.02 

14.54 

Cores 
Range 

44.81-50.45 

0.86-1.02 

2.22-5.19 

10.85-13.75 

21.75-24.87 

0.25-0.53 

8.29-11.65 

0.43-0.76 

0.00-0.06 

45.88-51.43 

33.33-39.69 

13.40-15.98 

Mean (9) 

49.82 

0.93 

2.88 

12.38 

22.02 

0.38 

9.87 

0.53 

0.02 

46.61 

37.20 

16.94 

Rims 
Range 

48.75-51.21 , 

0.68-1.08 

1.41-4.43 

9.80-13.27 

21.61-22.39 

0.25-0.51 

8.37-12.62 

0.44-0.84 

0.00-0.05 

44.18-51.49 

34.72-38.86 

16.04-19.39 

Table 4-24. Chemical data for pyroxene in tephriphonolite from 
Shahrbabak(oxides, wt%). 
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Si02 

TiO: 

Ai203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Wo 

En 

j Fs 

Mean (6) 

52.18 

0.56 

1.84 

16.23 

24.24 

0.10 

3.00 

0.28 

0.01 

49.24 

45.60 

5.16 

Cores 
Range 

48.89-54.24 

0.16-1.29 

0.79-3.77 

14.22-18.08 

23.60-24.80 

0.06-0.16 

1.98-6.12 

0.19-0.54 

0.00-0.02 

48.48-50.00 

40.63-48.48 

3.03-9.38 

Mean (4) 

52.48 

0.46 

1.53 

16.00 

24.21 

0.07 

3.40 

0.26 

0.00 

47.53 

45.96 

4.99 

Rims 
Ranae 

49 . 93-54.02 

0.13-1.27 

0.83-3.20 

14.33-17.85 

24.01-24.39 

0.02-0.11 

2.0.6-6.0 5 

0.17-0.35 

0.00-0.01 

47.15-48.48 

40.63-48.48 

3.03-9.38 

Table 4-25. Chemical data for pyroxene in basalt from the Islamic 
Peninsula (oxides, wt%) . 

Si02 

Ti02 

Al203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Wo 

En 

Fs 

Mean 

51.69 

0.35 

1.57 

13 .57 

23.71 

0.25 

7.26 

0.62 

0.01 

48.99 

38.76 

12.25 

Cores 
(3) Range 

50.64-53.06 

0.27-0.48 

0.84-2.44 

12.74-15.20 

23.00-24.12 

0.17-0.31 

5.03-8.60 

0.53-0.75 

0.00-0.03 

48.48-50.00 

36.36-42.42 

9.09-15.15 

Mean (3) 

50.75 

0.68 

2.38 

13.61 

23.42 

0.20 

7.45 

0.57 

0.02 

49.52 

39.10 

11.37 

Rims 
Range 

50.22-51.72 

0.57-0.89 

1.96-2.65 

12.04-16.09 

23.21-23.69 

0.13-0.27 

4.45-9.16 

0.32-0.70 

0.00-0.05 

48.48-51.61 

35.48-45.45 

6.06-15.15 

Table 4-26. Chemical data for pyroxene in trachyandesite from the 
Islamic Peninsula (oxides, wt%) . 
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I 
SlO; 

TiO; 

| ---1:02 

j MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Wo 

l^in 

Fs 

Mean (4) 

43 .77 

0 . 97 

3.47 

12.18 

21.66 

0.34 

10.00 

0.47 

0.00 

46.23 

35.86 

17.92 

Cores 
Range 

47.61-50.05 

0.68-1.44 

2.79-4.42 

11.29-13 .21 

21.49-21.78 

0.31-0.37 

9.18-11.39 

0.41-0.53 

0.00-0.00 

45.79-46.88 

33.78-38.63 

15.58-19.23 

Mean (4) 

48.87 

0.95 

3 .86 

12.00 

21.78 

0.38 

10.50 

0.58 

0.01 

46.45 

36.37 

17.19 

Rims 
Range 

47.71-49.62 

0.81-1.11 

2.80-4.96 

11.24-12.91 

21.40-22.00 

0.22-0.47 

9.47-10.45 

0.3S-0.94 

0.00-0.03 

45.59-47.06 

34.31-37.75 

16.07-18.72 

Table 4-27. Chemical data for pyroxene in basaltic trachy­
andesite from Aghda (oxides, wt%). 

SiO: 

TiO: 

A1,03 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Wo 

En 

Fs 

Mean (4) 

50.65 

0.70 

3.98 

15.42 

22.01 

0.11 

5.75 

0.42 

0.00 

45.82 

44.64 

9.53 

Cores 
Range 

49.24-51.46 

0.51-1.10 

3.28-5.32 

14.66-15.86 

21.30-22.62 

0.06-0.16 

5.03-6.40 

0.37-0.48 

0.00-0.02 

45.42-46.65 

44.30-45.65 

8.70-10.29 

Mean (4) 

49.13 

1.03 

4.55 

13.67 

21.83 

0.20 

7.43 

0.66 

0.01 

46.65 

40.63 

12.73 

Rims 
Range 

47.16-51.46 

0.51-1.52 

3.28-5.86 

11.10-15.59 

21.54-22.62 

0.10-0.34 

5.03-10.74 

0.37-0.91 

0.00-0.02 

43.50-52.56 

37.67-41.70 

9.77-14.80 

Table 4-2S. Chemical data for pyroxene in trachvbasalt from 
Shahrbabak (oxides, wt%) . 
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Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na:0 

K20 

Wo 

En 

Fs 

Mean (4) 

46.92 

1.00 

6.44 

12.85 

21.50 

0.22 

8.66 

0.43 

0.01 

46.37 

38.78 

14.85 

Minimum 

46.33 

0. 09 

5.35 

12.51 

21.35 

0.17 

8.10 

0.3 4 

0.00 

45.52 

38.49 

14.28 

Maximum 

47.62 

1.09 

7.07 

13.39 

21.70 

0.26 

9.15 

0.52 

0.03 

47.23 

39.07 

15.41 

Table 4-29. Chemical data for pyroxene in basalt from 
Sahrbabak (oxides, wt%) . 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

An 

Ab 

Or 

Mean (4) 

64.50 

0.11 

18.97 

0.00 

0.50 

0.02 

0.47 

4.75 

9.68 

3.01 

29.60 

67.40 

Phenocrysts 
Minimum 

64.14 

0.09 

18.80 

0.00 

0.22 

0.00 

0.37 

4.16 

8.81 

1.31 

25.62 

62.77 

_ 

Maximum 

64.71 

0.14 

19.29 

0.02 

0.85 

0.05 

0.60 

5.25 

10.57 

5.00 

32.79 

72.91 

Table 4-30. Chemical data for sanidine in trachyandesite from the 
Islamic Peninsula (oxides, wt%) . 
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Mean (2) 

Si02 

Ti02 

Al203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

An 

Ab 

Or 

64.47 

0.06 

19.17 

0.01 

0.63 

0.00 

0.48 

0.02 

11.61 

3.56 

20.26 

76.21 

Table 4-31. Chemical data fo 
Aghda (oxides, wt%) . 

Mean (14) 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K;0 

An 

Ab 

Or 

62.61 

0.03 

18.82 

0.03 

0.25 

0.01 

0.16 

1.01 

14.88 

1.35 

5.74 

92.91 

Table 4-32. Chemical data f 
from Aghda(oxides, wt%). 

Core Rim 

63.97 

0.04 

18.69 

0.00 

0.52 

0.00 

0.41 

0.00 

11.13 

2.88 

19.36 

74.65 

64.97 

0.07 

19.65 

0.02 

0.73 

0.00 

0.54 

0.03 

12.08 

4.23 

21.15 

77.76 

sanidine in phonotephrite from 

Minimum Maximum 

60.46 

0.00 

18.12 

0.00 

0.00 

0.00 

0.00 

0.19 

11.33 

0.00 

0.99 

74.57 

64.30 

0.14 

20.86 

0.24 

0.61 

0.08 

0.54 

3.28 

16.17 

6.19 

19.29 

98.11 

idine in tephriphonolite 



Si02 

Ti02 

A1203 

MgO 

CaO 

FeO 

Na20 

K20 

An 

Ab 

Or 

Mean (3) 

63.43 

0.12 

18.80 

0.59 

2.00 

0.86 

5.89 

6.60 

9.79 

51.46 

38.75 

Minimum 

61.36 

0.10 

16.52 

0.00 

1.08 

0.26 

4.32 

5.27 

8.03 

39.40 

31.54 

Maximum 

64.60 

0.15 

20.25 

1.77 

3.22 

1.99 

7.'32 

7.40 

16.20 

62.43 

44.40 

Table 4-33. Chemical data for sanidine in basalt from 
Shahrbabak (oxides, wt%) . 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

An 

Ab 

Or 

Mean (3) 

62.78 

0.05 

19.15 

0.01 

0.66 

0.02 

0.20 

2.67 

12.31 

4.09 

15.81 

80.42 

Minimum 

62.05 

0.01 

18.74 

0.00 

0.41 

0.00 

0.13 

1.84 

11.24 

3.17 

10.11 

76.35 

Maximum 

63.54 

0.10 

19.54 

0.02 

0.83 

0.05 

0.31 

3.19 

14.27 

4.86 

19.37 

87.74 

Table 4-34. Chemical data for sanidine in basaltic trachy­
andesite from Aghda (oxides, wt%). 
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Si02 

Ti02 

A1203 

MgO 

CaO 

FeO 

Na20 

K20 

An 

Ab 

Or 

Mean (3) 

65.44 

0.03 

18.28 

0.02 

0.12 

0.17 

2.40 

13.13 

0.59 

21.33 

78.08 

Minimum 

64.97 

0.00 

18.16 

0.00 

0.01 

0.06 

0.79 

9.73 

0.00 

7.10 

56.27 

Maximum 

66.26 

0.09 

18.35 

0.03 

0.28 

0.31 

4.82 

15.61 

1.36 

42.37 

92.90 

Table 4-35. Chemical data for sanidine in trachyandesite 
from Shahrbabak(oxides, wt%) . 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

An 

Ab 

Or 

Mean (12) 

64.34 

0.04 

18.80 

0.05 

0.48 

0.02 

0.20 

2.44 

12.88 

2.38 

21.69 

75.93 

Minimum 

61.75 

0.00 

18.21 

0.00 

0.09 

0.00 

0.05 

0.50 

10.90 

0.48 

4.65 

62.72 

Maximum 

65.17 

0.10 

19.60 

0.48 

1.76 

0.10 

0.27 

4.01 

15.47 

8.94 

35.07 

93.80 

Table 4-36 Chemical data for sanidine in tephriphonolite 
from Shahrbabak(oxides, wt%). 
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Si02 

Ti02 

Al203 

MgO 

CaO 

FeO 

Na20 

k20 

An 

Ab 

Or 

Mean (10) 

53.67 

0.06 

28.05' 

0.00 

11.16 

0.56 

4.70 

0.73 

54.41 

41.37 

4.22 

Cores 
Range 

52.11-54.74 

0.04-0.10 

27.27-29.00 

0.00-0.00 

10.24-12.15 

0.45-0.68 

4.16-5.24 

0.41-1.25 

49.53-59.19 

37.15-46.15 

2.39-7.18 

Mean (4) 

68.42 

0.06 

20.12 

0.00 

l.o: 

0.14 

9.74 

1.45 

5.06 

86.87 

8.16 

rims 
Range 

67.51-69.03 

0.03-0.11 

19.68-20.65 

0.00-0.00 

0.80-1.63 

0.08-0.28 

8.01-10.67 

0.11-5.05 

3.90-8.44 

67.94-95.40 

0.68-28.16 

Table 4-37. Chemical data for plagioclase in tephriphonolite 
from Shahrbabak(oxides, wt%) . 

Si02 

Ti02 

A1203 

MgO 

CaO 

FeO 

Na20 

K20 

An 

Ab 

Or 
— —— 

Mean (2) 

46.29 

0.03 

32.92 

0.00 

17.03 

0.79 

1.84 

0.12 

83.06 

16.25 

0.70 

Cores 
Range 

46.17-46.41 

0.02-0.04 

32.63-33.21 

0.00-0.00 

16.75-17.31 

0.71-0.87 

1.67-2.01 

0.12-0.12 

81.56-84.55 

14.75-17.74 

0.70-0.71 

Mean (3) 

53.11 

0.05 

25.94 

0.17 

9.87 

0.94 

3.90 

0.20 

57.47 

41.21 

1.32 

Rims 
Range 

49.59-55.42 

0.02-0.06 

22.26-30.54 

0.00-0.52 

6.85-14.24 

0.32-1.41 

2.65-5.85 

0.07-0.38 

38.31-70.55 

28.65-59.2 

0.67-2.49 

Table 4-38. Chemical data for plagioclase in basalt from 
Shahrbabak (oxides, wt%). 
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Mean (2) Core 

SiO; 

TiO: 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

An 

Ab 

Or 

67.40 

0.02 

19.84 

0.01 

0.78 

0.02 

0.11 

11.17 

0.12 

6.19 

92 .73 

1.12 

67.11 

0.03 

20.09 

0.01 

1.07 

0.00 

0.06 

11.09 

0.07 

8.45 

90.98 

1.60 

Table 4-39. Chemical data for plagioclase in tephriphonolite 
from Aghda(oxides, wt%). 

Si02 

Ti02 

Al203 

MgO 

CaO 

FeO 

Na20 

K:0 

An 

Ab 

Or 

Mean (24) 

60.98 

0.08 

25.00 

0.08 

5.59 

0.17 

8.56 

0.69 

27.83 

68.67 

3.50 

Minimum 

54.99 

0.08 

23.38 

0.08 

4.25 

0.09 

6.93 

0.52 

24.18 

64.81 

3.30 

Maximum 

64.07 

0.08 

26.94 

0.08 

7.77 

0.26 

8.73 

0.87 

31.48 

72.53 

3.70 

Table 4-40. Chemical data for plagioclase in trachyte 
from Shahrbabak (oxides, wt%) . 

Rim 

67.68 

0.01 

19.59 

0.00 

0.48 

0.03 

0.16 

11.24 

0.17 

3.92 

94.74 

0.63 
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Si02 

Ti02 

Al203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

An 

Ab 

Or 

Mean (3) 

51.78 

0.03 

29.18 

0.00 

12 .'52 

0.00 

0.58 

3 .68 

0.94 

71.81 

21.95 

6.26 

Cores 
Range 

51.15-52.67 

0.01-0.06 

28.44-29.67 

0.00-0.00 

11.88-12.96 

0.00-0.00 

0.55-0.61 

3 .43-4.03 

0.71-1.16 

68.20-74.04 

20.52-24.04 

4.73-7.75 

Mean (3) 

56.75 

0.03 

26.01 

• 0.00 

8.73 

0.01 

0.55 

6.33 

0.46 

50.45 

46.34 

3.21 

Rims 
Range 

51.28-66.70 

0.03-0.04 

19.96-29.37 

0.00-0.00 

0.81-13.09 

0.00-0.03 

0.31-0.77 

3.60-11 

0.19-0.72 

6.55-74.11 

21.16-91.69 

1.75-4.73 

Table 4-41. Chemical data for plagioclase in phonotephrite 
from Aghda(oxides, wt%). 

sio2 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

An 

Ab 

Or 

Mean (3) 

58.66 

0.03 

24.99 

0.00 

7.04 

0.02 

0.33 

6.73 

1.23 

43.03 

47.19 

9.78 

Cores 
Range 

54.26-66.26 

0.00-0.05 

20.56-27.53 

0.00-0.01 

1.04-10.51 

0.00-0.05 

0.09-0.51 

4.90-9.53 

0.63-1.98 

7.88-62.37 

30.18-74.71 

4.47-17.35 

Mean (2) 

65.05 

0.08 

20.41 

0.03 

1.34 

0.02 

0.26 

9.43 

2.21 

9.96 

72.10 

17.96 

Rims 
Range 

64.81-65.28 

0.06-0.10 

19.90-20.92 

0.00-0.05 

0.92-1.75 

0.00-0.04 

0.23-0.28 

8.45-10.40 

0.38-4.03 

6.42-13.50 

61.04-83.17 

3.37-32.54 

Table 4-42. Chemical data for feldspar in basaltic trachy­
andesite from Aghda (oxides, wt%) . 
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SiO: 

TiO-

Al20: 

MgO 

CaO 

MnO 

FeO 

Na-0 

K-G 

An 

Ab 

Or 

Mean (3) 

55.93 

0.04 

26.78 

0.00 

9.56 

0.03 

0.45 

5.38 

1.14 

46.27 

47.12 

6.60 

Cores 
range 

54.68-57.12 

0.02-0.07 

25.98-27.73 

0.00-0.00 

8.48-10.67 

0.01-0.06 

0.39-0 .55 

4.93-5.72 

0.94-1.42 

41.31-51.51 

43 .11-50.44 

5.38-8.25 

Mean (3) 

63.01 

0.05 

22 .84 

0.00 

4.36 

0.00 

0.28 

8.16 

1.11 

21.2 

72.38 

6.41 

Rims 
Range 

56.46-67.64 

0.03-0.08 

20 .99-26.36 

0.00-0.01 

1.63-8.75 

0.00-0.00 

0.06-0.40 

5.70-9.75 

0.51-1.51 

8.21-42.48 

50.04-88.67 

3 .11-8.64 

Table 4-43. Chemical data for plagioclase in trachyandesite 
from Shahrbabak (oxides, wt%) . 

SiO-

TiO; 

A1:03 

MgO 

CaO 

FeO 

Na-0 

K;0 

Ab 

Or 

Mean (3) 

57.90 

0.14 

26.09 

0.00 

7.40 

0.99 

6.20 

1.47 

3 6.27 

55.17 

8.55 

Cores 
Range 

52.S7-63.13 

0.10-0.19 

21.12-28.82 

0.00-0.00 

2.97-11.86 

0.62-1.30 

4.66-7.51 

0.25-3.31 

14.50-57.55 

40.95-65.32 

1.50-19.18 

Mean (3) 

57.21 

0.15 

25.43 

0.00 

8.05 

0.78 

6.17 

1.02 

39.56 

54.55 

5.90 

Rims 
Range 

54.52-62.54 

: .11-0.20 

21.54-27.57 

A00-0.00 

3 .86-10.27 

0.55-0.98 

5 .25-7.76 

C.35-2.33 

15.71-50.20 

47. 60-67.87 

2.06-13.43 

Table 4-44. Chemical data for plagioclase in trachybasalt from 
Shahrbabak (oxides, wt%) . 
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Si02 

Ti02 

A1203 

MgO 

CaO 

Feo 

Na20 

k-0 

An 

Ab 

Or 

Mean (2) 

60.31 

0.02 

24.10 

0.00 

5.85 

0.13 

7.92 

0.6 

27.98 

68.61 

3 .41 

Cores 
Range 

59.61-61.01 

0.02-0.02 

23.55-24.65 

0.00-0.00 

5.14-6.57 

0.12-0.14 

7.62-8.23 

0.43-0.77 

24.48-31.48 

66.06-71.16 

2.46-4.36 

Mean (4) 

60.97 

0.01 

23.75 

0.00 

5.48 

0.15 

8.09 

0.63 

26.25 

70.14 

3 .62 

Rims 
Range 

59.58-62.40 

0.00-0.03 

23 .02-24.52 

0.00-0.00 

4.54-6.62 

0.12-0.18 

7.73-8.48 

0.47-0.79 

21.81-29.91 

66.20-73.78 

2.65-4.54 

Table 4-45. Chemical data for plagioclase in dacite from 
Shahrbabak (oxides, wt%) . 

Si02 

TiO; 

Al-03 

Cr203 

MgO 

CaO 

MnO 

FeO 

NiO 

Na20 

K20 

Fo 

Fa 

Mean (2) 

39.74 

0.04 

0.03 

0.03 

45.13 

0.61 

0.43 

14.39 

0.09 

0.02 

0.01 

84.85 

15.15 

Core 
Range 

39.44-40.03 

0.02-0.06 

0.02-0.04 

0.01-0.05 

45.05-45.21 

0.60-0.61 

0.42-0.43 

14.30-14.48 

0.09-0.09 

0.01-0.03 

0.01-0.01 

84.00-85.71 

14.29-16.00 

Rim 

39.53 

0.05 

0.05 

0.04 

44.64 

0.61 

0.42 

14.62 

0.10 

0.00 

0.01 

84.00 

16.00 

Table 4-46. Chemical data for olivine in tephrite from the 
Islamic Peninsula (oxides, wt%) . 
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f — r 

Si02 

Ti02 

A1203 

Cr203 

MgO 

CaO 

Mno 

FeO 

NiO 

Na20 

K20 

Fo 

Fa 

Mean (3) 

39.67 

0 .04 

0.01 

0.04 

45.88 

0.18 

0.51 

13 .73 

0.20 

0.02 

0.01 

85.62 

14.42 

Cores 
Range 

39.54-39.85 

0 .03-0 .07 

0 .00-0.02 

0.00-0.07 

45.48-46.51 

0.13-0.22 

0.34-0.61 

13.47-13.95 

0.08-0.39 

0.01-0.03 

0.00-0.02 

85.31-86.02 

13.98-14.83 

Mean (5) 

39.46 

0.01 

0.02 

0.02 

45.39 

0.19 

0.55 

14.16 

0.21 

0.01 

0.00 

85.10 

14.90 

Rims 
Range 

39.28-39.65 

0.00-0.03 

0.00-0.03 

0.00-0.04 

45.18-45.70 

0.13-0.23 

0.47-0.60 

13.93-14.41 

0.11-0.30 

0.00-0.03 

0.00-0.00 

84.83-85.25 

14.75-15.17 

Table 4-47. Chemical data for olivine in trachybasalt from 
Shahrbabak -(oxides, wt%) . 

Si02 

TiO-

A1,03 

Cr-03 

MgO 

CaO 

MnO 

FeO 

Ni 

Na20 

K20 

Fo 

Fa 

Mean (2) 

37.26 

0.00 

0. 03 

0.00 

36.09 

0.29 

0.53 

25.07 

0.04 

0.01 

0.01 

71.96 

28.05 

Core 

37.01 

0.00 

0.03 

0.00 

36.00 

0.31 

0.46 

24.97 

0. 00 

0.01 

0.02 

72.06 

27.94 

Rim 

37.51 

0.00 

0.03 

0.00 

36.07 

0.27 

0.60 

25.18 

0.07 

0.01 

0.02 

71.85 

28.15 

Table 4-48. Chemical data for olivine in basalt f 
Shahrbabak (oxides, wt%) . 
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Mg/Mg+Fe2+ 

Sample Grain Spot Olivine 

Basalt 

R14527 1 core 0.72 

R14527 1 rim 0.72 

Trachybasalt 

R15812 3 core 0.86 

R15812 3 core 0.85 

R15812 1 rim 0.85 

R15812 1 rim 0.85 

R15812 1 rim 0.85 

R15812 1 rim 0.85 

R15812 1 rim 0.85 

Calculated equilibrium liquid 

Kd=0.3 Kd=0.4 whole whole 
Rock A Rock B 

0.43 0.51 — 

0.44 0.51 — 

0.65 0.71 — 

0.64 0.70 

0.64 0.70 

0.63 0.69 

0.63 0.69 

0.63 0.70 

0.63 0.70 — 

0.52 0.49 

0.69 0.67 

Table 4-49. comparison of Mg/Mg+Fe2+ for olivine, calculated 
equilibrium liquids and host basalt and trachybasalt for 
Shahrbabak. For whole rock A and B, FeO =0.8 and 0.9 total Fe 
as FeO respectively. 

Mg/Mg+Fe2+ 

Sample Grain Spot Olivine 

R14466 1 core 0.85 

R14466 1 rim 0.84 

R14466 1 core 0.85 

Calculated equilibrium liquid 

Kd=0.3 Kd=0.4 whole whole 
rock A rock B 

0.63 0.69—| 

0.62 0.69 

0.63 0.69 — 

0.69 0.67 

Table 4-50. comparison of Mg/Mg+Fe2+ for olivines, calculated 
equilibrium liquids and host tephrite for the Islamic 
Peninsula. For whole rock A and B, FeO = 0.80 and 0.90 total 
Fe as FeO respectively. 
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SiO, 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

1 K20 

Mean (4) 

36.13 

4.58 

13.95 

15.17 

0.07 

0.14 

15.03 

0.37 

8.69 

Minimum 

35.92 

4.48 

13.84 

14.52 

0.07 

0.10 

13 . 5.0 

0.29 

8.46 

Maximum 

36.33 

4.73 

14.12 

16.09 

0.07 

0.22 

16.18 

0.43 

8.89 

Table 4-51. Chemical data for biotite in trachyte from 
Shahrbabak (oxides, wt%) . 

Si02 

TiO-

A1,03 

MgO 

CaO 

MnO 

FeO 

Na-0 

[_ K20 

Mean (4) 

36.63 

3.82 

13.85 

13.80 

0.16 

0.15 

14.55 

0.51 

8.14 

Minimum 

36.05 

3.58 

13.81 

13.06 

0.06 

0.07 

13.34 

0.39 

7.96 

Maximum 

37.23 

3.95 

13.93 

14.35 

0.23 

0.24 

16.63 

0.56 

8.43 

Table 4-52. Chemical data for biotite in dacite fr 
Shahrbabak (oxides, wt%) . 
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Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (5) 

37.12 

4.05 

13.41 

• 15.32 

0.02 

0.33 

13.55 

0.72 

9.18 

Phenocrysts 
Minimum 

35.66 

3.54 

12.13 

12.20 

0.00 

0.28 

10.96 

0.62 

8.69 

— ' " " • ~ 

Maximum 

38.28 

4.73 

14.98 

18.42 

0.08 

0.36 

15.87 

1.20 

9.46 

Table 4-53 . Chemical data for biotite in trachyandesite from the 
Islamic Peninsula(oxides, wt%). 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (4) 

0.11 

2.46 

1.36 

1.09 

0.07 

0.34 

84.08 

0.20 

0.05 

Minimum 

0.09 

1.84 

0.76 

1.03 

0.06 

0.22 

81.44 

0.20 

0.05 

Maximum 

0.15 

3.07 

2.76 

1.20 

0.09 

0.61 

85.58 

0.21 

0.05 

Table 4-54. Chemical data for magnetite in trachyte from 
Shahrbabak (oxides, wt%). 



290 

Si02 

TiO: 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (3) 

1.87 

1.95 

0.65 

0.03 

0.29 

0.56 

83 .12 

0.05 

0.03 

Minimum 

1.38 

0.93 

0.44 

0.02 

0.16 

0.54 

80.79 

0.01 

0.00 

Maximum 

2.53 

3.51 

1.01 

0.05 

0.53 

0.59 

84.81 

0.08 

0.04 

Table 4-55. Chemical data for magnetite in trachyandesite from 
Shahrbabak (oxides, wt%) . 

Si02 

Ti02 

Al203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (7) 

0.12 

9.88 

1.58 

1.01 

0.13 

1.14 

77 .09 

0.12 

0.02 

Minimum 

0.04 

8.54 

0.33 

0.02 

0.00 

0.60 

71.65 

0.00 

0.00 

e 4-56. Chemical data for titanomagnetite in tephrite f 
islamic Peninsula (oxides, wt%) . 

Maximum 

0.26 

11.86 

4.61 

1.86 

0.52 

1.94 

79.80 

0.74 

0.03 
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Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (3) 

0.11 

8.46 

2.03 

3.18 

0.39 

0.87 

75.64 

0.01 

0.02 

Minimum 

0.08 

7.44 

0.85 

1.76 

0.34 

0.58 

75.30 

0.00 

0.01 

Maximum 

0.14 

10.01 

2.72 

4.82 

0.49 

1.07 

76.10 

0.02 

0.04 

Table 4-57. Chemical data for titanomagnetite in basalt from the 
Islamic Peninsula (oxid2S, wt%) . 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (2) 

0.11 

7.51 

4.76 

4.76 

0.10 

0.68 

74.27 

0.02 

0.02 

Minimum 

0.09 

7.36 

4.67 

4.11 

0.06 

0.61 

73.76 

0.00 

0.00 

Maximum 

0.12 

7.66 

4.85 

5.41 

0.14 

0.75 

74.78 

0.04 

0.04 

Table 4-58. Chemical data for titanomagnetite in phonotephrite 
from the Islamic Peninsula (oxides, wt%). 
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Mean (3) 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K-0 

0.36 

6.94 

0.69 

0.76 

0.06 

1.45 

79.10 

0.04 

0.11 

Table 4-59. Chemical data for titanomagnetite in trachyandesite 
from the Islamic Peninsula (oxides, wt%) . 

Si02 

TiO, 

Al-03 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (2) 

0.05 

15.10 

0.95 

0.71 . 

0.07 

0.49 

72.16 

0.02 

0.02 

Minimum 

0.01 

3.08 

0.26 

0.68 

0.06 

0.35 

62.69 

0.00 

0.02 

Maximum 

0.09 

27.13 

1.64 

0.75 

0.08 

0.63 

81.64 

0.05 

0.02 

Minimum 

0.06 

5.97 

0.65 

0.73 

0.04 

1.35 

78.16 

0.03 

0.03 

Maximum 

0.69 

7.63 

0.74 

0.81 

0.08 

1.56 

79.99 

0.05 

0.19 

Table 4-60. Chemical data for titanomagnetite in dacite from 
Shahrbabak (oxides, wt%) . 
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Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean 

0.46 

15.43 

1.64 

0.01 

0.41 

1.02 

73.41 

0.03 

0.04 

Cores 
(3) Range 

0.11-0.91 

10.81-18.40 

0.95-1.70 

0.00-0.02 

0.19-0.66 

0.24-1.43 

69.16-80.14 

0.00-0.06 

0.03-0.05 

Mean 

0.27 

17.11 

1.93 

0.02 

0.39 

1.03 

70.53 

0.05 

0.07 

Rims 
(2) Range 

0.14-0.39 

16.06-18.16 

1.67-2.18 

0.01-0.03 

0.23-0.54 

0.87-1.19 

70.03-71.02 

0.03-0.07 

0.06-0.08 

Table 4-61. Chemical data for titanomagnetite in phonotephrite 
from Aghda (oxides, wt%) . 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (12) 

1.80 

15.41 

2.31 

0.19 

1.47 

0.89 

69.16 

0.03 

0.07 

Minimum 

0.08 

4.44 

0.60 

0.00 

0.00 

0.00 

38.01 

0.00 

0.00 

Maximum 

2.12 

20.88 

5.25 

0.67 

16.12 

2.33 

80.89 

0.06 

0.17 

Table 4-62. Chemical data for titanomagnetite in 
tephriphonolite from Aghda(oxides, wt%) 
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Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (2) 

3.21 

15.56 

0.72 

0.00 

3.00 

0.64 

66.79 

0.01 

0.00 

Cores 
Range 

3.16-3.25 

11.96-19.15 

0.70-0.74 

0.00-0.00 

2.81-3.18 

0.44-0.84 

63.89-69.68 

0.00-0.02 

0.00-0.00 

Mean (2) 

1.94 

16.39 

0.69 

0.02 

1.71 

1.42 

68.41 

0.00 

0.01 

Rims 
Range 

1.57-2.31 

15.09-17.69 

0.60-0.77 

0.00-0.04 

1.46-1.96 

0.82-2.01 

66.36-70.46 

0.00-0.00 

0.00-0.01 

Table 4-63. Chemical data for titanomagnetite in basaltic 
trachyandesite from Aghda(oxides, wt%). 

Si02 

Ti02 

AL203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (3) 

0.04 

8.67 

2.55 

5.06 

0.04 

0.74 

75.15 

0.01 

0.01 

Minimum 

0.02 

7.96 

2.44 

4.61 

0.00 

0.58 

73.96 

0.00 

0.00 

Maximum 

0.06 

9.43 

2.71 

5.40 

0.11 

1.00 

75.77 

0.04 

0.02 

Table 4-64. Chemical data for titanomagnetite in trachybasalt 
from Shahrbabak (oxides, wt%). 
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Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (3) 

0.31 

9.73 

6.81 

1.86 

0.04 

1.00 

71.12 

0.01 

0.01 

Minimum 

0.11 

8.02 

4.96 

0.39 

0.00 

0.48 

70.52 

0.00 

0.00 

Maximum 

0.69 

11.14 

9.41 

2.94 

0.09 

1.94 

71.96 

0.02 

0.02 

Table 4-65. Chemical data for titanomagnetite in basalt from 
Shahrbabak(oxides, w t % ) . 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean.(9) 

0.92 

17.18 

1.16 

0.05 

0.52 

1.99 

69.37 

0.02 

0.04 

Minimum 

0.06 

13.62 

0.32 

0.00 

0.00 

0.50 

65.71 

0.00 

0.00 

Maximum 

3.23 

21.22 

1.97 

0.11 

1.65 

3.97 

71.30 

0.09 

0.09 

Table 4-66. Chemical data for titanomagnetite in 
tephriphonolite from Shahrbabak(oxides, wt%) . 
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Si02 

TiO-

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Si 

Ti 

Al 

Fe 

Mn 

Mg 

Ca 

Na 

K 

Mean (5) 

45.25 

1.37 

7.90 

14.28 

11.21 

0.30 

13.30 

1.61 

0.63 

7.10 

0. 16 

2.19 

1.74 

0.04 

3.36 

1.71 

0.43 

0.13 

Minimum 

44.31 

1.19 

7.38 

13.89 

11.09 

0.25 

12.86 

1.39 

0.55 

Maximum 

46.23 

1.73 

8.61 

14.67 

11.28 

0.34 

13.64 

1.86 

0.72 

Structural formulae (23 oxygens) 

6.99 

0.14 

2.05 

1.67 

0.03 

3.29 

1.01 

0.19 

0.11 

7.22 

0.21 

2.39 

1.78 

0.05 

3 .44 

1.89 

0.57 

0.14 

Table 4-67. Chemical data for amphibole phenocrysts in 
trachyte from Shahrbabak (oxides, v/t%). 
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Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Si 

Ti 

Al 

Fe 

Mn 

Mg • 

Ca 

Na 

K 

Mean (4) 

44.34 

1.61 

9.40 

13.57 

10.69 

0.27 

13.10 

1.88 

0.56 

Structural 

6.68 

0.18 

1.67 

1.65 

0.03 

3.05 

1.72 

0.55 

0.11 

Minimum 

43.88 

1.25 

8.09 

12.70 

10.34 

0.10 

11.46 

1.60 

0.48 

formulae (23 

6.57 

0.14 

1.44 

1.63 

0.01 

2.88 

1.66 

0.47 

0.09 

Maximum 

45.30 

'2.20 

10.41 

14.47 

10.98 

0.42 

14.55 

2.13 

0.66 

oxygens) 

6.83 

0.25 

1.84 

1.67 

0.05 

3.22 

1.77 

0.62 

0.13 

Table 4-68. Chemical data for amphibole phenocrysts i 
from Shahrbabak (oxides, wt%). 
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Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (3) 

54.23 

0.10 

22.64 

0.01 

0.00 

0.00 

0.57 

0.03 

21.65 

Phenocrysts 
Minimum 

54.13 

0.07 

22.57 

0.00 

0.00 

0.00 

0.49 

0.01 

21.59 

Maximum 

54.42 

0.13 

22.76 

0.02 

0.00 

0.02 

0.68 

0.04 

21.74 

Table 4-69. Chemical data for leucite in phonotephrite from the 
Islamic Peninsula (oxides, wt%) . 

Si02 

Tio2 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean (7) 

53.89 

0.15 

22.33 

0.04 

0.01 

0.02 

1.00 

0.20 

21.41 

Cores 
Range 

53.39-54.21 

0.06-0.50 

22.05-22.64 . 

0.00-0.12 

0.00-0.07 

0.00-0.08 

0.80-1.29 

0.11-0.58 

21.14-21.49 

Mean (2) 

42.38 

0.03 

30.92 

0.07 

0.06 

0.03 

0.95 

18.81 

2.54 

Rims 
Range 

38.77-45.99 

0.00-0.05 

30.48-31.35 

0.03-0.11 

0.03-0.09 

0.01-0.04 

0.51-1.39 

16.55-21.06 

0.24-4.83 

Table 4-70. Chemical data for leucite with nepheline rims in 
tephrites from the Islamic Peninsula (oxides, wt%) 
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sio2 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

Mean 

54.58 

<0.09 

23.23 

<0.09 

0.18 

<0.09 

0.25 

13.76 

0.13 

Minimum 

53.88 

<0.09 

22.82 

<0.09 

0.07 

<0.09 

0.09 

13.31 

0.04 

Maximum 

55.39 

<0.09 

24.04 

<0.09 

0.31 

<0.09 

0.43 

14.47 

0.22 

Table 5-1. Chemical data for analcime in tephriphonolite from 
Aghda(oxides, wt%). 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

pumpellyite 
Mean (8) Min Max 

37.13 36.14 37.60 

<0.08 <0.08 <0.09 

25.84 23.32 27.67 

0.93 <0.09 3.05 

22.37 21.44 22.86 

0.13 <0.09 0.26 

7.58 2.19 12.08 

0.13 <0.12 0.19 

0.06 <0.04 0.11 

prehnite 
Mean (2) Min Max 

43.03 43.02 43.04 

<0.08 <0.08 <0.08 

24.32 23.74 24.91 

<0.08 <0.08 <0.08 

26.18 25.97 26.38 

<0.09 <0.09 <0.09 

1.28 0.53 2.03 

<0.12 <0.12 <0.12 

0.05 <0.05 0.05 

albite 

65.56 

<0.07 

21.97 

<0.08 

0.71 

<0.08 

0.13 

11.18 

0.22 

Table 5-2. Chemical data for minerals in pumpellyite-bearing 
tephriphonolite from Aghda (oxides, wt%) . 
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Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na20 

K20 

pyroxene 
Mean (3) Min Max 

48.52 48.18 48.87 

1.00 0.97 1.03 

5.02 4.89 5.09 

12.96 12.86 13.02 

22.09 21.78 22.42 

0.12 <0.10 0.15 

9.34 9.24 9.41 

0.26 0.15 0.32 

<0.05 <0.05 <0.05 

plagioclase 
Mean (3) Min Max 

52.18 50.55 53.81 

0.08 <0.08 0.10 

30.73 29.65 31.65 

<0.09 <0.08 <0.09 

12.63 11.39 13.79 

<0.09 <0.09 <0.09 

0.55 0.53 0.56 

3.50 2.91 4.06 

1.00 0.71 1.33 

Fe-Ti ox 

1.37 

11.96 

5.51 

<0.11 

0.52 

0.29 

68.73 

1.04 

0.05 

Table 5-3. Chemical data for minerals in analcime-bearing 
tephriphonolite from Aghda(oxides wt%) 
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Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P2O5 

LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
K20/Na20 
K/Rb 
Zr/Hf 
Zr/Nb 

Number 
values 

12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
3 
3 
3 
3 
3 
3 
3 
3 
12 
12 
12 
12 
12 
12 
3 
3 

of Mean 

45.40 
1.26 
11.62 
9.50 
0.15 
7.87 
11.78 
2.27 
4.90 
1.53 
3.80 

100.07 

3472 
229 
1314 
44 
29 
5 

362 
36 
34 
71 
168 
69.00 
14.83 
3.23 
1.50 
1.45 
2.25 
0.27 

30.00 
208 
174 
49 
114 
82 
14 
7.93 
1.86 

38.9 
66.7 
2.2 

178 
45.7 
10.0 

Range 
Minimum Maximum 

43.54 
1.06 
9.98 
8.35 
0.13 
5.28 
10.73 
0.51 
1.63 
1.20 
2.17 

97.87 

2380 
66 

835 
22 
11 
2 

275 
23 
25 
32 
75 
53.10 
11.30 
2.53 
1.18 
1.22 
1.90 
0.24 

28.50 
144 
15 
15 
82 
66 
11 
5.19 
1.40 

29.8 
56.0 
1.4 

155 
52 
9.6 

47.71 
1.37 

13.49 
10.28 
0.18 

10.15 
13.32 
5.07 
7.11 
1.78 
6.25 

100.98 

4800 
380 

1980 
70 
44 
11 

462 
48 
44 
96 

230 
78.60 
16.80 
3.76 
1.70 
1.58 
2.53 
0.30 
31.00 

262 
390 
92 
148 
104 
16 
8.87 
2.18 

44.7 
74.2 
3.2 

205 
53 
11.6 

Table 6-1. Whole-rock geochemical data for tephrite from the 
Islamic Peninsula(oxides, wt% and traces, ppm). 
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Si02 
Ti02 
Al,0, 
Fe,03 
MnO 
MgO 
CaO 
Na-,0 
K20 
P-,0. 
-1- 2wb 

LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
u 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
K20/Na-0 
K/Rb 
Zr/Hf 
Zr/Nb 

Number of 
values 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
1 
1 
1 
1 
1 
1 
1 
1 
3 
3 
3 
3 
3 
3 
1 
1 

Mean 

47.04 
1.24 
12.51 
9.10 
0.15 
6.80 
10.79 
2.47 
5.98 
1.35 
2.35 
99.79 

3780 
197 
1250 

45 
30 
6 

340 
34 
35 
73 
169 
73.50 
15.00 
3.75 
1.70 
1.67 
2.76 
0.33 

25.80 
201 
115 
36 
117 
82 
15 
7.72 
2.61 

45.4 
64.5 
2.5 

252 
44 
10.3 

Minimum 

46.17 
1.24 
10.57 
8.82 
0.14 
5.95 
10.43 
1.95 
5.22 
1.34 
2.10 
99.51 

3050 
132 
1060 

44 
28 
2 

306 
30 
34 
68 

158 

188 
46 
22 
106 
70 
14 

44.2 
61.4 
2.4 

242 
-

10.2 

Range 
Maximum 

47.94 
1.25 

13.88 
9.51 
0.16 
8.36 

11.33 
2 .80 
6.78 
1.37 
2.58 
99 .94 

4160 
233 
1410 

46 
34 
9 

394 
38 
37 
78 

185 

213 
244 
56 

124 
97 
16 

46.4 
70.1 
2.7 

328 
-

10.4 

Table 6-2. Whole-rock geochemical data for phonotephrite from 
the Islamic Peninsula .(oxides, wt% and traces, ppm) . 
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Si02 

Ti02 

A1203 

Fe203 

MnO 
MgO 
CaO 
Na20 
K20 
P2O5 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 
DI 
Mg# 
K20/Na20 
CaO/Al203 
K/Rb 
Zr/Hf 
Zr/Nb 
La/Nb 
La/Th 
Ba/La 
Ba/Nb 

Number of values 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
-1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

. = 

Mean 

46.65 
0.96 
7.71 
8.34 
0.14 

14.33 
14.68 
2.36 
1.77 
1.14 
2.74 

100.82 

3070 
44 
989 
32 
18 
47 

236 
22 
25 
49.40 

109 
54.40 
11.40 
2.74 
1.24 
1.28 
2.30 
0.32 

38.50 
167 
650 
153 
87 
68 
9 
5.81 
1.39 

22.9 
80.9 
0.8 
1.9 

334 . 0 
40 . 6 
10 .7 
2.25 
2 .74 
62.15 

139.50 
_ 1 

Table 6-3 Whole rock qeochemical data for basalt from the 
Islamic peninsula (oxides, wt% and traces, ppm). 
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SiO-, 
TiO-, 
Al-,6, 
in. j - 2 w 3 

Fe-,0-, j. < ^ 2 w 3 

MnO 
MgO 
CaO 
Na20 
K20 
P-,0c 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
K20/Na20 
K/Rb 
Zr/Hf 
Zr/Nb 

Number of 
values 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
1 
1 

Mean 

56.43 
0.70 

15.76 
5.45 
0.10 
2.75 
4.71 
3.69 
7.10 
0.50 
2.19 

99.38 

2990 
226 

1470 
66 
47 
16 

498 
53 
28 
61 
134 
63.60 
11.60 
2.45 
1.36 
1.47 
2.37 
0.33 

10.90 
103 
40 
16 
79 
57 
19 
12.30 
3.03 

72.9 
55.6 
1.9 

260.8 
40.5 
9.3 

Range 
Minimum 

56.15 
0.66 

15.88 
5.25 
0.10 
2.64 
4.48 
3.32 
6.78 
0.50 
2.12 

99.17 

2490 
220 

1370 
64 
46 
15 

466 
51 
27 
60 
132 

94 
22 
12 
74 
50 
19 

71.7 
55.5 
1.8 

255.8 
-

9.1 

i 

Maximum 

56.70 
0.73 

15.64 
5.64 
0.11 
2 .86 
4.94 
4.06 
7 .42 
0.51 
2.26 

99.58 

3490 
232 

1570 
68 
47 
17 

530 
56 
28 
62 

135 

111 
57 
19 
84 
64 
19 

74.2 
55.7 
2.0 

265.5 
-

9.5 

Table 6-4. Whole-rock geochemical data for trachyandesite from 
the Islamic Peninsula (oxides, wt% and traces, ppm). 
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Si02 

Ti02 

A1203 

Fe203 

MnO 
MgO 
CaO 
Na20 
K20 
P2O5 

LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
V 
Cr 
Ni 
Cu 
Zn 
Ga 

DI 
Mg# 
K20/Na20 
K/Rb 
Zr/Nb 

Number of Values 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Mean 

58.02 
0.83 

15.12 
6.18 
0.12 
2.30 
3.69 
3.50 
7.98 
0.39 
1.03 

99.16 

2840 
269 

1420 
66 
86 
11 

845 
92 
32 
66 

155 
130 
30 
12 
42 
70 
20 

77.3 
47.9 
2.3 

246.2 
9 .2 

Table 6-5. Whole-rock geochemical data for trachyte from the 
Islamic Peninsula (oxides, wt% and traces, ppm). 
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Si02 
Ti02 
Al263 

Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
K2O/Na,0 
K/Rb 
Th/Nb 
Zr/Nb 

Number of 
values 

19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 

19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
19 
6 
6 
6 
6 
6 
6 
6 
6 

19 
19 
19 
19 
19 
19 
6 
6 

Mean 

47.55 
1.16 

12.18 
8.78 
0.15 
7.21 
10.61 
2.52 
5.30 
1.31 
3.20 

99.95 

3416 
216 
1309 
47 
34 
9 

392 
40 
33 
69 
161 
66.50 
13.75 
3.11 
1.47 
1.46 
2.37 
0.30 

27.62 
190 
168 
47 
106 
78 
15 
8.00 
2.10 

44.7 
64.9 
3.1 

203.9 
0.9 
9.8 

Minimuir 

43.54 
0.66 
7.71 
5.25 
0.10 
2.30 
3 .69 
0.51 
1.63 
0.39 
1.03 

99.16 

2380 
44 

835 
22 
11 
2 

236 
22 
25 
32 
75 
53.10 
11.30 
2.45 
1.18 
1.22 
1.90 
0.24 

10.90 
94 
15 
12 
42 
50 
8 
5.19 
1.39 

22.8 
47.9 
0.3 

174.3 
0.5 
9.2 

Range 
i Maximum 

58.02 
1.37 

15.88 
10.27 
0.18 

14.33 
14.68 
5.07 
7.98 
1.78 
6.25 

100.98 

4800 
380 

1980 
70 
86 
47 

845 
92 
44 
96 

230 
78.60 
16.80 
3.76 
1.70 
1.67 
2.76 
0.33 

38.50 
262 
650 
153 
148 
104 
20 
12.30 
3.03 

77.3 
80.9 
10.7 

307 .5 
0.9 

10.7 

Table 6-6. Whole-rock geochemical data for all rocks 
Islamic Peninsula (oxides, wt% and traces, ppm). 

from the 
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i 3i02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
K20/Na20 
Zr/Nb " 

Number of 
values 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
2 
2 
2 
2 
2 
2 
2 
2 
6 
6 
6 
6 
6 
6 
2 
2 

Mean 

54.15 
0.42 

20.13 
4.44 
0.11 
1.31 
4.01 
4.94 
5.97 
0.27 
3.84 
99.57 

1308 
306 
703 
57 
31 
7 

242 
18 
18 
34 
70 
27.50 
5.31 
1.15 
0.66 
0.81 
1.62 
0.22 
3.70 
48 
2 
2 
40 
157 
17 
4.60 
1.17 

73.6 
41.4 
1.2 
12.72 

Minimum 

53.08 
0.34 

19.06 
3.98 
0.08 
0.95 
2.47 
3.14 
4.20 
0.22 
2.32 

98.33 

940 
178 
575 
24 
28 
4 

214 
17 
15 
28 
60 
27.50 
5.25 
1.05 
0.57 
0.64 
1.42 
0.20 
3.67 
36 
1 
2 
16 
40 
16 
4.40 
0.91 

62.5 
35.2 
1.2 

12.59 

Range 
Maximum 

55.35 
0.57 

20.83 
5.83 
0.15 
1.63 
6.90 
6.15 
7.61 
0.41 
5.25 

100.11 

1680 
382 
818 
134 
35 
9 

257 
20 
23 
40 
85 
27.50 
5.37 
1.25 
0.75 
0.97 
1.82 
0.23 
3.72 

76 
2 
3 

82 
466 
19 
4.80 
1.42 

79.5 
50 .3 
1.3 

12.85 

e 6-8. Whole-rock geochemical data for tephriphonolite from 
a (oxides, wt% and traces, ppm) . 
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Number of Mean 
Values 

Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P2O5 

LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

49.81 
0.75 

19.02 
7.46 
0.15 
2.81 
6.42 
4.75 
3.40 
0.62 
3.84 

99.03 

2050 
183 

1340 
55 
23 
4 

190 
13 
22 
38.30 
79.00 
37.60 
7.40 
1.74 
0.88 
1.02 
1.94 
0.25 
11.60 

124 
11 
10 

215 
116 
18 
4.11 
0.97 

57.5 
48.3 

Table 6-9. Whole-rock geochemical data for phonotephrite from 
Aghda (oxides, wt% and traces, ppm) . 
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Number of Mean 
values 

Si02 1 
Ti02 1 
A1203 1 
Fe203 1 
MnO 1 
MgO 1 
CaO 1 
Na20 1 
K20 1 
P205 1 
LOI 1 
Total 1 
Ba 1 
Rb 1 
Sr 1 
Pb 1 
Th 1 
U 1 
Zr 1 
Nb 1 
Y 1 
La 1 
Ce 1 
V 1 
Cr 1 
Ni 1 
Cu 1 
Zn 1 
Ga 1 
DI 
Mg# 

56 
0 

16 
6 
0 
1 
1 
2 
9 
0 
2. 

99. 

1470 
385 
406 
114 
28 
8 

304 
18 
26 
32 
75 
94 
30 
12 
20 

294 
14 

79. 
40. 

.06 

.75 

.68 

.81 

.11 

.91 

.94 

.47 
82 
29 
69 
53 

9 
9 

Table 6-10. Whole-rock geochemical data for phonolite from 
Agnoa(oxides, wt% and traces, ppm). 
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Number of Mean Range 
values Minimum Maximum 

Si02 6 51.16 50.17 53.22 
Ti02 6 0.84 0.76 0.91 
A1203 6 17.67 15.29 19.14 
Fe203 6 8.49 7.88 9.3 8 
MnO 6 0.15 0.11 0.17 
MgO 6 3.32 3.03 3.72 
CaO 6 7.57 6.47 8.02 
Na20 6 3.66 2.83 4.84 
K20 6 3.82 1.80 5.53 
P205 6 0.50 0.40 0.56 
LOI 6 2.75 2.47 3.20 
Total 6 99.93 98.76 100.54 
3a 6 1437 1270 1610 
Rb 6 121 35 238 
Sr 6 916 610 1100 
Pb 6 28 24 32 
Th 6 27 24 30 
U 6 6 5 8 
Zr 6 233 198 256 
Nb 6 15 14 16 
Y 6 26 24 28 
La 6 37 32 42 
Ce 6 86 75 95 
Nd 1 33.70 
Sm 1 V.15 
Eu 1 1-75 
Tb 1 0.93 
Ho 1 L U 
Yb 1 2.66 
Lu 1 0.37 
Sc 1 13.60 
v 6 161 132 184 
Cr 
Ni 
Cu 
Zn 
Ga 

DI 
Mg# 
K20/Na20 
K/Rb 
Zr/Nb 
La/Nb 
Ba/Nb 
Ba/La 

6 27 8 96 
6 14 8 28 
6 73 18 222 
6 88 82 94 
6 18 18 19 

Hf 1 4- 8 9 

Ta 1 °-95 

52.9 50.4 57.6 
49.2 48.2 50.1 
1.1 0.7 1.1 

262.0 192.9 426.9 
15.53 14.14 16.00 
2.4 2.3 2.6 
92.7 90.7 100.6 
38.83 38.33 39.69 

Table 6-11 Whole-rock oeochemical data for basaltic 
trachyandesite from Aghda (oxides, wt% and traces, ppm). 
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SiO, w -*- w J 

TiO, Z 
A1203 
Fe203 

MnO 
MgO 
CaO 
Na20 
K26 
P2O5 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
V 
Cr 
Ni 
Cu 
Zn 
Ga 

DI 
Mg# 

Number of 
values 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Mean 

60. 
0. 

16. 
5. 
0. 
1. 
4. 
5. 
2. 
0. 
2. 

100 

1118 
6C 

864 
51 
20 
4 

140 
9 
14 
36 
78 
94 
14 
13 
31 
91 
18 

68 
42 

23 
56 
49 
62 
12 
61 
82 
08 
71 
33 
51 
06 

5 
6 

Range 
Minimum Maximum 

57. 
0. 

16. 
4 
0. 
1. 
4. 
4. 
2. 
0. 
2. 
99 

685 
59 

448 
48 
16 
3 

118 
6 
8 

32 
71 
70 
4 
4 

20 
86 
14 

68 
32 

95 
51 
14 
01 
06 
41 
62 
54 
45 
26 
20 
80 

5 
6 

62.51 
0.60 

16.84 
7.23 
0.17 
1.80 
5. 02' 
5.62 
2.97 
0.40 
2.81 

100.32 

1551 
61 

1280 
54 
24 
5 

162 
12 
20 
40 
85 

118 
24 
22 
42 
96 
22 

68.5 
52.6 

Table 6-12. whole-rock geochemical data for trachyandesite from 
Aghda (oxides, wt% and traces, ppm). 
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Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 

Number of 
values 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
1 
1 

Mean 

64.42 
0.29 

16.09 
3.33 
0.09 
0.30 
1.26 
3.95 
7.90 
0.10 
1.27 

98.97 

288 
382 
186 
27 
49 
12 

508 
31 
33 
51 
107 
40.40 
7.84 
0.93 
0.93 
1.41 
3.72 
0.55 
4.13 
13 
2 
2 
11 
49 
18 
11.80 
2.40 

89.7 
18.1 

Range 
Minimum Maximum 

63. 
0. 

15. 
3. 
0. 
0. 
1. 
3. 
7 
0. 
0. 

98 

181 
381 
111 
26 
47 
11 
490 
30 
32 
50 
104 

. 

12 
2 
1 
8 

46 
17 

88 
16 

85 
27 
94 
20 
09 
27 
07 
66 
75 
08 
90 
80 

9 
.2 

64.99 
0.31 
16.24 
3.45 
0.09 
0.32 
1.45 
4.23 
8.04 
0.11 
1.63 

99.14 

395 
383 
262 
28 
51 
13 

526 
32 
34 
52 
110 

14 
2 
3 
14 
52 
19 

90.6 
19.8 

Table 6-13. Whole-rock geochemical data for trachyte from Aghda 

(oxides, wt% and traces, ppm). 
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Si02 
Ti02 
Al203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 

Number of 
value 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
1 
1 

Mean 

71.01 
0.24 

14.17 
1.98 
0.03 
0.25 
0.85 
3.78 
6.15 
0.04 
0.33 

99.82 

570 
203 
136 
36 
31 
5 

289 
20 
34 
39 
84 
33.70 
6.73 
0.87 
1.07 
1.55 
4.29 
0.60 
4.82 
12 
2 
2 
10 
34 
14 
7.43 
1.91 

92.4 
23.2 

Range 
Minimum Maximum 

70.86 
0.23 

14.10 
1.92 
0.03 
0.16 
0.54 
3.40 
5.97 
0.04 
1.02 

99.62 

545 
186 
106 
26 
28 
3 

282 
19 
34 
38 
78 

11 
1 
2 
8 

24 
13 

91.3 
17.1 

71.15 
0.26 

14.24 
2.04 
0.04 
0.34 
1.16 
4.15 
6.32 
0.04 
1.63 

100.02 

595 
220 
166 
46 
34 
7 

296 
21 
34 
40 
90 

13 
3 
2 
12 
44 
15 

93.6 
29.2 

Table 6-14. Whole-rock geochemical data for rhyolite from Aghda 
(oxides, wt% and traces, ppm). 
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Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
Th/Nb 

Number of 
values 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
6 
6 
6 
6 
6 
6 
6 
6 

20 
20 
20 
20 
20 
20 
6 
6 

Mean 

56.45 
0.56 

17.80 
5.69 
0.11 
1.84 
4.58 
4.22 
5.27 
0.32 
2.82 
99.66 

1197 
221 
692 
46 
30 
7 

261 
18 
24 
37 
81.45 
33.40 
6.62 
1.27 
0.86 
1.12 
2.64 
0.37 
6.92 

85 
13 
8 

52 
112 
17 
6.24 
1.43 

69.9 
40.0 
1.67 

Range 
Minimum Maximum 

49.81 
0.23 
14.10 
1.92 
0.03 
0.16 
0.54 
2.47 
1.80 
0.04 
0.90 

98.33 

180 
35 
106 
24 
16 
3 

118 
6 
8 

28 
60.00 
27.50 
5.25 
0.93 
0.57 
0.64 
1.94 
0.20 
3.67 
11 
1 
1 
8 

24 
13 
4.11 
0.91 

50.4 
16.2 
1.56 

71.15 
0.91 

20.83 
9.38 
0.17 
3.72 
8.02 
6.15 
9.82 
0.62 
5.25 

100.54 

2050 
385 
1340 
134 
50 
12 

490 
32 
34 
52 

110.00 
40.00 
7.84 
1.74 
1.07 
1.55 
4.29 
0.60 

13.60 
184 
96 
28 
222 
466 
21 
11.80 
1.91 

93.6 
52.6 
2.66 

Table 6-15. Whole-rock geochemical data for all rocks from 
Aghda (oxides, wt% and traces, ppm) . 
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Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K26 
P2O 5 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 

Number of 
value 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
2 
2 
2 
2 
2 
2 
2 
2 
10 
10 
10 
10 
10 
10 
2 
2 

Mean 

54.44 
0.75 
19.10 
5.65 
0.12 
1.69 
3.82 
4.46 
6.31 
0.41 
3.59 

100.34 

1227 
218 
631 
31 
18 
4 

191 
10 
24 
30.50 
64.94 
30.60 
6.19 
1.51 
0.86 
1.11 
2.66 
0.39 
7.67 
83 
6 
5 
65 
70 
17 
3.72 
0.68 

72.8 
42.1 

Minimum 

53.06 
0.60 

18.04 
4.25 
0.09 
0.94 
2.71 
2.47 
4.68 
0.26 
2.99 

100.17 

1060 
89 

455 
28 
15 
2 

174 
9 

22 
29.80 
59.90 
29.70 
5.94 
1.50 
0.80 
0.99 
2.53 
0.38 
7.58 

40 
1 
2 

26 
50 
13 
3.69 
0.67 

68.1 
35.4 

Range 
Maximum 

56.14 
0.81 

19.98 
6.39 
0.14 
2.28 
4.82 
5.39 
9.58 
0.55 
4.16 

100.61 

1450 
383 
807 
34 
19 
6 

205 
10 
25 
33.20 
75.00 
31.50 
6.43 
1.52 
0.92 
1.22 
2.78 
0.40 
7.76 

116 
22 
16 

114 
98 
19 
3.75 
0.68 

80.2 
49.4 

Table 6-16. Whole-rock geochemical data for tephriphonolite from 
Shahrbabak (oxides, wt% and traces, ppm). 
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Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
V 
Cr 
Ni 
Cu 
Zn 
Ga 

DI 
Mg# 

Number of 
value 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Mean 

50.67 
0.69 

20.33 
6.52 
0.12 
2.27 
6.22 
5.58 
2.86 
0.48 
4.44 

100.18 

1020 
37 

1320 
22 
12 
3 

128 
6 

21 
26 
60 

104 
4 
6 

178 
64 
20 

59.7 
46.9 

Table 6-17. Whole-rock geochemical data for phonotephrite from 
Shahrbabak (oxides, wt% and traces, ppm) . 
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Si02 
Ti02 
Al26, 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 

Number of 
values 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
1 
1 

Mean 

47.63 
1.05 
18.02 
10.42 
0.19 
5.63 
9.41 
3.14 
1.65 
0.33 
3.38 

100.82 

537 
48 
601 
10 
4 
2 

74 
2 

20 
15.35 
34 
18.40 
4.3 8 
1.40 
0.69 
0.79 
1.81 
0.27 

28.40 
263 
59 
47 

128 
73 
17 
1.66 
0.50 

36.3 
57.3 

Range 
Minimum Maximum 

47.23 
1.00 

17.93 
9.61 
0.18 
5.48 
9.18 
3.07 
1.33 
0.30 
3.35 

100.73 

280 
19 

582 
6 
4 
1 

66 
1 

19 
14.70 
33 

242 
46 
44 
85 
66 
15 

34.2 
54.7 

48.02 
1.09 

18.11 
11.22 
0.20 
5.77 
9.64 
3.21 
1.96 
0.35 
3.41 

100.91 

794 
77 
620 
14 
4 
3 

82 
3 

21 
16.00 
35 

284 
72 
50 

171 
80 
18 

38.3 
59.8 

Table 6-18. Whole-rock geochemical data for basalt from 
Shahrbabak (oxides, wt% and traces, ppm). 
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Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P2O5 

LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
V 
Cr 
Ni 
Cu 
Zn 
Ga 

DI 
Mg# 
La/Nb 
La/Th 
Ba/La 
Ba/Nb 
Zr/Nb 

Number of 
values 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

Mean 

53.36 
0.93 

16.51 
7.32 
0.13 
4.24 
7.18 
4.12 
2.99 
0.41 
3.19 

100.39 

865 
83 

802 
13 
11 
3 

204 
11 
22 
31 
72 
143 
95 
63 
51 
77 
18 

54.5 
55.5 
2.82 
2.82 

27.90 
78.64 
18.55 

Range 
Minimum Maximum 

52.46 
0.85 
14.81 
6.22 
0.12 
2.23 
6.42 
3.73 
1.86 
0.30 
1.51 

99.86 

605 
39 
605 
12 
8 
2 

132 
10 
18 
24 
55 
108 
20 
16 
28 
72 
17 

49.7 
47.0 
2.4 
2.5 
25.21 
60.5 
13.20 

54.53 
1.00 

17.99 
8.33 
0.13 
7.32 
8.03 
4.77 
4.23 
0.53 
5.15 

100.73 

1200 
129 
975 
16 
16 
4 

272 
12 
26 
40 
90 
174 
246 
156 
74 
80 
20 

57.0 
70.9 
3.33 
3.0 

30.0 
100.0 
22.67 

Table 6-19. Whole-rock geochemical data for basaltic 
trachyandesite from Shahrbabak(oxides, wt% and traces, ppm). 



Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
V 
Cr 
Ni 
Cu 
Zn 
Ga 

DI 
Mg# 

Number of 
values 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Mean 

50.40 
0.99 

15.28 
8.32 
0.14 
8.60 
9.45 
3.90 
1.54 
0.56 
0.85 

100.03 

800 
29 

1330 
8 
9 
2 

116 
12 
18 
42 
90 

170 
326 
158 
66 
76 
18 

40.1 
71.9 

Table 6-20. Whole-rock geochemical data for trachybasalt f 
Shahrbabak (oxides, wt% and traces, ppm). 
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Si02 
Tio2 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P2O5 

LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
Zr/Hf 

Number of 

values 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
1 
1 

Mean 

59.10 
0.80 

18.07 
5.32 
0.07 
1.43 
3.31 
4.75 
4.62 
0.31 
1.96 

99.88 

415 
135 
490 
17 
21 
5 

366 
14 
32 
34.75 
74.45 
33.30 
6.76 
1.33 
0.97 
1.41 
3.59 
0.56 
8.25 

113 
5 
4 

155 
68 
15 
8.51 
0.96 

73.8 
39.9 
43.0 

Range 
Minimum Maximum 

58.58 
0.69 

17.70 
4.94 
0.06 
1.26 
2.39 
3.82 
4.20 
0.24 
1.87 
99.84 

305 
109 
410 
14 
16 
4 

330 
13 
31 
34.00 
73.90 

64 
4 
3 

27 
59 
11 

67.9 
35.4 

-

59.62 
0.91 

18.43 
5.70 
0.08 
1. 60 
4.22 
5.68 
5.04 
0.37 
2.04 

99.92 

525 
161 
570 
20 
26 
6 

402 
15 
33 
35.50 
75.00 

162 
6 
5 

283 
77 
19 

79.7 
44.5 

-

Table 6-21. Whole-rock geochemical data for trachyandesite from 
Shahrbabak (oxides, wt% and traces, ppm). 
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Si02 

Ti02 

A1:03 

Fej03 
MnO 
MgO 
CaO 
Na:0 
K26 
P2O 5 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
Na20/K20 

Number of 
values 

1 
1 
1 
1 
1 
1. 

1 ' 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Mean 

63.84 
0.52 

16.54 
3.84 
0.06 
1.47 
4.32 
4.79 
2.67 
0.16 
1.51 

99.72 

605 
56 

930 
14 
7 
2 

130 
7 
9 

22.60 
40.90 
17.10 
3.75 
0.99 
0.38 
0.39 
0.72 
0.10 
5.91 

73 
17 
49 
17 

117 
95 
20 
2.84 
0.51 

71.9 
48.7 
1.79 

Table 6-22. Whole-rock aeochemic'al data for trachyte from 
Shahrbabak (oxides, wt% and traces, ppm). 
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sio2 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P2O5 

LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
Zr/Hf 
Na20/K20 

Number of 
values 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1 
1 
1 
1 
1 
1 
1 
1 
4 
4 
4 
4 
4 
4 
1 
1 

Mean 

66.59 
0.40 

16.23 
2.67 
0.03 
0.75 
3.60 
4.39 
2.54 
0.17 
2.58 

100.04 

716 
64 

674 
14 
8 
3 

138 
6 

13 
25.30 
49.48 
19.70 
3.40 
0.82 
0.37 
0.40 
0.60 
0.08 
4.18 
50 
18 
8 

23 
43 
18 
3.61 
0.91 

76.7 
37.9 
38.23 
1.73 

Range 
Minimum Maximum 

65.38 
0.36 

15.54 
1.99 
0.02 
0.24 
2.16 
4.00 
2.25 
0.14 
1.50 

99.41 

580 
57 

610 
12 
7 
2 

130 
4 
7 
16.00 
35.00 

42 
6 
4 
8 

24 
17 

72.7 
23.0 
-

1.69 

67.65 
0.45 

17.68 
3.24 
0.05 
1.01 
4.37 
4.66 
2.75 
0.19 
3.52 

100.48 

825 
69 

845 
16 
11 
3 

152 
8 

28 
32.00 
65.00 

68 
42 
10 
36 
54 
19 

81.0 
46.2 

-

1.78 

Table 6-23. Whole-rock geochemical data for dacite from 
Shahrbabak (oxides, wt% and traces, ppm) . 
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Sio., 
TiO^ 
A1203 

Fe203 

MnO 
MgO 
CaO 
Na20 
K20 
P205 

LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 

DI 
Mg# 
Th/Nb 

Number of 
values 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
6 
6 
6 
6 
6 
6 
6 
6 

25 
25 
25 
25 
25 
25 
6 
6 

Mean 

56.18 
0.75 
17.80 
5.80 
0.11 
2.49 
5.06 
4.43 
4.16 
0.36 
2.98 

100.24 

915 
125 
750 
21 
14 
3 

180 
9 

20 
27.64 
56.41 
24.95 
5.11 
1.26 
0.69 
0.87 
2.01 
0.30 

10.35 
110 
36 
23 
78 
66 
17 
4 
0.71 

' 66.1 
45.8 
1.56 

Range 
Minimum 

47.23 
0.36 
14.44 
1.99 
0.02 
0.24 
2.16 
2.47 
1.33 
0.14 
0.85 

99.41 

280 
19 

411 
6 
4 
1 

66 
2 
7 
14.70 
33.00 
17.10 
3.40 
0.82 
0.37 
0.39 
0.60 
0.08 
4.18 

40 
1 
2 
8 

23 
12 
2 
0.50 

34.2 
23.0 
1.8 

Maximum 

67 . 65 
1.04 

20.33 
11.22 
0.20 
8.60 
9.64 
5.68 
9.58 
0.56 
5.15 

100.91 

1450 
383 

1330 
34 
27 
6 

402 
15 
34 
42.00 
90.00 
33.30 
6.76 
1.52 
0.97 
1.41 
3.59 
0.56 

18.40 
284 
326 
158 
283 
98 
20 
9 
0.96 

81. 0 
71.9 
2.0 

Table 6-24. Whole-rock geochemical data 
Shahrbabak(oxides, wt% and traces, ppm). 

for all rocks from 
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Leucitite 
Gupta and Yagi(19 80) 

Potassium-rich mafic 
and ultramafic rocks 

SiO2<52.50% 

SiO2/K2O<20 

K20/Na20>l 

Enrichment in Rb, Sr, Nb, Zr 

Leucitite 
U-DBV 

potassium-rich mafic and 
ultramafic rocks 

SiO2<50% 

Si02/K20<9 

K20/Na20>l 

Enrichment in Rb, Sr, Nb, Zr 

Table 7-1. A comparison between geochemical characteristics of 
the leucite-bearing rocks (Gupta and Yagi, 1980) and the U-DVB 
rocks. 
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Si0: 
TiO-
Al203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 

Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 
DI 

e7Sr/96Sr 
ENd 

Mg-number 
K20/Na20 

Number of 
values 

26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 

26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
6 
6 
6 
6 
6 
6 
6 
6 

26 
26 
26 
26 
26 
26 
6 
6 

26 
7 
7 

26 
26 

Mean 

50.00 
0.94 

15.30 
7.52 
0.14 
5.11 
7.91 
2.99 
6.18 
0.93 
3.28 

99.94 

2405 
256 
1020 

46 
28 
5 

292 
25 
28 
51.59 
118.72 
48.62 
10.03 
2.25 
1.14 
1.21 
2.17 
0.28 

17 
141 
93 
27 
91 

104 
15 
5.79 
1.53 

55.9 
0.70779 

-3.7 
54.2 
2.9 

Range 
Minimum 

43 .54 
0.34 
9.98 
3.98 
0.08 
0.94 
1.94 
0.51 
3.61 
0.22 
2.10 
98.33 

1060 
122 
406 
22 
11 
2 

176 
9 

15 
30.00 
60.00 
27.50 
5.25 
1.05 
0.57 
0.64 
1.42 
0.20 
4 

34 
1 
1 

18 
40 
11 
3.75 
0.68 

29.8 
0.70738 

-4.7 
36.9 
1.0 

Maximum 

56.06 
1.37 

20.83 
10.12 
0.18 
10.15 
13.32 
5.78 
9.82 
1.78 
5.53 

100.98 

4800 
385 
1980 

70 
44 
11 

462 
48 
44 
94.00 

230.00 
78.60 
16.80 
3 .75 
1.70 
1.67 
2.78 
0.40 

31 
246 
390 
92 

148 
466 
18 
8.87 
2.61 

79.9 
0.7085 
-3.2 
74.2 
10.7 

Table 7-2. Whole-rock geochemical data for leucititic rocks 
from the U-DVB (oxides, wt% and traces, ppm). 
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Shoshonite (Morrison, 1980) 

1- Basalts near saturated 
in silica (rarely have 
normative Ne or Q) 

2- Low iron enrichment 
(Flat trend on AFM) 

3- High total alkalies 
(Na20+K20) 

4- High K20/Na20 (>0.6 at 
50% Si02; >1.0 at 55% Si02) 

5- Steep positive slope on 
K20 vs Si02 at low Si02 (0.5 
at 45-57% but zero or 
negative at >57% Si02 

6- Enrichment in P, Rb, Sr, 
Ba, LREE (in accord with 
potassium enrichment) 

7- low Ti02 (<1.3%) 

8- High but variable Al203 
(14-19%) 

Shoshonite (U-DVB) 

Rocks with average 56% Si02 are 
from undersaturated to 
saturated and range from Ne-
normative to Q-normative (Fig. 
7.5) 

Low iron enrichment (linear 
trend on AFM plot; Fig. 7.6) 

High total alkalies, in general 
>5% but mostly between 6.5 and 
11% (Fig. 7.7) 

High K20/Na20 (0.5 at 5 0% Si02; 
between 0.7 and 0.12 at 55%) 
(Fig. 7.8) 

Steep positive slope on K20 vs 
Si02 (Fig 7.1) 

Relatively enriched in LILE 
compared to other rocks of 
similar Si02 content 

low Ti02 (less than 1.3% but 
mostly range between 0.65-1.1% 
(Fig. 7.9) 

High A1203 (14.10-20.33) 

Table 7-3. A comparison between geochemical characteristics of 
the shoshonite suite (Morrison, 1980) and the U-DVB rocks. 
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Number of 
values 

Mean Range 
Minimum Maximum 

SiO-
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K.O 
P205 
LOI 

Total 
Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
U 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 
DI 

87Sr/86Sr 
ENd 

Mg-number 
K-O/Na.O 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
24 
24 
24 
8 
8 
8 
8 
8 
8 
8 
8 

25 
24 
25 
25 
25 
24 
8 
8 

25 
9 
9 

25 
25 

56 
0 

17 
6 
0 
2 
4 
4 
4 
0 
2 
99 

1274 
161 
822 
32 
28 
6 

289 
21 
26 
38, 
85. 
36. 
7. 
1. 
0. 
1. 
2. 
0. 

11 
109 
23 
16 
71 
70 
18 
6. 
1. 

65. 
0. 

-0. 
44. 
1. 

07 
72 
53 
00 
11 
43 
80 
41 
86 
38 
59 
92 

61 
87 
30 
23 
50 
95 
22 
86 
41 

80 
42 
4 
70658 
8 
3 
2 

48 
0 

14 
1 
0 
0 
0. 
3 
1 
0. 
0, 

98. 
180 
35 
111 
12 
4 
2 
81 
3 
19 
30. 
33. 
18. 
4. 
0. 
0. 
0. 
1. 
0. 
4 
11 
1 
2 
8 

23 
13 
1. 
0. 

38. 
0. 

-4. 
16. 
0. 

02 
23 
10 
92 
03 
16 
54 
32 
80 
04 
90 
78 

00 
00 
40 
38 
87 
69 
79 
81 
25 

66 
50 
3 
70475 
0 
2 
5 

71.15 
1.09 

20.33 
9.61 
0.20 
5.77 
9.18 
6.15 
8.04 
0.62 
4.44 

100.73 
3490 
382 
1570 

68 
86 
17 
845 
92 
34 
66 

155. 
63 . 
11, 
2, 
1. 
1. 
4. 
0. 

28 
241 
246 
156 
215 
138 
20 
12. 
3 . 

93. 
0. 

+ 3. 
70. 
2. 

00 
00 
60 
60 
45 
36 
55 
29 
60 

30 
03 
6 
7080 
0 
9 
3 

Table 7-4 . 
from the U-

Whole-rock geochemical data for shoshonitic rocks 
DVB (oxides, wt% and traces, ppm). 
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sio2 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
LU 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Ga 
Hf 
Ta 
DI 

87Sr/86Sr 
ENd 

Mg-number 
K20/Na20 

Number of 
values 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
2 
2 
2 
2 
2 
2 
2 
2 
10 
10 
10 
10 
10 
10 
2 
2 
10 
2 
2 
10 
10 

Mean 

60.28 
0.61 

16.46 
5.19 
0.09 
2.40 
5.45 
4.43 
2.30 
0.27 
2.62 

100.08 

739 
52 

791 
20 
10 
2 

135 
7 
15 
27.78 
57.38 
18.40 
3.58 
0.91 
0.38 
0.40 
0.66 
0.09 
5 

102 
51 
29 
56 
68 
18 
3.23 
0.71 
64.7 
0.70440 

+ 3.9 
45.9 
0.5 

Range 
Minimum Maximum 

47.23 67.65 
0.36 1.00 
15.28 18.11 
1.99 11.22 
n.d. 0.18 
0.24 8.60 
2.16 9.64 
3.07 5.62 
1.33 2.97 
0.14 0.56 
0.85 5.15 
99.41 100.91 

280 1550 
19 69 
605 1330 
6 54 
4 23 
2 5 
66 208 
2 12 
7 28 
16.00 42.00 
35.00 90.00 
17.10 19.70 
3.40 3.75 
0.82 0.99 
0.37 0.38 
0.39 0.40 
0.60 0.72 
0.08 0.10 
4 6 
42 284 
4 326 
4 158 
8 172 

24 96 
14 21 
2.84 3.61 
0.51 0.91 

40.1 81.1 
0.70427 0.7045 
+3.8 +4.1 
23.0 71.9 
0.4 0.7 

Table 7-5 Whole-rock geochemical data for hioh-K calcalkaline 
rocks from the U-DVB (oxides, wt% and traces, ppm). 
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Si02 

Ti02 

A l
2 ° 3 F e
2 ° 3 MnO 

MgO 
CaO 
Na20 
K 2 0 

P 0 
2 5 LOI 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Hf 
Ta 

A 

45.40 
1.26 

11.62 
9.50 
0.15 
7.87 

11.78 
2.27 
4.90 
1.53 
3 .80 

B 

48.07 
0.81 

17.29 
7.86 
0 .15 
4.94 

10.67 
2.70 
6.30 
0.41 
0.72 

C D E F 

48.64 43.63 45.90 47.73 
0.78 1.66 5.26 0.73 

17.34 11.93 8.25 17.13 
7.37 9.71 10.65 7.42 
0.15 0.17 0.13 0.15 
4.05 10.51 9.71 7.22 

10.04 10.22 7.86 12.24 
1.66 3.61 1.21 1.35 
7.46 5.23 7.24 5.54 
0.41 0.76 0.67 0.49 
1.30 0.48 1.17 

3472 1093 1368 5864 1350 1090 
228 418 530 125 299 336 

1314 1572 1471 1449 830 1040 
44 
29 
5 

362 
36 
34 
71.34 

168.17 
69.17 
14.83 
3 .23 
1.50 
2 .25 
0.27 

30 
208 
174 
65 
50 

115 
82 
7.93 
2 

38 
8 

287 
20 
36 
87.60 

180.60 
71.00 
12.83 
2.73 
1.62 
2.32 
0.32 

209 
55 

121 
63 
75 
6.24 
1.02 

69 10 
58 9 35 
11 5 

308 131 192 
22 12 
34 21 30 

108 51.40 73 
182 102.90 133 
90 43.70 67 

7.90 13 
2.18 2.46 
0.80 
1.45 2.38 
0.21 0.36 

24 24 19 
225 215 
96 266 68 
29 50 41 33 
46 92 
52 219 
74 118 

3.50 
0.97 

G 

44.40 
2.10 

15.60 
9.60 
0.20 
7.30 

11.50 
3.20 
4.10 
0.20 

Table 7-6. Compilation of mean whole-rock major and trace 
element data for leucititic rocks (<52% SiO ) . A = present 
study; B = Vulsini, Central Italy (Rogers et 2al., 1985)- C = 
Roman province, Central Italy (Holm et al. , 1982)'- D = Kuh-e 
Geri, Iran (Hassanzadeh 1993); E - El Capitan, New South Wales 
Australia (Cundari, 1973); F = Vulsini District Central Italv 
(Coltorti et al., 1991) and East Eifel, West Germany (Duda and 
Schmmke, 1978) (oxides, wt% and traces, ppm) . 
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sio2 
Ti02 

A1203 

Fe203 

MnO 
MgO 
CaO 
Na20 
K20 
P 2 0 5 
LOI 
Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Hf 
Ta 

A 

54.36 
0.61 

19.00 
5.82 
0.12 
1.53 
4.06 
4.06 
6.88 
0.34 
3 .55 

1262 
299 
603 
50 
25 
5 

228 
14 
21 
31.80 
68.90 
28.83 
5.68 
1.27 
0.75 
2.01 
0.28 
5 

72 
10 
4 

51 
129 

4.32 
1.00 

B 

54.50 
0.49 

19.15 
4.24 
0.11 
1.42 
4.19 
4.40 
6.97 
0.15 
4.50 

548 
533 

1172 
57 
47 
10 

341 
26 
46 

100 
209 
86 
12.40 
2.32 
1.24 
3.03 
0.45 
4 

100 
12 

5 
73 

1.58 

C 

55.14 
0.55 

19.60 
4.60 
0.14 
1.11 
4.21 
2.99 
9.25 
0.20 
1.27 

1679 
481 

D E F 

53.21 53.10 52.46 
0.60 0.70 3.03 

18.61 17.90 14.52 
7.23 6.00 8.57 
0.19 0.13 0.10 
3.54 3.30 3.86 
7.04 6.10 5.16 
3.62 2.40 3.98 
5.29 6.60 6.96 
0.59 0.48 1.30 
0.67 0.01 

1165 2037 
180 584 132 

1679 1050 1205 1666 

112 

475 
40 
44 

106 
5 
6 

12 
76 

10 17 
35 7 

2 
251 469 695 
18 84 
35 25 
71 

139 

10.20 
2.74 
1.04 
2.43 
0.41 

21 10 
106 

23 34 
28 43 

23 
124 

6 16 
4.10 

G 

53.69 
0.49 

20.57 
4.59 
0.17 
1.67 
3.54 
4.07 
6.93 

Table 7.8. Compilation of mean whole-rock major and trace 
element data for leucititic rocks (>52% Si02) . A = present 
study; B = Roccamonfina Volcano, Italy (Luhr and Giannetti, 
1987) ; C = Vulsini Volcano, Italy (Parker, 1989) ; D = Batu Tara 
Volcano, Indonesia (Van Bergen et al., 1992); E = Vico volcanic 
area, Italy (Cundari and Mattias, 1974); F = Northeast China 
(Zhang et al. , 1995). G = Northern Azarbaijan, Iran (Riou, 
1979) (oxides, wt% and traces, ppm). 
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Table 7.9. Compilation of mean whole-rock major and trace 

element data for shoshonitic rocks (<52% Si02) . A = present 

study; B = Roman province, Italy (Peccerillo, 1992); 

C = Northwestern Alps, Italy (Venturelli et al., 1984); D = 

Island Arc compilation (Morrison, 1980); E = Sydney Basin 

(Carr, 1984) ; F = Abitibi Greenstone Belt (Dostal and Muller, 

1992); G = Guffey Volcanic, Centeral Colorado (Wobus et al. , 

1990); H = Walton peak, Colorado (Thompson et al., 1993); I = 

Greece (Pe-piper, 1983); J = Ascension Island, Atlantic Ocean 

( Sorensen, 1974); K = Mt Vulsini, Italy (Civetta et al., 

1981) . 1979) (oxides, wt% and traces, ppm) . 
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Table 7.10. Compilation of Mean whole-rock major and trace 

element data for shoshonitic rocks (>52% Si02) . A = present 

study; B = Island Arc compilation (Morrison, 1980); C = Oceanic 

Island Arc, Fiji (Gill and Whelan, 1989) ; D = Sydney Basin 

(Carr, 1984) ; E = Shoshonitic volcanism in the Northern Mariana 

Arc (Bloomer et al., 1989); F = Northern Karakorum, Sinkiang, 

China (Pognante, 1990); G = Taru volcano, Fiji (Rogers and 

Setterfield, 1994); H = Northwest Alps, Italy (Venturelli et 

al. , 1984) ; I = Abitibi Greenstone Belt, Quebec, Canada (Dostal 

and Muller, 1992) ; J = Roman province, Italy (Peccerillo, 

1992); K = Canary Island, Atlantic Ocean (Borley, 1974) 

(oxides, wt% and traces, ppm). 
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Table 7.11. Compilation of Mean whole-rock major and trace 

element data for high-K calcalkaline rocks (<52% Si02) . A = 

present study; B = Ungaran Indonesia (Claproth, 1989); 

C = Roman province, Italy (Peccerillo, 1985); D = East Africa 

Rift System, Africa (Gurenko, Sobolev and Kononkova, 1991); E 

= Guffey Volcanic, Central Colorado (Wobus et al., 1990); F = 

Abitibi Greenstone Belt, Canada (Dostal and Muller, 1992); G 

= Northern Azarbaijan, Iran (Riou et al., 1981); H = Oceanic 

Island Arc, Fiji (Gill and Whelan, 1989); I = Walton Peak, 

Northwest Colorado (Thompson et al. , 1993); J = North wales 

(Kokelear, 1986); K = South America (Ewart, 1982) 

(oxides, wt% and traces, ppm). 
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Table 7.12. Compilation of mean whole-rock major and trace 

element data for high-K calcalkaline rocks (>52% Si02) . A = 

present study; B = Ungaran, Indonesia (Claproth, 1989); 

C = Kastamonu Area, Northern Turkey (Peccerillo and Taylor, 

1976) ; D = Oceanic Island Arc, Figi (Gill and Whelan, 1989) ; 

E = Northern Azarbaijan, Iran (Riou et al. , 1981); F = Lakmon 

mountains, Greece (Pe-Piper, 1983); G = Northwestern Alps, 

Italy (Venturelli et al., 1984); H = Northern Karakorum, 

Sinkiang, China (Pognante, 1990); I = Northeastern Kanaga 

island, Aleutians (Brophy, 1990) ; J = Atesina-Cimad, Italy 

(Barth et al., 1993); K = Costarica (Cigolini et al. , 1991) 

(oxides, wt% and traces, ppm). 
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Table 13. Compilation of mean whole-rock major and trace 

element data for calcalkaline rocks. A = present study; 

B = Valley of ten thousand smokes, Alaska (Papike et al., 

1991); C = Northwest Colorado (Thompson et al. , 1993); D = 

Andesite and dacite, Greece (Pe-Piper and Piper, 1994), 

E = Sardinia, Italy (Montanini et al. , 1994); F = Souther 

Alpine Crust, Northern Italy (Boriani et al. , 1995); 

G = Atesina-Cimad, Italy (Barth et al. , 1993); H = Dacite from 

the Mediterranean (Ewart, 1979); I = Kastamonu Area, Northern 

Turkey (Peccerillo and Taylor, 1976); J = Eastern Anatolia, 

Turkey (Pearce et al. , 1990); K = Nevada del Ruzi volcano, 

Colombia (Sigurdsson et al. , 1990) (oxides, wt% and traces, ppm). 
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Si02 

Ti02 

A1203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

P2O5 

Mg-number 

A 

47.30 

1.00 

15.00 

10.90 

0.20 

11.60 

10.10 

2.50 

1.40 

-

0.69 

B 

47.27 

2.59 

13.65 

11.59 

0.17 

9.15 

11.05 

2.01 

2.15 

0.42 

0.65 

C 

46.88 

2.03 

13.69 

11.79 

0.17 

9.78 

10.81 

2.47 

0.68 

0.24 

0.61 

D 

50.67 

1.28 

15.45 

9.67 

0.15 

9.05 

11.72 

2.51 

0.15 

0.20 

0.63 

E 

50.30-51.20 

2.80-3.10 

12.80-14.40 

10.50-12.40 

-

6.70-9.50 

10.00-10.90 

2.20-2.50 

0.55-0.67 

-

0.56-0.66 

Table 8-3. Primary magma compositions from several data 
sources.(oxiries, wt%) . 

A = Primary magma composition for Ungaran lavas, as proposed by 
Nicholls and Whitford (1976) 

B = Primitive K-basanite lavas from Karisimbi (Rogers et al., 
1992) 

C = Primary basalt from Hawaii (BVSP, 1981) 

D = Average MORB from Atlantic (Best, 1982) 

E = Range of liquid compositions from experimental work of 
Roeder and Emslie (1970). 
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APPENDIX A 

METHODS OF INVESTIGATION 

A.l SAMPLING 

Samples are listed in the tables below, according to their order of presentation in the 
text. Sample numbers refer to the rock collection of the School of Geosciences, 
University of Wollongong. 

TE = tephrite; PT = phonotephrite; BA = basalt; TR = trachyte; TA = 
trachyandesite; T P = tephriphonolite; R H = rhyolite; B T A = basaltic trachyandesite; 
P H = phonolite; D A = dacite and T B = trachybasalt; T = Thin section; X = X-ray 
fluorescence (XRF); R = Rare earth elements (REE); I = Isotope determination 

Cat.NO 

R14444 
R14445 
R14446 
R14447 
R14448 
R14449 
R14450 
R14451 
R14452 
R14453 
R14454 
R14455 
R14456 
R14457 
R14458 
R14459 
R14460 
R14461 
R14462 
R14463 
R14464 
R14465 
R14466 
R14467 
R14468 
R14469 
R14470 
R14471 
R14472 
R14473 
R14474 
R14475 
R14476 
R14477 
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A.2 FIELD STUDIES 

All of the samples were collected on two field trips to Iran in 1992 (A. Moradian) 

and 1994 (Dr. P. F. Carr and A. Moradian). Maps published by the Geological 

Survey of Iran and air photos were used to locale samples. Outcrop sampling was 

carried out using air photos and geological sheets of Urumiyeh, Nain and 

Shahrbabak. Field work in these areas consisted of examining the igneous rock units 

and careful collecting of the freshest representative samples of various rock types. 

Sample locations and detailed geological information are shown on geological maps 

of the Islamic Peninsula, Aghda and Shahrbabak (Figs. 3.1, 3.3, 3.6). 

A.3 SAMPLING AND ANALYTICAL PROCEDURES 

Sample collection was designed to cover, where possible, the main magmatic phases. 

Samples for chemical analysis were selected after careful thin section study to 

eliminate material with significant alteration. Biotite and amphibole separates were 

made using standard magnetic hand-piking techniques. Large sanidine phenocrysts 

were separated by hand-picking. 

A.4 SAMPLE PREPARATION 

Thin sections were prepared from the least altered specimens 

and representative samples suitable for geochemical analysis were selected. After 

removal of weathered and contaminated surfaces with a diamond saw hagments were 

crushed into small chips between tungsten carbide plates in a 30 tonne hydraulic 

crusher. These chips were finally crushed to powder in a tungsten carbide 

"Siebtechnik" mill. 

A.5 WHOLE ROCK MAJOR AND TRACE ELEMENT ANALYSES 

Major and most trace element abundances were determined by X-ray fluorescence 
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(XRF) spectrometry using automated phillips PW1450 spectrometer at the Australian 

National University by professor Bruce Chappell following the methods of Norrish 

and Hutton (1969), Norrish and Chappell (1977). Other trace elements (REE, Hf, Sc, 

Ta, Th and U) were determined on 18 representative samples by instrumental neutron 

activation analysis (INAA) at Bequerel Laboratories by Dr David Garnett. CIPW 

norms were calculated using GDA program written by Sheraton and Simons (1988). 

Loss on ignition (LOI) was measured as the weight percent loss of lg of powdered 

sample heated to 1000°C for 12 hours at the School of Geosciences, University of 

Wollongong 

A.6 ISOTOPE DETERMINATIONS 

A representative subset of 18 whole rock powders was analysed for strontium and 

neodymium isotopic ratios at School of Geosciences, University of Wollongong, and 

CSIRO by Dr P. F. Carr. Powder samples weighting 0.1 mg were dissolved in teflon 

capsules using a mixture of HN03 and HF.
 87Sr/86Sr and ,43Nd/144Nd were measured 

on a VG 54E mass spectrometer and were normalised to ^Sr/^Sr = 0.1194 and 

l46Nd/,44Nd = 0.7219 respectively. Replicate analyses of NBSSRM98 gave 87Sr/86Sr = 

0.710251 ±28 (external precision at 2a, n = 17) and the JM-Nd standard gave 

l43Nd/144Nd = 0.51111±12 (external precision at 2a, n = 17). The K-Ar dating was 

carried out by Dr Sue Golding, University of Queensland. The K and Ar content 

were determined by flame photometry and isotope dilution respectively (cf. 

McDougall and Schmincke, 1977) and the 40K content was calculated using 40K/K = 

1.167X10"4 mol/mol. 

A.7 MICROPROBE MINERAL ANALYSIS 

Mineral analyses were carried out on polished thin section. The analyses were 

performed using a fully automated, Cameca SX50 electron microprobe (Maquarie 
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University and the Australian National University) calibrated with natural mineral 

standards. Analytical operating conditions were set at an accelerating voltage of 15 

KV and beam current of 20 nA. 
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Appendix B-l. Modal mineralogy (volume %) of tephrite from the 
Islamic Peninsula. 

Sample 

PHENOCRYSTS 
diopside 

K-feldspar 
leucite 

GROUNDMASS 
olivine 
diopside 

K-feldspar 
leucite 
biotite 

Fe-Ti Oxide 
apatite 

R14447 

29.0 
8.0 

47.7 

0.5 
6.2 
2.0 
0.2 
4.9 
1.2 
0.6 

R14450 

39.0 
4.5 

25.9 

-
8.5 
8.5 
7.2 
2.7 
3.2 
0.5 

R14456 

39.0 
20.0 
6.0 

-
6.3 

14.5 
3.2 
9.0 
2.0 
-

R14458 

34.2 
1.2 

23.9 

3.0 
19.0 
7.5 
7.7 
-

3.0 
0.5 

R14459 

40.2 
14.5 
24.0 

-
2.0 
8.0 
5.0 
2.2 
4.2 
-

R14473 

24.5 
5.5 

37.2 

-
6.5 

28.0 
12.0 
1.0 
3.5 
0.5 

R14463 

29.6 
8.2 
26.7 

-
3.0 

30.0 
-
1.5 
1.2 
0.6 

Appendix B-l (continued). Modal mineralogy (volume %) of tephrite 
from the Islamic Peninsula. 

Sample 

PHENOCRYSTS 
diopside 

K-feldspar 
leucite 

Fe-Ti Oxide 
GROUNDMASS 
diopside 

K-feldsoar 
leucite 
biotite 

Fe-Ti Oxide 
apatite 

iddingsite 
serpentine 
chlorite 

R14446 

31.0 
4.0 

22.4 
2.2 

18.0 
9.2 

10.5 
-

1.5 
0.5 
0.4 
0.3 
-

R14449 

26.0 
5.7 
6.2 
-

15.0 
6.2 

30.2 
10.0 
0.2 
0.3 
-
0.2 
-

R14471 

30.8 
5.4 

17.7 
0.6 

1.5 
31.5 
8.5 
-

2.2 
0.5 
0.5 
0.6 
-

R14476 

33.0 
2.2 

30.0 
-

0.7 
11.6 
8.0 
2.2 
3.0 
-

0.8 
1.5 
1.0 

R14477 

28.0 
6.0 

37.5 
-

8.0 
7.5 
10.0 

-
0.6 
1.2 
-
1.2 
-

R14478 

28.0 
24.2 
9.0 
-

5.7 
11.2 
17.2 

-
3.5 
1.0 
0.7 
-
-

R14469 

28.0 
10.0 
29.5 

-

23.0 
0.5 
7.0 
0.2 
0.7 
0.6 
-
0.5 
-
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rrorn Peninsula. 
"alogy (volum %) of tephrite 

'• S airx 1 e 

PENOCEYSTS 
diooside 

R— ̂slc.SCd"*' 

| Fe-Ti Oxide 
GROUNDMASS 
olivine 
diooside 

K-feldsoar 
leucite 
biotite 

Fe-Ti Cxide 

sericite 
zeolite 

serper.nr.e 
ca c::c 

! chlorite • 

r. 14 4 4 3 

21.0 
8.7 

31.0 
-

0.7 
*•' ^ n 

^ . *i 

»i . ,_ 

i. i 
3 .0 
1.0 
0 . 6 
0.7 
-
-
-

P '• - _ - " 

37.3 
1.7 

1 0 0 

-

-
21.0 
4.2 

21.1 
0.7 
C.4 
-
-

0.5 
1 . z. 

-
-

R14462 

38.7 
1.0 

36.2 
-

-
7.4 

10.7 
5.5 
-

0.2 
-
-
-
0.2 
-
-

R1446 5 

30.0 
2.5 

29.5 
-

-
8.1 
2.7 

16.9 
5.3 
0.7 
1.6 
1.5 
-
-
-

1.2 

=14470 

21.4 
3 .2 

22 . 6 
-

-
19.7 
5 . 0 

" Z .1 

1 . 5 
4.2 
-
-
-

0.7 
-
-

R14444 

22.0 
17.2 
19.7 
5.0 

-
1.2 

22.2 
8.0 
2.0 
-

1.0 
-

1.2 
-
-

0.5 

Appendix n-
from the Z: 

:tmued) . Modal mineralogy (volume %) of tephrite 
Peninsula. 

Sample 

PHENOCRYSTS 
diooside 

K-feldsoar 
-. • _ 

GROUNDMASS 
olivine 
dicoside 

K-feldspar 
leucite 
biotite 

Fe-Ti Oxide 
apatite 
sericite 
zeolite 

serne.ntir.e 
ch1orite 
calcite 

iddingsite 

R14452 

25.9 
12.5 
24.7 

-
3.0 

14.7 
9.7 
2.7 
1.5 
0.3 
0.6 
_ . O 

1.0 
0.8 
-
-

F.14 45 5 

21.2 
7.0 

43.3 

-
4.7 

12.2 
7.2 
-

2.4 
1.5 
-
-
-
-

0.5 
-

R14464 

32.5 
2.7 

30.0 

0.4 
21.2 
3.5 
4.0 
-

2.3 
0.7 
-

1.0 
0.7 
-

0.6 
0.5 

R14468 

3 0.2 
7.5 

12.0 

-
18.3 
19.3 
9.2 
-

2.2 
0.6 
-
-
-
-
-

0.7 

R14474 

31.2 
5 . 5 

37.2 

-
4.2 

10.0 
3.0 
4.5 
-

1.0 
-

0.6 
1.2 
0.8 
1.4 
-

R14479 

27.7 
3.5 

42.0 

-

14.2 
5.0 
2.7 
-

2.0 
0.5 
-
-
-
-

1.2 
1.2 
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Appendix B-l. Modal mineralogy (volume %) of phonotephrite 
from the Islamic Peninsula. 

Sample 

PHENOCRYSTS 
diopside 

K-feidsDar 
leucite 

GROUNDMASS 
diooside 

K-feldspar 
leucite 
olivine 
aiotite 

Fe-Ti Oxide 
aoatite 
calcite 
chlorite 
sericite 

serpentine 
icaingsite 

R14453 

IS.O 
6.0 

28.7 

1.0 
30.0 
5.5 
2.5 
2.3 
2.2 
1.5 
0.5 
-
-

0.8 
1.0 

R14450 

25.0 
6.2 

40.2 

9.5 
8.2 
2.7 
1.9 
3 .7 
1.2 
0.4 
-
0.5 
-
0.3 
-

R14461 

37.7 
3.2 

28.5 

8.7 
2.7 
5.6 
2.2 
2.1 
2.9 
-
0.4 
-
-
-

0.3 

R14467 

28.0 
24.7 
11.0 

11.2 
10.4 
7.0 
0.8 
1.0 
5.0 
0.5 
-
-
-
-
0.4 

R14475 

25.2 
1.0 
6.7 

11.0 
43.5 

-
0.5 
-

6.0 
-

0.7 
-

0.6 
-
-

R14472 

31.2 
10.5 
10.5 

11.0 
27.5 
0.2 
-
_ 

7 .7 
1.0 
-

0.4 
-
-
-

R14454 

28.7 
-

20.7 

8.7 
-

37.2 
2.6 
_ 

3.2 
0.9 
-
-
-
-

0.6 

Appendix B-l. Modal mineralogy (volume %) of basalt and 
trachyandesite from the Islamic Peninsula. 

Sample 

PHENOCRYSTS 
cioosiae 
leucite 
saname 
oiotite 

GROUNDMASS 
diooside 
sanidine 
leucite 
biotite 
olivine 

Fe-Ti Oxide 
aoatite 
calcite 
chlorite 
sericite 

R14457 

49.5 
15.0 

-
-

17.3 
-

7.5 
5.0 
1.0 
2.0 
1.4 
0.8 
0.5 
-

R14558 

46.5 
21.4 

-
-

11.7 
-

10.5 
2.4 
3.0 
1.4 
1.7 
0.6 
0.9 
-

R15807 

8.2 
-

2.0 
5.2" 

-
SI. 4 

-
-
-
0.2 
-

2.0 
-
1.0 

R14698 

7.2 
-

16.7 
4.7 

-
68.0 

-
-
-
1.0 
-
1.8 
-
0.6 

Appendix B-l. Modal mineralogy (volume %) of trachyte from the 
Islamic Peninsula. 

Sample 

PHENOCRYSTS 
diooside 
sanidine 
biotite 

GROUNDMASS 
diopside 
sanidine 

Fe-Ti Oxide 
apatite 
calcite 
sericite 
sphene 

R14445 

0.7 
1.0 
-

6.2 
91.4 
0.2 
-

0.3 
-

0.2 

R14559 

10.5 
4.4 
-

3.0 
80.5 
1.6 
-
-
-
-

R14560 

17.5 
21.0 

-

3.6 
55.7 
2.0 
0.2 
-
-
-

R14561 

7.4 
13.2 
2.5 

-
75.0 
1.7 
-
-
-

0.5 

R15806 

5.7 
9.0 
1.7 

3.0 
78.6 
1.5 
-

0.5 
-
-

R14465 

5.0 
8.4 
0.5 

1.0 
70.0 
2.0 
2.0 
5.0 
3.0 
3.0 
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Appendix 5-2. Modal mineralogy (volume %) Of tephriphonolite from 
Aahda. 

1 - 7 1 

sample 
PHENOCRYSTS 
diopside 
sanidine 

plagioclase 
| analcime 
j pumpellyite 
'| GROUNDMASS 
!i cioosiae 

. . . 
i1 sanicme plagioclase 

neoheline 
biotite 
olivine 

Fe-Ti oxide 
calcite 
sericite 
chlorite 
zeolite 
epidote 

R144 82 

2.2 
5.5 

70.0 
23.5 
14.0 

1.2 
24.5 
2. S . rj 

0.3 
0.5 
1.0 
1.2 
5.7 
3.0 
-

2.0 
2.0 

R14433 

1.7 
6.5 
5.0 

29.0 
20.7 

1.2 
25.8 
4.7 
0.8 
0.2 
1.8 
1.2 
0.1 
0.5 
-

0.5 
-

R14497 

1.2 
2.0 
4.0 

42.2 
12.0 

1.7 
23.2 
5.0 
1.0 
-

1.0 
0.2 
2.0 
0.9 
1.6 
2.0 
-

R14501 

2.0 
7.5 
6.5 

10.3 
15.5 

1.4 
31.0 
IS.O 
0.9 
-

0.2 
2.7 
2.0 
2.0 
-
-

-

R14508 

1.0 
4.0 
1.5 

19.2 
-

-

44.2 
20.0 
1.0 
0.9 
2.3 
0.2 
2.7 
2.0 
1.0 
-

-

R14484 

3.2 
5.0 
0.5 

33.0 
5.5 

0.2 
31.7 
3.6 
1.3 
-

2.3 
0.2 
-
-

7.0 
4.0 
2.5 

R14502 

5.5 
6.0 
2.5 
3.2 
5.8 

3.0 
43.4 
19.2 
1.0 
0.8 
2.5 
2.1 
-
-
-
-

-

R14507 

8.0 
7.5 
7.0 
2.0 
2.5 

2.2 
45.5 
15.0 
1.2 
-

0.9 
2.5 
2.0 
2.0 
0.8 
-

0.8 

A.ppendix 5-2. Modal mineralogy (volume %) of phonolite from Aghda. 

Sample 

PHENOCRYSTS 
diopside 

K-feldsDar 
plagioclase 
analcime 

GROUNDMASS 
K-feldspar 
analcime 
biotite 

Fe-Ti oxide 
calcite 
sericite 
epidote 
apatite 
zeolite 
chlorite 

serpentine 

R145 63 

3 .0 
12.0 
15.0 
17.0 

35.0 
-
-

2.0 
10.0 

-

5.0 
-

1.0 
-
— 

R14564 

-

17.0 
11.2 
2.0 

46.2 
-

0.5 
1.2 

14.0 
-

8.0 
-
-

-

-

R14555 

11.0 
11.7 
14.3 
13.9 

35.0 
1.2 
-

5.5 
7.4 
-

-
-
-

-

-

R14566 

-

2.0 
5.6 

19.5 

58.3 
-
-

1.0 
8.2 
3.0 
-
-

2.4 
-

-

R14498 

-

1.5 
-

18.3 

62.0 
_ 
-

1.2 
8.2 
4.0 
-

1.0 
_ 

3.0 
1.0 

R14499 

-
-

1.2 
3.3 

85.0 
_ 
_ 

10.5 
-
_ 

_ 
-
_ 

_ 

-

R14 5 67 

7.5 
10.5 
6.7 
-

40.7 
17.7 
0.7 
4.2 
5.0 
_ 

1.0 
1.3 
_ 

2.0 
3.7 

R14558 

2.5 
10.0 
10.0 
20.0 

45.0 
_ 
_ 
_ 

9.0 
_ 

3.0 
_ 

_ 

-
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Appendix B-2. Modal mineralogy (volume %) of phonotphrite from 
Aghda. 

Sample 

PHENOCRYSTS 
diopside 
sanidine 

plagioclase 
analcime 

GROUNDMASS 
diopside 
sanidine 
analcime 
olivine 
biotite 

Fe-Ti oxide 
apatite 
calcite 
epidote 
zeolite 
sericite 

R14485 

5.9 
0.5 

19.2 
10.0 

2.2 
48.2 
8.0 
0.2 
-
1.5 
1.0 
1.8 
1.5 
-
-

R14562 

7.0 
6.5 

11.2 
9.7 

2.0 
19.7 
26.7 
1.7 
1.3 
1.5 
2.0 
5.9 
2.0 
3 .0 
-

R14500 

8.0 
4.0 
8.0 
5.0 

1.1 
54.4 
16.0 
1.5 
0.4 
1.6 
-

2.0 
- , 
-
-

R14506 

-
3 .3 
6.2 

10.0 

-
70.0 
7.8 
0.5 
0.5 
0.2 
-
-
-

1.5 
-

R14510 

0.5 
15.7 
4.0 
1.3 

0.2 
59.2 
2.0 
0.2 
0.3 
5.5 
-

6.0 
2.0 
-

3.1 

Appendix B-2. Modal mineralogy (volume %) of trachyte from Aghda. 

Sample 

PHENOCRYSTS 
diopside 

K-feldspar 
plagioclase 
nephline 

GROUNDMASS 
K-feldspar 
biotite 

Fe-Ti oxide 
sericite 
calcite 
epidote 
chlorite 
kaoline 

R14480 

-

8.0 
1.0 
-

81.0 
1.0 
1.2 
3.0 
0.8 
-

1.0 
3.0 

R14486 

-
11.2 
6.0 
4.2 

72.3 
0.5 
5.0 
0.2 
0.6 
-
-
-

R14494 

1.0 
16.0 
5.0 

12.0 

63.0 
-

0.5 
-

2.5 
-
-
-

R14490 

-

8.7 
2.3 
4.4 

82.7 

0.2 
1.0 
-
0.3 
-
-

0.4 

R14489 

1.5 
0.2 
-
-

79.0 
-
6.2 
-

2.0 
10.8 

-
0.3 

R14491 

-

6.2 
12.2 
4.4 

71.3 
0.5 
4.5 
-
0.4 
-
-

0.5 

R14569 

-
20.5 

-
-

36.5 
0.5 
2.0 
-

35.0 
-

3.5 
2.0 

R14570 

-
38.2 
5.0 

15.5 

30.7 
-
3.8 
-

5.7 
-
-

1.1 
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Appendix 5-2. Modal mineralogy (volume %) of trachyandesite from 
Aghda. 

Sample 

PHENOCRYSTS 
hornblende 
K-feldspar 
plagioclase 
GROUNDMASS 
diopside 

plagioclase 
biotite 

Fe-Ti oxide 
zeolite 
calcite 
apatite 

| sericite 

R14487 

8.2 
10.0 
6.5 

1.8 
61.0 

-
4.0 
3.5 
3.0 
-

2.0 

R14571 

-
6.0 

10.0 

2.0 
65.0 
0.7 
5.0 
2.0 
5.3 
-

4.0 

R14572 

-
20.0 
25.0 

-
50.0 

-
2.0 
-

2.0 
-

1.0 

R14573 

4.1 
18.5 
11.0 

-
38.5 
0.1 
6.8 
6.0 
8.0 
2.0 
5.0 

R15809 

8.7 
-

23.0 

-
63.0 

-
2.0 
-

2.0 
-
1.3 

Appendix B-2. Modal mineralogy (volume %) of basaltic trachyandesite 
and ryholite from Aghda. 

Sample 

PHENOCRYSTS 
diopside 
saniame 

plagioclas 
nepheline 
quartz 

GROUNDMASS 
diopside 
sanidine 

plagioclase 
biotite 
olivine 

Fe-Ti oxide 
quartz 
calcite 
sericite 
zeolite 
zircon 

chlorite 

R14493 

-
10.7 
1.5 
-
1.5 

-
76.0 

-
0.4 
-
1.0 
8.0 
0.6 
-
-
0.3 
-

R14504 

-
14.2 
6.5 
-

20.5 

-
29.0 

-
1.2 
-
0.2 

12.2 
8.0 
3.0 
5.0 
0.2 
-

R14488 

2.0 
7.2 
2.5 

10.2 
-

7.7 
51.3 

-
0.1 
2.5 
3.5 
-

7.5 
0.5 
3.5 
-

1.5 

R14495 

5.6 
12.0 
13.1 
4.0 
-

1.0 
50.0 

-
0.1 
2.8 
0.5 
-

4.5 
1.4 
3.0 
-

2.0 

R14496 

9.2 
10.4 
14.0 

-
-

3.0 
54.2 

-

1.0 
0.3 
3.5 
_ 

3.5 
_ 
_ 
_ 

0.9 

R14503 

10.0 
10.0 
10.0 

-
_ 

0.7 
63.7 
1.2 
_ 
_ 

1.7 
_ 

1.7 
1.0 

— 

-
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Appendix B-3. Modal mineralogy (volum %) of basalt, trachybasalt 
and basaltic trachyandesite from Shahrbabak. 

Sample 

PHENOCRYSTS 
olivine 
diopside 

plagioclase 
sanidine 

GROUNDMASS 
olivine 
diopside 

plagioclase 
Fe-Ti oxide 
sanidine 
calcite 
sericite 
apatite 
zzeolite 
chlorite 
iddingsite 
serpentine 

R14527 

1.5 

8.2 
15.5 
8.5 

-

14.0 
47.4 
5.2 
-
-
-
-
-
-
-
-

R14552 

4.5 

4.4 
20.0 
6.5 

-

16.0 
35.2 
6.0 
-

2.9 
1.0 
1.0 
-
-

1.5 
1.0 

R14550 

3.5 

1.3 
316 
0.9 

-
-

77.3 
7.0 
-

2.4 
1.5 
0.5 
0.5 
0.5 
1.0 
-

R15812 

1.5 

2.7 
36.3 
1.6 

-

7.0 
29.3 
8.3 
-

5.3 
2.0 
0.5 
1.5 
1.0 
2.0 
1.0 

R14538 

-

2.0 
10.6 
11.3 

4.0 
-

43.3 
6.6 
3.6 
6.0 
3.5 
1.0 
3.0 
1.0 
2.1 
2.0 

R14553 

-

3.3 
33.3 
7.3 

2.6 
-

40.0 
3.6 
-

3.9 
2.0 
0.5 
1.5 
-

1.5 
0.5 

Appendix B-3. Modal mineralogy (volume %) of tephriphonolite 
from Shahrbabak. 

Sample 

PHENOCRYSTS 
diopside 
sanidine 

plagioclase 
analcime 
nepheline 
GROUNDMASS 
diopside 
sanidine 

Fe-Ti oxide 
calcite 
chlorite 
iddingsite 
serpentine 
zeolite 
sericite 

R14534 

1.5 
11.5 

-

38.0 
4.0 

-

37.3 
1.5 
3.0 

' 1.0 
1.5 
0.6 
-

0.6 

R14535 

0.6 
5.2 
15.2 
31.7 
3.0 

0.3 
40.4 
1.3 
1.3 
0.5 
0.5 
-
-
-

R14541 

1.0 
22.3 
8.0 
30.4 
2.0 

2.3 
23.8 
5.2 
2.0 
1.5 
1.0 
-
0.5 
-

R14544 

-
6.0 
5.4 
23.0 

-

4.1 
60.0 
1.0 
-
-
-

-
-
0.5 

R14551 

2.3 
10.8 
14.6 
22.0 
4.0 

0.7 
39.3 
2.3 
1.0 
-
1.0 
2 . 0 
-
— 

R14557 

1.8 
5.3 
16.6 
25.6 
3.0 

1.6 
42.0 
1.0 
1.2 
-
0.5 
— 

0.4 
1.0 
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Appendix B-3. Modal mineralogy (volume %) of trachyte from 
Shahrbabak. 

S amp 1 e 

PHENOCRYSTS 
hornblende 
K-feldsoar 
plagioclase 

biotite 
GROUNDMASS 
K-feldsoar 
Fe-Ti Oxide 

calcite 
sericite 

R14512 

9.3 
5.6 

25.0 
5.0 

52.0 
0.6 
1.5 
1.0 

R14575 

10.0 
3.0 

24.4 
1.3 

61.0 
0.3 
-
-

R14536' 

9.5 
4.6 

27.0 
4.0 

53.0 
0.5 
1.0 
0.4 

R14516 

10.0 
4.0 

27.0 
2.5 

54.0 
0.6 
1.3 
0.6 

Appendix B-3. Modal mineralogy (volum %) of trachyandesite and 
dacite from Shahrbabak. 

Sample 

PHENOCRYSTS 
hornblende 
diopside 
sanidine 

plagioclase 
quartz 
biotite 

GROUNDMASS 
hornblende 
sanidine 
quartz 

plagioclase 
biotite 

Fe-Ti oxide 
calcite 
sericite 
zeolite 
chlorite 

R1451"? 

-
2.6 
1.3 

30.6 
-
-

1.2 
21.3 

-
40.3 

-
2.3 
0.5 
0.3 
0.8 
-

R15813 

5.0 
-

23.6 
7.6 
-
-

3.3 
35.6 

-
17.0 

-
4.0 
1.5 
0.6 
1.2 
0.5 

P. 14 5 5 4 

0.1 
0.1 

14.1 
16.4 

-
-

1.8 
27.1 

-
33.9 

-
2.4 
2.1 
1.0 
0.5 
0.5 

R15S11 

4.5 
-

2.6 
19.6 
3.5 
5.8 

5.0 
11.3 
18.0 
15.0 
0.7 
5.5 
4.0 
2.0 
1.0 
1.5 

D14 cog 

3.0 
-

6.0 
16.6 
5.0 
0.5 

1.1 
1.8 

11.0 
49.3 
2.3 
0.6 
1.3 
1.5 
__ 

-

R14576 

3 .9 
-

6.1 
25.3 
5.0 
4.5 

5.6 
10.6 
15.0 
18.0 
1.2 
2.0 
1.5 
1.3 

-
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APPENDDC C 

MINERAL CHEMISTRY 

first order subdivision (e.g. C-l) is for mineral types where, 

1 = clinopyroxene 6 = K-feldspar 

2 = olivine 7 = plagioclase 

3 = titanomagnetite 8 = leucite 

4 = biotite 9 = analcime 

5 = hornblende 

Second order subdivision (e.g. C-l.l) is for rock types where, 

1 = basalt 

2 = trachybasalt 

3 = basaltic trachyandesite 

4 = tephrite 

5 = phonotephrite 

6 = tephriphonolite 

7 = trachyandesite 

8 = trachyte 

9 = dacite 

10 = rhyolite 

ABBREVIATION USED 

Spot 

C = core 

R = rim 
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Appendix C-1.4. Mineral chemistry of pyroxene in tephrite from 
the Islamic Peninsula (oxides, wt%). 

Sample 

Spot 

Si02 
TiO-
Al:0~3 
MgO 
CaO 
MnO 
FeO 
Na-0 
K2O 

Total 

Wo 
En 

i _ 

r s 

^14466 R14466 R14466 R14466 R14466 R14466 R14466 

C R C C R R R 

53 84 50.64 53.78 53.57 51.31 51.12 51.89 
0 22 0 69 0.25 0.20 0.62 0.58 0.43 
0 62 2.28 0.86 0.93 2.04 2.29 2.23 
17 75 15.07 17.45 17.41 15.53 15.35 15.51 
24 09 24.07 24.67 24.27 24.70 24.36 23.97 
0 09 0 16 0.05 0.04 0.14 0.05 0.13 
2~82 5.86 2.87 2.86 5.03 5.34 4.99 
0 21 0 35 0.18 0.19 0.33 0.32 0.35 
0"o2 0 00 0.01 0.00 0.00 0.01 0.01 
99.79 99.12 100.38 99.78 99.78 99.56 99.74 

47 00 48.50 48.00 47.73 49.00 48.74 48.47 
48 50 42.00 47.50 47.73 43.00 42.71 43.87 
4 50 9.00 4.50 4.52 8.00 8.50 7.65 

Appendix C-1.4 (continued). Mineral chemistry of pyroxene in 
tephrite from the Islamic Peninsula (oxides, wt%) 

Sample 

Spot 

SiO, 
TiO, 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

Wo 
En 
Fs 

R1444": 

R 

52.52 
0.72 
1.39 
14.32 
23.15 
0.23 
6.52 
0.85 

99.75 

47.67 
41.45 
10.36 

' R1444' 

C 

50.15 
0.76 
3.20 
14.73 
23.81 
0.06 
5.79 
0.31 

98.89 

48.79 
41.84 
9.18 

' R1444' 

R 

50.41 
1.08 
2.54 
14.19 
23.69 
0.19 
6.01 
0.65 

98.84 

48.97 
40.81 
9.69 

' R1444"" 

R 

49.89 
0.81 
2.99 
14.71 
23.70 
0.14 
6.09 
0.38 

98.86 

48.48 
41.92 
9.60 

' R1445 

C 

49.23 
1.13 
3.63 
13.12 
23.59 
0.23 
7.32 
0.69 

98.95 

49.48 
38.14 
11.85 

5 R14455 R14455 

R 

45.57 
2.37 
6.11 

11.47 
22.81 
0.22 
8.27 
0.77 

97.70 

50.26 
34.92 
14.28 

C 

49.67 
1.04 
3.12 

13.63 
24.00 
0.17 
6.59 
0.84 

98.74 

49.49 
39.29 
10.72 
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Appendix C-1.4 (continued). Mineral chemistry of pyroxene in 
tephrite from the Islamic Peninsula (oxides, wt%) 

Sample 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

Wo 
En 

j Fs 

R14466 

R 

51.01 
0.60 
2.33 

15.39 
24.25 
0.10 
5.02 
0.55 

99.48 

48.98 
42.93 
8.08 

R14466 

R 

52.54 
0.64 
0.92 

14.34 
23.11 
0.24 
6.41 
1.00 

99.28 

47.94 
41.24 
10.30 

R14466 

R 

46.07 
2.10 
5.19 
12.48 
23.60 
0.14 
9.20 
0.73 

99.57 

49.23 
36.04 
14.72 

R14447 

C 

50.55 
0.90 
2.93 
13.79 
22.97 
0.25 
6.84 
0.61 

98.86 

48.18 
39.90 
11.40 

R14447 

R 

49.84 
1.27 
3.05 
14.35 
23.61 
0.18 
6.25 
0.63 

99.19 

48.47 
40.82 
10.20 

R14447 

C 

48.38 
1.22 
4.98 
13.48 
23.54 
0.17 
6.72 
0.57 

99.10 

49.22 
39.38 
10.88 

R14447 

R 

50.57 
1.05 
2.36 

13 .74 
23.38 
0.16 
6.68 
0.81 

98.83 

48.97 
39.69 
10.82 

Appendix C-l.1.4 (continued). Mineral chemistrv of pyroxene in 
tephrite and basalt from the Islamic Peninsula (oxides wt%) 

Sample 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

Wo 
En 
Fs 

R14455 

C 

49.69 
1.07 
3.13 

13.94 
23.78 
0.22 
6.77 
0.50 

99.10 

48.98 
39.80 
10.71 

R14457 

C 

48.89 
1.29 
3.77 
14.22 
23.60 
0.08 
6.12 
0.54 

98.56 

49.23 
41.03 
9.74 

R14457 

R 

53.28 
0.20 
1.07 

17.33 
24.01 
0.05 
2.53 
0.27 

99.29 

47.98 
47.98 
4.04 

R14457 

C 

50.52 
0.90 
2.53 
14.84 
24.46 
0.16 
5.54 
0.35 

99.41 

49.49 
41.92 
8.58 

R14457 

R 

52.67 
0.24 
1.02 

17.07 
24.22 
0.09 
2.97 
0.17 

98.66 

48.24 
47.24 
4.52 

R14457 

C 

51.66 
0.57 
2.20 
15.22 
24.80 
0.12 
4.87 
0.22 

99.72 

50.00 
42.42 
7.58 

R14457 

R 

54.02 
0.13 
0.83 

17.85 
24.21 
0.02 
2.06 
0.23 

100.06 

47.72 
49.24 
3.05 
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Appendix C-l.1.5. Mineral chemistry of pyroxene in basalt and 
phonotephrite from the Islamic Peninsula(oxides wt%) 

~ " y T 

Sample 

Spot 

Si02 
Ti02 
A1,03 
MgO 
CaO 
MnO 
FeO 
Na-0 
Total 

Wo 
En 
Fs 

R14457 

C 

54.23 
0.16 
0.84 
18.08 
24.12 
0.07 
1.98 
0.20 

100.34 

47.47 
49.49 
3.03 

R14457 

R 

49.93 
1.27 
3.20 

14.33 
24.39 
0.11 
6.05 
0.35 

99.67 

49.75 
40.61 
9.65 

R14457 

C 

54.24 
0.16 

. 0.79 
17.71 
24.29 
0.06 
2.21 
0.19 

100.33 

47.72 
48.73 
3.55 

R14457 

R 

53.52 
0.26 
0.93 

17.31 
24.18 
0.08 
2.23 
0.19 

99.39 

48.22 
48.22 
3.55 

R14454 

C 

51.15 
0.47 
2.61 
15.30 
23.29 
0.08 
5.61 
0.47 

99.07 

47.45 
43.37 
9.18 

R14454 

R 

48.91 
1.16 
3 .70 

13.77 
23.37 
0.21 
7.17 
0.52 

98.87 

48.22 
39.59 
11.68 

R14454 

C 

50.13 
0.95 
2.81 

14.24 
23.45 
0.26 
6.31 
0.42 

98.66 

48.47 
40.82 
10.20 

Appendix C-1.5 (continued). Mineral chemistry of pyroxene in 
phonotephrite from the Islamic Peninsula , • •, 

(oxides, wt%). 

Sample 

Spot 

Si02 
Ti02 

Al-O, 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

Wo 
En 
Fs 

R14454 

R 

48.61 
1.29 
4.44 
13.11 
23.02 
0.21 
7.29 
0.57 

99.01 

48.69 
38.74 
12.04 

R14454 

C 

49.13 
1.18 
3 .98 
13.50 
22.98 
0.14 
6.99 
0.58 

98.49 

48.69 
39.79 
11.52 
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Appendix C-1.7. Mineral chemistry of pyroxene in trachyandesite 
from the Islamic Peninsula (oxides, wt%) . 

Sample 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

Wo 
En 
Fs 

R14698 

R 

47.83 
1.59 
4.82 
12.96 
23.15 
0.16 
7.32 
0.59 

98.44 

48.96 
38.54 
11.98 

R14698 

C 

51.38 
0.27 
1.43 
12.78 
24.02 
0.31 
8.15 
0.75 
99.09 

49.75 
36.55 
13.20 

R14698 

R 

50.30 
0.58 
2.65 
12.04 
23.21 
0.25 
9.16 
0.70 

98.93 

49.22 
35.23 
15.02 

R14698 

C 

50.64 
0.48 
2.44 
12.74 
23.00 
0.27 
8.60 
0.59 

98.81 

48.45 
37.11 
13.92 

R14698 

R 

50.22 
0.57 
2.54 
12.71 
23.36 
0.27 
8.73 
0.69 

99.28 

48.47 
36.73 
14.29 

R14698 

C 

53.06 
0.30 
0.84 

15.20 
24.12 
0.17 
5.03 
0.53 

99.49 

48.73 
42.64 
8.12 

R14698 

R 

51.72 
0.89 
1.96 

16.09 
23.69 
0.13 
4.45 
0.32 

99.30 

47.72 
45.18 
7.10 

Appendix C-1.6. Mineral chemistry - of pyroxene in 
tephriphonolite from Aghda(oxides, wt%) . 

Sample 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

Wo 
En 
Fs 

R14497 

C 

49.13 
0.89 
4.16 
12.51 
22.24 
0.29 
9.86 
0.44 

99.58 

46.63 
36.79 
16.06 

R14497 

R 

49.74 
0.82 ' 
3.51 
12.66 
22.77 
0.31 
9.19 
0.43 

99.42 

47.67 
36.79 
15.03 

R14497 

C 

49.38 
0.97 
2.76 
11.11 
21.80 
0.39 

12.18 
0.54 

99.14 

46.39 
32.99 
20.10 

R14497 

R 

49.91 
0.82 
2.27 
10.99 
21.89 
0.43 
12.11 
0.52 

99.00 

46.63 
32.64 
20.21 

R14497 

C 

49.05 
0.98 
4.16 
12.39 
21.73 
0.28 

10.07 
0.55 

99.21 

46.35 
36.46 
16.67 

R14497 

R 

49.99 
0.79 
2.51 
12.10 
21.89 
0.35 

10.80 
0.45 

98.99 

46.15 
35.38 
17.95 
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Appendix C-1.6 (continued). Mineral chemistry of pyroxene in 
tephriphonolite from Aghda (oxides, wt%). 

Sample 

Spot 

SiO, 
TiO, 
Al,03 
MgO 
CaO 
MnO 
FeO 
Na-,0 
Total 

Wo 
En 
Fs 

R14483 

C 

49.69 
0.90 
2.80 
12.17 
21.92 
0.41 
10.86 
0.46 
99.24 

46.15 
35.38 
17.95 

R14483 

R 

49.93 
0.83 
2.49 
12.31 
22.03 
0.36 
10.49 
0.49 

99.06 

46.39 
35.08 
17.01 

R14483 

C 

49.28 
0.81 
3.72 
12.74 
22.44 
0.31 
9.18 
0.41 
98.94 

47.15 
37.31 
15.03 

R14483 

R 

50.07 
0.71 
2.35 
12.33 
21.72 
0.34 

10.42 
0.44 

98.52 

46.11 
36.27 
17.10 

R14483 

C 

50.30 
0.61 
3.01 
13.11 
22.37 
0.31 
9.02 
0.39 

99.11 

46.67 
37.95 
14.87 

R14483 

R 

49.86 
0.92 
2.65 
11.58 
21.69 
0.46 

11.48 
0.51 

99.32 

45.88 
34.02 
19.07 

R14488 

C 

50.05 
0.68 
2.79 

13.21 
21.78 
0.31 
9.18 
0.41 

98.48 

45.88 
38.66 
14.95 

Appendix C-1.5. Mineral chemistry of pyroxene in phonotephrite 
from Aghda (oxides, wt%) . 

Sample 

Spot 

SiO, 
TiO, 
Al-03 
MgO 
CaO 
MnO 
FeO 
Na,0 
Total 

Wo 
En 
Fs 

R14500 

C 

50.53 
0.71 
2.32 
13.23 
21.80 
0.30 
9.69 
0.38 

99.03 

45.41 
38.27 
15.82 

R14500 

R 

48.83 
1.15 
3.55 

11.55 
21.86 
0.37 

11.39 
0.42 

99.13 

46.63 
34.20 
18.65 

R14500 

C 

49.51 
0.76 
4.22 

13.30 
22.02 
0.25 
9.12 
0.41 

99.59 

45.88 
38.66 
14.95 

R14500 

R 

47.89 
1.08 
5.27 
12.39 
22.03 
0.27 
9.81 
0.50 

99.27 

46.88 
36.46 
16.15 

R14500 

C 

49.00 
0.86 
4.53 
13.21 
22.05 
0.22 
8.95 
0.40 
99.27 

46.60 
38.74 
14.66 

R14500 

R 

48.62 
0.87 
4.44 

13.14 
22.55 
0.22 
8.88 
0.36 

99.16 

47.18 
37.95 
14.36 
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Appendix C-1.3. Mineral chemistry of pyroxene in basaltic 
trachyandesite from Aghda (oxides, wt%) . 

Sample 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

Wo 
En 
Fs 

R14488 

R 

47.71 
1.11 
4.96 
12.17 
22.00 
0.28 
9.74 
0.53 

98.63 

46.88 
36.46 
16.15 

R14488 

C 

49.26 
0.87 
3.81 
12.49 
21.49 
0.31 
9.98 
0.47 

98.68 

45.83 
36.98 
16.67 

R14488 

R 

49.39 
0.81 
2.80 
12.91 
21.97 
0.32 
9.47 
0.38 

98.05 

46.15 
37.95 
15.38 

R14488 

C 

48.16 
0.88 
2.85 
11.29 
21.60 
0.37 

11.39 
0.53 

97.10 

46.67 
33.85 
18.97 

R14488 

R 

48.75 
0.88 
3.88 
12.72 
21.73 
0.22 
10.34 
0.45 

99.01 

45.64 
36.92 
16.92 

R14488 

C 

47.61 
1.44 
4.42 
11.31 
21.76 
0.36 

11.07 
0.46 

98.43 

46.88 
33.85 
19.75 

R14488 

R 

49.62 
1.01 
3.79 
11.24 
21.40 
0.47 

10.45 
0.94 

99.01 

46.77 
34.40 
17.74 

Appendix C-l.l. Mineral chemistry of pyroxene in basalt from 
Shahrbabak (oxides, wt%). 

Sample 

Spot 

Si02 
Ti02 
Al203 
Cr203 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

Wo 
En 
Fs 

R14527 

C 

47.62 
0.90 
5.36 
0.04 

13.39 
21.70 
0.17 
8.10 
0.34 

97.64 

46.11 
39.90 
13.47 

R14527 

C 

47.14 
1.02 
6.31 
0.00 

12.90 
21.38 
0.21 
8.83 
0.52 

98.38 

46.03 
38.62 
14.81 

R15812 

C 

51.46 
0.51 
3.28 
0.46 

15.59 
22.62 
0.10 
5.03 
0.37 

99.51 

46.88 
44.79 
8.33 

R15812 

C 

49.24 
1.10 
5.32 
0.33 

14.66 
21.30 
0.12 
6.36 
0.48 

98.91 

45.45 
43.85 
10.70 

R15812 

R 

47.87 
1.52 
5.46 
0.05 
13.38 
21.54 
0.26 
7.81 
0.85 

98.76 

46.03 
40.21 
13.22 

R15812 

R 

51.01 
0.53 
3.61 
0.85 

15.01 
21.69 
0.12 
5.29 
0.91 

99.12 

46.49 
44.86 
8.65 

R15812 

C 

50.71 
0.64 
3.77 
0.72 

15.57 
22.25 
0.06 
5.21 
0.42 

99.35 

46.32 
45.26 
8.42 
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Appendix C-l.l (continued). Mineral chemistry of pyroxene in 
basalt from Shahrbabak (oxides, wt%). 

Sample ] 

Spot 

Si02 

Ti02 

Al-,03 
Cr,03 
MgO 
CaO 
MnO 
FeO 
Na20 
K,0 

Total 

Wo 
En 
Fs 

R15812 

/—i 

51.21 
0.56 
3.54 
0.51 

15.86 
21.88 
0.16 
6.40 
0.42 
0.02 

99.60 

45.55 
45.55 
8.90 

R15812 

R 

47.16 
1.20 
5.86 
0.00 

13.28 
21.70 
0.17 
8.28 
0.69 
0.01 

98.44 

47.40 
32.29 
19.7 

R15812 

R 

48.13 
1.38 
4.56 
0.00 

11.10 
21.60 
0.34 

10.74 
0.47 
0.01 

98.33 

47.28 
33.79 
18.94 

Appendix C-1.6. Mineral chemistry of 
tephriphonolite from Shahrbabak(oxides, wt%) . 

pyroxene m 

Sample 

Spot 

SiO, 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 
Wo 
En 
Fs 

R14544 R14544 R14544 R14544 R14544 R14544 R14544 

C 

49 
1 
3 

13 
22 
0. 
9. 
0. 

99. 

75 
04 
26 
07 
29 
32 
02 
51 
31 

46.39 
38.14 
14.95 

R 

50.27 
0.91 
2 

13 
22 
0 
9 
0. 

99, 

76 
03 
06 
38 
66 
49 
56 

45.88 
37.63 
15.98 

C 

50 
0 
2 
13 
22 
0 
9. 
0. 

99 . 

28 
90 
76 
15 
28 
35 
25 
45 
45 

46.39 
38.14 
14.95 

R 

50 
1 
2 

11 
21 
0 

11 
0. 

99 
45, 
34. 
18, 

17 
03 
52 
78 
61 
46 
16 
58 
43 
50 
72 
65 

50 
0 
2 
13 
22 
0 
9 
0, 

99. 
46, 
37. 
14. 

45 
86 
66 
22 
39 
36 
17 
48 
50 
67 
95 
87 

R 

48 
1 
3 

12 
21 
0 
9, 
0, 

98, 

75 
08 
83 
52 
97 
38 
26 
52 
37 

46.88 
36.98 
15.63 

R 

5 0 
0 
1 

12 
21 
0 

10 
0, 

99, 
45. 
36. 
16. 

43 
82 
61 
91 
94 
47 
45 
48 
19 
45 
87 
67 
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Appendix C-1.6 (continued). Mineral chemistry of pyroxene in 
tephriphonolite from Shahrbabak (oxides, wt%) . 

Sample 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

Wo 
En 
Fs 

R14557 

C 

44.81 
0.97 
2.48 
11.64 
24.87 
0.33 
9.06 
0.43 

94.66 

51.43 
33.33 
14.76 

R14557 

C 

49.52 
0.95 
3.48 
13 .37 
21.86 
0.37 
8.65 
0.49 

98.73 

46.11 
39.38 
13.99 

R14557 

R 

49.04 
1.03 
4.43 
12.96 
22.00 
0.28 
8.37 
0.48 

98.69 

46.84 
3 8.42 
14.20 

R14557 

C 

48.48 
0.98 
5.19 

13.03 
21.75 
0.25 
8.66 
0.44 

98.82 

46.32 
38.95 
14.21 

R14557 

C 

49.96 
0.94 
3.25 
13.75 
22.02 
0.33 
8.70 
0.50 

99.50 

45.88 
39.69 
13.91 

R14557 

R 

49.51 
1.06 
3.23 
13.27 
21.78 
0.31 
8.81 
0.44 

98.44 

46.11 
38.86 
14.51 

R14557 

C 

50.08 
1.02 
2.59 
12.83 
21.94 
0.36 
9.65 
0.47 

99.03 

45.88 
37.63 
15.98 

Appendix C-1.6 (continued). Mineral chemistry of pyroxene in 
tephriphonolite from Shahrbabak (oxides, wt%) . 

Sample 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
K20 

Total 

Wo 
En 
Fs 

R14557 

R 

51.21 
0.68 
1.41 

11.91 
21.97 
0.51 

10.71 
0.50 
0.10 

99.01 

46.39 
35.05 
17.53 

R14522 

C 

49.88 
1.02 
2.22 
10.85 
22.19 
0.53 

11.65 
0.76 
0.01 

99.15 

47.42 
38.66 
13.40 

R14522 

R 

49.72 
0.77 
2.14 
9.80 

22.23 
0.48 

12.62 
0.84 
0.00 

98.60 

46.91 
38.66 
13.92 

R14527 

C 

46.59 
1.00 
7.02 
12.63 
21.57 
0.25 
8.57 
0.42 
0.03 

98.11 

46.81 
38.30 
14.36 

R14527 

R 

46.33 
1.09 
7.07 
12.51 
21.35 
0.26 
9.15 
0.44 
0.00 
98.30 

46.56 
37.57 
15.34 
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Appendix C-2.4. Mineral chemistry of olivine in tephrite from 
the Islamic Peninsula (oxides, wt%) . 

J- . 

Sample 

Spot 

Si02 
TiO, 
A1203 
MgO 
MnO 
FeO 
Na20 
Total 

Fo 
Fa 

R14466 

C 

39.44 
0.02 
0.05 

45.21 
0.42 
14.48 
0.01 

100.38 

84.00 
16.00 

R14466 

C 

39.53 
0.05 
0.04 

44.64 
0.42 

14.62 
0.00 

100.08 

84.00 
16.00 

R14466 

C 

40.03 
0.06 
0.00 

45.05 
0.43 
14.30 
0.03 

100.60 

85.71 
14.29 

Appendix C-2.1. Mineral chemistry of olivine in basalt from 
Shahrbabak (oxides, wt%) . 

Sample 

Spot 

Si02 
TiO. 
A1,03 
MgO 
CaO 
MnO 
FeO 
NiO 
Na20 
K20 

Total 

Fo 
Fa 

R15812 

R 

39.28 
0.02 
0.02 

45.18 
0.20 
0.60 

13.93 
0.19 
0.00 
0.00 

99.42 

85.25 
14.75 

R15812 

C 

39.85 
0.07 
0.02 

45.64 
0.22 
0.61 

13.76 
0.08 
0.02 
0.00 

100.28 

85.54 
14.46 

R15812 

R 

39.39 
0.03 
0.00 

45.20 
0.23 
0.54 

14.41 
0.20 
0.00 
0.00 

100.01 

84.83 
15.17 

R14527 

C 

37.51 
0.00 
0.03 

36.07 
0.27 
0.60 

25.18 
0.07 
0.01 
0.00 

99.74 

71.85 
28.15 

R14527 

R 

37.01 
0.00 
0.03 

36.11 
0.31 
0.46 

24.97 
0.00 
0.01 
0.02 

98.92 

72.06 
27.94 
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Appendix C-2.2. Mineral chemistry of olivine in trachybasalt 
from Shahrbabak (oxides, wt%) . 

Sampl 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
NiO 
Na20 
K20 

Total 

Fo 
Fa 

R15812 

C 

39.62 
0.03 
0.02 

46.51 
0.13 
0.34 

13.47 
0.38 
0.03 
0.01 

100.61 

86.02 
13.98 

R15812 • 

R 

39.63 
0.00 
0103 

45.70 
0.13 
0.47 

14.18 
0.30 
0.03 
0.00 

100.51 

85.18 
14.82 

R15812 

R 

39.65 
0.00 
0.03 

45.55 
0.19 
0.56 

14.28 
0.11 
0.00 
0.00 

100.44 

85.03 
14.97 

R15812 

R 

39.37 
0.00 
0.03 

45.33 
0.21 
0.60 

14.02 
0.25 
0.00 
0.00 

99.85 

85.22 
14.78 

R15812 

C 

39.54 
0.03 
0.00 

45.48 
0.20 
0.59 

13.95 
0.14 
0.01 
0.02 

100.00 

85.31 
14.83 

Appendix C-3.4. Mineral chemistry of titanomagnetite in 
tephrite from the Islamic Peninsula (oxides, wt%). 

Sample 

Spot 

Si02 
Ti02 
Al203 
Cr203 
MgO 
CaO 
MnO 
FeO 
Na20 
Totl 

R14455 

C 

0.26 
11.12 
0.86 
0.01 
0.02 
0.27 
1.94 

71.65 
0.74 
86.90 

R14455 

C 

0.23 
8.40 
4.61 
0.05 
0.04 
0.10 
1.41 

72.94 
0.02 

87.85 

R14447 

C 

0.06 
11.86 
1.07 
0.29 
1.42 
0.03 
0.98 

78.85 
0.04 

94.65 

R14447 

C 

0.10 
10.13 
1.52 
0.42 
0.74 
0.52 
1.19 

78.32 
0.03 

93.11 

R14447 

C 

0.07 
9.93 
2.15 
0.48 
1.81 
0.01 
0.60 

78.72 
0.00 

93.92 

R14466 

C 

0.08 
8.54 
0.33 
2.72 
1.17 
0.00 
0.95 

79.80 
0.00 

93.64 

R14466 

C 

0.04 
9.18 
0.50 
2.17 
1.86 
0.00 
0.92 

79.34 
0.00 

94.03 
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Appendix C-3.6. Mineral chemistry of titanomagnetite in 
tephriphonolite from Aghda (oxides, wt%). 

1 

Sample 

root 

Si02 
TiO, 
A1?03 
Cr,0, 
MgO 
CaO 
MnO 
FeO 
Na20 
Total 

R14497 

C 

2.12 
4.44 
0.60 
0.00 
0.01 
0.22 
0.07 

80.89 
0.06 
88.55 

R14497 

C 

0.11 
12.55 
5.25 
0.10 
0.67 
0.00 
1.12 

72.96 
0.02 

92.82 

R14497 

C 

0.12 
12.53 
5.08 
0.11 
0.64 
0.09 
0.73 

73.08 
0.00 

92.41 

R14497 

C 

0.43 
16.00 
1.83 
0.00 
0.06 
0.32 
2.23 
70.49 
0.03 

91.45 

R14497 

C 

0.10 
12.71 
4.99 
0.07 
0.65 
0.04 
1.93 

73.08 
0.01 

93.66 

R145 0 8 

C 

0.12 
18.57 
1..95 
0.00 
0.00 
0.08 
0.41 

70.62 
0.00 

91.81 

R14508 

C 

17.19 
20.88 
1.66 
0.02 
0.00 

16.12 
0.00 

3 8.01 
0.04 

93.93 

Appendix C-3.1.5.7. Mineral chemistry of titanomagnetite in 
basalt, phonotephrite and trachyandesite from the Islamic 
Peninsula (oxides, wt%) . 

Sample 

Spot 

SiO-
TiO, 
A1.03 
Cr-03 
MgO 
CaO 
MnO 
FeO 

Total 

R14457 

C 

0.14 
10.01 
0.85 
0.71 
1.76 
0.34 
1.07 

75.53 
90.50 

R14457 

C 

0.12 
7.44 
2.51 
0.06 
4.82 
0.49 
0.58 

75.30 
91.48 

R14457 

C 

0.08 
7.93 
2.73 
0.47 
2.95 
0.35 
0.96 

76.10 
91.64 

R14454 

C 

0.12 
7.66 
4.67 
0.07 
4.11 
0.14 
0.75 

73.76 
91.40 

R14454 

C 

0.09 
7.36 
4.85 
0.08 
5.41 
0.0,6 
0.61 

74.78 
93.22 

R14698 

C 

0.69 
5.97 
0.67 
0.00 
0.81 
0.08 
1.43 

78.16 
88.13 

R14698 

C 

0.33 
7.21 
0.65 
0.10 
0.75 
0.04 
1.56 

79.99 
90.74 
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Appendix C-3.5.6. Mineral chemistry of titanomagnetite in 
phonotephrite and tephriphonolite from Aghda(oxides, wt%). 

Sample 

Spot 

Si02 
Ti02 
Al203 
MgO 
CaO 
MnO 
FeO 
NiO 
Na20 
K-0 

Total 

R14508 

C 

0.28 
11.25 
0.99 
0.00 
0.08 
0.24 
0.76 
0.00 
0.05 
0.12 

89.01 

R14508 

C 

0.08 
18.19 
1.59 
0.02 
0.13 
0.45 

70.03 
0.02 
0.02 
0.10 

90.62 

R14483 

C 

0.58 
17.72 
1.25 
0.16 
0.14 
0.73 

70.67 
0.00 
0.05 
0.07 

91.38 

R14483 

C 

0.36 
19.50 
1.02 
0.00 
0.15 
2.33 
66.15 
0.03 
0.02 
0.17 

89.74 

R14483 

C 

0.10 
20.53 
1.50 
0.03 
0.26 
0.43 
67.92 
0.13 
0.00 
0.05 

90.97 

R14500 

C 

0.35 
18.40 
1.70 
0.00 
0.38 
1.40 

69.16 
0.00 
0.04 
0.05 

91.50 

R14500 

R 

0.39 
16.06 
1.67 
0.01 
0.54 
1.19 

71.02 
0.02 
0.07 
0.08 

91.10 

Appendix C-3.3.5. Mineral chemistry of titanomagnetite in 
basaltic trachyandesite and phonotephrite from Aghda (oxides, wt%). 

Sample 

Spot 

Si02 
Ti02 
Al203 
Cr203 
CaO 
MnO 
FeO 
NiO 
Na20 
K20 

Total 

R14500 

C 

0.91 
10.81 
0.95 
0.17 
0.66 
0.24 

80.14 
0.17 
0.06 
0.04 

94.14 

R14500 

C 

0.11 
17.09 
2.28 
0.08 
0.19 
1.43 

70.94 
0.00 
0.00 
0.03 

92.16 

R14500 

R 

0.14 
18.16 
2.18 
0.17 
0.23 
0.87 

70.03 
0.08 
0.03 
0.06 

91.97 

R14488 

C 

3.16 
19.15 
0.70 
0.04 
2.81 
0.84 

63.89 
0.00 
0.00 
0.00 

90.59 

R14488 

R 

2.31 
15.09 
0.60 
0.03 
1.96 
0.82 

70.46 
0.05 
0.00 
0.00 

91.33 

R14488 

C 

3.25 
11.96 
0.74 
0.06 
3.18 
0.44 

69.68 
0.04 
0.02 
0.00 

89.37 

R14488 

R 

1.57 
17.69 
0.77 
0.08 
1.46 
2.01 
66.36 
0.13 
0.00 
0.01 

90.12 
1 
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Appendix C-3.1.7. Mineral chemistry of titanomagnetite in 
basalt and trachyandesite from Shahrbabak (oxides, wt%). 

Sample 

SiO-
Ti02 
Al20, 
Cr-03 
MgO 
CaO 
MnO 
FeO 
NiO 
Total 

R14527 

0.11 
10.02 
6.05 
0.25 
2.24 
0.00 
0.59 

71.96 
0.05 
91.28 

R15812 

0.02 
8.61 
2.49 
1.15 
5.18 
0.01 
0.58 

75.71 
0.15 

93.90 

R15812 

0.06 
9.43 
2.44 
0.17 
4.61 
0.11 
1.00 

75.77 
0.14 

93.74 

R15812 

0.04 
7.96 
2.71 
2.50 
5.40 
0.00 
0.64 

73.96 
0.15 

93.39 

R14699 

0.01 
27.13 
0.26 
0.02 
0.68 
0.06 
0.35 
62.69 
0.00 

91.23 

R14699 

0.09 
3.08 
1.64 
0.02 
0.75 
0.08 
0.63 

81.64 
0.03 

88.03 

Appendix C-3.6.7. Mineral chemistry of titanomagnetite in 
trachyandesite and tephriphonolite from Shahrbabak (oxides, wt%). 

Sample 

SiO-
TiO, 
Al,03 
MgO 
CaO 
MnO 
FeO 
Na20 
K,0 

Total 

R14528 

1.69 
0.93 
0.51 
0.03 
0.17 
0.54 

84.81 
0.07 
0.04 

88.79 

R14528 

1.38 
1.40 
0.44 
0.02 
0.16 
0.56 

83.57 
0.01 
0.00 

87.54 

R14528 

2.53 
3.51 
1.01 
0.05 
0.53 
0.59 

80.97 
0.08 
0.04 

89.32 

R14544 

3.23 
15.35 
1.02 
0.11 
1.65 
1.07 
67.89 
0.00 
0.09 

90.44 

R14544 

0.44 
21.22 
0.52 
0.09 
0.06 
0.60 

68.66 
0.00 
0.03 

91.73 

R14544 

1.69 
17.83 
0.61 
0.06 
0.87 
0.50 
69.83 
0.02 
0.05 

91.49 

R14557 

0.10 
21.05 
1.78 
0.00 
0.29 
1.64 

65.71 
0.02 
0.04 

90.64 
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Appendix C-3.6 (continued). Mineral chemistry of 
titanomagnetite in tephriphonolite from Shahrbabak (oxides, wt%) . 

Sample 

Si02 
Ti02 
A1,03 
Cr,03 
MgO 
CaO 
MnO 
FeO 
Na20 
K20 

Total 

R14557 

0.70 
13.62 
0.32 
0.03 
0.00 
0.25 
3.97 

71.21 
0.03 
0.04 

90.24 

R14557 

1.86 
14.50 
1.03 
0.09 
0.00 
1.45 
3.60 
68.69 
0.09 
0.07 

91.40 

R14522 

0.06 
17.34 
1.97 
0.00 
0.09 
0.00 
2.50 
71.09 
0.00 
0.00 

93.06 

R14522 

0.08 
17.30 
1.37 
0.00 
0.03 
0.05 
2.80 
69.96 
0.04 
0.04 

91.67 

R14522 

0.10 
16.39 
1.82 
0.05 
0.09 
0.04 
1.26 

71.30 
0.00 
0.00 

91.06 

R14527 

0.69 
11.14 
4.96 
0.28 
0.39 
0.09 
1.94 

70.52 
0.02 
0.02 

90.15 

R14527 

0.14 
8.02 
9.41 
0.32 
2.94 
0.02 
0.48 

70.89 
0.00 
0.00 

92.24 

Appendix C-3.8. Mineral chemistry of titanomagnetite in 
trachyte from Shahrbabak.(oxides, wt%) . ' 

Sample 

Si02 

Ti02 

A1203 

Cr203 

MgO 

CaO 

MnO 

FeO 

Na,0 

K,0 

Total 

R14512 

0.10 

1.84 

0.87 

0.18 

1.03 

0.06 

0.22 

85.58 

0.21 

0.05 

89.81 

R14512 

0.15 

3.07 

0.89 

0.14 

1.03 

0.06 

0.32 

84.75 

0.20 

0.05 

90.35 

R14512 

0.09 

3.03 

2.76 

0.16 

1.20 

0.09 

0.61 

81.44 

0.20 

0.05 

89.37 

R14512 

0.09 

1.88 

0.92 

0.17 

1.10 

0.06 

0.22 

84.53 

0.20 

0.05 

88.82 
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Appendix C-4.7. Mineral chemistry of biotite in trachyandesite 
from the Islamic Peninsula (oxides, wt%). 

Sample 

Spot 

SiO, 
TiO, 
Al,03 
Cr203 
MgO 
MnO 
FeO 
Na20 
K,0 

Total 

R14693 

C 

37.55 
4.73 
12.52 
0.06 

16.94 
0.33 
12.61 
0.63 
9.30 
94.57 

R14698 

C 

38.28 
3.91 
12.13 
0.01 
18.42 
0.36 
10.96 
0.62 
9.46 

94.17 

R14698 

R 

35.66 
4.31 

13.90 
0.05 

14.03 
0.35 

15.87 
0.59 
8.95 

93.73 

R14698 

R 

36.34 
3.54 

13.51 
0.06 

15.01 
0.32 

14.79 
0.56 
9.51 

93.69 

R14698 

C 

37.78 
3.78 

14.98 
0.11 

12.20 
0.28 

13.50 
1.20 
8.69 

92.66 

Appendix C-4.9. Mineral -chemistry of biotite in trachyte from 
Shahrbabak (oxides, wt%). 

Sample 

SiO, 

TiO-

Al-O, 

MgO 

MnO 

FeO 

Na20 

K,0 

Total 

R14512 

36.23 

4.48 

13.84 

15.48 

0.14 

14.42 

0.34 

8.46 

93.38 

R14512 

36.33 

4.57 

14.12 

16.09 

0.10 

13.50 

0.29 

8.70 

93.59 

R14512 

35.92 

4.73 

13.95 

14.52 

0.22 

16.18 

0.43 

8.89 

94.84 

R14512 

36.05 

4.55 

13 .88 

14.60 

0.10 

16.03 

0.42 

8.71 

94.22 
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Appendix C-4.9. Mineral chemistry of biotite in dacite from 
Shahrbabak (oxides, wt%) . 

Sample 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
K20 

Total 

R14699 

C 

36.05 
3.84 
13.81 
13.06 
0.06 
0.24 

16.63 
0.39 
8.43 

92.52 

R14699 

R 

36.55 
• 3.58 
13.93 
14.35 
0.12 
0.12 

14.61 
0.55 
8.21 

92.07 

R14699 

C 

37.23 
3.95 
13.81 
13.80 
0.23 
0.07 
13.34 
0.56 
7.97 
90.97 

R14699 

R 

36.71 
3.91 

13.84 
14.00 
0.22 
0.16 

13.64 
0.55 
7.96 

90.98 

Appendix C-5.8. Mineral chemistry of hornblende in trachyte 
from Shahrbabak (oxides, wt%) . 

Sample 

Si02 

Ti02 

A1203 

MgO 

CaO 

MnO 

FeO 

Na,0 

K20 

Total 

R14512 

44.83 

1.22 

8.16 

13.99 

11.23 

0.34 

13.64 

1.63 

0.72 

95.77 

R14512 

44.31 

1.73 

8.61 

13.89 

11.09. 

0.25 

13.09 

1.86 

0.58 

95.42 

R14512 

46.23 

1.19 

7.67 

14.51 

11.24 

0.34 

13.50 

1.62 

0.68 

96.98 

R14512 

45.38 

1.52 

7.70 

14.67 

11.21 

0.26 

12.86 

1.55 

0.55 

95.71 

R14512 

45.49 

1.20 

7.38 

14.34 

11.28 

0.32 

13 .40 

1.39 

0.60 

95.40 
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Appendix C-5.9. Mineral chemistry of hornblende in dacite from 
Shahrbabak (oxides," wt%) . 

R14699 R14699 

c 
43.88 
1.76 
10.41 
14.07 
10.34 
0.10 

12.08 
2.12 
0.52 

95.31 

c 
43.99 
2.20 
9.98 
14.47 
10.57 
0.21 

11.46 
2.13 
0.48 

95.56 

Appendix C-6.7. Mineral chemistry of K-feldspar in 
trachyandesite from the Islamic Peninsula (oxides, wt%). 

Sample 

Spot 

Si02 
Ti02 

A1,03 
CaO 
MnO 
FeO 
NiO 
Na-0 
K20 

Total 

An 
Ab 
Or 

R14698 

C 

64.71 
0.14 

19.29 
0.85 
0.01 
0.51 
0.01 
5.25 
9.13 

99.90 

5.00 
32.25 
62.77 

R14698 

C 

64.51 
0.09 

18.82 
0.25 
0.05 
0.40 
0.01 
4.16 
10.57 
98.87 

1.49 
25.62 
72.91 

R14698 

C 

64.65 
0.10 
18.80 
0.22 
0.00 
0.37 
0.00 
4.46 
10.20 
98.86 

1.31 
27.72 
70.94 

R14698 

C 

64.14 
0.10 

18.98 
0.69 
0.02 
0.60 
0.00 
5.13 
8.81 

98.47 

4.25 
32.79 
62.97 

Sample 

Spot 

Si02 
Ti02 

A1203 
MgO 
CaO 
MnO 
FeO 
Na20 
K20 

Total 

R14699 

R 

45.30 
1.25 
8.09 

13.06 
10.98 
0.42 

14.55 
1.60 
0.59 

95.90 

R14699 

R 

44.20 
1.25 
9.14 
12.70 
10.88 
0.36 
14.33 
1.69 
0.66 

95.20 
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Appendix C-6.6. Mineral chemistry of K-feldspar in 
tephriphonolite from Aghda(oxides, wt%) 

Sample 

Spot 

Si02 
Ti02 
A1203 
CaO 
FeO 
Na20 
K,0 

Total 

An 
Ab 
Or 

R14497 

C 

60.46 
0.06 

20.86 
0.24 
0.26 
0.82 

14.87 
97.57 

1.29 
4.62 
94.09 

R14497 

C 

61.20 
0.02 

19.43 
0.61 
0.17 
0.19 

16.17 
97.79 

3 .11 
0.99 

95.86 

R14508 

C 

62.78 
0.00 
18.20 
0.02 
0.03 
0.38 

15.34 
96.79 

0.12 
2.14 
97.75 

R14508 

R 

63.03 
0.01 

18.52 
0.06 
0.11 
0.40 

16.04 
98.17 

0.29 
2.15 
97.56 

R14508 

C 

63 .45 
0.00 

18.12 
0.03 
0.09 
0.56 

16.20 
98.50 

0.13 
2.99 
96.83 

R14'5 08 

C 

61.89 
0.05 

18.79 
0.18 
0.15 
0.97 

14.84 
96.93 . 

0.97 
5.46 

93.53 

R14508 

R 

62.14 
0.02 

18.32 
0.08 
0.02 
0.43 

15.27 
96.35 

0.44 
2.42 

97.07 

Appendix C-6.6 (continued). Mineral chemistry of K-feldspar in 
tephriphonolite from Aghda (oxides, wt%). 

Sample 

Spot 

Si02 
TiO, 
A1203 
Cr,03 
CaO 
FeO 
Na,0 
K20 

Total 

An 
Ab 
Or 

R14508 

C 

64.30 
0.00 

18.42 
0.02 
0.12 
0.06 
1.09 

15.16 
99.19 

0.64 
5.98 

93.31 

R14508 

R 

62.67 
0.00 

18.39 
0.00 
0.03 
0.00 
0.49 

15.56 
97.13 

0.14 
2.73 

97.17 

R14508 

R 

63.44 
0.05 

18.28 
0.05 
0.06 
0.40 
0.81 

15.28 
98.46 

0.33 
4.52 

95.19 

R14483 

R 

63.12 
0.14 

19.44 
0.01 
1.09 
0.25 
3.28 

11.33 
98.68 

6.19 
19.29 
74.57 

R14483 

C 

62.81 
0.01 

18.46 
0.01 
0.00 
0.06 
0.34 

15.82 
97.53 

0.00 
1.88 

98.11 

R14483 

R 

61.96 
0.06 

19.71 
0.01 
0.58 
0.54 
3.00 
11.76 
97.97 

3.33 
17.94 
78.75 

R14483 

C 

63.24 
0.04 

18.54 
0.02 
0.35 
0.12 
1.32 

14.73 
98.41 

1.87 
7.27 

90.89 
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Appendix C-6.3.5. Mineral chemistry of K-feldspar in basaltic 
trachyandesite and phonotephrite, nepheline in basaltic 
trachyandesite from Aghda (oxides, wt%) . 

Sample 

Spot 

SiO-
TiO, 
Al203 
CaO 
FeO 
Na20 
K20 

Total 

An 
Ab 
Or 

R14500 

f 

63.97 
0.07 
19.65 
0.73 
0.41 
3.53 
11.13 
99.56 

4.23 
21.15 
74.65 

R14500 

R 

64.97 
0.04 

18.69 
0.52 
0.54 
3.37 
12.08 
100.26 

2.88 
19.36 
77 .76 

R14488 

R 

62.05 
0.03 
19.54 
0.83 
0.13 
2.97 
11.41 
97.06 

4.86 
17.95 
77.17 

R14488 

R 

62.75 
0.10 

19.16 
0.73 
0.31 
3.19 
11.24 
97.57 

4.25 
19.37 
76.35 

R14488 

C 

63.54 
0.01 

18.74 
0.41 
0.15 
1.84 

14.27 
99.01 

3.17 
10.11 
87.74 

R14488 

52.69 
0.11 

28.60 
11.67 
0.52 
3.94 
1.23 

98.80 

R14488 

53.71 
0.06 

27.95 
10.95 
0.59 
4.47 
1.32 

99.06 

J 

Appendix C-6.1. Mineral chemistry of K-feldspar in basalt from 
Shahrbabak(oxides, wt%). 

Sample 

Spot 

Si02 
Ti02 
A1,03 
Cr,03 
MgO 
CaO 
MnO 
FeO 
Na,0 
K20 

Total 

An 
Ab 
Or 

R14527 

C 

61.36 
0.15 

16.52 
0.06 
1.77 
3.22 
0.07 
1.99 
4.32 
7.40 

96.92 

16.20 
39.40 
44.40 

R14527 

R 

64.34 
0.10 

20.25 
0.03 
0.00 
1.71 
0.08 
0.26 
7.32 
5.27 

99.37 

8.03 
62.43 
31.54 

R14527 

R 

64.60 
0.10 
19.63 
0.04 
0.01 
1.08 
0.02 
0.34 
6.02 
7.38 

99.21 

5.15 
52.54 
42.31 

R14557 

C 

61.00 
0.14 

15.27 
0.05 
1.20 
2.89 
0.07 
1.57 
3.85 
7.80 

93.87 

15.80 
38.98 
45.10 
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Appendix C-6.7. Mineral chemistry of K-feldspar in 
trachyandesite from Shahrbabak(oxides, wt%). 

Sample 

Spot 

Si02 
Ti02 
Al203 
MgO 
CaO 
MnO 
FeO 
Na20 
K20 

Total 

An 
Ab 
Or 

R14528 

C 

65.09 
0.09 
18.35 
0.03 
0.08 
0.00 
0.31 
1.58 
14.05 
99.58 

0.41 
14.51 
85.08 

R14528 

C 

64.97 
0.00 

18.16 
0.02 
0.01 
0.00 
0.06 
0.79 

15.61 
99.66 

0.00 
7.10 

92.90 

R14528 

C 

66.26 
0.00 
18.32 
0.00 
0.28 
0.02 
0.15 
4.82 
9.73 
99.58 

1.36 
42.37 
56.27 

Appendix C-7.1. Mineral chemistry of plagioclase in basalt from 
Shahrbabak (oxides, wt%). 

Sample 

Spot 

Si02 
Ti02 
A1203 
CaO 
MnO 
FeO 
Na,0 
K20 

Total 

An 
Ab 
Or 

R14527 

C 

46.17 
0.02 

33.21 
17.31 
0.00 
0.71 
1.67 
0.12 

99.25 

84.55 
14.75 
0.71 

R14527 

R 

49.59 
0.06 

30.54 
14.24 
0.00 
1.08 
3.20 
0.14 

98.85 

70.55 
28.65 
0.80 

R14527 

R 

54.32 
0.02 

22.26 
8.52 
0.03 
0.32 
2.65 
0.07 

88.22 

63.55 
35.79 
0.67 

R14527 

C 

46.41 
0.07 

32.63 
16.75 
0.00 
0.87 
2.01 
0.12 

98.87 

81.56 
17.74 
0.70 

R14527 

R 

55.42 
0.06 

25.01 
6.85 
0.02 
1.41 
5.85 
0.38 

95.55 

38.31 
59.20 
2.49 

R15812 

C 

52.87 
0.10 

28.33 
11.86 
0.05 
1.30 
4.66 
0.25 

99.45 

57.55 
40.95 
1.50 

R15812 

R 

54.58 
0.15 

27.57 
10.27 
0.00 
0.81 
5.50 
0.35 

99.23 

49.76 
48.18 
2.06 
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Appendix C-6.6. Mineral 
tephriphonolite from Shahrbabak (oxides, 

chemistry of 
wt%) . 

K-feldspar in 

Appendix C-6.6 
tephriphonolite 

(continued) . Mineral chemistry of K-feldspar in 
from Shahrbabak (oxides, wt%) . 

Sample 

Spot 

SiO, 
TiO, 
Al-03 
CaO 
FeO 
NiO 
Na-0 
K,0 

Total 

An 
Ab 
Or 

R14557 

C 

63.58 
0.02 

19.15 
0.30 
0.05 
0.04 
0.50 
15.47 
99.14 

1.55 
4.65 

93.80 

R14557 

R 

63.98 
0.06 
19.60 
0.49 
0.11 
0.01 
3.18 
11.25 
98.75 

2.48 
29.31 
68.21 

R14557 

C 

64.60 
0.06 

18.43 
0.30 
0.25 
0.04 
2.12 
13.15 
98.97 

1.55 
19.40 
79.05 

R14557 

R 

65.17 
0.02 

18.21 
0.09 
0.27 
0.00 
1.24 
14.68 
99.68 

0.49 
11.36 
88.15 

R14557 

C 

61.75 
0.03 

18.56 
1.76 
0.71 
0.10 
1.67 
12.52 
98.67 

8.94 
15.39 
75.66 
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Appendix C-7.6. Mineral chemistry of plagioclase in 
tephriphonolite from Shahrbabak (oxides, wt%) . 

Sample 

Spot 

Si02 
Ti02 
A1203 
Cr203 
CaO 
MnO 
FeO 
Na20 
K,0 

Total 

An 
Ab 
Or 

R14557 

C 

54.17 
0.04 

27.93 
0.00 

10.80 
0.00 
0.50 
4.57 
1.09 

99.10 

53.09 
40.58 
6.34 

R14557 

R 

54.19 
0.10 

27.83 
0.00 

10.99 
0.00 
0.66 
5.11 
0.48 

99.35 

52.83 
44.42 
2.75 

R14557 

C 

52.91 
0.08 

28.13 
0.05 
11.55 
0.02 
0.45 
4.41 
0.94 

98.54 

55.96 
38.64 
5.41 

R14557 

C 

52.11 
0.06 

29.00 
0.01 
12.05 
0.00 
0.64 
4.18 
0.63 

98.67 

59.19 
37.15 
3.66 

R14557 

C 

52.79 
0.05 

28.59 
0.00 

11.90 
0.00 
0.53 
4.16 
0.70 

98.74 

58.69 
37.15 
4.16 

R14557 

R 

52.97 
0.05 

28.68 
0.05 

12.15 
0.03 
0.54 
4.36 
0.67 

99.52 

58.31 
37.85 
3.84 

R14557 

C 

54.74 
0.05 

27.27 
0.02 

10.24 
0.00 
0.56 
4.95 
1.25 

99.07 

49.53 
43.30 
7.18 

Appendix C-7.6 (continued). Mineral chemistry of plagioclase in 
tephriphonolite from Shahrbabak (oxides, wt%) . 

Sample 

Spot 

Si02 
Ti02 
A1203 
CaO 
FeO 
NiO 
Na20 
K20 

Total 

An 
Ab 
Or 

R14557 

R 

54.55 
0.06 

27.39 
10.46 
0.49 
0.00 
5.24 
0.52 

98.79 

50.83 
46.15 
3.01 

R14557 

C 

54.36 
0.05 

27.57 
10.49 
0.51 
0.02 
4.96 
0.58 

98.57 

52.06 
44.47 
3.47 

R14557 

R 

53.92 
0.05 

28.12 
10.99 
0.68 
0.04 
4.99 
0.41 

99.20 

53.59 
44.02 
2.39 

R14557 

R 

68.79 
0.04 

20.12 
0.80 
0.08 
0.06 

10.67 
0.11 

100.70 

3.91 
95.40 
0.68 

R14557 

R 

69.03 
0.11 

20.03 
0.82 
0.28 
0.04 

10.67 
0.30 

101.32 

3.97 
94.26 
1.77 

R14557 

C 

67.51 
0.03 

19.68 
0.83 
0.12 
0.03 
8.01 
5.05 

101.28 

3.90 
67.94 
28.16 

R14557 

C 

68.35 
0.08 

20.65 
1.63 
0.10 
0.00 
9.60 
0.34 

100.80 

8.44 
89.52 
2.04 
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Appendix C-7.5.6. Mineral chemistry of plagioclase in 
phonotephrite and tephriphonolite from Aghda (oxides, wt%) . 

Sample 

Spot 

Si02 
TiO, 
Al,03 
CaO 
FeO 
Na,0 
K,0 

Total 

An 
Ab 
Or 

R14508 

R 

67.68 
0.01 
19.59 
0.48 
0.16 
11.24 
0.17 
99.38 

3.92 
94.47 
1.60 

R14508 

C 

67.11 
0.03 

20.09 
1.07 
0.06 

11.09 
0.07 

99.54 

8.45 
90.98 
0.63 

R14500 

C 

51.15 
0.02 

29.67 
12.96 
0.55 
3.59 
0.71 

98.65 

74.04 
21.29 
4.73 

R14500 

R 

51.28 
0.03 

29.37 
13.09 
0.57 
3 .60 
0.72 

98.72 

47.11 
21.16 
4.73 

R14500 

C 

52.67 
0.06 

28.44 
11.88 
0.61 
4.03 
1.16 

98.85 

68.20 
24.04 
7.75 

R14500 

R 

66.70 
0.03 

19.96 
0.81 
0.31 

11.00 
0.19 

99.04 

6.55 
91.69 
1.75 

R14500 

C 

51.53 
0.01 

29.44 
12.71 
0.58 
3.43 
0.94 

98.65 

73.20 
20.52 
6.29 

Appendix C-7.3.5. Mineral chemistry of plagioclase in 
basaltic trachyandesite and phonotephrite from Aghda (oxides, wt%) 

Sample 

Spot 

SiO-
TiO-
A1203 
CaO 
MnO 
FeO 
Na-0 
K-0 

Total 

An 
Ab 
Or 

R14500 

R 

52.28 
0.04 

28.71 
12.30 
0.00 
0.77 
4.39 
0.47 

98.94 

70.69 
26.17 
3.16 

R14488 

C 

54.26 
0.05 

27.53 
10.51 
0.05 
0.39 
4.90 
1.09 

98.78 

62.37 
30.18 
7.51 

R14488 

R 

65.28 
0.10 

19.90 
0.92 
0.00 
0.23 
8.45 
4.03 
98.95 

6.42 
61.04 
32.54 

R14488 

C 

55.45 
0.03 

26.88 
9.58 
0.00 
0.51 
5.76 
0.63 

98.87 

60.83 
36.68 
4.47 

R14488 

C 

66.26 
0.00 

20.56 
1.04 
0.00 
0.09 
9.53 
1.98 

99.46 

7.88 
74.71 
17.35 

R14488 

R 

64.81 
0.06 

20.92 
1.75 
0.04 
0.28 

10.40 
0.38 

98.70 

13 .50 
83.17 
3 .37 
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Appendix C-7.2. Mineral chemistry of plagioclase in 
trachybasalt from Shahrbabak (oxides, wt%) . 

Sample 

pot 

Si02 
Ti02 
A1203 
CaO 
MnO 
FeO 
Na20 
K20 

Total 

An 
Ab 
Or 

R15812 

R 

54.52 
0.11 

27.18 
10.02 
0.00 
0.98 
5.25 
0.38 

98.49 

50.20 
47.60 
2.20 

R15812 

C 

63.13 
0.19 

21.12 
2.97 
0.01 
0.62 
7.51 
3.31 
98.95 

14.50 
66.32 
19.18 

R15812 

R 

62.54 
0.20 

21.54 
3.86 
0.00 
0.55 
7.76 
2.33 
98.81 

18.71 
67.87 
13.43 

R15812 

C 

57.71 
0.14 

28.82 
7.36 
0.03 
1.04 
6.44 
0.84 

98.40 

36.76 
58.25 
4.98 

Appendix C-7.7. Mineral chemistry of plagioclase in 
trachyandesite from Shahrbabak (oxides, wt%) 

Sample 

Spot 

Si02 
Ti02 
A1203 
CaO 
FeO 
Na20 
K20 

Total 

An 
Ab 
Or 

R14528 

R 

56.46 
0.03 

26.36 
8.75 
0.38 
5.70 
1.30 

99.00 

42.48 
50.04 
7.48 

R14528 

C 

54.68 
0.02 

27.73 
10.67 
0.55 
4.93 
0.94 

99.62 

51.51 
43.11 
5.38 

R14528 

R 

67.64 
0.04 

21.16 
1.63 
0.06 
9.75 
0.51 

100.79 

8.21 
88.67 
3.11 

R14528 

R 

64.92 
0.08 

20.99 
2.69 
0.40 
9.02 
1.51 

99.62 

12.91 
78.45 
8.64 

R14528 

C 

57.12 
0.03 

25.98 
8.48 
0.40 
5.72 
1.42 

99.18 

41.31 
50.44 
8.25 

R14528 

C 

55.99 
0.07 

26.64 
9.54 
0.39 
5.48 
1.07 

99.23 

46.00 
47.82 
6.18 
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Appendix C-7.8 (continued). Mineral chemistry Of plagioclase in 
trachyte from Shahrbabak (oxides, wt%) . 

Sample 

SiO: 

TiO, 

A1203 

CaO 

MnO 

FeO 

Na20 

K20 

Total 

R14512 

61.44 

0.08 

25.16 

5.64 

0.09 

0.18 

8.07 

0.68 

101.17 

R14512 

60.38 

0.08 

25.00 

5.65 

0.09 

0.19 

7.82 

0.65 

99.69 

R14512 

59.23 

0.08 

26.20 

6.90 

0.09 

0.14 

7.32 

0.53 

100.53 

R14512 

60.57 

0.08 

25.30 

6.05 

0.09 

0.16 

7.81 

0.67 

100.55 

R14512 

61.03 

0.08 

24.88 

5.52 

0.09 

0.11 

8.13 

0.70 

100.37 

R14512 

62.40 

0.08 

24.14 

4.67 

0.09 

0.22 

8.56 

0.84 

100.82 

Appendix C-7.8 (continued). Mineral chemistry of plagioclase in 
trachyte from Shahrbabak(oxides, wt%). 

Sample 

Si02 

TiO, 

Al-.03 

CaO 

FeO 

Na-0 

K-0 

Total 

R14512 

60.71 

0.08 

25.33 

6.04 

0.09 

7.84 

0.60 

100.53 

R14512 

60.93 

0.08 

25.34 

5.79 

0.22 

8.06 

0.70 

101.04 

R14512 

61.16 

0.08 

24.92 

5.69 

0.16 

8.17 

0.67 

100.78 

R14512 

58.30 

0.08 

26.94 

7.77 

0.26 

6.93 

0.46 

100.66 

R14512 

60.84 

0.08 

25.10 

5.69 

0.15 

7.90 

0.66 

100.33 

R14512 

62.12 

0.08 

25.57 

5.10 

0.21 

8.29 

0.74 

101.09 
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Appendix C-7.9. Mineral chemistry of plagioclase in dacite from 
Shahrbabak (oxides, wt%) . 

Sample 

Spot 

Si02 
Ti02 
Al203 
CaO 
FeO 
Na20 
K20 

Total 

An 
Ab 
Or 

R14699 

C 

61.01 
0.02 

23.55 
5.14 
0.12 
8.23 
0.77 

98.89 

24.48 
71.16 
4.36 

R14699 

R 

62.14 
0.00 

23.02 
4.54 
0.12 
8.48 
0.77 

99.13 

21.81 
73.78 
4.41 

R14699 

R 

62.40 
0.02 

23.02 
4.56 
0.13 
8.37 
0.79 

99.30 

22.12 
73.34 
4.54 

R14699 

C 

59.61 
0.02 

24.65 
6.57 
0.14 
7.62 
0.43 

99.11 

31.48 
66.06 
2.46 

R14699 

R 

59.76 
0.03 

24.46 
6.22 
0.18 
7.73 
0.50 

98.98 

29.91 
67.22 
2.86 

R14699 

R 

59.58 
0.00 

24.52 
6.62 
0.17 
7.77 
0.47 

99.19 

31.15 
66.20 
2.65 

Appendix C-8.4.5 (continued). Mineral chemistry of leucite in 
tephrite and phonotephrite from the Islamic Peninsula (oxides, wt%) 

Sample 

Spot 

Si02 
Ti02 
A1203 
MnO 
FeO 
NiO 
Na20 
K20 

Total 

Si 
Al 
Na 
K 

Total 
• 

R14466 

C 

53.79 
0.16 

22.43 
0.04 
1.02 
0.10 
0.12 

21.51 
99.18 

0.33 
0.16 
0.00 
0.17 
0.66 

R14466 

C 

53.76 
0.08 

22.23 
0.05 
0.92 
0.09 
0.11 

21.48 
98.72 

0.33 
0.16 
0.00 
0.17 
0.66 

R14454 

C 

54.13 
0.11 

22.57 
0.02 
0.68 
0.00 
0.04 

21.74 
99.28 

0.33 
0.16 
0.00 
0.17 
0.66 

R14454 

C 

54.42 
0.07 

22.76 
0.00 
0.55 
0.06 
0.01 

21.62 
99.56 

0.33 
0.16 
0.00 
0.17 
0.66 

R14454 

C 

54.13 
0.13 

22.59 
0.01 
0.49 
0.00 
0.03 

21.59 
99.06 

0.33 
0.16 
0.00 
0.17 
0.66 

R14454 

R 

53.96 
0.04 

22.59 
0.01 
0.77 
0.01 
0.29 

20.82 
98.54 

0.33 
0.16 
0.00 
0.16 
0.65 
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Appendix C-8.4. Mineral chemistry of leucite in tephrite from 
the Islamic Peninsula(oxides, wt%). 

Sample 

Spot 

Si02 

Ti02 

A1203 

MgO 
CaO 
MnO 
FeO 
Na20 
K20 

Total 

Si 
Al 
Na 
K 

Total 

R1444' 

C 

54.21 
0.10 

22.64 
0.01 
0.00 
0.00 
0.80 
0.13 

21.49 
99.43 

0.33 
0.16 
0.00 
0.17 
0.66 

' R14447 R14447 R14447 R14447 R14466 R14466 

C 

54.05 
0.10 

22.51 
0.00 
0.00 
0.02 
0.72 
0.12 

21.21 
98.72 

0.33 
0.16 
0.00 
0.17 
0.66 

R ' 

45.99 
0.05 

30.48 
0.11 
0.03 
0.04 
1.39 

16.55 
4.83 

99.48 

0.28 
0.22 
0.19 
0.04 
0.73 

R 

38.77 
0.00 

31.35 
0.03 
0.09 
0.01 
0.51 

21.06. 
0.24 

92.10 

0.25 
0.23 
0.26 
0.02 
0.76 

C 

53.39 
0.50 

22.05 
0.12 
0.07 
0.08 
1.29 
0.58 

21.14 
99.31 

0.33 
0.16 
0.01 
0.17 
0.66 

C 

54.14 
0.08 

22.21 
0.05 
0.00 
0.04 
1.19 
0.16 

21.63 
99.50 

0.33 
0.16 
0.00 
0.17 
0.66 

C 

53.90 
0.06 

22.24 
0.04 
0.00 
0.00 
1.11 
0.15 

21.40 
99.01 

0.33 
0.16 
0.00 
0.17 
0.66 

Appendix C-9.1.4. Mineral chemistry of analcime in basalt and 
tephrite from the Islamic Peninsula (oxides, wt%) . 

R14457 R14457 R14455 R14455 

C R C R 

41.44 
0.03 

29.88 
0.00 
8.22 
0.30 
5.52 
0.04 

85.43 

56.37 
0.01 

23.75 
0.02 
0.02 
0.44 
8.94 
0.16 
89.71 

57.27 
0.07 

23.43 
0.02 
0.14 
0.55 
7.20 
0.13 
88.90 

55.90 
0.05 

23.75 
0.00 
0.24 
0.30 
8.02 
0.12 

88.44 

Sample 

Spot 

Si02 
Ti02 
A1203 
MgO 
CaO 
FeO 
Na20 
K20 

Total 

R14457 

C 

57.04 
0.12 

23.44 
0.25 
0.34 
1.05 
6.05 
0.35 

88.66 
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Appendix C-9.6. Mineral chemistry of analcime in 
tephriphonolite from Aghda (oxides, wt%) . 

Sample 

Spot 

Si02 

Ti02 • 
' A1203 

CaO 
FeO 
NiO 
Na,0 
K20 

Total 

R14497 

C 

57.31 
0.03 

22.89 
0.65 
0.16 
0.05 
7.82 
0.10 

89.04 

R14497 

C 

"58.50 
0.08 

22.94 
0.44 
0.24 
0.04 
6.60 
0.01 

88.85 

R14497 

C 

57.47 
0.04 

22.33 
0.66 
0.29 
0.05 
7.61 
0.04 

88.49 

R14483 

C 

56.83 
0.02 

22.97 
0.50 
0.11 
0.04 
8.80 
0.01 

89.28 

R14483 

C 

55.56 
0.19 

22.93 
1.45 
0.93 
0.02 
8.27 
0.02 

89.39 

R14483 

C 

55.78 
0.05 

22.82 
0.62 
0.35 
0.00 
9.56 
0.02 

89.25 

Appendix C-9.6. Mineral chemistry of analcime in 
tephriphonolite from Shahrbabak (oxides, wt%). 

Sample 

Si02 

Ti02 

Al203 

CaO 
FeO 
NiO 
Na20 
K20 

Total 

R14544 

61.69 
0.07 

22.94 
0.11 
0.30 
0.05 
6.10 
0.02 

91.32 

R14557 

61.20 
0.01 

22.23 
0.08 
0.26 
0.01 
9.31 
0.30 

93.49 

R14557 

61.88 
0.08 

22.80 
0.13 
0.32 
0.04 
6.23 
0.02 

91.52 

R14557 

62.14 
0.07 

22.28 
0.15 
0.38 
0.03 
6.20 
0.03 

91.33 
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Appendix C ;-9.5. Mineral 
phonotephrite from 

Sample 

Spot 

SiO, 
TiO, 
Al~0~, 
CaO 
FeO 
Na20 
K,0 

Total 

R14500 

C 

55.27 
0.05 

22.52 
1.12 
0.35 
8.43 
0.07 

87.87 

chemis 

Aghda(oxides, 

R14500 

R 

57.08 
0.05 

22.62 
0.36 
0.32 
8.63 
0.13 

89.26 

R14500 

C 

54.99 
0.00 

24.09 
1.52 
0.09 
8.92 
0.68 

90.40 

try of 

wt%) . 

R14500 

R 

55.63 
0.00 

25.02 
6.53 
0.50 
5.00 
2.66 

95.39 

analcime in 

R14500 

C 

58.22 
0.05 

23.01 
0.60 
0.34 
6.40 
0.05 

88.69 

R14500 

C 

58.63 
0.08 

23 .08 
0.55 
0.33 
6.43 
0.06 

89.18 

R14500 

R 

57.85 

0 . 05 
22.61 
0 . 57 
0.33 
7.22 
0.05 

88.69 

Appendix C-9.6. Mineral chemistry of 
tephriphonolite from Shahrbabak (oxides, wt%) 

analcime m 

Sample 

Si02 
Ti02 
A1,03 
CaO 
MnO 
FeO 
NiO 
Na,0 
K-,0 

Total 

R14544 

52.83 
0.02 

27.60 
0.80 
0.00 
0.09 
0.04 
9.10 
0.01 

90.50 

R14544 

51.91 
0.02 

27.75 
0.59 
0.02 
0.07 
0.00 
9.15 
0.01 

89.53 

R14544 

52.25 
0.00 

27.37 
1.21 
0.01 
0.02 
0.02 
8.60 
0.02 

89.51 

R14544 

52.44 
0.00 

27.02 
1.70 
0.08 
0.29 
0.00 
7.67 
0.02 

89.25 

R14544 

60.68 
0.05 

22.43 
0.10 
0.04 
0.3 0 
0.00 
7.24 
0.05 

90.98 

R14544 

59.35 
0.11 

23.22 
0.38 
0.05 
0.78 
0.03 
6.84 
0.03 

90.78 

R14544 

61.65 
0.08 

23.19 
0.24 
0.00 
0.33 
0.00 
6.09 
0.04 

91.62 
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Appendix D-l. Major and trace elment data for samples from 
the Islamic Peninsula (oxides, wt% and traces, ppm) . 

Sample 

Si02 

Ti02 

A1203 

Fe203 

MnO 
MgO 
CaO 
Na20 
K20 
P205 

LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Sn 
Ga 
As 
Hf 
Ta 
IREE 

LaN/YbN 

Eu/Eu* 
87Sr/86Sr 

| 143Nd/144Nd 

R14444 

47.71 
1.20 

10.80 
8.35 
0.13 
8.96 

10.73 
3.10 
3.61 
1.55 
4.00 

100.14 

2380 
380 
835 
22 
11 
3 

308 
28 
26 
32 -
75 
-
-

-

-

-

-

-

-

200 
304 
76 
88 
78 
5 

12 
1 
— 

-

-

-

-
-

-

R14446 

44.82 
1.36 

11.61 
10.12 
0.16 
7.50 

11.66 
2.34 
5.51 
1.71 
2.96 

99.75 

3820 
232 

1240 
48 
44 
6 

420 
48 
38 
88 

210 
-
-

-

-

-

-

-

-

232 
120 
40 
106 
82 
5 

15 
2 
-

-

-

-

-
-

-

R14447 

46.06 
1.24 

11.45 
9.57 
0.16 
8.67 

11.85 
1.22 
6.15 
1.44 
2.73 

100.54 

3080 
214 

1121 
37 
30.90 
<2 
401 
29 
34 
71.90 
169 
78.60 
16.80 
3.41 
1.70 
1.55 
2.33 
0.28 

31 
196 
191 
58 
118 
78 
-

14 
-

8.87 
2.18 

345.57 
20.63 
0.66 

R14455 

44.42 
1.31 

12.83 
10.27 
0.17 
5.28 

11.69 
5.07 
1.68 
1.57 
6.25 

100.54 

3910 
66 

1410 
42' 

, 26.10 
<2 
326 
32 
37 
81.10 

176 
75.80 
16.40 
3.76 
1.62 
1.58 
2.53 
0.30 

28.50 
227 
15 
15 

118 
82 
4 
14 
11 
8.11 
1.99 

358.29 
21.43 
0.75 

R14458 

44 
1 
9 
8 
0 

10 
13 
0 
5 
1. 
4 

100. 

2500 
197 
985 
28 
22 
4 

352 
28 
27 
58 
140 
-
-

-

-

-

-

-

-

152 
390 
92 
82 
66 
5 

11 
3 
-

-

-

-

0.70848 0.70825 -
0.51239 0.51242 -

81 
17 
98 
74 
13 
15 
32 
51 
45 
23 
70 
19 

-

R14462 

43.54 
1.37 

11.96 
9.68 
0.16 
8.83 

11.37 
0.94 
6.82 
1.78 
3.73 

100.18 

3580 
275 
1980 

66 
40 
6 

370 
42 
41 
96 

230 
-
-

-

-

-

-

-

-

226 
230 
70 
124 
88 
5 

15 
3 
-

-

-

-

-

-

-
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Appendix D-l (continued). Major and trace elemenet data for 
samples from the Islamic Peninsula (oxides, wt% and traces, ppm) . 

Sample 

SiO-
TiO, 
Al,03 
Fe,03 
MnO 
MgO 
CaO 
Na,0 
K20 
P205 
LOI 

Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Sn 
Ga 
AS 
Hf 
Ta 
IREE 

La,/YbN 
Eu/Eu* 

8"Sr/S6Sr 
:43Nd/144Nd 

R14464 

44.36 
1.31 

11.13 
9.57 
0.16 
7.46 

13.05 
3.36 
1.63 
1.58 
6.19 

99.80 

3320 
342 

1250 
44 
29 
2 

418 
42 
35 
76 

185 
-

-
-

-
-

-

-
-

262 
140 
44 
146 
88 
5 

14 
4 
-
-

-

-

-

-

-

R14466 

46.65 
1.06 

11.00 
9.30 
0.16 
9.44 

11.71 
1.04 
7.11 
1.20 
2.31 

100.98 

3370 
207 
997 
32 
17.80 
<2 
275 
23 
25 
49.10 

108 
53.10 
11.30 
2.53 
1.18 
1.22 
1.90 
0.24 

31 
178 
289 
75 
93 
71 
-

11.50 
-

5.19 
1.40 

228.57 
17.27 
0.73 

R14471 

45.89 
1.33 

13.49 
9.84 
0.15 
6.41 

12.01 
2.23 
5.04 
1.38 
2.17 

99.94 

4030 
178 

1310 
44 
31 
5 

298 
34 
34 
76 

175 
-

-
-

-
-

-

-

-

214 
52 
20 
142 
74 
<5 
15 
4 
-
_ 

-

-

-

0.70820 
0.51243 -

R14474 

44.54 
1.18 

12.03 
10.05 
0.18 
6.68 

11.15 
4.15 
4.21 
1.70 
2.30 

97.87 

4800 
122 

1810 
70 
41 
11 

462 
46 
44 
94 

230 
-

-
_ 

-
-

-

-

-

246 
54 
32 
148 
104 

5 
16 
13 
-
_ 

_ 

_ 

_ 

_ 

-

R14477 

46.55 
1.32 

11.53 
9.19 
0.15 
7.91 

11.41 
1.42 
6.98 
1.63 
2.68 

100.77 

3130 
270 

1330 
' 36 
27 
8 

318 
38 
32 
58 

140 
_ 

_ 
_ 

_ 
_ 

_ 

_ 

_ 

220 
218 
44 
118 
84 
5 

13 
1 
_ 

-

R14478 

45.42 
1.24 

11.66 
9.38 
0.16 
7.20 

11.39 
1.87 
4.70 
1.61 
5.53 

100.16 

3750 
261 

1500 
56 
34 
7 

396 
40 
38 
76 

180 
_ 

_ 

_ 

144 
82 
32 
96 
88 
5 

13 
10 

-
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Appendix D-l (continued). Major and trace element data for 
samples from the Islamic•Peninsula (oxides, wt% and traces, ppm) 

Sample 

Si02 
Ti02 

A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Sn 
Ga 
As 
Hf 
Ta 
XREE 

LaN/YbN 
Eu/Eu* 

87Sr/86Sr 
143Nd/144Nd 

R14454 R14467 R14449 

46.17 47.94 47.00 
1.24 1.24 1.25 
13.88 13.09 10.57 
9.51 8.98 8.82 
0.16 0.14 0.14 
6.10 5.95 8.36 

10.43 10.61 11.33 
2.65 2.80 1.95 
5.93 5.22 6.78 
1.34 1.37 1.35 
2.10 2.58 2.38 

99.51 99.92 99.94 

R14457 R14698 R15807 

46.65 56.15 56.70 
0.96 0.73 0.66 
7.71 15.64 15.88 
8.34 5.64 5.25 
0.14 0.11 0.10 

14.33 2.86 2.64 
14.68 4.94 4.48 
2.36 3.32 4.06 
1.77 7.42 6.78 
1.14 0.51 0.50 
2.74 2.26 2.12 

100.82 99.58 99.17 

R15806 

58.02 
0.83 
15.12 
6.18 
0.12 
2.30 
3 .69 
3.50 
7.98 
0.39 
1.03 

99.16 

3050 4160 4130 3070 2490 3490 2840 
225 132 233 
1280 1410 1060 

46 46 44 
29.60 28 34 
2 6 9 

320 306 394 
36 30 38 
34 37 34 
72.80 78 68 
158 185 165 
73.50 -
15 
3.75 -
1.70 -
1.67 -
2.76 -
0.33 -

25.80 -
213 188 204 
55 46 244 
29 22 56 
122 124 106 
97 70 78 
4 <5 10 
16 16 14 
4 4 7 
7.72 
2.61 

329.53 
17.63 
0.80 
0.70774 
0.512456 

44 232 220 269 
989 1370 1570 1420 
32 ' 64 68 
15.10 46.80 46 
47.14 17.10 15 

236 530 466 
22 51 56 
25 27 28 
49.40 62.80 60 
109 132 135 
54.40 63.60 -
11.40 11.60 -
2.74 2.45 -
1.24 1.36 -
1.28 1.47 -
2.30 2.37 -
0.32 0.33 -
38.50 10.90 -
167 111 94 
650 57 22 
153 19 12 
87 84 74 
68 64 50 

-5 
8.50 19 19 

6 
5.81 12.30 
1.39 3.03 

232.08 277.98 
14.37 17.72 
0.78 0.67 
0.707780.70799 
0.512450.51242 

66 
86 
11 
845 
92 
32 
66 

155 
-

-

-

-

-

-

-

-

130 
30 
12 
42 
70 
15 
20 
5 
-
-

-

-

-
-
— 
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Appendix D-2. Major and trace element data for samples from 
Aghda (oxides, wt% and traces, ppm) . 

Sample 

Si02 
TiO, 
Al,03 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 

Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Sn 
Ga 
As 
Hf 
Ta 
IREE 

LaN/YbN 
Eu/Eu' 

87Sr/86Sr 
143Nd/144Nd 

R14484 R14488 R14495 R14496 R14503 R14507 R14499 

50.17 51.13 51.11 50 
0.76 0.80 0.82 0 

19.14 18.78 18.50 17 
7.88 8.31 8.54 8 
0.14 0.15 0.15 0 
3.10 3.13 3.37 3 
7.93 7.37 6.47 8 
4.84 3.43 3.88 4 
1.80 4.02 4.03 3 
0.53 0.50 0.47 0. 
2.47 2.85 3.20 2. 
98.76 100.47 100.54 99. 

1540 1430 1330 1440 
35 111 123 90 

1040 890 960 900 
32 24 26 28 
24 25.50 30 30 
5 4.73 7 7 

198 241 228 238 
14 15 16 16 
24 25 27 27 
36 37 36 40. 
90 75.30 85 90 

33.70 
7.15 
1.75 
0.93 
1.11 
2.66 
0.37 

13.60 
148 132 142 182 
16 8 8 16 
10 9 8 14 
80 41 42 36 
88 94 82 88 
<5 - <5 <5 
19 18.50 18 18 
2 - 5 2 

4.89 
0.95 

159.97 
9.30 
0.76 
0.70651 
0.51248 

.68 53.22 50.66 56.06 

.87 0.88 0.91 0.75 

.28 15.29 17.00 16.68 

.79 8,05 9.38 6.81 
16 0.11 0.17 0.11 
57 3.03 3.72 1.91 
02 7.71 7.91 1.94 
01 2.95 2.83 2.47 
02 5.53 4.52 9.82 
56 0.40 0.55 0.29 
91 2.53 2.56 2.69 
87 99.70 100.21 99.53 

1270 1610 1470 
238 129 385 
610 .1100 406 
30 30 114 
24 30 '28 
6 8 8 

256 238 304 
16 16 18 
27 28 26 
32 42 32 
80 95 75 
_ _ _ 

_ 

_ _ _ 

_ 

_ 

_ 

— — — 

180 184 94 
96 20 30 
28 14 12 
18 222 20 
90 90 294 
<5 5 <5 
18 18 14 
3 4 13 

- =. 
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Appendix D-2 (continued). Major and trace element 
samples from Aghda (oxides, wt% and traces, ppm) . 

data for 

Sample 

Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P2O5 
LOI 

Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Sn 
Ga 
As 
Hf 
Ta 
ZREE 

LaN/YbN 
Eu/Eu* 

87Sr/86Sr 
143Nd/144Nd 

R14482 R14483 

54.00 54.16 
0.38 0.42 

20.34 19.98 
4.04 4.31 
0.09 0.14 
0.97 1.26 
2.53 2.47 
5.07 5.37 
6.31 6.40 
0.22 0.23 
4.38 5.25 
98.33 99.99 

R14497 R14501 R14508 

54.06 54 
0.40 0 

20.23 19 
4.15 5 
0.08 0 
0.98 2 
3.45 3 
5.78 6 
5.71 4 
0.23 0 
4.86 3 
99.93 100. 

1280 1480 1310 1680 
382 353 
735 818 
36 69 
34 30 
7 3.94 

238 248 
18 17 
18 16 
32 33.30 
70 70.50 

27.50 
5.25 
1.05 
0.57 
0.64 
1.42 
0.20 
3.67 

34 41 
<2 <1 
<2 3 
82 33 
48 193 
<5 
17 16 
5 

4.40 
0.91 

140.43 
15.69 
0.65 

339 178 
625 805 
30 52 
35 2§ 
7 9 

244 252 
18 20 
18 23 
34 40 
70 85 
-

-

-

-

-

-

-

-

36 76 
<2 <2 
<2 <2 
46 16 
40 138 
<5 <5 
17 19 
4 5 
-

-

-

-

-

0.70748 
0.51244 

22 55.35 
57 0.42 
06 20.36 
83 4,33 
12 0.08 
07 0.95 
59 5.09 
15 3.14 
20 7.61 
41 0.28 
89 2.36 
11 99.97 

1160 
371 
659 
' 24 
30 
4.93 

257 
17 
17 
35.10 
66.60 
27.50 
5.37 
1.25 
0.75 
0.97 
1.82 
0.23 
3.72 
45 
<1 
3 

45 
56 
-

16 
-

4.80 
1.42 

139.59 
12.90 
0.72 

R14509 R14500 

53.08 49.81 
0.34 0.75 

20.83 19.02 
3.98 7.46 
0.15 0.15 
1.63 2.81 
6.90 6.42 
4.10" 4.75 
5.56 3.40 
0.22 0.62 
2.32 3.84 

99.11 99.03 

940 2050 
213 183 
575 1340 
134 55 
30 23.30 
8 4.26 

214 190 
18 13 
15 22 
28 38.30 
60 79 

37.60 
'7.40 
1.74 
0.88 
1.02 
1.94 
0.25 

11.60 
54 124 
<2 11 
<2 10 
28 215 

466 116 
<5 <2 
16 17.50 
22 3.50 

4.11 
0.97 

168.13 
13.20 
0.75 

0.70738 0.70701 
0.51244 ° 0.51245 
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Appendix D-2 (continued). Major and trace element data for 
samples from Aghda (oxides, wt% and traces, ppm) . 

Sample 

Si02 
TiO, 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 

Total 

R14487 

57.95 
0.60 

16.14 
7.23 
0.17 
1.41 
5.02 
5.62 
2.97 
0.40 
2.81 

100.32 

R15809 

62.51 
0.51 

16.84 
4.01 
0.06 
1.80 
4.62 
4.54 
2.45 
0.26 
2.20 
99.80 

R14480 

63.85 
0.31 

15.94 
3.45 
0.09 
0.27 
1.45 
3.66 
8.04 
0.11 
1.63 

98.80 

R14486 

64.99 
0.27 

16.24 
3.20 
0.09 
0.32 
1.07 
4.23 
7.75 
0.08 
0.90 

99.14 

R14493 

71.15 
0.23 

14.10 
2.04 
0.04 
0.34 
0.54 
4.15 
5.97 
0.04 
1.02 

99.62 

R1580 

70.86 
0.26 

14.24 
1.92 
0.03 
0.16 
1.16 
3.40 
6.32 
0.04 
1.63 

100.02 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Sn 
Ga 
As 
Hf 
Ta 
IREE 

LaN/YbN 
Eu/Eu* 
Sr/86Sr 
3Nd/144Nd 

685 
60 

448 
48 
16 
3 

162 
12 
20 
32 
70 
-

-
-

-

-
-

-

-

118 
24 
22 
42 
86 
<5 
14 
13 
-

-

-

-

-

-

-

1550 
59 

1280 
54 
23 
5 

118 
6 
8 

40 
85 
-

-
-

-

-

-

-

-

70 
4 
4 

20 
96 
<5 
21 
8 
-
-

-

-

-

-

-

395 
382 
262 
26 
47 
11.40 

525 
32 
32 
51.90 

104 
40.40 
7.84 
0.93 
0.93 
1.41 
3.72 
0.55 
4.13 
12 
2 
1 

13 
52 
6 

17 
7.50 
11.80 
2.40 

211.68 
9.33 
0.37 

180 
381 
111 
28 
50 
12 

490 
30 
33 
50 

110 
-

-
-

-
-

-

-

-

14 
<2 
<2 
8 

46 
5 

18 
10 
-
_ 

— 

-

-

0.70871 
0.51242 -

545 
186 
165 
26 
27.60 
3.68 

281 
19 
34 
38.70 
78.60 
33.70 
6.73 
0.87 
1.07 
1.55 
4.29 
0.60 
4.82 
11 
<1 
2 
11 
24 
2 
14.50 
16 
7.43 
1.91 

216.11 
6.03 
0.39 

595 
220 
106 
46 
34 
7 

296 
20 
34 
40 
90 
-

-
_ 

-
_ 

_ 

_ 

-

12 
<2 
<2 
8 

44 
<5 
13 
10 
_ 
_ 

_ 

_„ 

0.70718 
0.51250 
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Appendix D-3. Major and trace element data for samples from 
Shahrbabak (oxides, wt% and traces, ppm). 

Sample 

Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 

Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Sn 
Ga 
As 
Hf 
Ta 
IREE 

LaN/YbN 
Eu/Eu* 

8 7 S r / 8 6 S r 

143Nd/144Nd 

R14521 

55.43 
0.77 

18.04 
5.93 
0.13 
1.58 
2.71 
2.47 
9.58 
0.49 
3.46 

100.59 

1450 
362 
455 
32 
21 
4 

204 
10 
24 
32 
75 
-

-
-

-

-

-

-

-

88 
<2 
<2 
48 
-98 
<5 
13 
7 
-
-

-

-

-

-

-

R14522 

54.67 
0.81 

18.44 
6.39 
0.14 
1.63 
4.19 
4.14 
6.50 
0,55 
3.'01 

100.47 

1330 
176 
482 
34 
17 
<2 

205 
9 

25 
33.20 
64.60 
31.50 
6.43 
1.50 
0.92 
1.22 
2.78 
0.40 
7.58 

86 
<1 
2 
52 
71 
-

16.50 
-

3.75 
0.68 

142.55 
7.98 
0V71 

R14533 

54.79 
0.72 

19.3 0 
5.34 
0.12 
1.41 
3.63 
4.-99 
6.07 
0.34 
3.51 

100.22 

1260 
229 
660 
30 
18 
6 

196 
10 
24 
30 
65 
-

-
-

-

-

-

-

-

82 
4 
4 

42 
68 
<5 
19 
3 
-
-

-

-

-

0.70567 -
0.51268 -

R14534 

53.08 
0.79 

19.12 
6.19 
0.13 
1.92 
4.73 
4.15 
6.05 
0.43 
3.58 

100.17 

1200 
204 
685 
32 
19 
6 

192 
10 
25 
30 
65 
-

-
-

-

-

-

-

-

80 
6 
6 

96 
66 
<5 
18 
7 
-
-

-

-
-
-

-

R14539 R14541 

54.32 56.14 
0.78 0.60 

19.12 19.35 
5.78 4.25 
0.10 "0.09 
2.28 0.94 
4.11 2.78 
5.28 4.85 
4.60 7.05 
0.3 8 9 0.2 6 
3.60 3.96 

100.35 100.27 

1110 1060 
149 383 
615 550 
28 32 
17 19 
4 5 

176 204 
10 10 
23 23 
30 30 
65 65 
_ _ 

' -
- -

- -

- — 
- ' -

- -

-

102 40 
22 <2 
16 <2 
58 26 
78 50 
<5 <5 
18 18 
5 6 
- ; — 
- _ 

- — 

-
— — 
— _ 

-
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Appendix D-3 (continued). Major and trace element data for 
samples from Shahrbabak (oxides, wt% and traces, ppm). 

Sample 

SiO, 
TiO^ 
Al,o"3 

Fe203 

MnO 
MgO 
CaO 
Na20 
K20 
P:05 
LOI 

Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
NI 
Cu 
Zn 
Sn 
Ga 
As 
Hf 
Ta 
IREE 

LaN/YbN 

Eu/Eu* 
87Sr/86Sr 

143Nd/144Nd 

R14544 

53.06 
0.76 

19.21 
6.02 
0.13 
1.57 
4.24 
4.18 
6.40 
0.46 
4.16 

100.19 

1200 
185 
640 
32 
19 
4 

176 
10 
23 
30 
65 
-

-

• • -

-

-

-

-

-

82 
4 
4 

114 
78 
<5 
18 
4 
-
-

-

-

~ 
"' ' -

-

R14551 

55.09 
0.67 

.19.71 
4.90 
0.13 
1.88 
3.42 
5.02 
5.80 
0.32 
3.67 

100.61 

1300 
157 
785 
30 
17 
4 

174 
10 
22 
30 
60 
-

-

-

-

-

-

-
-

70 
4 
4 
42 
54 
<5 
17 
5 
-
-

-

7.88 
0.79 
-

-

R14557 

53.36 
0.81 

19.62 
6.03 
0.12 
2.00 
4.61 
5.06 
4.77 
0.46 
3.34 

100.18 

1130 
116 
807 
30 
15.20 
4.06 

193 
10 
24 
29.80 
59.90 
29.70 
5.94 
1.52 
0.80 
0.99 
2.53 
0.38 
7.76 

116 
5 
9 

108 
69 
-

18 
-

3.69 
0.67 

131.56 
-' 

-

R14531 

50.67 
0.69 

20.33 
6.52 
0.12 
2.27 
6.22 
5.58 
2.86 
0.48 
4.44 

100.18 

1020 
37 

1320 
22 , 
12 
3 

128 
6 

21 
26 
60 
-

-
-

-

-

-

-
-

104 
4 
6 

178 
64 
<5 
20 
5 
-
-

-

-

-

0.70519 
0.51273 -

R14550 R15812 

48.02 50.40 
1.09 0.99 

17.93 15.28 
9.61 8.32 
0.20 0.14 
5.77 8.60 
9.18 9.45 
3.21 3.90 
1.96 1.54 
0.35 0.56 
3.41 0.85 

100.73 100.03 

795 800 
77 29 

582 1330 
13 . 8 
4.36 9 
2.79 2 

81 116 
3 12 

19 18 
14.70 42 
33 90 
18.40 
4.38 
1.40 
0.69 
0.79 
1.81 
0.27 

18.40 
241 170 
72 326 
50 158 
85 66 
65 76 

<5 
15.50 18 

1 
1.66 
0.50 

75.44 
5.43 
0.96 
0.70539 
0.51271 
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Appendix D-3 (continued). Major and trace elements data for ̂  
samples from Shahrbabak (oxides, wt% and traces, ppm) . 

Sample 

SiO, 
TioJ 
A1203 

Fe203 

MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 

Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Ni 
Cu 
Zn 
Sn 
Ga 
As 
Hf 
Ta 
ZREE 

LaN/YbN 

Eu/Eu* 
87Sr/86Sr 
i43N d /i44N d 

R14527 

47.23 
1.00 

18.11 
11.22 
0.18 
5.48 
9.64 
3.07 
1.33 
0.30 
3.35 

100.91 

280 
19 

620 
6 
4 

<1 
66 
<2 
21 
16 
35 
-

-

-

-

-

-

-

-

284 
46 
44 
172 
80 
<5 
18 
<1 
-

-

-

-

-
-

-

R14512 

63.84 
0.52 

16.54 
3.84 
0.06 
1.47 
4.32 
4.79 
2.67 
0.16 
1.51 
99.72 

605 
56 

930 
14 
6.72 

<2 
130 

7 
9 
22.60 
40.90 
17.10 
3.75 
0.99 
0.38 
0.39 
0.72 
0.10 
5.91 

73 
17 
17 
117 
95 
<2 
19.50 
2.50 
2.84 
0.51 

86.93 
21.00 
0.86 

R14515 

66.91 
0.39 
15.70 
2.91 
0.04 
0.80 
3.74 

..9 4.66 
'"2.51 
0.19 
2.3 0 

100.15 

690 
66 
625 
14 
8 
3 

152 
6 
8 

24 
50 

r ••'" 

\ :-

-'-
- .:'-

-

-

-

44 
16 
10 
36 
50 
<5 
19 
2 
-

- -
_ : 

-

-

0.70427 -
0.51282 -

R14526 

67.65 
0.45 

17.68 
1.99 
0.00 
0.24 
2.16 
4.00 
2,65 
0.14 
3.52 

100.48 

825 
69 
845 
16 . 
11 
3 

136 
8 

28 
32 
65 
-

-

-

-

-

-

-

-

68 
42 
10 
8 
24 
<5 
19 
4 
-
-

-

- £ 
," — 

-
— 

R14699 

66.41 
0.39 

15.54 
2.91 
0.04 
1.01 
4.12 
4.56 
2.75 
"0.18 
1.50 

"99.41 

770 
65 
617 
14 
7.25 

<2 
135 
7 
7 

29.20 
47.90 
19.70 
3.40 
0.82 
0.37 
0.40 
0.60 
0.08 
4.18 
46 
9 
7 
35 
45 
-

17.50 
-

3.61 
0.91 

102.93 
32.51 
0.78 

R15.811 

-65.3 8 
0.36 

16.00 
3.24 
0.05 
0.94 
4.37 ,- , 
4.34 9-
2.25 
0.16 
3.02 , 

10 0.11' 

580 
57 

610 
12 
7 
3 

130 
4 
9 
16 
3 5 
-

-

-

-

-

-

-

-

42 
6 
4 
14 
54 
<5 
19 
2 

::,_. 

" . . " • • 

-~'~ 

— . . ; • . _ • 

— 

0.70452 
0.51283 -9:9 
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Appendix D-3 (continued). Major and trace element data for 
samples from Shahrbabak (oxides, wt% and traces, ppm) . 

Sample 

Si02 
Ti02 
A1203 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P2O5 
LOI 

Total 

Ba 
Rb 
Sr 
Pb 
Th 
U 
Zr 
Nb 
Y 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Ho 
Yb 
Lu 
Sc 
V 
Cr 
Co 
Ni 
Cu 
Zn 
Sn 
Ga 
As 
Hf 
Ta 
IREE 

LaN/YbN 
Eu/Eu* 

S7Sr/86Sr 
143Nd/144Nd 

R14537 R14538 

54.53 53.09 
0.85 1.00 

16.74 14.81 
6.22 7.42 
0.13 0.12 
2.23 7.32 
7.08 8.03 
4.77 3.87 
1.86 2.89 
0.30 0.53 
5.15 1.51 

99.86 100.59 

605 1200 
39 81 
605 975 
12 12 
8 8 
2 2 

208 132 
10 12 
21 18 
24 40 
55 90 
-

-

-

-
-

-

-
-

108 148 
20 246 
-

16 156 
52 74 
72 80 
<5 <5 
17 18 
2 3 
-
-

-

-
-

-

-

R14553 

52.46 
0.94 

17.99 
8.33 
0.13 
3.18 
6.42 
3.73 
4.23 
0.41 
2.91 

100.73 

790 
129 
825 
16 
16 
4 

272 
12 
26 
30 
70 
-

-

-

-
-

-

-
-

174 
20 
-

16 
28 
78 
5 

20 
7 
-
-

-

-
-

-

-

R14525 R14528 

59.62 58.58 
0.91 0.69 

17.70 18.43 
5.70 4.94 
0.08 0.06 
1.26 1.60 
4.22 2.39 
3.82 5.68 
4.20 5.04 
0.37 0.24 
2.04 1.87 

99.92 99.84 

R14554 

54.61 
0.78 

19.98 
5.57 
0.10 
1.63 
4.82 
5.39 
4.28 
0.40 
2.99 

100.55 

305 525 1130 
161 109 
411 570 
14 ' 20 
16 26.50 
4 6.36 

330 402 
12 15 
34 31 
34 35.50 
75 73.90 

33.30 
6.76 
1.33 
0.97 
1.41 
3.59 
0.56 
8.25 

64 162 
4 5 
-

4 5 
26 283 
76 59 
<5 
19 11.50 
6 

8.51 
0.96 

157.32 
6.61 
0.60 

89 

R15813 

58.19 
1.04 
14.44 
5.41 
0.10 
3.24 
5.85 
5.13 
4.16 
0.51 
1.76 

99.83 

89 
900 1168 
30 
20 
5 

194 
10 
24 
30 
70 
-

-
_ 

-
-

-

-

-

86 
8 

31 
8 

34 
74 
<5 
19 
8 

_ 

__ 

— 
__ 

0.70475 
0.51273 

15 
-

2 
159 
15 
-

i 
-

-

-
-

-
_ 

_ 

-

— 

190 
_ 

— 

19 
158 
23 
_ 

_ 

— 
_ 

_ 
_ 

-
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Appendix E-l. CIPW normative mineralogy (in wt.%) from the 
Islamic Peninsula. 

Sample 

Name 

Q 

Or 

Ab 

An 

Lc 

Ne 

Di 
Di (CaMg) 

Hd 

01 
Fo 
Fa 

Mt 

Cm 

11 

Ap 

R14444 

TE 

-

22.33 

11.24 

5.12 

-

8.79 

32.10 
24.55 
7.56 

11.66 
8.40 
3.27 

2.53 

0.07 

2.39 

3.84 

R14446 

TE 

-

13.36 

-

5.11 

16.12 

11.17 

35.27 
24.25 
11.02 

9.07 
5.76 
3.31 

3.06 

0.03 

2.69 

4.22 

R14447 

TE 

-

12.45 

-

7.83 

19.60 

5.76 

34.70 
25.23 
10.47 

9.90 
7.39 
2.51 

2.86 

0.04 

2.43 

3.51 

R14455 

TE 

-

10.62 

13.28 

7.80 

-

17.67 

35.49 
21.31 
14 .17 

5.40 
2.93 
2.47 

3.16 

-

2.66 

3.98 

R14458 

TE 

-

3.36 

-

9.33 

23.99 

2.46 

41.56 
32.25 
9.31 

11.19 
3.20 
2.99 

2.67 

0.09 

2.34 

3.07 

Appendix E-l (continued).- CIPW normative mineralocy (i 
from the Islamic Peninsula. 

Sample 

Name 

Q 

Or 

Ab 

An 

Lc 

Ne 

Di 
Di(CaMg) 

Hd 

01 
Fo 
Fa 

Mt 

11 

.- .Ap.-..,-

R14462 

TE 

-

1.17 

-

8.64 

32.10 

4.50 

30.73 
22.52 
8.21 

12.84 
8.79 
4.05 

2.93 

2.72 

- 4.41 -

R14464 

TE 

-

10.37 

12.21 

11.28 

-

9.97 

38.30 
26.77 
11.54 

8.23 
5.32 
2.90 

2.99 

2.68 

4.03 

R14466 

TE 

-

2.83 

-

4.44 

31.41 

4.87 

37.70 
28.06 
11.64 

9.05 
6.70 
2.35 

2.75 

2.05 

2 .90 

R14471 

TE 

-

19.63 

-

12.28 

8.69 

10.54 

32.42 
21.38 
11.04 

7.58 
4.59 
3 .00 

2.94 

2.60 

3.37 

R14474 

TE 

-

19.42 

-

1.85 

5.29 

20.01 

36.34 
23.84 
12.50 

7.51 
4.52 
2.99 

3.07 

2.36 

4.24 
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Appendix E-l (continued). CIPW normative mineralogy (In wt:%.) 
from the Islamic Peninsula. 

Sample 

Name 

Q 

Or 

Ab 

An 

Lc 

Ne 

Di 
Di(CaMg) 

Hd' 

01 
Fo 
Fa 

Mt 

Cm 

11 

Ap 

R14477 " 

TE 

-

13.04 

-

4.59 

22.98 

6.68 

34.37 
24.82 
9.55 

9.09 
6.11 
2.98 

2.74 

0.05 

2.57 

3.96 

" R14478 

TE 

-

29.58 

1.03 

10.16 

,, . -

,8.57 

31.44 
-21 ."81 
-9.63 

. .9.82 
"'.6.3 0 
""1.3 .52 

2.90 

. .0.02 

2.51 

4.06 

R14449 

PT 

-

11.61 

-

- 0.07 

23.33 

- 9.23 

... .39.-32 
- 29.12 
'10.20 

8.08 
: 5.60 
1 '2.48 

2.64 

0.05 

2.45 

3.30 

R14454 

PT 

-

21.14 

: .• " 

8.76 

11.85 

12.57 

29.-08 
19.01 
10.08 

8.08 
4.84 

' 3.24 

2.85 

0.01 

2.44 

3.28 

R14467 

PT 

-

31.92 

2.61 

8.00 

• -

11.87 

30.-25 
20.10 -
10.16 ' 

6.92 
4.-22 
2.70 

2.69 

a. oi 

2.44 

3.36 

Appendix E-l (continued). CIPW normative mineralogy (in wt.%) 
from the Islamic Peninsula. 

Sample 

Name 

Q 

Or 

Ab 

An 

Lc 

Ne 

Di 
Di(CaMg) 

Hd 

01 
Fo 
Fa 

Mt 

Cm 

11 

Ap 

R14457 

BA -•"• -

-. -

10.73 

2.24 

5.35 

-

9.88 

49.07 
40.85 
8.22 

15.53 
12.38 
3.15 

2.48 

0.14 

1.87 

2.77 

R14698 

TA! 

' 

45.26 

23.51 

6.05 

-

2.97 

12.97 
7.74 
5.23 

4.89 " 
2.64 ' -
2.25 . 

1.69 ;: 

0.01 . 

1.43.. 

1.25 „, 

! - R158'07' 

' ™ TA ' 

41.46 

29.46 

5.26 

-

3.30 

11.79 
7.00 

... 4.79 

4.66 
2.50" 
2.16,, . . 

1.58;. 

- ... -. 

1.30. 

1.23 

" RT5806 

"''"''TR'"~ 

-

48.30 

27.48 

2.03 

-

1.54 

11.69 
6.11 
5.58 

4.58 ' 
2.12' 
2.45 

\ 1-84"-: 

' 0.01 ... 

1.61 r 

0.95 . 
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Appendix E-2. CIPW normative mineralogy (in wt.%) from Aghda 

Sample 

Name 

Q 

Or 

Ab 

An 

Ne 

Di 
DiCaMg)" 

Hd 

• 01 • 
Fo-
Fa 

Mt 

11 

Ap 

R14482 

TP 

-

39.83 

31.56 

11.87 

7.73 

-

5.28 
1.81 
3.74 

1.25 

0.77 

0.56 

R14483 

TP 

-

40.07 

29.21 

11.39 

10.25 

"' -

• 6.:05 
: 2.33 
3.72 

" 1.32 

0.84 

0.58 

R14497 

TP 

-

35.62 

29.71 

13.08 

11.87 

2.87 
1.13 
1.73 

4.22 
-1.44 
2.78 

1 • 27 

"0 .80 

6.58 

R14501 

TP 

-

25.92 

38.99 

12.53 

8.32 

2.72 
1.35 
1.37 

7.63 
3.33 
4.29 

1.77 

1.13 

1.01 

R14508 

TP 

-

46.24 

19.69 

19.52 

4.13 

3.86 
1.46 
2.40 

3.79 
1.23 
2.56 

1.29 

0.82 

0.68 

R14509 

TP 

-

34.06 

19.57 

22.S2 

8.88 

9.27 
4.81 
4.46 

3.01 
1.3 9 
1.63 

1.20-

0.67 

0.54 

Appendix E-2 (continued). CIPW normative mineralogy 
(in wt.%) from Aghda. 

Sample 

Name 

Q 

Or 

Ab 

An 

Ne 

Di 
Di (CaMg) 

Hd 

01 
Fo 
Fa 

Mt 

' 11 

Ap 

' r- -R14500 

PT 

: -

21.24 

28.89 

21.71 

7.37 

6.37 
3.26 
3.11 

9.11 
4.13 
4.98 

2.29 

1.51 

1.55 

R14499 

PH 

. 

60.26 

17.27 

5.63 

2.40 

2.01 
0.89 
1.12 

8.20 
3.17 
5.03 

2.05 

1.48 

0.71 
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Appendix E-2 (continued)..." CIPW normative mineralogy (in wt".%) 
from Aghda. v .. 

Sample 

Name 

Q 

Or 

Ab 

An 

Ne 

Di 
Di(CaMg) 

Hd 

01 
Fo 
Fa 

Mt 

11 

Ap 

R14484 

BTA 

-

11.12 

35.12 

26.33 

4.17 

9.27 
4.83 
4.44 

8.82 
4.09 
4.73 

2.39 

1.51 

1.31 

R14488 

BTA 

-

24.50 

25.74 

24.73 

2":. 27 

7.98 
4 .-0-8 
3;. W 

9.53 
4.3-1 
5.22 

2.49 

' 1 "57 

1.22 

R14495 

BTA 

-

24.64 

27.00 

21.89 

3.77 

6.74 
• 3.52 
3 .-22 

10.65 
4.94 
5.71 

2.56 

"^'1.61 

1.15 

R14496 

BTA 

-

18.54 

28.89 

21.02 

3.45 

13.67 
:7.25 
6.42 

8.72 
4.12 
4.60 

2.65 

1.72 

1.38 

R14503 

BTA 

-

33.85 

21.23 

12.58 

2.51 

20.17 
10.45 
9.72 

4.53 
2.08 
2.45 

2.42 

1.73 

0.98 

R14507 

BTA 

-

27.56 

20.63 

20.98 

2-21 

13.09 
6.86;; 
6.23 

9.61 
4.47 
5.14 

2.81 

•17 78 

1.34 

Appendix E-2 (continued). CIPW .normative mineralogy (in wt.%) 
from Aghda. ~ ' 

Sample 

Name 

Q 

Or 

Ab 

An 

Di 
Di(CaMg) 

Hd 

Hy 
En 
Fs 

Mt 

11 

Ap 

R14487 

TA 

1.35 

18.11 

49.06 

10.36 

10.73 
3.69 
7.04 

6.09 
1.91 
4.18 

2.16 

1.18 

0.98 

R15809 

TA 

14.11 

14.88 

39.49 

18.85 

2.44 
1.39 
1.05 

7.42 
3.96 
3.45 

1.20 

1.00 

0.63 

R14480 

TR 

7.86 

49.03 

31.96 

3.43 

2.83 
0.49 
2.34 

2.98 
0.46 
2.52 

1.03 

. 0.61 

0.27 

R14486 

TR 

7.28 

46.74 

36.53 

2.49 

2.07 
0.44 
1.64 

3.23 
0.61 
2.62 

0.95 

0.52 

0.'l9 

R14493 

RH 

22.07 

35.84 

35.67 

2.25 

0.18 
0.06 
0.12 

2.86 
0.83 
2.02 

0.60 

0.44 

0.10 

R15808 

RH 

23.99 

38.02 

29.29 

5.02 

0.50 
0.10 
0.40 

2.03 
0.36 
1.67 

0.57 

0.50 

0.10 
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Appendix E-3. CIPW normative mineralogy (in wt.%) 
Shahrbabak. 

Sample 

— Name 

Q 

Or 

Ab 

An 

Ne 

Di 
Di(CaMg) 

Hd 

01 
Fo . 
Fa 

Mt 

11 

Ap 

R14521 

TP 

. - ... 

58.57 

16.01 

10.18 

3.04 

0.35 
0.15 
0.20 , 

7.38 
2.80 
4.58 

1.78 

1.51 

1.20 

R14522 

TP 

-

39.62 

27.44 

12.93 

4.71 

4.03 
1.71 
2.32 

6.45 
2.38 
4.08-

1.91 

1.59 

1.34 

R1453 3 

TP---

-

37.25 

29.92 

12.81 

7.55 

3.01 
1J31: 
i:69 

5.61 
2.13 
3.48 

1.61 

1:42 

0.84 

R14534 

TP 

-

37.20 

24.25 

16.31 

6.66 

4.32 
2.05 
2.28 

6.79 
2.82 
3 .96 

1.87 

1.56 

1.06 

R14539 

TP 

-

28.23 

36.49 

15.46 

5.37 

2.60 
1.40 
1.20 

7.66 
3.68 
3.98 

1.74 

1.54 

0.93 

Appendix E-3 (continued). CIPW normative mineralogy (in wt.%) 
from Shahrbabak. • 

Sample 

Name 

Q 

Or 

Ab 

An 

Ne 

Di 
Di(CaMg) 

Hd 

01 
Fo 
Fa 

Mt 

11 

Ap 

R14541 

TP 

-

43.41 

29.80 

10.64 

7.02 

1.66 
0.66 
1.00 

4.38 
1.50 
2.88 

1.28 

1.19 

0.64 

R14544 

TP 

-

39.58 

23-99 

15.44 

7.06 

2.88 
1.24 
1.64 

6.60 
2.47 
4.13 

1.83 

1.51 

1.14 

R14551 

TP 

- .;-.- .. 

35.50 

32.37 

14.62 

6.30 

0.65 
0.34 
0.31 

7.00 
3.29 
3.71 

1.47 

1.32 

0.79 

R14557 

TP 

-

29.25 

32.22 

17.37 

6.62 

2.70 
1.33 
1.37 

7.32 
3.19 
4.13 

1.81 

1.60 

1.13 

R14531 

PT 

-

17.75 

32.89 

23.08 

9.05 

5.02 
2.48 
2.54 

7.69 
3.35 
4.33 

1.99 

1.38 

1.19 

i; 
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Appendix E-3 (continued). CIPW normative mineralogy (in wt.%)-
from Shahrbabak. 

Sample 

Name 

Q 

Or 

Ab 

An 

Ne 

Di 
Di(CaMg) 

Hd 

Hy 
En 
Fs 

01 
Fo 
Fa 

Mt 

11 

Ap 

R14527 

BA 

-

8.13 

25.21 

32.80 

0.90 

12.05 
6.91 
5.14 

-

14.85 
7.65 
7.20 

3.37 

1.96 

0.74 

RT4550 

TB 

-

11.99 

24.13 

29.75 

2.17 

12.29 
7.-74 
4.55 

:-. 

13.79 
7,91 
5.87 

"2'. 8=9-

2.14 

0.86 

R15812 

TB 

-

9.23 

27.77 

19.93 

3.09 

19.24 • 
14.42 
4.82 

- ' ' - " . • > 

15.00 
10.54 .. 
4.45 

' 2".45 

1.91 

1.35 

R14553 

BTA 

-

25.73 

29.61 

20.43 

1.56 

7.95 
4.15. 
3.80 

-

9.42 
4.36--
5.05 

2.49 

1.84 

1.00 

R14538 

BTA 

-

17.33 

31.23 

14.72 

1.09 

17.86 
13.32 
4.54 

-

12.36 
8.64 
3.72 

2.18 

1.93 

1^27 

R14537 

BTA" 

2.53 

11.67 

42.84 

19.92 

-

12.67 . 
6.'51 
6.16 

6.00 
2.88 
3.12 

''-l̂ l"'-' -"J 

1.71 

0.75 

Appendix E-3 (continued)-. C-IPW-normative mineraiogy 
(in wt.%) from Shahrbabak. 

Sample 

Name 

Q 

Or 

Ab 

An 

Ne 

Di 
Di(CaMg) 

Hd 

Hy 
En 
Fs 

01 
Fo 
Fa 

Mt 

11 

Ap 

R14525 

TA 

9.30 ":;:-; 

25.48 

33.18 

19.01 

-

-

8.60 
3.22 
5.38 _-'" 

-

1.70 

1.77 

0.90 

R14528 

TA 

£ ' •• -J 

30.52 

49.09 

10.15 

0.08 

0.33 
0.16 
0.16 . 

'' 'r — 

6.45 
2.81 
3.64 

1.47 

1.34 

0.58 

R14554 

TA 

-

26.04 

37.17 

18.21 

5.31 

3.11 
1.45 
1.66 

-

6.02 
2.46 
3.56 

1.66 

1.53 

0.98 
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Appendix E-3 (continued). CIPW normative mineralogy (in 
from Shahrbabak. 

Sample 

Name 

Q 

Or 

Ab 

An 

Di 
Di (CaMg) 

Hd 

Hy 
En 
Fs 

Mt 

11 

Ap 

R14512 

TR 

14.39 

16.12 

41.40 

16.08 

3.92 
2.09 
1.84 

5.57 
2.77 
2.79 

1.14 

1.01 

0.39 

R14515 

DA 

21.37 

15.19 

40.39 

14.86 

2.40 
1.08 
1.32 

3.70 
1.54 
2.16 

0.86 

0.76 

0.46 

R14526 

DA 

29.90 

16.18 

34.96 

10.12 

-

2.22 
0.62 
1.60 

0.60 

0.88 

0.34 

R14699 

DA 

19.90 

16.64 

39.50 

14.14 

4.63 
2.35 
2.28 

1.48 
1.65 

0.86 

0.76 

0.44 

R15811 

DA 

21.07 

13.73 

37.93 

18.10 

2.68 
1.21 
1.47 

4.43 
1.85 
2.57 

0.97 

0.71 

0.39 
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