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The Relationship between Magmatism and Borate Mineralisation in
Western Turkey

By Duncan Anderson

ABSTRACT

A limited number of lacustrine basins in western Turkey contain world class borate reserves, with 
mineralisation present as strata bound deposits in Neogene volcano-sedimentary successions. This 
study examined in detail the relationship between magmatism and borate mineralisation in two of these 
basins (Emet and Kirka).

The magmatism comprised an Early Miocene K-rich acid phase, represented by granite, ignimbrite, 
rhyolite and dacite, and a more mafic K-rich, Middle - Late Miocene phase, represented by shoshonite 
and latite. Information from field observations, mineralogy, isotopic dates, immobile element 
concentrations and biotite compositions indicate that acid magmatism in Emet and Kirka Basins was 
closely related in both space and time to the deposition of the borate-host sediments, whilst mafic 
volcanism occurred later.

The mineralogical and geochemical composition of the borate-host sediments was strongly influenced 
by the post-depositional modification of rhyolitic, ignimbritic and granitic-derived material in a saline, 
alkaline environment. The result of the interaction between saline, alkaline waters and dominantly acid 
igneous products, was the generation of an authigenic mineral assemblage comprising mainly calcite, 
dolomite, borate, trioctahedral smectite and K-feldspar. Trioctahedral smectite, dolomite and K- 
feldspar, together with elevated concentrations of As, Sr and Li, correlate particularly well with borate 
mineralisation.

The geochemistry of the Early Miocene acid igneous rocks suggests that acid magmatism represented 
a likely source for B and Li, and probably also for As and Sr. Possible mechanisms for the transfer of B 
and other elements from an igneous source to the basin sediments include; transfer by igneous-driven 
geothermal fluids, rich in B as a result of hydrothermal leaching and contributions from magmatic waters 
and gases, and the break down of igneous material in saline, alkaline lakes. Trace element and Nd and 
Sr isotopic data indicate that the ultimate source of the B was assimilated upper continental crust, 
perhaps with some component of melted lithospheric mantle. Comparison with other borate provinces 
shows a common tectonic setting, characterised by former convergence with associated subduction 
and crustal thickening.
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Introduction

1 INTRODUCTION
1.1 BACKGROUND TO THESIS

Most of the world's commercial borate deposits are located in lacustrine basins, and are associated 

with continental sediments and volcanism of Neogene age (Kistler & Helvaci 1994). The assertion that 

volcanism has a genetic association with borate mineralisation stems from the presence of interbedded 

volcanic lavas and volcaniclastic sediments within many borate-hosting sequences (Kistler & Helvaci

1994). A number of workers have suggested a volcanic or thermal spring source for the boron in these 

deposits (Inan et al., 1973, Helvaci 1995, Smith & Medrano 1996). The purpose of this study was to 

examine in detail the possible relationship between magmatism and borate mineralisation in Miocene 

borate-hosting volcano-sedimentary basins in western Turkey.

1.2 LITERATURE REVIEW

1.2.1 Continental borate deposits

Cenozoic continental borate deposits provide more than 90% of the world's required boron 

compounds, while metamorphic complexes and borate minerals from pre-Cenozoic marine evaporites 

supply the remainder (Smith & Medrano 1996). Continental borate deposits from western Turkey, 

whose genesis is the subject of this thesis, accounted for 38% of world production in 1992, while 

similar deposits in USA and South America (Argentina, Chile, Bolivia & Peru) accounted for 39% and 

15% respectively (Smith & Medrano 1996). These three regions therefore make up the world's largest 

and most economically important borate provinces.

Borate minerals from Cenozoic continental deposits are relatively rare members of a group of 

minerals generated under arid conditions in hydrologically closed lacustrine basins, where evaporation 

exceeds inflow. Common saline minerals in lacustrine evaporitic deposits include halite (NaCI), sylvite 

(KCI), gypsum (CaS0 4 .2 H2 0 ), epsomite (MgS0 4 .7H2 0 ) and trona (NaHCO3 .Na2 CO 3 .2 H2 O) (Eugster 

1980). The vast majority of continental brines are therefore represented by cations of Na, K, Mg and 

Ca, and anions of Cl, S 0 4  and HCO3 -CO 3  (Eugster 1980). These ionic species are concentrated in 

brines during evaporation leading to the eventual generation of saline minerals.

According to Eugster (1980), the first mineral to precipitate from such brines is calcite, which leads 

to an increase in the Mg/Ca ratio of the residual solution, and the subsequent precipitation of high-Mg 

calcite and dolomite. Saline minerals such as gypsum and trona reach saturation later in the brine 

evolution (Eugster 1980). Sometimes, these evaporating brines become saturated in the borate 

species B(OH ) 3  and B(OH)4‘, in addition to cations of Na, Ca and Mg, which leads to the precipitation of 

borate minerals (Smith & Medrano 1996). Furthermore, boron isotope studies on non-marine borate 

minerals have shown that borate minerals precipitate from alkaline solutions (generally > 8  pH - Oi et al., 

1989, Palmer & Helvaci 1995). Common borate minerals include borax (Na2 B4 O 7 .1 0 H2 O), colemanite 

(C3 2 B6 0 H.5 H2 0 ) and ulexite (NaCaB5 0 9 .8H2 0 ) (Kistler & Helvaci 1994).

The Turkish Borate Province (Figure 1.1), the subject of this thesis, contains the largest known 

borate reserves in the world (Kistler & Helvaci 1994). The borate deposits are thought to have formed

Page 1.1



Introduction

FIGURE 1.1- Summary geological map and location of study areas (geology from  
Bingol 1989)
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during the Miocene in closed lacustrine basins under conditions of high salinity and alkalinity (Helvaci 

et al., 1993). The deposits in this region are found in basins in the Bigadig, Sultangayiri, Kestelek, 

Emet, Kirka and Samos (Greece) areas (Figure 1 .1 ); deposits at Bigadig, Emet and Kirka are currently 

exploited commercially (Helvaci et al., 1993, Kistler & Helvaci 1994). Colemanite is present in all these 

deposits, and ulexite is present in all except the Sultangayiri deposit, while the only occurrence of 

borax is in the Kirka district (Helvaci 1984, 1994, 1995; Helvaci et al., 1993, Stamatakis & Economou 

1991, Gundogdu et al., 1996). Other evaporitic minerals found in these deposits include gypsum and 

celestite (Helvaci et al., 1993). The borate reserves are interbedded with lacustrine sediments, which 

include mudstone, sandstone and limestone, and all the basins were partially filled with a series of 

tuffaceous rocks and lavas (Helvaci et al., 1993, Kistler & Helvaci 1994).

1.2.2 Geological evolution of western Turkey

In the following section, a brief outline is given of the geological evolution of western Turkey from 

the Late Palaeozoic to the present, and the place of Miocene borate-hosting basins within this 

established framework. The section is separated into Tethyan and post-Tethyan history. The former 

phase was dominated by interaction of the super continents Gondwana and Laurasia and the evolution 

of Tethyan oceanic basins between them (Sengor & Yilmaz 1981, Okay et al., 1996, Robertson et al.,

1996), while the latter was dominated by upper crustal extension (Sengor et al., 1985, Hetzel et al.,

1995).

1.2.2.1 Tethyan History

It has been established from palaeomagnetic data, that in Permo-Triassic times, two super 

continents, Gondwana and Laurasia, were separated by a westward narrowing gulf known as Tethys 

(Bullard et al., 1965). By the Early Tertiary, western Turkey had become a single entity, following the 

amalgamation of several continental fragments with independent Palaeozoic and Mesozoic geologic 

histories (Okay et al., 1996). The events leading up to assembling of the continental fragments that 

make up western Turkey are described below.

During the Late Permian to Mid Triassic, an ocean known as Palaeotethys, covered much of the 

eastern Mediterranean region (Sengor & Yilmaz 1981, Robertson & Dixon 1984, Sengor et al., 1984a, 

Stampfli et al., 1991, Dercourt et al., 1993, Okay et al., 1996). During the Permian, much of present 

Turkey constituted part of the northern margin of Gondwana, while the Pontides (Figure 1.1) are 

considered to mark the southern margin of the other super continent, Eurasia (Sengor & Yilmaz 1981, 

Robertson & Dixon 1984). A number of authors (Robertson and Dixon 1984, Robertson et al., 1996, 

Stampfli et al., 1991 and Dercourt et al., 1993) have suggested that the southern margin of Eurasia 

was active in the Late Palaeozoic, with northward subduction of Paleotethyan crust. Robertson et al. 

(1996) proposed that this northward subduction was active from the Late Palaeozoic to the Early 

Tertiary, jumping ocean ward as continental fragments collided with the trench. The northern 

Gondwana margin (ie. Africa) was seen as passive, at least from the Late Palaeozoic onwards 

(Robertson & Dixon 1984, Dercourt et al., 1986, Robertson et al., 1996). Furthermore, Robertson and
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Dixon (1984) advocated the presence of a single Tethyan ocean that continuously existed in the 

Eastern Mediterranean from the Late Palaeozoic onwards.

This contrasts with the view of Sengor et al. (1984a) who envisaged the southern margin of Eurasia 

as being passive in the Late Palaeozoic to Early Mesozoic, whilst the northern margin of Gondwana 

was active. They proposed west to south-west subduction beneath the Gondwana margin during the 

Late Permian to Mid-Jurassic which led to rifting of an elongate Gondwana-derived continental 

fragment, Cimeria, that drifted northwards opening a new (Neotethyan) back arc basin. During the Late 

Triassic to Early Jurassic, the northern branch of Neotethys (Vardar Ocean) began opening south of 

the Cimmerian continent (Sengor et al., 1984a). They regarded the new rifting event as renewed back 

arc activity over the still active Paleotethyan subduction zone (Sengor et al., 1984a). In their 

interpretation, Palaeotethys finally closed in the Mid Jurassic, with the welding of the Cimmerian 

continent to the southern margin of Laurasia, subsequently followed by Tibet type magmatism.

In common with Sengor et al. (1984a), Robertson and Dixon (1984) identified the Permo-Triassic as 

a time of important rifting of micro-continents, such as the Tauride platform (Figure 1 .1 ) from 

Gondwana. In this view, during the Mesozoic, the south Tethyan region consisted of Gondwana- 

derived micro-continents and small ocean basins (Robertson et al., 1996). Both sets of authors 

envisaged progressive closure of Tethys in the eastern Mediterranean region during the Late 

Cretaceous to Early Tertiary. There is a consensus that the Eurasian margin was active from the 

Cretaceous to the Early Tertiary, and that northward subduction beneath the Eurasian margin during 

the latter stages of Tethyan closure gave rise to Andean type magmatism (Sengor et al., 1984a, 

Robertson and Dixon 1984, Robertson et al., 1996). During the Late Cretaceous to Early Eocene, the 

Gondwana-derived Anatolide-Tauride block collided with the Pontides (part of Eurasia) leading to the 

closure of the northern branch of Neotethys (Sengor & Yilmaz 1981). Ophiolite obduction took place 

in the Late Cretaceous as a trench collided with a continent, while final suturing with continent - 

continent collision occurred in the Late Eocene, leading to the formation of the Ankara-lzmir Zone 

(Figure 1.1) (Collins & Robertson 1997).

1.2.2.2 Post-Tethyan History

Much of the current area of Anatolia was characterised by N-S intracontinental convergence during 

the Early Miocene, as a result of the Late Cretaceous-Eocene collision described above (Sengor et al., 

1985). Crustal thickness at this time has been estimated at between 50 and 70 km (Sengor et al., 

1985). This convergence also resulted in the thrusting of the Lycian nappes, which are composed of 

largely Mesozoic platform carbonates, pelagic sediments, and peridotite, and lie to the south of the 

Menderes Massif (Sengor & Yilmaz 1981, Sengor et al., 1985, Collins 1997, Collins & Robertson

1997). The Menderes Massif, which lies immediately to the south of the Izmir-Ankara Suture Zone 

(Figure 1.1), is generally believed to be a Gondwana-derived continental fragment (Robertson et al.,

1996), that underwent intense deformation and metamorphism during the Middle Eocene (Hetzel & 

Reischmann 1996). The metamorphism was considered by Sengor et al. (1984b) to be the product of 

the latest Palaeocene collision across Neotethys, which resulted in the burial of the Menderes Massif

Page 1.3



Introduction

area beneath the Lycian nappe pile. Recent work on the structure and sedimentology of the Lycian 

nappe pile has shown a multiphase over thrust history with maximum metamorphism in the Menderes 

Massif coeval with Mid Eocene thrusting of the Lycian nappes as the northern strand of Neotethys 

finally closed (Collins 1997, Collins & Robertson 1997).

Arabia collided with Eurasia along the Bitlis suture in south-eastern Turkey in the Early-Late 

Miocene (Sengor & Yilmaz 1981, Aktas & Robertson 1984). This collision introduced such drastic 

changes in the tectonic evolution of all Turkey that it is a convenient time to separate the country's 

neotectonic development from its palaeotectonic development (Sengor et al., 1985). During the 

Middle-Late Miocene (Late Serravallian-Tortonian) there is some evidence for the westerly motion of 

the Anatolian block, which was largely facilitated by movement along the Northern and Eastern 

Anatolian strike slip faults (Sengor et al., 1985). This westerly motion of the Anatolian block, relative to 

Africa, has been taken up by subduction at the Hellenic trench in the Aegean Sea (Dewey & Sengor 

1979). The inferred driving force for the westward ‘escape’ of the Anatolian block is the intracontinental 

convergence along the Bitlis Suture Zone (Dewey & Sengor 1979).

At around this time (Late Oligocene - Late Miocene), N-S extensional tectonics also began in 

western Turkey resulting in prominent east-west grabens, such as the Buyuk Menderes and the Gediz 

grabens (Figure 1.1) (Sengor et al., 1985, Seyitoglu & Scott 1992a). Dewey and Sengor (1979) 

suggested that N-S extension began in western Turkey to relieve E-W shortening, which may be the 

result of the obstruction of the Anatolian plate’s westerly motion due to the south-westerly bend in the 

course of the North Anatolian Fault Zone. Seyitoglu and Scott (1991) proposed that the extension is 

related to the spreading of thickened crust as a result of the Palaeogene compression. There is some 

controversy as to precisely when extension began in western Turkey; a number of workers have 

suggested that the Tortonian (Late Miocene) marked the onset of extension (Sengor et al., 1985, 

Gorur et al., 1995), while others believe that extension started earlier in the Late Oligocene-Early 

Miocene (Seyitoglu et al., 1992, Seyitoglu & Scott 1992a, Hetzel et al. 1995). Extension has 

continued in western Turkey right up to the present day, and there has been approximately 30 % 

extension since the Tortonian (Sengor et al., 1985).

In addition to the E-W trending grabens, NE-SW and NW-SE trending basins are abundant in 

western Turkey (Seyitoglu & Scott 1991). The NW-SE and NE-SW trending basins generally have an 

older age than the E-W rending grabens (Seyitoglu & Scott 1991). The various explanations for 

sedimentary basin development and volcanism in the Early-Middle Miocene in western Turkey reflect 

the different views on the timing of extension. It has been suggested that NW-SE trending rifts with a 

Middle to Upper Miocene fill in south-western Turkey result from the previous N-S compressional 

regime, while E-W trending grabens filled with Plio-Quaternary rocks, result from the later N-S 

extensional regime (Gorur et al., 1995). Sengor et al. (1985) have also suggested that Miocene basins 

in western Turkey may be resurrected Tibet type grabens, controlled by structures formed during the 

previous compressional regime. Seyitoglu and Scott (1991) however, imply that all Neogene basins in 

western Turkey were generated under the later N-S extensional regime. The Neogene basins in 

western Turkey are filled with Miocene and Pliocene fluvio-lacustrine sequences, consisting of

Page 1.4



Introduction

conglomerates, sandstones, siltstones, mudstones and a limestone capping (Steffens 1971). Some 

of the Miocene basins, such as the Emet and Kirka Basins, which are the subject of this study, are also 

host to extensive borate reserves (Helvaci et al., 1993).

Magmatism in western Turkey has evolved during the Tertiary from largely calc-alkaline and 

intermediate-acid in the Oligocene and Early Miocene to mainly alkaline and intermediate-basic in the 

Late Miocene and Quaternary (Yilmaz 1990, Guleg 1991, Seyitoglu & Scott 1991, 1992b). The Early 

calc-alkaline volcanism was accompanied by Oligocene-Early Miocene high level granitic intrusions 

(Bingol et al., 1982, Yilmaz 1990). Yilmaz (1990) and Guleg (1991) proposed that the transition from 

calc-alkaline to alkaline volcanism reflected the change in the tectonic regime from compression to 

extension, while Seyitoglu and Scott (1992b) suggested that all Miocene volcanism was generated 

during extensional tectonics. They suggest that the change in the nature of the volcanism reflects an 

increasing asthenospheric contribution as a result of continuing extensional tectonics.

1.3 STUDY AREAS

The study areas are located in central western Turkey and include; the Emet and Kirka Basins and 

the areas immediately south of each basin (Figure 1.1). These two Miocene volcano-sedimentary 

basins host large reserves of borate mineralisation (Helvaci et al., 1993, Gundogdu et al., 1996). A 

considerable amount of detailed work has been conducted on the nature of the mineralisation in these 

basins (Inan et al., 1973, Helvaci 1977, Palmer & Helvaci 1995, Gundogdu et al., 1996), but the nature 

of Miocene magmatism within the basins and the surrounding areas has not been studied in detail. The 

basins therefore represent ideal locations to investigate the relationship between borate mineralisation 

and magmatism.

1.4 METHODOLOGY

Two field seasons, of five weeks and three months, were spent in western Turkey, sampling 

intrusives, extrusives and volcaniclastic sediments and examining their field relations. Two and a half 

years were subsequently spent at the University of Leicester undertaking mineralogical and 

geochemical investigations of the collected samples.

1.5 SPECIFIC OBJECTIVES

The overall aim of this thesis was to establish the complete magmatic history of two borate-hosting 

basins, such that the relationship between magmatism and borate mineralisation could be assessed. 

The specific objectives were therefore as follows:

(i) To provide a thorough petrological and geochemical description of Miocene magmatism in the study 

areas.

(ii) To determine the timing of magmatism relative to deposition of the borate-host lacustrine 

sediments.

(iii) To assess the influence of magmatism on the composition of basin sediments, in particular the 

borate-host sediments.
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(iv) To evaluate the potential of local magmatism as a source for elements associated with borate 

mineralisation.

(v) To establish the origin of the Miocene magmatism and therefore to constrain the ultimate source of 

boron.

1.6 THESIS LAYOUT

The layout of this thesis is designed to address each of the objectives above in a systematic 

manner:

Chapter 2 - provides a field and petrological description of igneous rocks in the study area, and 

assesses the spatial and temporal position of magmatism relative to deposition of the borate-host 

sediments.

Chapter 3 - the timing of magmatism relative to the deposition of the borate-host sediments is further 

constrained with the use of isotopic dating, immobile element concentrations and mineral chemical 

compositions.

Chapter 4 - the influence of magmatism on the composition of the sediments, in particular the 

borate-host sediments, is considered, and an assessment is made of the potential of local magmatism 

as a source for elements associated with borate mineralisation.

Chapter 5 - the detailed geochemistry of the igneous rocks of this region is presented with a view to 

establishing the origin of the magmatism and therefore the ultimate source of the boron.

Chapter 6 - the main concluding points on the relationship between magmatism and borate 

mineralisation in western Turkey, as determined from this study, are presented, together with 

recommendations for future work.

A paper by Seyitoglu, Anderson, Nowell and Scott (1997), using data from this study, has been 

published on the evolution of magmatism in this area.
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2. GEOLOGY OF THE EMET AND KIRKA AREAS
2.1 INTRODUCTION

The purpose of this chapter is to provide a review of the geology of the Emet and Kirka regions, 

and to present field and petrological information from the current study on the igneous rocks of this 

area. Field studies for this thesis were carried out mainly in the volcano-sedimentary basins at Emet and 

Kirka, although some additional work was undertaken in the surrounding areas; in Simav, Selendi and 

Usak-Gure Basins, and around the town of Afyon. Detailed sampling was undertaken of intrusives, 

extrusives and volcaniclastic sediments, and their field relations determined.

A major aim of this thesis is to infer the magmatic history of each basin in order to assess the 

influence of magmatism on borate mineralisation. This chapter therefore considers:

(i) The igneous activity in this part of the Turkish Borate Province, by providing morphological and 

petrological descriptions of the extrusive and intrusive rocks.

(ii) The spatial and temporal positions of extrusive and intrusive rocks relative to sedimentation, and in 

particular to borate-host sediments, in Emet and Kirka Basins.

(iii) The provenance of the mineralised sediments, determined from their petrology, and in particular 

their volcanic content.

Subsequent chapters will build on this field and petrological information by discussing the 

geochemistry and detailed mineralogy of collected samples.

2.2 GEOLOGY OF THE EMET BASIN AND THE SURROUNDING AREA (PREVIOUS 

STU D IES )

The Emet Basin is a structurally controlled basin with an infill of lacustrine and fluvial sediments. The 

basin is oriented in an approximate N-S direction and normal faults have been determined with NW-SE 

and NE-SW orientations, many of which are synsedimentary (Helvaci 1984, Yalgin et al., 1985). The 

faults have produced a distinct stepped topography (Helvaci 1977). The sediments in the Emet Basin 

are placed as Middle - Late Miocene on the basis of age determinations of diatomites (Yalgin et al., 

1985), pollen (Gun et al., 1979) and ostracoda (Yalgm et al., 1985). Figure 2 . 1  shows that the Emet 

Basin is limited, by basement metasediments of presumed Palaeozoic age (Helvaci 1977), and 

igneous rocks of Tertiary age, which form elevated ground around the basin. The Erigdz Granite 

intruded basement metasediments on the western side of Emet Basin and it reaches over 2000 m to 

the north, while Saphane mountain at the south of the basin is again over 2000 m and is composed of 

both Tertiary volcanics and Palaeozoic basement rocks. The Palaeozoic basement rocks are 

comprised of marble, which forms elevated ground to the north and east, and of various schists, gneiss 

and quartzite to the west and north of the Emet Basin (Helvaci 1977, Kistler & Helvaci 1994).

The stratigraphy of the Emet Basin has been described with slight differences by a number of 

workers (Ozpeker 1969, Helvaci 1977, Akdeniz 1977, Yalgin et al., 1985). A map of the Emet borate 

district, together with the basin stratigraphy, based on Helvaci (1977), is shown in Figure 2.2. South of 

the area shown on Figure 2 .2 , a basal conglomerate uncomformably overlies the basement rocks
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FIGURE 2.1 - Geology of the Emet Area
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FIGURE 2.2 - Geological & location map of Emet Borate District (with minor 
modifications from Ozpeker 1969, Helvaci 1977 & Helvaci 1984)
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(Helvaci 1977, Helvaci & Firman 1976, Helvaci 1984). Above this, the sequence consists of a thin 

bedded limestone unit with marl and tuff lenses (Lower Limestone Formation), overlain by a 

conglomerate and sandstone unit which contains bands of clay, marl, limestone, coal and gypsum 

(Red Formation) (Helvaci & Firman 1976). This in turn is overlain by the borate-hosting mudstone 

horizon (Borate Formation) and by a capping cherty limestone (Upper Limestone Formation) (Helvaci 

1977, Kistler & Helvaci 1994). The stratigraphic nomenclature adopted in this thesis is that of Helvaci 

(1977).

The Lower Limestone Formation is composed of calcite, detrital quartz and clay minerals; a lack of 

recorded fossils suggests that this limestone is a chemical precipitate (Helvaci 1977). According to 

Yalgin et al. (1985) and Gundogdu et al. (1996), there is a zeolite-bearing tuffaceous unit in the 

southern part of the Emet Basin (south of Figure 2.2), which has a stratigraphic position approximately 

equivalent to the Lower Limestone Formation. This is known as the Kopenez Formation, and it 

comprises vitric tuffs intercalated with limestone beds (Gundogdu et al., 1996). Within the tuffs are 

mineral zones containing various combinations of rhyolitic glass, K-feldspar, quartz, clays and zeolites 

(Gundogdu et al., 1996).

The conglomerate of the Red Formation is mainly made up of quartz pebbles, gneiss, schist and 

granite rock fragments, which are loosely cemented by clay minerals that also contain siltstone grains 

(Helvaci 1977). Sandstones in this formation contain grains of quartz, biotite, muscovite, plagioclase 

and orthoclase (Helvaci 1977). The clay minerals identified in the Red Formation include 

montmorillonite and illite (Helvaci 1977). Bands of lignite and gypsum are also reported in the Red 

Formation (Helvaci 1984). Alternating high and low sedimentation rates resulted in deposition of 

conglomerate and lignite respectively (Helvaci 1977).

The Borate Formation is host to extensive borate mineralisation and has therefore been the subject 

of a number of studies (Ozpeker 1969, Ataman & Baysal 1978, Helvaci & Firman 1976, Helvaci 1977, 

Helvaci 1984, Helvaci et al., 1993, Yalgin & Gundogdu 1987). It is composed of clay-rich mudstones, 

borates, tuffaceous sediments, marl and thin bedded limestones (Helvaci 1977, Yalgin et al., 1985). 

Smectite is the dominant clay mineral, but illite-smectite mixed layers, illite and chlorite are also present 

in the mudstones of this unit (Ataman & Baysal 1978, Helvaci 1977, Helvaci et al., 1993, Gundogdu et 

al., 1996). Smectites identified include the dioctahedral smectites, Mg-montmorillonite and Al-Mg-Fe 

montmorillonite (Ataman & Baysal 1978, Helvaci 1984), and the trioctahedral smectites, Li-stevensite, 

Al-stevensite and saponite (Gundogdu et al., 1996). In coarser grained tuffaceous beds, the 

mineralogy consists of authigenic smectite, illite, and K-feldspar, and detrital sanidine and quartz of 

presumed volcanic derivation (Helvaci et al., 1993). Borate minerals occur as lenses or interlayers 

within these clay-rich and tuffaceous mudstones (Helvaci & Firman 1976). Colemanite is by far the 

most common borate mineral at Emet (Helvaci & Firman 1976), and it occurs in both the north (Espey & 

Killik deposits) and the south (Hisarcik deposits) of the basin (Figure 2.2, Table 2.1). It occurs in a 

number of different forms, including ovoid nodules with radiating structures up to 0.5 m in diameter, 

massive granular colemanite, disseminated crystals in a clay matrix, fibrous layers surrounding nodules, 

thin layers interbedded with clay and as vugh fillings (Helvaci & Firman 1976).
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The Emet deposits also contain minor ulexite, hydroboracite and meyerhofferite (Kistler & Helvaci 

1994) (Table 2.1). In addition Emet has the only recorded occurrences in Turkey of veatchite-A, 

teruggite and cahnite (Helvaci 1984) (Table 2 .1 ). Therefore, in terms of borate mineralogy, Emet is 

dominated by calcium borates but Sr, Mg and Ca Na-bearing borates are also found. The extent of 

borate mineralisation in the northern deposits at Espey and Killik is estimated at 2.5 km by 1  km with a 

thickness of up to 100 m, while in the southern deposits at Hisarcik it covers an area of 2.5 km by 1 km 

with a thickness of up to 30 m (Scott pers. comm - 1993). Borate reserves for the Emet Basin are 

estimated at 110 Mt with a grade of 45 % B2 0 3  (Helvaci & Firman 1976). Emet therefore represents

one of the largest known colemanite deposits in the world.

Other minerals reported from the Borate Formation include calcite, celestite, gypsum, native 

sulphur, realgar, and orpiment (Helvaci & Firman 1976, Helvaci 1984, Helvaci et al., 1993, Kistler & 

Helvaci 1994, Yalgin & Gundogdu 1987). Celestite is found in vughs of colemanite crystals and 

sulphur and realgar are found in borates and clays throughout the deposits. Much of the calcite is 

thought to be a feature of modem weathering, for instance of exposed colemanite outcrops (Helvaci & 

Firman 1976). Gypsum has been observed in fibrous form associated with the borates in the southern 

deposits (Helvaci & Firman 1976).

Table 2.1 - Summary of authlgenlc minerals present in the Borate Formation (from Helvaci 1984)
Minerals Formula Deposit
Borates
Colemanite Ca2B60 1v5H20 all deposits
Ulexite NaCaB50 9.8H20 Killik, Espey
Meyerhofferite Ca2B60 11.7H20 Killik, Espey
Veatchite-A Sr2B1l0 16(0H)5.H20 Killik Espey
Tunellite SrB60 9(0H)23H20 Killik Espey
Hydroboracite CaMgB60 1v6H20 Killik, Espey, Hisarcik
Terugitte Ca4M g*i2B120 22(0H)12.14H20 Hisarcik
Cahnite Ca2B(0H)4As04 Killik, Espey, Hisarcik
Other minerals
Celestite SrS04 Hisarcik, Espey
Realgar AsS Hisarcik, Espey
Gypsum CaS04.2H20 Hisarcik
Sulphur S Hisarcik, Espey
Calcite CaC03 all deposits
Clay minerals
montmorillonite (MgAI)2Si4O10(OH)2. nH20 all deposits
illite (KtH3O)Ai2(AISi3O10)(OH)2 all deposits
chlorite (SiAI)8(Mg.Fe)6O20(OH)4 all deposits

The oldest lava flows reported are rhyolites, dacites and trachytes, followed by trachyandesites and 

andesites and finally basaltic andesites (Helvaci 1977, Helvaci 1984). Yalgin et al. (1985) describe the 

oldest volcanics in the south of the Emet Basin as andesites and the youngest as olivine basalts. 

Stratigraphic columns by Yalgin et al. (1985), Helvaci et al. (1993) and Gundogdu et al. (1996) imply 

that the older more evolved volcanism took place prior to deposition of the borate-host sediments, 

while the later mafic volcanism (basaltic andesite or olivine basalt) occurred after deposition of these 

sediments. Furthermore, the occurrence of tuffaceous rocks within the borate-host sediments 

suggests that volcanic activity may have taken place simultaneously with this phase of sedimentation
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(Helvaci et al., 1993). Helvaci (1977) suggests that volcanic activity began during the deposition of the 

upper part of the Lower Limestone Formation on the basis that clay and volcanic ash was deposited at 

this time.

The Selendi and Usak-Gure Basins are located to the south of the Emet Basin (Figure 2 .1 ) and they 

are both approximately N-S trending basins bounded by normal faults (Seyitoglu 1997). From 

palaeontological and palynological evidence, the sediments in these basins were dated from the Early 

Miocene to the Quaternary by Ercan et al. (1983, 1978). In common with the Emet Basin, the Selendi 

and Usak-Gure Basins contain fluvial and lacustrine sediments, which consist of a lower unit of largely 

conglomerate and sandstone (Hacibekir Group), an intermediate unit of predominately mudstone with 

a capping limestone (Inay Group), and finally the youngest unit of sandstone and conglomerate 

(Seyitoglu 1997). The Inay Group is lithologically equivalent to the Borate and Upper Limestone 

Formations of the Emet Basin and the thick mudstone sequences of this unit are potential hosts for 

borate mineralisation. However, as yet, appreciable borate reserves have not been discovered in 

these basins. As at Emet Basin, volcanism occurred during sedimentation with the first phase of 

volcanic activity cross cutting the Hacibekir Group and a second phase took place during deposition of 

the Inay Group (Seyitoglu 1997).

2.3 FIELD RELATIONS AND PETROLOGY OF IGNEOUS ROCKS FROM THE EMET 

AREA

In this section, field and petrological information from this study is discussed, in conjunction with 

the limited previous work on igneous rocks from the Emet area. This present study concentrates on 

intrusives, extrusives and volcaniclastic sediments from the Emet Basin, although the igneous activity 

of the Selendi and Usak-Gure Basins is also considered. An extensive sampling programme was 

carried out in these basins (sample localities in Appendices A & B), and all samples were collected by 

this author with the exception of a small number of volcanic rocks collected to the south of the Emet 

Basin by BHP Minerals consultants. All subsequent mineralogical and geochemical work on the 

samples was undertaken as part of this study.

2.3.1 Erigdz Granite

The Erigoz Granite forms a significant topographical barrier to the west side of the Emet Basin 

reaching an elevation of over 2 0 0 0  m, approximately 1 0 0 0  m higher than the borate hosting sediments 

in the basin. It comprises at least one pluton which has intruded Palaeozoic sediments (Helvaci 1977). 

Aplite veins commonly cross cut the main Erigdz Granite, and they represent the late stage melts of the 

pluton. Granitic and aplite clasts can be found in conglomerate beds at a locality north of Emet in the 

Borate Formation (Section C), and at a locality to the south-west of Hisarcik (Section A) within the Red 

Formation. Helvaci (1977) also observed granite fragments in the Red Formation, and hence, granite 

emplacement clearly predated the deposition of the Red and Borate Formations. Bingol et al. (1982) 

dated the Erigdz Granite using K-Ar dating on biotites and orthoclase, and obtained Early Miocene - 

Oligocene cooling ages of 20 - 20.4 Ma (±0.7) and 24.6 - 21.2 Ma (±1.8 ) respectively.
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Evidence for hydrothermal activity associated with the pluton is present in the form of less than 20 

m wide areas of hematite mineralisation within the granite. The granite body was sampled along its 

length in this study (Appendices A & B), and the main minerals present are plagioclase, K-feldspar, 

hornblende and biotite, while the accessory minerals comprise apatite, magnetite and chlorite (Table 

2.2, Appendix D). Electron microprobe analyses (Appendix H) indicate that the plagioclases are albite 

(An6 - one analysis) and andesine (An31_45) whilst the K-feldspar is orthoclase (Or79_87). Plagioclases

often show well developed multiple twinning and occasional zoning. Hornblende can be observed in 

basal section with two well developed cleavages. At least some biotite is secondary having replaced 

hornblende while chlorite has formed by secondary replacement of biotite. Apatite is included within 

biotite, and magnetite is closely associated spatially with biotite. The aplite is finer grained with a similar 

mineralogy to the granite except that hornblende is absent. Electron microprobe analyses reveal that 

the opaque phase in the granite is magnetite (approximately 33% Fe2+ and 67% Fe3+ - Appendix H). 

Hence, on petrological criteria, the Erigoz Granite can be described as an 'l-type' of Chappell and White 

(1974), from the presence of hornblende and magnetite, as well as apatite inclusions in biotite.

2.3.2 Volcanism in the Emet Basin

2.3.2.1 Emet Rhyolites

There are a number of rhyolite exposures within the Emet Basin which occur near to the villages of 

Koprucek, Yagcik and Kurtlubeyler (Figures 2.1 & 2.2). The volcanics near Koprucek and Yagcik were 

briefly described in Helvaci's Ph.D. thesis (1977), and a limited description of the volcanics near 

Kurtlubeyler was given by Yalgin et al. (1985). Other rhyolite exposures discussed in this section are 

found along the southern margin of the basin around Saphane mountain, near the villages of 

Saphane, Taslik and Eski Gediz (Figure 2.1).

The rhyolite sheets of the Emet area form a number of low hills and often they outcrop in a linear 

fashion, such as near Yagcik and Kurtlubeyler where they form elongate jagged ridges suggesting 

fractural control. Although no caldera has been recognised in the Emet area, it is possible that the 

rhyolites are related to a caldera structure. Rapid erosion has produced a rugged topography as 

typified by the rhyolites near Kurtlubeyler shown in Plate 2.1a. Other common features include 

bedded breccia such as in the rhyolites from near Yagcik, and platey jointing found in the rhyolites 

from Koprucek and Eski Gediz.

The rhyolites of the Emet Basin were extensively sampled, with at least two samples collected from 

each rhyolite sheet. The rhyolites are porphyritic with phenocrysts of plagioclase, K-feldspar, quartz 

and biotite in a pale grey to purple quartz-feldspathic matrix (Table 2.2, Appendix D). The rhyolites at 

Koprucek and Eski Gediz contain fresh elongate plagioclase showing multiple twinning and zoning as 

well as K-feldspar with Carlsbad twinning. However, the feldspar from rhyolites near Kurtlubeyler and 

around Yagcik are often ’speckledy' and altered to clay minerals (more detail in Chapter 3). Evidence of 

more intense alteration in the rhyolite is provided by a large area of alunite in the southern margin of 

Emet Basin near to the town of Saphane, and by a small zone of silicification in rhyolite close to the 

village of Yagcik in the north of the basin (Figures 2.1 & 2.2).
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Plate 2.1a - Emet Rhyolite sheet near Kurtlubeyler, southern Emet Basin

Plate 2.1b - Emet mafic lavas overlying a mudstone sequence to the west of Derekoy

Plate 2.1
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Electron microprobe analyses of unaltered feldspars from rhyolites of the Emet area show that the 

plagioclases comprise andesine and oligoclase (An27.50), while the K-feldspars comprise K-sanidine 

(Or7 3 _7 5) (Appendix H). These feldspar compositions are similar to the nearby Erigoz acid intrusive. 

Apatite is present as an accessory phase in the Eski Gediz rhyolites, occurring as inclusions within the 

biotite. The matrix is generally fine grained and in the case of Koprucek and Eski Gediz, contains well 

developed spherulites. Such spherulites are common in acid volcanic glass. They normally comprise 

radiating aggregates of K-feldspar with or without quartz (Cas & Wright 1993) and result from high 

temperature devitrification of unstable glass (Lofgren 1970, McPhie et al., 1993).

Table 2.2: Summary petrology of lntru«tve and extrusive rocks from Emet Basin___________________________________
Rock type and locality Mineralogy (from thin sections, XRD, microprobe)________
Erigdz Granite (W margin of Emet Basin) Phenocrysts of plagioclase (rare albite, abundant oligoclase

& andesine), K-feldspar (orthodase), hornblende, 
biotite (with included apatite and chlorite alteration), 
quartz, minor magnetite.

Emet Rhyolite (within Emet Basin - Kdprucek, Yagcik, Phenocrysts of plagioclase (andesine & oligoclase), K-feldspar
Kurtlubeyler, southern margin of basin - Eski Gediz, Saphane, (K-sanidine), biotite (with included apatite), quartz. Feldspars 
Taslik) often altered to day minerals. Matrix is glassy

and sometimes contains spherulites.
Emet mafic lavas (Derekdy ) Phenocrysts of augite and biotite in a matrix of fine needles of K-

___________________________________________________ feldspar.__________________________________________

One of the objectives of this study was to determine the spatial and temporal position of this 

rhyolitic volcanism relative to deposition of the borate-host sediments. It is clear from the map in Figure

2 . 2  that the rhyolite exposures are closely spatially associated with borate mineralisation, but any 

genetic relationship between them is dependant on the timing of volcanic activity relative to 

sedimentation. Hence, an attempt was made to determine the temporal position of acid volcanism 

relative to mineralisation by evaluating the volcanic stratigraphy of the Emet Basin and the surrounding 

area, from field and petrological evidence. As pointed out above, the stratigraphic section of Kistler & 

Helvaci (1994) inferred that the acid volcanism at Emet predated deposition of the borate-host 

sediments, and the fieldwork in this study sought to evaluate this.

The rhyolites at Koprucek (Figure 2.1) are onlapped on their western side by cherty limestone beds 

of the Upper Limestone Formation, proving the acid volcanics to be at least partly older than these 

sediments. Rhyolites north-west of Eski Gediz (Figure 2.1) again appear to be onlapped by cherty 

limestone. To the west of Kurtlubeyler (Figure 2.2), just east of Karapinar River, a direct contact 

between the rhyolite sheet and beds of the Lower Limestone Formation is observed. The dip of the 

limestone increases towards the rhyolite sheet, but it is unclear whether the rhyolite intruded the 

limestone or if it was a lava deposited on the limestone. Both situations indicate that this rhyolite sheet 

is younger than at least part of the Lower Limestone Formation. The rhyolite sheet to the east of 

Yagcik and just east of Emet River (Figure 2.2), in places overlies limestone beds, and hence appears 

to post-date at least part of the Lower Limestone Formation (Helvaci 1977).

In summary, on the basis of field evidence alone, the acid volcanism of the Emet Basin appears to 

have occurred between the deposition of the Lower Limestone and the Upper Limestone Formations. 

The observed contacts between rhyolites and sediments in Emet Basin are such that a more accurate
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assessment of the timing of this phase of volcanism relative to sedimentation is not possible. However, 

the volcanic stratigraphy of the Emet Basin will be further constrained later in this chapter when the 

mineralogy in the volcaniclastic sediments is described.

2.3.2.2 Emet Mafic Lavas

Basaltic andesite and andesite lavas outcrop around the village of Derekoy in the southern part of 

the Emet Basin (Figures 2.1 & 2.2), and they have briefly been described by Helvaci (1977) and Yalgin 

et al. (1985). In contrast to the rhyolites, these lavas form relatively flat lying flows and are often 

vesicular, sometimes with amygdales of calcite. Mineralogically, these lavas contain phenocrysts of 

augite and biotite in a matrix of fine feldspar needles (Table 2 .2 ). Electron microprobe analyses of the 

feldspar laths in the andesite reveals that they are K-feldspars (Or41_70) (Appendix H). Helvaci (1977)

described olivines in thin sections of these lavas but no olivine was found in this study using an 

electron microprobe.

Field observations indicate that the mafic volcanism occurred after the deposition of the borate- 

host mudstones, which is in accordance with Yalgin et al. (1985), Helvaci (1984) and Gundogdu et al. 

(1996). West of Derekoy, this lava is clearly overlying a mudstone sequence (Plate 2.1b) and at a 

location between Hammamkoy and Derekoy, just to the west of the Koca River, the Derekoy lavas 

outcrop above colemanite-hosting mudstone (Section G, Appendix A). Hence, it appears that these 

lavas were erupted after deposition of the Borate Formation mudstones, and therefore possibly after 

borate mineralisation.

2.3.2.3 Volcaniclastic sediments in the Emet Basin

The volcanic input into the sediments of the Emet Basin was examined in order to establish the 

volcanic stratigraphy, and hence the timing of volcanism relative to deposition of the borate-host 

sediments. Two sections were logged in the Red Formation (Sections A & B) and a further five in the 

Borate Formation (Sections C - G) (locations in Appendices A & B). A total of twenty three samples 

were collected from these units for detailed mineralogical and geochemical analysis; four from the Red 

Formation (VSE 1  - 4) and nineteen from the Borate Formation (VSE 5 - 23). In addition, samples were 

collected over 1 . 8  m intervals in the Borate Formation (67 samples) to monitor geochemical variations 

(Chapter 4).

Section A (Figure 2.3) through the Red Formation, is located south-west of Hisarcik and comprises 

conglomerate interbedded with red siltstone. The conglomerates contain abundant granite boulders 

up to 30 cm in diameter. Aplite clasts derived from the nearby Erigoz Granite also occur (Figure 2.3). 

Siltstones (Plate 2.2a) interbedded with the conglomerates contain abundant biotite in a crumbly red 

to grey matrix. The siltstone is poorly sorted, with angular crystals, particularly quartz (Plate 2.2b). 

Possible remnant pumices (Plate 2.3a & 2.3b) and mechanically damaged detrital biotite, which has 

been 'bent', also occur. Siltstone elsewhere in the Red Formation has a similar mineralogy and texture 

to that of Section A (Table 2.3), and is also poorly sorted with angular clasts, particularly quartz. Some 

of the siltstones contain rare fragments of spherulites, similar to those in the rhyolites. Section B, north
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FIGURE 2.3 - Sections through Red and Borate Formations of the Emet Basin
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Plate 2.2a - volcaniclastic siltstone in the Red Formation. Above is a conglomerate bed 
containing granite clasts.
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Plate 2.2b - volcaniclastic siltstone (VSE 1) from the Red Formation as seen in thin section 
(field of view 3 mm by 2  mm). P = pumice, Q = angular quartz, B = biotite
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Plate 2.3a - possible remnant pumice (P) in volcaniclastic siltstone (VSE 1) from the Red 
Formation (Plain polarised light, field of view 1 mm by 0.67 mm)

Plate 2.3b - the same view as above, but in cross polarised light
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of the Espey/Killik mining operation in the northern part of the Emet Basin consists of volcaniclastic 

siltstone interbedded with finer grained mudstone (Figure 2.3 & Plate 2.4a). These siltstones lie 

several 1 0 s of metres below the borate-hosting mudstones, either in the base of the Borate Formation 

or near the top of the Red Formation. They contain angular and poorly sorted crystals of quartz, biotite, 

K-feldspar and plagioclase, as well as pumice lapilli (Table 2.3, Plate 2.4b). XRD analyses (Appendices 

G) indicate a significant clay component in the Red Formation siltstones, comprising smectite, illite and 

kaolinite (Table 2.3, Appendix D) as also described by Helvaci (1977). Calcite and dolomite are also 

found in some of these siltstones (Table 2.3).

The presence of pumice lapilli and spherulitic fragments suggests that the rock is at least partly 

volcaniclastic (McPhie et al., 1993). Furthermore, abundant quartz, K-feldspar, biotite and some 

plagioclase (Table 2.3) is consistent with an acid volcanic ± granitic source. The poor sorting and 

angular nature of the crystals also indicates a limited transport distance, and hence a local source for 

these sediments. The presence of apatite inclusions in some biotites further suggests an acid igneous 

source, since both Erigdz Granite and local rhyolite contain similar biotites.

Table 2.3 - Summary mineralogy of volcaniclastic sediments in Red Formation____________________________________
Red Formation
Location Sample Mineralogy (from thin sections, XRD, 

microprobe)
Section A - SW of Hisarcik VSE 1 (volcaniclastic siltstone) Biotite (with apatite indusions), quartz, 

plagioclase, K-feldspar, illite, smectite, 
kaolinite, remnant pumice

NE of Hammamk&y VSE 2 (volcanidastic siltstone) Biotite, quartz, K-feldspar, calcite, 
illite/muscovite

NE of Yagcik VSE 3 (volcanidastic siltstone) Biotite, quartz, K-feldspar, dolomite, 
illite/muscovite, pumice

Section B - N of Espey/ Killik VSE 4 (volcanidastic siltstone) Glass, quartz, K-feldspar, plagiodase, 
pumice, illite/muscovite, smectite, 
kaolinite

Previous work - Helvaci 1977 - sandstone in this formation contains quartz, plagioclase, K-feldspar, biotite and muscovite. Clay 
fractions identified are montmorillonite and illite

Borate mineralisation is found at three of the logged sections in the Borate Formation (Sections C, 

E & G) while the other two are barren (Sections D & F) (Figure 2.3 & Table 2.4). Therefore, as well as 

providing information on the igneous component in these sediments, studying their mineralogy might 

establish differences between barren and mineralised sediments. Section C, on the northern edge of 

the Espey/Killik borate deposits encompasses a sequence of red siltstones (Plate 2.5a) (Section 

Lower C) that grade up into distinctive grey - green mudstones which host the borate minerals (Section 

Upper C) (Figure 2.3). The mineralisation consists of colemanite nodules partly altered to calcite (Plate 

2.5b) in mudstones which also contain abundant orange realgar. Conglomerates with granitic clasts 

and limestone beds are interbedded with the siltstones in the lower part of the sequence. In this 

thesis, the term volcaniclastic is used for siltstones that contain visible volcanic derived minerals such 

as biotite and quartz. Section D, near to Igdekoy consists of mudstones without borate mineralisation, 

capped by cherty limestone (Figure 2.3). Further south, Section E located to the north of Hisarcik, is 

again dominantly mudstone but here there are thin bands (0.25 m thick) of colemanite nodules partially
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Plate 2.4a - interbedded volcaniclastic siltstone and mudstone of the Red Formation 
(Section B)
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Plate 2.4b - pumice in volcaniclastic siltstone (VSE 4) from Section B. P = pumice
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Plate 2.5a - red siltstones grade up into grey mudstone (Section C)

Plate 2 .5 b - colemanite nodules in grey mudstone (Section Upper C)

Plate 2.5
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altered to calcite (Figure 2.3). Section F, south of the large Hisarcik open pit, comprises interbedded 

grey - green mudstone and siltstone with some limestone beds, but no observed borate mineralisation 

(Figure 2.3). Section G, north-east of Derekoy in the south of the Emet Basin, comprises grey - green 

mudstones with lenses and nodules of colemanite with associated celestite and realgar (Figure 2.3). 

Stratigraphically above the mudstone at this locality are the Emet mafic lavas.

The siltstones of the Borate Formation have a similar mineralogy to those of the Red Formation, 

with quartz, plagioclase, K-feldspar, biotite, illite, smectite and rare calcite (Table 2.4, Appendix D). 

Furthermore, the siltstones of this unit are poorly sorted and many of the crystals have an angular 

shape. As in the Red Formation, these textural features, and the presence of quartz and plagioclase, 

are consistent with a local acid igneous source. The presence of granitic clasts in some of the 

siltstones indicates that at least some of the material originated from the Erigdz Granite. It is likely that 

the finer grained material in the siltstones originated from rhyolitic ash falls, although pumice from such 

eruptions was not observed. These observations are consistent with work by Helvaci et al (1993) 

which describes the presence of quartz, K-feldspar, illite, smectite and high sanidine in tuffaceous 

sediments from the borate bearing sediments of the Emet Basin. They suggest that the K-feldspar, 

illite and smectite are authigenic while the sanidine and quartz are detrital.

Table 2.4 - Summary mineralogy for volcaniclastic sediments of the Borate Formation
Location Sample Mineralogy (from thin sections, XRD, 

electron microprobe

Section Lower C - just N of Espey/Killik 
open pit.

VSE 5,6,8,9  (volcaniclastic siltstone)

VSE 9,10 (limestone)
VSE 7 (mudstone)

Quartz, K-feldspar, plagioclase, biotite,
calcite, illite, smectite
Calcite
Quartz, calcite, illite, smectite

Section Upper C - just N of Espey/Killik 
open pit

VSE 11,12,13,14,15,16 (mudstone) K-feldspar, calcite, dolomite, illite, 
smectite, colemanite, realgar

Section D - east of Igdekdy VSE 17 (mudstone) Calcite, illite, quartz

Section E - just N of Hisarcik VSE 18,19,20 (mudstone) Quartz, K-feldspar, calcite, gypsum, illite, 
smectite

Section F - NE of HammamkOy VSE 21 (mudstone)
VSE 22 (volcaniclastic siltstone)

Quartz, calcite, illite
Quartz, plagioclase, K-feldspar, calcite, 
illite, chromite

Section G - NE of Derekdy (colemanite, 
celestite and realgar observed)

VSE 23 (mudstone) Quartz, calcite, K-feldspar, illite, smectite

Previous work: Helvaci 1977 - found smectite, illite, calcite and occasional biotite, quartz and muscovite in the borate hosting 
mudstones.

XRD analyses of the finer grained mudstones from the sections through the Borate Formation 

indicate the presence of illite, smectite, K-feldspar, dolomite, calcite and rare quartz (Table 2.4, 

Appendix G). Helvaci (1977) also described illite, smectite and quartz as well as biotite and calcite in the 

mudstones of this formation. This mineralogy is broadly similar to the coarser volcaniclastic siltstones 

and it is likely that the mudstones are also rich in volcanic-derived material. The mineralogy of these
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mudstones is presented in more detail in Chapter 4 of this thesis.

2.3.2.4 Emet Basin volcanic stratigraphy (from field and mineralogical evidence)

Field evidence from the Emet Basin suggests that acid volcanism, represented by the Emet 

Rhyolites, occurred between the deposition of the Lower and Upper Limestone Formations, while the 

Emet mafic lavas post-dated deposition of the borate-host sediments. The textural and mineralogical 

features of the volcaniclastic sediments from the Red and Borate Formations indicate a significant acid 

igneous input. The acid igneous content probably results from both a rhyolitic input in the form of 

volcanic ash erupted into the basin, and a granitic input from the weathering and subsequent transport 

of material from the Erigdz pluton. Clearly this implies that the rhyolitic phase of volcanism was active 

during deposition of both the Red and Borate Formations.

2.3.3 Volcanism South and West of Emet Basin

Volcanic exposures in the Usak-Gure, Selendi and Simav Basins were sampled so as to provide a 

complete picture of the volcanic evolution of the Emet area. A secondary purpose was to compare the 

igneous rocks of the Usak-Gure and Selendi Basins with those of the Emet Basin, in order to evaluate 

their potential to also host borate mineralisation.

2.3.3.1 Rhyolites

North of the town of Selendi there is considerable exposure of Miocene volcanics (Figure 2 .1 ) 

which are largely rhyolitic. The rhyolite sheet sampled in this study (Appendices A & B) has a similar 

mineralogy to the Emet Rhyolites, with phenocrysts of biotite, plagioclase, K-feldspar and quartz in a 

fine grained glassy matrix (Table 2.5). However, in contrast to the Emet rocks, these rhyolites have 

phenocrysts of hornblende. According to Seyitoglu (1997), the Selendi rhyolites cut the Hacibekir 

Group, making them at least younger than this unit. Above the Hacibekir Group, the Inay Group 

contains thick sequences of mudstones and is the equivalent of the Borate Formation in the Emet 

Basin, although borate minerals have not been recorded in this unit. Hence, as in the Emet Basin, 

rhyolitic volcanism was active in the Selendi Basin prior to and/or during deposition of a unit composed 

largely of mudstone.

2.3.3.2 Dacites

The dacites in this area are found to the south of the Emet Basin in the Usak-Gure Basin 

(Appendices A & B). The mineralogy of these samples comprises phenocrysts of plagioclase and 

biotite in a fine grained feldspathic matrix (Table 2.5). These volcanics cut the Inay Group (Seyitoglu 

1997) and hence they are younger than at least some of these sediments.

2.3.3.3 Mafic Lavas

Basaltic andesites and andesites are abundant in this area and they form lava flows. 

Stratigraphically, these mafic lavas appear to occur near to the top of the sedimentary successions.
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The Nasa andesite lava flows lie high up in the sedimentary sequence on the western side of the 

Erigoz Granite in the Simav Basin. South-east of the Emet Basin and north-east of Eski Gediz (Figure 

2.1), the basaltic andesite lava flows underlie beds of cherty limestone, part of the Inay Group of the 

Usak-Gure Basin. Due to poor exposure of sediments, the stratigraphic positions of the andesites from 

near Saphane further east, (samples SE 26, 27 - Appendices A & B) were not discernible in the field. 

The remaining mafic samples were collected in the Usak-Gure Basin and are placed within the Inay 

Group (Seyitoglu 1997). A common feature of these lavas is columnar jointing which is clearly seen in 

andesites near Saphane in the north of the Selendi Basin (Figure 2.1). Such jointing is produced as a 

result of increases in viscosity and contraction on cooling of magma (McPhie et al., 1993). Phenocryst 

phases in these lavas include biotite and clinopyroxene and in the case of the andesites from 

Saphane, plagioclase and hornblende. The matrix invariably contains small feldspar laths (Table 2.5).

Table 2.5: Summary petrology of volcanic rocks & volcaniclastic sediments from Selendi and Usak-Gure Basins_________
Rock type and locality Mineralogy (from thin sections, XRD, microprobe)
Rhyolite (N of Selendi) Phenocrysts of plagioclase, K-feldspar, biotite, quartz and

hornblende in a glassy matrix.
Dacites (N of Selendi & in Usak-GOre Basin) Phenocrysts of plagioclase and biotite in a fine grained matrix.
Andesite (Saphane) Phenocrysts of plagioclase, biotite, hornblende and

clinopyroxene in a matrix of feldspar needles and glass.

Andesite & basaltic andesite (Usak-Gure Basin) Phenocrysts of biotite and clinopyroxene with feldspar needles
in the matrix.

Lacustrine sediments in Inay Group (VSS 1, Section H - west of Quartz, plagioclase, ankerite, smectite and illite.
Selendi)
Lacustrine sediments in Inay Group (VSS 2, Section I - N of K-feldspar, ankerite and illite.
Selendi)
Lacustrine sediments in Inay Group (VSUG 1, Section J - centre illite and calcite.
of Usak-GOre Basin)
Lacustrine sediments in nay Group (VSUG 2, Section K - centre K-feldspar, ankerite, illite, smectite.
of Usak-Gure Basin)

2.3.3.4 Volcaniclastic sediments from south of Emet Basin

Four sections were sampled to the south of the Emet Basin, two in the Selendi Basin and two in the 

Usak-Gure Basin (Appendices A & B). All sections were logged in thick mudstone units which are 

overlain by cherty limestone, and which are part of the Inay Group (Seyitoglu 1997). Section H is 

located to the west of Selendi (Appendices A & B) and consists of interbedded mudstones and 

siltstones with occasional limestone beds (Figure 2.4). Quartz in a conglomerate bed could be of 

volcanic or metamorphic derivation. Minerals identified by XRD in mudstone from this section include 

quartz, plagioclase, ankerite, smectite and illite (Table 2.5, Appendix G). Section I is located to the 

north of Selendi and once again comprises mudstones, micaceous siltstones and occasional 

limestone beds (Figure 2.4). The mica in the siltstone may have been derived from volcanic or 

metamorphic rocks. Identified mineral phases include illite, ankerite and K-feldspar (Table 2.5, 

Appendix D).

The sections sampled in the mudstones of the Inay Group in the Usak-Gure Basin are located near 

the centre of the basin (Figure 2.1). Both Sections J and K comprise mudstone with thin beds of
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FIGURE 2.4 - Sections through the Inay Group of the Selendi Basin
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limestone (Figure 2.5), and there appears to be an absence of micaceous siltstones. Section J 

mudstone contains smectite, illite and calcite, while Section K contains K-feldspar, ankerite, illite and 

smectite (Table 2.5, Appendix D). Therefore, on the basis of mineralogy alone these mudstones are 

similar to those of the Emet Basin and it is highly plausible that they too comprise volcanic derived 

material, although due to their fine grained nature, this is not discernible.

2.4 GEOLOGY OF KIRKA BASIN AND THE SURROUNDING AREA (PREVIOUS 

STU D IES)

The Kirka Basin is infilled by lacustrine and volcaniclastic sediments of Miocene age. The basin is 

limited by elevated ground comprising pre-Miocene basement rocks to the west, north and east, and 

Miocene volcanics to the north-west and south (Figure 2.6). The pre-Miocene basement comprises 

Palaeozoic metamorphics, Mesozoic ultramafic rocks and an Eocene limestone, which are 

unconformably overlain by the Miocene sediments (Kistler & Helvaci 1994). The area is dominated by 

steeply dipping N-S normal faults generally down thrown to the east with subsidiary NW-SE faulting 

(Scott pers. comm - 1993). K-Ar isotopic dating of interbedded volcanic lavas and volcaniclastic 

sediments from Kirka basin indicate that the age of sedimentation was Early to Middle Miocene (Yalgin 

1989, Yalgin et al., 1990).

The stratigraphy of the Kirka Basin has been described by a number of authors (Inan 1973, Helvaci 

1977, Ataman & Baysal 1978, Gok et al., 1980, Sunder 1980, Yalgin 1989) and essentially it comprises 

abundant volcaniclastic sediments together with lacustrine, borate-bearing, and carbonate rich 

mudstones, which are encased by thick limestone units (Inan et al., 1973, Helvaci et al., 1993). The 

stratigraphic nomenclature used in this study is that of Yalgin (1989) which is shown in modified form in 

Figure 2.7.

According to the stratigraphy of Yalgin (1989), the oldest Neogene sedimentary unit in the basin is 

the Karaoren Formation (Figure 2.6). This unit is represented by subarial and lacustrine tuffs that are 

rhyodacitic-rhyolitic in composition (Gundogdu et al., 1996). Within the lacustrine tuffs, there are 

mineral zones which include various combinations of rhyolitic glass, quartz, K-feldspar, smectite and 

zeolites (Yalgin et al., 1991). Inan (1972) described the eastern part of Kirka basin (where the Karaoren 

Formation outcrops - Figure 2.7) as being covered by ignimbrite, and Sunder (1980) describes this 

lower part of the sedimentary sequence as rhyolite tuff. Stratigraphically above this formation lies the 

Sarikaya Formation, which contains very large borate reserves. Above and below the borate-hosting 

sediments are cherty limestone units (Inan et al., 1973, Helvaci 1977, Sunder 1980, Gok et al., 1980, 

Yalgin 1989). The lower limestone beds in the Sarikaya Formation are overlain by laminated dolomitic 

claystones with interbedded biotite bearing tuffs and borate lenses (Yalgin 1989). Above these 

borate-bearing sediments are more laminated claystones and dolomite, capped by a cherty limestone. 

Above the Sarikaya Formation is the Fetiye Formation which is considered to represent reworked tuff 

of continental and lacustrine derivation (Yalgin 1989).

The borate mineralisation of the Sarikaya Formation has been the subject of a number of studies 

(Inan 1972, Inan et al., 1973, Ataman & Baysal 1978, Gok et al., 1980, Sunder 1980, Yalgin 1989,
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FIGURE 2.5 - Sections through the Inay Group of the Usak-Gure Basin
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FIGURE 2.6 - The Geology of the Kirka area
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FIGURE 2.7 - Geological & location map of Kirka Borate District (with 
minor modifications from Yalgin1989 and Yalgin & Baysal 1991)
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Yalgin et al., 1989a, Yalgin & Baysal 1991, Helvaci et al., 1993, Palmer & Helvaci 1995). The most 

extensive borate reserves in the basin are found just to the east of the village of Sarikaya, with smaller 

reserves at Gogenoluk (Figure 2.7). As described above, the Sarikaya Formation comprises thick 

cherty limestone above and below borate hosting mudstones. Smectite is the dominant clay mineral, 

but illite and chlorite are also present in the mudstones of this unit (Ataman & Baysal 1978). Smectites 

identified include the dioctahedral smectite, montmorillonite, and the trioctahedral smectites, Li- 

saponite, Li-stevensite and hectorite (Yalgin et al., 1989a). The clay layers contain some tuffaceous 

sediments, with authigenic K-feldspar, zeolite (eronite), smectite and illite and detrital volcanic-derived 

sanidine, albite, anorthoclase, quartz and calcite (Helvaci et al., 1993). The borate mineralisation at 

Kirka occurs as; thin layers interbedded with clay, disseminated within a clay matrix, as massive borate 

and as vugh fillings (Inan et al., 1973). Borax is the most abundant borate mineral at the Sarikaya 

deposits and it occurs chiefly in monominerallic zones (Inan 1972). Other abundant borate minerals 

include ulexite and colemanite. The borax body at Sarikaya is surrounded by a thin layer of ulexite 

which in turn is surrounded by a thin layer of colemanite (Inan et al., 1973, Palmer & Helvaci 1995). This 

borate mineral zoning at Sarikaya has been attributed to a gradually increasing Na+/Ca2+ ratio resulting 

from precipitation of calcium carbonate followed by colemanite (Inan et al., 1973).

Colemanite is the major borate mineral at the smaller deposit of Gogenoluk, which is considered to 

be at the same stratigraphic level as the colemanite layer underlying the borax body at Sarikaya (Palmer 

& Helvaci 1995). Other borate minerals recorded at the main Sarikaya deposits include, tintalconite (an 

alteration product of borax), hydroboracite, kurnakovite, tunellite, inyoite, inderite and meyerhofferite 

(Inan 1972). Significantly, Kirka is the only basin in Turkey to contain sodium borates. The Kirka 

deposits are therefore dominated by sodium borates, but Ca, Ca Na, Sr and Mg borates are also found 

(Table 2.6). The extent of borate mineralisation at Sarikaya is estimated at 7 km N-S by at least 4 km E-W 

reaching a maximum of about 160 m thickness (Scott pers. comm -1993). Total borate reserves for the 

Sarikaya deposit are estimated at 100 Mt with a grade of 20-25% B2 0 3  (Kistler & Helvaci 1994). Kirka 

therefore represents one of the largest known reserves of borax in the world.

The sediments hosting mineralisation at Kirka are carbonate-rich, the carbonate mineral being 

dolomite (Yalgin 1989). Helvaci et al. (1993) and Kistler and Helvaci (1994) reported celestite, realgar 

and orpiment in the Sarikaya Formation, but the fact that Inan (1972) did not record these minerals 

suggests that they are rare at Kirka. Indeed, analyses for As, Sr and S reveal significantly lower values 

in the Sarikaya Formation of the Kirka Basin than in the Borate Formation of Emet Basin (Inan et al., 

1973).

The volcanic lavas of the Kirka area are found mainly in the north-west of the basin. They have been 

separated into two main groups by Yalgin (1989); the Idrisyayla volcanics and the Turkmendagi basalt 

(Figure 2.7). The Idrisyayla volcanics are more evolved in composition and are considered by Yalgin 

(1989) to be older than the borate-hosting sediments while the Turkmendagi volcanics are more basic 

and are considered to be younger than these sediments. Stratigraphic columns by Inan (1972), 

Sunder (1980), Gok et al. (1980) and Helvaci (1977) also suggest that an acid phase of volcanism 

predated the deposition of the borate-host sediments and that more mafic volcanism post-dated
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deposition of these sediments. K-Ar isotopic dating by Yalgin (1989) give ages for basal Idrisyayla 

rhyolite and andesite of 15.7-16.7 Ma (±1) and 15.4 Ma (±1.1) respectively, while Turkmendagi basalt 

was dated at 9.3 Ma (± 1 ). The Karaoren, Sarikaya and Fetiye Formations all contain tuffaceous 

sediments with volcanic derived minerals (Yalgin 1989, Helvaci et al., 1993) and there is therefore 

abundant evidence of volcanic activity throughout sedimentation in the Kirka Basin.

Table 2.6 - Summary of authigenic minerals present in the Sarikaya Formation (from Inan 1973, Kistler & Helvaci 1994, 
Helvaci et a l 1993, Ataman & Baysal 1978, Sunder 1980)

Minerals Formula Deposit
Borates
Borax Na2B4O7.10H2O Sarikaya
TintaJconite Na2B40 75H20 Sarikaya
Colemanite Ca2B60 11.5H20 Sarikaya, Gbgenoluk
Ulexite NaCaB50 9.8H20 Sarikaya, Gdcenoluk
Meyeihofferite Ca2B60 1v7H20 Sarikaya
Tunellite SrB60 g(0H)2.3H20 Sarikaya
Hydroboracite CaMgBfi0 1v6H20 Sarikaya
Inycrte Ca2B60 t1.13H20 Sarikaya
Inderite Mg2B60 ir 15H20 Sarikaya
Other minerals
Dolomite CaMgC03 Sarikaya
Celestite SrS04 Sarikaya
Realgar AsS Sarikaya
Gypsum CaS04.2H20 Sarikaya
(Celestite, realgar & gypsum are
reported only in Helvaci et al 1993
and Kistler & Helvaci 1994)
Clay minerals
montmorillonite (MgAI)2SiO4)10(OH)2. nH20 Sarikaya
illite (K,H3O)AI2(AlSi3O10)(OH)2 Sarikaya
chlorite (SiAI)8(Mg.Fe)6O20(OH)4 Sarikaya

Volcanic activity to the south of Kirka Basin was widespread in the Neogene. For instance, 

ignimbrites cover an area of approximately 2000 km2  (Figure 2.5), which overlie Palaeozoic schists and

marbles and are laterally intercalated with Neogene sediments (Keller & Villari 1972). Further south, 

around the city of Afyon, intermediate-basic volcanic rocks occur and are also intercalated in places 

with Neogene sediments (Keller & Villari 1972). K-Ar dating on the Afyon lavas produced a Mid-Late 

Miocene age spectrum from 8 . 6  -14.7 Ma (Besang et al., 1977).

2.5 FIELD RELATIONS AND PETROLOGY OF IGNEOUS ROCKS FROM THE KIRKA 

AREA

Field and petrological information from this study is discussed in this section, in conjunction with 

previous work on igneous rocks from the Kirka area. Volcanic rocks and volcaniclastic sediments from 

Kirka area formed the bulk of the present study but the igneous activity of the Afyon area, further south 

was also considered. An extensive sampling programme was carried out in these areas (sample 

localities in Appendices A & B).
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2.5.1 Volcanism in the Kirka Basin

2.5.1.1 Kirka Ignimbrites

The ignimbrites are exposed along the southern margin of the Kirka Basin where they cover an area 

of over 2000 km2  (Figure 2.6). Due to the close proximity of the ignimbrites to the Kirka Basin, they are 

termed the Kirka Ignimbrites in this study. Keller and Villari (1972) described the rhyolitic ignimbrites as 

largely devitrified, both welded and unwelded, with common phenocrysts of quartz, sanidine and 

plagioclase, and occasional biotite. On the basis of stratigraphic relations, Keller & Villari (1972) 

suggested that the ignimbrites were erupted in the Pliocene. A caldera has been recognised within 

this ignimbrite field to the north of Afyon (Aydar et al., 1994).

In this study a number of ignimbrite localities were sampled to establish textural, mineralogical and 

geochemical variations and to compare primary ignimbrites with the volcaniclastic material interbedded 

with lacustrine sediments in the Kirka Basin. The sampling covered a wide area, from localities within 

the ignimbrite expanse to the south of the Kirka Basin (Koroglukalesi Tepe, Ayazini, Seyidler and 

Fetiye), and also at localities within and around the fringes of the basin (Buyukyayla, north-east of 

Karaoren and west of Kumbet) (Appendices A & B).

A thick ignimbrite succession is observed at Koroglukalesi Tepe, approximately 15 km south of 

Kirka (Figure 2.6), comprising several 20 m high benches (Plate 2.6a), which may separate individual 

ignimbrites. Fiamme are found near the base of the ignimbrite succession (Plate 2.6b), and in places 

the pumice has been completely weathered away leaving fiamme-shaped holes. Also at the base of 

the ignimbrite, obsidian occurs where no devitrification has taken place. Above this, the ignimbrite is a 

homogeneous white - pale grey lapilli tuff. The rock has probably undergone almost total devitrification, 

apart from near the base (Keller and Villari 1972). Columnar cooling joints and well formed cones, 

sometimes called 'tent rocks', also occur (Plate 2.7a) (Francis 1993). The columnar joints indicate high 

emplacement temperatures. The 'tent rocks' are erosion features but may record former fumarole sites.

The ignimbrite has distinctive smokey quartz, K-feldspar, plagioclase and rare biotite, and 

porphyritic pumice lapilli up to 0.5 cm in diameter with spherical vesicles (Table 2.7). In more welded 

lithologies, such as at the base of the sequence at Koroglukalesi Tepe, the pumices are flattened 

producing fiamme. Dark grey volcanic lithic lapilli, up to 5 cm in diameter, with abundant quartz 

phenocrysts, also sometimes occur. Plagioclase feldspars show well developed multiple twinning 

while K-feldspars occasionally show Carlsbad twinning. Electron microprobe analyses of the 

plagioclases revealed oligoclase (An19_27) compositions (Appendix H), which is consistent with

petrological studies by Keller and Villari (1972). The compositions of K-feldspars fall on the boundary 

between Na and K sanidine (Or69_71). Under high power using a scanning electron microscope (SEM),

typical textural features of pyroclastic rocks can be observed. Plate 2.8a illustrates typical glass shards, 

which may have been produced by explosive fragmentation of the magma and perhaps also by attrition 

of glassy clasts during transport (McPhie et al., 1993). Plate 2.8b illustrates another area of the same 

sample which in contrast is dominantly unfragmented glass.
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Plate 2.6a - Kirka Ignimbrite exposed at Koroglukalesi Tepe

Plate 2.6b - fiamme in the Kirka Ignimbrite. Lithic clasts (L) and smokey quartz (Q) are also 
visible.

Plate 2.6
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Plate 2.7a - tent rock in the Kirka Ignimbrite near Iscehisar

Plate 2.7b - Kirka mafic lavas near Sancar overlie cherty limestone beds of the Sarikaya 
Formation

Plate
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Plate 2.8a - SEM  
photomicrograph of 
glass shards in 
Kirka Ignimbrite 
(magnification X 600)

Plate 2.8b - SEM  
photomicrograph of 
unfragmented glass 
in Kirka Ignimbrite 
(magnification X 600)

Plate 2.8
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Table 2.7 - Summary petrology of volcanic rocks from the Kirka area
Rock type and locality Mineralogy (from diin section, XRD, microprobe)

Kirka Ignimbrite (within and to the S of Kirka Basin) Abundant phenocrysts of plagioclase (oligodase), K-feldspar 
(Na/K sanidine), smokey quartz. Rare biotite. Pumice lapilli - 
sometimes compressed but more often contain rounded 
vesicles. Lithic lapilli present. Rock is largely devitrified with 
only occasional fresh glass and rare fiamme texture.

Kirka Rhyolite & Dacite (Idrisyayla - N Kirka Basin) Phenocrysts observed include plagioclase (andesine), K- 
feldspar (sanidine), quartz, biotite and amphibole. Some rocks 
are fine grained with no phenocrysts. Spherulites are common in 
the matrix.

Kirka mafic lavas (Bozbel Tepe and Sancar - N and NE Kirka Phenocrysts of plagioclase (bytownite-anorthite), olivine,
basin respectively) dinopyroxene (augite) in a matrix of plagioclase needles.

2.5.1.2 Kirka Rhyolites and Dacites

Rhyolite and dacite sheets (Idrisyayla volcanics of Yalgin 1989) are exposed around Idrisyayla 

village, 7 km north-west of Kirka (Figure 2.7). They occupy the northern fringes of the basin, and form a 

series of small hills and ridges. These rhyolites and dacites were sampled in detail (Appendices A & B). 

As in the Emet Basin, rapid erosion of these sheets has left a rugged topography. Platey jointing is 

observed in some of the rhyolites.

Within the rhyolite and dacite sheets of this area, there is a spectrum from very fine grained to 

slightly porphyritic, with some quartz and feldspar phenocrysts, through to porphyritic rhyolites and 

dacites with abundant phenocrysts of biotite, plagioclase and K-feldspar (Table 2.7). The fine grained 

rhyolites contain only quartz and feldspar, while the porphyritic rhyolites and dacites have some or all of 

plagioclase, K-feldspar, biotite, quartz, and hornblende. Plagioclase often shows well developed 

multiple twinning and zoning, while the hornblende, although a rare phase in these rocks, can be seen 

in basal section showing two cleavages. Electron microprobe analyses of plagioclase feldspar 

phenocrysts in porphyritic rhyolite reveal the presence of andesine with a restricted compositional 
range (An32_37) (Appendix H), similar to the compositions of plagioclase in the Emet Rhyolites. The K- 

feldspars are K sanidines (Or73_74), very similar to compositions observed in the Emet Rhyolites. 

Spherulites are common in the glassy matrix of the rhyolites, and particularly north of Gulludere village.

The volcanics occur immediately to the north of the Miocene Kirka lacustrine sediments and are 

therefore close enough spatially to have had an influence on the lake system. Contacts with sediments 

are not exposed in this area and hence to obtain information on the timing of this phase of volcanism 

relative to the mineralisation, evidence from basinal sediments is required. However, on the basis of K- 

Ar dating by Yalgm (1989), the Kirka Rhyolites and Dacites appear to have an Early Miocene age. 

Furthermore, Yalgin's (1989) K-Ar dating of volcanic-derived minerals in the Karaoren and Sarikaya 

Formation also gave Early Miocene ages.
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2.5.1.3 Kirka Mafic Lavas

The Kirka mafic lavas (Turkmendagi volcanics of Yalgm 1989) are found at two localities, north of 

Idrisyayla, and also north of Sancar in the north-east of the basin midway between Kirka and Seyitgazi 

(Figures 2.6). The basaltic andesite lavas north of Idrisyayla form the highest hills, notably Turkmendagi 

and Bozbel Tepe. Similarly near Sancar the basaltic andesites form vesicular lava flows at the tops of a 

small hill. Mineralogically the lavas near Idrisyayla and Sancar are very similar, with phenocrysts of 

augite, olivine and sometimes elongate plagioclase in a matrix of small plagioclase needles (Table 2.7). 

Electron microprobe analyses of feldspars (Appendix H) reveal that the plagioclase is considerably 

more calcic than those of the more acid volcanics and, indeed, the Emet mafic lavas. The elongate 

plagioclases are bytownite and rarely anorthite (An69_97), typical plagioclase composition for basic rocks 

(Gribble & Hall 1993). The olivines are close to fayalite in composition (Fo1 6 .3 9 Fa61_84), which is a 

somewhat more iron rich than that in most basic rocks (Gribble & Hall 1993).

The Kirka mafic lavas near Sancar provide useful stratigraphic information since the lava flows can 

be seen to directly overlie cherty limestone beds of the Sarikaya Formation (Plate 2.7b). Contacts 

between volcanics and sediments are more difficult to observe around Idrisyayla. However, to the 

north of the village of Gulludere (Figure 2.7), although direct contacts are not visible, basaltic andesite 

appears to lie stratigraphically above both cherty limestone and rhyolite. A similar relationship is 

observed between the basaltic andesite and rhyolite directly to the north of Idrisyayla. These field 

observations are consistent with the stratigraphy determined by Yalgin (1989), which indicated that the 

Kirka mafic lavas are younger than both the Sarikaya Formation and the rhyolites. As already 

mentioned, this is confirmed by K-Ar dating, the basalt having a Late Miocene age while the acidic 

volcanism has an Early Miocene age (Yalgin 1989).

2.5.1.4 Volcaniclastic sediments from within Kirka Basin

As in the Emet Basin, the volcanic input into the sediments was examined in the Kirka Basin with a 

view to constraining the volcanic stratigraphy, and hence the timing of volcanism relative to the 

deposition of the borate-host sediments. Sampling was undertaken of volcaniclastic sediments over 

the whole extent of the Kirka Basin, within the Karaoren, Sarikaya and Fetiye Formations (Appendices 

A & B).

Sedimentary logs were drawn through the Karaoren Formation near; Gemig in the north of the basin 

(Section L), near Yarbasan at Tekke Tepe in the eastern part of the basin (Section M), and near 

Karaoren (Section N)(Appendices A & B). At these localities the stratigraphic position of the Karaoren 

Formation sediments can be established. At Sections L, M and N, cherty limestone beds of the 

Sarikaya Formation overlie the volcaniclastic sedimentary rocks (Figure 2.8). This relationship can be 

seen at a locality just north of Karaoren (Plate 2.9a) and to the west of Gemig (Figure 2.7). There the 

overlying limestone was mapped by Gok et al. (1980) as a continuation of the unit lying directly above 

the borate-hosting sediments at the Sarikaya open pit. Limestone is also found above volcaniclastic 

sediment at the village of Damialikaraagag (Figure 2.7). Hence, cherty limestone beds of the Sarikaya 

Formation stratigraphically overlie the volcaniclastic sediments of the Karaoren Formation at a number
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FIGURE 2.8 - Sections through the Karaoren Formation of the Kirka Basin
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Plate 2.9a - volcaniclastic siltstone of the Karaoren Formation (containing pumice, smokey 
quartz & lithic fragments) lies below cherty limestone of the Sarikaya Formation at a locality of 
the north of Karaoren

Plate 2.9b - tent rocks in volcaniclastic sediments of the Karaoren Formation at Tekke Tepe 
(Section M)

Plate 2.9
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of localities, and therefore Y arn 's  (1989) assertion that the Karaoren Formation lies stratigraphically 

below the Sarikaya Formation appears reasonable.

Section L (Figure 2.8) consists of beds of volcaniclastic sedimentary rocks which have a fine 

grained tuffaceous matrix with clasts of pumice, acid volcanics and metamorphic rocks. Section M 

(Figure 2.8) comprises fine bedded biotite rich sediments which give way to volcaniclastics which are 

massive and contain pumice and rhyolite lithic lapilli. These volcaniclastics in places have been eroded 

to form distinctive cones or 'tent rocks' (Plate 2.9b) similar to those observed in the ignimbrite south of 

the basin. Section N (Figure 2.8) comprises volcaniclastic sediments with pumice lapilli. Phenocrysts of 

quartz (often smokey), K-feldspar and plagioclase are abundant in all the samples (Table 2.8) and 

biotite is a rare phase. Hence, the mineralogy of these sediments is very similar to that of the ignimbrite. 

Furthermore, the presence of pumice clasts and lithic lapilli suggest an ignimbrite source.

However, the matrix material of these sediments is mainly calcite and vesicles in the pumice clasts 

are often filled with calcite (Table 2.8), probably the result of interaction between ignimbrite material 

and Ca-rich lake waters. Hence, these rocks are ignimbrite-derived volcaniclastics which were modified 

in a lacustrine environment. Volcanic clasts found in the volcaniclastic sediments of Section L in the 

north of the basin comprise phenocrysts of plagioclase, K-feldspar, biotite, hornblende and occasional 

quartz in a matrix containing spherulites (Table 2.8). The mineralogy is therefore very similar to the 

porphyritic Kirka Dacites and Rhyolites. The unaltered and unfractured nature of the minerals in the 

clasts further suggests that they have a local source. Hence, as well as there being an input into the 

Karaoren sediments from the ignimbrite, there appears to have been an input from weathered local 

rhyolite/dacite sheets.

Table 2.8 - Summary mineralogy of ignimbrite-derived lacustrine volcaniclastic sediments in the Karaoren Formation_____
Karaoren Formation
Location

Section L - NW Gemi? village

Section M - Tekke Tepe

Section N • Karadren village 

W of Gemi? village

N of Karaftren village 

W of Damialikaraaga? village

Sample

VSK 265,266 (volcaniclastic siltstone) 

VSK 279 (add volcanic dast)

VSK 255, 256, 257 (volcaniclastic 
siltstone)

VSK 272 (volcanidastic siltstone)

VSK 267,268 (volcanidastic siltstone)

VSK 273 (volcanidastic siltstone)

VSK 275 (volcaniclastic siltstone)

Mineralogy (from thin sections, XRD, 
microprobe)
Quartz, K-feldspar, plagioclase. Pumice 
with caldte filled vesides, calcite matrix. 
Phenocrysts of plagioclase, K-feldspar, 
biotite and hornblende in a matrix with 
spherulites.
Quartz, K-feldspar, plagiodase and 
biotite. Pumice with caldte filled 
vesicles, caldte matrix.
Quartz, K-feldspar, plagiodase and rare 
biotite. Abundant vesicular pumice. 
Quartz, K-feldspar, plagiodase 
(oligodase), clinoptilolite, some calcite in 
matrix, vesicular pumice.
Quartz, K-feldspar, plagioclase, vesicular 
pumice.
Quartz, K-feldspar, plagioclase. Pumice 
with caldte filled vesicles, calcite matrix.

Previous work - Yal$m 1989 Yalfin et al. 1991., Gundogdu et al. 1996- studies on the mineralogy of the Karadren Formation. 
Volcaniclastic sediments of this formation described as ash/dust tuffs of rhyolitic composition, with zeolite (clinoptilolite, heulandite), 
smectite, calcite and K-feldspar. A K-Ar date on biotite from this formation gave an Early Miocene age.

The Sarikaya Formation has been widely studied, as discussed previously in this chapter and this
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section will only examine the possible igneous influence on these sediments. Yalgin (1989) described 

banded tuff interbedded with cherty limestone in the lower part of the Sarikaya Formation and 

laminated dolomitic claystone with interbedded biotite tuff and borate lenses in the centre of the unit. 

Tuffaceous samples from the Sarikaya borate hosting unit have been found to contain authigenic 

minerals (K-feldspar, zeolite, illite and smectite) and volcanic-derived detrital minerals (sanidine, albite, 

anorthoclase and quartz) by Helvaciet al. (1993). Hence, it is beyond doubt that there has been a 

significant volcanic input into the sediments hosting mineralisation at Sarikaya. Furthermore, an acidic 

volcanic source is indicated from the presence of detrital quartz.

As a result of a large amount of published literature (Helvaci et al., 1993, Yalgin 1989) and due to 

the poor exposure of the Sarikaya Formation in the Kirka Basin, only a limited amount of sampling of 

this unit was undertaken in this study. Mudstones were sampled from the host sediments at Sarikaya 

(west of open pit in a borax & ulexite-bearing zone) and Gogenoluk (in a colemanite-bearing zone) 

(Appendices A & B). The sediments at the former locality comprise thin beds of carbonate interbedded 

with mudstone which are too fine grained to identify individual minerals with the naked eye. XRD on 

these samples revealed that the mudstone contains dolomite and smectite, while the carbonate is 

pure dolomite (Table 2.9). Previous workers on the sediments at Sarikaya also described them as 

being high in carbonate (Kistler & Helvaci 1994, Yalgin 1989). The mudstone at Gogenoluk, which 

hosts colemanite mineralisation (Palmer & Helvaci 1995), contains smectite, illite and K-feldspar (Table 

2.9) and is therefore very similar to the colemanite hosting mudstones at Emet. The mineralogy of the 

Sarikaya mudstones is presented in more detail in Chapter 4 of this thesis.

Tabic 2.9 - Summary mineralogy of sediments In the Sarikaya Formation_________________________________________
Karaoren Formation_________________________________________________________________________________
Location Sample Mineralogy (from XRD)
Old mine workings - west of main Kirka VSK 1 - interbedded dark grey mudstone Smectite and dolomite 
open pit (uiexite + borax) and light grey/white carbonate bands.

VSK 2- dark grey mudstone. Smectite and dolomite
VSK 3 - light grey/white carbonate. Dolomite

G6genoiuk (colemanite)______________ VSK 4 dark grey mudstone.____________ Smectite, illite, K-feldspar_____________
Previous work - Ataman & Baysal (1978) found montmorillonite, illite and chlorite present in the mudstones, Kistler & Helvaci (19»4) 
described the days at Kirka as being carbonate rich, Helvaci et al., (1993) and Yalgin (1989) described volcanidastic sediments - see 
above.

The Fetiye Formation is described by Yalgin (1989) as reworked tuff fragments which lie above the 

borate mineralisation of the Sarikaya Formation. Samples were taken in the current study from Salihiye 

and Kizilpinar (Figure 2.7, Appendices A & B). From the petrology and textures of these volcaniclastic 

sediments, it is clear that they have had a significant input from the nearby ignimbrite. The crystal 

phases are smokey quartz, K-feldspar, plagioclase and occasional biotite, while the matrix is calcite rich 

(Table 2.10), a probable feature of the interaction of these volcaniclastics with Ca-rich lake waters. The 

sediments are also pumice rich and vesicles within the pumice are filled with calcite (Plates 2 .1 0 a & 

2 . 1 0 b).

Volcaniclastic sediments to the north-west of Salihiye village in the western part of the Kirka Basin 

clearly lie above cherty limestone beds which are part of the upper limestone of the Sarikaya Formation
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Plate 2.10a - vesicular pumice in volcaniclastic siltstone of the Fetiye Formation from near 
Salihiye (plain polarised light, field of view 3 mm by 2 mm)

irfrV

MP

Plate 2.10b - as above, but viewed under cross polarised light. Calcite (C) can be seen in the 
vesicles of the pumice (field of view 3 mm by 2 mm)

Plate 2.10
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(Figure 2.7). Similar exposures can be found near to the village of Kizilpinar, also on the western side 

of the basin (Figure 2.7), and although the field relations are less clear, they also appear to lie near the 

top of the sedimentary sequence. These observations that the Fetiye volcaniclastic sediments were 

deposited after the borate-host sediments are consistent with Yalgin (1989). His assertion that these 

represent reworked sediments therefore appears reasonable. There are no significant mineralogical 

differences between these sediments and those of the Karaoren Formation, but the different 

stratigraphic positions suggest that the Fetiye Formation represents a reworking of ignimbrite material, 

either as a result of erosion from the primary ignimbrite or from the Karaoren Formation.

Table 2.10 - Summary mineralogy of Ignimbrite-derived lacustrine volcaniclastic sediments in the Fetiye Formation_______
Fetiye Formation
Location Sample Mineralogy (from thin section A 

XRD)

Salihiye village VSK 261, 262 (volcaniclastic siltstone) Quartz, K-feldspar, plagioclase, rare 
biotite. Pumices with calcite filled 
vesicles, calcite matrix.

Kiziipinar village VSK 274 (volcaniclastic siltstone) Quartz, K-feldspar, plagiodase. 
Pumices with caldte filled vesides, 
calcite matrix.

2.5.1.5 Kirka Basin volcanic stratigraphy (from field and mineralogical evidence, and K-Ar dates)

The mineralogy and textures of volcaniclastic sediments in both the Karaoren and the Fetiye 

Formation suggest a significant input from acid pyroclastics into these sediments. The presence of 

pumice, lithic lapilli and of smokey quartz are especially typical of the ignimbrite exposures found 

around the basin and these sediments appear to have had a largely ignimbritic provenance. 

Volcaniclastic sediments are also present in the Sarikaya Formation and the presence of detrital quartz 

in these sediments again suggests an acid volcanic source.

Field relations indicate that the Karaoren volcaniclastics were deposited prior to deposition of at 

least the upper limestone of the Sarikaya Formation, while the Fetiye Formation appears to represent 

reworked ignimbrite, which was deposited later, after the borate-host sediments. It therefore appears 

that acid pyroclastic activity predated the deposition of at least the upper part of the Sarikaya 

Formation. It is not possible from field evidence alone to establish the exact timing of the ignimbrite 

eruptions relative to the borate mineralisation. The presence of rhyolite clasts in conglomerates below 

the Sarikaya cherty limestone indicates that the rhyolite sheets may also be of similar age to the 

ignimbrite. Field relations at Sancar clearly indicate that the basaltic andesite lavas were erupted after 

deposition of the borate host sediments. In contrast to Emet, K-Ar dates are available for some of the 

volcanic rocks at Kirka (Yalgin 1989). The dates confirm the proposed volcanic stratigraphy assigning 

the Kirka acid volcanism and volcaniclastic sediments of the Karaoren and the Sarikaya Formations an 

Early Miocene age while the basaltic andesite volcanism was Late Miocene in age.
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2.5.2 Volcanism of the Afyon region

An extensive sampling programme was carried out in the Afyon area (Appendices A & B). The aim 

was to build on previous studies of Keller & Villari (1972) and Keller (1983), and to relate this volcanism 

to that of Kirka Basin further north. As mentioned, the volcanic rocks of this area are basic - 

intermediate in composition (Keller & Villari 1972) and have been dated at between 8 . 6  and 14.7 Ma 

(Besang et al., 1977). They are therefore intermediate in age between the Early Miocene acid 

volcanism and the Late Miocene, more mafic, volcanism of the Kirka Basin. The volcanics of the Afyon 

area can be separated into two groups on the basis of their field appearance. The first types are 

porphyritic andesites and dacites and the second are finer grained mafic lavas.

2.5.2.1 Afyon Andesites and Dacites (sanidine-bearing)

These outcrop at the city of Afyon, to the south of Afyon at Kayadibi, Suhut and Buyukkalecik and 

to the west of Afyon near Balmahmut (Appendices A & B). The Afyon andesites and dacites form well 

preserved domes and large breccia bodies; one of the most spectacular domes forms the bedrock to 

the castle in the centre of Afyon. The breccias are considered to be partly of nu6 e origin and partly 

friction breccias connected to the extrusion of the domes (Keller & Villari 1972).

The most spectacular petrologic feature in these volcanics around Afyon is the presence of large 

(up to 5 cm) phenocrysts of sanidine, also noted by Keller & Villari (1972) and Qevikbas et al. (1988). 

Electron microprobe analyses of the large sanidine crystals reveals that the majority of each phenocryst 
is K-sanidine (Or70_74) with a small amount of intergrown andesine (An33.42) (Appendix H). Other

phenocryst phases present in these rocks include hornblende (up to 2  cm), biotite, multiple twinned 

and sometimes zoned plagioclase (Table 2 .1 1 ). The matrix is made up of small feldspar and augite 

crystals. Electron microprobe analyses of the plagioclase reveals andesine compositions (A n^^).

2.5.2.2 Afyon Mafic Lavas

The mafic lavas have a dark grey colour and produce flows. They range from basaltic andesites to 

andesites and they outcrop near; Iscehisar to the north-east of Afyon, Koprulu, Elvanpasa and Qepni 

to the west of Afyon, near Nuhkoy to the south-west of Afyon, and near Qalkoy to the north-west of 

Afyon (Figures 2.6 & 2.7). These mafic lavas contain phenocrysts of biotite and clinopyroxene in a 

matrix of small feldspar needles (Table 2.11). The lavas are observed capping ignimbrite near to 

Iscehisar. According to Aydar et al. (1994), these capping lavas were erupted along ring fractures.

Table 2.11 - Summary petrology of volcanic lavas and volcaniclastic sediments from the Afyon area
Rock type and locality Mineralogy (from thin section, XRD, microprobe)
Afyon sanidine-bearing andesites and dacites (Afyon, Phenocrysts of sanidine, hornblende, piagiodase and biotite in
Kayadibi, Suhut, Buyukkalecik, Balmahmut) a matrix of feldspar and augite.

Afyon mafic lavas (Iscehisar, K&prulu, Elvanpasa, Qepni, Phenocrysts of biotite and clinopyroxene in a matrix of small
Nuhk&y, Qalkfiy feldspar needles.

Balmahmut mudstone illite/muscovite, K-feldspar, plagioclase, calcite.
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2.5.2.3 Volcaniclastic sediments from the Afyon region (Balmahmut)

The sedimentary sequences studied in this project are found to the north of the village of 

Balmahmut, to the west of Afyon (Figure 2.6). These sediments were sampled in order to provide a 

mineralogical and geochemical comparison to the sediments associated with the volcanism in Kirka and 

Emet Basins. In this area Afyon andesite (sanidine-bearing) breccias are seen outcropping below 

volcaniclastic sediments. Section P is located east of Balmahmut and consists of mudstones and 

siltstones (Figure 2.9, Appendices A & B) which overlie Afyon andesitic breccias and lie below cherty 

limestone beds which cap the hill tops in this area. The volcanic breccia below these sediments is 

made up largely of a brown coloured biotite-bearing tuffaceous matrix with clasts of sanidine-bearing 

Afyon andesites. The matrix of this rock comprises phenocrysts of biotite, plagioclase and K-feldspar. 

Some of the siltstones contain abundant biotite, visible with the naked eye, probably of volcanic 

derivation. XRD analyses of mudstone (Appendix G) from these sediments reveals the presence of 

illite/muscovite, K-feldspar and calcite (Table 2.11). A similar sequence to the north of Balmahmut is 

recorded in Section O (Figure 2.9) and it is at the same stratigraphic level as Section P. It contains 

mudstone, volcaniclastic and limestone beds (Figure 2.9) which are situated above a 5 m band of 

volcaniclastics and below cherty limestone which cap the hillside. The mudstone comprises K-feldspar, 

plagioclase and illite/muscovite (Table 2.11). The volcaniclastics below the section are matrix 

supported with only occasional clasts of sanidine-bearing Afyon andesites. The matrix comprises 

phenocrysts of biotite, plagioclase and K-feldspar (Table 2.11). In summary, the presence of feldspar 

in the mudstone together with the close proximity of the Afyon sanidine-bearing andesites suggests 

an influence of volcanism on sedimentation in this area.

2.6 CONCLUDING POINTS

In general terms, the volcanic evolution in this area during the Miocene, was from acidic to less 

evolved, more mafic magmatism. Information from field and mineralogical work in this study and from 

the literature, indicates that a particular type of magmatism in both the Emet and Kirka Basins has a 

close spatial and temporal position to the borate hosting sediments. In both basins, it is an acidic phase 

of magmatism that appears to have been active before, and perhaps during the time of deposition of 

borate-host sediments. Mineralogical and textural studies of volcaniclastic sediments from the basins 

indicate that there was a high input into these sediments from local acid magmatism.

The Emet Basin is bordered on its western side by the large Erigoz pluton, which intruded 

Palaeozoic basement. The pluton is classified as an I type granite on the basis that it contains 

hornblende and magnetite. Field evidence indicates that the pluton predated most if not all 

sedimentation in Emet Basin. A series of rhyolite sheets were related closely in space and possibly in 

time with the pluton. These rhyolites are porphyritic with phenocrysts of plagioclase, K-feldspar, biotite 

and quartz in a glassy matrix often with spherulites. The field relations of these rhyolites, together with 

studies on volcaniclastic sediments reveals that acid volcanism at Emet took place prior to and perhaps 

during deposition of borate-host sediments. Volcaniclastic sediments in both the Red and Borate 

Formations appear, on the basis of textures and mineralogy, to be derived from both acid pyroclastic
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FIGURE 2.9 - Sections through sedimentary sequence near to Balmahmut
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volcanism and erosion of the granite. The last phase of volcanism in the Emet Basin, which post dated 

deposition of the borate-host sediments, was the eruption of the Emet mafic lavas. The lavas contain 

phenocrysts of augite and biotite in a matrix of feldspar needles. Studies of the basins to the south of 

the Emet Basin reveal a similar situation with an evolution from acidic volcanism to more mafic volcanism 

later in the sedimentation history.

To the south of the Kirka Basin a large expanse of Miocene ignimbrite contains abundant pumice 

and lithic lapilli and has phenocrysts of K-feldspar, plagioclase, occasional biotite and distinctive 

smokey quartz. The quartz, pumice and lithic lapilli are particularly common in some lacustrine 

sediments and it is apparent that a significant volume of sediment in the Kirka Basin was derived from 

the nearby ignimbrite. A large volume of ignimbrite was erupted into the Kirka lake systems and this is 

now recognisable as volcaniclastic sediment with ignimbrite-derived minerals but with appreciable 

calcite in both the matrix and in pumice vesicles. Field relations indicate that the ignimbrite was erupted 

prior to deposition of at least the upper limestone of the Sarikaya Formation and therefore either prior 

to or during deposition of the borate-host sediments. Around the northern fringes of the basin are 

outcrops of rhyolite and dacite sheets, as well as mafic lava flows. The acid volcanics are sometimes 

fine grained and sometimes porphyritic with phenocrysts of plagioclase, K-feldspar, quartz, biotite and 

amphibole, with common spherulites in the matrix. Rhyolite clasts in basin sediments indicate that this 

acid phase of volcanism was active prior to the deposition of cherty limestone units in the Sarikaya 

Formation. The mafic lavas contain phenocrysts of plagioclase, olivine and clinopyroxene in a matrix of 

feldspar needles. These lavas post-dated deposition of the cherty limestone beds in the Sarikaya 

Formation. Hence, the evolution form acid to more mafic magmatism is also present at Kirka and it 

appears that the acid magmatism is once again in a close temporal position to the deposition of borate- 

host sediments. To the south of Kirka Basin, around the town of Afyon, intermediate-basic volcanism is 

aged between the acidic and mafic volcanic phases of Kirka Basin.

Hence, magmatism had a significant influence on the mineralogy of sediments in both basins. 

Volcaniclastic sediments deposited prior to and during deposition of the borate-host sediments 

contain textures and mineralogy consistent with a derivation from acidic magmatism. The volcanic 

stratigraphies of these basins and hence the temporal position of volcanism relative to borate 

mineralisation will be further constrained in the next chapter using mineral chemistry, K-Ar dating and 

whole rock geochemistry. The affect of this large acid magmatic input into the sediments on the 

formation of clays and borate minerals is considered in Chapter 4.
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3 TIMING OF MAGMATISM RELATIVE TO 
DEPOSITION OF BORATE-HOST SEDIMENTS
3.1 INTRODUCTION

Field and mineralogical information discussed in the previous chapter indicates that acid magmatism 

in both Emet and Kirka Basins was related in space and possibly in time to the deposition of the borate- 

host sediments. In this chapter, geochemical data on granitic, volcanic and volcaniclastic rocks are 

presented, with a view to further constraining information from Chapter 2 on the timing of magmatism 

relative to the deposition of these sediments. Three approaches have been taken:

(i) Isotopic dating of igneous rocks to provide absolute ages of magmatism in the area.

(ii) The concentrations of 'immobile' elements in volcaniclastic sediments as compared with those in 

local granitic and volcanic rocks.

(iii) The chemical compositions of minerals in volcaniclastic sediments as compared with those of local 

granitic and volcanic rocks.

The major and trace element data used in this chapter was produced by XRF analysis, while 

mineralogical studies were carried out using the electron microprobe and XRD, all at the University of 

Leicester Geology Department (Appendices G, H & I).

3.2 CHEMICAL CLASSIFICATION OF THE MAGMATISM

The nomenclature used to describe the magmatism is that recommended by the IUGS 

Subcommission on the Systematics of Igneous Rocks, which involves the chemical classification of 

rock samples using total alkalis-silica (TAS) diagrams (LeBas et al., 1992). Chemical classification using 

TAS diagrams is only valid when the analysed rocks are unaltered and therefore the freshest samples 

were collected. However there was evidence of some alteration, and in order that the geochemical 

plots could be interpreted correctly, an assessment of the affects of remobilisation was made.

3.2.1 Alteration and Element Mobility

Table 3.1 provides a summary of the affects of alteration and recrystallisation in all the samples 

collected for igneous petrogenetic studies. With the exception of very minimal replacement of biotite 

by chlorite, samples collected from the Erigoz Granite are largely unaltered and hence are not included 

in the Table 3.1. As mentioned in the preceding chapter, ignimbrite and rhyolite from the Emet and 

Kirka areas show signs of recrystallisation; the ignimbrite has been largely devitrified with very little 

fresh glass remaining, and some of the rhyolites contain abundant spherulites in their matrices.

XRD studies on ignimbrite samples from south of Kirka Basin revealed the presence of small 

amounts of the clays smectite and illite (Table 3.1, Appendix G). The formation of these clays may have 

led to changes in the bulk chemistry of the ignimbrite. Electron microprobe studies were carried out on 

the ignimbrite in an attempt to determine the mode of formation of these clays, but analyses of pure 

smectite or illite were not obtained (Figure 3.1a). Pumice and glass shards from the ignimbrite have a 

composition close to that of illite while the matrix contains rare aggregates of a clay with the
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FIGURE 3.1a - Composition 
of glass in ignimbrite south 
of Kirka Basin
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composition of phengite (Figure 3.1a), perhaps indicating partial alteration of volcanic glass towards 

smectite or illite compositions.

Table 3.1 - Summary of alteration and recrystallisation in collected volcanic rock samples from the Emet and Kirka areas
Rock Type Locality & sample numbers Alteration & recrystallisation affects

Ignimbrite I 208,209,219,220,221,222,250, 258, 
259,260,271 (Within and to the south of 
Kirka Basin)

Matrix has been largely devitrified, little 
fresh glass remains.

1219,221,250,258 (Within and to the 
south of Kirka Basin)

XRD traces indicate the presence of 
smectite and illite.

1220 & 251 (South of Kirka Basin) Microprobe analyses reveal clays with a 
composition of phengite in the matrix and 
glass shards and pumice with a 
composition dose to illite.

Rhyolites & Dacites E 1,2 (Emet Basin)
UG 28,29 (Usak/Gure Basin)
K 229,230,231,232,246,247 
(Kirka Basin)
E 5,6,16,17,18,19 (Emet Basin) 
K235 (Kirka Basin)

E 16 (Emet Basin)
K 236,235 (Kirka Basin)
UG 63,66,67, 75 (Usak/Gure Basin)

Matrix is largely composed of 
spherulites. XRD revealed minor 
smectite in E 1 and 2

Contain 'speckledy' altered feldspars. 
Alteration product identified as kaolinite 
from XRD and microprobe analyses on 
E5.16&18.
Contain altered biotites with a dark brown 
'blotchy' colouration.

Andesites & Basaltic andesites E 3,4 ,68 (Emet Basin)
A 200,205,210,213,215,218 
A 248,254 (Afyon area)

Biotites contain dark reaction rims. 
Microprobe analyses of these rims in E 4 
& 68 indicates that they are Fe rich.

Silicified rock (alteration within rhyolite) E 22 (northern Emet Basin) Recrystallised quartz and Fe - oxides

Alunite (altered rhyolite?) SE 71 (Saphane - south of Emet 
Basin)

XRD trace reveals that the sample is 
largely composed of alunite & quartz.

Some of the rhyolites from Emet and Kirka contain altered feldspars. Electron microprobe analyses 

of this characteristically speckledy alteration product reveal that it is dominantly composed of kaolinite 

(Figure 3.1b), as do whole rock XRD analyses (Table 3.1). It is likely that the microprobe data (Figure 

3.1b) represent an alteration trend from feldspar to kaolinite. The alteration of feldspar to kaolinite has 

been well documented (Velde 1992) and it results in the loss of Na and K. Further evidence of acid 

alteration in the rhyolite can be found to the south of the Emet Basin around the town of Saphane, with 

the presence of alunite and quartz, and in northern part of the basin, near Yagcik, with a small zone of 

silicification. XRD analysis of the rhyolite from Koprucek in the north of the Emet Basin shows that 

minor smectite is present, probably the result of alteration of volcanic glass.

In rhyolite through to basaltic andesite samples, biotite phenocrysts often appear altered. In the 

rhyolites the alteration appears dark brown and uneven, whilst in the more mafic lavas, distinct dark rims 

are observed around the biotite crystals. Electron microprobe analyses indicate that these rims are 

highly enriched in Fe, slightly enriched in Na, and highly depleted in Mg and K, relative to unaltered
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biotite. The rims, whether produced by oxidation processes within magmas or near surface 

hydrothermal alteration, have possibly therefore resulted in subtle changes in the bulk chemistry of 

these rocks.

Hence, in the acid volcanics, devitrification, alteration of feldspars and glass to clays, and the 

alteration of biotites, may have led to subtle changes in the bulk chemistry of these rocks. In the more 

mafic samples, biotite alteration appears to be the only effect likely to change whole rock 

geochemistry. Figures 3.2-3.5 show a series of immobile and potentially mobile elements plotted 

against the highly incompatible and immobile element Zr, which is often used to monitor fractionation in 

igneous rock suites. Deviations from fractionation trends in these plots should indicate to what extent 

alteration and devitrification processes have mobilised certain elements (MacLean & Barrett 1993).

The High Field Strength Elements (HFSE) Ti and P are generally considered immobile during 

hydrothermal alteration and weathering processes (Floyd & Winchester 1975, Smith & Smith 1976, 

Finlow-Bates & Stumpfl 1981). Figures 3.2-3.5 show a strong correlation between T i0 2  and P2 0 5  in all

the rock suites owing to fractionation and an absence of secondary mobilisation of these elements. 

The Light Rare Earth Elements (LREE), such as Nd are also often immobile during hydrothermal 

alteration (Tarney & Marsh 1991), although there are some records of their mobilisation (MacLean 

1988). Rock suites in this study (Figures 3.2-3.5) suggest that Nd was immobile, following a similar 

fractionation trend to Ti and P against Zr. In the Simav/Selendi/Usak-Gure and Afyon suites (Figures

3.3 & 3.5), K and Rb follow the same fractionation trend, whilst in the Emet and Kirka suites (Figures

3.2 & 3.4), the rhyolites show a wide spread in values of these elements. This variation in Rb and K in 

the rhyolites could be the result of magmatic processes, such as crustal contamination, but the 

presence of altered feldspars and spherulites in these rocks strongly suggests that secondary 

remobilisation of these elements was caused by near surface weathering and recrystallisation. 

Interestingly, Na behaves in the opposite manner to K and Rb suggesting that the alteration may have 

caused alkali exchange in these rocks. Ba and Th show considerable variation against Zr in all the rock 

suites (Figures 3.2-3.5), but these variations do not correlate with K and Rb. Whether or not this 

variation is the result of magmatic processes or near surface alteration is not possible to ascertain.

Loss on ignition (LOI) values determined when samples are heated to drive off volatile components 

is often a good index of hydrothermal alteration (Tarney & Marsh 1991). Samples with higher LOI 

values are generally believed to be more altered. Most of the samples collected for this igneous 

petrogenetic study had an LOI value of < 3 % (99 % of samples) and many < 1 % (41 % of samples), 

suggesting minimal alteration. There is no correlation between Ti, K and Na concentrations and LOI for 

the Emet suite (Figure 3.6).

3.2.2 Nomenclature

Due to the apparent mobility of alkalis in a number of the Emet and Kirka Rhyolites, caution was 

taken when classifying these rocks on TAS diagrams. However, with the less evolved rocks, 

classification into alkaline and subalkaline groups was possible, because the alkalis have probably not 

been mobilised. Table 3.2 provides names for the igneous rock types present in this area while the
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FIGURE 3.2 - Volcanic and granitic samples from the Emet area
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FIGURE 3.3 - Volcanic samples from the areas to the south and west of Emet 
Basin (Simav, Selendi, Usak areas)
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FIGURE 3.4 - Volcanic samples from the Kirka area
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FIGURE 3.5 - Volcanic samples from the Afyon area
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FIGURE 3.6 - Relationship between loss on ignition (LOI) and selected major 
elements for the igneous rocks of the Emet area
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names of individual collected samples are found in Appendix D. 

Table 3.2 - Nomenclature of collected samples
Locality Field name Final classification
Emet area
Western margin of Emet Basin Erigbz Granite 1 Type Granite (on basis of mineralogy)
Within and on the southern margin of Emet Rhyolites Rhyolite (K rich)
Emet Basin
Within (Derekby) and on the southern Emet Mafic Lavas Latite & shoshonite
margin (Eski Gediz) of Emet Basin

South A west of Emet area
Within Selendi Basin to the north of town Rhyolite Rhyolite (K rich)
of Selendi
Within Selendi and Usak/Gure Basins Dacites Some dacites, mostly K-trachytes
Within Selendi & Usak/Gure Basins Andesites Some andesite, mostly latite
Within Simav Basin Andesites Latite

Kirka area
Within & to the south of Kirka Basin Kirka Ignimbrite Ignimbrite (K-rich)
N Kirka Basin - Idrisyayla village Kirka Rhyolites & Dacites Rhyolite & trachyte (K-rich)
N & NE Kirka Basin • Idrisyayla & Sancar Kirka Mafic Lavas Shoshonite
villages

Afyon area
Afyon town & further south Afyon Andesites and Dacites (sanidine- Some latite, mostly K-trachyte

bearing)
Throughout Afyon area Afyon Mafic Lavas Latite & shoshonite

The Erigoz Granite plots in the granite field (Figure 3.7) and as discussed in the previous chapter, 

has a mineralogy characteristic of an I type granite (Chappell & White 1974). The Emet Rhyolites and 

the rhyolite from north of Selendi, plot in the rhyolite field but due to the mobility of their alkalis it is not 

possible to discriminate between alkaline or subalkaline types. The Emet mafic lavas plot as basaltic 

trachyandesite and trachyandesite (Figure 3.7), and using the IUGS approved classification of Le Bas 

et al. (1992), they can be further divided into shoshonite and latite respectively where Na20  - 2  < K2 0 .

Shoshonite is also found on the southern margin of the Emet Basin, north-east of Eski Gediz; dacite, 

K-trachyte, andesite and latite are found within the Selendi and Usak-Gure Basins, while latite is found 

in the Simav Basin (Table 3.2, Figure 3.7).

The ignimbrite and rhyolite of the Kirka area are also K-rich but again potential mobility of the alkalis 

renders characterisation of these rocks as alkaline and subalkaline impossible. The Kirka mafic lavas 

plot in the basaltic andesite field (Figure 3.8) and are therefore shoshonites. The sanidine bearing 

volcanics from the Afyon area comprise some latites but are mostly K-trachytes (Table 3.2, Figure 3.8). 

As shown in the previous section, there is no evidence of remobilisation of the alkalis in these 

volcanics and they can be assigned as K-trachyte (after Cox et al., 1979). The lavas from around Afyon 

with a more mafic appearance are latites and shoshonites (Table 3.2, Figure 3.8). On an AFM diagram 

(Figure 3.9 & 3.10) the Usak-Gure, Selendi, Emet, Kirka and Afyon (USEKA) suites all plot as calc- 

alkaline.
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FIGURE 3.7
Alkali-silica plot for magmatism of the Emet area
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FIGURE 3.8
Alkali-silica plot for magmatism of the Kirka area
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FIGURE 3.9
AFM diagram for magmatism of the Emet area
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FIGURE 3.10 AFM diagram for magmatism of the Kirka area
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3.3 ISOTOPIC DATING

3.3.1 Introduction

Isotopic dating provides the only absolute method of determining the timing of magmatism in this 

area. Prior to this project, igneous rocks from the Usak-Gure, Selendi and Emet (USE) area had not 

been isotopically dated, with the exception of the Erigoz Granite (Late Oligocene to Early Miocene - 

Bingol et al., 1982) and the Kula lavas (Late Miocene to Quaternary - Ercan et al., 1985). In the Kirka 

and Afyon areas, K-Ar dates were available for a number of volcanic rocks and related sediments 

(Besang et al., 1977, Yalgin 1989), but prior to the current project, the Kirka Ignimbrite had not been 

isotopically dated. Therefore, in the course of this project, isotopic dating (K-Ar and 4 0 Ar/3 9 Ar) was 

carried out on a number of the USE igneous rocks and on the Kirka Ignimbrite. The K-Ar dates 

obtained in this study for granitic and volcanic rocks from the USE area have been published by 

Seyitoglu, Anderson, Nowell and Scott (1997).

Dating was carried out on separated biotites from the more acid volcanics and on whole rock 

fractions from the finer grained mafic rocks. Although evidence discussed earlier indicated 

remobilisation of the alkalis in the Emet Rhyolites, by the alteration of feldspars and devitrification of 

glass, the biotites selected were unaltered and therefore the age produced should accurately 

represent the time of their crystallisation. Ages for igneous rocks of the USEKA area are given in Table 

3.3, and procedural details are given in Appendices E and F. K-Ar dating was carried out at the NERC 

Isotope Geoscience Laboratories and 4 0 Ar/39Ar dating at the Geology Department, University of 

Leeds.

Table 3.3 - K-Ar and ^Ar/^Ar ages for igneous rocks from the Emet, Selendi, Usak-Gure, Kirka and Afyon areas
Sample Locality Dating system & material 

dated
Age (Ma)

Dating from this study
E 1 (Rhyolite) Northern Emet Basin K-Ar (Biotite separate) 20.2 (±0.4)
E 6 (Rhyolite) Southern Emet Basin K-Ar (Biotite separate) 20.3 (±0.6)
E 3 (Latite) Southern Emet Basin K-Ar (Whole rock) 14.9 (±0.3)
G 5 (Granite) Western margin Emet Basin K-Ar (Biotite separate) 17.7 (±1.3)
G 8 (Granite) Western margin Emet Basin K-Ar (Biotite separate) 20.5 (±0.6)
SE 25 (Rhyolite) Southern margin Emet Basin K-Ar (Biotite separate) 20.0 (±0.6)
SE 1 (Rhyolite) Selendi Basin K-Ar (Biotite separate) 18.9 (±0.6)
SE 3 (K-Trachyte) Selendi Basin K-Ar (Biotite separate) 14.9 (±0.6)
SE 12 (Andesite) Northern Selendi Basin K-Ar (Whole rock) 16.8 (±0.7)
UG 28 (Rhyolite) Southern margin Emet Basin K-Ar (Biotite separate) 17.6 (±1)
UG 58 (K-Trachyte) Usak-Gure Basin K-Ar (Whole rock) 15.1 (±0.4)
UG 63 (K-Trachyte) Usak-Gure Basin K-Ar (Whole rock) 14.6 (±0.3)
UG 75 (K-Trachyte) Usak-Gure Basin K-Ar (Whole rock) 15.9 (±0.4)
UG 142 (K-Trachyte) Usak-Gure Basin K-Ar (Whole rock) 15.2 (±0.6)
UG 145 (Latite) Usak-Gure Basin K-Ar (Whole rock) 15.5 (±0.4)
I 219 (Ignimbrite) South of Kirka Basin ^Ar/^Ar (Biotite separate) 18.6 (±0.5)

Previous dating: (i) Bingol et al. 1982 - Erigdz granite (20-20.4±0.7 Ma - Biotite separate, 21.2-24.6±1.8 Ma - orthoclase separate), 
(ii) Yalftn 1989 - Volcanics from Kirka basin; Turkmendagi basalt (9.3±1 Ma - whole rock), Idrisyayla andesite (15.4±1.7 Ma - Biotite 
separate), Idrisyayla rhyolite (15.7±1.1 & 16.7±0.5 Ma - whole rock), Kara&ren Formation tuff (17.8±0.6 Ma - Biotite separate), Sarikaya 
Formation tuff (17.5 ±0.6 Ma - Biotite separate), (ill) Besang et al. 1977 - lavas from around Afyon (8.6 -14.7 Ma).
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3.3.2 The Usak-Gure, Selendi and Emet area

Volcanics in the Usak-Gure, Selendi and Emet (USE) area evolved from Early Miocene rhyolites to 

Middle Miocene K-trachytes and latites (Table 3.3). Rhyolites dated from the Emet Basin range in age 

from 20.2 to 20.3 Ma, while rhyolites on the southern margin of the basin have an age of 17.6 to 20 Ma. 

The rhyolite dated in the Selendi Basin has an age of 18.9 Ma and hence the rhyolitic volcanism of the 

USE area was restricted to the Early Miocene. The Erigoz Granite also has an Early Miocene cooling 

age, 17.7 Ma in the southern part of the pluton, and 20.5 Ma midway along the length of intrusion. 

These two ages could indicate two separate phases of intrusion, although the age from the southern 

granite has a large error of 1 .3 Ma. These granite ages are similar to those obtained by Bingol et al. 

(1982) on biotite separates. All these dates indicate that the granite and the rhyolites of the Emet area 

were part of the same overall magmatic event. In contrast, the K-trachytes of Selendi and Usak-Gure 

Basins are slightly younger with Middle Miocene ages, ranging from 14.6 to 15.9 Ma (Table 3.3). 

Latites from Emet Basin and from Usak-Gure Basin also fall in the Middle Miocene range, from 14.9 to

15.5 Ma (Table 3.3).

Field and mineralogical information, discussed in the previous chapter, are compatible with the 

isotopic evidence. The combined evidence suggests that the Erigoz Granite pre-dated most 

sedimentation in Emet Basin, the rhyolitic volcanism occurred prior to and/or during deposition of the 

mineralised sediments and the latite/shoshonite volcanism occurred after deposition of the borate- 

host sediments. Biotites from volcaniclastic sediments in the Red and Borate Formations were not 

used for dating, due to alteration and the difficulty in separating them from white micas of non-igneous 

derivation.

3.3.3 The Kirka and Afyon areas

In the Kirka and Afyon areas, there was also an evolution from acid volcanism in the Early Miocene 

through to less evolved volcanism in the Middle Miocene (Table 3.3). The rhyolites dated from the 

Idrisyayla area (northern Kirka Basin) (Yalgin 1989) range in age from 15.7 to 16.7 Ma, and hence are 

slightly younger than the rhyolites from the USE area. However, these are subject to error, since Yalgin 

(1989) dated whole rock fractions, which may have undergone K remobilisation. Andesite from the 

northern part of Kirka Basin has a K-Ar biotite age of 15.4 Ma, while the Kirka shoshonite however was 

dated at 9.3 Ma, significantly younger than the acid volcanism (Yalgin 1989). Published ages for 

trachyte, latite and shoshonite from the Afyon area are mostly intermediate between the rhyolite and 

shoshonite of the Kirka area (Besang et al., 1977 - 8 . 6  to 14.7 Ma).

Field and mineralogical information discussed in the previous chapter indicated that the acid 

(rhyolite and ignimbrite) volcanism was active prior to and/or during deposition of the borate hosting 

Sarikaya Formation in Kirka Basin, while the shoshonite volcanism probably post-dated deposition of 

these sediments. The information from isotopic dating is clearly consistent with these observations. 

The oldest dates obtained by Yalgin (1989) are from biotite separates in the volcaniclastic sediments of 

the Karaoren and Sarikaya Formations, which are aged 17.8 (±0.6 Ma). and 17.5 (±0.6 Ma) respectively. 

Providing these biotites have not been altered, the dates represent the time this mineral crystallised.
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The ages are within errors of the ^Ar/^Ar age obtained in this study for ignimbrite south of Kirka Basin 

(18.6 ±0.5 Ma - Table 3.3). It is possible therefore that the biotite dated in the Karaoren and Sarikaya 

Formations by Yalgin (1989) originated from the nearby ignimbrite, which is expected as it has already 

been demonstrated that much of the Karaoren Formation comprises ignimbrite-derived material. It 

should be noted that the biotite in the Karaoren and Sarikaya sediments might also have been derived 

from the Kirka Rhyolite and Dacite, but separated biotites from these acid volcanics have not been 

dated.

3.4 CONSTRAINTS ON VOLCANIC STRATIGRAPHY FROM IMMOBILE ELEMENTS

3.4.1 Introduction

Since the volcaniclastic sediments may have been affected by saline alkaline lake fluids and 

diagenesis, and the granitic and volcanic rocks may have interacted with hydrothermal systems, it was 

decided to use immobile elements as indicators of sediment provenance. The aim was to use this 

information on provenance to further refine the volcanic stratigraphy of each basin, and therefore to 

better constrain the timing of magmatism relative to deposition of the borate-host sediments.

Studies have shown that Ti, Zr, P, Nb, Al and Y are generally immobile under conditions of low 

grade metamorphism and during hydrothermal alteration (Cann 1970, Pearce & Cann 1973, Smith & 

Smith 1976, Floyd & Winchester 1975, Finlow-Bates & Stumpfl 1981, MacLean & Kranidotis 1987, 

MacLean & Barrett 1993), while the REE are considered immobile during diagenesis (Fleet 1984). 

However, Milodowski & Zalasiewicz (1991) have recorded REE mobility during the diagenesis of 

mudrocks, and MacLean (1988) and Heilman et al. (1979) have described REE mobility during 

hydrothermal alteration and low grade metamorphism. In the light of these investigations, the current 

study uses P, Ti, Al, Nb, Zr, Y, Nd and Ce as potential immobile elements.

3.4.2 Emet Basin

Figures 3.11 and 3.12 show the levels of immobile elements in a variety of rock types from the 

Emet Basin. Shoshonite and latite contain significantly higher concentrations of Zr, P, Nb, Ti and Nd 

than all the other volcanic related rock samples, whilst the granite, rhyolite and sediments all have 

broadly similar levels of most immobile elements (Figures 3.11 & 3.12). However, some of the 

sediments contain lower concentrations of Ti, Nb, Zr and Nd than the rhyolite and granite (Figures 3.11 

& 3.12). Figure 3.13 reveals that concentrations of Ti, Al, Nb, Zr, Y and Nd decrease with increasing Ca, 

suggesting dilution by calcite precipitation. Figure 3.13 clearly shows that sediments with low Ca ( < 5 

wt %) have very similar concentrations of all the immobile elements to the rhyolite and the granite. In an 

attempt to remove the dilution affect, T i0 2 /Al2 0 3  is plotted against Nb/Y ratios (Figure 3.12), since the 

ratio of one immobile element to another should be unaffected by dilution (MacLean & Kranidotis 

1987, MacLean & Barrett 1993). In this plot, there is definite overlap between the volcaniclastic 

sediments and the granite and rhyolite (Figure 3.12).

Therefore, providing Ca-rich sediments are excluded, or immobile element ratios are used, these 

data appear to support the contention made in the previous chapter, that the sediments of the Red
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FIGURE 3.11- Concentrations of selected immobile elements in 
granite, volcanics & volcaniclastic sediments from the Emet area
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FIGURE 3.12- Concentrations and ratios of selected immobile 
elements in granite, volcanics & volcaniclastic sediments from 
the Emet area
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FIGURE 3.13 - Selected immobile elements vs CaO for Emet Basin volcanics and 
volcaniclastic sediments
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and Borate Formations have had a significant input from local acid magmatism. Furthermore, the data 

indicate that the latite and shoshonite magmatic activity occurred after the deposition of the borate- 

host sediments consistent with the location of the Emet mafic lavas stratigraphically above the borates.

Some sediments from the Borate Formation show a pronounced enrichment in Ce (Figure 3.13). 

These enrichments could indicate that Ce has been partially mobilised in this environment, or that the 

sediments contain detrital REE-rich minerals such as monazite, but the lack of correlation of Ce with P 

does not support this hypothesis. As a result of these enrichments, Ce is clearly not suitable in 

determining the provenance of the Emet sediments.

3.4.3 Usak-Gure and Selendi Basins

The mudstones of the Inay Group in Selendi and Usak-Gure Basins contain similar concentrations 

of immobile elements to the rhyolite and trachyte/dacite whilst the least evolved rocks of the area, the 

latites, have considerably higher levels of all immobile elements than the sediments (Figure 3.14 & 

3.15). This suggests that the sediments of the Inay Group in Selendi and Usak-Gure Basins have a 

close spatial and temporal relationship to acid volcanism as observed in the Emet Basin. The Ca 

dilution effect and Ce enrichment are also observed as in the Emet Basin. T i0 2 /Al2 0 3  and Nb/Y ratios, 

plotted to remove the affect of dilution, also indicate an acid volcanic provenance for the Inay Group 

mudstones (Figure 3.15).

3.4.4 Kirka Basin

In the Kirka Basin, the shoshonites also differ in their immobile element concentrations from the 

more evolved volcanics (rhyolite and ignimbrite) and the sediments, with higher levels of P, Ti, Zr and 

Nd in the former (Figures 3.16 & 3.17). The Karaoren and Fetiye Formation volcaniclastic sediments, 

which are found stratigraphically below limestone beds of the Sarikaya Formation, have similar levels of 

P, Ti, Zr, Nd and Ce to the Kirka Ignimbrite (Figures 3.16 & 3.17). This is consistent with textural and 

mineralogical observations that indicated an ignimbrite derivation for the majority of the Karaoren and 

Fetiye Formation volcaniclastic sediments. The main mineralogical difference between the ignimbrite 

and the Karaoren and Fetiye sediments is the presence of calcite in the latter, and, as at Emet, results 

in a Ca dilution effect, most pronounced with Nb (Figure 3.16).

The Gogenoluk mudstone, which is found in the colemanite-bearing part of the Sarikaya Formation, 

plots close to the Kirka Rhyolites in all except Ce, which is enriched (Figures 3.16 & 3.17) suggesting 

an acid volcanic input, as in the Emet Basin. Ca dilution of immobile elements in the dolomite-rich 

mudstones from the borax/ulexite-bearing part of the Sarikaya Formation makes assessing the 

provenance of these sediments impossible. Trace element ratios of these sediments could not be 

calculated due to measured trace elements concentrations below the XRF detection limit. However, a 

plot of T i0 2 /Al2 0 3  against Nb/Y confirms the acid volcanic provenance of the Gogenoluk mudstone and 

the volcaniclastics of the Karaoren and Sarikaya Formations (Figure 3.17).

Hence these data indicate that as at Emet, acid volcanism has had a large influence on the chemical 

composition of much of the basin sediments, such as mudstone from the Sarikaya Formation near
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FIGURE 3.14 - Concentrations of selected immobile elements in volcanics & 
volcaniclastic sediments from Selendi & Usak/Gure Basins
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FIGURE 3.15 - Concentrations of selected immobile element 
concentrations and ratios in volcanics & volcaniclastic sediments from 
Selendi & Usak/Gure Basins

1 0 0 t

90-

80 -
70-

l '  60 -o.
f  50- 
Z  40 -

30-

2 0 -

1 0 -

100 200150 2500 50
Ce (ppm)

0 .1 8 l

0 .1 6 -

0 .1 4 -

0 .1 2 -
O
|  0 . 1 -

A

P  0 .0 8 -
•

I - •
0 .0 6 - f••I

0 .0 4 0  • *  9  m *
a  ■

0 .0 2

0 -------------1-------------------1-------------------1-
0 0.5 1 1.5 2 2.5 3

Nb/Y

LEGEND
a  Latite (Selendi & Usak/Gure Basins)
♦ Andesite (northern Selendi Basin)
•  Dacite & K-trachyte (Selendi & Usak/Gure Basins)
■ Rhyolite (Selendi Basin)
°  Volcaniclastic sediments - 9.60-11.67wt% CaO (Selendi Basin) 
a Volcaniclastic sediments - 5.60-9.84wt% CaO (Usak/Gure Basin)

Figure 3.15



Timing of magmatism relative to deposition of borate-host sediments

FIGURE 3.16 - Concentrations of selected immobile elements for 
volcanics & volcaniclastic sediments of the Kirka area
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FIGURE 3.17 - Concentrations and ratios of selected immobile 
elements for volcanics & volcaniclastic sediments of the Kirka area
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Gogenoluk and volcaniclastics from the Karaoren and Fetiye Formations. The affect of local volcanism 

on the chemical composition of the most carbonate-rich sediments in the Sarikaya Formation is very 

difficult to assess, which makes the precise timing of acid magmatism relative to deposition of the 

borate-host sediments at Kirka difficult to determine. However, the presence of ignimbrite-derived 

sediments below carbonate beds in the Sarikaya Formation suggests that the acid volcanism probably 

occurred prior to and perhaps during deposition of the mineralised sediments. The Fetiye sediments 

may therefore represent reworked ignimbrite.

3.4.5 Afyon area (Balmahmut)

Volcaniclastic sediments from the Balmahmut area contain similar levels of all the immobile elements 

to the Afyon sanidine bearing K-trachyte (Figures 3.18 & 3.19) which is expected as these rocks 

contain clasts of the Afyon volcanics. The mudstones found stratigraphically above these volcaniclastic 

sediments have similar concentrations of P, Nd, Ce and sometimes Zr to K-trachyte and shoshonite 

(Figures 3.18 & 3.19) which suggests that the chemistry of the sediments is also influenced by the 

local volcanism. The immobile element data are consistent with field observations which indicate that 

the Afyon K-trachyte volcanism occurred prior to or perhaps during the deposition of these sediments. 

However the mudstones have lower levels of Ti and Nb (Figure 3.18), which may also be a feature of 

dilution by the higher levels of Ca in the sediments. Immobile element ratios, which should be 

unaffected by dilution, show an overlap between the Balmahmut sediments and local volcanics (Figure 

3.19).

3.5 CONSTRAINTS ON VOLCANIC STRATIGRAPHY FROM MINERAL CHEMISTRY

3.5.1 Introduction

The chemical composition of biotite and feldspar was determined in granitic, volcanic and 

volcaniclastic rocks from the Emet Basin using an electron microprobe, in order to determine the origin 

of these minerals in the volcaniclastic sediments, so that the timing of magmatism could be further 

constrained. This work was not carried out on the volcaniclastic sediments from Kirka Basin since 

textural, mineralogical and immobile element investigations already discussed, clearly indicated a 

largely ignimbritic source for the Karaoren and Fetiye Formations.

3.5.2 Biotites

Biotite compositions depend largely upon the nature of the magma from which they crystallise 

(Abdel-Rahman 1993). Therefore, it is logical to expect higher concentrations of Mg in the biotites of 

the shoshonite and latite, than in the Mg-poor rhyolite and granite. However, alteration of biotites in the 

latite and shoshonite lead to an increase in Fe and a decrease in Mg, and therefore for the purpose of 

this study, it was essential to select unaltered biotites. This was achieved by selecting samples with 

biotites which have a fresh appearance in thin section, produce good electron microprobe analyses 

totals, and have compositions that plot directly in the biotite field on a chemiographic diagram by Velde 

and Meunier (1987) (c.f. Figure 3.1).
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FIGURE 3.18 - Concentrations of selected immobile elements in volcanics 
and volcaniclastic sediments of the Balmahmut area
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FIGURE 3.19 - Concentrations and ratios of selected immobile 
elements in volcanics and volcaniclastic sediments of the Balmahmut 
area
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Shoshonite and latite do have higher Mg levels than the rest of the samples, a direct reflection of 

their higher whole rock Mg concentrations, whilst the biotites of the granite, the rhyolite and the 

volcaniclastic sediments plot in the same region of the diagram (Figure 3.20). This is consistent with 

the biotites in the volcaniclastic sediments of the Red and Borate Formations originating from local acid 

magmatism, either rhyolitic or granitic. However, it is not possible to distinguish between rhyolitic and 

granitic source for the biotites in the sediments.

3.5.3 Feldspars

Figure 3.21 shows electron microprobe analyses of unaltered feldspar (selected by the same 

method as the biotites) in the granite, volcanics and volcaniclastic sediments of the Emet Basin. As 

discussed in the previous chapter, the shoshonite and latite from the Emet Basin contain only small 

needles of K-feldspar whilst the granite, rhyolite and volcaniclastic sediments contain large feldspar 

phenocrysts of both plagioclase and K-feldspar. This indicates that the volcaniclastic sediments 

probably have a granitic or rhyolitic provenance. Furthermore, the slightly more calcic nature of the K- 

feldspars in the Derekoy latite and shoshonite compared with those in the sediments of the Red and 

Borate Formation (Figure 3.21) adds further weight to this argument. This is consistent with all the data 

presented so far, which indicated that the latite and shoshonite magmatism occurred after deposition 

of the borate-host sediments.

The compositions of K-feldspar phenocrysts in the volcaniclastic sediments overlap with those of 

the granite and rhyolite and hence at least some of the phenocrysts may have been derived from the 

local acid magmatism. However, the possibility that some of the K-feldspar phenocrysts analysed in the 

sediments may be authigenic, as proposed by Helvaci et al. (1993) and not clastic, cannot be 

discounted. The analysed plagioclase phenocrysts in the volcaniclastic sediments differ from those of 

the granite and rhyolite, being slightly more sodic (Figure 3.21). Although, further analysis of feldspars 

in the sediments, the rhyolites and the granite might produce some overlap in plagioclase 

compositions, it is also possible that the alkali elements Na and K have been mobilised in the lacustrine 

environment in which the sediments were deposited.

In summary, the feldspar analyses appear to preclude the involvement of the latite and shoshonite 

magmatism in sedimentation at the time of borate mineralisation but they also fail to provide clear 

evidence of derivation of the sediment feldspars from local acid magmatism.

3.6 CONCLUDING POINTS

Isotopic dates reveal an Early Miocene phase of acid magmatism in this region, as represented by 

granite and rhyolite in the USE area, and ignimbrite and rhyolite in the Kirka area (this study, Bingol et 

al., 1982, Yalgin 1989). Later magmatic activity in the Middle Miocene comprised trachyte, latite and 

shoshonite in the USE area, shoshonite in the Kirka area and trachyte, latite and shoshonite in the 

Afyon area (this study, Yalgin 1989, Besang et al., 1989). The overall evolution through the Miocene 

was from acidic to more mafic rocks, a trend consistent with Guleg's (1991) observation.
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FIGURE 3.21 - Electron microprobe analyses of feldspars from the Emet Basin
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A modified stratigraphic column of Emet Basin (after Helvaci 1984) is shown in Figure 3.22. K-Ar 

dating, immobile element concentrations and mineral compositions, confirm the observations made in 

Chapter 2, that acid magmatism was active in the Emet Basin prior to and possibly during the 

deposition of borate-host sediments, while the mafic magmatism occurred later. New K-Ar dates reveal 

that acid magmatism was active in the Emet Basin during the Early Miocene and that more mafic 

magmatism has a Middle Miocene age (Figure 3.22). Investigations of immobile element 

concentrations and compositions of biotites in the volcaniclastic sediments of the Red and Borate 

Formations indicated a derivation from local acid magmatism, but are unable to distinguish between 

rhyolitic or granitic provenance.

Granitic clasts found in sediments of both the Red and Borate Formations (c.f. Chapter 2) revealed 

that granite emplacement pre-dated most of the sedimentation in the Emet Basin. Volcanic material 

found in the sediments may have originated from the erosion of pre-existing rhyolite sheets and/or 

from the direct deposition of rhyolitic ash into the basins during active volcanism. The immature and 

largely unaltered nature of the volcaniclastic sediments would appear to suggest the latter possibility. 

Whatever the precise timing of acid magmatism relative to the mineralisation, it is clear that, as well as 

controlling the composition of the sediments, the granitic and rhyolitic magmatism may have provided a 

source for important elements associated with the borates.

Figure 3.23 shows the age bracketed stratigraphy of Selendi and Usak-Gure Basins (after Seyitoglu 

1997). K-Ar dates reveal that like Emet this area had an Early Miocene acid volcanic phase with later 

less evolved volcanism in the Middle Miocene. Immobile element concentrations in mudstones of the 

Inay Group suggest an input from acid volcanism and they preclude the involvement of the latite 

volcanic phase. The rhyolite and trachyte appear therefore to have exerted some control on the 

composition of the Inay Group mudstones and these volcanics may represent a suitable source for 

elements associated with borate mineralisation. The similarity of these basins to the Emet Basin in 

terms of volcanic and sedimentary stratigraphy, suggest that the mudstone sequences of the Inay 

Group had the potential to host borate mineralisation.

Figure 3.24 is a modified stratigraphic column of the Kirka Basin (after Yalgin 1989). K-Ar dates 

published by Yalgin (1989) for the Kirka acid volcanics are consistent with field and mineralogical 

information, as discussed in Chapter 2. This indicated that acid volcanism (both rhyolitic and ignimbritic) 

was active prior to and possibly during the deposition of borate-host sediments, while mafic volcanism 

occurred later. The Early Miocene age obtained in this study for ignimbrite south of the Kirka Basin by 

40Ar/39Ar dating gives further credence to that view.

Field and mineralogical evidence (c.f. Chapter 2) indicated a largely ignimbritic provenance for the 

Karaoren and Fetiye Formation sediments, with an additional rhyolitic clast component in the former. 

Geochemical evidence of an ignimbrite-derived component in the Karaoren and Fetiye volcaniclastic 

sediments is provided by their immobile element concentrations. Further confirmation of an acid 

volcanic input into these sediments is given by the Early Miocene K-Ar age of biotite in the Karaoren 

Formation (Yalgin 1989) which correlates within errors with the Early Miocene 40Ar/39Ar age of the 

ignimbrite. As a result of dilution affects caused by high Ca levels in most Sarikaya Formation
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FIGURE 3.22 - Generalised stratigraphy of the Emet Basin (volcanic stratigraphy  
modified from Helvaci 1984 and Kistler & Helvaci 1994)
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FIGURE 3.23 - Generalised stratigraphy of Selendi & Usak/Gure Basins (from  
Seyitoglu 1997, with K-Ar dates from this study)
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FIGURE 3.24 - Generalised stratigraphy of the Kirka Basin (volcanic stratigraphy 
modified from Yalcin 1989)
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sediments, their provenance could not be determined using immobile element concentrations. 

However, the K-Ar age of biotite in the Sarikaya sediments (Yalgin 1989) is within errors of the age of 

biotite in both the Karaoren Formation and the ignimbrite, strongly suggesting an ignimbritic input at 

around the time of deposition of the borate-host sediments.

Whether or not acid volcanic-derived material in the Sarikaya Formation is the product of direct 

deposition or the product of reworking is unclear. Similarly, the Fetiye Formation sediments may 

represent reworked ignimbrite, as indicated in Figure 3.24, or pyroclastic material erupted directly into 

the basin. Whatever the precise timing of acid volcanism relative to mineralisation, it is clear that the 

ignimbritic and probably to a lesser extent the rhyolitic volcanism, exerted considerable control on the 

composition of the Kirka sediments, and may have provided a source for elements associated with the 

borates. Further south, mudstone sequences near Balmahmut are closely related in space and time to 

Middle Miocene trachytic volcanism and immobile element concentrations also suggest a volcanic 

influence on the composition of these sediments.
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4. ROLE OF MAGMATISM IN BORATE GENESIS
4.1 INTRODUCTION

Chapters two and three demonstrated that acid magmatism in the Emet and Kirka Basins was 

closely related in both space and time to the deposition of borate-host sediments. This chapter 

examines:

(i) The influence of magmatism on the mineralogy and geochemistry of both borate mineralised and 

barren sediments.

(ii) The potential of local magmatism as a source for elements associated with borate mineralisation.

This information has been combined to produce a model for the role of magmatism in borate

genesis.

4.2 INFLUENCE OF MAGMATISM ON THE COMPOSITION OF SEDIMENTS IN 

SALINE, ALKALINE LACUSTRINE BASINS; CONSTRAINTS FOR BORATE 

MINERALISATION

Magmatic activity has significantly influenced the composition of sediments in many of the world's 

saline, alkaline continental basins (Hay 1977, Surdam 1977, Sheppard & Gude 1969, Stamatakis 

1989, Banfield et al., 1991a) and a review of the literature is presented below. In order to assess the 

affects of local magmatism on sedimentation and particularly its role in the generation of borate 

mineralisation in western Turkey, a detailed mineralogical and geochemical investigation was carried 

out on lacustrine sediments in Emet Basin. The excellent exposure of borate mineralised and barren 

mudstones and the abundance of literature on the borate mineralisation made this basin an ideal 

locality for such a study. For comparative purposes less detailed studies were conducted in the Kirka, 

Selendi, Usak-Gure and Afyon regions.

4.2.1 Previous investigations

4.2.1.1 Saline, alkaline basins in western USA

The influence of magmatism on sediment composition in saline, alkaline continental basins has 

been particularly well documented in western USA (Sheppard & Gude 1969, 1973; Surdam 1977, Hay 

1977, Barrows 1980, Jones 1986, Banfield et al., 1991a). Authigenic minerals such as clays, zeolites, 
K-feldspar and searlsite (NaBSi20 6H20 ) are produced when saline, alkaline waters interact with

volcanic material (Sheppard & Gude 1969, Surdam 1977, Hay 1977). Common volcanic reactants 

include glass, smectite, kaolinite, plagioclase and quartz (Hay 1977). The minerals in saline, alkaline 

continental basins, such as the Pleistocene Lake Tecopa Deposits in southern California, often show a 

lateral gradation; from the margin to the centre of a basin, of fresh glass, to zeolites and, finally, 

authigenic K-feldspar ± searlesite (Surdam 1977).

In the Miocene Barstow Formation in California, a zone of analcime separates a K-feldspar zone from 

the other zeolites, dominantly clinoptilolite (Sheppard & Gude 1969). The zeolites clinoptilolite, 

chabazite, erionite, phillipsite and mordenite were produced by direct reaction of silicic glass with
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alkaline, saline pore waters trapped within the tuffs during diagenesis (Sheppard & Gude 1973) 

whereas analcime and K-feldspar were formed by the alteration of the clinoptilolite group of zeolites 

under conditions of increased salinity, and locally they replaced plagioclase (Sheppard & Gude 1969). 

Strong evidence that authigenic K-feldspar and analcime are stable in highly saline conditions comes 

from the Kramer borate deposits in California, where these minerals were associated with borax-rich 

sediments, while clinoptilolite and phillipsite were associated with lower salinity sediments (Sheppard & 

Gude 1969).

A large proportion of clays found in saline, alkaline lakes are considered detrital, although 

authigenic smectites can be produced in such settings (Hellier 1995). In a detailed investigation of 

weathering and diagenesis around and within Abert Lake in Oregon, Banfield et al. (1991a) showed 

that the lake clays exhibit a greater average Mg content than clay in the pyroclastics around the basin. 

They attributed this to Mg uptake during diagenesis. Trioctahedral Mg-smectites, such as stevensite, 

hectorite and saponite, are indeed the most common authigenic smectites in alkaline lakes (Hellier 

1995). More Mg-rich clays are generally found towards the centre of a basin, reflecting conditions of 

increased salinity (Jones 1986).

4.2.1.2 Borate bearing basins in western Turkey and the Aegean

Volcanism had a significant impact on sediment composition in the borate bearing basins of western 

Turkey and Samos island (Greece), producing authigenic minerals similar to those found in saline, 

alkaline basins in western USA (Stamatakis 1989, Stamatakis et al., 1989, 1991; Yalgin et al., 1991, 

Helvaci et al., 1993, Helvaci 1995, Kistler & Helvaci 1994, Gundogdu et al., 1996). For instance, 

authigenic K-feldspar, zeolites and smectites are found in all the major borate-bearing basins of this 

region and often show distinct diagenetic zoneation (Yalgin and Gundogdu 1987, Stamatakis 1989, 

Yalgin et al., 1991, Gundogdu et al., 1996).

In the tuffs of the Karaoren Formation in Kirka Basin (which pre-dates the deposition of the borate- 

host sediments; Yalgin 1989, this study), mineral zones of glass + smectite, clinoptilolite + opal-CT, 

and clinoptilolite/heulandite + K-feldspar ± quartz have been described by Gundogdu et al. (1996). 

They also show that in the tuffs of the Kopenez Formation (which pre-dates the Beykoy/Red 

Formation) in the south of Emet Basin, mineral zones consist of glass + smectite, clinoptilolite + opal C- 

T, clinoptilolite + K-feldspar ± quartz ± analcime, K-feldspar + analcime + quartz + smectite + 

illite/smectite mixed layers, and K-feldspar + smectite + quartz. In both basins, diagenetic 

transformation of K-rich rhyolitic glass lead to the generation of dioctahedral smectite and clinoptilolite 

(Gundogdu et al., 1996). The lateral facies distribution is believed to have resulted from differences in 

the salinity and pH of pore waters, with formation of analcime and K-feldspar favoured by the highest 

salinity and pH (Gundogdu et al., 1996).

In the borate-bearing sediments of Kirka Basin (Sarikaya Formation), tuffaceous horizons contain 

authigenic K-feldspar, erionite, smectite and illite, whilst sanidine, albite, anorthoclase and calcite are 

apparently volcanic detritus (Helvaci et al., 1993). The smectites found in the Sarikaya Formation are Li- 

stevensite, Li-saponite and hectorite (Yalgin et al., 1989a). Tuffaceous sediments from the Borate
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Formation in the Emet Basin comprise authigenic K-feldspar, illite and smectite, whereas sanidine and 

quartz are considered volcaniclastic (Helvaci et al., 1993). Clays identified in the Borate Formation 

include Li-stevensite, Al-stevensite, saponite, dioctahedral smectite and illite-smectite mixed layers 

(Ataman & Baysal 1978, Yalgin & Gundogdu 1985). Helvaci (1977; 1984) claimed that a complete 

transition from tuff to clay in the Borate Formation can be determined from field and geochemical 

evidence. The formation of clays from tuffs was accompanied by a decrease in Si and K and an 

increase in Mg, Na, C r , Ni, B, As and Sr (Helvaci 1977). He suggested that some K was lost in solution 

while illite provided a sink for the remainder and Mg, Cr and Ni were incorporated into the 

montmorillonite structure. His study attributed enrichments in B, As and Sr to the presence in the 

mudstone of borate, celestite and realgar, as well as illite which absorbed B and smectite which 

absorbed As and Sr.

4.2.2 Influence of magmatism on the mineralogical and geochemical composition of 

sediments in the Borate and Red Formations of Emet Basin

4.2.2.1 Introduction

Previous investigations (Helvaci 1977,1984; Helvaci et al., 1993, Ataman & Baysal 1978, Yalgin & 

Gundogdu 1985, Gundogdu et al., 1996) provide a useful introduction to the impact of local volcanism 

on sediment composition in the Emet Basin. However, they have limitations; the study by Gundogdu 

et al. (1996) concentrated on the mineralogy of the Kopenez Formation without detailed whole rock 

geochemistry, while Helvaci (1977) described the basic geochemistry of mudstone in the Borate 

Formation without detailed mineralogical information. Furthermore, previous studies have not 

attempted to compare borate mineralised and barren sediments.

The current study therefore builds on this previous work and provides the first fully integrated 

mineralogical and geochemical investigation of both mineralised and barren sediments in the Borate 

and Red Formations. The specific aim of the investigation was to assess the influence of local 

magmatism on the composition of the sediments and in particular on the distribution of borate 

mineralisation. The following section therefore examines:

(i) The distribution of borate mineralisation in the sampled sections.

(ii) The mineralogical and geochemical composition of igneous material deposited in both the Red and 

Borate Formations, and the nature and extent of post-depositional modification.

(iii) The implications for the distribution of borate mineralisation in the basin.

4.2.2.2 Methodology

Sediment samples were collected from logged sections in both the Red and Borate Formations 

along the length of the Emet Basin (Chapter 2, Appendices A & B). Detailed mineralogical and 

geochemical studies, using XRD, XRF, ICP-AES and electron microprobe analyses, were conducted 

on twenty three selected samples (Appendices C, G, H & I); four from the Red Formation (VSE 1 - 4) 

and nineteen from the Borate Formation (VSE 5 - 23). Furthermore, As, Sr and Li concentrations were 

determined in 67 samples collected at 1.8 m intervals from sections C, D, E , F and G in the Borate
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Formation. Li was analysed by ICP-AES, while As and Sr were analysed using XRF (Appendix I).

4.2.2.3 Distribution of borate mineralisation in the sampled sections

In order to assess the affect of the igneous input on the distribution of borate mineralisation, the 

location of borate minerals within the sampled sections needed to be accurately constrained. This was 

accomplished by a combination of field observations and XRD analyses. No attempt was made to 

analyse boron in the sediments, due to the expensive analytical procedure and the success of 

mineralogical studies in locating the borate mineralisation. The distribution of colemanite in the 

sampled sections, was shown in Chapter 2 (Figure 2.3); colemanite was identified in Sections C, E and 

G, but not in Sections D and E.

4.2.2.4 Composition and post-depositional modification of igneous-derived sediment in Emet Basin

(a) Introduction

In Chapters 2 and 3, the occurrence of quartz, plagioclase, low-Mg biotites and the concentrations 

of immobile elements in volcaniclastic siltstones in the Red and Borate Formations were used as 

evidence for a derivation from local acid magmatism. On mineralogical and geochemical criteria alone, 

weathered granite cannot be distinguished from rhyolitic ash, but the presence of pumice and 

spherulitic fragments in some volcaniclastic siltstones indicates definite pyroclastic input. It is therefore 

probable that the volcaniclastic siltstones of Emet Basin were largely derived from rhyolitic ash, 

although they may also contain a component from weathered granite (Chapter 2). Immobile element 

levels in the mudstones of the Borate Formation are again consistent with a derivation from local acid 

magmatism, although concentrations in many cases have been diluted by the precipitation of calcite 

(Chapter 3). The following discussion concentrates on the mineralogical and geochemical post- 

depositional modifications of these acid igneous-derived sediments.

(b) The Red Formation

The elemental abundances of four volcaniclastic siltstone samples from the Red Formation have 

been normalised to average Emet Rhyolite so that post-depositional changes to the original acid 

igneous input can be easily observed. Samples VSE 1 and 4 contain concentrations of most elements 

similar to average Emet Rhyolite and Erigoz Granite, including the more mobile elements such as K, 

Rb, Na and Sr (Figure 4.1). It is therefore likely these volcaniclastic siltstones have not been 

significantly modified since deposition. The mineralogy of these samples is also largely comparable 

with that of the Emet Rhyolite; quartz, K-feldspar, plagioclase, biotite and kaolinite all remain. 

Furthermore, XRD analysis of sample VSE 4 (Appendix G) indicates an abundance of fresh glass.

XRD analyses reveal that illite is also present in samples VSE 1 and 4 (Appendix G) and electron 

microprobe studies on sample VSE 1 (Appendix H) show that the illite occurs in the form of white mica 

crystals (Figure 4.2). These illite crystals were probably detritally derived from local basement rocks, 

whilst micas with biotite to chlorite compositions originated from rhyolitic volcanism ± weathered granite 

(Figure 4.2). On the basis of an XRD peak at approximately 15.5 A, smectite in samples VSE 1 and 4 is
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FIGURE 4.1- Geochemistry of volcaniclastic siltstones from the Red Formation
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FIGURE 4.2 - Electron microprobe analyses of volcaniclastic siltstone in the Red 
Formation
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classified as the MgCa variety (Brown & Brindley 1980). This peak shows characteristic smectite 

behaviour; a shift from -15  A to -17 A on treatment with ethylene glycol followed by partial collapse at 

330°C and total collapse at 550°C (Appendix G, Brown & Brindley 1980). Further identification of the 

smectite using XRD proved problematical due to an overlap between the d(060) peaks of illite and 

montmorillonite (Moore & Reynolds 1989). However, electron microprobe analyses showed that 

montmorillonite and illite-montmorillonite mixed layers occur in the matrix of sample VSE 1 (Figure 4.2). 

The montmorillonite probably formed by the alteration of rhyolitic glass in the matrix of acidic volcanic 

ash deposited into the basin. Alteration of volcanic glass to dioctahedral smectite can occur during 

diagenetic reactions in a saline environment, or weathering reactions (Jones 1986, Banfield et al., 

1991b, Gundogdu et al., 1996).

In contrast, samples VSE 2 and 3 comprise rhyolitic ± granitic-derived sediment which has been 

modified since deposition. They contain calcite (VSE 2) and dolomite (VSE 3) but no glass, smectite, 

plagioclase or kaolinite. This geochemistry reflects the mineralogy with higher concentrations of Mg 

and Ca but lower Na than average rhyolite (Figure 4.1). Dolomite and calcite which occur in the matrices 

of these sediments and in the case of sample VSE 3, in the pumice vesicles too, are common 

authigenic phases in alkaline, saline lakes (Surdam 1977, Deike & Jones 1980, Banfield et al., 1991a). 

Precipitation of calcite leads to a increase of the Mg/Ca ratio in the residual solution and the 

subsequent precipitation of high-Mg calcite and finally dolomite (Eugster & Jones 1979, Eugster 

1980).

It therefore appears that the interaction of rhyolitic ± granitic material with Ca, Mg and carbonate-rich 

saline, alkaline waters lead to the precipitation of carbonate and the breakdown of glass, plagioclase 

and kaolinite. This breakdown releases silica and the cations of Na, Ca, Sr, K and Al. Figure 4.1 shows 

that the loss of Na was particularly pronounced and this reflects the lack of any Na-bearing phases in 

samples VSE 2 and 3. The breakdown of plagioclase probably also resulted in the loss of some Ca and 

Sr to solution. Loss of Al and Si has taken place in sample VSE 3 but K levels have not changed 

significantly relative to average Emet Rhyolite (Figure 4.1) since K still resides in K-feldspar. The Emet 

Rhyolites contain small concentrations of CaO (0.28-2.08 wt%) and MgO (0.26-0.72 wt%) and hence 

would have supplied only minor amounts of these elements to the lake waters. Gundogdu et al. (1996) 

have suggested that a more significant source of Ca and Mg may have been the local carbonate and 

ophiolitic basement rocks. Slightly elevated As and Li levels in sample VSE 2 relative to average Emet 

Rhyolite (Figure 4.1) was also probably the result of interaction with lake waters. All samples have 

elevated levels of Cr relative to average Emet Rhyolite (Figure 4.1), which might indicate an input from 

a mafic rock source, such as ophiolitic basement, but there is no direct evidence for this.

(c) The Borate Formation

The geochemistry of siltstone, limestone and mudstone from Section C in the Borate Formation of 

northern Emet Basin is shown in Figure 4.3. The siltstone and limestone (VSE 5, 6, 8, 10) were 

sampled from the lower part of the section (Section Lower C) while the mudstone (VSE 12,14, 16) was 

obtained from the borate mineralised upper portion of the section (Section Upper C) (Figure 2.3). Like
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FIGURE 4.3 Geochemistry of sediments from the Borate Formation (Section C - 
northern Emet Basin)
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some of the siltstones of the Red Formation, samples VSE 5 and 8 from Section Lower C are very 

similar in terms of geochemistry to average Emet Rhyolite (Figure 4.3), and even the mobile elements 

K, Rb, Sr and Na have remained largely unchanged since deposition. This mineralogy is also very 

similar to that of the Emet Rhyolites, with quartz, plagioclase, K-feldspar and biotite. As in the Red 

Formation, the presence of white micas in sample VSE 8 with an illitic composition (Figure 4.4a) and 

the Cr enrichment in samples VSE 5 and 8, suggest an additional input from eroded basement rocks. 

Some interaction with lake or pore waters has probably occurred due to slightly elevated levels of As 

and Li in both samples and of Mg, Ca and Sr in VSE 5 (Figure 4.3).

Detailed electron microprobe work on sample VSE 8, from Section Lower C, revealed that these 

acid volcaniclastic sediments have been modified to a minor extent since deposition. The composition 

of a single plagioclase phenocryst which has been partially altered is shown in Figure 4.4b. Plagioclase 

has been altered to illite and to illite-smectite mixed layer clay minerals (Figure 4.4b), either during 

diagenesis or by weathering. It is likely that this alteration occurred after the deposition of these 

sediments since feldspars in volcanics around the basin have been affected by a more acidic alteration 

producing kaolinite (Chapter 3).

In addition, small (1-40 pm) rhombic K-feldspar phenocrysts were observed in the matrix of sample 

VSE 8 (Plates 4.1a & b). These phenocrysts have different compositions to magmatic K-feldspars 

analysed in the rhyolites and granite (Chapter 2), since they are virtually Na-free (O r ^ .^  Appendix H).

They are therefore interpreted as authigenic K-feldspars which have grown during diagenesis. Similar 

Na-free authigenic K-feldspar formed by the replacement of glass during diagenesis in the saline and 

alkaline Abert Lake in Oregon (Banfield et al., 1991a). Authigenic K-feldspar has also been observed 

by Helvaci et al. (1993) and Gundogdu et al. (1996) in the Borate Formation of the Emet Basin and 

similar K-feldspar are common in saline, alkaline lake environments all over the world (Sheppard & 

Gude 1969; 1973, Hay 1977, Surdam 1977, Stamatakis 1989, Banfield et al., 1991a). As described 

above, the presence of authigenic K-feldspar is indicative of interstitial water with the highest salinity 

and pH (Sheppard & Gude 1973).

Plate 4.2a shows the main phenocryst phases of plagioclase, K-feldspar, quartz, and biotite in 

sample VSE 8, while Plate 4.2b shows a high magnification electron back scatter image of the matrix. 

The lighter phase in Plate 4.2b has a composition close to K-feldspar, whilst the darker phase contains 

less K but higher levels of Mg and Fe, and trends towards phengite and montmorillonite in composition 

(Figure 4.4a). The dioctahedral smectite (montmorillonite) and authigenic K-feldspar have probably 

directly or indirectly replaced rhyolitic glass, as described in the Kopenez tuffs lower in the stratigraphy 

of Emet Basin by Gundogdu et al. (1996). The abundance of authigenic K-feldspars in the Kopenez 

Formation has been attributed to a high K content in the glasses (Gundogdu et al., 1996), which is 

clearly a reflection of the overall high K level in the local rhyolitic volcanism (average Emet Rhyolite = 

5.60 % K20). Identification of the smectite type by XRD is difficult due to an overlap between the 

d(060) peaks of illite and montmorillonite, but the lack of a d(060) peak at 1.52-1.53 A suggests that 

trioctahedral smectites are not present (Moore & Reynolds 1989).

Sample VSE 6, a siltstone also from Section Lower C is very similar in terms of geochemistry to
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Figure 4.4a - Electron 
microprobe analyses in 
volcaniclastic siltstone in 
the Borate Formation
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Plate 4.1a - an electron microprobe back scatter image of sample VSE 8 showing an 
authigenic K-feldspar crystal (K)
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Plate 4.1b - the same authigenic K-feldspar crystal (K) viewed under higher power
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Plate 4.2a - an electron microprobe back scatter image of sample VSE 8 showing the main 
mineral phases present of quartz (q), biotite (b), K-feldspar (k) and plagioclase (p)
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Plate 4.2b - a high magnification image of the matrix. The lighter phase has a composition close 
to K-feldspar, while the darker phase has a composition trending towards phengite and 
montmorillonite
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samples VSE 5 and 8 except that it contains slightly lower Na than average Emet Rhyolite, reflecting 

the breakdown of plagioclase, and it contains higher Ca, reflecting the presence of calcite (Figure 4.3). 

Sample VSE 5 also has elevated levels of Mn and Sr relative to average Emet Rhyolite (Figure 4.3) 

which is probably a consequence of the substitution of Mn2+ and Sr2+ for Ca2+ in calcite (Deer et al., 

1992). Sample VSE 10 is a limestone composed of calcite chemically precipitated from lake waters and 

the immobile element concentrations in this rock clearly bear no resemblance to volcanism in the basin 

(Figure 4.3). The calcite contains elevated Sr, As and Li (Figure 4.3) which probably reflect the 

concentration of these elements in the lake waters and the substitution of Sr2+ for Ca2+.

The mineralogy and geochemistry of the colemanite-hosting mudstones (VSE 12, 14, 16) in 

Section Upper C (Figure 2.3) is significantly different to that of the siltstones found lower in the 

section. It seems likely that these mudstones are the product of the post-depositional modification of 

acid igneous material (similar to that of the siltstone sample VSE 8). The borate-hosting mudstones 

contain depleted levels of Si, Al, K, Na, Ti, Ba, Th, Nb, Zr and Y and enriched levels of Mn, Mg, Ca, As, 

Li, Ce, Sr and Cr relative to average Emet Rhyolite (Figure 4.3). The most pronounced enrichments are 

in Mg, Ca, As, Li and Sr, (Figure 4.3) which is probably a reflection of the high concentration of these 

elements in the lake brines. Rhyolite ± granite-derived quartz, and plagioclase, which are present in 

the acid volcaniclastic siltstones in Section Lower C, are absent in the borate-hosting mudstones and 

Si, Al and Na are depleted relative to average Emet Rhyolite in these samples (Figure 4.3), reflecting 

the breakdown of these minerals.

The particularly pronounced depletion in Na is expected since there are no Na-bearing phases in 

the mudstones. The Na zeolite, analcime, which often forms in highly saline waters such as the 

colemanite deposits at Bigadig in western Turkey (Helvaci 1995) and in the borax deposits of Kramer in 

California (Sheppard & Gude 1969) is absent here. However, analcime has been recorded lower in the 

stratigraphy in the pyroclastic rocks of the Kopenez Formation, where it apparently formed during 

diagenesis under saline conditions (Gundogdu et al., 1996). Illite in the mudstones is probably the 

only detrital mineral remaining and it provides a sink for Al, Si and K (Deer et al., 1992). Some Mg and 

Fe might also occur in the octahedral sites of the illite (Velde 1995). As indicated above some 

authigenic illite may also be present which formed by the alteration of feldspar. Authigenic illite- 

smectite mixed layers have been reported elsewhere in the Borate Formation (Gundogdu et al., 1996).

The K-feldspar in samples VSE 12 and 16 (Figure 4.3) is considered to be largely authigenic on the 

basis of the rhombic authigenic crystals observed in Section Lower C. Some detrital K-feldspar might 

remain but the authigenic variety is typical of extremely saline, alkaline conditions (Sheppard & Gude 

1973) such as clearly existed in this environment of colemanite precipitation. The depletion in K 

relative to average Emet Rhyolite (Figure 4.3) in the mudstones indicates that some K was lost in 

solution with the breakdown of glass and detrital K-feldspar. However, the presence of illite and 

authigenic K-feldspar and the lack of any Na bearing phase has maintained and often increased the 

high K/Na ratio inherited from the local rhyolitic volcanism. Rb is not depleted relative to average Emet 

Rhyolite (Figure 4.3) and it presumably resides in these K-bearing minerals. Carbonate, both dolomite 

and calcite, is a major phase in the mudstones, which is reflected in their high Mn, Ca and Mg
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concentrations (Figure 4.3). Yalgin et al. (1985) provide the only other record of dolomite in the Borate 

Formation. As discussed above, local acid magmatism probably contributed minimal Mg or Ca to the 

lake waters. The increasing content of Ca and Mg may at least in part explain the depleted levels of Si, 

Al, Ti, Ba, Th, Nb, Zr and Y relative to average Emet Rhyolite (Figure 4.3).

Another sink for Ca, Mn and particularly Mg in these mudstones is smectite and whole rock and clay 

separate XRD analyses (Appendix G) illustrate that CaMg smectite is present with a peak at 

approximately 15 A (Brindley & Brown 1980). Further attempts to classify the smectite were made 

using 060 reflections which can discriminate between dioctahedral and trioctahedral smectites (Moore 

& Reynolds 1989, Hay et al., 1991). Values from whole rock XRD analyses of d(060) for the smectites 

in these mudstones range between 1.52 and 1.53 A (Appendix G), which is indicative of trioctahedral 

smectites (Moore & Reynolds 1989, Hay et al., 1991). However, caution should be taken using this 

method of identification, since calcite has a peak in the same region. In order to overcome this 

problem, the ratio of the 3.03 to the 1.52 A peak was measured in a calcite-rich sample (VSE 10); the 

proportion of the 1.52 A peak taken up by calcite in mudstone samples could therefore be 

determined. In all cases, calcite alone cannot account for the intensity of the 060 reflections and it is 

therefore concluded that trioctahedral smectites are present.

The identification of trioctahedral smectite is consistent with the observations of Gundogdu et al. 

(1996), who state that saponite and stevensite are present in the Borate Formation, and with Ataman 

and Baysal (1978) who showed that the clays in the Borate Formation are Mg-rich (up to 7.89 % MgO) 
while Ca (up to 0.53 % CaO) and Na concentrations (upto 0.48 % Na20 ) are lower. Trioctahedral Mg

smectites, such as saponite and hectorite, are the most commonly reported authigenic smectites in 

alkaline lakes (Hellier 1995) and Mg-rich smectites are characteristic of basin centres where salinity is 

highest (Jones 1986).

The evidence presented in this study and by Gundogdu et al. (1996) indicates that dioctahedral 

smectites were produced by the alteration of rhyolitic glass and feldspar during weathering and 

diagenesis in the Kopenez, Red and lower Borate Formations, while further diagenesis under 

conditions of increased salinity lead to the generation of trioctahedral smectites in the borate-hosting 

mudstones. This is a very similar situation to that observed by Banfield et al (1991a, b) in their study of 

Lake Abert in Oregon, where di-trioctahedral smectite in the lake clays were produced by the addition 

of authigenic trioctahedral smectite to dioctahedral aluminous volcanic weathering products. The 

authigenic growth mechanism might involve the overgrowth of new layers onto existing clay flakes or 

the uptake of Mg into interlayer sites, with subsequent addition of Si to form new smectite layers 

(Jones 1986). Similarly, authigenic Mg-smectite in Searles Lake in California is thought to form by the 

addition of Mg silicate to dioctahedral smectite either by precipitation onto a montmorillonite template 

or by interstratification (Hay et al., 1991). Hence, it appears that dioctahedral smectite, produced from 

the weathering of volcanics, is an important precursor to lacustrine Mg-rich trioctahedral smectites. 

Furthermore, it has been suggested that the exchange of Mg for Ca into interlayer sites might provide 

a source for Ca in the precipitation of calcite (Jones 1986).

Apart from Mg and Ca, the trioctahedral smectites contain Si and Al and possibly Li (Deer et al.,
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1992). In a trioctahedral smectite, Si occupies tetrahedral sites, Al can occupy tetrahedral and 

octahedral sites, Mg occupies octahedral sites, Li can occupy octahedral sites and Na and Ca occupy 

the interlayer sites (Deer et al., 1992, Velde 1995). Samples VSE 12, 14 and 16 contain significantly 

higher Li than the siltstones in Lower Section C (Figure 4.3) which is consistent with the identification 

of trioctahedral smectites in the colemanite-hosting mudstones. Gundogdu et al. (1996) state that Li- 

stevensite is the Li-bearing trioctahedral smectite in the Borate Formation. It is possible that K, Rb, Sr 

and Ba might also reside in the interlayer sites in the smectite, having exchanged for Ca and Na (Deer 

at al., 1992). Other authigenic minerals found in the mudstones of Section C include colemanite and 

realgar, which are indicative of high B, Ca, S and As in the precipitating brines. The enrichments 

relative to average Emet Rhyolite of Cr and Co probably reflect a small input from mafic basement rocks, 

while elevated Ce (Figure 4.3) might indicate the presence of detrital monazite, although there 

appears to be no corresponding increase in P.

The borate-hosting mudstones of Sections E and G from the southern part of Emet Basin generally 

have a similar composition to the mudstones of Upper Section C, containing trioctahedral smectite, K- 

feldspar, calcite and illite; depletions relative to average Emet rhyolite in Si, Al, K, Na, Ba and Zr, and 

enrichments in Mn, Mg, Ca, As, Li, Sr, Cr and Co (Figure 4.5). As in the Upper Section C mudstones, 

the most pronounced enrichments are in Ca, Mg, Mn, As, Li, and Cr while the most pronounced 

depletion is in Na (Figure 4.5). Trioctahedral smectite was identified by d(060) at 1.52 A (Appendix G); 

all the samples also have 060 reflections at 1.50 A which is diagnostic of dioctahedral smectite but a 

definite identification cannot be made due to overlap with the illite peak (Moore & Reynold 1989). 

Differences with the Upper Section C mudstones include the presence of gypsum and quartz in 

Section E and celestite in Section G. Furthermore, these mudstones have a slight enrichment in Fe 

relative to average Emet Rhyolite (Figure 4.5), which might indicate substitution of this element into 

the octahedral sites of illite, or perhaps into the carbonate phase.

(d) Summary

A mineralogical and geochemical transition can be observed from largely unmodified acid 

volcaniclastic siltstones, containing an abundance of rhyolitic/granitic detrital minerals, to mudstones 

which have been extensively modified during diagenesis. This transition can be clearly observed 

within Section C over approximately 20 m of stratigraphy. The mineralogy and geochemistry of 

unmodified siltstones reflects the rhyolitic, and possibly granitic, input into the sediments; the 

presence of pumice, glass, spherulitic fragments, quartz, plagioclase, K-feldspar, biotite, dioctahedral 

smectite, kaolinite and a geochemical signature similar to that of the local rhyolitic volcanism. The first 

changes to occur in these acid igneous-derived sediments on interaction with saline, alkaline waters 

and during early diagenesis, were the breakdown of glass, plagioclase and kaolinite and the 

precipitation of calcite and dolomite in interstitial spaces. The former led to the release of K, Na, Al and 

silica while the latter resulted in an increase in Ca, Mg, Sr and Mn in the sediment. At least some of the 

rhyolitic glass was replaced by dioctahedral smectite and authigenic K-feldspar. The presence of 

authigenic K-feldspar and detrital illite explains the partial retention of K in the these sediments.

Page 4.9



Role of magmatism in borate genesis

FIGURE 4.5- Geochemistry of sediments from the Borate Formation (Sections E & 
G - mid and southern Emet Basin)
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Further post-depositional modification of acid igneous-derived sediments, through diagenesis and 

interaction with highly saline brines, appears to have led to the generation of the borate-hosting 

mudstones, in which the only remaining detrital volcanic mineral is rare quartz. These mudstones show 

pronounced enrichments in Mn, Mg, Ca, As, Li and Sr and depletion in Na relative to local rhyolitic 

volcanism. The high levels of Mn, Mg, Ca, As, Li and Sr in the mudstones reflect brines enriched in 

these elements which led to the precipitation of calcite, dolomite, colemanite, gypsum and celestite. 

The rhyolitic/granitic input probably only supplied a minor amount of Ca (from dioctahedral smectite 

modification and plagioclase breakdown) and Mg to these brines, and local carbonate basement is 

considered a more significant source for these elements. The significance of local magmatism on the 

concentrations of B, As, Li and Sr in the brines is investigated in detail later in this chapter. The high 

K/Na ratio of the rhyolitic input led to the growth of authigenic K-feldspar and despite an overall 

reduction in K during diagenesis, the ratio was maintained due to the extreme depletion in Na and the 

absence of any authigenic Na phase. The modification under highly saline conditions of dioctahedral 

smectite, which was formed by the alteration of volcanic minerals and glass, probably led to the 

generation of Mg-bearing trioctahedral smectite.

The occurrence of borates, authigenic K-feldspar, trioctahedral smectite, together with high 

concentrations of Mg, Ca, As, Li and Sr indicate that these mudstones developed in a highly saline, 

alkaline environment, probably near to the centre of an evaporitic (playa) lake where extreme 

concentration took place. Lower in the stratigraphy (Kopenez Formation) clinoptilolite was produced 

under less saline conditions, and analcime was generated where the K/Na ratios in glass were lower 

(Gundogdu et al., 1996). The presence of illite and enriched Cr in the Borate Formation suggests an 

additional input to acid magmatism, such as eroded local basement. Ultramafic rocks may account for 

the elevated Cr, but no direct evidence for such rocks was found.

4.2.2.5 Implications for the distribution of borate mineralisation within Emet Basin

In order to assess the impact of local magmatism on the distribution of borate mineralisation within 

the Borate Formation, comparisons have been made between the mineralogy and geochemistry of 

mineralised (C, E, and G) and barren sections (D and F) (Figure 4.6).

Sample VSE 22 is a volcaniclastic siltstone from barren Section F which has similar mineralogy to Ca- 

rich siltstones from elsewhere in the basin (eg. VSE 3 from the Red Formation and VSE 6 from Section 

Lower C in the Borate Formation), with a calcite cement, white mica, biotite, quartz, plagioclase and K- 

feldspar. The geochemistry of this siltstone (Figure 4.6) suggests that high Ca has led to a relative 

dilution of Si and Al, but most of the immobile element concentrations are similar to those of average 

Emet Rhyolite, indicating an acid igneous derivation for these sediments in common with other parts of 

the basin. However, smectite, common in the mineralised sediments, is lacking in sample VSE 22 from 

barren Section F. As observed elsewhere in the basin, the Ca enrichment in sample VSE 22 is 

accompanied by enhanced Mn, Mg and Sr relative to average Emet Rhyolite (Figure 4.6). A 

pronounced Cr enrichment in this siltstone (Figure 4.6) can be explained by the presence of detrital 

chromite crystals in the sample, which were analysed by the electron microprobe. They presumably
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FIGURE 4.6 - Comparison between geochemistry of sediments from barren 
(Sections D & F) and colemanite-bearing (Sections C, E & G) mudstones in the 
Borate Formation
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originated from the erosion of local basement rocks. The white micas are illitic in composition (Figure 

4.4a) and were probably also derived from local basement.

In contrast to the borate mineralised mudstones of Sections Upper C, E and G, colemanite, realgar, 

celestite, gypsum, dolomite, smectite and K-feldspar were absent in XRD traces of the mudstones of 

barren Sections D and F (Figure 4.6). The barren mudstones are comprised of illite, calcite and quartz. 

The XRD trace of barren mudstone from Section D indicates a very gradual increase in intensity at 

around 15 A (~6 degrees Two Theta), but no distinct smectite peak is observed, which contrasts with 

the extremely sharp peaks observed in this region in the colemanite-hosting mudstones (Figure 4.7). 

Peaks at 1.525 and 1.527 A in the barren mudstone samples VSE 21 and 17 respectively are in the 

region of trioctahedral smectites but these peaks are taken up by calcite, which is abundant in these 

sediments. A lack of smectite and dolomite in the barren sediments explains the lower levels of Mg 

relative to the mineralised mudstones while the lack of K-feldspar explains the low K levels in these 

sediments (Figure 4.6).

Sediments from Section Lower C are also barren, although they are close to the borate-host 

mudstones of Section Upper C (Figure 2.3). These sediments from Section Lower C also lack 

dolomite, but they contain authigenic K-feldspar and smectite, which as discussed earlier, appears to 

be dioctahedral. Hence, barren sediments in all cases lack dolomite and trioctahedral smectite 

(Sections Lower C, D & F), and sometimes lack authigenic K-feldspar and dioctahedral smectite 

(Sections D & F).

As discussed above, authigenic K-feldspar and Mg-rich clays are typically developed under 

conditions of high salinity near to the centre of basins (Sheppard & Gude 1969; 1973, Jones 1986). 

Therefore, the barren sediments of Sections D and F, may have been developed under relatively low 

conditions of salinity, since they lack authigenic K-feldspar and trioctahedral smectite. The presence of 

authigenic K-feldspar in Section Lower C probably indicates slightly more saline conditions, while the 

occurrence of authigenic K-feldspar, trioctahedral smectite and borates in the mineralised sections 

indicate the highest salinity conditions. Therefore, it seems likely that the distribution of borate 

mineralisation within a closed basin reflects the area occupied by the palaeolake which was in turn 

controlled by the palaeotopography of the basin. The evidence suggests that the igneous input was 

fairly uniform throughout the basin although the total lack of smectite in Sections D and F might reflect 

some variation in the supply of detrital dioctahedral smectite or of volcanic material which could be 

altered to this clay.

The barren sediments of Sections D and F also contain less As, Li and sometimes Sr than the 

mineralised sediments (Figure 4.6, 4.8, 4.9 & 4.10) consistent with the lack of observed realgar, 

celestite and trioctahedral smectite. The data presented indicate that high concentrations of As, Li and 

perhaps Sr appear to correlate with colemanite mineralisation, consistent with the observations of 

Helvaci (1977) and Gundogdu et al. (1996). They described high As and Sr concentrations and Li- 

bearing trioctahedral smectites respectively in the borate-hosting sediments. The assertion of Kistler 

and Helvaci (1994) that Sr, As and Li are useful elements for borate exploration was tested in detail in 

the Emet Basin.
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FIGURE 4.7 - XRD traces of borate-host and barren mudstone from Emet Basin
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FIGURE 4.8 - Concentrations of As, Sr and Li in sediments from the Borate 
Formation
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FIGURE 4.9 - Concentrations of As, Li and Sr in the Borate Formation - Northern Emet Basin
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FIGURE 4.10 - Concentrations of As, Li and Sr in the Borate Formation - Southern
Emet Basin
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In general, higher concentrations of As, Sr and Li are found in the borate-hosting sediments than in 

the barren sediments, although there is clearly some overlap (Figure 4.8). The highest concentrations 

are found in the borate-hosting mudstones of Section Upper C, while the lowest levels occur in the 

barren sediments of Sections D and Lower C (Figures 4.9 & 4.10). Reasonably low concentrations of 

As in Sections E and G relative to Section Upper C might be the result of surface weathering, where 

the highly mobile As has been partially washed away (Figures 4.9 & 4.10). Overall however, this study 

shows that As, Sr and Li are a useful guide to the occurrence of colemanite mineralisation, perhaps 

best illustrated by Section C where concentrations of As, Sr and Li increase upwards from barren 

Section Lower C to mineralised Section Upper C (Figure 4.19). There is some lithological control with 

colemanite-hosting mudstones containing the highest As, Sr and Li concentrations, but limestone and 

volcaniclastic siltstone can still contain reasonably high levels of these elements (see Figure 4.9, 

Section Lower C).

These geochemical observations can also be explained in terms of salinity; the barren sediments of 

Sections D and F represent the lowest salinity facies, perhaps around the fringes of a palaeolake, while 

the Section Lower C sediments were developed under slightly more saline conditions, and the borate- 

host sediments of Sections Upper C, E and G experienced the most saline conditions, probably near 

to the centre of the palaeolake.

4.2.2.6 Importance of trioctahedral smectite, authigenic K-feldspar and illite to colemanite precipitation

The association found in the Emet Basin of colemanite, authigenic K-feldspar and trioctahedral 

smectite can be explained by their common formation under similar conditions of high salinity and 

alkalinity. According to Helvaci (1977; 1984), the early colemanite nodules of the Emet Basin probably 

formed directly from brines within unconsolidated sediments below the sediment/water interface and 

continued to grow as the sediments were compacted. According to Smith and Medrano (1996), 

colemanite has never been observed crystallising from a modern lake and on the basis of experimental 

evidence, colemanite will not form under normal atmospheric pressures (Inan et al., 1973). Therefore, 

colemanite would have only precipitated when the pore waters became saturated in borate anions. 

The concentration would have been affected by the ability of the minerals in contact with the pore 

fluids, namely authigenic K-feldspar, trioctahedral smectite and illite, to absorb borate anions.

B-rich authigenic K-feldspar has been reported from saline, alkaline basins in California (Sheppard 

& Gude 1973) and in Samos, (Greece) (Stamatakis 1989) and it is considered a useful tool in the 

prospecting for saline minerals including borates (Sheppard & Gude 1973, Stamatakis 1989). The B 

content of these feldspars is commonly greater than 1000 ppm, considerably higher than that of 

volcanic derived K-feldspar and the B is thought to substitute for Al in the K-feldspar (Sheppard & 

Gude 1973, Stamatakis 1989). It is therefore likely that the authigenic K-feldspar in the Borate 

Formation of Emet Basin is also enriched in B, as was suggested by Helvaci et al. (1993). The K- 

feldspar probably absorbed borate anions but the remaining concentration in the brines was still high 

enough for colemanite and other borate minerals to precipitate. In contrast, at the Beypazari Trona 

Deposit in central Turkey, boron-bearing K-feldspar formed, but not borate minerals, presumably
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because the remaining borate anion concentration was too low (Helvaci et al., 1993).

A number of workers have demonstrated that illite is considerably more effective at absorbing 

borate species than smectite (Stubican & Roy 1962, Fleet 1965, Keren & Mezuman 1981, Keren & 

O'Connor 1982, Mosser 1983, Keren & Talpaz 1984), although trioctahedral smectites (saponite) can 

still contain appreciable B (Stubican & Roy 1962). Experiments show that alkaline conditions are highly 

favourable for the absorption of borate species by clays (Keren & Mezuman 1981). This can be 

explained by the fact that boron speciation is pH dependent, with B(OH)3 stable below pH 7 and 

B(OH)4' stable at higher pHs, and that clays have a stronger affinity for B(OH)4' than for B(OH)3 (Keren 

& Mezuman 1981, Keren & Talpaz 1984). From B isotope evidence, colemanite is thought to 

precipitate from brines with a pH of about 8 (Palmer & Helvaci 1994, Oi et al., 1989). Hence, in the 

alkaline pore waters of the Emet Basin, it is likely that illite and trioctahedral smectite provided a sink for 

B(OH)4'anions. The experiments of Keren & Mezuman (1981) indicate that clay absorption of B(OH)4‘ 

decreases rapidly at highly alkaline conditions (above pH 10) due to an increase in competition 

between OH‘ and B(OH)4\  It is tempting to suggest therefore that colemanite precipitation began as a 

result of reduced borate absorption by clays at high pHs. However, this does not appear to be the case 

since the colemanite precipitated from pHs of less than 10 (Oi et al., 1989, Palmer & Helvaci., 1994), 

before a significant reduction in borate absorption by clays would have occurred (Keren & Mezuman 

1981).

The available evidence suggests therefore that authigenic K-feldspar, illite and trioctahedral 

smectite are all good absorbents of borate anions, especially in alkaline conditions. It is likely that the 

brines at Emet contained such high concentrations of borate anions, that even if the minerals 

discussed above absorbed borate species, concentrations in the residual fluids were still high enough 

to precipitate colemanite. It is possible that all the absorption/exchange sites in authigenic K-feldspar, 

trioctahedral smectite and illite became used up by borate anions, producing a compacting mudstone 

incapable of further absorption. This mudstone saturated in borate anions may then have served to 

localise or trap B-rich brines leading to the precipitation of colemanite. Once crystallised, colemanite is 

highly susceptible to surface weathering such as to calcite (Helvaci 1977) and hence the mudstone 

encasing the nodules would have ensured their preservation.

4.2.2.7 The mineralogy and geochemistry of Emet Basin borate-hosting mudstones compared with 

other lacustrine sediments and upper continental crust

Figure 4.11 compares the geochemistry of the average Emet borate-hosting mudstone (EBM) with 

other mudstone and shale databases and the average upper continental crust. Lacustrine sediments 

from the Triassic-Jurassic Lockatong Formation in north-east USA, the Miocene Barstow Formation 

and Quaternary Searles Lake in south-west USA provide good analogues for the mudstones of the 

Emet Basin, since they too experienced diagenesis under saline, closed basin conditions and are 

derived at least in part from acid igneous rocks (Sheppard & Gude 1969, Hay et al., 1991, van de Kamp 

& Leake 1996). Borates are not reported from the Lockatong Formation (van de Kamp & Leake 1996) 

or the Barstow Formation (Sheppard & Gude 1969, van de Kamp & Leake 1996). Colemanite is,
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FIGURE 4.11 - Comparison of Emet mudstones with other sediment databases
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however, reported in contemporaneous lacustrine sediments only 10 miles from the latter (Sheppard 

& Gude 1969) and searlesite (NaBSi20 6H20 ) and borax have been reported from Searles Lake (Smith 

1979, Hay et al., 1991, Kistler & Helvaci 1994). Data for fresh water sediment from Lake Biwa in Japan 

(JLK-1 - Imai et al., 1996) and Post Archean Shale (Taylor & McLennan 1985) are also included in this 

comparison as representative sediments which have not experienced saline, alkaline and evaporitic 

conditions.

Relative to average upper continental crust (Taylor & McLennan 1985), EBM is considerably 

depleted in Na but shows pronounced enrichments in Mg, Ca, As, Li, Rb, Ce, Sr, and Cr (Figure 4.11). 

EBM, Lockatong, Barstow and Searles Lake mudstones contain higher concentrations of Mg and Ca 

relative to JLK-1 and Post Archean Shale (Figure 4.10), which appears to be a feature of the high 

salinity environment of the former. However, EBM differs from the Lockatong Formation, the Barstow 

Formation and Searles Lake in having even higher concentrations of Mg and Ca, but lower 

concentrations of Si, Al and Fe (Figure 4.11); the probable result of dilution by the high carbonate 

content. Na concentrations are also considerably lower in EBM relative to all the other databases, and 

the highest levels are found in the Lockatong, Barstow and Searles Lake mudstones which contain 

analcime (Figure 4.11). The analcime in the mudstone of Searles Lake and the Lockatong Formation is 

thought to have formed during diagenesis as a result of high Na levels in the brines (van de Kamp & 

Leake 1996).

EBM is enriched in As, Li, and Sr compared to JLK-1 and Post Archean Shale (Figure 4.11). 

However, Searles Lake, probably a modern analogue of the Emet brines, is enriched in Li and B 

(Kistler & Helvaci 1994, Ludington et al., 1992) and the mudstone from there contains similar high Sr 

to EBM (Figure 4.11). The higher Rb, La and Ce of average EBM relative to the other sediments 

probably reflects the provenance of the Emet sediments; higher Rb and La the rhyolitic input (see 

Figure 4.3) and high Ce levels the presence of a detrital mineral such as monazite.

4.2.3 Comparison between the composition of sediments in the Emet Basin with 

those in the Selendi, Usak-Gure, Kirka and Afyon areas

4.2.3.1 Introduction

The aim of this (less detailed) work in the Selendi, Usak-Gure, Kirka and Afyon areas is:

(i) To determine the influence of local magmatism on sediment composition.

(ii) To provide a local comparison for the sediments of the Emet Basin.

(iii) To assess the potential of sediments to host borate mineralisation.

4.2.3.2 Selendi/Usak-Gure Basins

Figure 4.12 shows the normalised mineralogy and geochemistry of four mudstone samples from 

the Selendi and Usak-Gure Basins with EBM plotted for comparison. As described in Chapter 3, the 

concentrations of some immobile elements such as P, Ti, Nb and Zr are similar in both the mudstones 

and average Selendi/Usak Rhyolite (Figure 4.12) suggesting that the sediments of all these basins 

were at least in part derived from local acid magmatism. The overall geochemical pattern in these
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FIGURE 4.12 - Geochemistry of mudstones from the Selendi and Usak Basins
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mudstones is broadly similar to that of EBM (Figure 4.12), which as discussed above, has undergone 

significant post-depositional modification during diagenesis and interaction with saline, alkaline pore 

waters.

In detail, samples VSS 1, VSS 2 and VSUG 2 are similar to EBM in terms of major elements, while 

VSUG 1 differs with lower Mg and K (Figure 4.12). The former contain ankerite, illite, and sometimes 

smectite ± K-feldspar and they therefore have a similar mineral assemblage to EBM. On the basis of the 

study at Emet, it appears that smectite (VSS 1), K-feldspar (VSS 2, VSUG 2) and Mg carbonate (VSS 1, 

VSS 2, VSUG 2) have a common association with borate mineralisation. The presence of ankerite as 

opposed to dolomite and calcite in these samples reflects their higher Fe content relative to the EBM 

(Figure 4.12). Sample VSUG 1 more closely resembles the barren mudstones of the Emet Basin, with 

the presence of only illite and calcite. This mineral assemblage explains the lower K and Mg in sample 

VSUG 1 relative to EBM and the other mudstone samples from this area.

Trace element patterns for samples VSS 1, VSS 2, VSUG 2 are similar to EBM, while VSUG 1 differs 

with lower Th, Nb, Nd, Zr, Y and V (Figure 4.12). All samples contain the distinctive enrichment in Cr, 

which was observed in the Emet Basin (Figure 4.12). The Selendi and Usak-Gure samples show at 

least some enrichment in As, Sr and Li relative to average local rhyolite (Figure 4.12), and they are 

enriched relative to other lacustrine sediment databases (eg. JLK 1-27 ppm As, 67.5 ppm Sr, 51.5 

ppm Li - Imai et al., 1996). However, concentrations of these elements in the Selendi and Usak-Gure 

samples are in general lower than those found in the Emet mudstones, although there is some overlap 

(Figures 4.13, 4.14 & 4.15).

Hence, on the basis of the study in Emet, the presence of smectite, K-feldspar and Mg carbonate in 

at least some of the Selendi and Usak-Gure sediments suggests that these basins represent potential 

targets for borate mineral exploration. The similar chemistry of three of the samples to average EBM, 

with pronounced enrichments in Mn, Mg, Ca, As, Li, and Sr, further indicate a potential for borate 

mineralisation.

4.2.3.3 Kirka Basin

The mineralogy and geochemistry (normalised to average Kirka Ignimbrite) of four siltstone 

samples from the Karaoren and Fetiye Formations in the Kirka Basin is presented in Figure 4.16 and 

average Emet Basin Red Formation siltstone is plotted for comparison. On both mineralogical and 

geochemical criteria, the volcaniclastic siltstones of the Karaoren Formation are clearly ignimbrite 

derived (Chapters 2 & 3). Sample VSK 267 has a similar mineralogy to the ignimbrite south of the 

basin, except that it contains clinoptilolite and minor calcite. Clinoptilolite was also found in the 

Karaoren Formation by Gundogdu et al. (1996). The clinoptilolite was apparently formed by the 

diagenetic transformation of rhyolitic glass in a saline environment (Gundogdu et al., 1996). Hence, the 

presence of clinoptilolite indicates that some post-depositional modification of this ignimbrite material 

has taken place, but the fact that glass and pumice still remain (Figure 4.16) shows that the changes 

were only minor.
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FIGURE 4.13 - Concentrations of sediments from the Emet, Selendi, Usak, Kirka 
and Afyon areas
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FIGURE 4.14- As vs Sr concentrations in sediments from the Emet, Selendi, Usak, 
Kirka and Afyon areas
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FIGURE 4.15- Li vs Sr concentrations in sediments from the Emet, Selendi, Usak, 
Kirka and Afyon areas
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FIGURE 4.16 - Geochemistry of siltstones from the Karaoren and Fetiye 
Formations (Kirka Basin)
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Samples VSK 256, 265 and 262 all contain abundant calcite and therefore, like the Red Formation 

siltstones form Emet Basin, they have elevated levels of Ca and Mg relative to average Kirka Ignimbrite 

(Figure 4.16). As in the Emet Basin, it appears that many of the siltstones of the Karaoren and Fetiye 

Formation have interacted with Ca and Mg-rich waters. The calcite was precipitated in interstitial spaces 

such as in the matrix and the pumice vesicles (see Chapter 2). The samples have slightly elevated 

levels of Sr relative to average Kirka Ignimbrite, perhaps reflecting substitution for Ca2+ in calcite. Some 

of the samples contain minor Li enrichment while none show elevated As (Figure 4.16), suggesting 

that pore waters were poor in As but perhaps slightly enriched in L i.

The mineralogy and geochemistry of four sediment samples from the Sarikaya Formation in the 

Kirka Basin is presented in Figure 4.17 together with other local volcanics and EBM plotted for 

comparison. Samples VSK 1, 2 and 3 are borax and ulexite-hosting sediments from near the main 

Sarikaya open pit, while VSK 4 is colemanite-hosting mudstone from Gogenoluk (see Chapter 2). As in 

the Emet Basin, the mudstones from the Kirka Basin are considered to represent acid igneous-derived 

material that has undergone significant post-depositional modification, although this is difficult to 

establish due to the dilution of immobile trace element concentrations by high levels of Ca (see 

Chapter 3).

The colemanite-hosting mudstone from Gogenoluk (VSK 4) is similar in terms of mineralogy and 

geochemistry to EBM (Figure 4.17). As in EBM, K-feldspar and trioctahedral smectite are present, 

suggesting a highly saline environment, but unlike at Emet, carbonate is absent. The high Mg content 

in sample VSK 4, similar to that in average EBM (Figure 4.17), suggests that the trioctahedral smectite 

is Mg-rich, since other Mg-bearing minerals were not identified. The ulexite and borax hosting 

sediments (VSK 1, 2, 3) differ from EBM in having no K-feldspar, which is reflected in their low K 

concentration (Figure 4.17). Trioctahedral smectite and dolomite are present in these mudstones and 

hence they have very high levels of both Mg and Ca which exceed levels in EBM (Figure 4.17). 

Analyses of clay separates from the Kirka Basin confirm the Mg-rich nature of the trioctahedral smectite 

with 7.56-23.3 wt% MgO, 0.09-1.4 wt% CaO and 0.07-0.64 wt% Na20  (Ataman & Baysal 1978).

As described in Chapter 3, high carbonate levels in samples VSK 1, 2 and 3 led to a dilution of a 

number of the other elements, such as Si, Al, Fe, Ti, Th, Nb, La, Nd, Zr and Y (Figure 4.17). Levels of 

Cr are also lower in these samples relative to both Emet and Gogenoluk mudstone, which might reflect 

different inputs from the basement. Samples VSK 1, 2, and 3 contain lower As but higher Li and Sr 

than the colemanite-hosting mudstones of Gogenoluk and Emet (Figure 4.17). The lower As is 

consistent with the observation by Inan et al. (1973) that the Emet deposits were more enriched in this 

element than those at Kirka. The higher Sr in samples VSK 1, 2, and 3 is probably due to their higher 

carbonate content. Some of the Kirka samples (VSK 1, 2, 3)  have the highest Sr and Li levels of all 

sediments analysed in this study, while As concentrations are generally lower than those at Emet 

(Figures 4.13, 4.14 & 4.15). This study therefore suggests that colemanite-hosting mudstone in 

western Turkey has higher As, but lower Li and Sr than ulexite/borax-bearing sediment, although it 

should be noted that the database for the latter rock type is small.
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FIGURE 4.17 - Geochemistry of sediments from the Sarikaya Formation (Kirka 
Basin)
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4.2.3.4 Afyon Area (Balmahmut)

The mineralogy and geochemistry of two mudstones from the Afyon area (normalised to Afyon 

Trachyte) is presented in Figure 4.18 with local volcanics and EBM plotted for comparison. Similar 

levels of P in the mudstone and the average Afyon Trachyte suggests that local volcanism affected the 

composition of these sediments (Figure 4.18), although dilution by elevated Ca may have produced 

lower concentrations of some of the other immobile elements (see Chapter 3). Relative to EBM, the 

Balmahmut sediments do not contain a significant Mg, As, Li, Sr or Cr enrichment or the pronounced 

Na depletion (Figure 4.18). The lower Mg reflects the lack of either dolomite or trioctahedral smectite in 

these sediments, while the higher Na can at least in part be explained by the presence of plagioclase in 

one of the samples (Figure 4.18). The lower Mg, As, Li and Sr appears to indicate that pore waters 

associated with these sediments were not enriched in these elements, while lower Cr suggests a lack 

of basement input. The Balmahmut sediments contain the lowest As and Li of all the basins analysed 

(Figures 4.13, 4.14 & 4.15). The lack of trioctahedral smectite and Mg carbonate, together with the 

relatively Mg, As, Li and Sr-poor, but Na-rich nature of these sediments indicates that they are not likely 

to host borate mineralisation.

4.2.4 Concluding points

This study has shown that local acid magmatism exerted a strong control on the composition of 

siltstones and mudstones in the Emet Basin. The mudstones appear to be the result of the diagenetic 

alteration of dominantly rhyolite ± granite-derived material in a saline, alkaline environment. Diagenesis 

and interaction with saline, alkaline waters led to the breakdown of all rhyolite ± granite detrital minerals 

and the development of an authigenic mineral assemblage comprising carbonate, borate, trioctahedral 

smectite and authigenic K-feldspar. The breakdown and alteration of acid igneous detrital minerals 

provided an abundant supply of Si, Al and K, together with lesser amounts of Ca and Sr to the basin, 

thereby having some influence on the authigenic mineral assemblage produced. The presence of 

detrital illite and chromite however, suggests an additional input from the basement, which may also 

have provided a more significant supply of Ca and Mg. Ultramafic basement in particular would be able 

to account for the observed detrital chromite and elevated Ca and Mg.

Trioctahedral smectite, authigenic K-feldspar, dolomite and borate mineralisation have a common 

association in the Emet Basin. Barren sediments in the basin lack dolomite and trioctahedral smectite 

and sometimes lack authigenic K-feldspar and dioctahedral smectite. This suggests that the borate 

minerals formed in the centres of paleolakes where extremely saline waters collected with high Mg 

concentrations. In these highly saline environments, modification of volcanic derived dioctahedral 

smectite through Mg uptake resulted in the generation of trioctahedral smectite, while the formation of 

K-feldspar reflected the K-rich nature of the igneous input. It therefore seems likely that the 

distribution of borate mineralisation depended on the locations of paleolakes, and therefore on the 

palaeotopography of the basins. The evidence indicates that the igneous input was fairly uniform 

throughout the basin although some variation is suggested by the lack of any smectite in some of the 

barren sediments.
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FIGURE 4.18 - Geochemistry of sediments from the Afyon area
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Mudstones within the Selendi, Usak-Gure and Kirka Basins are very similar in terms of mineralogy 

and geochemistry to those of the Emet Basin, and they also appear to be the result of the diagenetic 

alteration of predominantly acid volcanic-derived material in a saline, alkaline environment. All the 

sediments in these basins are variably enriched in As, Li and Sr with the borate mineralised sediments 

of the Emet and Kirka Basins containing the highest concentrations. The sediments from the Afyon 

area (near Balmahmut) differ in that they contain lower Mg, As, L i, Sr and Cr than the other basins, and 

they have no trioctahedral smectite or Mg-carbonate. These differences in Mg and Cr might reflect the 

lack of a mafic basement input in this area. The following section examines the affect of local 

magmatism on the As, Sr and Li concentrations in the lacustrine sediments of the different basins.

4.3 EVALUATION OF MAGMATISM AS A SOURCE FOR ELEMENTS ASSOCIATED  

WITH BORATE MINERALISATION

4.3.1 Previous work

In 1851, Veach (in Hanks 1883) concluded that the source of boron in a Quaternary evaporate 

Lake in California (Borax Lake) was local thermal springs related to geologically young volcanic rocks. 

Since then, a large number of workers have suggested a volcanic or thermal spring source for the 

boron in non-marine borate deposits (Inan et al., 1973, Rettig et al., 1980, Sunder 1980, Kistler & 

Smith 1983, Papke 1985, Siefke 1985, Helvaci 1985, Alonso et al., 1988, Stamatakis & Economou 

1991, Ludington et al., 1992, Kistler & Helvaci 1994, Smith & Medrano 1996, Palmer & Helvaci 1995).

Studies of recent borate deposits have stimulated many of the theories concerning the origin of 

borate mineralisation. These deposits are often clearly associated with thermal springs (Kistler & Smith 

1983, Barker & Barker 1985, Helvaci & Alonso 1994, Kistler & Helvaci 1994, Crowley 1996), and in 

South America, cones and aprons of ulexite ± borax have built up around vents from which thermal 

waters and gases are in many cases still emanating (Muessig 1966). Furthermore, many of the B, Li and 

Sr rich lakes and salars (playas or salt flats) in South America are fed by igneous-related geothermal 

springs (Risacher & Fritz 1991, Alonso et al., 1991, Orris et al., 1992). Elevated levels of B and Li have 

been found in thermal springs (up to 30.7 ppm B & 9.42 ppm Li) and rivers (up to 244 ppm B & 105 

ppm Li) associated with B and Li-rich lakes and salars in Bolivia (Orris et al., 1992).

Evidence for an association between geothermal activity and older borate deposits is more difficult 

to find. However, the presence of arsenic and antimony-bearing minerals in the Tertiary Kramer borax 

deposit in California has been taken as evidence for hydrothermal springs in the area (Smith 1985), 

Smith & Medrano 1996). Additional evidence for the involvement of hot springs in the genesis of 

Tertiary borate deposits comes from B isotope studies, where the range of B isotope compositions for 

borate minerals from the Kirka Basin are consistent with a derivation of B from geothermal waters 

(Palmer & Helvaci 1995).

Muessig (1966) speculated that the B in South American springs had a source related to volcanism 

and studies by Rettig et al. (1980) and Risacher and Fritz (1991) indicated that the Li and B in thermal 

springs and rivers result from the leaching and drainage of volcanic rocks. However, B enrichment in 

geothermal waters is sometimes found where there is no clear evidence for magmatic involvement. For
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instance, in the Lardarello region in Italy, natural steam associated with geothermal waters carries boric 

acid believed to be derived from the sedimentary host rocks (Barker & Barker 1985, Kistler & Helvaci

1994).

Thermal springs associated with local volcanic activity and streams which carry eroded volcanic 

material have also been cited as a source for the borate mineralisation in Tertiary Turkish deposits, 

although direct evidence is lacking (Helvaci 1984; 1994, Helvaci & Firman 1976, Helvaci & Kistler 

1994, Inan et al., 1973). The deposition of volcanic ash into saline, alkaline lakes and the subsequent 

release of B during the diagenetic transformation of volcanic glass has been suggested as an 

additional B source in the Tertiary borate deposits of western Turkey (Gundogdu et al., 1996, Helvaci 

1984).

4.3.2 Investigation into the source potential of igneous rocks in the Usak-Gure, 

Selendi, Emet, Kirka and Afyon areas

4.3.2.1 Introduction

The potential of igneous activity as a source of the elemental suite, B, As, Sr and Li, enriched in 

the Emet and Kirka Basins, was assessed by;

(i) Determining whether the primary (unaltered) igneous rocks were enriched.

(ii) Using the evidence of remobilisation of these elements by hydrothermal fluids.

4.3.2.2 Geochemical Analysis

Sr and As were analysed by XRF and Li by ICP-AES at the University of Leicester; B was 

determined by prompt gamma activation analysis (PGAA) at a commercial laboratory in Ontario, Canada 

(Appendix I).

4.3.2.3 Concentrations of Sr, As, B & Li in igneous rocks of the Usak-Gure, Selendi, Emet, Kirka and 

Afyon areas

In common with other igneous rock suites (eg. calc-alkaline series from the Sunda Arc - Foden 

1983), Sr concentrations in the Usak-Gure, Selendi, Emet, Kirka and Afyon (USEKA) rocks, decrease 

with increasing S i02, such that the granite, ignimbrite and rhyolite have the lowest Sr levels (Figure 

4.19). The concentrations of Sr in these acid igneous rocks are generally lower than average upper 

continental crust (350 ppm Sr - Taylor & McLennan 1985), while the levels in the latites and 

shoshonites are considerably higher (Figure 4.19). Igneous rocks with similar high levels of Sr to the 

mafic rocks of this area include island arc calc-alkaline basalts (eg. 550 ppm Sr - Sun 1980), continental 

margin alkali basalts (eg. 871 ppm Sr in the CVZ in the Andes - Thorpe et al., 1984) and average ocean 

island basalt (660 ppm Sr - Sun & McDonough 1989).

A large proportion of the rocks analysed in this study contain greater than 20 ppm As (Figure 4.19), 

which is the highest recorded concentration for fresh igneous rocks (Govindaraju 1994), with particular 

enrichment in rhyolite from the Kirka Basin and rhyolite and alunite from the southern margin of the 

Emet Basin (Figure 4.19). Within the Emet area, the rhyolite, latite and shoshonite have higher
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FIGURE 4.19 - Sr and As concentrations in igneous rocks from the USE, Afyon and 
Kirka areas
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concentrations of As than the Erigoz Granite (Figure 4.20 a & b), whilst within the Kirka area, the 

rhyolite, dacite and ignimbrite contain higher levels than the shoshonite (Figure 4.21 a & b). Previous 

analyses of four volcanic rock samples from the Emet Basin showed similar elevated concentrations of 

As (43-93 ppm - Helvaci 1984). All the acid volcanics of this area are enriched in As relative to average 

upper continental crust (Taylor & McLennan 1985) (Figure 4.20 & 4.21).

B concentrations in igneous rocks from the USEKA area fall within the limits of previous reports of 

igneous rocks (Figure 4.22, Wright et al., 1975, Langmuir et al., 1977, Bryan et al., 1979, Langmuir et 

al., 1986, Miller et al., 1992, Ryan & Langmuir 1993, Edwards et al., 1994, Imai et al., 1996, Leeman & 

Sissons 1996 and references within). A positive correlation between B and Si02for the volcanic rocks 

from this study area (Figure 4.22) is consistent with the contention that B tends to be enriched in the 

silicic differentiates of magmatism (London et al., 1996). The most B-rich igneous rock in this area is the 

Kirka Ignimbrite (47-145 ppm); the glass-bearing ignimbrite samples (I252 & 219) contain higher B 

levels than the devitrified samples (I208, 250, 222). Similar observations have been made in the 

rhyolitic tuff of Valles caldera, New Mexico (White et al., 1992). This is consistent with the ‘fugitive’ 

behaviour of B in magmatic environments which is likely to result in the concentration of B into the 

glass (Arnbrsson & Andrbsdottir 1995).

The Erigoz Granite is depleted in B (6-21 ppm) relative to the acid volcanic rocks (Figure 4.22). This 

granite contains similar B levels to average upper continental crust (Taylor & McLennan 1985), whilst all 

the acid volcanics are enriched (Figures 4.20 & 4.21). Higher B concentrations are found in the aplite 

than in the main granite body (Figure 4.20b), indicating that this element was concentrated in the late 

stage residual fluids. The Erigoz Granite falls at the low end of the spectrum for analysed granites, 

which range from below upper crustal values to highly enriched tourmaline-bearing bodies (Leeman & 

Sisson 1996); for example, the Gangotri pluton in the Himalayas which contains up to 513 ppm B 

(Scaillet et al., 1990) and tourmaline-bearing granite from south-west England (London & Manning

1995). The B concentrations in the Emet and Kirka rhyolites, dacites and ignimbrites (24-145 ppm B) 

fall in the range for rhyolites and acid pyroclastics generated at former convergent margins or in areas 

characterised by significant crustal thickening, which generally contain between 20 and 200 ppm B 

(Higgins 1988, Webster et al., 1989, Dunbar & Hervig 1992, Duffield & Ruiz 1992, Imai et al., 1996), 

although the Macusani glass in south-east Peru is exceptionally enriched with 1930 ppm B (Leeman & 

Sisson 1996). Rhyolites generated from B-depleted crustal sources or B-poor precursor magmas, 

such as those of the Colorado Plateau have a relatively low B content of less than 25 ppm (Leeman & 

Sisson 1996), which is clearly lower than most of the Emet and Kirka acid volcanics.

The Li concentrations of the USEKA suite also fall within the field for previously reported igneous 

rock (Figure 4.22, Wright 1971, Kay 1976, Bryan & Moore 1977, Bryan et al., 1979, Langmuir et al., 

1986, Ryan & Langmuir 1987, Imai et al., 1996). Ryan & Langmuir (1987) described a positive 

correlation between Li and S i02 within individual rock suites, and this is approximately found in the 

Emet and Kirka suites with the highest concentrations in the more silicic rocks (Figure 4.22). The 

highest Li concentrations in igneous rocks of this area are found in the Erigoz Granite from the Emet 

area and some samples of ignimbrite and rhyolite from the Kirka area (Figure 4.22). In contrast to B, Li is
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FIGURE 4.20 - Concentration and remobilisation of elements in igneous rocks of 
the Emet area
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FIGURE 4.21 - Concentration and remobilisation of elements in igneous rocks of 
the Kirka area
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FIGURE 4.22 - B and Li concentrations in igneous rocks from the USE, Afyon and 
Kirka areas
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not apparently concentrated into the residual Erigoz granitic fluids, and aplite is depleted in Li relative 

to average upper continental crust, while the main granite body is enriched (Figure 4.20b). Relative to 

average upper continental crust (Taylor & McLennan 1985); in the Emet area, rhyolite contains upper 

crustal concentrations, granite is enriched, aplite and latite are depleted, and from the Kirka area, 

ignimbrite is both enriched and depleted, rhyolite is enriched, dacite contains upper crustal levels, and 

shoshonite is depleted in Li (Figures 4.20 & 4.21).

4.3.2.4 Secondary mobilisation of B, As, Li and Sr

The extent of secondary remobilisation of elements was assessed by examining deviations of 

concentrations from igneous fraction trends (after MacLean & Barrett 1993). Sr vs S i02 shows an 

approximately straight fractionation trend within the Emet and Kirka rock suites, and there is no obvious 

evidence of secondary mobilisation (Figure 4.19). The Sr levels are therefore considered to be 

representative of the parental melt compositions. However, Sr and Ca levels decrease with Na in the 

Emet Rhyolites, such that the kaolinite-bearing samples have the lowest concentrations of all these 

elements. Therefore, Sr together with Na and Ca were lost to solution during kaolinitisation of 

plagioclase. The Afyon volcanics have higher levels of Sr than the remainder of the analysed rocks 

which might indicate remobilisation although it may also be the result of a different source region (see 

Chapter 5).

Concentrations of As in many of the volcanics of this area are probably not representative of 

parental magma compositions, since levels of this element are often higher than recorded values for 

fresh igneous rocks in the literature (Govindaraju 1994). Furthermore, the wide spread in 

concentration of As in Figure 4.19 suggests that this element has been mobilised. A possible 

mechanism was interaction with geothermal fluids which often carry elevated levels of As (White et al., 

1971, Ellis 1979, Henley & Ellis 1983, Henley 1985, Hedenquist & Henley 1985, Smith et al., 1987, 

Krupp & Seward 1990). The lack of calcite in the volcanics suggests that the high As is not the result of 

interaction with lake brines.

In contrast to As, the B and Li concentrations of the USEKA volcanic and granitic rocks are not 

anomalous relative to other analysed igneous rock suites (Imai et al., 1996, Leeman & Sissons 1996) 

and probably represent parental magma compositions. Within the Emet and Kirka volcanic rock suites, 

the previously reported positive correlation of B and Li with Si02 is present, but there is some spread in 

values away from this trend particularly in the more silicic samples (Figure 4.22). These variations 

exceed analytical uncertainty (error bars shown on Figure 4.22) and probably indicate limited 

remobilisation. Variations in B and Li are particularly pronounced in the Kirka acid volcanic rocks 

(Figures 4.21 & 4.22). Some intermediate volcanic samples from the Afyon (A 242 - 90 ppm B), 

Selendi (SE 3 - 1 1 2  ppm B) and Usak-Gure (UG 58 - 105 ppm B) areas have anomalous high B 

concentrations; one shoshonite sample from the southern margin of Emet Basin (UG7 - 38 ppm Li) 

contains unusually high Li (Figure 4.22). These enrichments in B and Li might reflect the interaction of 

these volcanics with geothermal waters, which often contain elevated levels of these elements (Ellis
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1979, Henley & Ellis 1983). This interaction is unlikely to have been recent, as currently active hot 

springs in the Emet area do not contain appreciable B or As (Helvaci 1984).

A further test of mobility is the homogeneity of multivariation plots. The mobility of the elements 

plotted on Figures 4.20 and 4.21 approximately increases from right to left, and a greater degree of 

variation in concentrations on the left relative to the right of the diagram indicates remobilisation. With 

the exception of Na, both mobile and immobile element concentrations show little variation within the 

Emet Rhyolite suite (Figure 4.20a), suggesting that B and Li have not been remobilised in these rocks. 

There is no evidence in this plot to suggest that devitrification or kaolinitisation in some of the rhyolites 

mobilised Li and B (Figure 4.20a). The decrease in Na is the result of the alteration of plagioclase to 

kaolinite as discussed above (Figure 4.20a). The higher Ti and Li, but lower B, of sample E 5 relative to 

the other rhyolites (Figure 4.20a), is probably the result of concentration of B into the most evolved 

siliceous melt (lowest Ti) as is observed in the aplite of the Erigoz pluton (Figure 4.20b).

In contrast, sample SE 71 (alunite & quartz) from the southern margin of the Emet Basin was the 

product of the acid alteration of rhyolite, which has resulted in the leaching of Na, Rb, Li and B from the 

rock but has led to an increase in As (Figure 4.20a). The leaching of B and Li from acidic volcanic rocks 

by thermal solutions has been noted elsewhere, both in the field (Shaw & Sturchio 1992) and in the 

laboratory (Ellis & Mahon 1964, 1967, White et al., 1992). Other evidence for hydrothermal activity in 

the Emet area is provided by a small zone of silicification within a rhyolite exposure in the north of Emet 

Basin (Chapter 2). This silicified rock composed of quartz and Fe-oxides, contains 71 ppm As, which 

provides additional evidence that the hydrothermal solutions carried high As concentrations. 

Silicification and alunite, features of high sulphidation epithermal ore deposits where host rock has 

been leached by acidic fluids are known elsewhere in western Turkey; for example in the Biga 

Peninsula (Pirajno 1994).

Similar plots of the Kirka area show higher B and Li levels in the rhyolite compared to the dacite of 

north Kirka Basin (Figure 4.21a). This is best explained by the concentration of these elements into 

more silicic magmas. However, the ignimbrite samples show little variation in Ti and other immobile 

elements, but significant variation in Li and B (Figure 4.21b), suggesting that remobilisation of these 

elements has occurred; possibly by devitrification since glass-bearing samples both contain the 

highest B of the ignimbrite samples. Studies of other silicic terranes have shown that B and Li can be 

lost or gained during devitrification (Higgins 1988, Stix et al., 1995).

Caution must be exercised with the interpretation of the B and Li data, since even when there is no 

evidence of post emplacement/eruption remobilisation, the B and Li concentrations in analysed 

volcanics are likely to be lower than those of the parental magmas (Leeman & Sisson 1996, Webster & 

Duffield 1991). Studies of the composition of glass inclusions in the quartz of rhyolites indicate that B 

and Li have been lost from the bulk samples during or following eruption (Webster & Duffield 1991). 

Both B and Li can be lost in exolving aqueous fluids prior to eruption (Webster & Duffield 1991) and B 

can be lost during degassing of magmas (Shaw & Sturchio 1992, Arndrsson & Andrdsddttir 1995) 

such that fumarole gases and encrustations are often B-rich (Kanazki et al., 1979, Nomura et al., 1982, 

Fogg & Duce 1985, Quisefit et al., 1989, Garavelli & Vurro 1994).
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The evidence therefore suggests that Sr has not been remobilised in these rocks, except during 

kaolinitisation, while As has been extremely mobile resulting in considerable enrichment of this 

element in many of the samples. Only minimal remobilisation of B and Li has taken place in most of the 

rhyolites, dacites and Erigoz Granite, but effective leaching has removed these elements from some 

rhyolites to the south of Emet Basin. Furthermore, devitrification has led to minor remobilisation of B 

and Li in the Kirka ignimbrite. Finally, the measured concentrations of B and Li may be lower than in the 

parental magmas due to loss through exolving fluids and degassing.

4.3.2.5 Discussion: implications for borate mineralisation

(a) Source Potential of Igneous Rocks

The data above provide evidence that although the acid igneous rocks of this area contain 

significantly less Sr than the younger more mafic rocks, they still represent a potential source for this 

element. However, marble basement in the area may have provided a more significant source for Sr, as 

suggested by Helvaci (1984). The evidence presented above demonstrated widespread mobilisation 

of As in this area, and it is therefore not possible to determine the parental magma concentrations of 

this element. Hence, a direct assessment of the source potential of the Emet and Kirka igneous rocks 

for As, is impossible. However, data for fresh igneous rock suites elsewhere suggest that As is 

enriched in the more silicic magmas (Imai et al., 1996). Furthermore, sulphosalts of As, including 

realgar, are commonly found in volcanic fumarolic encrustations (Quisefit et al., 1989, Garavelli & Vurro 

1994). It therefore appears that volcanism, particularly when silicic, is a potential source of As, and 

hence the acid volcanism of the Emet and Kirka areas probably represents a source for at least some 

As.

Comparatively high B and Li in the ignimbrite, rhyolite and dacite of this area suggest that acid 

volcanism was a viable source for these elements. Furthermore the acid pyroclastic volcanism of this 

area contained large amounts of glass and this study has shown that fresh glass is a repository for B. In 

addition, the B and Li levels of the parental acid magmas may have been even higher than the current 

levels, due to degassing and the loss of exolving fluids prior to eruption or emplacement. High Li but 

low B levels in the Erigoz Granite suggests that it may have also provided a significant source for the 

former element. The absence of acid volcanics and therefore of high B and Li concentrations in the 

Afyon area might explain the lack of borates and the low Li and As levels in the Balmahmut sediments.

(b) Transfer mechanisms

As discussed above, geothermal fluids, rivers and pyroclastic activity have been proposed for the 

transfer of B from an igneous source to basin sediments (Helvaci 1984, Barker & Barker 1985, 

Gundogdu et al., 1996). The release of B to geothermal fluids from igneous bodies is thought to occur 

by hydrothermal leaching (Barker & Barker 1985, Helvaci 1995). The transfer of B into lake waters from 

igneous material transported to basins by rivers and pyroclastic activity, occurs during post depositional 

modification of such material in saline, alkaline conditions (Gundogdu et al., 1996). This section 

discusses these transfer mechanisms in detail, utilising the data presented above.
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Direct evidence for geothermal activity during the Miocene in the Emet and Kirka areas is difficult to 

find. However, the occurrence of silicification and alunite alteration zones within rhyolite exposure in 

the Emet area, provides evidence for hydrothermal activity. The precise age of this acid alteration is 

unknown, but it seems likely that the geothermal fluids were driven by heat from active Early Miocene 

magmatism. The study of modern silicic terranes has shown that geothermal systems are common in 

such settings where dominantly meteoric waters are driven by heat from magma bodies in the crust and 

acid sulphate hot springs, such as those which produced the alunite in the southern margin of the 

Emet Basin, are common (Henley & Ellis 1983). Additional evidence for Miocene geothermal activity in 

the Emet and Kirka areas is provided by the As data described above, which strongly suggests that As- 

rich hydrothermal solutions interacted with the Miocene volcanics. It is therefore extremely likely that 

the Early Miocene silicic volcanism of the Emet and Kirka areas was accompanied by geothermal 

activity.

Based on a study of Mt St Helens, it appears that two hydrothermal systems typically form after a 

pyroclastic eruption; one located close to the magma conduit (‘magma-driven system’) and one at 

some distance from the conduit where meteoric waters are driven by heat given off from the cooling 

pyroclastic deposits (‘pyroclastic-driven system’) (Shevenell & Goff 1995). Their study suggests that 

fumaroles and hot springs associated with the pyroclastic deposits are likely to be short lived compared 

with those driven by the magma of the conduit. Tent rocks observed in the Kirka Ignimbrite may 

represent fossil fumaroles associated with pyroclastic flows (Chapter 2), but it is likely that much of the 

evidence for this low temperature hydrothermal circulation has been eroded away. However, both 

magma-driven and pyroclastic-driven geothermal systems probably existed during active rhyolitic 

volcanism in the Early Miocene in the Emet and Kirka Basins.

Evidence discussed above indicated that As-rich acidic solutions in the southern margin of the 

Emet Basin effectively leached B and Li from the associated rhyolitic rock, while kaolinitisation of 

feldspar by acid alteration or weathering of the Emet Rhyolites led to the release of Sr into solution. 

Experimental studies have illustrated that appreciable quantities of B and Li can be leached from 

volcanic rocks by hydrothermal solutions in relatively short reaction times (Ellis & Mahon 1964, 1967; 

White et al., 1992). Ellis and Mahon (1964) also demonstrated that large proportions of B could be 

leached before the volcanic rocks showed appreciable signs of alteration. Furthermore it has been 

shown that aqueous alteration of rhyolitic glass from Yellowstone, USA, released both B and Li to 

solution (Shaw & Sturchio 1992). Hence, evidence from the Emet Basin, in addition to information 

from the literature, suggest that hydrothermal leaching may have been an important mechanism for the 

transferring of B, Li, Sr and perhaps As from igneous bodies to the Emet and Kirka Basins.

In general, the concentrations of Li and B in geothermal waters reflect the levels of these elements 

in the associated country rocks (Ellis 1979, Amdrsson & Andrdsddttir 1995, Shevenell & Goff 1995). 

For example, low B contents in geothermal waters in Iceland are generally thought to reflect the low 

content of B in the host basaltic rock and elevated levels of B in the geothermal waters of one area are 

attributed to the presence of silicic volcanics with a higher B content (Arndrsson & Andrdsddttir 1995). 

In a similar way, the concentrations of Li in geothermal waters are considered to reflect the abundance
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in the surrounding rocks and hence waters in basaltic areas generally have low concentrations 

compared with those in rhyolitic and andesitic areas (Ellis 1979). Since, the rhyolites, dacites and 

ignimbrites in the Emet and Kirka areas contain relatively high B and Li concentrations, thermal 

solutions in contact with these rocks would potentially be enriched in these elements. The abundance 

of glass in the pyroclastic rocks of this area is likely to have provided a particularly abundant supply of 

As and B, since these are incompatible elements likely to be concentrated into glass (Arndrsson & 

Andrdsddttir 1995, Noll et al., 1996). Furthermore, experiments by Mahon and Ellis (1964) showed 

that pumice, which is abundant in the pyroclastic rocks of this area, is particularly reactive with 

hydrothermal solutions due to its large surface area. In addition, the porous nature of ignimbrite, 

particularly when unwelded, would have provided a relatively permeable rock through which thermal 

fluids could easily pass. The leaching of the Erigdz pluton by hydrothermal fluids may have provided a 

small supply of B and a more significant amount of Li on the basis of concentrations measured in this 

study. The leaching of shoshonite, latite and trachyte in the Afyon area would have produced 

geothermal fluids with lower B and Li concentrations than those in contact with more acid volcanics, 

which probably explains the absence of borates and the lower Li in the sediments of this area.

Mass balance calculations for the required amount of volcanic source rock to yield borate deposits 

of the size of Emet and Kirka are shown below. The calculations assume 50% leaching of B from the 

source rocks, and a value of 50 ppm in the source rocks prior to leaching.

Boron - mass balance (Emet Basin):

Reserves 110 Mt at 45% B20 3 = 49.5 Mt B20 3 = 4.95 x 1010 Kg B20 3
= 1.5558 x1010KgB 

Source rock, assuming 50 ppm B: 3.1 x 1014 kg required

Taking density of acid volcanics as 2520 kg m"3 = 1.23 x 1011m3

= 123 km3 of volcanic source 
rock required at 50 ppm B 
if 100% rock leaching. At 50% 
leaching, 246 km3 of volcanic 

source rock required

Boron - mass balance (Kirka Basin):

Reserves 100 Mt at 25% B20 3 = 25 Mt B20 3 = 2.5 x 1010 Kg B20 3
= 7.8x109KgB

Source rock, assuming 50 ppm B: 1.56 x 1014 kg required

Taking density of acid volcanics as 2520 kg m'3 = 6.19 x 101°m3

=62 km3 of volcanic source 
rock required at 50 ppm B if 
100% rock leaching. At 50% 

leaching, 124 km3 of volcanic source 
rock required

Given the large expanse of igneous rock in these areas (Figures 2.1 & 2.6), it is therefore plausible 

that leaching volcanic and granitic rocks may have provided enough B to yield these large borate
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deposits. For instance, the Kirka Ignimbrite covers an area of ~ 2000 km2, although the volume of 

these volcanics is unknown.

There is no direct evidence for transferring B from igneous bodies to geothermal fluids, other than 

by hydrothermal leaching, but it is likely that magmatic waters and gases were important. Geothermal 

fluids are dominated by meteoric water, but magmatic fluids are commonly present too, and the transfer 

of Li and B, and perhaps As, in exolving fluids from magmas (Webster & Duffield 1991, Hedenquist & 

Lowenstern 1994), may have provided an additional mechanism for enriching geothermal waters in 

these elements in the Emet and Kirka areas. For instance, in the Taylor Creek rhyolite in New Mexico, 

Li is considered to have separated from the melt as chloride complexes at a depth of less than 1.6 km 

(Webster & Duffield 1991). Furthermore, the degassing of magmatic B(OH)3 and S 0 2, has been 

observed in some fumaroles (Kanazaki et al., 1979) and degassing of magma intrusives is thought to 

have increased the B content of thermal waters in Iceland (Arndrsson & Andrdsddttir 1995). It is 

therefore likely that degassing of magmas in the Emet and Kirka areas also provided a mechanism for 

the transfer of B and S to geothermal fluids. For instance, degassing of S 02 from rhyolitic magmas may 

have provided a source for the S in the alunite produced by acid alteration in the Emet area.

It is likely that the drainage of B and Li-rich silicic igneous terranes would have provided an 

additional source for these elements to the Emet and Kirka Basins, as observed with the inflow into the 

Salar of Uyuni, Bolivia (Rettig et al., 1980, Risacher & Fritz 1991). However, on the basis of the 

experiments by Ellis and Mahon (1964), little B and Li would have been dissolved from the country 

rock, unless the pyroclastic flows or rhyolite lavas were still hot (150°C ). The streams though, were 

probably able to carry small amounts of eroded igneous material, as suggested by Helvaci (1984) to 

the palaeolake systems. An abundance of granite clasts are found in the Emet Basin, which must have 

been transported in this way.

It was illustrated in the preceding parts of this chapter, that rhyolitic ± granitic material, transported 

to the basins either as ash fall during eruptions, or by streams, was broken down in the saline, alkaline 

lake waters. During the break down of this igneous material, chemical constituents would have been 

released to solution. Given the high B, Li and possibly As in the Emet and Kirka igneous rocks, 

appreciable quantities of these elements would have been released. Volcanic glass, a repository for B 

and possibly for As, may have released considerable amounts of these elements. The break down of 

igneous plagioclase and K-feldspar described above, would also have released Sr to the lake waters. 

This enrichment of B and Li in pore waters as a result of the breakdown of volcanic material was 

suggested by Gundogdu et al. (1996).

The principal mechanisms therefore, for the transfer of B from an igneous source to the Emet and 

Kirka Basins included:

(i) Transfer by igneous-driven geothermal fluids; the fluids obtained B, Li, As, Sr and S by hydrothermal 

leaching, and from contributions of magmatic waters and gases. The alunite altered rhyolite in the Emet 

area provides direct evidence for the leaching of B and Li from acid volcanics, while the degassing of 

B(OH)3 and S 0 2 and the transfer of Li, B and perhaps As in magmatic fluids are inferred from 

investigations involving recent volcanism.
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(ii) Breakdown of acid igneous material within saline, alkaline basins; this material included fluvially 

transported eroded igneous rock and pyroclastics erupted directly into the basin.

4.3.3 Concluding points

The data presented indicates that the potential source rocks, the acid volcanics, are depleted in Sr, 

but largely enriched in B and Li relative to average upper continental crust. The B concentrations fall 

within the field for acid volcanics generated at former convergent margins or in areas characterised by 

crustal thickening. The Erigoz Granite has similar concentrations of Sr and Li to the acid volcanics, but it 

is depleted in B, suggesting that this element was concentrated into the volcanic phase of Early 

Miocene magmatism. Concentrations of As are anomalous in most of the USEKA volcanics relative to 

levels recorded in fresh igneous rocks from elsewhere.

The data described above indicates that only limited remobilisation of Sr, B and Li has taken place in 

most of the USEKA rock suite, and hence the measured concentrations are generally representative 

of the parental melts. Some mobility of Sr however, has resulted from the kaolinitisation of plagioclase, 

while devitrification in the ignimbrite led to limited remobilisation of B and Li. In contrast, As appears to 

have been very mobile in this environment with probable widespread interaction between As-rich 

hydrothermal fluids and volcanics.

The acid volcanics therefore represent a viable source for B, Li and to a lesser extent Sr, while the 

Erigoz Granite was a potential source of Li, and less so of B. The potential of the acid volcanics as a 

source for As is impossible to assess due to remobilisation, but it is likely that local acid magmatism 

supplied at least some As to local hydrothermal fluids.

The main mechanisms for the transfer of B, Li, Sr, As and S from an acid igneous source to the 

basins probably included transfer by igneous-related geothermal fluids and the break down of igneous 

material within the saline, alkaline basins. Evidence for geothermal activity is provided by acidic 

hydrothermal alteration (alunite and silicification) in the Emet area and by elevated As in volcanics from 

much of the USEKA area. Alunite altered rhyolitic rock from south of Emet Basin, provided evidence of 

hydrothermal leaching of B and Li from acid volcanics. Mass balance calculations show that 

hydrothermal leaching is a realistic mechanism for releasing sufficient B to yield borate deposits. 

Although direct evidence is clearly not available, magmatic fluids and gases may also have released B, 

As, Li and S to geothermal fluids. Finally, the large volumes of acid igneous material in the Emet and 

Kirka Basins was modified after deposition within a saline, alkaline environment, with the result that 

minerals were broken down and B, Li, Sr and probably As were released to lake and pore waters.

4.4 MODEL FOR THE ROLE OF MAGMATISM IN THE GENESIS OF EMET AND 

KIRKA BORATE DEPOSITS
On the basis of the information gained in the course of this study, a model for the role of magmatism 

in the genesis of Emet and Kirka borate deposits has been proposed. This model is summarised below 

and illustrated in a schematic block diagram (Figure 4.23).
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FIGURE 4.23 - Model for the role of magmatism in the genesis of Emet and Kirka borate deposits
(Basic geology of block diagram extensively modified from Eugster & Hardie 1975)
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(a) A K-rich rhyolitic magma body at high crustal level generated a circulating hydrothermal system 

dominated by heated meteoric water but containing some magmatic water. The magma provided a 

source for B, Li, S, As and minor Sr.

(b) Near to the magma conduit, there was direct degassing of B(OH)3 and S 0 2 from the magma into 

geothermal waters (Figure 4.23).

(c) Near to the magma conduit, B, Li and perhaps As were lost from the magma in exolved aqueous 

fluids which mixed with geothermal waters.

(d) B, Li, As and Sr were leached from the country rocks by hydrothermal fluids driven by both magma 

and cooling pyroclastic flows. Evidence from the southern margin of Emet Basin indicates that alunite- 

producing geothermal waters effectively leached B and Li from rhyolitic rock, while kaolinitisation of 

feldspar in the Emet Rhyolites led to the release of Sr into solution. The relatively porous acid 

pyroclastic rocks allowed geothermal waters to easily percolate through them. The abundance of glass, 

which is a repository for B, and the presence of reactive pumice in these pyroclastic rocks lead to the 

effective release of B and Li and perhaps As and Sr to the geothermal waters. The leaching of 

basement rocks probably provided an additional source but this was not evaluated in the course of this 

study.

(e) Thermal springs carrying high concentrations of B, Li, S and As discharged into the lake and local 

ground waters.

(f) Streams draining acid pyroclastic rocks carried considerable loads of B and Li-rich eroded volcanic 

material to the lake brines.

(g) B and Li-rich acid pyroclastic flows sometimes reached the lake waters.

(h) The post-depositional modification of dominantly acid igneous material (granitic and acid pyroclastic 

material) took place in a saline, alkaline lake system. This resulted in the breakdown or alteration of all 

detrital volcanic minerals which included plagioclase, K-feldspar, glass, biotite, quartz, kaolinite and 

dioctahedral smectite. This acid igneous material provided a supply of K, Al, Si, B, Li and As, together 

with minor Na, Ca and Sr to the lake brines.

(i) In the centre of the evaporitic lake (playa) the most concentrated brines collected, which were 

enriched in Ca, Mg, B, As, Li, S and Sr. These elevated concentrations lead to the generation of a 

mineral assemblage comprising dolomite, calcite, trioctahedral smectite, authigenic K-feldspar (not 

always present), borates (colemanite, ulexite & borax primarily), realgar, celestite and gypsum. 

Trioctahedral smectite was produced by the modification of volcanic derived dioctahedral smectite
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through Mg uptake. The high K content of the magmatic input resulted in the replacement of volcanic 

glass by authigenic K-feldspar.

(j) Lower salinity waters near to the edge of the playa lake contained lower concentrations of Mg, K, B, 

As, Li, S and Sr and therefore trioctahedral smectite, authigenic K-feldspar, dolomite, borates, realgar, 

celestite and gypsum are not stable here. The mineral assemblage is comprised of illite and calcite.

4.5 IMPLICATIONS FOR BORATE MINERAL EXPLORATION

Information gained in the course of this study has implications for borate mineral exploration and 

particularly for large Tertiary lacustrine deposits. It is well established that borate minerals in the Turkish 

Borate Province formed in saline, alkaline closed basins under arid conditions (Helvaci et al., 1993). 

The specific contribution of this study is in the role of magmatism in borate genesis. Based on Emet 

and Kirka deposits, the following geological situations are considered favourable for borate 

mineralisation in western Turkey;

(i) For the location of potential borate-bearing basins;

• The occurrence of dacite, trachyte, rhyolite and acid pyroclastics in close temporal and spatial 

position with lacustrine sediments in closed basins. The presence of K-rich acid volcanics (>  3.5 wt 

% K20 ) with -20-150 ppm B and -10-60 ppm Li.

• The presence of elevated concentrations of As in acid volcanics (frequently > 20 ppm As) which 

provides evidence of geothermal spring activity.

• The presence of acid volcanic-derived lacustrine sediments (ie. sediment with an ignimbrite 

mineral assemblage but with calcite precipitated within pumice vesicles).

(ii) For the location of borate-hosting sediments within a basin;

• The presence of lacustrine mudstone sequences containing some or all of authigenic K-feldspar, 

trioctahedral smectite and dolomite.

• The presence of elevated As (> 150 ppm), Sr (> 300 ppm) and Li (> 150 ppm) in lacustrine 

mudstone and interbedded carbonate.

• The presence of high Mg concentrations (> 6.5 wt % MgO) in lacustrine mudstone.
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5 ORIGIN OF MIOCENE MAGMATISM IN THE 
TURKISH BORATE PROVINCE
5.1 INTRODUCTION

The preceding chapters illustrated that Early Miocene acid volcanism and related geothermal 

activity were probably the major suppliers of B to Emet and Kirka Basins. The aim of this chapter is to 

investigate the origin of Miocene magmatism in the Usak-Gure, Selendi, Emet, Kirka and Afyon 

(USEKA) area in order to place constraints on the ultimate source of B. To fulfil this objective, a detailed 

investigation has been undertaken on the major, trace and rare earth element concentrations and the 

Sr and Nd isotope characteristics of the igneous rocks of this area. This information is incorporated into 

our existing understanding of the tectonic and volcanic evolution of western Turkey, and comparisons 

are made with volcanism in similar tectonic settings around the world including the other major borate 

provinces. Some of the information from this study has been published in a paper by Seyitoglu, 

Anderson, Nowell and Scott (1997).

5.2 SUMMARY OF OLIGOCENE TO RECENT MAGMATISM IN WESTERN TURKEY 

(PREVIOUS STUDIES)

Tertiary and younger magmatism in western Turkey has evolved from dominantly calc-alkaline in the 

Oligocene and Early Miocene to mostly alkaline in the Late Miocene and Quaternary (Yilmaz 1990, 

Guleg 1991, Seyitoglu & Scott 1991, Seyitoglu & Scott 1992b). The calc-alkaline volcanics were 

intermediate-acid in composition, while the Late Miocene, Pliocene and Quaternary volcanism had a 

basic-intermediate nature (Yilmaz 1990, Guleg 1991, Seyitoglu & Scott 1992b, Seyitoglu et al., 1992). 

The early calc-alkaline volcanism was accompanied by Oligocene-Early Miocene high level granitic 

intrusions, although older Tertiary granitoids (Palaeocene-Eocene) are also found in north-west 

Turkey (Bingol et al., 1982, Yilmaz 1990). The alkaline rocks changed from a potassic nature in the 

Miocene - Pliocene to sodic in the Quaternary (Guleg 1991).

The calc-alkaline volcanics typically show enrichments in the large ion lithophile elements (LILE - 

Ba, Th, Rb, K) but distinctive depletions in the high field strength elements (HFSE - Nb, Ti, P) relative 

to ocean island basalt (OIB) (Yilmaz 1990, Seyitoglu & Scott 1992b) and they have high 87Sr/86Sr 

(0.70501 - 0.70953) and low 143Nd/144Nd isotopic ratios (0.51269 - 0.51229) (Guleg 1991). Yilmaz

(1990) suggested that the calc-alkaline volcanics contain a significant crustal component and Keller 

and Villari (1972) advocated an anatectic origin for the rhyolitic ignimbrite in the Afyon area. Guleg

(1991) suggested the calc-alkaline volcanics were derived from continental lithospheric or shallow 

asthenospheric mantle, contaminated by upper continental crust. She attributed the contamination to 

earlier subduction-related enrichment of the lithosphere and the operation of an assimilation-fractional 

crystallisation (AFC) process (Guleg 1991). However, Seyitoglu and Scott (1992b) advocate a purely 

lithospheric mantle source modified by previous subduction.

Most of the Miocene and Pliocene alkaline volcanics have trace element and isotope ratios similar 

to the calc-alkaline rocks (Guleg 1991). Quaternary alkaline volcanics (Kula lavas) also have enriched
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concentrations of the LILE but they have low Ba/Nb (~ 8) and high T i02 (~ 2 %) relative to the Tertiary 

calc-alkaline and alkaline rocks (Ba/Nb >15; T i02< 1.77 %) (Guleg 1991). The Kula lavas therefore 

resemble rift or intraplate volcanics (Guleg 1991, Seyitoglu & Scott 1992b). Furthermore, the 

Quaternary rocks have lower 87Sr/®6Sr (0.70313 - 0.70363) and higher 143Nd/144Nd ratios (0.512998 - 

0.512749) and they plot within the mantle array (Guleg 1991). The generation of these volcanics was 

apparently controlled by melts derived from relatively deep, isotopically depleted mantle regions, such 

as the asthenosphere (Guleg 1991, Seyitoglu & Scott 1992b). The Quaternary alkaline lavas suffered 

only minimal crustal contamination in contrast to the earlier calc-alkaline volcanics (Guleg 1991). 

However, in order to account for the enrichment of the LILE in the Kula lavas, Paton (1992), 

Richardson-Bunbury (1992) and McKenzie and O'Nions (1995) argued for a source region in the 

lithospheric mantle, rather than the asthenosphere.

Arc volcanism is still active in the southern Aegean (in the south Aegean arc) where the African 

plate is being subducted beneath the Aegean plate (Fytikas et al., 1984). However, the South Aegean 

Arc does not generally appear to have exerted an influence on recent volcanism in western Turkey; for 

instance, the most recent activity at Kula (Late Miocene - Quaternary) was clearly intraplate and not arc 

related. However, it has been suggested that the Late Miocene to Pliocene Soke and Bodrum 

volcanics located in the extreme western part of Turkey may be related to the nearby Aegean arc (Pe & 

Gledhill 1975, Seyitoglu & Scott 1992b).

The tectonic framework of Oligocene - Miocene volcanism in western Turkey has been the subject 

of much debate, which has generally centred around the timing of north - south extension. One view is 

that north - south shortening and compression continued until the Late Miocene (Tortonian), and was 

subsequently followed by north - south extension (Sengor and Yilmaz, 1981, Sengor et al., 1985). 

Within this tectonic framework, it has been suggested that the compressional and extensional regimes 

were associated with periods of calc-alkaline and alkaline volcanism respectively (Yilmaz 1989 1990; 

Guleg, 1991). However, others suggest that north - south extensional tectonics may have begun as 

early as the Late Oligocene - Early Miocene and that the demise of the earlier compressional regime 

had occurred by the Late Oligocene in western Turkey (Seyitoglu and Scott, 1991 1992b; Seyitoglu 

et al., 1992, Hetzel et al., 1995). This implies that the Early Miocene calc-alkaline volcanism was 

associated with extension as opposed to compression (Seyitoglu & Scott 1992b). The volcanic 

evolution of western Turkey is therefore considered to reflect an increasing asthenospheric 

contribution, facilitated by a thinned extended lithosphere arising from extensional tectonics 

(Seyitoglu & Scott 1992b).

The mechanisms for the generation of the Early Miocene calc-alkaline volcanism largely depend on 

the timing of extensional tectonics in western Turkey. Under a compressional regime, delamination of 

subcontinental lithosphere beneath a thickened crust may have taken place, followed by partial 

melting of the crust to produce anatectic melts (Pirajno 1995). Yilmaz (1990) stated that continental 

under thrusting played an important role in the generation of calc-alkaline magmas during the late 

stages of a compressional regime. However, the tectonic framework of Seyitoglu & Scott (1992b) 

suggests that extension initiated decompressional melting and the subsequent generation of Early
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Miocene calc-alkaline magmas. Seyitoglu and Scott (1992b) suggested that extension led to 

asthenosphere dominated alkaline volcanism in the Pliocene to Quaternary, but Richardson and 

Bunbury (1992) and McKenzie and O'Nions (1995) argued that melting of anhydrous asthenosphere 

would have been unlikely, since the degree of lithospheric extension was too small and because there 

is no evidence of elevated mantle temperatures beneath western Turkey. They therefore suggest that 

the Late Miocene - Quaternary Kula lavas originate from enriched subcontinental lithosphere, which is 

able to melt after only modest amounts of extension (Paton 1992, Richardson & Bunbury 1992, 

McKenzie & O'Nions 1995).

5.3 GENESIS OF MIOCENE MAGMATISM IN THE USAK-GURE, SELENDI, EMET, 

KIRKA AND AFYON AREAS

Isotopic dates presented in Chapter 3 showed that there was an Early Miocene phase of calc- 

alkaline acid magmatism, represented by granite and rhyolite in the Usak-Gure, Selendi and Emet 

(USE) area (K-Ar: 20.3-17.6 Ma - this study) as well as by ignimbrite (^Ar/^Ar: 18.6 Ma - this study) and 

rhyolite (K-Ar: 16.7-15.7 Ma - Yalgin 1989) in the Kirka area. This was followed by a Mid - Late Miocene 

less evolved phase of magmatism which included K-trachyte from Selendi and Usak-Gure Basins 

(15.9-14.6 Ma - this study), latite from Emet and Usak-Gure Basins (15.5-14.9 Ma - this study), 

shoshonite from Kirka Basin (9.3 Ma - Yalgin 1989) and basalt, latite and trachyte from the Afyon area 

(14.7 - 8.6 Besang 1977). The alkaline Kula basalts are located just to the south of the USE area 

(Figure 2.1) and they represent the youngest phase of volcanism in western Turkey (7.6 Ma - recent - 

Ercan et al., 1985). Hence, these isotopic dates reveal a change from largely calc-alkaline acid 

magmatism in the Early Miocene to predominately alkaline, less silicic volcanism in the Mid to Late 

Miocene, which is consistent with observations made elsewhere in western Turkey (Yilmaz 1990, 

Guleg 1991, Seyitoglu & Scott 1992b). Field evidence discussed in Chapter 2 corroborates the 

information from isotopic dating.

5.3.1 Major and trace elements
All major and trace elements were analysed by XRF, with the exception of Li and B, which were 

determined by ICP-AES and Prompt GAA respectively (Appendix I). Figures 5.1 and 5.2 show the 

concentrations of a number of elements and selected element ratios plotted against time for 

radiometrically dated igneous rocks from this study. For comparative purposes, data for the Kula lavas 

(Late Miocene to Quaternary) (Ercan et al., 1985) are also plotted. Reflecting the change from acid to 

more mafic magmatism, there is a decrease in S i02 and an increase in MgO from the Early to Middle 

Miocene (Figure 5.1 a, b). Ni, V, Cr and Co are also markedly higher in some of the Middle Miocene 

lavas relative to the Early Miocene volcanics, consistent with a more mafic nature. Furthermore, there is 

an increase in Fe20 3 and CaO from the Early to Middle Miocene (Figure 5.1 c, d).

The Late Miocene to Quaternary Kula lavas contain much higher Na20  and generally lower K20  

than the Early to Middle Miocene volcanics (Figure 5.1 e, f), resulting in higher K20/N a20  ratios in most 

of the latter (Figure 5.2 a). Therefore, in this area, there is an evolution in time from potassic volcanism
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Figure 5.1 - Variations of major elements vs time for radiometrically dated igneous 
rocks from the USE and Kirka areas
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Figure 5.2 - Variations of major elements and selected trace element ratios with 
time for radiometrically dated igneous rocks from the USE and Kirka areas
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in the Early to Middle Miocene to sodic volcanism in the Late Miocene to Quaternary, a trend previously 

noted in western Turkey by Guleg (1991). All the USEKA volcanics are strongly potassic (2.6 - 9.48 wt 

% K20), and the shoshonite and latite can be further classified into potassic (MgO > 3 wt %, K20/Na20  

< 2 >1) and ultrapotassic (MgO > 3 wt %, K20/N a20  > 2) according to the classification of Foley et al. 

(1987). The USE and Afyon areas contain both ultrapotassic and potassic Middle Miocene lavas, whilst 

the Kirka mafic lavas are potassic.

Higher levels of the HFSE are found in some of the Middle Miocene lavas relative to the earlier more 

silicic volcanics (Figure 5.2 b - e). These elevated concentrations occur in the shoshonite and latite 

leading to generally higher P20 5, Nb/Y and Ti/Y, but lower Th/Nb in these rocks compared to the 

rhyolite, ignimbrite, granite and trachyte (Figure 5.2 b, c, d, e). Overall, there is considerable variation in 

P20 5, Nb/Y, Ti/Y, and Th/Nb within the Middle Miocene lavas (Figure 5.2 b - e). Figure 5.3 shows these 

ratios plotted against S i02 for all the samples analysed in this study. There are trends of decreasing 

Ti/Y and Nb/Y, but increasing Th/Nb, with increasing Si02, although there is a considerable spread in 

the data, particularly with the latite and shoshonite samples (Figure 5.3). Since the Kula basalts are less 

evolved (S i02 < 48.4 wt % - Guleg 1991) than even the most mafic USEKA lavas, geochemical 

comparisons between the two suites should be made with caution. Attempts have been made to 

extrapolate the elemental ratios against Si02 in the USEKA mafic lavas to establish possible ratios at 

Si02 concentrations equivalent to those of the Kula basalts (Figure 5.3). The trends appear to suggest 

that, at lower S i02 concentrations (equivalent to the Kula basalts) Ti/Y, Nb/Y and Th/Y ratios in the 

USEKA mafic suite would be similar to those in the Kula basalts. As described above, the most 

significant geochemical difference between the Late Miocene-Quaternary Kula lavas and the Middle 

Miocene mafic USEKA lavas is that the former is sodic and the latter potassic in nature.

The compositions of igneous rocks collected in this study are shown in Figures 5.4 to 5.8 on 

primitive mantle normalised multi-element diagrams. Some caution should be taken when interpreting 

the significance of the concentrations of the mobile elements B, Li, Ba, Rb and K, as a result of a 

limited amount of remobilisation of these elements, particularly in the more acidic rocks (Chapters 3 & 

4). Due to the widespread remobilisation of As in most of the samples (Chapter 5), this element is not 

plotted in these diagrams.

All the suites from acid to intermediate rocks are enriched in the LILE and B and depleted in Nb 

relative to average ocean island basalt (OIB) (Figures 5.4, 5.5, 5.6, 5.7). Although Li is enriched, 

relative to Li contents in OIB, in all the collected samples, it is less enriched than the LILE and B, 

therefore producing a negative anomaly (Figure 5.4, 5.5, 5.6, 5.7). As described in the previous 

chapter, the average shoshonite and latite contain lower levels of B than the more silicic volcanics in 

the area (Figure 5.7). The acid igneous rocks from Emet and Kirka show distinctive negative anomalies 

in Sr, P, Ti, Eu and sometimes Ba (Figures 5.4, 5.7, 5.8) and these troughs appear to result from crystal 

fractionation of various mineral phases. The Sr, Ba and Eu anomalies indicate the removal of feldspar 

from the melt by crystal fractionation or the retention of feldspar in the source. Ti concentration is 

probably controlled by Fe-Ti oxides, such as magnetite which is present in the Erigoz Granite, and the 

P levels are likely to be related to the crystal fractionation of apatite, an accessory phase found in the
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FIGURE 5.3 - Variations of elemental ratios with Si02
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FIGURE 5.4 - Multielement variation plots for acid igneous rocks from the USE and 
Kirka areas
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FIGURE 5.5 - Multielement variation plots for trachyte/dacite, andesite, latite & 
shoshonite from the USE & Kirka areas
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FIGURE 5.6 - Multielement variation plots for volcanic rocks from the Afyon area
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FIGURE 5.7a - Multielement plot comparing variations within the USE suite with 
Tertiary and Quaternary volcanism elsewhere in western Turkey
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FIGURE 5.8 - Rare earth element concentrations in igneous rocks from the USE 
and Kirka areas
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acid volcanics and the Erigoz Granite. Smaller negative anomalies in Sr, Ti, Eu and P are present in the 

dacite and trachyte from this area, but these troughs are virtually absent in the least evolved USEKA 

rocks, the latite and shoshonite (Figures 5.5, 5.6, 5.7, 5.8). Hence, concentrations of Sr, Ti, Eu and P 

gradually increase as fractionation decreases. The other main difference between the evolved and the 

mafic lavas is that the latter contain higher levels of all the REE and Zr (Figures 5.7 & 5.8). The acid 

igneous rocks often show depletions in La, Ce, Nd and Zr, while the mafic lavas are largely enriched in 

these elements relative to OIB (Figures 5.4, 5.5, 5.6, 5.7, 5.8).

All the igneous rocks from this study plot within the field for previously analysed Tertiary volcanics 

from west Turkey, with the exception of the Kirka Ignimbrite which contains anomalously low 

concentrations of Ba, Sr, P and Ti as described above (Figures 5.7 a & b). However the USEKA 

igneous rocks contain higher concentrations of the LILE and lower Nb than the Late Miocene to 

Quaternary Kula basalts (Figure 5.7). The Kula basalts appear more similar to OIB except that they 

show greater enrichments in those elements to the left of Sr on the multielement variation diagram 

(Figure 5.7).

Figure 5.9 shows the data from this study normalised to average upper continental crust (Taylor & 

McLennan 1985). Average metasediment (upper crust) from the Aegean islands of Paros and Serifos 

is plotted for comparison (Stouraiti 1995, McGrath - pers. comm, 1995). As pointed out by Guleg

(1991), there is a lack of data for the west Turkish upper continental crust; eg. for the Menderes Massif. 

The elemental composition of the Erigoz Granite and the USE and Kirka Rhyolite is reasonably similar 

to both the average upper continental crust of Taylor and McLennan (1985) and that of Paros and 

Serifos (Stouraiti 1995, McGrath - pers. comm, 1995) (Figure 5.9). However, the USE and Kirka 

Rhyolite differs from mean upper continental crust in containing elevated concentrations of Rb, Th, K 

and B (Figure 5.9). The Kirka Ignimbrite also differs from upper continental crust in containing high 

levels of Rb, Th, K and B, but in addition it is depleted in Ba, Sr and Ti, the result of extensive 

fractionation. As shown above, the USEKA trachyte, dacite, latite and shoshonite contain similar 

concentrations of the LILE to the acid volcanics, but they have much greater amounts of La, Ce, Sr, 

Nd, Zr and Ti. Hence, these less evolved volcanics are considerably enriched in the light REE, Sr, Zr 

and Ti relative to upper continental crust and the enrichment is greater in the latite and shoshonite than 

in the trachyte and dacite (Figure 5.9). Overall therefore, the acid igneous rocks are more similar to 

upper continental crust than the mafic lavas, although all (except the granite) show a marked 

enrichment relative to the crust in Rb, Th, K and B.

5.3.2 Nd and Sr isotopes
Nd and Sr isotopic ratios were analysed in selected samples at the National Isotope Geoscience 

Laboratories (NIGL) (details in Appendix J). All the samples analysed from the USEKA area plot in the 

enriched quadrant of the £ Nd vs ^S r/^S r diagram (Figure 5.10 - all data age corrected, except for

recent Kula lavas). The USE and Kirka data have been grouped together due to their similar isotopic 

compositions shown by samples from these areas (Figure 5.10).The USE and Kirka samples have a
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FIGURE 5.9 - Magmatism of the USEKA area compared to upper continental crust
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FIGURE 5.10 - Nd and Sr isotopic compositions of the USEKA volcanics and 
granite compared with magmatism from the eastern Mediterranean region
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range in ^Sr/^Sr from 0.70738 to 0.70931 and a range in 143Nd/144Nd from 0.51246 to 0.51230 (£ Nd 

-3.1 to -6.3), while the Afyon suite contain 0.70557 to 0.70643 87Sr/86Sr and 0.51251 to 0.51238 

143Nd/144Nd (8 Nd -2.3 to -4.7). Therefore, the Afyon lavas are isotopically distinct from the USE and

Kirka lavas which have a more ‘enriched’ signature. All the data, however, plot within the field for 

previously analysed Tertiary (Miocene & Pliocene) volcanics from western Turkey (shaded area in 

Figure 5.10, after Guleg 1991). The isotopic characteristics of volcanic rocks from the Bigadig area, the 

location of a major borate deposit, also closely matches the USE and Kirka lavas (Figure 5.10). Within 

the USE and Kirka suites, the silicic and low MgO samples (rhyolite, granite) mostly have more enriched 

isotopic signatures (ie. lower eNd & higher 87Sr/86Sr(T) - Figure 5.11). Furthermore, B and B/Nb 

generally have a positive correlation with ^Sr/^Sr and a negative correlation with £Nd (Figure 5.12), 

indicating that the more isotopically enriched silicic magmas contained higher concentrations of B.

All the analysed USE and Kirka samples from this study fall in the field for upper crust (DePaolo & 

Wasserburg 1979) (Figure 5.13). Upper crust in the Aegean, based on the analyses of metasediment 

from the island of Paros (McGrath pers. comm - 1995) plots to the right of the USE and Kirka samples 

with a more enriched signature. The only available isotopic data on the upper continental crust in 

western Turkey come from metasediments and migmatites in the southern Menderes Massif and from 

tonolite and granitic meta-igneous rocks from the northern part of the massif (Satir & Friedrichsen 

1986). The ^Sr/^Sr ratios of these rock types range from 0.70851 to 0.70137 in the former and from 

0.70660 to 0.70729 in the latter (Satir & Friedrichsen 1986). This field overlaps with the USEKA field 

and also extends to higher ratios. In addition, a single sample of amphibolite facies pelite from further 

north in the Menderes Massif near Kula (Verge pers. comm -1995) was analysed during this study and 

has an isotopic composition of £ Nd -10.3 and ^Sr/^Sr 0.71159 (age corrected to 18 Ma, which is the

time of active acid magmatism in the area). This pelite therefore plots between the USEKA magmatism 

and the Paros metasediment (Figure 5.10). However, to gain a more complete knowledge of the 

isotopic composition of the upper continental crust in western Turkey, considerably more data are 

required from a whole range of basement units. The available data from western Turkey and the 

Aegean suggests that upper crustal isotopic compositions in this region range from ratios near to 

USEKA lavas to considerably higher ratios.

5.3.3 Discussion

5.3.3.1 Assimilation of upper crust

The data from the USEKA area reveal a change from largely calc-alkaline acidic volcanism in the 

Early Miocene to predominantly alkaline, less silicic volcanism in the Middle Miocene. The continental 

crust over western Turkey in the Miocene is believed to have been between 50 and 70 km thick 

(Sengor et al., 1985) and hence there is a strong likelihood that crystal fractionation and crustal 

contamination processes played an important role in the modification of the early Miocene USE and 

Kirka magmas. The Middle Miocene more mafic USEKA volcanism contained higher concentrations of
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FIGURE 5.11
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FIGURE 5.12
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FIGURE 5.13 - Nd and Sr isotopic compositions of USEKA volcanics and granite 
compared with selected volcanic provinces from around the world
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MgO, Fe20 3, CaO, Ni, V, Cr and Co than the earlier acid magmas, probably reflecting a decrease in 

fractional crystallisation and, perhaps, crustal assimilation through time. An attempt to assess the 

degree of crustal assimilation in the magmatism of this area has been made by comparing the trace 

element and isotopic compositions of collected samples with that of average upper continental crust. If 

the effects of fractionation (Ba, Sr, Ti troughs) are ignored, the acid magmatism of this area has a 

composition more similar to average upper continental crust than the later mafic volcanism (Figure 5.9). 

The Erigoz Granite has the composition most similar to average upper continental crust, while the 

ignimbrite and rhyolite differ in having higher Rb, Th, K and B (Figure 5.9). On the basis of this plot, 

therefore, the Erigoz Granite may originate from upper crustal anatexis while the assimilated upper 

crustal component in the volcanics appears to have decreased from the acid to the mafic lavas. Since 

the acid magmatism was generally Early Miocene in age and the less silicic volcanism was Middle to 

Late Miocene in age, it appears that crustal assimilation decreased with time. The negative Nb anomaly 

in the Paros and Serifos metasediment illustrates that assimilation of upper crust can also account for 

the negative Nb anomaly in the USEKA magmatism. Rollinson (1993) also noted that negative Nb 

anomalies may be an indicator of crustal involvement in magma genesis.

A comparison of the Nd - Sr isotopic characteristics of the USEKA lavas with igneous rocks and 

average upper continental crust from the eastern Mediterranean region (Figure 5.10) and elsewhere 

(Figure 5.13) provides further information on crustal assimilation. As described above, the upper 

continental crust from this region contains rock types with higher 87Sr/86Sr and lower £ Nd than the

USEKA magmatism (eg. Paros metasediment - McGrath 1995 - pers comm, & Menderes Massif 

basement - this study & Satir & Friedrichsen 1986). The fact that the silicic, low MgO samples from the 

USE and Kirka areas generally have higher 87Sr/86Sr and lower £ Nd than the less evolved mafic

samples (Figures 5.10, 5.11, 5.12), and therefore plot closer to upper continental crust (Figure 5.10), 

strongly suggests that the former contain a greater component of assimilated upper crust. The positive 

correlation between 87Sr/86SrT and S i02, and a negative one between £ Ndand Si02 (Figure 5.11)

further indicate that contamination took place by AFC processes. The conclusions made from this 

study are broadly consistent with Guleg (1991), who, on the basis of Nd and Sr isotopes, stated that 

most of the Tertiary volcanics in western Turkey have been subjected to contamination at crustal levels 

through AFC processes, with a gradual decrease in the amount of contamination with time. Her study 

also illustrated that the highest 87Sr/86Sr and lowest eNd signatures are found in the most silicic

volcanics. However, additional data on the upper crust of western Turkey is required to further 

constrain the amounts of crustal assimilation and the precise compositions of the contaminants 

involved.

The Late Miocene Serifos granite in the Aegean has slightly higher ^Sr/^Sr and lower £ Nd than the

USE and Kirka samples (Figure 5.10). The Serifos pluton is thought to result from the melting and 

subsequent mixing of relatively isotopically depleted amphibolite with more enriched greywacke 

(which has a similar Nd - Sr isotopic composition to Paros metasediment), both of which are present in
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the local basement (Stouraiti 1995). The Erigoz Granite has a similar isotopic and trace element (except 

for the slightly higher LILE) composition to the Serifos pluton (Figures 5.10 & 5.14a) and therefore it is 

plausible that the Erigoz Granite was also generated from the melting and mixing of enriched (high 

87Sr/86Sr & low £ Nd) local metasediment in the basement with a more depleted (lower 87Sr/86Sr &

higher £ Nd) source. As already mentioned though, the elemental composition of the Erigoz Granite

closely approximates that of upper continental crust (Figure 5.9) and hence a partly crustal source 

seems likely in this case. The similarity in chemical and isotopic composition of the USE and Kirka 

Rhyolite with the Erigoz Granite (Figures 5.4, 5.5, 5.9 & 5.10) indicates a similar source.

Suitable comparisons for the USE and Kirka acid volcanics include the Central Volcanic Zone (CVZ) 

of the Andes and north-west Tibet, which, like western Turkey, have both experienced significant 

crustal thickening and compression. The Purico-Chascon acid igneous complex in the southern CVZ 

(northern Chile) has Nd - Sr isotopic compositions similar to those of the USE and Kirka rhyolites, 

although £ Nd is slightly lower (more enriched) in the former (Figure 5.13). The Purico-Chascon rocks

are considered to have formed from the partial melting of pre-existing crust of intermediate to mafic 

composition (Hawkesworth et al., 1982). Similarly, the late Miocene ignimbrite ‘flare up’ which resulted 

in the Altiplano-Puna volcanic complex further north in the CVZ (Bolivia & Peru) was also apparently the 

consequence of widespread crustal melting (de Silva 1989). The Nd and Sr isotopic composition of 

the Altiplano-Puna volcanic complex overlaps with that of the Purico-Chascon volcanics (de Silva 

1989). The thickness of crust in this region is thought to have been approximately 70 km (de Silva 

1989), which is a similar figure to that suggested for western Turkey in the Miocene (Sengor et al., 

1985). Hence, the acid volcanism of the central Andean region appears to provide a good analogue for 

the silicic magmatism of the USE and Kirka areas with both containing a significant crustal contribution.

Rhyolite from north-west Tibet (Arnaud et al., 1992) has a very similar chemical composition to 

average USE and Kirka Rhyolite, with considerable enrichment relative to OIB in Rb, Th and K (Figure 

5.14). It also has a similar £ Nd composition (-5.5) to the western Turkish rhyolite, although the ^Sr/^Sr

ratio is somewhat higher (0.7137) (Arnaud et al., 1992). The north-west Tibetan rhyolite is considered 

to be an AFC product of associated basaltic rocks, which have similar trace element patterns (Arnaud et 

al., 1992). The origin of these associated basaltic rocks, together with the more mafic rocks of the 

USEKA area, is discussed in the following section.

5.3.3.2 Lithospheric mantle sources

In order to place constraints on the mantle source of the Miocene western Turkish volcanism, this 

section compares the elemental and isotopic composition of mafic lavas ( > 3 wt % MgO) from the 

USEKA area with volcanics from similar tectonic settings around the world. In common with average 

USEKA shoshonite and latite, potassic lavas from Vulsini (Roman province, Italy - Rogers et al., 1985), 

Karisimbi (Virunga province, Rwanda - Rogers et al., 1992), the Rio Grande rift flank (south-west USA - 

Gibson et al., 1993) and north-west Tibet (Arnaud et al., 1992), exhibit enrichment in the LILE and light
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FIGURE 5.14 - Comparison of the elemental compositions in the 
USEKA acid magmatism with other databases

Figure 5.14a - Erigoz Granite
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R E E  re la t iv e  to  O IB  (F ig u re  5 .1 5  a , b ). T h e s e  h ig h  c o n c e n tra tio n s  o f th e  L IL E  a n d  ligh t R E E  h a v e  b e e n  

a ttr ib u te d  to  a n  e n r ic h e d  s o u rc e  re g io n  in th e  s u b c o n tin e n ta l m a n tle  (R o g e rs  e t  a l. ,  1 9 8 5 ,  R o g e rs  e t  

a l.,  1 9 9 2 ,  R o g e rs  1 9 9 2 ,  A r n a u d  e t  a l . ,  1 9 9 2 ,  G ib s o n  e t  a l. ,  1 9 9 3 ,  T u r n e r  e t  a l. ,  1 9 9 6 ) .  A lth o u g h  n o t  

e n r ic h e d  in K , la v a s  fro m  th e  W e s te r n  G r e a t  B a s in  (W G B )  (>  5  M a )  in s o u th -w e s t  U S A  a r e  e n r ic h e d  in 

th e  lig h t R E E  re la t iv e  to  O IB  (F ig u r e  5 .1 5 a ) ,  a n d  a r e  a ls o  c o n s id e re d  to  o r ig in a te  fro m  a n  e n r ic h e d  

s u b c o n tin e n ta l m a n tle  s o u rc e  (K e m p to n  e t  a l. ,  1 9 9 1 ) .  H o w e v e r , la v a s  fro m  th e  B a s in  a n d  R a n g e  (<  5  

M a )  a n d  th e  R io  G r a n d e  rift a x is  in s o u th -w e s t  U S A  a re  s im ila r  to  O IB  in c o m p o s itio n  (F ig u re  5 .1 5  a , b) 

a n d  a r e  th e r e fo r e  th o u g h t to  h a v e  a n  a s th e n o s p h e r ic  m a n tle  s o u rc e  (K e m p to n  e t  a l. ,  1 9 9 1 ,  G ib s o n  e t  

a l., 1 9 9 3 ) .

F ig u r e  5 .1 6  s h o w s  th e  v a r ia t io n  o f T i /Y  w ith  N b /Y  a n d  F ig u re  5 .1 7  T h /Y  w ith  N b /Y  fo r  th e  m a fic  

s a m p le s  f ro m  th e  U S E K A  a r e a ,  to g e th e r  w ith  la v a s  fro m  th e  s e le c te d  v o lc a n ic  p ro v in c e s  d is c u s s e d  

a b o v e . It is a p p a r e n t  fo rm  F ig u r e s  5 .1 6  a n d  5 .1 7  th a t  th e re  a re  tw o  e n d  m e m b e r  p o ta s s ic  p ro v in c e s , 

r e p r e s e n te d  b y  th e  V u ls in i a n d  K a r is im b i la v a s , w h ic h  c a n  b e  re la te d  to  tw o  c o n tra s tin g  m a n tle  

e n r ic h m e n t  p r o c e s s e s  (R o g e r s  1 9 9 2 ) .  T h e  V u ls in i p ro v in c e  a re  c h a ra c te r is e d  b y  lo w e r  N b /Y  a n d  T i/Y  

b u t h ig h e r  T h /N b  th a n  th e  K a r is im b i la v a s  (F ig u r e s  5 .1 6  &  5 .1 7 ) .  L o w  N b /Y  a n d  T i /Y  ra tio s  s u c h  a s  

th o s e  m e a s u r e d  in th e  V u ls in i la v a s  (F ig u r e  5 .1 6 )  h a v e  ty p ic a lly  b e e n  a ttr ib u te d  to  s u b d u c tio n -re la te d  

p ro c e s s e s  (R o g e rs  1 9 9 2 ) ,  w h ile  h ig h  T h /N b  ra tio s  (F ig u re  5 .1 7 )  in d ic a te  c ru s ta l in v o lv e m e n t in m a g m a  

g e n e s is  (K e m p to n  e t  a l., 1 9 9 1 ) .  R o g e rs  e t  a l. ( 1 9 8 5 )  c o n s id e r  th a t, in th e  c a s e  o f th e  V u ls in i la v a s , th is  

c ru s ta l in v o lv e m e n t  o c c u rs  in th e  fo rm  o f s u b d u c te d  c ru s ta l s e d im e n ts  fro m  w h ic h  flu id s  o r  m e lts  a re  

re le a s e d . L a v a s  fro m  th e  W G B , th e  R io  G r a n d e  rift f la n k  a n d  n o rth -w e s t T ib e t  p lo t in a  s im ila r  pos itio n  to  

th e  V u ls in i la v a s  in F ig u re  5 .1 6  a n d  th e y  a r e  c o n s id e re d  to  h a v e  in h e rite d  th e ir  c h e m ic a l c h a ra c te r is t ic s  

fro m  a  lith o s p h e r ic  m a n tle  s o u rc e  p o s s ib ly  e n r ic h e d  b y  p re v io u s  s u b d u c tio n  e v e n ts  (F itto n  e t  a l.,  1 9 9 1 ,  

K e m p to n  e t  a l . ,  1 9 9 1 ,  A r n a u d  e t  a l. ,  1 9 9 2 ,  G ib s o n  e t  a l. ,  1 9 9 3 ) .  T h e  re a s o n  fo r  th e  lo w  N b  a n d  T i 

c o n te n t  o f s u b d u c t io n -r e la te d  m e lts  is th a t  th e  H F S E  a r e  in s o lu b le  in h y d ro u s  flu id s  a n d  re la t iv e ly  

in s o lu b le  in h y d ro u s  m e lts  a n d  th e y  th e re fo r e  re m a in  in th e  s u b d u c te d  s la b  a n d  th e  a d ja c e n t  p a r ts  of 

th e  m a n tle  (S a u n d e r s  e t  a l. ,  1 9 9 1 ) .

T h e  K a ris im b i la v a s  (R o g e rs  e t  a l., 1 9 9 2 )  h a v e  h ig h  T i/Y  a n d  N b /Y  (F ig u re  5 .1 6 )  w h ic h  s u g g e s ts  th a t  

th e ir  s o u rc e  w a s  e n r ic h e d  in th e  H F S E  in c o n tra s t  to  th e  s u b d u c tio n  m o d if ie d  s o u rc e  o f th e  V u ls in i 

la v a s . In  F ig u r e  5 .1 7 ,  th e  K a r is im b i la v a s  p lo t in th e  O IB  fie ld  w ith  a  re s tr ic te d  ra n g e  o f T h /N b  ra tios . 

S in c e  c ru s ta l ro c k s  ty p ic a lly  h a v e  h ig h e r  T h /N b  ra tio s  (K e m p to n  e t  a l., 1 9 9 1 ) ,  th e re  a p p e a r s  to  b e  no  

c ru s ta l in v o lv e m e n t  in th e  g e n e s is  o f th e  K a ris im b i la v a s . R o g e rs  ( 1 9 9 2 )  s u g g e s ts  th a t  th e s e  la v a s  a re  

th e  re s u lt  o f m e lt in g  o f s u b c o n t in e n ta l  l ith o s p h e re , p re v io u s ly  e n r ic h e d  b y  m ig ra t in g  s m a ll d e g re e  

m e lts  o f d e p le te d  u p p e r  m a n t le .  S u c h  s m a ll d e g r e e  m e lts  o fte n  h a v e  h igh  le v e ls  o f T i (N a v o n  e t a l., 

1 9 8 8 ,  M c K e n z ie  1 9 8 9 )  w h ic h  c o u ld  a c c o u n t fo r  th e  h igh  T i/Y  ra tios  o f th e  K a ris im b i la v a s  (F ig u re  5 .1 6 ) .  

T h e s e  m e lts  a r e  e x tr e m e ly  rich  in K  w ith  d ire c t  e v id e n c e  p ro v id e d  b y  flu id  in c lu s io n s  in d ia m o n d s  

(N a v o n  e t  a l.,  1 9 8 8 ) .

It is g e n e r a l ly  a c c e p te d  th a t  th e  p o ta s s ic  la v a s  o f w e s te rn  T u r k e y  a re  d e r iv e d  f ro m  a n  e n r ic h e d  

l ith o s p h e r ic  m a n t le  s o u rc e , a lth o u g h  th e  n a tu re  o f th e  m a n tle  e n r ic h m e n t p ro c e s s  re m a in s  a  m a tte r  o f 

d e b a te .  K e l le r  ( 1 9 8 3 )  s u g g e s te d  th a t  th e  s o u rc e  fo r  th e  K -r ic h  la v a s  a t  A fy o n  w a s  e n r ic h e d  v ia
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Origin of Miocene magmatism in the Turkish Borate Province

FIGURE 5.15 - Comparison of the elemental compositions in the 
USEKA mafic volcanics with other data
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FIGURE 5.16 - Ti/Y vs Nb/Y diagram for USEKA mafic lavas, other K-rich lavas from 
western Turkey and selected volcanic provinces from around the world
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FIGURE 5.17 - Th/Y vs Nb/Y diagram for USEKA mafic lavas, other K-rich 
lavas from westen Turkey and selected volcanic provinces from around 
the world
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Origin of Miocene magmatism in the Turkish Borate Province

s u b d u c tio n  re la te d  p ro c e s s e s , w h e r e a s ,  fo r  th e  K -r ic h  la v a s  o f B o d ru m , R o b e r t  e t  a l. ( 1 9 9 2 )  in v o k e d  

e n r ic h m e n t  o f th e  s o u rc e  b y  s m a ll d e g r e e  m e lts  d e r iv e d  fro m  th e  c o n v e c t in g  u p p e r  m a n tle .  O n  th e  

b a s is  o f N d  a n d  S r  is o to p ic  ra t io s , R o b e r t  e t  a l. ( 1 9 9 2 )  s u g g e s t th a t  th e  e n r ic h m e n t  e v e n t  o r  e v e n ts  

w e r e  a n c ie n t  (a b o u t 1 .2 5  G a ) .

T h e  U S E K A  p o ta s s ic  a n d  u ltra p o ta s s ic  la v a s  p lo t o n  a  v e c to r  b e tw e e n  th e  V u ls in i a n d  th e  K a ris im b i 

e n d  m e m b e r s  in F ig u r e s  5 .1 6  a n d  5 .1 7 .  A lth o u g h  th e  m a jo r ity  o f th e s e  d a ta  f ie ld s  a r e  c o m p r is e d  o f 

b a s a lts , th e  V u ls in i (R o g e rs  e t  a l . ,  1 9 9 2 ) ,  th e  R io  G r a n d e  rift f la n k  (G ib s o n  e t  a l.,  1 9 9 3 )  a n d  th e  n o rth 

w e s t  T ib e t  (A rn a u d  e t  a l.,  1 9 9 2 )  s u ite s  c o n ta in  s o m e  m o re  e v o lv e d  m a g m a s  w h ic h  a re  th e re fo re  m o re  

c lo s e ly  c o m p a r a b le  w ith  th e  u lt ra p o ta s s ic  a n d  p o ta s s ic  m a fic  m a g m a s  fro m  th is  s tu d y . F u r th e rm o re ,  

F ig u re  5 .3  s h o w e d  th a t  c o m p a r is o n  w ith  le s s  e v o lv e d  la v a s  is p ro b a b ly  v a lid  s in c e  e x tra p o la t io n  o f th e  

ra tio s  in th e  U S E K A  s a m p le s  to  lo w e r  S i 0 2 le v e ls  o n ly  c h a n g e d  th e  ra tio  v a lu e s  b y  a  s m a ll a m o u n t a n d  

th is  w o u ld  n o t a l te r  th e ir  g e n e r a l  p o s itio n  ly in g  b e tw e e n  th e  V u ls in i a n d  th e  K a r is im b i la v a s . T h e  

U S E K A  s a m p le s  s h o w  c o n s id e r a b le  v a r ia t io n  in T i /Y ,  N b /Y  a n d  T h /N b  (F ig u r e s  5 .1 6  &  5 .1 7 ) .  S u c h  

v a r ia t io n s  in T i /Y  a n d  N b /Y  a r e  a ls o  a p p a r e n t  in K -ric h  la v a s  (w ith  >  3  w t %  M g O )  fro m  e ls e w h e re  in 

w e s te rn  T u r k e y  (F ig u r e  5 .1 6 ) .  T h e  v a r ia t io n  in T i /Y  s h o u ld  b e  t re a te d  w ith  c a u tio n  d u e  to  th e  p o s s ib le  

f ra c tio n a t io n  o f t i ta n o m a g n e t ite .  H o w e v e r ,  a  p lo t o f N b  v s  T i ( in s e t in F ig u re  5 .1 6 )  re v e a ls  a  p o s itiv e  

c o r re la t io n  s u g g e s t in g  s im ila r  in c o m p a tib le  b e h a v io u r  b y  th e s e  tw o  e le m e n ts  in th e  a b s e n c e  o f a n y  

t i ta n iu m -r ic h  f r a c t io n a t in g  p h a s e .  T h e r e f o r e ,  th e  v a r ia t io n s  in T i /Y  a n d  N b /Y  in th e  p o ta s s ic  a n d  

u ltra p o ta s s ic  U S E K A  m a g m a s  a p p e a r  to  re fle c t v a r ia t io n s  in th e ir  s o u rc e  c o m p o s itio n .

T h e s e  d a ta  in d ic a te  th a t  th e  p o ta s s ic  a n d  u ltra p o ta s s ic  U S E K A  la v a s  m a y  h a v e  b e e n  d e r iv e d  fro m  a  

h e te r o g e n e o u s  s u b c o n tin e n ta l lith o s p h e r ic  m a n tle  s o u rc e  e n r ic h e d  b y  s u b d u c tio n  p ro c e s s e s , w h ic h  

re s u lt in h ig h  K  b u t lo w  H F S E  le v e ls  ( 'V u ls in i- lik e  s o u rc e ')  a n d  b y  s m a ll d e g re e  m e lts  o f d e p le te d  u p p e r  

m a n tle , w h ic h  re s u lte d  in  h ig h  K  a n d  h ig h  H F S E  le v e ls  ( 'K a r is im b i- lik e  s o u rc e ') .  F ig u re  5 .1 7  c le a r ly  

i l lu s tra te s  t h e s e  tw o  e n r ic h m e n t  p r o c e s s e s ,  w h ic h  e a c h  p ro d u c e  a  d if fe re n t  v e c to r .  S u b d u c tio n  

e n r ic h m e n t  in c r e a s e s  T h /Y  re la t iv e  to  N b /Y  (K e m p to n  e t a l.,  1 9 9 1 ) ,  w h ils t e n r ic h m e n t b y  s m a ll d e g re e  

m e lts  le a d s  to  a  s im ila r  in c r e a s e  o f b o th  T h /Y  a n d  N b /Y  (F ig u r e  5 .1 7 ) .  E n r ic h m e n t  f ro m  p re v io u s  

s u b d u c tio n  e v e n ts  is p la u s ib le  s in c e  th e r e  is a  lo n g  h is to ry  o f s u b d u c tio n  e p is o d e s  in th e  E a s te rn  

M e d ite r r a n e a n  re g io n , a n d  fro m  a t  le a s t  th e  L a te  C r e ta c e o u s  to  th e  M id d le  E o c e n e , w e s te rn  T u rk e y  

a n d  th e  A e g e a n  w e r e  a f fe c te d  b y  s u b d u c tio n  re la te d  v o lc a n is m  (P a to n  1 9 9 2 ) .  F o r  in s ta n c e , e x te n s iv e  

U p p e r  C r e ta c e o u s  c a lc -a lk a lin e  v o lc a n is m  in th e  P o n tid e s  is th o u g h t to  h a v e  b e e n  re la te d  to  n o rth w ard  

s u b d u c tio n  o f N e o -T e th y a n  c ru s t  (S e n g o r  &  Y i lm a z  1 9 8 1 ) .  E a r lie r  s u b d u c tio n  in th e  re g io n  w a s  re la te d  

to  th e  c lo s u re  o f P a la e o te th y s  (M id  T r ia s s ic -E a r ly  J u ra s s ic ) (S e n g o r  &  Y ilm a z  1 9 8 1 ) .  B o th  S e y ito g lu  a n d  

S c o tt ( 1 9 9 2 )  a n d  G u le g  ( 1 9 9 1 )  s u g g e s t  th e  lo w  H F S E  le v e ls  in M io c e n e  v o lc a n ic s  in w e s te rn  T u rk e y  

o r ig in a te  f ro m  lith o s p h e r ic  m a n tle  m o d if ie d  b y  p re v io u s  s u b d u c tio n  e v e n ts .

T h e  e n r ic h m e n t  p ro b a b ly  o c c u rs  w ith in  a  ‘f re e z in g  la y e r ’ w ith in  th e  m e c h a n ic a l b o u n d a r y  la y e r  

(M B L )  ( M c K e n z ie  1 9 8 9 ) .  T h e  M B L  c o m p r is e s  b o th  lith o s p h e re  a n d  c ru s t a n d  is s e p a r a te d  fro m  th e  

c o n v e c t in g  u p p e r  m a n tle  (a s th e n o s p h e r e )  b y  th e  th e rm a l b o u n d a ry  la y e r  (T B L )  (M c K e n z ie  1 9 8 9 ) .  T h e  

s ig n if ic a n c e  o f th e  s e p a r a t io n  f ro m  th e  a s th e n o s p h e r e  is th a t  e n r ic h m e n ts  w ith in  th e  M B L  a re  

p r e s e rv e d  a n d  la rg e  is o to p ic  a n o m a lie s  c a n  b u ild  u p  th ro u g h  t im e  a s  ra d io g e n ic  is o to p e s  d e c a y
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( M c K e n z ie  1 9 8 9 ) .  B o th  e n r ic h m e n t  p r o c e s s e s  p ro d u c e  lo w  S m /N d  a n d  h ig h  R b /S r  ra t io s  a n d  

th e r e f o r e  w h e n  th e  M B L  is a f fe c te d  b y  s u c h  e n r ic h m e n ts , it e v e n tu a l ly  d e v e lo p s  a n  is o to p ic  

c o m p o s it io n  w ith  lo w  143N d /144N d  a n d  h ig h  ^ S r / ^ S r  th ro u g h  th e  d e c a y  o f 87R b  to  87S r  a n d  147S m  to  

143N d  ( M c K e n z ie  1 9 8 9 ,  R o g e rs  1 9 9 2 ) .  T h e  is o to p ic  c o m p o s itio n s  o f th e  V u ls in i (R o g e rs  e t  a l. ,  1 9 8 5 ) ,  

K a ris im b i (R o g e rs  e t  a l. ,  1 9 9 2 ) ,  R io  G r a n d e  rift f la n k  (G ib s o n  e t  a l., 1 9 9 3 )  a n d  n o r th -w e s t  T ib e t  (A rn a u d  

e t a l. ,  1 9 9 2 )  K -r ic h  la v a s  a ll p lo t w ith in  th e  e n r ic h e d  q u a d ra n t  o f th e  E Nd vs  ^ S r / ^ S r  d ia g ra m  (F ig u re

5 .1 7 ) .  T h e  e n r ic h e d  is o to p ic  c h a r a c te r is t ic s  o f th e  K -ric h  V u ls in i la v a s  a re  th o u g h t  to  re s u lt  fro m  th e  

s u b d u c tio n  o f s e d im e n t  (R o g e r s  e t  a l . ,  1 9 8 5 ) ,  w h ile  th e  K a r is im b i s ig n a tu re  is e x p la in e d  b y  th e  

e n r ic h m e n t  o f a  lith o s p h e r ic  s o u rc e  b y  s m a ll d e g r e e  m e lts  a t  a p p ro x im a te ly  1 G a  (R o g e rs  e t  a l., 1 9 9 2 ,  

R o g e rs  1 9 9 2 ) .  T h e  N d  a n d  S r  is o to p ic  c h a ra c te r is t ic s  o f th e  R io  G ra n d e  rift f la n k  a n d  th e  n o rth -w e s t  

T ib e t  la v a s  (F ig u r e  5 .1 7 )  a r e  a ls o  th o u g h t  to  re s u lt  fro m  p re v io u s  e n r ic h m e n t  e v e n ts  a n d  s u b s e q u e n t  

is o to p ic  d e c a y  w ith in  th e  s u b c o n tin e n ta l lith o s p h e r ic  m a n tle  (A rn a u d  e t  a l., 1 9 9 2 ,  G ib s o n  e t  a l.,  1 9 9 3 ) .  

W ith in  w e s te r n  T u r k e y , th e  B o d ru m  la v a s  a ls o  h a v e  a n  e n r ic h e d  is o to p ic  s ig n a tu re  (F ig u re  5 .1 6 ) ,  w h ich  

a c c o rd in g  to  R o b e r t  e t  a l. ( 1 9 9 2 )  c a n  b e  e x p la in e d  b y  th e  is o la tio n  o f s m a ll d e g re e  m e lts  fro m  d e p le te d  

m a n tle  in th e  lith o s p h e re  fo r  a b o u t  1 .2 5  G a .

T h e  p o s itio n  o f th e  U S E K A  m a f ic  la v a s  ( la t ite  a n d  s h o s h o n ite )  w ith in  th e  e n r ic h e d  q u a d r a n t  o f 

F ig u re s  5 .1 0  a n d  5 .1 3  a n d  th e ir  h ig h  L IL E  a n d  lig h t R E E  c o n c e n tra t io n s  (a n d  M g O  c o n te n t  o f 3 -9  w t  

% ) is th e r e fo r e  c o n s is te n t  w ith  a  l ith o s p h e r ic  m a n tle  s o u rc e . S u c h  a  s o u rc e  w o u ld  h a v e  b e e n  is o la te d  

fro m  th e  c o n v e c t in g  u p p e r  m a n t le  th e r e b y  a llo w in g  th e  ra d io g e n ic  is o to p e s  to  d e c a y  th ro u g h  t im e  to  

th e ir  c u r re n t  e n r ic h e d  ra tio s . It h a s  a lr e a d y  b e e n  s u g g e s te d  th a t  th e  a c id  v o lc a n ic s  a n d  g ra n ite  fo rm e d  

a t  le a s t  in p a r t  f ro m  m e lte d  u p p e r  c o n t in e n ta l c ru s t, d u e  to  th e ir  m o re  e n r ic h e d  is o to p ic  s ig n a tu re s .  

H o w e v e r ,  a s  m e n tio n e d  a b o v e , th e ir  p o s itio n  in th e  8 Nd vs  ^ S r / ^ S r  d ia g ra m  to  th e  le ft o f k n o w n  u p p e r

c o n t in e n ta l  c ru s ta l c o m p o s it io n s  in th e  re g io n  s u g g e s ts  a n  a d d it io n a l in p u t f ro m  a  m o re  d e p le te d  

s o u rc e . F ig u r e  5 .9  s h o w e d  th a t  th e  a c id  v o lc a n ic s  a re  e n r ic h e d  in R b , T h  a n d  K  re la t iv e  to  a v e ra g e  

u p p e r  c o n t in e n ta l c ru s t. It is  p o s s ib le  th a t  th e s e  e le v a te d  L IL E  c o n c e n tra t io n s  o r ig in a te  fro m  th e  

s u b c o n tin e n ta l l i th o s p h e re  a n d  th a t  th e  U S E  a n d  K irk a  a c id  m a g m a s  m a y  h a v e  b e e n  g e n e ra te d  b y  a  

m ix tu re  o f lith o s p h e r ic  a n d  u p p e r  c o n t in e n ta l  c ru s ta l m e lts . B y  th e  M id d le  M io c e n e , th e  a m o u n t  of 

a s s im ila te d  u p p e r  c o n t in e n ta l c ru s t  h a s  d e c r e a s e d  a n d  th e  lith o s p h e r ic  c o m p o n e n t  in c re a s e d . A s  

d e s c r ib e d  a b o v e , th is  is re f le c te d  b y  th e  m o re  m a fic  n a tu re  o f th e  M id d le  M io c e n e  v o lc a n is m  c o m p a re d  

to  th e  silic ic  E a r ly  M io c e n e  m a g m a s .

W ith in  th e  U S E K A  m a fic  la v a  g ro u p , th e  A fy o n  s u ite  is th e  le a s t  is o to p ic a lly  e n r ic h e d  d e s p ite  th e  

fa c t  th a t  it d o e s  n o t c o n ta in  th e  m o s t p r im it iv e  la v a s  in th e  s tu d y . L a v a s  fro m  th e  U S E  a n d  K irk a  a re a s  

h a v e  lo w e r  S i 0 2i h ig h e r  M g O , b u t h ig h e r  87S r /86S r  th a n  th e  A fy o n  v o lc a n ic s . It th e re fo re  a p p e a rs  th a t  

th e  l ith o s p h e r ic  s o u rc e  fo r  th e  A fy o n  la v a s  h a s  a  d iffe re n t is o to p ic  c o m p o s itio n  to  th a t  o f th e  U S E  a n d  

K irk a  m a fic  ro c k s . It s e e m s  th a t  a n  is o to p ic a lly  h e te ro g e n e o u s  s u b c o n tin e n ta l lith o s p h e r ic  m a n tle  

b e n e a th  w e s te r n  T u r k e y  m e lte d  to  g e n e r a te  K -ric h  la v a s .

T h e  m o s t r e c e n t  p h a s e  o f v o lc a n is m  in w e s te rn  T u rk e y  is re p re s e n te d  b y  th e  K u la  la v a s  w h ic h , a s  

s h o w n  in F ig u r e s  5 .1 6  a n d  5 .1 7  c o n ta in  s im ila r  t ra c e  e le m e n t  ra tios  to  th e  K a ris im b i, p o s t 5  M a  B a s in
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a n d  R a n g e  ( fro m  s o u th -w e s t  U S A  - K e m p to n  e t  a l., 1 9 9 1 )  a n d  th e  R io  G r a n d e  rift a x is  la v a s . H o w e v e r ,  

th e  K a r is im b i v o lc a n ic s  a r e  p o ta s s ic  (K 20 / N a 20  >  1 ) a n d  h a v e  h ig h  in itia l S r  a n d  lo w  in itia l N d  ra tio s  

(F ig u re  5 .1 7 ) ,  w h e r e  a s  th e  B a s in  a n d  R a n g e  a n d  R io  G ra n d e  rift a x is  v o lc a n ic s  a r e  s o d ic  (K 20 / N a 20  <  

1) a n d  h a v e  S r  a n d  N d  in itia l ra tios  w h ic h  fa ll w ith in  th e  m a n tle  a rra y  (R io  G ra n d e  rift in F ig u re  5 .1 7 ,  B as in  

&  R a n g e  - K e m p to n  e t  a l . ,  1 9 9 1 ) .  F it to n  e t  a l.  ( 1 9 9 1 )  a n d  G ib s o n  e t  a l .  ( 1 9 9 3 )  s u g g e s t  a n  

a s th e n o s p h e r ic  s o u rc e  fo r  th e  p o s t 5  M a  B a s in  a n d  R a n g e  a n d  R io  G ra n d e  rift a x is  la v a s  re s p e c tiv e ly ,  

s in c e  th e y  a r e  c h e m ic a lly  a n d  is o to p ic a lly  in d is tin g u is h a b le  fro m  O IB . B y  c o n tra s t, th e  N d  a n d  S r  in itia l 

ra tio s  o f th e  K a ris im b i la v a s  a re  c o n s id e re d  to  b e  th e  re s u lt o f iso to p ic  d e c a y  w ith in  lith o s p h e re  is o la te d  

fro m  th e  c o n v e c t in g  u p p e r  m a n tle  o v e r  1 G a  (R o g e rs  1 9 9 2 ) .

T h e  K u la  la v a s  a re  s im ila r to  th e  p o s t 5  M a  B a s in  a n d  R a n g e  a n d  th e  R io  G ra n d e  rift a x is  la v a s , b e in g  

s o d ic  a n d  h a v in g  S r  a n d  N d  in itia l ra tio s  w h ic h  lie  w ith in  th e  m a n tle  a r ra y  (G u le g  1 9 9 1 ,  F ig u re  5 .1 7 ) .  It 

h a s  th e r e fo r e  b e e n  s u g g e s te d  th a t  th e  K u la  la v a s  h a v e  a n  a s th e n o s p h e r ic  c o m p o n e n t  (G u le g  1 9 9 1 ,  

S e y ito g lu  &  S c o tt  1 9 9 2 b ) .  H o w e v e r ,  P a to n  ( 1 9 9 2 ) ,  R ic h a r d s o n -B u n b u ry  ( 1 9 9 2 )  a n d  M c K e n z ie  a n d  

O 'N io n s  ( 1 9 9 5 )  s u g g e s te d  th a t  th e  K u la  la v a s  w e r e  g e n e ra te d  fro m  c o n tin e n ta l lith o s p h e re  th a t  h ad  

b e e n  p re v io u s ly  e n r ic h e d , s in c e  th e y  c o n ta in  h ig h e r  a b u n d a n c e s  o f th e  L IL E  th a n  O IB  (F ig u re  5 .7 )  

a n d  s u c h  le v e ls  c a n n o t  b e  p ro d u c e d  b y  a  s in g le  s ta g e  m e ltin g  e v e n t  o f d e p le te d  o r  p r im it iv e  m a n tle . 

T h e  N d  a n d  S r  is o to p e  c h a ra c te r is t ic s  o f th e  K u la  la v a s  c a n n o t  d is tin g u is h  w h e th e r  th e  s o u rc e  w a s  

a s th e n o s p h e r ic  o r  lith o s p h e r ic , b u t if th e  s o u rc e  w a s  e n r ic h e d  lith o s p h e re , th e  e n r ic h m e n t  p ro c e s s  

m u s t h a v e  b e e n  re c e n t . F u r th e rm o re , if th e  s o u rc e  w a s  e n r ic h e d  lith o s p h e re , it m u s t h a v e  c o n ta in e d  

e x tre m e ly  h ig h  N a  le v e ls  re la t iv e  to  th e  lith o s p h e r ic  m a n tle  s o u rc e  o f th e  e a r l ie r  M id d le  M io c e n e  K -rich  

m a g m a s . T h e  g e o c h e m ic a l c h a ra c te r is t ic s  o f th e  K u la  la v a s  c a n  b e  e x p la in e d  if th e  in itia l m e lts  w e re  

d e r iv e d  f ro m  a n  a s th e n o s p h e r ic  m a n tle  s o u rc e  a n d  th a t  th e s e  m e lts  w e r e  s u b s e q u e n tly  c o n ta m in a te d  

b y  e n r ic h e d  l i th o s p h e r ic  m a n t le  d u r in g  t h e i r  a s c e n t .  S u c h  l i th o s p h e r ic  c o n ta m in a t io n  o f  

a s th e n o s p h e r e  d e r iv e d  m e lts  c o u ld  e a s ily  a c c o u n t  fo r  th e  e le v a te d  le v e ls ,  re la t iv e  to  O IB ,  o f 

in c o m p a tib le  e le m e n ts  s e e n  in th e  K u la  la v a s . A  s im ila r  m o d e l o f c o n ta m in a t io n  o f a s th e n o s p h e r ic  

m e lts  b y  s m a ll d e g r e e  u lt ra p o ta s s ic  m e lts  d e r iv e d  fro m  th e  lith o s p h e r ic  m a n tle , h a s  b e e n  u s e d  by  

T h o m p s o n  e t  a l. ( 1 9 8 9 )  to  a c c o u n t  fo r  th e  g e o c h e m ic a l c o m p o s itio n  o f m in e tte s  f ro m  n o r th -w e s t  

C o lo ra d o  in th e  U S A .

5.3.3.3 Implications for the source of B

O n  th e  b a s is  o f th e  d is c u s s io n  a b o v e , th e  p o te n tia l s o u rc e s  fo r  B in th e  M io c e n e  U S E K A  m a g m a s  

in c lu d e  u p p e r  c o n t in e n ta l c ru s t  a n d  e n r ic h e d  s u b c o n tin e n ta l lith o s p h e ric  m a n tle . It w a s  e s ta b lis h e d  in 

th e  p re v io u s  c h a p te r s  th a t  th e  E a r ly  M io c e n e  a c id  v o lc a n is m  re p re s e n ts  th e  m o s t lik e ly  s o u rc e  fo r  B in 

th e  b o r a te  d e p o s its  a n d  th e re fo r e  th is  p ro je c t  is p a rtic u la r ly  c o n c e rn e d  w ith  th e  g e n e s is  o f th is  p h a s e  

of m a g m a t is m . A s  d is c u s s e d  a b o v e , th e  m o re  e v o lv e d  a n d  is o to p ic a lly  e n r ic h e d  n a tu re  o f th e  E a r ly  

M io c e n e  a c id  m a g m a t is m  c o m p a r e d  to  la te r  M id d le  M io c e n e  m a fic  v o lc a n is m  h a v e  b e e n  ta k e n  a s  

e v id e n c e  fo r  a  g r e a te r  c o m p o n e n t  o f u p p e r  c o n tin e n ta l c ru s t in th e  fo rm e r. F ig u re  5 .1 2  s h o w s  th a t  B  

a n d  B /N b  h a v e  a  p o s it iv e  c o r re la t io n  w ith  87S r /86S r, b u t a  n e g a tiv e  o n e  w ith  £ Nd. H e n c e , if th e  m o re
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e n r ic h e d  v o lc a n ic s  d o  in d e e d  c o n ta in  a  g r e a te r  p ro p o rtio n  o f a s s im ila te d  u p p e r  c ru s t, th e  h ig h e s t  B  

la v a s  a r e  th o s e  w ith  th e  g re a te s t  u p p e r  c ru s ta l c o m p o n e n t. T h is  s u g g e s ts  th a t  u p p e r  c o n tin e n ta l c ru s t  

m a y  b e  th e  m o s t im p o r ta n t  s o u rc e  fo r  B  in th e  a c id  m a g m a tis m . H o w e v e r ,  th e  g ra n ite  h a s  lo w  B  le v e ls  

a n d  y e t  a p p e a r s  to  h a v e  b e e n  g e n e r a te d  la rg e ly  b y  th e  a n a te x is  o f u p p e r  c ru s t. It s e e m s  th a t  B  w a s  

c o n c e n tra te d  in to  th e  v o lc a n ic  p h a s e s  o f th e  a c id  m a g m a tis m  a n d  n o t in th e  p lu to n s .

F ig u re  5 .9  s h o w s  th a t  a ll th e  la v a s  o f th e  U S E K A  a r e a  a re  e n r ic h e d  in B  re la t iv e  to  a v e r a g e  u p p e r  

c o n t in e n ta l c ru s t  (T a y lo r  &  M c L e n n a n  1 9 8 5 ) .  H o w e v e r ,  th e  u p p e r  c ru s t o f w e s te rn  T u r k e y  m a y  w e ll 

c o n ta in  a  h ig h e r  B  c o n c e n tra t io n  th a n  th e  a v e r a g e  v a lu e s  fo r  u p p e r  c ru s t (e g . 1 5  p p m  B  - T a y lo r  &  

M c L e n n a n  1 9 8 5 ,  1 6 .8  p p m  B  -  L e e m a n  &  S is s o n  1 9 9 6 ) .  T h e r e  is e v id e n c e  o f B -r ic h  c ru s t in th e  

s o u th e rn  s e c to r  o f th e  M e n d e r e s  M a s s if  in  w e s te r n  T u rk e y ;  to u rm a lin e  a u g e n  g n e is s e s  (d e r iv e d  fro m  

a n  S  ty p e  g ra n it ic  p ro to lith ),  to u r m a lin e -r ic h  d y k e s  a n d  to u rm a lin e  p o rp h y ro b la s ts  in s e m i-p e lite s  

(B o z k u rt  e t  a l. ,  1 9 9 5 ) .  T h e y  s u g g e s t  th a t  th e  g ra n ite  p ro to lith  o f th e  g n e is s  re s u lte d  fro m  th e  m e ltin g  of 

a m p h ib o l i te - fa c ie s  m e ta g r e y w a c k e s ,  w h ic h  m a y  h a v e  h a d  a  m a r in e  s e d im e n t  c o m p o n e n t. M o d e rn  

m a r in e  s e d im e n ts  h a v e  a  B  c o n te n t  o f b e tw e e n  4 0  a n d  1 8 0  p p m  (L e e m a n  &  S is s o n  1 9 9 6 )  a n d  th e y  

th e re fo re  re p re s e n t  a  p o te n t ia l s o u rc e  o f B . F u r th e rm o re , to u rm a lin e -b e a r in g  a m p h ib o lite  fa c ie s  p e lite  

is fo u n d  fu r th e r  n o rth  in  th e  M e n d e r e s  M a s s if  n e a r  to  th e  to w n  o f K u la  (V e r g e  p e rs . c o m m  - 1 9 9 5 ) .  A  

s a m p le  o f th is  p e lite  ( 8 8 8 /2 ) ,  w h ic h  is c o n s id e re d  to  h a v e  a  m u d s to n e  o r  c la y s to n e  p ro to lith  (V e rg e  

p e rs . c o m m  -  1 9 9 7 ) ,  w a s  fo u n d  to  c o n ta in  5 2 7  p p m  B . A s  d e s c r ib e d  e a r lie r ,  th e  is o to p ic  s ig n a tu re  of 

th is  p e lite  in d ic a te s  th a t  it m a y  h a v e  b e e n  a  s o u rc e  fo r  th e  E a r ly  M io c e n e  s ilic ic  m a g m a s . H e n c e , th e  

m e ltin g  o f s u c h  B -r ic h  u p p e r  c ru s t  in  w e s te rn  T u r k e y  is lik e ly  to  h a v e  p ro v id e d  a  s o u rc e  fo r  B  in th e  

E a r ly  M io c e n e  a c id  v o lc a n is m  w h ic h  h a d  a  c lo s e  s p a t ia l a n d  te m p o ra l p o s itio n  w ith  th e  b o ra te -h o s t  

s e d im e n ts . It s h o u ld  a ls o  b e  n o te d  th a t , d u e  to  th e  in c o m p a tib le  n a tu re  o f B  in b a s a lt ic  m a g m a s , it is 

l ik e ly  to  b e  c o n c e n t r a te d  in  th e  m o s t  d if fe r e n t ia te d  m a g m a s  (R y a n  e t  a l . ,  1 9 9 3 ,  A rn d rs s o n  &  

A n d r d s d d tt ir  1 9 9 5 ) .  T h is  is g e n e r a l ly  th e  c a s e  fo r  th e  U S E K A  m a g m a t is m , w h e r e  th e  m o re  a c id  

v o lc a n ic s  n o rm a lly  c o n ta in  g r e a te r  c o n c e n tra t io n s  o f B  th a n  th e  le s s  e v o lv e d  la v a s  (C h a p te r  4 ) .  It is a ls o  

lik e ly  th a t  th e  m e lt in g  o f u p p e r  c o n t in e n ta l c ru s t in th e  g e n e s is  o f a c id  v o lc a n ic s  in th is  a r e a  m a y  h a v e  

p ro v id e d  a  s o u r c e  fo r  Li a n d  A s , w h ic h  h a v e  a v e r a g e  u p p e r  c ru s ta l v a lu e s  o f 2 0  a n d  1 .5  p p m  

re s p e c t iv e ly  (T a y lo r  &  M c L e n n a n  1 9 8 5 ) .

A s  d is c u s s e d  a b o v e ,  th e  m o r e  m a f ic  la v a s  fro m  th is  a r e a  la rg e ly  o r ig in a te  f ro m  th e  m e ltin g  o f 

s u b c o n tin e n ta l  l i th o s p h e r ic  m a n t le ,  a n d  th e  a c id  v o lc a n ic s  m a y  a ls o  c o n ta in  a  c o m p o n e n t  o f su c h  

l ith o s p h e re . T h e r e fo r e ,  th e  s u b c o n tin e n ta l lith o s p h e re  is a  p o te n tia l s o u rc e  fo r  B  in th e  m a fic  m a g m a s  

a n d , a n d  p e rh a p s  p a rtly  fo r  B  in th e  s ilic ic  m a g m a s . S in c e  th e  lith o s p h e re  in th is  re g io n  a p p e a rs  to  h a v e  

b e e n  e n r ic h e d  b y  b o th  p re v io u s  s u b d u c tio n  e v e n ts  a n d  th e  u p w a rd s  m ig ra tio n  o f s m a ll d e g re e  m e lts  

o f d e p le te d  u p p e r  m a n t le ,  b o th  o f th e s e  m e c h a n is m s  n e e d  to  b e  e x a m in e d .  F ig u r e s  5 .4  to  5 .6  

s h o w e d  th a t  th e  v o lc a n ic s  f ro m  th is  re g io n  c o n ta in  s im ila r  e n r ic h m e n ts  re la t iv e  to  p r im it iv e  m a n tle  o f B  

to  L IL E . It w o u ld  th e r e fo r e  a p p e a r  th a t  B  h a s  b e h a v e d  in a  s im ila r  fa s h io n  to  th e  L IL E , w h ic h  m ig h t b e  

e x p la in e d  b y  e n r ic h m e n t  e v e n ts  f ro m  p r io r  s u b d u c tio n . It is w e ll e s ta b lis h e d  th a t  th e  L IL E  a n d  th e  ligh t 

R E E  a re  e ff ic ie n t ly  t ra n s fe r re d  f ro m  a  s u b d u c te d  s la b  to  th e  o v e rly in g  m a n tle  w e d g e , a s  a  re s u lt o f th e ir  

m o b ility  in h y d ro u s  f lu id s  (S a u n d e r s  e t  a l . ,  1 9 9 1 )  a n d  is a ls o  n o w  k n o w n  th a t  B  is p ro g re s s iv e ly
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m o b ilis e d  a n d  re m o v e d  f ro m  a  s u b d u c te d  s la b  v ia  so lu tio n  in a q u e o u s  flu id s  re le a s e d  d u r in g  p ro g ra d e  

d e h y d r a t io n  re a c t io n s  (M o rr is  e t  a l. ,  1 9 9 0 ,  M o r a n  e t  a l., 1 9 9 2 ,  L e e m a n  &  S is s o n  1 9 9 6 ,  R y a n  e t  a l.,  

1 9 9 6 ,  N o ll e t  a l . ,  1 9 9 6 ,  R y a n  &  L a n g m u ir  1 9 9 3 ) .  H o w e v e r , R y a n  a n d  L a n g m u ir  ( 1 9 9 3 )  s u g g e s t  th a t  B  

m a y  d iffe r fro m  th e  a lk a lis  a n d  o th e r  e n r ic h e d  lith o p h ile  tra c e  e le m e n ts  a t  a rc s  in th a t  it is m o b ilis e d  m o re  

re a d ily  in th e  e a r l ie r  s ta g e s  o f th e  s u b d u c tio n  p ro c e s s . In  a d d itio n  to  B , a q u e o u s  flu id s  re le a s e d  fro m  

s u b d u c te d  s la b s  a r e  a ls o  th o u g h t to  c o n ta in  A s  (L e e m a n  &  S is s o n  1 9 9 6 , N o ll e t  a l., 1 9 9 6 ) .  A s  a  resu lt, 

a rc  la v a s  a r e  e n r ic h e d  in B  (F ig u r e  5 .1 8 )  a n d  A s , m o re  so  th a n  e x p e c te d  a s s u m in g  n o rm a l m a g m a tic  

p ro c e s s e s  (N o ll e t  a l., 1 9 9 6 ) .  H e n c e ,  it s e e m s  lik e ly  th a t  p re v io u s  s u b d u c tio n  e v e n ts  le d  to  e n r ic h m e n t  

of B  a n d  A s  in th e  M B L  o f th e  lith o s p h e r ic  m a n tle  b e n e a th  w e s te rn  T u rk e y , in th e  s a m e  w a y  th a t K  w a s  

e n r ic h e d .

M u c h  o f th e  B  a n d  A s  w a s  p ro b a b ly  a d d e d  to  o c e a n ic  c ru s t p rio r to  s u b d u c tio n  (N o ll e t  a l., 1 9 9 6 ) .  

T h e  e a r ly  e n r ic h m e n t  o f A s  is m o s t lik e ly  re la te d  to  h y d ro th e rm a l c o n v e c tio n  c e lls  e s ta b lis h e d  in  n e w  

o c e a n ic  c ru s t a t  m id -o c e a n  r id g e s  w h ic h  p ro d u c e  s u lp h id e  m in e ra lis a tio n  th ro u g h o u t th e  o c e a n  c ru s t  

a n d  d e p o s it  m e ta l l i fe ro u s  s e d im e n ts  o n to  th e  o c e a n ic  c ru s t (b la c k  s m o k e rs )  (P u e c k e r -E h re n b r in k  e t  

a l., 1 9 9 4 ) .  It is a ls o  w e ll e s ta b lis h e d  th a t  a lte re d  o c e a n ic  c ru s t is e n r ic h e d  in B  (L e e m a n  &  S is s o n  1 9 9 6 ,  

Y o u  e t  a l. ,  1 9 9 3 ,  S e y f r ie d  e t  a l . ,  1 9 8 4 ,  B e b o u t  e t  a l. ,  1 9 9 3 ) .  S u c h  B e n r ic h m e n t  is a s s o c ia te d  w ith  

s m e c t ite  w h ic h  is p ro d u c e d  d u r in g  th e  a lte ra tio n  o f b a s a lt  b y  s e a  w a te r  a t  re la t iv e ly  lo w  te m p e ra tu re s  

(e g . 1 5 0 ° C  -  S e y f r ie d  e t  a l . ,  1 9 8 4 ) .  A n o th e r  B -r ic h  re s e rv o ir  in th e  o c e a n ic  c ru s t is p e la g ic  s e d im e n t  

w h ic h  c o n ta in s  te r r ig e n e o u s  d e tr itu s  (illite  d o m in a te d , 3 0 -  1 5 0  p p m  B ), b io g e n ic  c a rb o n a te  (<  2 0  p p m  

B ), s ilic e o u s  o o z e s  (>  4 0  p p m  B ) a n d  m a r in e  s m e c tite s  (>  1 0 0  p p m  B ) (L e e m a n  &  S is s o n  1 9 9 6 ) .  S e a  

w a te r  re p re s e n ts  a n  a d d itio n a l s o u rc e  w ith  o n  a v e ra g e  4 .5  p p m  B  (B e b o u t e t  a l. ,  1 9 9 3 ) .

In  c o n tra s t  to  B  a n d  A s , L i h a s  c o n c e n tra t io n s  in a rc  b a s a lts  s im ila r  to  th o s e  in M O R B  (R y a n  &  

L a n g m u ir  1 9 8 7 ) .  F u r th e rm o re , Li is n o t e n r ic h e d  to  th e  e x te n t  o f in c o m p a tib le  e le m e n ts  s u c h  a s  K  in 

a rc  m a g m a s , a n d  th e re fo r e  a rc  v o lc a n ic s  h a v e  e le v a te d  K /L i ra tio s  (R y a n  &  L a n g m u ir  1 9 8 7 ) .  T h is  is 

d e s p ite  th e  fa c t  th a t  Li b e h a v e s  v e r y  s im ila r ly  to  K  d u rin g  s e a  f lo o r a lte ra tio n  a n d  s e d im e n ta t io n , w h e re  

it is c o n c e n tra te d  in o c e a n  s e d im e n ts  a n d  a lte re d  o c e a n ic  c ru s t (H o lla n d  1 9 8 0 , D o n n e lly  e t  a l.,  1 9 8 0 ) .  

T h e  U S E K A  m a fic  la v a s  a re  c le a r ly  m o re  e v o lv e d  th a n  b a s a lts  a n d  h e n c e  th e  e n r ic h m e n ts  in Li re la tiv e  

to  a v e r a g e  O IB  a n d  N - M O R B  (F ig u re  5 .9 )  m a y  re s u lt fro m  d iffe re n tia tio n , a lth o u g h  a n  in p u t fro m  c ru s ta l 

a s s im ila tio n  is  a ls o  p o s s ib le . H o w e v e r ,  th e  U S E K A  m a fic  la v a s  s h o w  a n  e n r ic h m e n t o f th e  L IL E  a n d  B  

r e la t iv e  to  Li (F ig u r e s  5 .5  &  5 .6 )  p e r h a p s  re f le c tin g  a  lith o s p h e r ic  s o u rc e  re g io n  in f lu e n c e d  b y  p rio r  

s u b d u c tio n  e v e n ts .  H e n c e ,  a lth o u g h  th e  m e lt in g  o f s u c h  a  s o u rc e  m a y  h a v e  s u p p lie d  s o m e  Li to  

m a g m a s , s u b d u c tio n  e n r ic h m e n t  e v e n ts  w o u ld  h a v e  b e e n  re la t iv e ly  m o re  im p o rta n t in p ro v id in g  B  a n d  

A s .

S in c e  B  a n d  A s  a r e  in c o m p a tib le  a n d  Li is m o d e ra te ly  in c o m p a tib le  in b a s a lt ic  m a g m a s  (R y a n  &  

L a n g m u ir  1 9 8 7 ,  N o ll e t  a l . ,  1 9 9 6 ) ,  s m a ll d e g r e e  m e lts  o f d e p le te d  u p p e r  m a n tle  a r e  lik e ly  to  b e  

e n r ic h e d  in th e s e  e le m e n ts .  T h e r e fo r e ,  th e  e n r ic h m e n t  o f th e  lith o s p h e r ic  m a n tle  b y  m e lts  fro m  th e  

a s th e n o s p h e re , is a ls o  lik e ly  to  e n r ic h  th e  M B L  in B  a n d  A s  a n d  to  a  le s s e r  e x te n t  L i. H e n c e , b o th  th e  

e n r ic h m e n t  p r o c e s s e s  d is c u s s e d  a b o v e  a r e  c a p a b le  o f g e n e ra t in g  e le v a te d  le v e ls  o f B  in  th e  

l i th o s p h e r ic  m a n t le .  W h e n  a d ia b a t ic  d e c o m p re s s io n  m e lt in g  o c c u rre d  in th e  l ith o s p h e r ic  m a n tle
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F I G U R E  5 . 1 8 - B / N b  v s  B

30 r

Island arc basalts

Selected rhyolites

160

B (ppm)

L E G E N D

• USE & Kirka rhyolite
•  USE, Afyon & Kirka trachyte/dacite
D USE, Afyon, Kirka latite & shoshonite

a Kirka Ignimbrite

• Erig&z Granite & Aplite

□ Ocean island basalt (OIB) - Hawaii (1 - 9 ppm B, 0.05 - 0.7 B/Nb), Society islands (1 - 2 ppm B, 0.02 - 0.07 
B/Nb) Gough islands (3-12 ppm B, 0.05 - 0.1 B/Nb) (Ryan et al., 1996)

Island arc basalts & andesites - Mt St Helens (4 - 6 ppm B, 0.1 - 0.4 B/Nb), Marianas (13 ppm B, 26 B/Nb),
L iJ  Sandwich islands (19.5 ppm B, 10 B/Nb), Salvador (20 ppm B, 8 B/Nb), Costa Rica (11 -13 ppm B, 5 - 7

B/Nb), Japan (9 - 30 ppm B, 0.3-19 B/Nb) (Leeman & Sisson 1996, Inai et al., 1996)

□ Selected acid volcanics - Inyo dome obsidian and Bishop tuff tephra & ignimbrite (California), Taylor Creek
rhyolite lava (New Mexico), JR-1 & JR-2 rhyolite (Japan) (Leeman & Sisson 1996, Inai et al., 1996)
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b e n e a th  w e s te r n  T u r k e y  a t  th e  o n s e t  o f e x te n s io n , th e  m e lts  p ro d u c e d  w o u ld  th e re fo r e  h a v e  b e e n  

e n r ic h e d  in B  in a d d itio n  to  o th e r  in c o m p a tib le  e le m e n ts  s u c h  a s  K .

In  s u m m a ry , th e  B  in th e  U S E K A  a c id  v o lc a n is m  p ro b a b ly  la rg e ly  o r ig in a te d  fro m  u p p e r  c o n tin e n ta l  

c ru s t p o s s ib ly  w ith  a  m in o r  c o n tr ib u tio n  fro m  th e  s u b c o n tin e n ta l lith o s p h e ric  m a n tle . T h e  a c id  n a tu re  o f 

th e  v o lc a n is m  h a s  fu r th e r  im p lic a t io n s  s in c e  B  is c o n c e n tra te d  in th e  m o s t d if fe re n t ia te d  m a g m a s .  

F ig u re  5 .1 8  p ro v id e s  a  c o m p a r is o n  o f B  a b u n d a n c e s  a n d  B /N b  ra tio s  in th e  U S E K A  ig n e o u s  ro c k s  w ith  

s e le c te d  v o lc a n ic s  fro m  th e  l ite ra tu re  (R y a n  e t  a l., 1 9 9 6 ,  L e e m a n  &  S is s o n  1 9 9 6 ,  Im a i e t  a l. ,  1 9 9 6 ) .  T h e  

B /N b  ra tio  is  u s e d  a s  a n  in d ic a to r  o f e n r ic h m e n t  s in c e  N b  a ls o  b e h a v e s  a s  a  re la t iv e ly  in c o m p a tib le  

e le m e n t  in m o s t s ilic ic  m e lts  (L e e m a n  &  S is s o n  1 9 9 6 ) .  F ig u re  5 .1 8  c le a r ly  s h o w s  th e  e le v a te d  B a n d  

B /N b  a s s o c ia te d  w ith  is la n d  a rc s  a n d  s u b d u c tio n  z o n e s .  T h e  f ie ld  fo r  s ilic ic  v o lc a n ic s  s h o w s  

c o n s id e r a b le  e n r ic h m e n t  in b o th  B  a n d  B /N b , a n d  th e  a c id  v o lc a n ic s  fro m  th e  U S E K A  a r e a  fa ll w ith in  

th is  f ie ld  (F ig u r e  5 .1 8 ) .  S u b d u c tio n  a p p e a rs  to  b e  re s p o n s ib le  fo r  B  e n r ic h m e n t in s o m e  o f th e s e  silic ic  

ro cks , s u c h  a s  th e  is la n d  a rc  rh y o lite s  fro m  J a p a n  w h ic h  s h o w  th e  g re a te s t  B  e n r ic h m e n t ( 1 1 7 -1 4 5  p p m  

B , 7 .7  B /N b )  ( Im a i e t  a l. ,  1 9 9 6 )  (F ig u r e  4 .1 8 ) .  A c id  v o lc a n ic s  fro m  th e  In y o  D o m e s  a n d  B is h o p  T u ff  in 

C a lifo rn ia  e x h ib it  a  s m a lle r  d e g r e e  o f B  e n r ic h m e n t  ( 2 8 - 5 3  p p m  B , 0 .9  - 2 .4  B /N b )  (F ig u r e  4 .1 8 )  a n d  

s in c e  th e y  o c c u r  a t  a  fo r m e r  c o n v e r g e n t  m a rg in , e n r ic h m e n t  o f m a g m a  s o u rc e s  b y  B -ric h  s u b d u c tio n  

flu id s  m a y  h a v e  a ls o  ta k e n  p la c e  (L e e m a n  &  S is s o n  1 9 9 6 ) .  B -ric h  s ilic ic  m a g m a s  a re  a ls o  a p p a re n tly  

ty p ic a l o f a r e a s  c h a r a c te r is e d  b y  c ru s ta l th ic k e n in g , s u c h  a s  rh y o lite  fro m  T a y lo r  C r e e k  in N e w  M e x ic o  

( 1 9 .5  p p m  B , 0 .4 3  B /N b )  (F ig u re  4 .1 8 )  a n d  v o lc a n ic  g la s s  fro m  M a c u s a n i in th e  P e ru v ia n  A n d e s  (1 9 3 0  

p p m  B , 4 6 .7  B /N b )  (L e e m a n  &  S is s o n  1 9 9 6 ) .

T h is  in fo rm a tio n  th e r e fo r e  b ro a d ly  s u g g e s ts  th a t  a re a s  o f th ic k e n e d  c ru s t a n d  re g io n s  w h ic h  h a v e  

e x p e r ie n c e d  o r  a r e  e x p e r ie n c in g  e p is o d e s  o f s u b d u c tio n  a r e  lik e ly  to  p ro d u c e  B -r ic h  m a g m a s . A s  

d e s c r ib e d  a b o v e ,  w e s te r n  T u r k e y  in th e  M io c e n e  h a d  b o th  a  th ic k e n e d  c ru s t a n d  h a d  e x p e r ie n c e d  

p rio r  s u b d u c tio n  e v e n ts . W h e r e  c o n t in e n ta l c ru s t is in v o lv e d  in th e  g e n e s is  o f s ilic ic  m a g m a s , th e  B  

c o n te n t  o f th e  p ro to lith  c le a r ly  c o n tro ls  th e  B  c o n c e n tra t io n  o f th e  m a g m a tis m  g e n e ra te d . F o r  in s ta n c e , 

s o m e  rh y o lite s  f ro m  th e  C o lo r a d o  P la te a u  in s o u th -w e s t  U S A  h a v e  re la t iv e ly  lo w  B /N b  ra tio s  ( <  0 .2 )  

w h ic h  is th o u g h t  to  re f le c t  a  d e r iv a t io n  fro m  p re v io u s ly  d e p le te d  c ru s ta l s o u rc e s  (e g . g ra n u lite s )  

(L e e m a n  &  S is s o n  1 9 9 6 ) .  F u r th e rm o re , lo w  B  M io c e n e  rh y o lite s  o f th e  S n a k e  R iv e r  P la in  ( Id a h o )  a re  

fo u n d  to  th e  e a s t ,  w h ile  c o e v a l h ig h  B  rh y o lite s  (e a s te rn  O re g o n ) a r e  fo u n d  to  th e  w e s t  o f th e  W e s te rn  

Id a h o  S u tu r e  Z o n e ;  th e  f o r m e r  h a d  a  B -d e p le te d  g ra n u lite  p ro to lith  a n d  th e  la t te r  h a d  a  B -ric h  

a m p h ib o l i t e  o c e a n ic  c r u s t  p ro to lith  ( L e e m a n  &  S is s o n  1 9 9 6 ) .  S tu d ie s  h a v e  s h o w n  th a t  B  

c o n c e n tra t io n s  d e c r e a s e  w ith  in c re a s in g  m e ta m o rp h ic  g ra d e , s in c e  B  is s y s te m a tic a lly  re m o b ilis e d  a t 

h ig h e r  t e m p e r a tu r e s  (B e b o u t  e t  a l. ,  1 9 9 3 ,  L e e m a n  &  S is s o n  1 9 9 6 ) .  T h e r e fo r e , th e  B  c o n c e n tra t io n s  

o f re p re s e n ta t iv e  m e ta p e lite  s u ite s  w o r ld -w id e  s h o w  a  d e c r e a s e  fro m  g re e n s c h is t  th ro u g h  a m p h ib o lite  

to  g ra n u lite  fa c ie s  ro c k s  (L e e m a n  &  S is s o n  1 9 9 6 ) .  O n  th e  b a s is  o f th e  s m a ll a m o u n t  o f m in e ra lo g ic a l  

a n d  g e o c h e m ic a l  in fo rm a tio n  a v a ila b le  o n  th e  W e s t  T u rk is h  c ru s t, th e  a m p h ib o lite  fa c ie s  M e n d e re s  

M a s s if  ro c k s  (B o z k u r t  e t  a l. ,  1 9 9 5 ,  V e r g e  p e rs  c o m m  - 1 9 9 4 )  h a v e  re ta in e d  a  c o n s id e ra b le  a m o u n t o f B  

a n d  th e r e fo r e  r e p re s e n t  a  p ro to lith  w h ic h  w o u ld  b e  like ly  to  g e n e ra te  B -rich  m a g m a s .

A s  d e s c r ib e d  in th e  p re v io u s  c h a p te rs , th e  o th e r  m a jo r  b o ra te  p ro v in c e s  in th e  w o rld  c a n  b e  fo u n d
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in th e  c e n tra l A n d e s  o f S o u th  A m e r ic a  a n d  in s o u th -w e s t  U S A . B o ra te  d e p o s it io n  h a s  o c c u rre d  o n  th e  

A lt ip la n o -P u n a  p la te a u  in th e  c e n tra l  A n d e s  fo r  th e  p a s t  7  to  8  M a  (A lo n s o  e t  a l . ,  1 9 9 1 )  a n d  a c id  

v o lc a n is m  h a s  b e e n  a c t iv e  in th e  re g io n  fo r  m u c h  o f th is  t im e  (d e  S ilv a  1 9 8 9 ) .  T h e  a c id  v o lc a n is m  h as  

g e n e r a te d  a n  a b u n d a n c e  o f ig n im b r ite s  s in c e  th e  L a te  M io c e n e ,  w h ic h  a s  d e s c r ib e d  a b o v e , a re  

c o n s id e re d  to  re s u lt  f ro m  c ru s ta l m e lt in g  (d e  S ilv a  1 9 8 9 ,  H a w k e s w o rth  e t  a l., 1 9 8 2 ) .  B o ra te  d e p o s itio n  

h a s  o c c u rre d  in S W  U S A  fro m  th e  M io c e n e  to  th e  p re s e n t  (K is t le r  &  H e lv a c i 1 9 9 4 )  a n d  v o lc a n is m  h as  

b e e n  a c t iv e  in th e  re g io n  th ro u g h  m u c h  o f th is  t im e  (K e m p to n  e t  a l., 1 9 9 1 ,  F itto n  e t  a l. ,  1 9 9 1 ) .  A s  in 

w e s te rn  T u r k e y  a n d  th e  C e n tr a l  A n d e s , th is  v o lc a n is m  fo llo w e d  a  t im e  o f c ru s ta l th ic k e n in g  (C o n e y  &  

H a r m s  1 9 8 4 ) .  T h e  e le m e n ta l  a n d  is o to p ic  g e o c h e m is t r y  o f m a g m a t is m  ( <  1 7  M a )  in  th is  re g io n  

in d ic a te s  th a t  s u b d u c tio n  e n r ic h e d  lith o s p h e r ic  m a n tle  w a s  in v o lv e d  in th e  g e n e ra t io n  o f a ll e x te n s io n  

re la te d  b a s ic  m a g m a s  until re c e n t ly  (F it to n  e t  a l. ,  1 9 9 1 ,  K e m p to n  e t  a l., 1 9 9 1 ) .  H e n c e , m a g m a tis m  in 

th e  th r e e  m a in  b o r a te  p ro v in c e s  o f w e s te r n  T u r k e y ,  th e  C e n tra l  A n d e s  a n d  s o u th -w e s t  U S A  w a s  

g e n e r a te d  a f t e r  p e r io d s  o f c o n v e r g e n c e  (w ith  s u b d u c tio n )  a n d  c ru s ta l th ic k e n in g . O n  th is  b a s is ,  

s u ita b le  re g io n s  in w h ic h  to  c a r r y  o u t e x p lo ra t io n  fo r  la rg e  la c u s tr in e  b o ra te  d e p o s its  a r e  fo rm e r  o r  

c u r re n t  c o n t in e n ta l m a rg in s  w h ic h  h a v e  e x p e r ie n c e d  e p is o d e s  o f s u b d u c tio n  a n d  c ru s ta l th ic k e n in g .

5.3.3.4. The generation of Miocene magmatism in western Turkey within a tectonic framework

V ie w s  a s  to  w h a t  in it ia te d  th e  E a r ly  M io c e n e  v o lc a n is m  in w e s te rn  T u r k e y  d e p e n d  la rg e ly  on  

w h e th e r  th e r e  w a s  a  c o m p r e s s io n a l o r  e x te n s io n a l re g im e  a t th e  t im e . S e y ito g lu  a n d  S c o tt  (1 9 9 2 b )  

b e lie v e  th a t  th e  E a r ly  M io c e n e  a c id  - in te rm e d ia te  v o lc a n is m  w a s  re la te d  to  th e  o n s e t  o f N -S  e x te n s io n  

in w e s te r n  T u r k e y .  T h e y  m a d e  c o m p a r is o n s  w ith  th e  B a s in  a n d  R a n g e  in s o u th -w e s t  U S A  w h e re  

c ru s ta l e x te n s io n  b e g a n  s y n c h ro n o u s ly  w ith  c a lc -a lk a lin e  in te rm e d ia te -s ilic ic  v o lc a n is m  (W e rn ic k e  e t  a l., 

1 9 8 7 ,  G a n s  e t  a l. ,  1 9 8 9 ) .  Y i lm a z  ( 1 9 9 0 )  h o w e v e r  b e lie v e s  th a t  th e  E a r ly  M io c e n e  a c id  - in te rm e d ia te  

v o lc a n is m  w a s  g e n e r a te d  in a  c o m p r e s s io n a l re g im e  w h ic h  la s te d  un til th e  M id d le  M io c e n e  w h e n  

e x te n s io n  b e g a n .  U n d e r  th is  c o m p re s s io n a l re g im e , a n a te c tic  m e lts  w e re  p ro d u c e d  in th e  c o n tin e n ta l 

c ru s t le a d in g  to  c a lc -a lk a lin e  v o lc a n ic  a c tiv ity  (Y ilm a z  1 9 9 0 ) .

R e g a r d le s s  o f th e  p re c is e  t im in g  o f e a c h  re g im e , it is c le a r  th a t  th e  E a r ly  M io c e n e  a c id  m a g m a tis m  

w a s  g e n e ra te d  a t  a  t im e  w h e n  w e s te rn  T u r k e y  h a d  a n  o v e r th ic k e n e d  c ru s t (5 0  - 7 0  k m  - S e n g o r  e t  a l., 

1 9 8 5 ) .  T w o  d if fe re n t  m e c h a n is m s  fo r  th e  g e n e ra t io n  o f m a g m a tis m  in re g io n s  o f o v e r th ic k e n e d  c ru s t  

h a v e  b e e n  p u t fo rw a rd  fo r  v o lc a n is m  in n o r th e rn  C h ile  a n d  n o rth -w e s t T ib e t  (H a w k e s w o r th  e t  a l., 1 9 8 2 ,  

A rn a u d  e t  a l., 1 9 9 2 ) .  It h a s  b e e n  s u g g e s te d  th a t  th e  P u r ic o -C h a s c o n  a c id  ig n e o u s  c o m p le x  in th e  C V Z  

(n o r th e rn  C h ile )  w a s  p ro d u c e d  in re s p o n s e  to  c ru s ta l th ic k e n in g  (H a w k e s w o r th  e t  a l . ,  1 9 8 2 ) .  T h e s e  

w o rk e rs  c o n s id e r  th a t  a  ris e  in is o th e rm s  m a y  h a v e  ta k e n  p la c e  a s  a  re s u lt o f ra d io a c t iv e  d e c a y  w ith in  

th e  th ic k e n e d  c ru s t. H e n c e ,  th e  th ic k e n in g  o f th e  c ru s t w o u ld  m a k e  it m o re  d ifficu lt fo r  m a n tle -d e r iv e d  

m a g m a s  to  re a c h  th e  s u r fa c e , a n d  p a rtia l m e ltin g  p ro b a b ly  o c c u rre d  a t h ig h e r  le v e ls  w ith in  th e  c ru s t a s  

th e  te m p e r a tu r e  in c r e a s e d . D e la m in a t io n  o f th e  b a s e  o f th e  lith o s p h e re  h a s  b e e n  s u g g e s te d  fo r  th e  

g e n e ra t io n  o f K -r ic h  v o lc a n is m  in  n o r th -w e s t  T ib e t, a n o th e r  re g io n  o f c ru s ta l th ic k e n in g  (A rn a u d  e t  a l., 

1 9 9 2 ) .  T h e y  c o n s id e r  th a t ,  fo llo w in g  th ic k e n in g , it is p o s s ib le  th a t  th e  l ith o s p h e re  b e c a m e  u n s ta b le  

a n d  p a r t  o f it m a y  h a v e  c o lla p s e d  in to  th e  a s th e n o s p h e re  b e lo w . T h e rm a l e ro s io n  o f th e  b a s e  o f th e
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re m n a n t  l ith o s p h e re  (M B L )  w o u ld  g e n e r a te  b a s a lt ic  m a g m a s  a s  a  re s u lt o f u p w a rd  m o v e m e n t  o f th e  

a s th e n o s p h e r e  c o m p e n s a t in g  fo r  th e  d is p la c e d  v o lu m e  in th e  lith o s p h e re  (A rn a u d  e t  a l. ,  1 9 9 2 ) .  B o th  

lith o s p h e r ic  d e la m in a t io n  a n d  ra d io a c t iv e  d e c a y  m a y  h a v e  le d  to  lith o s p h e r ic  a n d /o r  c ru s ta l m e ltin g  in 

w e s te r n  T u r k e y  in th e  E a r ly  M io c e n e . If e x te n s io n  h a d  a lre a d y  b e g u n  b y  th e  E a r ly  M io c e n e  in w e s te rn  

T u r k e y ,  m e lt in g  o f a n  e n r ic h e d  M B L  (in  th e  s u b c o n tin e n ta l l ith o s p h e r e )  m ig h t  h a v e  o c c u rre d  b y  

a d ia b a t ic  d e c o m p re s s io n  (M c K e n z ie  1 9 8 9 )  w h ic h  in tu rn  m a y  h a v e  led  to  c ru s ta l m e ltin g . A s  d is c u s s e d  

a b o v e , th e  s o u rc e  o f th e  E a r ly  M io c e n e  s ilic ic  m a g m a s  o f th e  U S E K A  a r e a  w a s  p ro b a b ly  m e lte d  u p p e r  

c o n tin e n ta l c ru s t, p e r h a p s  w ith  s o m e  c o n tr ib u tio n  fro m  th e  lith o s p h e re .

In  th e  M id d le  M io c e n e , m a fic  la v a s  b e c a m e  c o m m o n  in th e  U S E K A  a re a , a n d  th e y  c o n ta in e d  h ig h e r  

c o n c e n tra tio n s  o f M g O , C a O ,  F e 20 3, N i, V ,  C r  a n d  C o , lo w e r le v e ls  of S i 0 2 a n d  le s s  e n r ic h e d  N d  a n d  S r  

is o to p ic  s ig n a tu re s  th a n  th e  E a r ly  M io c e n e  s ilic ic  v o lc a n is m , in te rp re te d  a b o v e  to  in d ic a te  a  d e c re a s in g  

a m o u n t  o f c ru s ta l c o n ta m in a t io n  d u r in g  th e  M io c e n e  w ith  a n  in c re a s in g  p ro p o rtio n  o f lith o s p h e r ic  

m e lts . T h e r e  a p p e a r s  to  b e  a  c o n s e n s u s  o f o p in io n  th a t  e x te n s io n  b e g a n  b e fo re  o r  a t  le a s t  d u rin g  th e  

M id d le  M io c e n e  in  w e s te r n  T u r k e y  (S e y ito g lu  e t  a l . ,  1 9 9 2 ,  Y i lm a z  1 9 9 0 )  a n d  th e r e fo r e , m o s t o f th e  

m a fic  v o lc a n ic s  o f th e  U S E K A  a r e a  w e r e  p ro b a b ly  g e n e r a te d  in a n  e x te n s io n a l e n v ir o n m e n t.  A n  

e n r ic h e d  s u b c o n tin e n ta l lith o s p h e r ic  m a n tle  s o u rc e , s u c h  a s  th a t  in d ic a te d  b y  th e  h ig h  le v e ls  o f c e rta in  

in c o m p a t ib le  e le m e n ts  (e g .  K , lig h t R E E )  in th e  m a fic  la v a s , w o u ld  h a v e  b e e n  a b le  to  m e lt  b y  

d e c o m p re s s io n  m e lt in g  a t  lo w  d e g r e e s  o f e x te n s io n  (H a w k e s w o r th  &  G a lla g h e r  1 9 9 3 )  a t  th e  h yd ro u s  

s o lid u s  a t  a p p ro x im a te ly  1 0 0 0 ° C  (M c K e n z ie  &  O 'N io n s  1 9 9 5 ) .

T h e  in c re a s in g  d o m in a n c e  o f m a fic  m a g m a s  in th e  M id  M io c e n e , w h ic h  h a v e  s u ffe re d  le s s  c ru s ta l 

c o n ta m in a t io n  th a n  p re v io u s  E a r ly  M io c e n e  e v o lv e d  v o lc a n ic s , c a n  b e  e x p la in e d  in a  n u m b e r  o f w a y s . 

F irs tly , th e  m a g m a s  m a y  h a v e  a s c e n d e d  v ia  ro u te s  ta k e n  b y  e a r l ie r  m a g m a s , h e n c e  p ro v id in g  e a s ie r  

p a th w a y s  a n d  re s u ltin g  in le s s  c ru s ta l a s s im ila t io n . D ire c t e v id e n c e  fo r  th is  is h a rd  to  f in d , b u t n e a r  to  

th e  to w n  o f Is c e h is a r  in th e  A fy o n  re g io n , u ltra p o ta s s ic  la tite  is fo u n d  d ire c tly  o v e r ly in g  ig n im b rite  flo w s  

( C h a p te r  2 )  a n d  it is p o s s ib le  th a t  th e  fo r m e r  fo llo w e d  th e  ro u te  o f th e  la t te r  th ro u g h  th e  c ru s t. 

S e c o n d ly , if e x te n s io n  h a d  b e g u n  b y  th e  M id d le  M io c e n e , c ru s ta l fra c tu rin g  m a y  h a v e  b e e n  c o m m o n  

th e re b y  fac ilita tin g  th e  p a s s a g e  o f th e  m a fic  m a g m a s . A  s im ila r t re n d  o f m a g m a s  b e c o m in g  le s s  a n d  less  

c o n ta m in a te d  b y  c ru s t th ro u g h  t im e  a s  e x te n s io n  p ro c e e d s , h a s  a ls o  b e e n  o b s e rv e d  in th e  B a s in  a n d  

R a n g e  o f th e  w e s te rn  U S A  (G la z n e r  &  U s s ie r  1 9 8 9 ) .

C o n t in u e d  e x te n s io n  in w e s te r n  T u r k e y  until th e  Q u a te rn a ry  re s u lte d  in th e  c e s s a t io n  o f p o ta s s ic  

v o lc a n is m , a n d  m o re  s o d ic  v o lc a n is m  a t  K u la  a p p e a r s  to  re p re s e n t  a  m ix tu re  o f m e lts  fro m  th e  

a s th e n o s p h e r e  a n d  s u b c o n tin e n ta l l i th o s p h e re  p re v io u s ly  e n r ic h e d  b y  s m a ll d e g r e e  m e lts  o f u p p e r  

m a n t le .  H o w e v e r ,  M c K e n z ie  a n d  O 'N io n s  ( 1 9 9 5 )  a r g u e  th a t  w ith  n o  e v id e n c e  fo r  e le v a te d  

t e m p e r a tu r e s  b e n e a th  w e s te r n  T u r k e y  ( ie . a  m a n tle  p lu m e ) a n d , g iv e n  th e  d e g r e e  o f lith o s p h e r ic  

e x te n s io n , m e lt in g  o f a n h y d r o u s  a s th e n o s p h e r e  is  u n lik e ly . H e n c e ,  th e y  in fe rre d  m e lt  g e n e ra t io n  

s o le ly  f ro m  a  p re v io u s ly  e n r ic h e d  c o n t in e n ta l lith o s p h e re  (M c K e n z ie  &  O 'N io n s  1 9 9 5 ) .  T h e y  b e lie v e d  

th a t  m e lt in g  o f a n h y d ro u s  a s th e n o s p h e r e  w o u ld  n o t b e  e x p e c te d  in v ie w  o f th e  re c e n t  e x te n s io n  ra te s  

in w e s te r n  T u r k e y  a n d  th e  c u r re n t  c ru s ta l th ic k n e s s  (a p p ro x im a te ly  4 0  k m  - M c K e n z ie  &  O 'N io n s  

1 9 9 5 ) .  F u r th e r m o r e ,  R E E  in v e rs io n  m o d e llin g  h a s  s h o w n  th a t  th e  K u la  la v a s  g iv e  m e lt  g e n e ra t io n
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d e p th s  o f b e tw e e n  5 5  a n d  7 0  k m , a  re g io n  th a t  is 1 0 0 ° C  o r  m o re  b e lo w  th e  s o lid u s  fo r  a n h y d ro u s  

a s th e n o s p h e r ic  m a n tle  ( M c K e n z ie  &  O 'N io n s  1 9 9 5 ) .  T h e y  s u g g e s t  th a t  a n h y d ro u s  m a n tle  a t  n o rm a l 

u p p e r  m a n tle  te m p e r a tu r e s  o n ly  b e g in s  to  m e lt  w h e n  it is b ro u g h t u p  to  a  d e p th  o f a b o u t  4 5  k m , a  

s ta te m e n t  b a s e d  o n  m a jo r  e le m e n t  m o d e llin g  b y  M c K e n z ie  a n d  B ic k le  ( 1 9 8 8 ) .

5.4 CONCLUDING POINTS

T h e  U S E K A  m a g m a t is m  w a s  la rg e ly  c a lc -a lk a lin e  a n d  a c id ic  in th e  E a r ly  M io c e n e  a n d  b e c a m e  

p ro g re s s iv e ly  m o re  m a fic  in  th e  M id d le  M io c e n e . T h e  m a fic  M id d le  M io c e n e  m a g m a s  c o n ta in e d  h ig h e r  

c o n c e n tra t io n s  o f M g O , F e 20 3, C a O ,  V , C o , C r  a n d  N i b u t lo w e r  le v e ls  o f S i 0 2 th a n  th e  E a r ly  M io c e n e  

m o re  a c id  m a g m a t is m . A ll th e  U S E K A  s a m p le s  h a v e  e n r ic h e d  N d  a n d  S r  is o to p ic  s ig n a tu re s , b u t th e  

m o s t e n r ic h e d  c o m p o s it io n s  a re  g e n e r a lly  fo u n d  in th e  E a r ly  M io c e n e  s ilic ic  v o lc a n ic s  a n d  th e  E r ig o z  

G ra n ite .  T h e  c o m b in e d  e le m e n ta l a n d  is o to p ic  in fo rm a tio n  th e re fo re  in d ic a te  a  d e c re a s in g  im p o rta n c e  

o f A F C  p ro c e s s e s  th ro u g h  t im e . T h e  m o d if ic a tio n  o f m a g m a s  d u rin g  th e ir  a s c e n t  b y  s u c h  p ro c e s s e s  

w a s  lik e ly  g iv e n  th e  o c c u r r e n c e  o f a n  o v e r th ic k e n e d  c ru s t ( 5 0 - 7 0  k m ) in w e s te rn  T u r k e y  in th e  E a rly  

M io c e n e . C o m p a r is o n s  o f th e  e le m e n ta l  a n d  is o to p ic  c o m p o s itio n  o f th e  U S E K A  s u ite  w ith  a v a ila b le  

d a ta  o n  u p p e r  c ru s t fro m  th is  re g io n  p ro v id e  fu r th e r  e v id e n c e  o f a  la rg e r  a m o u n t o f c ru s ta l a s s im ila tio n  

b y  th e  E a r ly  M io c e n e  a c id  m a g m a s  re la t iv e  to  th e  M id d le  M io c e n e  m a fic  la v a s . P o s s ib le  m e c h a n is m s  fo r  

g e n e ra t in g  c ru s ta l m e lt in g  in c lu d e ; ra d io a c t iv e  d e c a y  in a n  o v e r th ic k e n e d  c ru s t, d e la m in a t io n  o f th e  

l i th o s p h e re  a n d  a d ia b a t ic  d e c o m p re s s io n  m e lt in g  in th e  lith o s p h e re  a s  a  re s u lt  o f e x te n s io n . T h e  

d e c r e a s in g  im p o r ta n c e  o f A F C  p r o c e s s e s  th ro u g h  th e  M io c e n e  s u g g e s ts  th a t m a g m a s  fo u n d  p a s s a g e  

th ro u g h  th e  c ru s t e a s ie r  w ith  t im e , p o s s ib ly  d u e  to  th e  e x te n s io n a l re g im e .

A ll th e  U S E K A  m a g m a s  w e r e  K -r ic h  a n d  th e  o c c u rr e n c e  o f m o re  m a fic  (u p  to  9 .2 4  M g O  w t  % )  

p o ta s s ic  a n d  u ltra p o ta s s ic  la v a s  in th e  M id d le  M io c e n e , e n a b le s  a n  a s s e s s m e n t o f th e  m a n tle  s o u rc e  to  

b e  m a d e .  E n r ic h m e n ts  o f a  ra n g e  o f in c o m p a tib le  e le m e n ts  re la t iv e  to  O IB  s u g g e s t  a n  e n r ic h e d  

l ith o s p h e r ic  m a n tle  s o u rc e . T h e  d a ta  f ro m  th e  U S E K A  la v a s  in d ic a te s  th a t  tw o  e n r ic h m e n t  p ro c e s s e s  

h a v e  m o d if ie d  th e  lith o s p h e r ic  m a n tle  b e n e a th  w e s te rn  T u rk e y ;  (1 )  a  s u b d u c tio n -re la te d  e n r ic h m e n t  

p ro c e s s  a n d  (2 )  a n  e n r ic h m e n t  p ro c e s s  in v o lv in g  th e  m ig ra tio n  o f s m a ll d e g re e  m e lts  o f u p p e r  m a n tle .  

L ith o s p h e r ic  m a n tle  e n r ic h e d  b y  s u b d u c tio n -re la te d  p ro c e s s e s , m e lte d  to  p ro d u c e  m a g m a s  w ith  h igh  

T h /N b  b u t lo w  N b /Y  a n d  T i /Y  ra tio s , a s  ty p if ie d  b y  th e  V u ls in i la v a s . T h e  m e ltin g  o f lith o s p h e r ic  m a n tle  

e n r ic h e d  b y  s m a ll d e g r e e  m e lts  o f a s th e n o s p h e re  re s u lte d  in m a g m a s  w ith  lo w  T h /N b  b u t h igh  N b /Y  

a n d  T i/Y ,  a s  ty p if ie d  b y  th e  K a r is im b i la v a s . T h e  U S E K A  m a fic  la v a s  lie o n  a  v e c to r  b e tw e e n  th e s e  tw o  

e n d  m e m b e r  c o m p o s it io n s ,  in d ic a t in g  a  h e te r o g e n e o u s ly  e n r ic h e d  s u b c o n t in e n ta l li th o s p h e re  

b e n e a th  w e s te r n  T u r k e y  in th e  M io c e n e .  T h e  e n r ic h e d  is o to p ic  c o m p o s itio n  o f th e  m a fic  la v a s  is th e  

re s u lt  o f is o to p ic  d e c a y  w ith in  a n  is o la te d  M B L , b u t is o to p ic  v a r ia t io n s  w ith in  th e  s u ite  p ro v id e  

a d d it io n a l  e v id e n c e  o f a  h e t e r o g e n e o u s  s u b c o n t in e n ta l  l i th o s p h e r ic  m a n t le .  S u c h  e n r ic h e d  

lith o s p h e r ic  m a n tle  c o u ld  h a v e  m e lte d  b y  d e c o m p re s s io n  a fte r  o n ly  a  s m a ll d e g r e e  o f e x te n s io n  in th e  

M io c e n e . T h e  N d  a n d  S r  is o to p ic  c o m p o s itio n  o f th e  E a r ly  M io c e n e  s ilic ic  m a g m a t is m  is s lig h tly  less  

e n r ic h e d  th a n  m o s t o f th e  u p p e r  c ru s t in th is  re g io n , s u g g e s tin g  th a t  a  m o re  d e p le te d  c o m p o n e n t  m a y  

a ls o  b e  in v o lv e d  in th e ir  g e n e s is . S in c e  th e  rh y o lite  a n d  ig n im b rite  c o n ta in  e le v a te d  le v e ls  o f R b , T h  , K

Page 5.18



Origin of Miocene magmatism in the Turkish Borate Province

a n d  B  re la t iv e  to  u p p e r  c o n t in e n ta l c ru s t, th e y  m a y  a ls o  c o n ta in  a  c o m p o n e n t  fro m  m e lte d  e n r ic h e d  

l ith o s p h e r ic  m a n tle  w h ic h  c o u ld  a c c o u n t fo r  th e s e  e le v a te d  L IL E  c o n c e n tra tio n s .

In s u m m a r y  th e re fo r e , th e  E a r ly  M io c e n e  s ilic ic  m a g m a tis m  w a s  la rg e ly  g e n e ra te d  b y  th e  m e ltin g  of 

u p p e r  c o n t in e n ta l c ru s t, p o s s ib ly  w ith  a  s m a ll c o n trib u tio n  fo rm  lith o s p h e ric  m e lts , w h ile  th e  m o re  m a fic  

a n d  le s s  is o to p ic a lly  e n r ic h e d  M id d le  M io c e n e  la v a s  re fle c t a  c o n s id e ra b le  s u b c o n tin e n ta l lith o s p h e ric  

in p u t w ith  a  d e c r e a s e  in th e  a m o u n t  o f a s s im ila te d  u p p e r  c ru s t. B y  th e  L a te  M io c e n e  to  Q u a te rn a ry  

(K u la  b a s a lts ) ,  a s th e n o s p h e r ic  m e lt in g  is s u g g e s te d  b y  th e  c h a n g e  fro m  p o ta s s ic  to  s o d ic  v o lc a n is m  

a n d  b y  th e  c h a n g e  f ro m  e n r ic h e d  N d  a n d  S r  is o to p ic  c o m p o s it io n s  to  m o re  d e p le te d  s ig n a tu re s .  

H o w e v e r ,  e le v a te d  le v e ls  o f v a r io u s  in c o m p a tib le  e le m e n ts  re la t iv e  to  O IB  in d ic a te  th a t  a n  e n r ic h e d  

l ith o s p h e re  w a s  a ls o  in v o lv e d  in th e  g e n e s is  o f th e  K u la  la v a s .

T h is  in fo rm a tio n  s u g g e s ts  th a t  th e  lik e ly  s o u rc e  ro c k s  fo r  th e  b o ra te  d e p o s its , n a m e ly  th e  E a r ly  

M io c e n e  a c id  v o lc a n ic s , a t t a in e d  th e ir  B  f ro m  a s s im ila te d  u p p e r  c ru s t a n d  p o s s ib ly  f ro m  m e lte d  

e n r ic h e d  lith o s p h e r ic  m a n tle .  T h e  fo r m e r  is c o n s id e re d  th e  m a jo r  s o u rc e , s in c e  B a n d  B /N b  h a v e  a  

p o s it iv e  c o r re la t io n  w ith  87S r /86S r , b u t a  n e g a t iv e  o n e  w ith  £ Nd a n d  th e  m o s t is o to p ic a lly  e n r ic h e d

v o lc a n ic s  a r e  in te rp re te d  a s  h a v in g  th e  g r e a te s t  p ro p o rtio n  o f a s s im ila te d  u p p e r  c o n t in e n ta l c ru s t. T h e  

s ilic ic  n a tu re  o f th e  E a r ly  M io c e n e  v o lc a n is m  is a ls o  im p o rta n t in p ro v id in g  a  B -ric h  s o u rc e  ro ck , s in c e  

th is  e le m e n t  is c o n c e n tr a te d  d u r in g  d if fe re n t ia t io n . A lth o u g h  in fo rm a tio n  is c u r re n tly  lim ite d , th e re  is 

s o m e  e v id e n c e  th a t  th e  u p p e r  c ru s t o f w e s te r n  T u r k e y  w o u ld  h a v e  p ro v id e d  a  s u ita b le  B -ric h  p ro to lith . 

It is a ls o  l ik e ly  th a t  s u b c o n tin e n ta l  l i th o s p h e r e  e n r ic h e d  b y  s u b d u c tio n  a n d  s m a ll d e g r e e  m e lts  o f 

a s th e n o s p h e r e  w o u ld  h a v e  c o n ta in e d  e le v a te d  le v e ls  o f B  a n d  th e r e fo r e  r e p r e s e n te d  a n o th e r  

p o te n t ia l s o u rc e . It is in te re s tin g  to  n o te  th a t  th e  o th e r  m a jo r  b o ra te  p ro v in c e s , in s o u th -w e s t  U S A  a n d  

th e  C e n t r a l  A n d e s ,  a ls o  o c c u r  in te c to n ic  e n v ir o n m e n ts  w h ic h  h a v e  e x p e r ie n c e d  c o n v e rg e n c e  a n d  

a s s o c ia te d  c ru s ta l th ic k e n in g  to g e th e r  w ith  p re v io u s  s u b d u c tio n  e v e n ts .
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6 CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE WORK
6.1 INTRODUCTION

T h e  o v e ra ll a im  o f th is  th e s is  w a s  to  e s ta b lis h  a  c o m p le te  h is to ry  o f m a g m a tis m  in th e  E m e t  a n d  K irka  

a r e a s ,  s o  th a t  th e  r e la t io n s h ip  b e tw e e n  m a g m a t ic  a c tiv ity  a n d  b o r a te  m in e r a l is a t io n  c o u ld  b e  

in v e s t ig a te d . T h is  s tu d y  th e r e fo r e  p ro v id e s  a  d e ta ile d  m in e ra lo g ic a l a n d  g e o c h e m ic a l d e s c r ip tio n  of 

g ra n ite , v o lc a n ic s  a n d  v o lc a n ic la s t ic  s e d im e n ts  f ro m  th e s e  a re a s , to g e th e r  w ith  a n  a s s e s s m e n t  o f th e  

s p a t ia l a n d  te m p o ra l p o s itio n  o f m a g m a t is m  re la t iv e  to  b o r a te -h o s t  s e d im e n ts . T h is  in fo rm a tio n  h a s  

b e e n  u s e d  to  e s ta b lis h :  th e  in f lu e n c e  o f lo c a l m a g m a t is m  o n  th e  m in e ra lo g y  a n d  g e o c h e m is try  o f th e  

b o r a te -h o s t  s e d im e n ts , th e  p o te n t ia l o f lo c a l m a g m a t is m  a s  a  s o u rc e  fo r  e le m e n ts  a s s o c ia te d  w ith  

b o ra te  m in e ra lis a tio n  a n d  th e  u lt im a te  o rig in  o f B  in M io c e n e  m a g m a s .

6.2 TIMING OF MAGMATISM RELATIVE TO DEPOSITION OF BORATE-HOST 

SEDIMENTS

6.2.1 Field and petrologic evidence

T h e  s tra t ig ra p h ic  re la t io n s  o f v o lc a n ic  e x p o s u re s  w ith  s e d im e n ts  in E m e t  a n d  K irk a  B a s in s  e n a b le d  

s o m e  c o n s tra in ts  to  b e  p la c e d  o n  th e  t im in g  o f v o lc a n is m  re la t iv e  to  s e d im e n ta t io n , a n d  p a rtic u la r ly  to  

th e  t im in g  o f d e p o s it io n  o f th e  b o r a te -h o s t  s e d im e n ts . E x a m p le s  o f c le a r  fie ld  o b s e rv a t io n s  in c lu d e  th e  

p o s itio n s  o f th e  E m e t  m a fic  la v a s  a b o v e  b o r a te -h o s t  m u d s to n e s  in th e  E m e t  B a s in , a n d  th e  K irk a  

Ig n im b rite  b e lo w  th e  l im e s to n e  o f th e  S a r ik a y a  F o rm a tio n  in K irk a  B a s in . O v e ra ll ,  f ie ld  o b s e rv a t io n s  in 

E m e t  B a s in  s u g g e s t  th a t  a c id  v o lc a n is m  (rh y o litic ) w a s  a c tiv e  b e tw e e n  th e  d e p o s it io n  o f th e  L o w e r  a n d  

U p p e r  L im e s to n e  u n its , w h ile  th e  m a fic  v o lc a n is m  (la titic  a n d  s h o s h o n itic ) p o s t-d a te d  d e p o s it io n  o f th e  

B o ra te  F o rm a tio n . A  s im ila r  s itu a tio n , w ith  a n  e v o lu tio n  fro m  a c id  to  m o re  m a fic  v o lc a n is m  is o b s e rv e d  in 

th e  U s a k -G u r e  a n d  S e le n d i  B a s in s . In v e s t ig a t io n s  in th e  K irk a  B a s in  in d ic a te  th a t  a c id  v o lc a n is m  

( ig n im b ritic , rh y o lit ic , d a c it ic )  w a s  a c t iv e  p r io r  to  d e p o s it io n  o f a t  le a s t  th e  u p p e r  p a r t  o f th e  S a r ik a y a  

F o rm a tio n , w h ile  th e  m a fic  v o lc a n is m  (s h o s h o n itic )  p o s t-d a te d  d ep o s itio n  o f th is  un it.

T e x tu r a l a n d  m in e ra lo g ic a l o b s e rv a t io n s  o f th e  s e d im e n ts  fro m  e a c h  b a s in  in d ic a te  a  s ig n ific a n t local 

a c id  ig n e o u s  in p u t. T h e  p r e s e n c e  o f q u a r tz , p la g io c la s e  a n d  b io tite  w ith  a p a t ite  in c lu s io n s  in s e d im e n ts  

fro m  th e  R e d  a n d  B o r a te  F o r m a t io n s  in E m e t  B a s in  a re  c o n s is te n t  w ith  a  lo c a l rh y o lit ic  ±  g ra n itic  

p ro v e n a n c e , a n d  th e  o c c u r re n c e  o f p u m ic e  a n d  s p h e ru litic  f ra g m e n ts  in s o m e  v o lc a n ic la s tic  s e d im e n ts  

c o n f irm s  a t  le a s t  s o m e  p y ro c la s t ic  in p u t. V o lc a n ic la s t ic  s e d im e n ts  fro m  th e  K a r a o r e n  a n d  F e t iy e  

F o rm a tio n s  o f K irk a  B a s in  a r e  la rg e ly  ig n im b rite -d e r iv e d , a s  in d ic a te d  b y  th e  p re s e n c e  o f p u m ic e , lithic  

c la s ts  a n d  s m o k e y  q u a rtz .

H e n c e ,  f ie ld  a n d  p e tro lo g ic  e v id e n c e  in d ic a te s  th a t  a c id  v o lc a n is m  a s  a c tiv e  p r io r  to  a n d  p o s s ib ly  

d u rin g  th e  d e p o s it io n  o f b o ra te -h o s t  s e d im e n ts  in b o th  E m e t a n d  K irk a  B a s in s .

6.2.2 Isotopic dating
Is o to p ic  d a te s  f ro m  th is  s tu d y  a n d  o th e rs  (B e s a n g  1 9 7 7 , Y a l f in  1 9 8 9 )  h a v e  p ro v id e d  th e  o n ly
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a b s o lu te  m e th o d  o f d e te rm in in g  th e  tim in g  o f m a g m a tis m  in th is  a re a . T h e y  re v e a le d  th a t  in  th e  U s a k -  

G u r e , S e le n d i,  E m e t, K irk a  a n d  A fy o n  (U S E K A )  a re a  th e re  w a s  a n  E a r ly  M io c e n e  p h a s e  o f c a lc -a lk a lin e  

a c id  m a g m a t is m  ( re p re s e n te d  b y  g ra n ite , rh y o lite  a n d  ig n im b rite ), fo llo w e d  b y  a  M id d le  - L a te  M io c e n e  

p h a s e  o f le s s  e v o lv e d , p re d o m in a n t ly  a lk a lin e , m a g m a t is m  (K -t ra c h y te , la tite  a n d  s h o s h o n ite ) .  T h is  

s tu d y  c o n tr ib u te d  f i f te e n  K -A r  a g e  d e te r m in a t io n s  o n  U S E  v o lc a n ic  a n d  g ra n it ic  ro c k s , a n d  o n e  

39A r /40A r  a g e  d e te rm in a t io n  o n  th e  K irk a  Ig n im b rite .

A t th e  E m e t  B a s in , a n  E a r ly  M io c e n e  l- ty p e  g ra n ite  (E r ig o z  G ra n ite )  h a s  in tru d e d  th e  P a la e o z o ic  

b a s e m e n t  a n d  f ie ld  o b s e rv a t io n s  in d ic a te  th a t  it p re d a te d  m u c h  o f th e  s e d im e n ta t io n  in  th e  b a s in .  

C lo s e ly  re la te d  in b o th  s p a c e  a n d  t im e  w ith  th e  g ra n ite , a re  a  s e r ie s  o f E a r ly  M io c e n e  rh y o lite  s h e e ts  

(E m e t  R h y o lite s ) ,  w h ile  th e  la s t p h a s e  o f m a g m a t is m  in E m e t  B a s in  to o k  p la c e  in th e  M id d le  M io c e n e  

a n d  c o n s is te d  o f la tite  a n d  s h o s h o n ite  f lo w s  (E m e t  m a fic  la v a s ) . M io c e n e  v o lc a n is m  to  th e  s o u th  a n d  

w e s t  o f th e  E m e t  B a s in  (U s a k -G u r e ,  S e le n d i a n d  S im a v  B a s in s )  c o m p r is e d  E a r ly  M io c e n e  rh y o lite  

fo llo w e d  b y  M id d le  M io c e n e  K -tra c h y te , a n d e s ite  a n d  la tite .

In  th e  K irk a  a r e a  th e r e  w a s  a n  E a r ly  - M id d le  M io c e n e  p h a s e  o f a c id  v o lc a n is m , c o n s is tin g  of 

ig n im b rite  (K irk a  Ig n im b rite ), a n d  rh y o lite , t ra c h y te  a n d  d a c ite  (K irk a  a c id  v o lc a n ic s ), w h ile  L a te  M io c e n e  

v o lc a n is m  c o m p r is e d  s h o s h o n ite  f lo w s  (K irk a  m a fic  la v a s ) . T o  th e  s o u th  o f th e  K irk a  B a s in , a ro u n d  

A fy o n , M id d le  - L a te  M io c e n e  v o lc a n is m  in c lu d e d  t ra c h y te , la tite  a n d  s h o s h o n ite .

O v e ra ll ,  th e  is o to p ic  a g e s  c o r ro b o ra te  o b s e rv a t io n s  m a d e  in th e  fie ld ; E a r ly  M io c e n e  a c id  v o lc a n ic s  

a r e  d o m in a n t ly  fo u n d  in th e  lo w e r  p a r ts  o f th e  s e d im e n ta r y  s u c c e s s io n s  a n d  M id d le  M io c e n e  v o lc a n ic s  

m a in ly  fo u n d  h ig h e r  u p  in th e  s e d im e n ta r y  s e q u e n c e s .

6.2.3 Immobile elements and mineral compositions

T h e  v o lc a n ic  s tra t ig ra p h y  o f th e  b a s in s  w a s  fu r th e r  c o n s tra in e d  b y  c o m p a r in g  th e  im m o b ile  e le m e n t  

c o n c e n tra t io n s  a n d  th e  c h e m ic a l  c o m p o s it io n  o f m in e ra ls  in v o lc a n ic la s t ic  la c u s tr in e  s e d im e n ts  w ith  

lo c a l v o lc a n ic  a n d  g ra n it ic  ro c k s . S e d im e n ts  in th e  R e d  a n d  B o ra te  F o rm a tio n s  o f E m e t  B a s in  c o n ta in  

lo w -M g  b io tite s  a n d  lo w  c o n c e n tra t io n s  o f th e  im m o b ile  e le m e n ts , P , T i, N b , Z r  a n d  N d  a n d  lo w  v a lu e s  

o f T i 0 2/A l20 3 a n d  N b /Y ,  in d ic a tin g  a  p r o v e n a n c e  fro m  lo c a l rh y o lite  ±  g ra n ite . Im m o b ile  e le m e n t  

c o n c e n tra t io n s  in m u d s to n e s  f ro m  th e  In a y  G ro u p  o f S e le n d i a n d  U s a k -G u r e  B a s in s  a ls o  s u g g e s t  an  

in p u t fro m  lo c a l a c id  v o lc a n is m , a n d  p re c lu d e  th e  in v o lv e m e n t o f th e  la tite  v o lc a n ic  p h a s e . D a ta  fro m  

th e  K a r a o r e n  a n d  F e t iy e  F o r m a tio n s  o f K irk a  B a s in  a ls o  c o n firm  th e ir  d e r iv a t io n  f ro m  a c id  v o lc a n ic  

m a te r ia l  b u t  th e  p r o v e n a n c e  o f m o s t  o f th e  b o r a te -h o s t in g  S a r ik a y a  s e d im e n ts  c o u ld  n o t b e  

d e te r m in e d  b y  th e s e  m e a n s  d u e  to  d ilu tio n  a ffe c ts  b y  h ig h  C a  le v e ls . H o w e v e r , m u d s to n e  fro m  th e  

S a r ik a y a  F o rm a tio n  a t G o g e n o lu k  h a s  n o t b e e n  a ffe c te d  b y  c a lc ite  d ilu tio n , a n d  it h a s  a n  a c id  ig n e o u s  

d e r iv a t io n . T h e  im m o b ile  e le m e n t  c o n c e n tra t io n s  in m u d s to n e  fro m  s e q u e n c e s  n e a r  to  th e  v illa g e  of 

B a lm a h m u t, w e s t  o f A fy o n , in d ic a te  th e  in f lu e n c e  o f lo ca l tra c h y tic  v o lc a n is m  o n  s e d im e n ta t io n .

6.2.4 Summary
O v e r a l l ,  th is  in fo rm a t io n  f ro m  f ie ld  o b s e rv a t io n s , m in e ra lo g y , is o to p ic  d a te s , im m o b ile  e le m e n t  

c o n c e n tra t io n s  a n d  b io tite  c o m p o s it io n s  th e re fo re  in d ic a te s  th a t:
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( i) A c id  m a g m a t is m  in E m e t  a n d  K irk a  B a s in s , re p re s e n te d  b y  g ra n ite , ig n im b rite , rh y o lite  a n d  d a c ite ,  

w a s  c lo s e ly  re la te d  in b o th  s p a c e  a n d  t im e  to  th e  d e p o s it io n  o f th e  b o ra te -h o s t  s e d im e n ts .

(ii) M a f ic  v o lc a n is m  in th e  E m e t  a n d  K irk a  B a s in s , re p re s e n te d  b y  s h o s h o n ite  a n d  la tite , p o s t-d a te d  

d e p o s it io n  o f th e  b o r a te -h o s t  s e d im e n ts .

6.3 INFLUENCE OF MAGMATISM ON SEDIMENT COMPOSITION AND THE 

IMPLICATIONS FOR BORATE MINERALISATION

A  d e ta ile d  m in e ra lo g ic a l a n d  g e o c h e m ic a l s tu d y  o f la c u s trin e  m u d s to n e s  fro m  th e  B o ra te  F o rm a tio n  

in E m e t  B a s in  s u g g e s ts  th a t  th e y  w e r e  la rg e ly  th e  p ro d u c t o f th e  d ia g e n e t ic  a lte ra tio n  o f d o m in a n tly  

rh y o lite  ±  g ra n ite -d e r iv e d  m a te r ia l  in a  s a l in e , a lk a l in e  e n v iro n m e n t. D ia g e n e s is  a n d  in te ra c tio n  w ith  

s a lin e , a lk a lin e  w a te rs  re s u lte d  in th e  c o m p le te  b re a k d o w n  o f rh yo litic  a n d  g ra n itic  d e tr ita l m in e ra ls  a n d  

th e  d e v e lo p m e n t  o f a n  a u th ig e n ic  m in e r a l  a s s e m b la g e  o f c a lc ite , d o lo m ite , b o r a te ,  t r io c ta h e d ra l  

s m e c t ite , a u th ig e n ic  K - fe ld s p a r ,  c e le s t ite , g y p s u m  a n d  re a lg a r . T h e s e  p o s t-d e p o s it io n a l m o d ific a tio n s  

re s u lte d  in th e  e n r ic h m e n t  o f M n , M g , C a ,  A s , Li a n d  S r  a n d  d e p le tio n  o f N a  in th e  s e d im e n ts  re la tiv e  to  

lo c a l rh yo litic  v o lc a n is m . T h e  b re a k d o w n  o f g ra n it ic  a n d  rhyolitic  d e trita l m in e ra ls , p ro v id e d  a n  a b u n d a n t  

s u p p ly  o f S i, A l a n d  K , to g e th e r  w ith  le s s e r  a m o u n ts  o f C a  a n d  S r  to  th e  b a s in , th e re b y  h a v in g  s o m e  

in f lu e n c e  o n  th e  a u th ig e n ic  m in e ra l a s s e m b la g e  p ro d u c e d . F o r  in s ta n c e , th e  g e n e ra t io n  o f a u th ig e n ic  

K -fe ld s p a r , a t  le a s t  in p a r t  fro m  th e  a lte ra tio n  o f v o lc a n ic  g la s s , re fle c ts  th e  K -ric h  n a tu re  o f th e  v o lc a n ic  

in p u t. T h e  t r io c ta h e d ra l s m e c t ite  w a s  p ro b a b ly  g e n e ra te d  b y  th e  m o d ific a tio n  o f d io c ta h e d ra l s m e c tite  

w h ic h  o r ig in a te d  f ro m  th e  a l te r a t io n  o f v o lc a n ic  m a te r ia l ,  s u c h  a s  g la s s , d u r in g  w e a th e r in g  o r  

d ia g e n e s is .  F u r th e r m o r e ,  th e  b o r a te -h o s t in g  s e d im e n ts  a r e  e n r ic h e d  in R b  re la t iv e  to  u p p e r  

c o n tin e n ta l c ru s t  a n d  o th e r  s e d im e n t  d a ta b a s e s , w h ic h  c a n  b e  e x p la in e d  b y  th e  R b -r ic h  n a tu re  o f th e  

v o lc a n ic  in p u t. In  c o n tra s t, th e  d e p le tio n  in N a  in th e  b o ra te -h o s t in g  s e d im e n ts  in d ic a te s  th e  la c k  o f a  

N a -b e a r in g  p h a s e , w h ic h  m a y  b e  th e  re s u lt  o f th e  re la t iv e ly  lo w  N a  c o n te n t  in th e  v o lc a n ic  in p u t. T h e  

p re s e n c e  o f d e tr ita l illite  a n d  c h ro m ite  s u g g e s ts  a n  a d d itio n a l inp ut, fro m  th e  b a s e m e n t , w h ic h  m a y  a ls o  

h a v e  p ro v id e d  a  s ig n ific a n t s u p p ly  o f C a  a n d  M g .

T r io c ta h e d ra l s m e c t ite , a u th ig e n ic  K -fe ld s p a r , d o lo m ite  a n d  b o ra te s  h a v e  a  c o m m o n  a s s o c ia tio n  in 

th e  E m e t  B a s in . B a rre n  s e d im e n ts  in th e  b a s in  la c k  d o lo m ite  a n d  tr io c ta h e d ra l s m e c tite  a n d  s o m e tim e s  

la c k  a u th ig e n ic  K - fe ld s p a r  a n d  d io c ta h e d r a l  s m e c t ite .  In  te r m s  o f g e o c h e m is try ,  th e  b o ra te -h o s t  

s e d im e n ts  a r e  g e n e r a l ly  e n r ic h e d  in  M g , A s , Li a n d  S r  re la t iv e  to  th e  b a r re n  s e d im e n ts . T h e s e  

o b s e rv a t io n s  c a n  b e  e x p la in e d  if th e  b o r a te -h o s t  s e d im e n ts  e x p e r ie n c e d  h ig h  s a lin ity  c o n d it io n s  

w h e r e  c o n c e n tra t io n s  o f M g , A s , L i, S r  a n d  B  w e r e  h ig h  a n d  a u th ig e n ic  K - fe ld s p a r  a n d  tr io c ta h e d ra l  

s m e c t ite  w e r e  s ta b le ,  w h i le  th e  b a r re n  s e d im e n ts  w e r e  d e v e lo p e d  in le s s  s a lin e  c o n d it io n s . T h is  

in fo r m a t io n  s u g g e s ts  t h a t  t h e  d is t r ib u t io n  o f b o r a te  m in e ra l is a t io n  la rg e ly  d e p e n d e d  o n  th e  

p a la e o to p o g r a p h y  o f th e  b a s in  w h ic h  w a s  c o n tro lle d  th e  p o s itio n s  o f th e  p a la e o la k e s . It a p p e a rs  th a t  

th e  ig n e o u s  in p u t in to  E m e t  B a s in  w a s  fa ir ly  u n ifo rm , a lth o u g h  s o m e  v a r ia t io n  is s u g g e s te d  b y  th e  la c k  

o f a n y  s m e c t ite  in  s o m e  o f th e  b a r re n  s e d im e n ts .

M u d s to n e s  f ro m  S e le n d i,  U s a k -G u r e  a n d  K irk a  B a s in s  a re  v e ry  s im ila r  in te rm s  o f m in e ra lo g y  a n d
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g e o c h e m is try  to  th o s e  o f E m e t  B a s in , a n d  th e y  a ls o  s e e m  to  b e  th e  re s u lt o f th e  d ia g e n e t ic  a lte ra tio n  

o f p re d o m in a n t ly  a c id -d e r iv e d  v o lc a n ic  m a te r ia l in a  s a lin e , a lk a lin e  e n v iro n m e n t. T h e  b o ra te -h o s t in g  

s e d im e n ts  f ro m  K irk a  B a s in  a ls o  c o n ta in  s o m e , o r a ll o f, t r io c ta h e d ra l s m e c tite , a u th ig e n ic  K -fe ld s p a r  

a n d  d o lo m ite . H e n c e ,  a s  a t  th e  E m e t  B a s in  th e s e  m in e ra ls  a p p e a r  to  h a v e  a  c o m m o n  a s s o c ia tio n  w ith  

b o r a te  m in e r a l is a t io n . In  c o m m o n  w ith  th e  E m e t  B a s in , th e  m u d s to n e  f ro m  th e  K irk a  B a s in  a ls o  

c o n ta in s  e le v a te d  L i, S r  a n d  A s . T h e  p r e s e n c e  o f s m e c t ite , K - fe ld s p a r  a n d  M g -c a r b o n a te ,  to g e th e r  

w ith  s o m e  e le v a te d  A s , Li a n d  S r  c o n c e n tra t io n s  in a t  le a s t  s o m e  o f th e  s e d im e n ts  fro m  S e le n d i a n d  

U s a k -G u r e  B a s in s  s u g g e s ts  th e s e  b a s in s  re p re s e n t fa v o u ra b le  ta rg e ts  fo r  b o ra te  m in e ra ls . B y  c o n tra s t, 

s e d im e n ts  f ro m  th e  A fy o n  a r e a  ( n e a r  B a lm a h m u t)  c o n ta in  lo w e r  M g , A s , L i, S r  a n d  C r  th a n  th e  o th e r  

b a s in s , a n d  s m e c t i te  a n d  M g - c a r b o n a t e  a r e  a b s e n t .  T h e y  a r e  th e re fo r e  u n lik e ly  to  h o s t -b o r a te  

m in e ra lis a tio n .

6.4 SOURCE POTENTIAL OF ACID MAGMATISM AND TRANSFER MECHANISMS 

FROM SOURCE TO BASIN SEDIMENTS

6.4.1 Source potential of acid igneous rocks in the Emet and Kirka areas

T h e  p o te n t ia l o f E a r ly  M io c e n e  a c id  m a g m a t is m  (g ra n ite , ig n im b rite , rh y o lite , d a c ite )  a s  a  s o u rc e  fo r  

th e  e le m e n ts  a s s o c ia te d  w ith  b o r a te  m in e ra lis a tio n  (B , L i, A s  a n d  S r) w a s  e v a lu a te d  in th is  s tu d y  b y  

e x a m in in g  c o n c e n tra t io n s  a n d  re m o b ilis a t io n  o f th e s e  e le m e n ts . T h e  a c id  ig n e o u s  v o lc a n ic s  o f th e  

U S E K A  a r e a  a r e  d e p le te d  in S r , b u t la rg e ly  e n r ic h e d  in B a n d  Li re la t iv e  to  a v e ra g e  u p p e r  c o n tin e n ta l 

c ru s t. T h e  E r ig o z  G ra n ite  c o n ta in s  s im ila r  c o n c e n tra t io n s  o f S r  a n d  Li to  th e  a c id  v o lc a n ic s , b u t is 

d e p le te d  in B . C o n c e n tra t io n s  o f A s  a r e  a n o m a lo u s  in m o s t o f th e  U S E K A  v o lc a n ic s  re la t iv e  to  le v e ls  

re c o rd e d  f ro m  fre s h  ig n e o u s  ro c k s  e ls e w h e r e .

T h e  d a ta  in d ic a te s  o n ly  m in im a l re m o b ilis a tio n  o f S r , B  a n d  Li in m o s t o f th e  ro c k s  a n d  th e re fo re  th e  

m e a s u r e d  c o n c e n tra t io n s  o f th e s e  e le m e n ts  a r e  p ro b a b ly  re p re s e n ta t iv e  o f th e ir  p a re n ta l m e lts . B y  

c o n tr a s t ,  th e  A s  d a t a  s u g g e s ts  th a t  it w a s  h ig h ly  m o b ile  in th is  e n v ir o n m e n t ,  a n d  m e a s u re d  

c o n c e n tra t io n s  d o  n o t a p p e a r  to  b e  re p re s e n ta t iv e  o f th o s e  in th e  p a re n ta l m e lts .

O v e ra ll ,  th is  in fo rm a tio n  in d ic a te s  th a t  th e  a c id  v o lc a n ic s  re p re s e n t a  v ia b le  s o u rc e  fo r  B , Li a n d  to  a  

le s s e r  e x te n t  S r . T h e  E r ig o z  G ra n ite  w a s  a  p o te n tia l s o u rc e  o f Li, b u t le s s  so  o f B . T h e  p o te n tia l o f th e  

a c id  ig n e o u s  ro c k s  a s  a  s o u rc e  fo r  A s  is im p o s s ib le  to  a s s e s s , b u t it s e e m s  lik e ly  th a t  lo c a l a c id  

m a g m a tis m  s u p p lie d  a t  le a s t  s o m e  a s  to  g e o th e rm a l flu ids .

6.4.2 Mechanisms for the transfer of B, As, Li, Sr and S from an igneous source to 

the basin sediments
T h e  m a in  m e c h a n is m s  fo r  th e  t ra n s fe r  o f B , A s , Li, S r  a n d  S  fro m  a n  ig n e o u s  s o u rc e  to  th e  b as in  

s e d im e n ts  p r o b a b ly  in c lu d e d  t r a n s fe r  b y  ig n e o u s -d r iv e n  g e o th e rm a l f lu id s  a n d  th e  b re a k d o w n  of 

ig n e o u s  m a te r ia l in th e  b a s in s  b y  s a lin e , a lk a lin e  la k e  a n d  p o re  w a te rs .

In th e  E m e t  a r e a ,  th e  p r e s e n c e  o f a lu n ite  a n d  s ilic ific a tio n  a lte ra tio n , p ro v id e s  s o m e  e v id e n c e  fo r  

g e o th e r m a l a c t iv ity . F u r th e r m o re ,  e le v a te d  A s  c o n c e n tra t io n s  in m a n y  o f th e  ig n e o u s  ro c k s  o f th e  

U S E K A  a r e a ,  w e r e  p ro b a b ly  th e  re s u lt  o f in te ra c tio n  w ith  A s -r ic h  g e o th e rm a l f lu id s . T h e s e  flu id s
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p ro b a b ly  o b ta in e d  B , L i, A s , S r  a n d  S  f ro m  th e  ig n e o u s  s o u rc e  b y  h y d ro th e rm a l le a c h in g , a n d  by  

c o n tr ib u tio n s  o f m a g m a t ic  w a te r s  a n d  g a s e s . D ire c t  e v id e n c e  fo r  th e  fo r m e r  is p ro v id e d  b y  th e  a lu n ite  

a lte r e d  rh y o lit ic  ro c k  in th e  E m e t  a r e a ,  f ro m  w h ic h  B  a n d  Li h a v e  b e e n  h y d ro th e rm a lly  le a c h e d , w h ile  

th e  la tte r  p ro c e s s e s  a r e  in fe rre d  fro m  th e  s tu d y  o f m o d e rn  m a g m a  s y s te m s .

Ig n e o u s  m a te r ia l w a s  tra n s p o r te d  in to  E m e t  a n d  K irk a  B a s in s  bo th  b y  fluv ia l a c tio n  a n d  b y  p yro c las tic  

a c tiv ity . T h is  a c id  ig n e o u s  m a te r ia l  w o u ld  h a v e  b e e n  u n s ta b le  in th e  s a lin e , a lk a lin e  la k e  w a te rs ,  

re s u ltin g  in th e  b re a k  d o w n  o f m o s t ig n e o u s -d e r iv e d  m in e ra ls , w ith  th e  s u b s e q u e n t  re le a s e  o f B , L i, S r  

a n d  p e r h a p s  A s . T h is  s tu d y  h a s  s h o w n  th a t  v o lc a n ic  g la s s  is a  re p o s ito ry  fo r  B a n d  h e n c e  th e  

a b u n d a n c e  o f g la s s -b e a r in g  a c id  p y ro c la s tic s  c o u ld  h a v e  s u p p lie d  a p p re c ia b le  a m o u n ts  o f B  to  th e  la k e  

s y s te m s . T h e  d a ta  f ro m  th is  s tu d y  a ls o  s h o w s  th a t  fe ld s p a r  b re a k  d o w n  in th e  b a s in  re s u lte d  in  th e  

r e le a s e  o f S r  to  s o lu tio n .

6.5 SUMMARY OF MODEL FOR THE ROLE OF MAGMATISM IN THE GENESIS OF 

EMET AND KIRKA BORATE DEPOSITS

O n  th e  b a s is  o f in fo rm a tio n  g a in e d  in  th e  c o u rs e  o f th is  s tu d y , a  m o d e l fo r  th e  ro le  o f m a g m a tis m  in 

th e  g e n e s is  o f th e  E m e t  a n d  K irk a  b o r a te  d e p o s its  h a s  b e e n  p ro p o s e d :

•  K -r ic h  rh y o litic  m a g m a  a t  h ig h  c ru s ta l le v e l g e n e ra te d  a  c irc u la tin g  h y d ro th e rm a l s y s te m  d o m in a te d  

b y  h e a te d  m e te o r ic  w a te r , b u t w ith  s o m e  m a g m a tic  w a te r .

•  T h e  g e o th e rm a l w a te r s  o b ta in e d  B ( O H ) 3 a n d  S 0 2 fro m  m a g m a  d e g a s s in g , B , Li a n d  p e rh a p s  A s  

f ro m  m a g m a t ic  f lu id s , a n d  B , L i, A s  a n d  S r  fro m  th e  h y d ro th e rm a l le a c h in g  o f c o u n try  ro c k s . T h e  

d a ta  fro m  th is  s tu d y  in d ic a te s  th a t  ig n im b rite , rh y o lite  a n d  d a c ite  m a y  h a v e  p ro v id e d  a n  a b u n d a n t  

s u p p ly  o f B  a n d  Li b y  th is  la tte r  m e c h a n is m .

•  T h e rm a l s p r in g s , w h ic h  c a rr ie d  h ig h  c o n c e n tra t io n s  o f B , Li, S  a n d  A s , d is c h a rg e d  in to  th e  la k e  a n d  

lo c a l g ro u n d  w a te r  s y s te m s .

•  A c id  ig n e o u s  m a te r ia l  w ith  h ig h  c o n c e n tra t io n s  o f B , Li a n d  p e rh a p s  A s , w a s  t ra n s p o r te d  to  th e  

b a s in  b y  flu v ia l a c tio n  a n d  p y ro c la s tic  ac tiv ity .

•  T h is  a c id  ig n e o u s  m a te r ia l w a s  b ro k e n  d o w n  in th e  s a lin e , a lk a lin e  la k e  a n d  p o re  w a te rs , resu lting  in 

lo s s  o f K , S i, B , L i, S r  a n d , p e r h a p s  A s , to  so lu tio n .

B o ra te  m in e ra ls  p re c ip ita te d  n e a r  to  th e  c e n tre  o f th e  la k e  w h e re  th e  h ig h e s t s a lin ity  w a te r s  a re  

lo c a te d  w ith  p a r t ic u la r ly  h ig h  c o n c e n tra t io n s  o f B , L i, A s , S , S r , C a  a n d  M g . O th e r  a u th ig e n ic  

m in e ra ls  s ta b le  in th is  e n v ir o n m e n t  in c lu d e d  tr io c ta h e d ra l s m e c tite , K -fe ld s p a r , d o lo m ite , c a lc ite , 

re a lg a r , c e le s t ite  a n d  g y p s u m . T r io c ta h e d ra l s m e c tite  w a s  p ro b a b ly  g e n e ra te d  b y  th e  m o d ific a tio n  

o f v o lc a n ic -d e r iv e d  d io c ta h e d ra l s m e c tite  a n d  a u th ig e n ic  K -fe ld s p a r  fo rm e d  b y  th e  a lte ra tio n  o f K -
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rich v o lc a n ic  g la s s .

•  A ro u n d  th e  e d g e  o f th e  la k e , th e  w a te r s  w e r e  le s s  s a lin e , a n d  th e  m in e ra l a s s e m b la g e  d e v e lo p e d  

c o m p r is e d  illite  a n d  c a lc ite .

6.6 ORIGIN OF MAGMATISM IN THE TURKISH BORATE PROVINCE; CONSTRAINTS 

FOR THE ULTIMATE SOURCE OF BORON

T h is  e a r ly  p h a s e  o f c a lc -a lk a lin e  a c id  m a g m a t is m , w h ic h  h a d  a  c lo s e  s p a tia l a n d  te m p o ra l pos itio n  

w ith  th e  b o ra te s , b e c a m e  p ro g re s s iv e ly  m o re  m a fic  in th e  M id d le  M io c e n e . T h e  m a fic  M id d le  M io c e n e  

m a g m a s  c o n ta in e d  h ig h e r  c o n c e n tra t io n s  o f M g O , F e 20 3, C a O , V , C o , C r  a n d  N i, lo w e r  le v e ls  o f S i0 2

a n d  h ig h e r  £ Nd a n d  lo w e r  87S r /86S r  th a n  th e  s ilic ic  E a r ly  M io c e n e  p o te n t ia l s o u rc e  m a g m a s . T h is

c o m b in e d  e le m e n ta l  a n d  is o to p ic  in fo rm a tio n  in d ic a te s  a  d e c r e a s in g  im p o r ta n c e  o f A F C  p ro c e s s e s  

th ro u g h  t im e . T h e  m o d if ic a t io n  o f m a g m a s  d u r in g  th e ir  a s c e n t  th ro u g h  th e  c ru s t w a s  lik e ly  s in c e  

w e s te r n  T u r k e y  c o n ta in e d  a n  o v e r th ic k e n e d  c ru s t  d u r in g  th e  E a r ly  M io c e n e . C o m p a r is o n s  o f th e  

e le m e n ta l a n d  is o to p ic  c o m p o s it io n s  o f th e  U S E K A  m a g m a t is m  w ith  th e  lim ite d  a m o u n t  o f a v a ila b le  

d a ta  f ro m  u p p e r  c ru s t  in  w e s te r n  T u r k e y  a n d  th e  A e g e a n  p ro v id e s  fu r th e r  e v id e n c e  th a t  th e  E a r ly  

M io c e n e  s ilic ic  la v a s  c o n ta in e d  a  g r e a te r  c o m p o n e n t  o f a s s im ila te d  u p p e r  c o n t in e n ta l c ru s t th a n  th e  

M id d le  M io c e n e  m a fic  la v a s . P o s s ib le  m e c h a n is m s  fo r  g e n e ra t in g  c ru s ta l m e ltin g  in c lu d e : ra d io a c tiv e  

d e c a y  w ith in  a n  o v e r th ic k e n e d  c ru s t, d e la m in a t io n  o f th e  l ith o s p h e re  a n d  a d ia b a t ic  d e c o m p re s s io n  

m e ltin g  o f th e  l ith o s p h e re  a s  a  re s u lt o f e x te n s io n .

T h e  o c c u r r e n c e  o f m o re  m a f ic  (u p  to  9 .2  w t  %  M g O )  la v a s  in th e  M id d le  M io c e n e , e n a b le s  a n  

a s s e s s m e n t  o f th e  m a n t le  s o u r c e s  to  b e  m a d e . E n r ic h m e n ts  o f a  ra n g e  o f in c o m p a tib le  e le m e n ts  

re la t iv e  to  O IB  s u g g e s t  a n  e n r ic h e d  lith o s p h e r ic  m a n tle  s o u rc e . C o m p a r is o n  o f th e  d a ta  fro m  th e  

U S E K A  m a fic  s u ite  w ith  p o ta s s ic  la v a s  fro m  e ls e w h e re  in d ic a te s  th a t tw o  e n r ic h m e n t p ro c e s s e s  h a v e  

m o d if ie d  th e  lith o s p h e r ic  m a n t le  b e n e a th  w e s te r n  T u rk e y :  a  s u b d u c tio n -re la te d  e n r ic h m e n t  p ro c e s s  

w h ic h  le d  to  l ith o s p h e r e  w ith  h ig h  T h /N b  b u t lo w  N b /Y  a n d  T i/Y  ra tio s , a n d  a n  e n r ic h m e n t  p ro c e s s  

in v o lv in g  th e  m ig ra t io n  o f s m a ll d e g r e e  m e lts  o f u p p e r  m a n tle  w h ic h  led  to  lith o s p h e re  w ith  lo w  T h /N b ,  

b ut h ig h  N b /Y  a n d  T i/Y .

A lth o u g h  le s s  e n r ic h e d  th a n  th e  E a r ly  M io c e n e  s ilic ic  la v a s , th e  m a fic  M id d le  M io c e n e  la v a s  still p lot 

in th e  e n r ic h e d  q u a d ra n t  o f a n  £ Nd v s  ^ S r / ^ S r  d ia g ra m  a n d  h a v e  lo w  £ Nd a n d  h ig h  ^ S r / ^ S r .  T h is  c an

b e  e x p la in e d  b y  is o to p ic  d e c a y  w ith in  a n  is o la te d  M B L  in th e  s u b c o n tin e n ta l lith o s p h e r ic  m a n tle . S u c h  

e n r ic h e d  li th o s p h e r ic  m a n t le  w o u ld  b e  a b le  to  m e lt  b y  a d ia b a t ic  d e c o m p re s s io n  a f te r  o n ly  s m a ll 

a m o u n ts  o f e x te n s io n . E le v a te d  R b , T h , K  a n d  B , b u t s lig h tly  h ig h e r  £ Nd a n d  lo w e r  87S r /86S r  in th e

E a r ly  M io c e n e  s ilic ic  m a g m a t is m  re la t iv e  to  u p p e r  c o n t in e n ta l c ru s t s u g g e s ts  th a t  a  c o m p o n e n t  of 

l ith o s p h e r ic  m a n tle , in a d d it io n  to  a  c ru s t c o m p o n e n t, m a y  a ls o  h a v e  b e e n  in v o lv ed  in th e ir  g e n e s is .

W ith in  th e  E m e t  a n d  K irk a  v o lc a n ic  s u ite s , th e re  is a  p o s itiv e  c o rre la t io n  b e tw e e n  B a n d  S i 0 2 a n d  

b e tw e e n  B  a n d  ^ S r / ^ S r .  H e n c e ,  th e  m o s t B -ric h  ig n e o u s  ro cks  a re  th e  E a r ly  M io c e n e  a c id  v o lc a n ic s , 

w h ic h  h a v e  b e e n  th e  m o s t  a f fe c te d  b y  A F C  p ro c e s s e s . It a p p e a rs  th e re fo r e  th a t  A F C  p ro c e s s e s
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g e n e ra te d  B -r ic h  m a g m a s , s u g g e s t in g  th a t  th e  w e s t  T u rk is h  c ru s t is a  m a jo r  B  s o u rc e . If, a s  p ro p o s e d  

a b o v e , th e  E a r ly  M io c e n e  s ilic ic  s o u rc e  v o lc a n ic s  a ls o  c o n ta in e d  a  c o m p o n e n t  fro m  th e  lith o s p h e r ic  

m a n tle , it to o  m a y  h a v e  p ro v id e d  a  s o u rc e  fo r  B . T h is  s e e m s  like ly , s in c e  e n r ic h m e n t o f th e  lith o s p h e ric  

m a n t le  b y  p r e v io u s  s u b d u c t io n  p r o c e s s e s  a n d  b y  th e  m ig ra t io n  o f s m a ll  d e g r e e  m e lts  o f 

a s th e n o s p h e re  is lik e ly  to  c o n c e n tra te  B  in a  s im ila r  fa s h io n  to  o th e r  in c o m p a tib le  e le m e n ts .

6.7 CONCLUDING POINTS

•  E a r ly  M io c e n e  a c id  m a g m a t is m  h a d  a  c lo s e  s p a tia l a n d  te m p o ra l p o s itio n  w ith  th e  d e p o s it io n  o f th e  

b o ra te -h o s t  s e d im e n ts  in E m e t  a n d  K irk a  B a s in s .

•  T h e  m in e r a lo g ic a l  a n d  g e o c h e m ic a l  c o m p o s it io n  o f th e  b o r a te -h o s t  s e d im e n ts  w a s  s tro n g ly  

in f lu e n c e d  b y  th e  p o s t-d e p o s it io n a l m o d if ic a tio n  o f rhyo litic , ig n im b ritic  a n d  g ra n it ic -d e r iv e d  m a te r ia l 

in a  s a lin e , a lk a lin e  e n v iro n m e n t.

•  T h e  g e o c h e m is t r y  o f th e  E a r ly  M io c e n e  a c id  ig n e o u s  ro c k s  s u g g e s ts  th a t  a c id  m a g m a t is m  

r e p r e s e n te d  a  lik e ly  s o u rc e  fo r  im p o r ta n t  e le m e n ts  (B , L i, A s , S r  &  S )  a s s o c ia te d  w ith  b o ra te -  

m in e ra lis a tio n .

•  P o s s ib le  m e c h a n is m s  fo r  th e  t r a n s fe r  o f B  a n d  o th e r  e le m e n ts  fro m  a n  ig n e o u s  s o u rc e  to  b a s in  

s e d im e n ts  in c lu d e  t r a n s fe r  b y  ig n e o u s  - d r iv e n  g e o th e rm a l f lu id s  a n d  th e  b re a k  d o w n  o f ig n e o u s  

m a te ria l in s a lin e , a lk a lin e  la k e  w a te rs .

•  T r a c e  e le m e n t  a n d  is o to p ic  d a ta  fo r  th e  a c id  ig n e o u s  ro cks  in d ic a te  th a t th e  u ltim a te  s o u rc e  o f th e  B  

w a s  a s s im ila te d  u p p e r  c o n t in e n ta l c ru s t, p e rh a p s  w ith  s o m e  c o m p o n e n t  o f m e lte d  lith o s p h e r ic  

m a n tle .

6.8 IMPLICATIONS FOR BORATE MINERAL EXPLORATION

O n  th e  b a s is  o f th is  s tu d y , th e  fo llo w in g  g e o lo g ic a l s itu a tio n s  a r e  c o n s id e re d  fa v o u r a b le  fo r  th e  

lo c a tio n  o f b o ra te  m in e ra lis a tio n :

•  R e g io n s  w ith  v o lc a n is m  d e v e lo p e d  a f te r  e p is o d e s  o f c o n v e rg e n c e  a n d  c ru s ta l th ic k e n in g .

•  T h e  o c c u r r e n c e  o f K -r ic h  ig n im b rite , rh y o lite  a n d  d a c ite  (w ith  e le v a te d  A s  c o n c e n tra t io n s )  in c lo s e  

s p a tia l a n d  te m p o ra l p o s itio n  w ith  la c u s tr in e  s e d im e n ts  in c lo s e d  b as in s .

•  T h e  p r e s e n c e  o f a c id  v o lc a n ic -d e r iv e d  la c u s tr in e  b as in  s e d im e n ts .
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•  T h e  p r e s e n c e  o f A s , S r  a n d  L i-r ic h  la c u s tr in e  m u d s to n e  s e q u e n c e s  c o n ta in in g  s o m e  o r  a ll o f 

a u th ig e n ic  K - fe ld s p a r , t r io c ta h e d ra l s m e c t ite  a n d  d o lo m ite .

•  T h e  p r e s e n c e  o f h ig h  M g  c o n c e n tra t io n s  in la c u s tr in e  m u d s to n e .

6.9 SUGGESTIONS FOR FURTHER WORK

(1 )  S im ila r  d e ta i le d  s tu d ie s  o f v o lc a n is m  a n d  re la te d  s e d im e n ts  in o th e r  b o ra te -h o s t  b a s in s  in S W  U S A  

a n d  th e  C e n tr a l  A n d e s  w o u ld  p ro v id e  a  u s e fu l c o m p a r is o n  w ith  th is  th e s is . In  p a rtic u la r , s u c h  s tu d ie s  

c o u ld  d e te rm in e  w h e th e r  K -r ic h  a c id  v o lc a n is m  h a d  a  g e n e tic  re la tio n s h ip  w ith  b o ra te  m in e ra lis a tio n , a s  

in w e s te r n  T u r k e y .

(2 )  A n  in v e s t ig a t io n  o f th e  B  c o n c e n t r a t io n s  in in d iv id u a l m in e ra ls ,  in  g r a n ite ,  v o lc a n ic s  a n d  

v o lc a n ic la s t ic  s e d im e n ts  w o u ld  p ro v id e  a  c le a r e r  u n d e rs ta n d in g  o f th e  b e h a v io u r  o f th is  e le m e n t  in 

b o th  m a g m a t ic  a n d  la c u s tr in e  b a s in  e n v ir o n m e n ts , i.e . d e te rm in a t io n  o f th e  m a in  B  re p o s ito r ie s  in 

ig n e o u s  ro c k s  (g la s s ? ) , a n d  in la c u s tr in e  s e d im e n ts  (illite ? ). S u ita b le  a n a ly t ic a l te c h n iq u e s  in c lu d e  (a )  

th e  ion  p ro b e  w h ic h  c a n  a n a ly s e  in s itu  B  c o n c e n tra t io n s  (C h a u s s id o n  &  L ib o u re l 1 9 9 3 ) ,  a n d  (b )  

p ro m p t g a m m a  a c tiv a tio n  a n a ly s is  (P G A A )  o f m in e ra l s e p a ra te s  (H o ffm a n  1 9 9 2 ) .

(3 )  A  d e ta ile d  s tu d y  o f th e  v o lc a n ic la s t ic  s e d im e n ts  a n d  th e ir  a lte ra tio n  to  c la y  m in e ra ls  u s in g  a n a ly tic a l 

e le c tro n  m ic ro s c o p e  (A E M )  a n d  tra n s m is s io n  e le c tro n  m ic ro s c o p e  (T E M )  s tu d ie s . T h is  w o u ld  e n a b le  

th e  c h e m ic a l c o m p o s it io n  o f in d iv id u a l c la y  p a r tic le s  to  b e  d e te rm in e d  a s  in a  s tu d y  of A b e r t  L a k e  b y  

B a n fie ld  e t  a l. ( 1 9 9 1 a ) .

(4 )  A d d it io n a l g e o c h e m ic a l d a ta  is re q u ire d  fo r  th e  u p p e r  c o n tin e n ta l c ru s t o f w e s te rn  T u r k e y  in o rd e r  to  

fu r th e r  a s s e s s  c ru s ta l a s s im ila t io n  p ro c e s s e s  in th e  g e n e s is  o f E a r ly  M io c e n e  silic ic  m a g m a tis m , a n d  to  

fu r th e r  c o n s tr a in  th e  u lt im a te  s o u rc e  o f B . U s e fu l d a ta  w o u ld  in c lu d e  m a jo r , t r a c e  e le m e n t  a n d  B  

c o n c e n tra tio n s , a s  w e ll a s  N d  a n d  S r  is o to p e  ra tio s .

(5 )  F u r th e r  a n a ly s e s  o f B  a r e  re q u ire d  in v o lc a n ic  a n d  g ra n itic  rocks  e ls e w h e re  to  g a in  a  m o re  c o m p le te  

u n d e r s ta n d in g  o f th e  b e h a v io u r  o f th is  e le m e n t .  In  p a r tic u la r , d a ta  a re  re q u ire d  fo r  ig n e o u s  ro cks , 

a s s o c ia te d  w ith  th ic k e n e d  c r u s t  a n d  c o n v e r g e n t  s e tt in g s  a n d  th o s e  a s s o c ia te d  w ith  e n r ic h e d  

s u b c o n tin e n ta l li th o s p h e r ic  m e lts .
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Appendix A (sample locations)

Figure A1 - sample localities of the Usak, Selendi and Emet area
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Appenidix A (sample locations)

Figure A2 - sample locations for the Emet area
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Appendix A (sample localities)

Figure A3 - sample localities of the Kirka and Afyon areas
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Appendix A (sample locations)

Figure A4 - sample locations for Kirka Basin
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APPENDIX B (grid references of semple localities)

SAMPLE LOCALITIES
(co-ordinates from the grid system on Turkish topographical maps)

ERIGOZ GRANITE
G 1,G 2,- from the northern area of the pluton at Kusoynagi Tepe, approx 6 km west of Erigdz (855,655 Kutahya J22).
G7,G8- from the central portion of the pluton, 3 km east of Darci (751,490 Kutahya J22).
G 4, G 5, G 23- from the southern portion of the pluton, located to the east of the town Simav, 3.4 km from the turn off outside Simav 
along the Simav-Abide road (765,295 Kutahya J22).

VOLCANICS WITHIN EMET BASIN

Emet Rhyolites
E1,E2- from the northern area of the basin at Kdprucek (001,608 Kutahya J22).
E5.E6- from the southern area of the basin 0.5 km north-west of Kurtlubeyler (905,406 Kutahya J22).
E 16, E 17- from the north-western area of the basin 1.5 km north-east of Yagcik (917,593 Kutahya J22).
E 18, E 19- from the north-western area of the basin 2 km east of Yagcik. Located on the western side of Emet river (921,585 Kutahya 
J22).
E20.E21.E22- from the north-western area of the basin 2.5 km east of Yagcik and just east of Emet river (923,587 Kutahya J22). 

Emet Latite & Shoshonite
E 3, E 4- from the southern area of the basin west of Derekdy (978,393 Kutahya J22).

Additional sample collected by BHP Minerals geologists

E68- from the southern area of the basin, north of Derekdy (976,4142 Kutahya J22).

SEDIMENTS IN THE EMET BASIN

Section A - from the southern area of the basin, 600m to west of Beykdy and just to the south-eastern side of the Simav-Hisarcik 
road (903,448 Kutahya J22).
VSE1 - 5.4 m (Figure 2.3 in main text).

Section B - from the northern area of the basin, approx 4 km north of Emet (942,624 Kutahya J22).
VSE4-  1m (Figure 2.3 in main text).

Additional samples from the Red Formation

VSE2- from the southern area of the basin, approx 1 km north-east of Hammamkdy (970,437 Kutahya J22).

VSE 3 - from north-western area of basin, 1.5 km north-east of Yagcik (918,594 Kutahya J22).

Section Lower C - from the northern area of basin, 4 km west of Kdprucek Tepe and 1.5 km north-west of Qalcaagil (956,621 
Kutahya J22).
VSE5- 103-104.8m, VSE6 - 106.6-108.4m, l̂ SE7-117.4-119.2m, VSE8- 128m, VSE9 - 130-131.8m, VSE 10-137.2-139 
m (Figures 2.3 & 4.8 in main text). Additional samples taken from every 1.8 m of section.

Section Upper C - from the northern area of basin, 4 km west of KoprGcek Tepe and 1.5 km north-west of Qalcaagil (956,621 
Kutahya J22).
VSE 11-146-147.8, VSE 12-147.8-149.4 m, VSE 13-151.2-153, VSE 14 - 151.2-153 m, VSE 15-153-154.8 m, VSE 16- 
154.8-156.6 m (Figures 2.3 & 4.8 in main text). Additional samples taken from every 1.8 m of section.

Section D - from mid area of basin, 1 km east of Igdekoy (954,504 Kutahya J22).
VSE 17-155.8-157.6 m (Figures 2.3 & 4.8 in main text). Additional samples taken from every 1.8 m of section.

Section E - from mid area of basin, just after road forks at Koprubasi Tepe, approx 2 km north of Hisarcik (925,497 Kutahya J22). 
VSE 18 - 142-143.8 m, VSE 19 - 147.4-149.2 m, VSE 20 - 152.8-154.6 m (Figures 2.3 & 4.8 in main text). Additional samples 
taken from every 1.8 m of section.

Section F - from southern area of basin, 1 km north-east of Hammamkdy village, to the east of Emet river (976,435 Kutahya J22). 
VSE 2 1 -121-122.8 m, VSE2 2 -130 m (Figures 2.3 & 4.8 in main text). Additional samples taken from every 1.8 m of section.

Section G - from southern area of the basin, 1 km north-east of Derekdy, just to west of Emet river (983,402 Kutahya J22).
VSE2 3 -151-152 m (Figures 2.3 & 4.8 in main text). Additional samples taken from every 1 m of section.

VOLCANICS TO THE SOUTH AND WEST OF EMET BASIN (SELENDI, USAK- 
GURE & SIMAV BASINS)

Rhyolites

UG 28, UG 29 - from the northern most part of the Gure/Usak basin 0.8 km north-west of Eski Gediz on road to Akcaalan. (081,252 
Kutahya J22)SE1 &SE2- from Selendi Basin, 1 km north-east of Yaikarieskin village, approx 6 km east of Yumru Dagi (714,025 Usak K21).
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APPENDIX B (grid references of sample localities)

SE 24, SE 25 - from the approximate boundary between Emet and Selendi Basins, 0.5 km SE of Taslik village, on Kocakaya Tepe. 
(833,266 Kutahya J22)

K-T rachytes

SE3, SE4 -1 km to east of Yumru Dagi (666,029 Usak K21).

Andesite, latite & shoshonite

UG 7, UG 8- from the north-west of Eski Gediz, which lies just to the south-east of Emet basin and in the northern most part of 
Gure/Usak basin. Sample taken from beside main road to Kutahya 2.2 km from junction at Eski Gediz (098,266 Kutahya J22).
SE 12, SE 13- from the northern most part of the Selendi basin 1.5 km south-west of Saphane (912,204 Kutahya J22)
SE 26, SE 27- from the northern most area of Selendi Basin, 6.6 km by road from Abide along the 
main Simav-Abide road (938,148 Usak K22).
S114, S115 - from Simav Basin, at Nasa village (703,364 Kutahya J21).

Additional samples collected by BHP Minerals geologists;

Rhyolites

SE 72 - from the approximate boundary between Emet and Selendi Basins, at Saphane (926,2143 Kutahya J22).
SE 71 - from the approximate boundary between Emet and Selendi Basins north-west of Saphane (906,2343 Kutahya J22).

Dacites & K-Trachytes

UG 58 - from the Usak/Gure Basin (966,0143 Usak K22).
UG 62, UG 63- from the southern area of the Usak/Gure Basin, east of Gure (966,7942 Usak K22).
UG 64 - from the southern area of the Usak/Gure Basin (007,7942 Usak K22).
UG 66, UG 67- from the southern area of the Usak/Gure Basin (856,6142 Usak K22).
UG 74, UG 75 - from the southern area of the Usak/Gure Basin (996,9842 Usak K22).
UG 126- from the Usak/Gure Basin (127,9542 Usak K22).

Andesite & latite

UG 65 - from the southern area of the Usak/Gure Basin (876,6542 Usak K22). 
UG 73 - from the southern area of the Usak/Gure Basin (876,9842 Usak K22). 
UG 142 - from the Usak/Gure Basin (966,9442 Usak K22).
UG 145 - from the Usak/Gure Basin (826,9442 Usak K22).

SEDIMENTS IN SELENDI BASIN

Section H -1 km east of Yukarigulluce village. 548,900 (Usak K21)
VSS 1 -  3.6-5.4 m (Figure 2.4). Additional samples taken from every 1.8 m of section.

Section I - 3 km north of Selendi, just to west of small river (612,930 Usak K21). 
VSS 2 - 16.2-18 m (Figure 2.4). Additional samples taken from every 1.8 m of section.

SEDIMENTS IN USAK-GURE BASIN

Section J - 2 km south-west of Derbent (907,935 Usak K22)
VSUG 1 - 5.4-5.6 m, (Figure 2.5). Additional samples taken from every 1.8 m of section.

Section K '  0.5 km north of Derbent (917,955 Usak K22).
VSUG 2 - 10.8-12.6 m, (Figure 2.5). Additional samples taken from every 1.8 m of section.

VOLCANICS OF THE KIRKA AREA

Kirka Ignimbrite

1208,1209 - from south-east of Kirka Basin 1.5 km north north-west of Seyidler village (119,079 Eskisehir K25).
1219,1220 - from south of Kirka Basin 800 m north-west of Ayazini village (892,218 Eskisehir J25).
1221,1222 - from south of Kirka Basin 1 km south-west of Fetiye village (869,444 Eskisehir J25).
1250 - from south of Kirka Basin 200 m west of main Afyon-Kiika road, K&roglukalesi Tepe (898,298 Eskisehir J25). 
1251,1252 - from south of Kirka Basin just to west of main road, Kdroglukalesi Tepe (901,297 Eskisehir J25).
1258,1259 - from southern area of Kirka Basin approx 2 km north of Buyukyayla (895,419 Eskisehir J25).
/ 260 - from southern area of Kirka Basin west of the village of Kumbet (922,426 Eskisehir J25).
1271 - from south-eastern area of Kirka Basin north-east of Karabren village, to east of river (924,463 Eskisehir J25).

Kirka Rhyolites, Trachytes & Dacites
K227, K228 - from northern area of Kirka Basin 1 km north-east of Bozbel Tepe (798,672 Eskisehir J24).
K 229, K230 - from northern area of Kirka Basin 1.5 km north-west of Bozbel Tepe (773,677 Eskisehir J24).
K 231, K232 - from northern area of Kirka Basin 2 km north of Bozbel Tepe (781,681 Eskisehir J24).
K233- from northern area of Kirka Basin 2 km north of Bozbel Tepe (783,682 Eskisehir J24).
K234, K235 - from northern area of Kirka Basin in river gully 2 km north-east of Bozbel Tepe (796,680 Eskisehir J24). 
K236- from northern area of Kirka Basin 1.5 km north north-east of Bozbel Tepe (788,679 Eskisehir J24).
K237- from northern area of Kirka Basin 1 km north-east of Bozbel Tepe (795,671 Eskisehir J24).
K 238, K 239 - from northern area of Kirka Basin 1 km west of LOtfiye village (703,652 Eskisehir J24).
K244 K245 - from northern area of Kirka Basin 1 km to east of Idrisyayla village (782,648 Eskisehir J24).
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K246, K247- from northern area of Kirka Basin 2.5 km north of Gulludere (733,683 Eskisehir J24).
K277- from northern area of Kirka Basin 1 km north-west of Idrisyayia village (764,650 Eskisehir J24).

Kirka Shoshonite
K223, K224 - from north-eastern area of Kirka Basin 2 km north of Sancar village (977,656 Eskisehir J25).
K225, K226 - from northern area of Kirka Basin Bozbel Tepe, north-east of the village of Idrisyayia (785,662 Eskisehir J24).

SEDIMENTS IN KIRKA BASIN

Section L - from northern area of Kirka Basin 1 km north-west of Gemic (836,598 Eskisehir J24).
VSK265, VSK266- 110 m, VSK279- 120 m (Figure 2.8 in main text).

Section M - from the eastern area of Kirka Basin to the east of Tekke Tepe, 2 km west of Yarbasan & 2 km east of Kirka (894,511
Eskisehir J25).
VSK257-1.5 m, VSK255 & VSK256 - 6 m (Figure 2.8 in main text)

Section N - from the eastern area of Kirka Basin 300 m north-west of Karadren (910,459 Eskisehir J25).
VSK272- 3 m (Figure 2.8 m in main text).

Additional samples collected from the Karaoren Formation

VSK267, VSK268 - from the northern area of Kirka Basin 1.5 km west of Gemig (833,582 Eskisehir J24).
VSK273- from the eastern area of Kirka Basin 2 km north of Karadren (902,472 Eskisehir J25).
VSK275 - from the western area of Kirka Basin to west of Damialikaraagag village. 732,519 (Eskisehir J24)

Samples from the Sarikaya Formation

VSK 1 - from old mine workings just west of the main Sarikaya open pit (810,513 Eskisehir J24).
VSK 2 - from old mine workings just west of the main Sarikaya open pit (810,513 Eskisehir J24).
VSK3- from old mine workings just west of the main Sarikaya open pit (810,513 Eskisehir J24).
VSK 4 - from colemanite deposit at Gogenoluk (733,590 Eskisehir J24).

Samples from the Fetiye Formation

VSK 261, VSK262 - from the western area of Kirka Basin 0.5 km north-west of Salihiye, 100 m to west of road (952,513 Eskisehir 
J24).
VSK274 - from the western area of Kirka Basin at Kizilpinar (728,539 Eskisehir J24).

VOLCANICS FROM THE AFYON AREA

Afyon K-trachyte & latite (with large sanidine phenocrysts)

A 202, A 203- Afyon (847,942 Eskisehir K25).
A 204, A 205 - approx 8 km south of Afyon on hill to south of Buyukkalecik (821,849 Eskisehir K25).
A 210 - approx 8 km south of Afyon on hill to east of Buyukkalecik village (828,854 Eskisehir K25).
A 217, A 218- approx 10 km west south of Afyon 500 m east of Kayadibi (743,898 Eskisehir K24V 
A 242, A 243 - approx 13 km west of Afyon 2 km east of Balmahmut beside main road (700,978 Eskisehir K24).

Afyon mafic lavas

A 200, A 201 - approx 10 km west west north of Afyon north-east of K6prulu village (731,012 Eskisehir K24). 
A 206, A 207 - 5 km along road to north-east of Iscehisar (093,056 Eskisehir K25).
A 213, A 214 -1 km west of Suhut (843,683 Eskisehir K25).
A 216 - 800 m east of Elvanpasa (433,978 Eskisehir K24).
A 241 -1 km to east of Qalk6y (471,129 Eskisehir K24).
A 248, A 249 - approx 4 km to west of Nuhkoy (638,770 Eskisehir K24).
A 253, A 254 - 200 m west of Qepni, close to small stream (413,773 Eskisehir K24).

SEDIMENTS FROM THE AFYON AREA (Balmahmut)

Section O - 2 km north of Balmahmut, just north of railway (688,995 Afyon K24). 
VSB 3 - 9-10.8 m (Figure 2.9 m in main text).

Section P - 3 km north-east of Balmahmut (716,992 Afyon K24).
VSB 1 - 10.8-12.6 m (Figure 2.9 m in main text).

Longitude and latitude covered by each topographical map
Kutahya J22 sg^O'-SO^'N by 29o00'-29o30'E 
Usak K22 SS^'-Sg^O'N by 29°00'-29°30,E 
Kutahya J21 sg^'-Sg^O'N by 28°30'-29°00,E 
Afyon K25 S S ^ '^O O 'N  by 30°30'-31°00'E 
Afyon K24 by SO^O'-SO^'E
Eskisehir J24 sg^O'-Sg^O'N by SO^O'-SO^O'E 
Eskisehir J25 sg^'-Sg^O'N by 30o30'-31o00'E
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APPENDIX C - summary of techniques used

S a m p le

pe
tr

og
ra

ph
ic

 
T

S

XR
D 

w
ho

le
 

ro
ck

XR
D 

cl
ay

 
se

p
a

ra
ti

o
n

E
le

ct
ro

n
m

ic
ro

p
ro

b
e

XR
F 

m
aj

o
rs

 
& 

tr
a

c
e

s

IC
P

-A
E

S
 

(L
i)

IC
P

-A
E

S
 

(R
E

E
S

)

PG
A

A
 

(B
)

K
/A

r 
d

at
in

g

39
A

r/
40

A
r 

d
at

in
g

Nd
 

& 
Sr

 
is

o
to

p
es

G1 • • • •

G 2 • • •

G 4 • • •

G 5 • • • • • • •

G 7 • • • •

G 8 • • • • •

G 2 3 • • • •

E1 • • • • • • •

E 2 • • • •

E 3 • • • • • • • •

E 4 • • •

E 5 • • • • • • •

E 6 • • •
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XRD-X-ray diffraction; XRF- X-ray flourescence; TS- thin section; EM- electron microprobe; ICP-AES-inductively 
coupled plasma -atomic emission spectroscopy; PGAA-prompt gamma activation analysis

Page C1



Appendix C (summary of analytical techniques used)

APPENDIX C - summary of techniques used

S a m p le

pe
tr

og
ra

ph
ic

 
T

S

XR
D 

w
ho

le
 

ro
ck

XR
D 

cl
ay

 
se

p
ar

at
io

n

E
le

ct
ro

n
m

ic
ro

p
ro

b
e

XR
F 

m
aj

o
rs

 
& 

tr
a

c
e

s

IC
P

-A
E

S
 

(L
i)

IC
P

-A
E

S
 

(R
E

E
S

)

PG
A

A
 

(B
)

K
/A

r 
d

at
in

g

39
A

r/
40

A
r 

d
at

in
g

Nd
 

& 
Sr

 
is

o
to

p
es

V S E 1 9 • • •

V S E 2 0 • • •

V S E 2 1 • • •

V S E 2 2 • • • •

V S E 2 3 • • • •

U G 7 • • • • •

U G 8 • • •

U G 2 8 • • • • • •

U G 2 9 • •

U G 5 8 • • • • •

U G 6 3 • • • •

U G 6 4 • •

U G 6 5 • •

U G 6 6 • •

U G 6 7 • •

U G 7 3 • • • •

U G 7 4 • •

U G 7 5 • •

U G 1 2 6 • • • • •

U G 1 4 2 • • • • •

U G 1 4 5 • • • • • •

S E 1 • • • • • •

S E 2 • •

S E 3 • • • • •

S E 4 • •

SE12 • • • • •

SE13 • • •

SE24 • • • •

S E 9 5 • • •

S F 9 R • • • • •

S F 9 7 • •

S F 7 1 • • • • • •

S F 7 9 • • •

S 11 4 • • • • • •

S M B • •

V S S 1 • • •

V S S 2 • • •

V S U G 1 • • •

V S U G 2 • • •

XRD-X-ray diffraction; XRF- X-ray flourescence; TS- thin section; EM- electron microprobe; ICP-AES-inductively 
coupled plasma -atomic emission spectroscopy; PGAA-prompt gamma activation analysis
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APPENDIX C - summary of techniques used
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XRD-X-ray diffraction; XRF- X-ray flourescence; TS- thin section; EM- electron microprobe; 
ICP-AES-inductively coupled plasma -atomic emission spectroscopy; PGAA-prompt gamma 
activation analysis
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V S K 2 5 5 • •

V S K 2 5 6 • • • • •

V S K 2 6 1 • •

V S K 2 6 2 • • • •

V S K 2 6 5 • • • • •

V S K 2 6 6 • •

V S K 2 6 7 • • • •

V S K 2 6 8 • •

V S K 2 7 2 • •

V S K 2 7 3 • •

V S K 2 7 4 • •

V S K 2 7 5 • •

V S K 2 7 9 •

A 2 0 0 • • • •

A 2 0 1 • •

A 2 0 2 • • • •

A 2 0 3 • •

A 2 0 4 • •

A 2 0 5 • •

A 2 0 6 • • • •

A 2 0 7 • •

A 2 1 0 • • • • •

A 2 1 3 • •

A 2 1 4 • •

A 2 1 6 • • •

A 2 1 7 • • • • •

A 2 1 8 • •

A 2 4 1 • •

A 2 4 2 • • • •

A 2 4 3 • •

A 2 4 f t • •

A 2 4 Q • •

A P ftft • •

A 2 A 4 • •

\ /R R 1 • • •

V S B 3
• • •

V S B 2 6 9 • •

V S B 2 7 0 • •

XRD-X-ray diffraction; XRF- X-ray flourescence; TS- thin section; EM- electron microprobe; 
ICP-AES-inductively coupled plasma -atomic emission spectroscopy; PGAA-prompt gamma 
activation analysis ___
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BRIEF PETROLOGICAL DESCRIPTION OF SAMPLES

ERIGOZ GRANITE
G 1,G 2,- granite pluton; medium grained grey rock with plagioclase (oligoclase & andesine), K-feldspar, hornblende, and biotite. 
Biotite has replaced hornblende and chlorite has replaced biotite. Accessory magnetite present
G 7, G 8- granite pluton; medium grained grey rock with plagioclase (albite & andesine), K- feldspar (orthoclase), hornblende, biotite, 
quartz with accessory apatite in the biotites and magnetite.
G4,G 5 - granite pluton; medium grained pink rock with plagioclase, K- feldspar, biotite, and quartz, with accessory apatite in the 
biotites, chlorite which has replaced biotite and magnetite found associated with the biotites.
G 23 - aplite vein in granite pluton; finer grained pink-purple rock with quartz, multiple twinned plagioclase, K- feldspar, biotite and 
magnetite.

VOLCANICS WITHIN EMET BASIN

Emet Rhyolites
E 1, E2 - rhyolite sheet; pale pink rock with phenocrysts of K-feldspar (orthoclase), plagioclase (oligoclase & andesine), biotite and 
quartz in a matrix dominated by spherulites. Minor smectite present.
E5, E6- rhyolite sheet; purple porphyritic rock with phenocrysts of biotite (with apatite inclusions), quartz and feldspar in a quartzo- 
feldspathic matrix. Feldspars are part altered to kaolinite.
E 16, E 17 - rhyolite sheet; purple porphyritic rock with phenocrysts of biotite, quartz and feldspars, in an altered glassy matrix. 
Feldspars are part altered to kaolinite.
E 18, E 19 - fhyolite sheet; purple porphyritic rock with phenocrysts of biotite, quartz and feldspars in a fine grained matrix. Feldspars 
are part altered to kaolinite.
E 20, E 21 - rhyolite sheet; grey rock with phenocrysts of biotite, plagioclase, and K- feldspar, in a fine grained quartzo-feldspathic 
matrix.
E 22 - hydrothermal alteration product; rusty brown silicified rock which consists of recrystallised quartz and Fe-oxides.

Emet Latite & Shoshonite
E3.E4- latite lava; grey rock with phenocrysts of biotite and augite in a matrix containing fine needles of K- feldspar.

Additional sample collected by BHP Minerals geologists

E 68 - shoshonite lava; grey rock with phenocrysts of biotite and augite in a matrix of fine feldspar needles.

SEDIMENTS IN THE EMET BASIN

Section A
Section through the Red Formation, which consists of conglomerates interbedded with red sandstones and siltstones (Figure 2.3 in 
main text).
VSE 1 - volcaniclastic siltstone; brown-green sediment with biotite (with apatite inclusions), quartz, plagioclase and K-feldspar 
crystals, rare illite, dioctahedral smectite, kaolinite, remnant pumice.

Section B
Section through the Red Formation, which consists of volcaniclastic siltstone interbedded with fine grained mudstone (Figure 2.3 in 
main text).
VSE 4 - volcaniclastic siltstone; grey ‘crumbly1 sediment with biotite, quartz, plagioclase and K-feldspar crystals, glass, pumice, 
illite/muscovite, smectite, kaolinite.

Additional samples from the Red Formation
VSE 2 - volcaniclastic siltstone; ‘crumbly1 grey-green sediment with biotite, quartz, K-feldspar and illite crystals, calcite aggregates, 
possible remnant pumice (recrystallised quartz) and spherulitic fragments.
VSE 3 - volcaniclastic siltstone; green-grey sediment with biotite, quartz, and K-feldspar crystals, illite/muscovite, spherulitic 
fragments and dolomite in both the matrix and within remnant pumice vesicles.

Section Lower C
Section through the Borate Formation, which consists largely of red-grey siltstones (Figure 2.3 in main text)
VSE 5- siltstone; Quartz, K-feldspar, plagioclase, illite/muscovite 
VSE 6 - siltstone; Quartz, K-feldspar, calcite, illite/muscovite.
VSE 7 - mudstone; Quartz, plagioclase, calcite, illite, smectite.
VSE 8- volcaniclastic siltstone; biotite, quartz, plagioclase, K-feldspar (some authigenic), illite, dioctahedral? smectite.
VSE 9 - volcaniclastic siltstone and limestone; calcite.
VSE 10 - limestone; calcite.

Section Upper C
Section through the Borate Formation, which consists of colemanite-hosting green-grey mudstone (Figure 2.3 in main text).
VSE 11 - mudstone; K-feldspar (authigenic?), calcite, dolomite, illite, trioctahedral smectite, colemanite.
VSE 12 - mudstone; K-feldspar (authigenic?), illite, dolomite, trioctahedral smectite, colemanite.
VSE 13 - mudstone and colemanite; mainly colemanite.
VSE 14 - mudstone; - dolomite, illite, trioctahedral smectite, K-feldspar, colemanite.
VSE 15 - mudstone; calcite, dolomite, illite, trioctahedral smectite, colemanite.
VSE 16■ mudstone; K-feldspar (authigenic?), calcite, dolomite, illite, trioctahedral smectite.
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Section D

Section through grey mudstone of Borate Formation and capping limestone of Upper Limestone Formation (Figure 2.3 in main text) 
VSE 17- mudstone; calcite, quartz, illite/muscovite.

Section E

Section through colemanite-hosting grey mudstone of the Borate Formation (Figure 2.3 in main section).
VSE 18 - mudstone; gypsum, quartz, illite, trioctahedral smectite.
VSE 19 - mudstone; gypsum, K-feldspar (authigenic?), quartz, calcite, illite, trioctahedral smectite.
VSE20 - mudstone; illite, trioctahedral smectite, colemanite.

Section F
Section through grey mudstone and siltstone of the Borate Formation (Figure 2.3 in main section).
VSE21 - mudstone; quartz, calcite, illite/muscovite.
VSE 22 - volcaniclastic siltstone; K-feldspar (authigenic?), quartz, plagioclase, biotite and illite crystals, chromite, calcite.

Section G

Section through grey cdemanite-hosting mudstone (Figure 2.3 in main section).
VSE 23 - mudstone; K-feldspar (authigenic?), quartz, calcite, illite, smectite.

VOLCANICS TO THE SOUTH AND WEST OF EMET BASIN (SELENDI, USAK-GURE 
& SIMAV BASINS)

Rhyolites
UG 28, UG 29 - rhyolite sheet; pale pink rock with phenocrysts of biotite (with included apatite), plagioclase and K- feldspar, with a 
dominantly spherulitic matrix.
SE 1 & SE 2- rhyolite sheet; grey porphyritic rock with phenocrysts of biotite, plagioclases, K- feldspars, quartz and hornblende in a 
fine grained glassy matrix.
SE 24, SE 25 - rhyolitic lithic tuff; pale brown rock with angular fragments of K- feldspar, biotite and quartz in a quartz feldspathic 
matrix.

K-Trachytes
SE3 &SE4- K-trachyte sheet; grey porphyritic micaceous rock with phenocrysts of biotite and plagioclase in a fine grained matrix. 

Andesite, latite & shoshonite
UG7, UG 8 - shoshonite lava; dark grey rock with phenocrysts of biotite and augite, with a matrix of feldspar needles. Biotite often 
replaced by chlorite.
SE 12, St 13 - andesite lavas; dark grey rock with phenocrysts of biotite, hornblende, plagioclase and augite in a matrix of feldspar 
needles and glass.
SE 26, SE 27 - latite lava flow; dark grey micaceous rocks with phenocrysts of biotite and augite with some calcite amygdales.
SI 14, SI 15 - latite lava flow; dark grey rock with clinopyroxene phenocrysts, plagioclase needles in the matrix, large calcite 
amygdales.

Additional samples collected by BHP Minerals geologists 

Rhyolites

SE 72 - rhyolite sheet; pale brown rock with phenocrysts of biotite, K- feldspar, plagioclase and quartz in a speckledy altered quartz 
feldspathic matrix.
SE71- altered acid volcanics; grey-white rock with speckledy appearance in thin section, original crystal forms still visible but their 
identities are not discernible. XRD identified alunite and quartz.

Dacites & K-Trachytes
UG58 - trachyte sheet; grey porphyritic rock with phenocrysts of biotite, plagioclase, occasional augite in a fine grained glassy matrix. 
UG 62, UG 63 - dacite sheet; purple rock with phenocrysts of altered biotite, plagioclase, fine grained matrix.
UG 64 - trachyte sheet; grey rock with phenocrysts of altered biotite in a feldspathic matrix.
UG 66, UG 67 - dacite sheet; purple rock with phenocrysts of biotite and plagioclase in a feldspathic matrix.
UG 74, UG 75 - trachyte sheet; dark grey porphyritic rock with phenocrysts of biotite in a fine grained feldspathic matrix.
UG 126 - dacite sheet; purple porphyritic rock with feldspar phenocrysts in a fine grained matrix.

Andesite & latite
UG 65 - andesite sheet; grey rock with phenocrysts of biotite, plagioclase and augite, in a feldspathic matrix.
UG 73 - latite sheet; grey rock with phenocrysts of augite, calcite amygdales and a matrix of small feldspar needles.
UG 142 - latite lava now; grey rock with phenocrysts of biotite in a feldspathic matrix.
UG 145 - latite lava flow; grey rock with phenocrysts of augite in a fine grained feldspathic matrix.

SEDIMENTS IN SELENDI BASIN 

Section H
Section through the Inay Group, which consists of mudstones and siltstones with some limestone beds (Figure 2.4 in main text). 
VSS 1 - mudstone; quartz, plagioclase, ankerite, illite, smectite.
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Section I

Section through the I nay Group, which consists of mudstones, siltstones and occasional limestones beds (Figure 2.4 in main text). 
VSS 2- mudstone; K-feldspar, ankerite, illite.

SEDIMENTS IN USAK-GURE BASIN

Section J

Section through the I nay Group, which consists of mudstone with limestone beds. (Figure 2.5 in main text)
VSUG 1 - mudstone; calcite, illite.

Section K

Section through the Inay Group, which consists of mudstone with thin beds of limestone. (Figure 2.5 in main text) 
VSUG 2 - mudstone; K-feldspar, ankerite, illite, smectite.

VOLCANICS OF THE KIRKA AREA

Kirka Ignimbrites

1208,1209 - ignimbrite; white-grey tuffaceous rock with contains smokey quartz, plagioclase and K-feldspar crystals, pumices and 
lithic fragments.
1219,1220 - ignimbrite; white-grey tuffaceous rock with phenocrysts of plagioclase, K- feldspar, smokey quartz, glass and rare biotite 
in a fine grained matrix. Clasts of fibrous pumice which contain empty vesicles. Clay fractions include illite and smectite.
1221,1222 - ignimbrite; white-grey tuffaceous rock with phenocrysts of plagioclase (oligoclase), K- feldspar (Na & K sanidine), 
smokey quartz and biotite in a fine grained matrix. Clasts of pumice where vesicles are sometimes infilled with calcite.
1250 - ignimbrite; pale grey tuffaceous rock with smokey quartz, plagioclase, K-feldspar and lithic lapilli.
1251, 1252 - ignimbrite; pale grey and black rock with phenocrysts of K- feldspar, smokey quartz, plagioclase (oligoclase) and 
occasional biotite in a fine grained matrix. Flattened pumices observed with fresh black volcanic glass but no vesicles. Crystals of 
quartz and plagioclase observed in the pumices.
1258,1259 - ignimbrite; grey-white tuffaceous rock with phenocrysts of plagioclase, smokey quartz, K- feldspar and occasional biotite 
in a fine grained matrix. Pumices present.
1260 - ignimbrite; grey tuffaceous rock with phenocrysts of plagioclase, smokey quartz, K- feldspar and occasional biotite in a fine 
grained matrix. Pumices present.
1271 - ignimbrite; pale grey tuffaceous rock with phenocrysts of quartz, K- feldspar, plagioclase and occasional biotite in a fine grained 
matrix. Abundant pumices with empty vesicles and also lithic clasts present.

Kirka Rhyolites, Trachytes & Dacites
K227, K228 - rhyolite sheet; white-pink porphyritic rock with phenocrysts of quartz, K- feldspar and biotite in a speckledy fine grained 
matrix.
K229, K 230 - rhyolite sheet; red-brown porphyritic rock with phenocrysts of multiple twinned and zoned plagioclase, K- feldspar, 
biotite, quartz and occasional basal amphibde in a spherulite dominated matrix.
K231, K 232 - rhyolite sheet; pale pink rock with phenocrysts of biotite, K-feldspar (K sanidine) and multiple twinned and zoned 
plagioclase (andesine) in a spherulite dominated matrix.
K233 - dacite sheet; pale grey porphyritic rock with phenocrysts of plagioclase and biotite in a fine grained matrix.
K 234, K235 - dacite sheet; grey porphyritic rock with phenocrysts of biotite, basal amphibole and multiple twinned and zoned 
plagioclase in a glassy matrix.
K236 - rhyolite sheet; purple porphyritic with phenocrysts of plagioclase in a fine grained matrix.
K237 - rhyolite sheet; orange porphyritic rock with same mineralogy as K 227 & K 228 but contains iron oxide staining.
K238, K239 - rhyolite sheet; purple porphyritic rock with phenocrysts of biotite and plagioclase in a fine grained matrix.
K 244, K245 - rhyolite sheet; fine grained banded pink to white rock with visible quartz and feldspar but no phenocrysts observed.
K 246, K 247 - rhyolite sheet; purple banded rock with occasional phenocrysts of quartz and K- feldspar, in a matrix dominantly of 
spherulites.
K277- rhyolite sheet; fine grained pale grey rock (no phenocrysts)

Kirka Shoshonite
K223,- shoshonite lava flow; dark grey rock with phenocrysts of clinopyroxene and olivine in a matrix of plagioclase needles.
K225, K226 - shoshonite lava flow; dark grey rock with phenocrysts of clinopyroxene (augite), olivine (close to fayalite) and elongate 
plagioclase (bytownite, anorthite) in a matrix of small plagioclase needles.

SEDIMENTS IN KIRKA BASIN

Section L
Section through the Karaoren Formation, which consists of ignimbrite-derived volcaniclastics with occasional conglomerate beds and a 
capping limestone (Figure 2.8 in main text).
VSK 265, 266 - ignimbrite-derived volcaniclastics; grey-green tuffaceous rocks with quartz, K-feldspar and plagioclase crystals, and 
pumice lapilli in a calcite matrix. Pumice vesicles infilled by calcite.
VSK279 - volcanic clast; phenocrysts of plagioclase, K-feldspar, biotite and basal hornblende in a matrix dominated by spherulites. 

Section M
Section through the Karaoren Formation, which consists of fine grained tuffaceous beds which grade upwards into coarser tuff (Figure

V'SK 2^256^257 - ignimbrite-derived volcaniclastics; pale green tuffaceous rock with quartz, K-feldspar, plagioclase, and rare biotite 
phenocrysts and pumice lapilli in a calcite matrix. Pumice vesicles infilled by calcite.
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Section N

Section through the Karaoren Formation, which consists of ignimbrite-derived volcaniclastics below cherty limestone beds (Fiaure 2.8 
in main text).
VSK 272 - ignimbrite-derived volcaniclastics; contains quartz, K-feldspar, plagioclase and rare biotite phenocrysts, and pumice lapilli 
in a fine grained matrix.

Additional samples collected from the Karaoren Formation;
VSK 267, VSK 268 - ignimbrite-derived volcaniclastics; pale green tuffaceous rock with quartz, K-feldspar (Na & K sanidine), and 
plagioclase (oligoclase) phenocrysts, and pumice lapilli in matrix with some calcite. Also contains glass and clinoptilolite.
VSK 273 - ignimbrite-derived volcaniclastics; contains quartz, K-feldspar and plagioclase phenocrysts, and pumice lapilli in a fine 
grained matnx.
VSK 275 - ignimbrite-derived volcaniclastics; grey - white tuffaceous rock with quartz, K-feldspar and plagioclase phenocrysts, and 
pumice lapilli in a matrix of calcite. Pumice vesicles infilled by calcite.

Samples from the Sarikaya Formation

VSK 1 - interbedded carbonate and mudstone; The light brown carbonate is dolomite and the grey mudstone beds largely comprise 
smectite.
VSK 2 - mudstone bed; trioctahedral smectite & dolomite.
VSK 3- carbonate; dolomite.
VSK 4 - mudstone; trioctahedral smectite, illite and K-feldspar (authigenic?).

Samples from the Fetiye Formation
VSK 261, VSK 262 - ignimbrite-derived volcaniclastics; pale brown cemented rock with quartz, K-feldspar, plagioclase and rare biotite 
phenocrysts, and pumice lapilli in a calcite matrix. Pumice vesicles infilled with calcite.
VSK 274 - ignimbrite-derived volcaniclastics; pale brown tuffaceous rock with quartz, K-feldspar and plagioclase phenocrysts, and 
pumice lapilli in a calcite matrix. Pumice vesicles infilled with calcite.

VOLCANICS FROM THE AFYON AREA

Afyon K-Trachyte & Latite

A 202, A 203 - latite; purple porphyritic rock with phenocrysts of sanidine, biotite, hornblende and zoned and multiple twinned 
plagioclase in a matrix which contains clinopyroxenes and feldspars.
A 204, A 205 - K-trachyte; grey porphyritic rock with phenocrysts of sanidine, hornblende, clinopyroxene, zoned and multiple twinned 
plagioclase (andesine) and biotite in a matrix of feldspar needles.
A 210 - K-trachyte; light grey porphyritic rock with phenocrysts of sanidine, hornblende, clinopyroxene, multiple twinned plagioclase 
(andesine) and K- feldspar in a matnx largely of feldspar needles. The large sanidine crystals can be several cm in length.
A 217, A 218 - latite; purple porphyritic rock with phenocrysts of sanidine (K sanidine with andesine inter growths), biotite, hornblende 
and plagioclase in a matrix of feldspar needles.
A 242, A 243 - latite; pale grey porphyritic rock with phenocryst of sanidine, biotite, hornblende, clinopyroxene and plagioclase in a fine 
grained matrix.

Afyon Mafic Lavas

A 200, A 201 - latite sheet; dark grey-purple rock with phenocrysts of altered biotite and clinopyroxene in a matrix of small feldspar
H00C06S.
A 206, A207- latite lava flow; dark grey vesicular rock with phenocrysts of clinopyroxene in a matrix of small feldspar needles.
A 213, A 214 - latite lavas; pale grey rock with phenocrysts of highly altered biotite, plagioclase and clinopyroxene in a matrix of small 
feldspar needles.
A 216 - K-trachyte sheet; pale grey rock with phenocrysts of altered biotite and clinopyroxene in a matrix of feldspar needles.
A 241- shoshonite lavas; dark grey rock with phenocrysts of clinopyroxene and biotite in a matrix of feldspar needles.
A 248, A 249 - latite sheet; grey rock with phenocrysts of altered biotite, clinopyroxene and plagioclase in a matrix of feldspars.
A 253, A 254 - shoshonite lavas; purple rock with phenocrysts of altered biotite, clinopyroxene and plagioclase in a matrix of small 
feldspar needles.

SEDIMENTS FROM THE AFYON AREA (Balmahmut)

Section O
Section consisting of siltstones and mudstones, which lie above Afyon sanidine-bearing latite and below cherty limestone.
VSB 3 - mudstone; K-feldspar, plagioclase, illite/muscovite.
VSB 270 - tuffaceous material below section; crumbly grey tuffaceous rock with phenocrysts of biotite, plagioclase, K- feldspar, rare 
quartz and some pumice in a fine grained matrix.

Section P
Section consisting of mudstone with conglomerate and limestone beds which lies above a 15m thick bedded tuff unit and below thick 
cherty capping limestone.
VSB 1- mudstone; K-feldspar, calcite, illite/muscovite.
VSB 269 - tuffaceous matrix of the agglomerates from below the section; brown tuffaceous rock with phenocrysts of biotite, 
plagioclase, K- feldspar and it contains pumices with a fine grained matrix.
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Appendix E (K-Ar Dating)

T h e  K -A r  d a t in g  o f f if te e n  ig n e o u s  s a m p le s  fro m  th e  U S E  a r e a  w a s  c a rr ie d  o u t a t  th e  N E R C  Is o to p e  

G e o s c ie n c e  L a b o ra to r ie s  (N IG L )  in 1 9 9 4 .  T h e  w h o le  ro ck  a n d  m in e ra l s e p a ra te  fra c tio n s  w e r e  p re p a re d  

b y  th is  a u th o r , w h ile  th e  a n a ly t ic a l w o rk  w a s  c o n d u c te d  b y  D r  G e o ff  N o w e ll.

Sample Preparation

D a tin g  w a s  c a rr ie d  o u t o n  s e p a r a te d  b io tite  w h e r e  p o s s ib le . In th e  f in e r  g ra in e d  m a fic  s a m p le s  th is  

w a s  n o t p o s s ib le  a n d  th e r e fo r e  d a t in g  w a s  c o n d u c te d  o n  w h o le  ro c k  fra c tio n s . C o a r s e  g ra in e d  ro ck  

c ru s h  w a s  firs t p ro d u c e d  a t  L e ic e s te r  U n iv e rs ity  w ith  a  ‘fly  p re s s ’ . T h is  c o a rs e  g ra in e d  c ru s h  w a s  th e n  

s ie v e d  in to  1 2 5 - 2 5 0  a n d  2 5 0 - 5 0 0  | im  f ra c tio n s  a t  N IG L . T h e  s ie v e d  fra c tio n s  w e re  w a s h e d  in d e 

io n is e d  w a te r  to  re m o v e  a n y  f in e  p o w d e r  a n d  d r ie d  a t  < 1 5 0 ° C .  B io tite  w a s  s e p a r a te d  fro m  th e  tw o  

fra c tio n s  u s in g  a  F ra n tz  m a g n e tic  s e p a ra to r  a n d  b y  m a n u a l s e p a ra tio n  on  a  c le a n  p ie c e  o f p a p e r.

Analytical Procedure

P o ta s s iu m  w a s  a n a ly s e d  in a t  le a s t  d u p lic a te  b y  c o n v e n tio n a l m ix e d -a c id  d ig e s tio n  a n d  f la m e  

p h o to m e try  u s in g  a  lith iu m  in te rn a l s ta n d a rd . E rro rs  a re  e x p re s s e d  a s  th e  d if fe re n c e  b e tw e e n  th e  m e a n  

a n d  in d iv id u a l v a lu e s  e x p r e s s e d  a s  a  p e r c e n ta g e .  A rg o n  w a s  e x tr a c te d  fro m  th e  s a m p le  b y  fu s io n  

u n d e r  v a c u u m  u s in g  e x te r n a l R F  in d u c tio n  h e a tin g  a n d  a n a ly s e d  b y  th e  is o to p e  d ilu tio n  m e th o d  on  a  

M M 1 2 0 0  m a s s  s p e c t ro m e te r .  E r ro rs  fo r  th e  a rg o n  d e te rm in a t io n s  a re  c o m p o u n d e d  fro m  th e  e rro rs  on  

th e  is o to p e  ra t io  m e a s u r e m e n ts  a n d  s p ik e  c a lib ra t io n  a n d  in c lu d e  a n y  e r ro r  m a g n if ic a tio n  d u e  to  

c o rre c tio n  fo r  c o n ta m in a t in g  a tm o s p h e r ic  a rg o n . B o th  th e  p o ta s s iu m  a n d  a rg o n  s y s te m s  a re  c a lib ra te d  

re g u la r ly  a g a in s t  in te r n a t io n a l ro c k  s ta n d a r d s . A g e s  w e r e  c a lc u la te d  u s in g  th e  d e c a y  a n d  o th e r  

c o n s ta n ts  re c o m m e n d e d  b y  S te ig e r  a n d  J a g e r  (1 9 7 7 )  a n d  e rro rs  a re  q u o te d  a t 9 5 %  c o n fid e n c e  leve l.

Results

Analytical details and results of K-Ar dating on the USE volcanic and granitic samples

Sample Type K (%) n Error
(%)

Argon 
Run no.

Ar (g) Atmos
40Ar
(nl)

Atmos
40Ar
(%)

Rad.
40Ar
(ni/g)

Error
(%)

Age
(Ma)

Error
(Ma)

E1 Biotite 6.84 2 0.11 3977 0.2106 0.31 21.50 5.3992 1.1 202 0.4
E6 Biotite 6.52 2 028 4044 0.2891 1.8 54.53 5.184 1.6 202 0.6
E3 WR 5.03 2 0.03 3998 1.8134 0.75 12.38 2.933 1 14.9 0.3
G5 Biotite 5.45 3 3.43 4000 0.2581 1.31 57.30 3.7746 1.7 17.7 1.3
G8 Biotite 5.48 3 1.01 4001 0.2248 0.47 32.07 4.3859 1.1 202 0.6

SE25 Biotite 6.78 3 1.04 3978 0.2307 0.46 27.3 5.3036 1.1 20 0.6
SE 1 Biotite 6.78 2 1.19 4046 0.2199 0.46 29.43 5.009 1.1 18.9 0.6
SE3 Biotite 5.11 3 1.49 4045 0.4324 0.51 28.32 2.9784 1.1 142 0.6

SE 12 WR 2.05 2 0.90 3981 1.9064 3.51 57.73 1.3472 1.7 162 0.7
UG 28 Biotite 6.53 3 2.47 3982 0.2513 1.12 49.67 4.491 1.4 172 1
UG58 WR 528 3 0.91 4027 1.9969 1.39 1823 3.1174 1 15.1 0.4
UG 63 WR 2.76 2 0.52 4030 2.4851 0.94 19.41 1.5757 1 14.6 0.3
UG 75 WR 5.19 2 0.15 4029 1.7345 3.82 40.73 3209 12 15.9 0.4
UG 142 WR 6.94 3 0.99 4024 2.9027 13.79 53.61 4.1103 1.6 152 0.6
UG 145 WR 5.24 2 0.74 4026 1.7015 1.36 20.19 3.1607 1 152 0.4

n = number of analyses used to determine the mean K content. WR = whole rock fraction used.
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Appendix F (40Ar/39Ar dating)

40A r/39A r  d a tin g  o f th e  K irk a  Ig n im b rite  (s a m p le  1219) w a s  c a rr ie d  o u t a t  th e  U n iv e rs ity  o f L e e d s  b y  M r  

D a v e  R e x  in 1 9 9 4 .  T h e  d a te  w a s  o b ta in e d  fro m  a  b io tite  fra c tio n . T h e  a n a ly t ic a l p ro c e d u re  fo llo w e d  by  

th e  U n iv e rs ity  o f L e e d s  ^ A r / ^ A r  la b o ra to ry  is o u tlin e d  b e lo w .

Analytical Procedure

40A r/39A r a n a ly s is  fo llo w e d  th e  m e th o d  d e s c r ib e d  b y  R e x  e t a l., ( 1 9 9 3 )  w ith  th e  fo llo w in g  va ria tio n s :  

S a m p le s  w e r e  ir ra d ia te d  a t  th e  F o rd  R e a c to r , A n n  A rb o r, M ic h ig a n , in te rfe re n c e  c o rre c tio n  fa c to rs  w e re  

( 4 0 /3 9 ) K  =  0 .0 3 ,  ( 3 6 /3 9 ) C a  =  1 0 0 0  a n d  ( 3 7 /3 9 ) C a  =  0 .2 4 .  S ta n d a rd s  u s e d  to  m o n ito r  th e  n e u tro n  

f lu e n c e  w e r e  5  a liq u o ts  e a c h  o f T in to  b io tite  (R e x  &  G u is e  1 9 8 6 )  a n d  h o rn b le n d e s  M M H b l  a n d  H b 3 g r  

(q v  R e x  e t  a l .  1 9 9 3 ) .  A r g o n  is o to p e  a n a ly s e s  w e r e  p e r fo rm e d  u s in g  a  m o d if ie d  M S  1 0  m a s s  

s p e c tro m e te r  w ith  4 .2 k  G a u s s  m a g n e t  a n d  v o lta g e  p e a k  ju m p in g  u n d e r  c o m p u te r  c o n tro l. Ion  b e a m s  

w e re  d e te c te d  b y  a  V G  p re -a m p li f ie r  w ith  4  x  1 0 1°  o h m  re s is to r , d ig itis e d  w ith  a  K e ith le y ™  2 0 0 0  

v o ltm e te r  a n d  s to re d  o n  c o m p u te r  d is c  fo r  s u b s e q u e n t  p ro c e s s in g . M e a s u r e d  a tm o s p h e r ic  ^ A r / ^ A r  

w a s  2 8 7 .8  ±  0 .2  a n d  s e n s it iv ity  1 .3 5  x  1 0 -7  c m 3V '1.

Results

F ig u re  F1 s h o w s  a  f la t s p e c tru m  g iv in g  a n  a g e  o f 1 8 .6  ±  0 .5  M a  fo r th e  s e p a ra te d  b io tite  fro m  s a m p le  

I 2 1 9 .  A d d it io n a l d a ta  fro m  th e  a n a ly s is  is p re s e n te d  b e lo w .

S a m p le  I 2 1 9 ,  ru n  2 1 2 8 ,  w e ig h t  =  0 .0 1 4 9 g ,  J v a lu e  =  0 .0 0 3 9 0  ±  0 .5  %

Temp (°C) 39An< 
X10’9 cm3

37Arca 
X 10'9 cm3

^Arci 
X 10‘9 cm3

Ca/K •W^Arx %Atm
40Ar

Age (Ma) Error (Ma) %39

635 1.0 0.05 0.3 0.091 2.754 86.3 19.3 6.4 3.5
770 6.5 0.05 1.6 0.016 2.841 9.9 19.9 0.9 22.9
840 2.9 0.02 0.7 0.013 2.485 202 17.4 22 10.4
915 7.5 0.03 1.8 0.009 2.639 8.4 18.5 0.6 26.7
975 9.3 0.02 22 0.005 2.637 72 18.5 0.7 33.0
1025 1.0 0.07 02 0.145 2.100 31.8 14.7 4.8 3.5

In te g ra te d  v a lu e s , a n a ly t ic a l a n d  J e rro rs  

Age (Ma)18.6 0.5 0.5

* 4 0 /39A ik  2 .6 5 4  2 .7 %

W t %  K  =  6 .9 ,  * 4 0  =  5 0 .3  X  1 0  7 c m 3 g '1

E rro rs  a r e  2  o , * 4 0  =  v o l. R a d io g e n ic  40A r, g a s  v o lu m e s  c o rre c te d  to  S T P .
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FIGURE F1 - Argon spectra for biotite separate from the Kirka Ignimbrite (sample 
1219)

40 60 80
Cumulative % 39 Ar

1 0 0
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Appendix G (XRD)

Appendix G (X-Ray Diffraction)

X -ra y  d iffra c tio n  (X R D )  w a s  c a rr ie d  o u t a t  th e  U n iv e rs ity  o f L e ic e s te r . X R D  a n a ly s e s  w e r e  c o n d u c te d  

o n  w h o le  ro c k  fra c tio n s  fro m  a  ra n g e  o f v o lc a n ic  a n d  v o lc a n ic la s tic  ro cks  fro m  th e  U S E K A  a re a , a n d  on  

c la y  fra c tio n s  (<  2  p m ) fro m  s e le c te d  E m e t  a n d  K irk a  B a s in  s e d im e n ts .

Sample preparation

W h o le  ro c k  f ra c tio n s  c o n s is te d  o f f in e  g ra in e d  p o w d e rs , w h ic h  w e r e  p ro d u c e d  b y  c ru s h in g  w h o le  

ro c k  s a m p le s  u s in g  a  fly  p re s s  fo llo w e d  b y  a n  a g a te  m ill. T h e s e  p o w d e rs  w e re  p a c k e d  c a re fu lly  in to  A l 

h o ld e rs  a n d  th e n  lo a d e d  d ire c tly  in to  th e  X R D  m a c h in e .

F in e  g ra in e d  p o w d e rs  w e r e  a ls o  u s e d  fo r  th e  p re p a ra tio n  o f c la y  fra c tio n s  (<  2  p m ). T h e  p o w d e r  w a s  

firs t m ix e d  w ith  a  d e f lo c c u la t io n  a g e n t  (h e x a m e ta p h o s p h a te )  a n d  th e n  a llo w e d  to  s e tt le  o v e r  n ig ht. T h e  

c la y  fra c t io n s  w e r e  s u b s e q u e n t ly  s e p a r a te d  f ro m  th e  c o a r s e r  fra c tio n s  u s in g  a  c e n tr ifu g e . T h e  c la y  

fra c tio n s  w e r e  th e n  p ip e tte d  o n to  a  g la s s  p la te  a n d  a llo w e d  to  d ry  in a ir. T h e  g la s s  p la te s  w e re  p la c e d  in 

th e  A l h o ld e rs , a n d  X R D  a n a ly s e s  w e re  c a rr ie d  o u t o n  th e s e  a ir  d rie d  s a m p le s .

A fte r  X R D  a n a ly s is , th e  g la s s  p la te s  w e r e  p la c e d  in a  d e s s ic a to r  c o n ta in in g  e th y le n e  g ly c o l a t  6 0 ° C  

o v e r  n ig h t. T h e s e  g ly c o la te d  s a m p le s  w e r e  re -ru n  u s in g  th e  s a m e  X R D  o p e ra t in g  c o n d itio n s  a s  fo r  th e  

a ir  d r ie d  ru n . T h e  n e x t  s ta g e  w a s  to  h e a t  th e  s a m p le s  in a  fu r n a c e  a t  3 3 0 ° C  fo r  o n e  h o u r, b e fo re  

a n a ly s in g  a g a in . F in a lly , th e  s a m p le s  w e r e  h e a te d  to  5 5 0 ° C  fo r o n e  h o u r a n d  re -ru n . H e n c e , fo u r X R D  

s c a n s  w e r e  g e n e ra te d  fro m  th e  c la y  fra c tio n s ; a ir  d rie d , g ly c o la te d , 3 3 0 ° C ,  5 5 0 ° C .

Analytical conditions
T h e  X R D  a n a ly s e s  w e r e  c a r r ie d  o u t u s in g  a  P h ilip s  P W  1 7 2 9  X - r a y  g e n e ra to r  e q u ip p e d  w ith  a  P W  

1 7 1 0  c o m p u te r is e d  c o n tro l u n it. T h e  m a c h in e  w a s  o p e ra te d  a t 4 0  k V  a n d  3 0  m A , u s in g  C u -K  a lp h a  

ra d ia tio n  a n d  a  s c a n n in g  s p e e d  o f 1 °  2 0 /m in .

Results
A  s u m m a ry  o f m in e ra ls  id e n tif ie d  in th e  U S E K A  s a m p le s  is p re s e n te d  b e lo w :

Emet volcanics

E 2  - p la g io c la s e , K -fe ld s p a r , m ic a , s m e c tite  (w h o le  rock)

E 4  - a u g ite , K -fe ld s p a r , m ic a , s m e c tite  (w h o le  ro ck)

E 1 6  - q u a r tz , K -fe ld s p a r , m ic a , k a o lin ite  (w h o le  rock)

E 1 8  - q u a r tz , K -fe ld s p a r , p la g io c la s e , m ic a , k a o lin ite  (w h o le  rock)

E 2 1  - q u a rtz , p la g io c la s e , m ic a  (w h o le  ro ck)

E 2 2  - q u a r tz  (w h o le  ro ck )

S E  7 2  - q u a r tz , p la g io c la s e , K -fe ld s p a r , m ic a  (w h o le  rock)

S E 7 1  - a lu n ite , q u a r tz  (w h o le  ro ck )
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Appendix G (XRD)

Emet Basin sediments

V S E  1 - s m e c t ite ,  illite , k a o lin ite , q u a r tz ,  K -fe ld s p a r , p la g io c la s e  (w h o le  ro ck ); s m e c tite , illite , k a o lin ite  

(c la y  s e p a ra t io n )

V S E  2  -  illite , q u a rtz , K -fe ld s p a r , c a lc ite  (w h o le  ro ck )

V S E  3  - illite , q u a r tz , K -fe ld s p a r , d o lo m ite  (w h o le  rock)

V S E  4  -  s m e c tite , illite, k a o lin ite , g la s s , q u a rtz , K -fe ld s p a r, p la g io c la s e  (w h o le  ro c k )

V S E  5  - illite , q u a rtz , K -fe ld s p a r , p la g io c la s e  (w h o le  rock)

V S E  6  - illite , q u a rtz , K -fe ld s p a r , c a lc ite  (w h o le  ro ck)

V S E  7  - s m e c tite , illite, q u a r tz , p la g io c la s e , c a lc ite  (w h o le  rock)

V S E  8  - s m e c tite , illite, K - fe ld s p a r  (w h o le  ro ck); s m e c tite , illite (c la y  s e p a ra tio n )

V S E  9  -  c a lc ite  (w h o le  ro ck)

V S E  1 0  - c a lc ite  (w h o le  ro ck)

V S E  11 - t r io c ta h e d ra l s m e c t ite , illite , K -fe ld s p a r , c o le m a n ite , c a lc ite , d o lo m ite  (w h o le  rock)

V S E  1 2  - tr io c ta h e d ra l s m e c t ite , illite , K -fe ld s p a r , c o le m a n ite , d o lo m ite  (w h o le  ro ck )

V S E  1 3  - c o le m a n ite  (w h o le  ro c k )

V S E  1 4  - tr io c ta h e d ra l s m e c t ite , illite , K -fe ld s p a r , c o le m a n ite , d o lo m ite  (w h o le  ro ck)

V S E  1 5  - tr io c ta h e d ra l s m e c tite , illite , c o le m a n ite , d o lo m ite , c a lc ite  (w h o le  ro ck)

V S E  1 6  - t r io c ta h e d ra l s m e c t ite ,  illite , K - fe ld s p a r ,  d o lo m ite , c a lc ite  (w h o le  ro c k ); s m e c t ite , illite  (c la y  

s e p a r a t io n )

V S E  1 7  - illite , c a lc ite , q u a r tz  (w h o le  ro ck)

V S E  1 8  - tr io c ta h e d ra l s m e c tite , illite , q u a r tz , g y p s u m  (w h o le  rock)

V S E  1 9  - tr io c ta h e d ra l s m e c t ite , illite , K -fe ld s p a r , q u a rtz , g y p s u m , c a lc ite  (w h o le  rock)

V S E  2 0  - tr io c ta h e d ra l s m e c tite , illite , c o le m a n ite  (w h o le  rock)

V S E  21  - illite, c a lc ite , q u a r tz  (w h o le  ro ck )

V S E  2 2  - illite , q u a r tz , p la g io c la s e , K -fe ld s p a r , c a lc ite  (w h o le  rock)

V S E  2 3  - s m e c tite , illite , q u a r tz , K -fe ld s p a r , c a lc ite  (w h o le  rock); s m e c tite , illite (c la y  s e p a ra tio n )

Selendi Basin sediments

V S S  1 - s m e c tite , illite , q u a r tz , p la g io c la s e , a n k e r ite  (w h o le  rock)

V S S  2  - illite , K -fe ld s p a r , a n k e r ite  (w h o le  ro ck )

Usak-Gure Basin sediments 

V S U G  1 - illite, c a lc ite  (w h o le  rock)

V S U G  2  -  s m e c tite , illite , K -fe ld s p a r , a n k e r ite  (w h o le  rock)

Kirka Ignimbrite

1219 - s m e c tite , illite, g la s s , q u a r tz , K -fe ld s p a r, p la g io c la s e  (w h o le  rock); s m e c tite , illite (c la y  s e p a ra tio n )

I 2 2 1  - s m e c tite , illite , q u a r tz , K -fe ld s p a r  (w h o le  rock)
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1250 - s m e c tite , illite , q u a rtz , K -fe ld s p a r , p la g io c la s e  (w h o le  rock)

1252 - s m e c tite , illite , g la s s , q u a rtz , p la g io c la s e  (w h o le  rock)

1258 - s m e c tite , illite , q u a rtz , K -fe ld s p a r , p la g io c la s e  (w h o le  rock)

Kirka Basin sediments

V S K  1 - s m e c tite , d o lo m ite  (w h o le  ro c k )

V S K  2  - t r io c ta h e d ra l s m e c tite , d o lo m ite  (w h o le  rock); s m e c tite  (c la y  s e p a ra tio n )

V S K  3  - d o lo m ite  (w h o le  ro c k )

V S K  4  - t r io c ta h e d ra l s m e c tite , illite, K -fe ld s p a r  (w h o le  rock); s m e c tite , illite (c la y  s e p a ra tio n )

V S K  2 5 6  - p la g io c la s e , c a lc ite  (w h o le  ro ck )

V S K  2 6 2  - c a lc ite  (w h o le  ro c k )

V S K  2 6 5  -  s m e c tite , illite, c a lc ite  (w h o le  ro c k )

V S K  2 6 7  - illite , g la s s , q u a r tz , K -fe ld s p a r , c lin o p tilo lite  (w h o le  rock)

Sediments from Afyon area (Balmahmut)

V S B  1 - illite , K -fe ld s p a r , c a lc ite  

V S B  3  - illite , K -fe ld s p a r , p la g io c la s e

Examples of XRD traces

E x a m p le s  o f X R D  t ra c e s  a r e  s h o w n  o v e r  le a f. V S E  1 4  is a  m u d s to n e  s a m p le  fro m  S e c t io n  U p p e r  C  

(F ig u re  G  1 ), w h ile  V S E  2 0  is a  c o le m a n ite -r ic h  m u d s to n e  s a m p le  fro m  S e c tio n  E  (F ig u re  G  2 )  in E m e t  

B a s in .

Clay identification
S m e c tite  w a s  id e n tif ie d  o n  th e  b a s is  o f a  p e a k  a t - 1 5  A (~  6  tw o  th e ta )  in b o th  w h o le  ro c k  a n d  c la y  

s e p a ra t io n  fra c tio n s  (e g . V S E  1 6 , F ig u r e  G  1 ). A f te r  g ly c o lla tio n , th e  p e a k  s h ifte d  fro m  - 1 5  to  - 1 7  A, 
a n d  a fte r  h e a t  t r e a tm e n t  th e  p e a k  e v e n tu a lly  c o lla p s e d . F u r th e r  id e n tific a tio n  in to  tr io c ta h e d ra l s m e c tite  

w a s  o n  th e  b a s is  o f th e  0 6 0  re f le c tio n s . A  p e a k  o f 1 .5 2 -1 .5 3  A in th e  w h o le  ro c k  tra c e s  w a s  c o n s id e re d  

d ia g n o s tic  o f t r io c ta h e d ra l s m e c t ite . H o w e v e r ,  c a lc ite  a ls o  h a s  a  p e a k  in th is  re g io n  a n d  h e n c e  th e  ratio  

b e tw e e n  th e  3 .0 3  a n d  1 .5 2  A p e a k s  w a s  m e a s u re d  in c a lc ite -r ic h  s a m p le s  (V S E  1 0  &  V S E  1 7 ). T h e  

p ro p o r t io n  o f 0 6 0  re f le c t io n  (~  1 .5 2  A) t a k e n  u p  b y  c a lc ite  in a n y  g iv e n  s a m p le  c o u ld  th e n  b e  

d e te rm in e d . In m o s t o f th e  E m e t  a n d  K irk a  m u d s to n e  s a m p le s , th e  p re s e n c e  o f c a lc ite  a lo n e , cou ld  not 

a c c o u n t  fo r  th e  in te n s ity  o f th e  -  1 .5 2  A p e a k s  a n d  it w a s  th e re fo re  c o n c lu d e d  th a t  t r io c ta h e d ra l  

s m e c t ite  w a s  a ls o  p r e s e n t .  Id e n t if ic a t io n  o f d io c ta h e d ra l s m e c t ite  b y  X R D  m e th o d s  p ro v e d  m o re  

d ifficu lt, d u e  to  o v e r la p  b e tw e e n  th e  1 .5 0  A p e a k  o f th is  s m e c tite  a n d  illite.
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FIGURE G 1 - whole rock and clay separation XRD traces of sample VSE 16
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Appendix H (electron microprobe analysis)

Appendix H (electron microprobe analyses)
Procedural details

Electron microprobe analyses were carried out at the University of Leicester on a JEOL JXA-8600 

Superprobe running a wavelength dispersive system. The analyses were conducted on polished thin 

sections of granitic, volcanic and volcaniclastic samples from the USEKA area. The samples were 

analysed using a general silicate programme which was calibrated to the following standards; natural 

wollastonite for Si and Ca, natural rhodonite for Mn, natural jadeite for Na and Al, natural rutile for Ti, 

natural microcline for K and synthetic standards for Fe, Mg, Cr, and Ni. The operating voltage was 15 kv, 

the probe current was 3 x 10'8 A, and the beam diameters used were < 1 pm (for clay minerals) and 15 

pm (for feldspar, biotite, olivine). The analysed element was measured with a peak count of 20 seconds 

and a background count of 20 seconds. Estimated precision at 2a for the common petrogenetic 

minerals is ± 0.25 % at 50 wt % oxide (calculated from standard deviations of raw intensity data).

Electron microprobe data

Electron microprobe data used in this study is presented in the following pages. Analysed minerals 

include:

Plagioclase, K-feldspar and biotite from granitic, volcanic and volcaniclastic rocks of the USEKA area 

(number of ions on the basis of 32 O for feldspar and 22 O for biotite).

Magnetite from the Erigdz Granite (number of ions on the basis of 32 O).

Olivine from the Kirka Shoshonite (number of ions on the basis of 4 O).

Illite from Emet Basin volcaniclastics (Text Figures 4.2 & 4.4) (number of ions on the basis of 22 O). 

Smectite from volcaniclastic sediments of the Red Formation in Emet Basin (Text Figure 4.2) (number 

of ions on the basis of 22 O).

Glass and matrix (clay) of the Kirka Ignimbrite (Text Figure 3.1a) (number of ions on the basis of 22 O). 

Altered feldspar from the Emet Rhyolite (Text Figure 3.1b) (number of ions on the basis of 22 O).

Matrix (clay) of Borate Formation volcaniclastics (Text Figure 4.4a) (number of ions on the basis of 22 

O).
Authigenic K-feldspar from Borate Formations volcaniclastics (Text Figure 4.4a) (number of ions on the 

basis of 32 O).

Altered plagioclase from Borate Formation volcaniclastics (Text Figure 4.4b) (number of ions on the 

basis of 22 O).

Page H1



Appendix H (electron microprobe)

Plagioclase analyses

Sample G8 G8 G8 G8 G8 G8 G8 G8 E2 E2 E2 E2 E2 E29
Run djal djal djal djal djal djal djal djal dja15 dja3 dja3 dja3 dja3 dja5
Analysis 8 9 10 11 12 13 18 19 18 31 32 33 34 7
Mineral Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag
Si02 59.18 56.9 58.7 60.22 59.28 66.45 58.17 59.92 59.1 61.56 61.41 60.24 58.16 59.69
Ti02 0.01 0 0.01 0.01 0.01 0 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01
AI203 25.41 26.93 24.71 24.31 24.77 19.73 24.62 24.41 24.88 23.17 23.67 24.45 25.78 24.01
Cr203 0.04 0.02 0 0 0 0 0.01 0 0.02 0.01 0.04 0.04 0.01 0.02
FeO 0.25 0.18 0.21 0.15 0.11 0.08 0.16 0.2 0.17 0.1 0.05 0.19 0.12 0.23
MnO 0.01 0.03 0.03 0.01 0.01 0.03 0.03 0.02 0.03 0.01 0.03 0.02 0.03 0
MgO 0 0 0 0 0 0.03 0 0 0.01 0 0 0 0 0
CaO 7.44 9.18 7.15 6.41 7.02 1.17 7.18 6.48 7.64 5.33 5.54 6.6 8.28 6.54
Na20 7.28 6.17 7.35 8.02 7.33 11.06 7.36 7.77 7.13 7.78 7.83 7.35 6.53 7.16
K20 0.29 0.39 0.28 0.36 0.33 0.27 0.4 0.47 0.69 1.07 0.99 0.79 0.54 0.85
NiO 0.02 0.03 0.03 0.03 0.04 0.03 0 0.01 0.02 0 0 0.02 0.02 0
Total 99.93 99.83 98.47 99.52 98.9 98.85 97.94 99.29 99.7 99.04 99.57 99.72 99.48 98.51

Si 10.592 10.246 10.656 10.797 10.698 11.808 10.627 10.774 10.627 11.059 10.982 10.787 10.477 10.819
Al 5.360 5.715 5.286 5.139 5.267 4.131 5.302 5.174 5.274 4.906 4.989 5.162 5.475 5.130
Fe2 0.038 0.026 0.032 0.022 0.016 0.013 0.026 0.029 0.026 0.016 0.006 0.029 0.019 0.035
Na 2.525 2.154 2.586 2.787 2.563 3.811 2.608 2.707 2.486 2.710 2.714 2.554 2.282 2.515
Ca 1.427 1.773 1.392 1.232 1.357 0.224 1.405 1.248 1.472 1.027 1.062 1.267 1.600 1.270
K 0.067 0.090 0.064 0.083 0.077 0.061 0.093 0.109 0.157 0.246 0.227 0.179 0.125 0.195
Total 20.010 20.003 20.016 20.061 19.978 20.048 20.061 20.042 20.042 19.965 19.981 19.978 19.978 19.965
An% 36 45 35 31 35 6 35 32 37 27 28 33 41 34
Or% 3 4 2 3 3 2 3 4 6 8 8 7 5 7

Plagioclase analyses

Sample E2 E2 E2 E2 E2 E2 E2 E2 E2 E29 E29 E29 E29 E20
Run dja15 dja15 dja15 dja15 dja15 dja3 dja3 dja3 dja3 dja5 dja5 dja5 dja5 dja2
Analysis 19 20 21 22 23 27 28 29 30 13 14 17 18 49
Mineral Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag
Si02 59.93 55.79 55.66 55.89 58.43 61.05 61.98 60.89 60.81 60.89 61 59.75 60.04 59.37
Ti02 0.01 0.01 0.01 0.03 0.01 0.01 0.02 0.03 0.04 0.01 0.01 0.01 0.01 0.01
AI203 25.08 27.83 27.97 28.03 25.95 23.79 23.26 23.88 23.99 23.45 23.4 24.28 24.11 24.59
Cr203 0.01 0.01 0.04 0.02 0.04 0.02 0.03 0.04 0.02 0 0.04 0.02 0.04 0.02
FeO 0.18 0.19 0.21 0.22 0.14 0.1 0.13 0.19 0.15 0.25 0.22 0.23 0.24 0.13
MnO 0.01 0 0.01 0 0.03 0.03 0.03 0.02 0.03 0.03 0.01 0.03 0.03 0
MgO 0 0.01 0 0 0.01 0 0 0 0.01 0.01 0 0 0.01 0
CaO 6.86 10.09 10.2 10.25 7.88 6.02 5.37 6.2 6.1 5.8 5.77 6.74 6.56 6.92
Na20 7.25 5.7 5.66 5.65 6.77 7.52 7.89 7.6 7.62 7.38 7.47 7.03 7.09 7.26
K20 0.78 0.39 0.39 0.37 0.58 0.96 1.11 0.87 0.86 0.99 1.01 0.8 0.77 0.76
NiO 0.04 0.01 0.02 0.01 0 0.02 0.02 0.01 0.02 0.01 0.03 0.02 0 0.02
Total 100.2 100.1 100.19 100.5 99.87 99.52 99.84 99.73 99.65 98.82 98.96 98.91 98.9 99.08

Si 10.691 10.048 10.019 10.026 10.480 10.934 11.056 10.896 10.886 10.976 10.982 10.787 10.829 10.714
Al 5.274 5.910 5.936 5.926 5.485 5.021 4.890 5.037 5.062 4.982 4.966 5.168 5.126 5.232
Fe2 0.026 0.029 0.032 0.032 0.022 0.016 0.019 0.029 0.022 0.038 0.032 0.035 0.035 0.019
Na 2.509 1.990 1.974 1.965 2.355 2.611 2.730 2.637 2.643 2.579 2.608 2.461 2.480 2.541
Ca 1.312 1.949 1.968 1.971 1.514 1.155 1.027 1.187 1.171 1.120 1.114 1.302 1.267 1.338
K 0.176 0.090 0.090 0.083 0.131 0.221 0.253 0.198 0.195 0.227 0.234 0.186 0.176 0.176
Total 19.987 20.016 20.019 20.003 19.987 19.958 19.974 19.984 19.981 19.923 19.936 19.939 19.914 20.019
An% 34 49 50 50 39 31 27 31 31 30 30 35 34 34
Or% 7 4 4 4 5 8 8 7 7 8 8 7 7 6

Legend - Plag = plagioclase feldspar
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Appendix H (electron microprobe)

Plagioclase analyses

Sample E29 E29 E29 E29 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 1251
Run dja5 dja5 dja5 dja5 dja4 dja4 dja4 dja8 dja8 dja8 dja8 dja4 dja4 dja3
Analysis 9 10 11 12 43 44 45 9 11 16 31 34 35 16
Mineral Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag
Si02 59.61 58.85 60.29 61.05 64.38 61.7 61.41 72.51 72.46 72.41 63.9 65.56 62.21 63.61
Ti02 0.01 0.06 0 0.01 0.01 0.01 0.01 0.03 0.05 0.07 0.06 0.01 0.01 0.02
AI203 24.73 24.98 23.96 23.56 20.54 23.33 23.34 20.41 22.06 21.75 23.34 20.44 22.86 22.16
Cr203 0 0.04 0 0.04 0 0.04 0.04 0.04 0.04 0.01 0.01 0.04 0.02 0.02
FeO 0.26 0.31 0.23 0.19 0.12 0.15 0.14 0.02 0.04 0.04 0.23 0.16 0.08 0.09
MnO 0.01 0.01 0.03 0.03 0 0.01 0 0 0.03 0.02 0.02 0.01 0.03 0.03
MgO 0 0.02 0 0.01 0.02 0 0.01 0 0 0 0.07 0 0.01 0
CaO 7.08 7.68 6.37 5.79 3.71 5.13 5.31 0.35 1.83 1.68 4.57 2.7 4.8 3.87
Na20 7 6.87 7.43 7.38 8.21 8.53 8.42 5.43 5.06 5.44 6.52 9.53 8.71 8.76
K20 0.77 0.67 0.85 0.96 0.8 0.48 0.48 0.15 0.22 0.3 0.44 0.44 0.42 1.01
NiO 0.02 0.02 0.01 0.01 0.03 0.01 0.02 0.02 0.01 0.02 0 0.01 0.02 0.02
Total 99.49 99.51 99.17 99.03 97.82 99.39 99.18 99.03 101.8 101.8 99.3 98.9 99.17 99.59

Si 10.714 10.602 10.854 10.976 11.594 11.034 11.011 12.410 12.131 12.150 11.299 11.664 11.130 11.318
Al 5.238 5.306 5.085 4.992 4.362 4.918 4.934 4.118 4.355 4.301 4.864 4.285 4.822 4.646
Fe2 0.038 0.048 0.035 0.029 0.019 0.022 0.022 0.003 0.006 0.006 0.035 0.022 0.013 0.013
Na 2.438 2.400 2.595 2.573 2.867 2.957 2.928 1.802 1.642 1.770 2.237 3.286 3.021 3.021
Ca 1.363 1.482 1.229 1.117 0.717 0.982 1.021 0.064 0.330 0.301 0.867 0.515 0.922 0.739
K 0.176 0.154 0.195 0.221 0.182 0.109 0.109 0.032 0.048 0.064 0.099 0.099 0.096 0.230
Total 19.968 19.990 19.994 19.907 19.741 20.022 20.026 18.429 18.512 18.592 19.402 19.872 20.003 19.968
An% 36 38 32 30 20 25 26 3 17 15 28 14 23 20
Or% 7 6 7 8 6 4 4 2 3 3 4 3 3 7

Plagioclase analyses

Sample E20 VSE 8 VSE 8 VSE 8 VSE 1 VSE 1 VSE 1 VSE 22 VSE 22 VSE 22 1251 1251 1251 I268
Run dja2 dja4 dja4 dja4 dja8 dja8 dja8 dja5 dja5 dja5 dja3 dja3 dja3 dja6
Analysis 50 40 41 42 65 73 74 40 31 32 13 14 15 8
Mineral Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag
Si02 59.46 65.55 63.49 63.08 74.08 72.85 71.99 66.55 62.57 59.61 64.06 63.59 63.34 64.67
Ti02 0.01 0.01 0.02 0.07 0 0.08 0.08 0 0.01 0.1 0.01 0.01 0 0.01
AI203 24.52 19.47 20.9 21.86 20.26 20.92 20.62 18.94 21.33 21.41 22.12 22.06 22.04 21.7
Cr203 0.02 0.02 0.01 0.01 0.01 0.03 0.03 0.01 0 0.02 0.02 0.02 0.03 0
FeO 0.09 0.08 0.16 0.12 0.02 0.05 0.06 0.01 0.1 2.81 0.1 0.07 0.07 0.09
MnO 0.01 0.03 0.02 0.05 0.03 0.03 0.01 0.03 0.03 0.05 0.01 0.02 0.01 0.03
MgO 0 0.01 0.07 0.01 0 0 0 0.01 0.01 1.35 0 0 0 0
CaO 6.8 1.32 2.75 3.81 0.15 0.87 0.84 0.33 3.23 2.74 3.71 3.85 3.86 3.14
Na20 7.19 7.5 9.19 8.47 4.4 3.73 5.71 10.88 9.12 7.77 8.86 8.69 8.79 8.61
K20 0.72 4.94 0.91 1.72 0.13 0.11 1.63 0.12 0.45 2.24 1.16 1.13 0.99 1.33
NiO 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0 0.03 0.02 0.04 0.02 0 0.02
Total 98.84 98.94 97.53 99.21 99.16 98.75 101 96.88 96.88 98.12 100.1 99.46 99.13 99.6

Si 10.742 11.818 11.501 11.309 12.573 12.429 12.243 11.990 11.402 10.989 11.344 11.331 11.322 11.472
Al 5.222 4.138 4.461 4.621 4.051 4.208 4.134 4.022 4.582 4.653 4.618 4.634 4.643 4.538
Fe2 0.013 0.013 0.026 0.019 0.003 0.006 0.010 0.000 0.016 0.432 0.016 0.010 0.010 0.013
Na 2.518 2.621 3.229 2.944 1.446 1.235 1.882 3.802 3.222 2.778 3.043 3.002 3.046 2.960
Ca 1.315 0.256 0.534 0.733 0.029 0.160 0.154 0.064 0.630 0.541 0.704 0.736 0.739 0.598
K 0.166 1.136 0.211 0.394 0.029 0.022 0.355 0.029 0.106 0.528 0.262 0.256 0.227 0.301
Total 19.978 19.981 19.962 20.019 18.131 18.061 18.778 19.907 19.958 19.920 19.987 19.968 19.987 19.882
An% 34 9 14 20 2 11 8 2 16 16 19 20 20 17
Or% 6 30 6 12 2 2 16 1 3 16 8 8 7 9

Legend - Plag = plagioclase feldspar
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Appendix H (electron microprobe)

Plagioclase analyses

Sample 1220 I220 I220 I220 I220 I220 I220 K232 K232 K226 K226 K226 K226 K226
Run dja3 dja3 dja3 dja3 dja3 dja3 dja3 dja14 dja14 dja14 dja14 dja14 dja14 dja14
Analysis 47 48 49 51 52 55 56 67 73 33 34 35 36 40
Mineral Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag
Si02 61.93 62.03 61.85 63.13 63.37 63.46 63.27 59.29 59.58 50.24 50.37 50.74 50.87 49.85
Ti02 0.01 0 0.01 0 0 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.05 0.04
AI203 23.05 22.97 23.41 22.54 22.3 22.3 22.14 25.18 25 30.61 30.74 30.78 30.7 30.78
Cr203 0.02 0.04 0.03 0.01 0.01 0.04 0.03 0.01 0.04 0.04 0.02 0.02 0.04 0.01
FeO 0.08 0.16 0.1 0.09 0.1 0.1 0.08 0.25 0.25 0.64 0.63 0.61 0.52 0.57
MnO 0.03 0 0 0 0.03 0.01 0.03 0.03 0.04 0.01 0.01 0.03 0.02 0.03
MgO 0 0 0 0 0 0 0.01 0 0 0.15 0.16 0.17 0.08 0.14
CaO 5.11 5.02 5.37 4.32 4.06 4.12 3.97 7.15 6.9 14.04 14.16 13.86 13.75 14.32
Na20 8.25 8.25 8.19 8.74 8.68 8.68 8.7 6.95 7.09 3.22 3.28 3.27 3.48 3.22
K20 0.78 0.8 0.71 0.92 1.01 0.92 0.95 0.85 0.88 0.4 0.39 0.39 0.37 0.34
NiO 0.04 0.03 0.02 0 0.05 0.01 0.01 0.02 0.02 0.02 0.01 0.02 0.02 0
Total 99.3 99.3 99.69 99.75 99.61 99.65 99.2 99.74 99.81 99.4 99.78 99.9 99.9 99.3

Si 11.088 11.104 11.034 11.229 11.283 11.286 11.302 10.640 10.682 9.245 9.235 9.277 9.299 9.190
Al 4.864 4.848 4.922 4.726 4.678 4.675 4.662 5.325 5.283 6.640 6.643 6.634 6.614 6.688
Fe2 0.013 0.022 0.016 0.013 0.016 0.016 0.013 0.038 0.038 0.099 0.096 0.093 0.080 0.086
Na 2.864 2.864 2.832 3.014 2.995 2.992 3.014 2.419 2.464 1.149 1.165 1.158 1.232 1.152
Ca 0.979 0.963 1.027 0.822 0.774 0.784 0.758 1.376 1.325 2.768 2.781 2.717 2.694 2.829
K 0.179 0.182 0.160 0.208 0.230 0.208 0.218 0.195 0.202 0.093 0.093 0.090 0.086 0.080
Total 19.987 19.984 19.990 20.013 19.978 19.962 19.968 19.994 19.994 19.994 20.013 19.968 20.006 20.026
An% 25 25 27 21 21 21 20 36 35 71 70 70 69 71
Or% 6 6 5 6 7 7 7 7 8 7 7 7 7 6

Plagioclase analyses

Sample I268 K232 K232 K232 K232 K232 K232 K226 K226 K226 K226 K226 A205 A205
Run dja6 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja12 dja12
Analysis 9 52 54 60 63 64 65 43 44 45 41 42 41 51
Mineral Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag
Si02 66.1 59.54 59.68 59.45 59.25 59.97 59.22 49.59 49.81 50.43 50.87 50.55 56.78 59.86
Ti02 0.02 0 0.01 0.03 0.01 0.01 0.02 1.48 1.26 0.04 0 0.04 0.04 0.03
AI203 19.95 24.45 25.05 24.51 25.03 24.29 23.93 2.87 2.88 30.89 30.84 30.79 26.63 24.27
Cr203 0.01 0.02 0 0.02 0.04 0.01 0.04 0.2 0.18 0.04 0.04 0.04 0 0.03
FeO 0.21 0.15 0.2 0.29 0.25 0.24 0.23 10.23 9.85 0.57 0.52 0.56 0.32 0.3
MnO 0.03 0.02 0.04 0.03 0.02 0.02 0 0.32 0.29 0.03 0 0.02 0.03 0.01
MgO 0 0.02 0.01 0.01 0.01 0 0 15.86 15.79 0.13 0.15 0.17 0 0.02
CaO 2.93 6.78 7.04 6.53 7.2 6.32 6.32 18.43 18.53 14.17 14.14 13.97 8.27 6.11
Na20 7.44 7.06 7.07 6.82 6.89 7.33 7.03 0.31 0.31 3.33 3.36 3.33 6 7.26
K20 2.06 0.93 0.86 0.93 0.81 1 0.96 0.06 0.07 0.34 0.34 0.35 0.65 0.95
NiO 0.03 0.02 0.04 0.04 0.02 0.01 0 0.05 0.02 0.02 0.01 0 0.02 0.01
Total 98.78 98.99 100 98.66 99.53 99.2 97.75 99.4 98.99 99.99 100.3 99.82 98.74 98.85

Si 11.789 10.752 10.678 10.758 10.653 10.803 10.816 9.962 10.022 9.226 9.270 9.254 10.32 10.81
Al 4.195 5.203 5.283 5.229 5.306 5.158 5.152 0.678 0.682 6.659 6.624 6.643 5.702 5.165
Fe2 0.032 0.022 0.029 0.045 0.038 0.035 0.035 1.718 1.658 0.086 0.080 0.086 0.048 0.045
Na 2.573 2.470 2.451 2.394 2.403 2.560 2.490 0.122 0.122 1.181 1.187 1.181 2.115 2.541
Ca 0.560 1.312 1.350 1.267 1.386 1.219 1.235 3.968 3.994 2.778 2.762 2.739 1.61 1.181
K 0.467 0.214 0.195 0.214 0.186 0.230 0.224 0.016 0.019 0.080 0.080 0.083 0.15 0.218
Total 19.616 19.974 19.986 19.907 19.971 20.006 19.952 16.464 16.496 20.010 20.003 19.987 19.94 19.96
An% 18 35 36 35 37 32 33 97 97 70 70 70 43 32
Or% 15 8 7 8 7 8 8 12 14 6 6 7 7 8

Legend - Plag = plagioclase feldspar
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Appendix H (electron microprobe)

Plagioclase analyses

Sample A205 A210 A210 A210 A210 A210 A217 A217 A217 A217 A217 A217
Run dja12 dja12 dja12 dja12 dja12 dja12 dja12 dja12 dja12 dja12 dja12 dja12
Analysis 52 53 54 55 59 61 3 4 14 16 17 18
Mineral Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag Plag
Si02 59.37 59.23 60.77 60.93 58.92 57.34 60.55 60.59 60.19 57.99 57.76 58.14
Ti02 0.07 0.01 0.02 0 0 0.08 0 0.02 0.01 0.01 0.01 0.01
AI203 24.14 24.3 23.9 24.05 25.44 25.62 24.66 24.69 24.86 26.05 25.79 26.8
Cr203 0.02 0 0.04 0.02 0.02 0 0.04 0.01 0.01 0 0.04 0.04
FeO 0.22 0.21 0.22 0.21 0.24 0.18 0.2 0.29 0.25 0.24 0.28 0.2
MnO 0.03 0.03 0.01 0.05 0.01 0.03 0.03 0.03 0.02 0.01 0.03 0.03
MgO 0.02 0.01 0 0 0 0.01 0.02 0 0 0 0.02 0.01
CaO 6.04 6.35 5.72 5.82 6.97 7.78 6.42 6.35 6.5 7.86 7.86 8.24
Na20 7.22 7.19 7.39 7.56 6.91 6.62 7.27 7.2 7.25 6.47 6.53 6.39
K20 0.98 0.99 1.14 1.17 0.83 0.66 0.98 1.08 1.05 0.84 0.82 0.71
NiO 0.02 0.02 0.03 0.03 0.01 0.02 0.03 0.01 0.02 0.01 0.02 0.02
Total 98.13 98.34 99.24 99.84 99.35 98.34 100.2 100.3 100.2 99.48 99.16 100.6

Si 10.8 10.76 10.92 10.896 10.61 10.46 10.790 10.794 10.746 10.454 10.458 10.368
Al 5.178 5.206 5.062 5.0688 5.398 5.507 5.181 5.184 5.232 5.536 5.504 5.635
Fe2 0.032 0.032 0.032 0.032 0.035 0.029 0.029 0.045 0.038 0.035 0.042 0.029
Na 2.547 2.534 2.576 2.6208 2.413 2.339 2.512 2.486 2.509 2.262 2.291 2.211
Ca 1.178 1.235 1.101 1.1136 1.344 1.52 1.226 1.213 1.245 1.517 1.523 1.574
K 0.227 0.23 0.262 0.2656 0.192 0.154 0.224 0.246 0.240 0.192 0.189 0.160
Total 19.96 20 19.95 19.997 19.99 20.01 19.96 19.97 20.01 20 20.01 19.98
An% 32 33 30 30 36 39 33 33 33 40 40 42
Or% 8 8 9 9 7 6 8 9 9 8 8 7

Sample G8 G8 G8 G8

K-feldspar analyses

G8 E4 E4 E4 E4 E4 E4 E4 E2 E2
Run djal djal djal dja2 dja2 dja15 dja15 dja15 dja15 dja15 dja15 dja15 dja15 dja15
Analysis 20 21 22 9 10 1 2 4 5 6 7 8 29 30
Mineral Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf
Si02 65.27 65.13 65.1 65.99 64.8 63.54 64.35 63.93 61.99 63.07 63.33 57.88 64.64 64.81
Ti02 0.01 0.03 0.01 0.01 0.02 0.38 0.39 0.34 0.46 0.39 0.3 0.26 0 0.08
AI203 18.39 18.22 18.4 18.33 18.19 17.83 18.65 19.26 18.5 19.39 19.48 23.48 19.08 19.16
Cr203 0.04 0.02 0.01 0 0.04 0.04 0.04 0.01 0.04 0.02 0.02 0.01 0.04 0.02
FeO 0.14 0.06 0.08 0.1 0.07 1.03 0.78 0.64 1.68 0.52 0.56 1.03 0.05 0.06
MnO 0.02 0.01 0 0.02 0.02 0.03 0.03 0 0.03 0.01 0.03 0.03 0 0.01
MgO 0 0 0 0 0 0.19 0.07 0.05 0.24 0.04 0.04 0.45 0 0
CaO 0.07 0.11 0.08 0.09 0.05 0.66 0.52 1.09 2.22 1.2 1.12 6.18 0.16 0.14
Na20 2.1 1.45 2.31 2.66 2.08 2.99 3.28 3.66 3.43 3.23 3.29 4.65 2.92 2.98
K20 13.84 14.59 13.52 13.11 14 11.06 11.46 10.61 9.88 10.63 10.68 4.66 12.46 12.46
NiO 0.02 0.02 0.01 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.01
Total 99.9 99.64 99.52 100.34 99.29 97.85 99.59 99.61 98.49 98.52 98.88 98.69 99.37 99.74

Si 11.990 12.016 11.987 12.029 11.990 11.872 11.824 11.722 11.584 11.683 11.690 10.678 11.882 11.869
Al 3.981 3.962 3.994 3.939 3.968 3.926 4.038 4.163 4.074 4.234 4.237 5.107 4.134 4.138
Fe2 0.022 0.010 0.013 0.016 0.010 0.160 0.118 0.099 0.262 0.080 0.086 0.160 0.006 0.010
Ti 0.000 0.003 0.000 0.000 0.003 0.054 0.054 0.048 0.064 0.054 0.042 0.035 0.000 0.010
Mg 0.000 0.000 0.000 0.000 0.000 0.054 0.019 0.013 0.067 0.010 0.010 0.125 0.000 0.000
Na 0.749 0.518 0.826 0.941 0.746 1.085 1.168 1.302 1.242 1.162 1.178 1.664 1.040 1.059
Ca 0.013 0.022 0.016 0.016 0.010 0.131 0.102 0.214 0.445 0.237 0.221 1.222 0.032 0.029
K 3.245 3.434 3.178 3.050 3.306 2.637 2.688 2.483 2.355 2.512 2.515 1.098 2.922 2.912
Total 20.000 19.965 20.013 19.990 20.032 19.920 20.013 20.045 20.093 19.971 19.978 20.090 20.016 20.026
An% 2 4 2 2 1 11 8 14 26 17 16 42 3 3
Or% 81 87 79 76 82 71 70 66 65 68 68 40 74 73

Legend - Plag = plagioclase feldspar, Kf = K-feldspar
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Appendix H (electron microprobe)

K-feldspar analyses

Sample E4 E4 E4 E4 E4 E4 E4 E2 E2 E2 E2 E2 VSE 1 VSE 1 VSE 1
Run dja15 dja15 dja15 dja15 dja2 dja2 dja2 dja15 dja15 dja15 dja15 dja15 dja4 dja4 dja4
Analysis 9 10 11 12 25 28 29 24 25 26 27 28 4 9 11
Mineral Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf
SI02 61.61 61.76 61.7 63.25 63.76 63.89 64.39 64.78 64.19 63.75 64.92 64.65 76.07 64.86 63.5
Ti02 0.3 0.44 0.31 0.89 0.32 0.39 0.38 0.01 0.05 0.04 0.02 0.08 0 0.01 0
AI203 20.79 16.18 16.42 18.2 19.07 19.06 19.18 18.83 19.06 19.02 18.92 18.95 10.89 18.29 17.79
Cr203 0.03 0.01 0.04 0.04 0 0.04 0 0.04 0.04 0.04 0.04 0.03 0.04 0.02 0.02
FeO 0.9 4.65 4.2 1.3 0.54 0.35 0.36 0.03 0.03 0.03 0.02 0.02 0.06 0.04 0.08
MnO 0 0.03 0.03 0 0.01 0.03 0 0.03 0.04 0.02 0.02 0.03 0.03 0.01 0.05
MgO 0.01 0.98 1.23 0.08 0.01 0 0 0 0 0 0 0 0 0 0
CaO 2.82 1.46 1.76 1.25 1.2 1.22 1.24 0.14 0.15 0.14 0.16 0.12 0.01 0.01 0.2
Na20 4.1 2.89 2.86 3.15 3.65 3.52 3.6 2.85 2.79 2.86 2.88 2.89 0.63 1.08 3.28
K20 8.36 8.83 8.76 10.58 10.77 10.86 10.89 12.58 12.43 12.42 12.42 12.64 10.36 15.26 12.91
NiO 0.03 0.02 0.03 0.01 0.04 0.02 0.04 0 0.01 0.02 0.01 0.02 0.02 0.02 0.02
Total 98.97 97.34 97.39 98.77 99.37 99.38 100.1 99.29 98.82 98.35 99.46 99.46 98.11 99.6 97.85

Si 11.354 11.738 11.702 11.734 11.731 11.744 11.750 11.920 11.866 11.850 11.910 11.885 13.616 12.000 11.936
Al 4.515 3.626 3.670 3.981 4.134 4.128 4.125 4.083 4.154 4.166 4.093 4.106 2.298 3.990 3.942
Fe2 0.138 0.739 0.666 0.202 0.083 0.054 0.054 0.003 0.003 0.003 0.003 0.003 0.010 0.006 0.013
Na 0.042 0.064 0.045 0.125 0.045 0.054 0.051 0.000 0.006 0.006 0.003 0.010 0.000 0.000 0.000
Ca 0.003 0.278 0.349 0.022 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
K 1.466 1.066 1.053 1.133 1.302 1.254 1.274 1.018 0.998 1.030 1.024 1.030 0.218 0.387 1.197
Total 0.557 0.298 0.358 0.250 0.237 0.240 0.243 0.029 0.029 0.029 0.032 0.022 0.003 0.003 0.042
An% 1.965 2.141 2.118 2.506 2.528 2.547 2.534 2.954 2.931 2.944 2.909 2.963 2.365 3.603 3.098
Or% 20.038 19.949 19.962 19.952 20.064 20.022 20.032 20.006 19.987 20.029 19.974 20.019 18.509 19.990 20.227

28 22 25 18 15 16 16 3 3 3 3 2 1 1 3
57 67 67 69 66 67 67 74 75 

K-feldspar analyses

74 74 74 92 90 72

Sample E20 VSE 1 VSE 1 VSE 1 VSE 1 VSE 1 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 22 VSE 8 VSE 8
Run dja2 dja4 dja4 dja4 71 80 dja4 dja4 dja4 dja4 dja4 dja4 dja5 8
Analysis 58 3 24 25 dja8 dja8 30 31 32 33 36 39 44 dja8 dja30
Mineral Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf
Si02 63.79 64.02 64.92 64.32 66.93 63.79 64.45 64.6 65.05 64.53 64.67 64.21 63.29 66.54 70.23
Ti02 0.01 0.01 0.02 0.01 0.01 0.08 0.02 0.02 0.02 0.02 0.03 0.01 0.03 0.04 0.02
AI203 18.42 17.86 18.13 17.96 18.42 24.36 17.98 18.69 18.32 18.08 18.13 17.89 17.82 19.66 20.36
Cr203 0.01 0.03 0.04 0.03 0.02 0.04 0 0 0.04 0.04 0.02 0.06 0 0.04 0.04
FeO 0.06 0.06 0.12 0.1 0.09 0.17 0.09 0.03 0.05 0.04 0.4 0.13 0.03 0.04 0.14
MnO 0.03 0.03 0.02 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0 0.03 0.03 0 0.06
MgO 0 0 0 0 0 0 0 0 0 0 0.06 0 0 0.07 0.03
CaO 0.23 0.02 0.05 0.04 0.14 3.83 0.01 0.67 0.07 0.07 0.24 0 0.02 0.4 0.01
Na20 2.88 1.13 1.95 1.31 1.05 6.04 1.26 2.66 3.51 1.11 4.65 1.57 0.75 2.75 0.25
K20 12.32 15.35 14.23 15 10.11 0.76 15.02 12.72 11.92 15.31 9.91 14.79 15.72 11.04 15.72
NiO 0.02 0.02 0.01 0.02 0.02 0.04 0.01 0 0.02 0.04 0.02 0.02 0.02 0 0.02
Total 97.77 98.53 99.49 98.8 97.38 99.18 98.85 99.4 99.02 99.26 98.13 98.71 97.71 100.6 106.88

Si 11.926 12.003 12.000 12.006 12.294 11.251 12.016 11.901 11.981 11.997 11.962 12.000 11.987 11.949 12.016
Al 4.058 3.946 3.949 3.952 3.987 5.062 3.952 4.058 3.978 3.962 3.952 3.939 3.978 4.160 4.106
Fe2 0.010 0.010 0.019 0.016 0.013 0.026 0.013 0.003 0.006 0.006 0.061 0.019 0.003 0.006 0.019
Ti 0.000 0.000 0.003 0.000 0.000 0.010 0.003 0.003 0.003 0.003 0.003 0.000 0.003 0.006 0.003
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 0.019 0.006
Na 1.043 0.410 0.698 0.474 0.374 2.064 0.454 0.950 1.254 0.400 1.667 0.570 0.275 0.957 0.083
Ca 0.045 0.003 0.010 0.010 0.029 0.723 0.003 0.131 0.013 0.013 0.048 0.000 0.003 0.077 0.003
K 2.938 3.670 3.357 3.571 2.368 0.170 3.574 2.989 2.800 3.632 2.339 3.526 3.798 2.528 3.430
Total 20.019 20.042 20.035 20.029 19.066 19.306 20.016 20.035 20.035 20.013 20.048 20.054 20.048 19.702 19.667
An% 4 1 1 2 7 26 1 12 1 3 3 0 1 7 4
Or% 74 90 83 88 86 8 89 76 69 90 58 86 93 73 98

Legend - Kf = K-feldspar

Page H6



Appendix H (electron microprobe)

K-feldspar analyses

Sample VSE 1 VSE 1 VSE 1 VSE 1 VSE 1 VSE 1 VSE 1 VSE 8 VSE 8 VSE 8 1251 1251
Run dja4 dja4 dja4 dja4 dja4 dja4 dja4 dja4 dja4 2 dja3 dja3
Analysis 12 17 18 19 20 22 23 46 47 dja8 8 9
Mineral Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf
Si02 64.46 51.18 64.93 64.37 63.43 84.13 82.6 63.15 64.38 76.78 65.68 65.56
Ti02 0.02 0.25 0.01 0.01 0.01 0.03 0.05 0.02 0.01 0.06 0.01 0.01
AI203 18.2 20.12 18.03 18.19 18.29 7.9 8.53 17.81 18.16 20.6 18.31 18.34
Cr203 0.02 0.01 0 0.04 0.01 0 0.01 0.01 0.02 0.02 0 0.04
FeO 0.04 7.24 0.09 0.07 0.13 0.1 0.13 0.05 0.15 0.02 0.04 0.01
MnO 0.02 0.07 0 0 0.02 0.03 0.03 0.03 0.03 0.01 0.02 0.03
MgO 0 4.16 0 0 0 0 0 0 0 0 0 0
CaO 0.06 0.11 0.54 0.07 0.03 0.05 0.05 0.02 0.09 0.12 0.14 0.12
Na20 1.78 0.14 2.34 1.84 2.05 0.45 0.59 0.85 2.64 1.05 3.39 3.45
K20 14.37 7.66 12.44 14.29 13.89 6.74 7.28 15.92 13.26 2.81 12.05 11.9
NiO 0.01 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.01 0.02 0.01
Total 98.98 90.95 98.4 98.9 97.88 99.46 99.29 97.88 98.76 101.55 99.66 99.47

Si 11.981 10.512 12.035 11.974 11.923 14.381 14.227 11.965 11.965 12.726 12.013 12.006
Al 3.987 4.870 3.939 3.987 4.051 1.590 1.731 3.978 3.978 4.026 3.949 3.958
Fe2 0.006 1.245 0.013 0.010 0.019 0.013 0.019 0.006 0.022 0.003 0.006 0.000
Ti 0.003 0.038 0.000 0.000 0.000 0.003 0.006 0.003 0.000 0.006 0.000 0.000
Mg 0.000 1.274 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.640 0.054 0.842 0.662 0.746 0.150 0.198 0.314 0.950 0.336 1.203 1.226
Ca 0.013 0.026 0.109 0.013 0.006 0.010 0.010 0.003 0.019 0.022 0.029 0.022
K 3.408 2.006 2.941 3.392 3.331 1.469 1.600 3.846 3.142 0.595 2.813 2.781
Total 20.038 20.026 19.878 20.038 20.077 17.616 17.792 20.115 20.077 17.715 20.013 19.994
An% 2 32 11 2 1 6 5 1 2 6 2 2
Or% 84 97 78 84 82 91 89 92 77 64 70 69

K-feldspar analyses

Sample VSE 2 VSE 2 VSE 22 VSE 22 VSE 22 1251 1251 1251 1251 1251 I220 I220
Run dja4 dja4 dja5 dja5 dja5 dja3 dja3 dja3 dja3 dja3 dja3 dja3
Analysis 57 58 35 36 43 5 6 7 17 18 41 42
Mineral Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf
Si02 63.62 63.73 63.53 64.35 57.67 65.28 65.77 66.03 65.64 66.14 65.26 65.38
Ti02 0.02 0.01 0.04 0.03 0.01 0.03 0.01 0.01 0.01 0.03 0.01 0.01
AI203 17.98 18.2 18.23 18.03 16.27 18.47 18.46 18.45 18.55 18.42 18.26 18.32
Cr203 0.01 0.04 0.02 0.01 0.02 0.02 0.02 0.01 0 0 0.02 0.04
FeO 0.02 0.01 0.08 0.06 0.1 0.04 0.03 0.08 0.03 0.05 0.06 0.08
MnO 0.03 0.03 0.02 0.03 0.02 0.03 0.01 0.03 0.03 0 0.02 0.03
MgO 0 0 0 0 0 0 0 0 0 0 0 0
CaO 0.13 0.07 0.19 0.14 0.16 0.19 0.16 0.13 0.16 0.15 0.13 0.16
Na20 1.07 1.16 2.44 2.4 0.46 3.54 3.44 3.52 3.38 3.38 3.32 3.25
K20 15.31 15.34 12.72 13.07 15.58 11.88 11.97 11.8 12.05 12.11 12.06 12.08
NiO 0.02 0.03 0.02 0.02 0 0.02 0 0.02 0.02 0.02 0.02 0.01
Total 98.21 98.62 97.29 98.14 90.29 99.5 99.87 100.08 99.87 100.3 99.16 99.36

Si 11.971 11.942 11.949 12.003 11.920 11.965 12.000 12.013 11.984 12.019 12.003 12.000
Al 3.987 4.019 4.042 3.965 3.965 3.990 3.971 3.955 3.990 3.946 3.958 3.965
Fe2 0.003 0.000 0.013 0.010 0.016 0.006 0.003 0.013 0.003 0.006 0.010 0.013
Ti 0.003 0.000 0.006 0.003 0.000 0.003 0.000 0.000 0.000 0.003 0.000 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.390 0.422 0.890 0.867 0.186 1.258 1.216 1.242 1.197 1.190 1.184 1.155
Ca 0.026 0.013 0.038 0.029 0.035 0.038 0.032 0.026 0.032 0.029 0.026 0.032
K 3.674 3.667 3.053 3.110 4.109 2.778 2.787 2.739 2.806 2.806 2.829 2.829
Total 20.054 20.064 19.990 19.987 20.230 20.038 20.010 19.987 20.013 20.000 20.010 19.994
An% 6 3 4 3 16 3 3 2 3 2 2 3
Or% 90 90 77 78 96 69 70 69 70 70 70 71

Legend - Kf = K-feldspar
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Appendix H (electron microprobe)

K-feldspar analyses

Sample 1251 I220 I268 I268 I268 I268 I268 K232 K232 I220 K232 A217
Run dja3 dja3 dja6 dja6 dja6 dja6 dja6 dja14 dja14 dja3 dja14 dja12
Analysis 10 46 6 7 12 13 18 56 57 45 58 1
Mineral Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf Kf
Si02 65.66 65.5 64.75 65.69 65.75 65.71 79.55 63.7 64.54 65.7 64.65 63.99
Ti02 0.01 0.01 0 0.01 0.01 0.02 0.01 0.03 0.05 0.02 0.01 0.08
AI203 18.4 18.27 18.44 18.64 18.63 18.7 10.86 18.4 18.7 18.36 18.72 18.9
Cr203 0.02 0.01 0.02 0.04 0.04 0.02 0.01 0.02 0.04 0.04 0.02 0.02
FeO 0.05 0.07 0.05 0.04 0.08 0.06 0.47 0.1 0.08 0.04 0.11 0.14
MnO 0.03 0.01 0.03 0.01 0.01 0.03 0.01 0.02 0.03 0.01 0.03 0.03
MgO 0 0 0.01 0 0 0 0 0 0 0 0 0
CaO 0.12 0.11 0.2 0.15 0.17 0.19 0.54 0.15 0.23 0.12 0.19 0.27
Na20 3.29 3.39 3.56 3.63 3.51 3.6 3.05 2.81 2.83 3.36 2.94 2.88
K20 12.21 11.95 11.31 11.47 11.46 11.64 4.53 12.22 12.22 12 12.24 11.87
NiO 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.02
Total 99.82 99.33 98.38 99.69 99.67 99.98 99.05 97.46 98.74 99.67 98.93 98.2

Si 12.000 12.016 11.971 11.981 11.990 11.965 13.747 11.936 11.926 12.010 11.93 11.882
Al 3.965 3.952 4.019 4.006 4.003 4.013 2.211 4.064 4.074 3.955 4.0704 4.1376
Fe2 0.006 0.010 0.006 0.006 0.013 0.010 0.067 0.016 0.013 0.006 0.016 0.0224
Ti 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.003 0.006 0.003 0 0.0096
Mg 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 0
Na 1.165 1.206 1.277 1.283 1.242 1.270 1.021 1.021 1.014 1.190 1.0528 1.0368
Ca 0.022 0.022 0.038 0.029 0.032 0.038 0.099 0.029 0.045 0.022 0.0384 0.0544
K 2.848 2.797 2.669 2.669 2.666 2.704 0.998 2.922 2.880 2.800 2.88 2.8128
Total 20.006 20.003 19.984 19.974 19.946 20.003 18.144 19.990 19.958 19.987 19.987 19.955
An% 2 2 3 2 3 3 9 3 4 2 4 5
Or% 71 70 68 68 68 68 49 74 74 70 73 73

K-feldspar analyses

Sample A217 A217 A217
Run dja12 dja12 dja12
Analysis 11 12 13
Mineral Kf Kf Kf
Si02 65.45 64.75 64.63
Ti02 0.02 0.02 0.04
AI203 18.85 18.96 19
Cr203 0.02 0.01 0.01
FeO 0.26 0.08 0.12
MnO 0.01 0.03 0
MgO 0 0 0
CaO 0.35 0.16 0.2
Na20 3.26 3.04 2.87
K20 11.81 12.05 12.25
NiO 0.03 0.06 0.02
Total 100.06 99.16 99.14

Si 11.926 11.907 11.898
Al 4.048 4.1088 4.1216
Fe2 0.0384 0.0128 0.0192
Ti 0.0032 0.0032 0.0064
Mg 0 0 0
Na 1.152 1.0848 1.024
Ca 0.0672 0.032 0.0384
K 2.7456 2.8256 2.8768
Total 19.981 19.974 19.984
An% 6 3 4
Or% 70 72 74

Legend - Kf = K-feldspar
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Appendix H (electron microprobe)

Biotite analyses

Sample G8 G8 G8 G8 G8 G8 G8 E4 E4 E4 E4 E4 E4 E4 E4 E4
Run djal djal djal dja2 dja2 dja2 dja2 dja2 dja2 dja2 dja10 dja10 dja10 dja10 dja10 djaio
Analysis 6 7 17 1 2 7 8 32 34 35 1 3 7 10 11 15
Mineral Biotite Biotite Biotite Biotite Biotite Biotite Biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite
Si02 36.25 35.68 36.03 35.2 36.68 36.11 36.3 38.5 38.4 38.2 40.2 38.5 38.2 38.7 38.7 39.4
Ti02 4.12 3.99 4.24 4.67 4.14 4.32 4.31 5.39 5.09 5.03 4.65 5.09 5.17 4.98 5.1 4.88
AI203 13.15 13.56 13.17 13.96 13.12 13.63 13.59 13.4 13.8 13.9 13.1 14 14.1 14.1 14 14
Cr203 0.04 0.05 0.03 0 0.03 0.02 0.01 0.11 0.2 0.1 0.19 0.17 0.26 0.2 0.21 0.08
FeO 20.8 21.79 20.91 21.24 20.31 21.37 21.15 12.6 7.55 7.5 9.16 7.52 8.98 7.53 7.34 8.24
MnO 0.52 0.53 0.51 0.52 0.51 0.44 0.45 0.03 0.04 0.07 0.06 0.07 0.01 0.04 0.04 0.09
MgO 10.21 10.11 10.09 9.56 10.6 10.31 10.35 16.3 19.7 19.4 17.6 20.3 18.8 20.4 20 19.1
CaO 0.05 0 0.02 0.03 0.43 0.01 0.01 0.29 0.02 0.02 0.18 0.01 0.04 0.01 0.02 0.04
Na20 0.24 0.14 0.18 0.32 0.3 0.16 0.14 0.52 0.45 0.46 0.46 0.39 0.48 0.49 0.48 0.49
K20 9.53 9.5 9.32 9.13 9.15 9.47 9.58 8.43 9.87 9.79 8.53 9.81 9.51 9.71 9.67 9.31
NiO 0.01 0.01 0.02 0.02 0.02 0.04 0.03 0.06 0.06 0.03 0.1 0.03 0.07 0.03 0.06 0.05
Total 94.92 95.36 94.52 94.65 95.29 95.88 95.92 95.5 95.2 94.5 94.2 95.8 95.7 96.1 95.7 95.6

Si 5.639 5.553 5.628 5.502 5.656 5.568 5.588 5.647 5.573 5.577 5.856 5.542 5.546 5.551 5.568 5.667
Altet 2.361 2.447 2.372 2.498 2.344 2.432 2.412 2.314 2.363 2.389 2.144 2.372 2.418 2.378 2.383 2.333
Ttet 8.000 8.000 8.000 8.000 8.000 8.000 8.000 7.962 7.935 7.966 8.000 7.913 7.964 7.929 7.951 8.000
Aloct 0.050 0.041 0.052 0.074 0.041 0.045 0.054 0.000 0.000 0.000 0.116 0.000 0.000 0.000 0.000 0.034
Ti 0.482 0.466 0.497 0.550 0.480 0.502 0.499 0.594 0.554 0.552 0.510 0.552 0.563 0.537 0.552 0.528
Fe2 2.706 2.836 2.730 2.776 2.620 2.754 2.724 1.547 0.915 0.915 1.118 0.906 1.089 0.904 0.884 0.992
Mn 0.068 0.070 0.068 0.068 0.066 0.057 0.059 0.004 0.004 0.009 0.007 0.009 0.002 0.004 0.004 0.011
Mg 2.367 2.345 2.350 2.229 2.438 2.369 2.376 3.557 4.259 4.231 3.821 4.356 4.057 4.354 4.299 4.107
Toct 5.673 5.759 5.697 5.697 5.644 5.728 5.713 5.702 5.733 5.707 5.572 5.823 5.711 5.799 5.740 5.673
Ca 0.009 0.000 0.004 0.004 0.070 0.002 0.002 0.046 0.002 0.002 0.029 0.002 0.007 0.002 0.002 0.007
Na 0.073 0.042 0.055 0.097 0.090 0.048 0.042 0.147 0.128 0.130 0.130 0.108 0.134 0.136 0.134 0.136
K 1.892 1.885 1.857 1.822 1.800 1.863 1.881 1.580 1.828 1.824 1.588 1.802 1.760 1.778 1.775 1.709
Tint 1.973 1.927 1.916 1.923 1.960 1.914 1.925 1.773 1.958 1.956 1.747 1.912 1.901 1.916 1.912 1.852

Sample E68 E68 E68 E68 E20 E20 E20

Biotite analyses

E20 E20 E2 E2 E2 E2 E2 E5 E5
Run dja10 dja10 dja10 dja10 dja2 dja2 dja2 dja2 dja2 dja3 dja3 dja3 dja3 dja3 dja14 dja14
Analysis 16 17 18 19 39 45 46 47 48 23 24 25 26 35 1 2
Mineral biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite
Si02 38.33 38.34 40.01 38.4 35.57 35.5 35.66 35.2 35.5 37.5 36.4 38 37.4 36.2 36.4 36
Ti02 5.11 5.17 5.76 5.19 4.59 4.68 4.77 4.51 4.49 4.18 4.3 4.09 4.16 4.34 4.83 4.86
AI203 13.84 14.04 13.97 13.96 14.88 14.75 14.83 15 15.2 13.8 13.5 13.8 13.5 13.7 14.1 13.9
Cr203 0.04 0.09 0.1 0.13 0 0.02 0.03 0.03 0.04 0.04 0.04 0.04 0.01 0.01 0.04 0.02
FeO 7.84 8.04 8.88 7.84 21.68 21.34 21.71 21.9 21.9 19.8 20.6 20.4 20.3 19.8 19.1 19.6
MnO 0.02 0.04 0.05 0.05 0.19 0.19 0.24 0.16 0.23 0.25 0.33 0.32 0.37 0.26 0.29
MgO 20.08 20 18.09 20 9.34 9.03 8.98 9.15 9.17 11.2 11.1 10.6 11 11.2 11.5 11.8
CaO 0.04 0.04 0.41 0.05 0.01 0 0.02 0 0.02 0.04 0.02 0.06 0.07 0.04 0 0.01
Na20 0.58 0.57 0.55 0.62 0.46 0.52 0.56 0.48 0.49 0.55 0.6 0.57 0.55 0.56 0.48 0.48
K20 9.59 9.61 7.55 9.78 9.16 8.89 9.12 9.04 9.09 9 8.95 8.84 9.12 9.13 8.95 9.04
NiO 0.07 0.1 0.04 0.06 0 0.02 0 0.02 0.02 0.05 0.02 0.01 0 0.05 0.02 0.05
Total 95.54 96.04 95.41 96.08 95.88 94.94 95.92 95.5 96.1 96.4 95.8 96.7 96.3 95.5 95.6 96.1

Si 5.542 5.522 5.724 5.529 5.478 5.507 5.491 5.452 5.454 5.665 5.575 5.722 5.676 5.559 5.540 5.487
Altet 2.358 2.383 2.276 2.369 2.522 2.493 2.509 2.548 2.546 2.335 2.425 2.278 2.324 2.441 2.460 2.501
Ttet 7.900 7.905 8.000 7.898 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 7.988
Aloct 0.000 0.000 0.081 0.000 0.180 0.204 0.182 0.195 0.204 0.125 0.019 0.171 0.092 0.043 0.065 0.000
Ti 0.557 0.561 0.620 0.561 0.532 0.546 0.552 0.526 0.519 0.475 0.495 0.464 0.475 0.502 0.554 0.557
Fe2 0.948 0.968 1.063 0.944 2.792 2.770 2.796 2.829 2.816 2.504 2.644 2.574 2.574 2.543 2.438 2.499
Mn 0.002 0.004 0.007 0.007 0.024 0.024 0.031 0.022 0.031 0.040 0.033 0.042 0.042 0.048 0.033 0.037
Mg 4.327 4.294 3.859 4.292 2.145 2.088 2.061 2.112 2.103 2.519 2.537 2.385 2.482 2.572 2.603 2.666
Toct 5.834 5.828 5.629 5.804 5.673 5.631 5.622 5.684 5.673 5.662 5.728 5.636 5.664 5.708 5.693 5.760
Ca 0.007 0.007 0.064 0.009 0.002 0.000 0.002 0.000 0.002 0.007 0.002 0.009 0.011 0.007 0.000 0.002
Na 0.163 0.158 0.152 0.174 0.136 0.156 0.167 0.143 0.145 0.161 0.178 0.167 0.163 0.167 0.141 0.141
K 1.769 1.767 1.377 1.797 1.800 1.760 1.791 1.786 1.784 1.736 1.751 1.701 1.767 1.789 1.740 1.756
Tint 1.938 1.932 1.593 1.980 1.938 1.916 1.960 1.929 1.932 1.903 1.932 1.877 1.940 1.962 1.881 1.899
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Appendix H (electron microprobe)

Biotite analyses

Sample E5 E5 E5 E5 E5 E5 E5 E5 E5 E5 E5 E5 E5 E5 UG29 UG29
Run dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja14 dja5 dja5
Analysis 3 4 5 6 8 9 10 11 16 20 21 22 23 24 2 3
Mineral biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite
Si02 35.9 36.1 36.4 35.7 36.3 36.1 35.7 36.2 35.7 35.8 36 36.5 36.3 36.7 37 37
Ti02 4.67 4.82 4.9 4.82 4.78 4.81 4.83 4.67 4.79 4.71 4.78 4.87 4.78 4.84 4.71 4.77
AI203 13.8 13.8 14 13.8 13.8 13.9 13.5 13.6 13.8 13.9 13.8 14 14.4 13.9 13.3 13.2
Cr203 0.01 0.03 0.04 0.02 0.03 0 0.04 0 0.01 0.02 0.03 0.04 0 0.02 0.03 0.01
FeO 19.7 19.5 19.8 19.5 19.6 19.5 19.3 19.9 19.6 19.9 20.1 19.9 20.1 20 16.3 16
MnO 0.26 0.31 0.3 0.34 0.29 0.32 0.34 0.3 0.29 0.32 0.3 0.34 0.27 0.31 0.38 0.35
MgO 11.4 11.5 11.5 11.3 11.6 11.7 11.5 11.5 11.4 11.3 11.4 11.5 11.3 11.6 13.9 13.7
CaO 0.01 0 0.02 0.73 0.01 0.05 0.07 0.02 0.04 0.01 0.05 0.01 0.01 0.01 0 0.01
Na20 0.45 0.46 0.45 0.47 0.49 0.48 0.48 0.46 0.49 0.47 0.5 0.45 0.46 0.47 0.6 0.69
K20 8.73 8.96 9.01 8.94 9.02 8.97 8.81 9.04 8.66 8.86 8.77 9.12 8.77 9.06 9.2 8.7
NiO 0.01 0.01 0.02 0.07 0.06 0.02 0.02 0.02 0.01 0.07 0.03 0.02 0.03 0.03 0.02 0.01
Total 94.8 95.5 96.5 95.7 96 95.8 94.7 95.7 94.8 95.3 95.8 96.8 96.4 97 95.4 94.4

Si 5.524 5.526 5.509 5.476 5.524 5.502 5.520 5.540 5.500 5.504 5.504 5.520 5.496 5.533 5.581 5.617
Altet 2.476 2.474 2.491 2.490 2.476 2.498 2.464 2.451 2.500 2.496 2.493 2.480 2.504 2.467 2.372 2.358
Ttet 8.000 8.000 8.000 7.966 8.000 8.000 7.984 7.990 8.000 8.000 7.997 8.000 8.000 8.000 7.953 7.975
Aloct 0.028 0.015 0.010 0.000 0.008 0.001 0.000 0.000 0.006 0.017 0.000 0.015 0.067 0.010 0.000 0.000
Ti 0.541 0.554 0.559 0.557 0.548 0.552 0.561 0.537 0.554 0.543 0.550 0.554 0.546 0.550 0.535 0.546
Fe2 2.534 2.501 2.515 2.495 2.493 2.493 2.497 2.543 2.532 2.554 2.572 2.521 2.552 2.521 2.053 2.033
Mn 0.033 0.040 0.040 0.044 0.037 0.042 0.044 0.040 0.037 0.042 0.040 0.044 0.035 0.040 0.048 0.044
Mg 2.616 2.614 2.607 2.585 2.638 2.651 2.642 2.633 2.625 2.585 2.594 2.587 2.552 2.609 3.128 3.111
Toct 5.752 5.724 5.730 5.680 5.724 5.739 5.744 5.753 5.754 5.741 5.755 5.721 5.752 5.730 5.764 5.733
Ca 0.002 0.000 0.002 0.121 0.002 0.009 0.011 0.002 0.007 0.002 0.009 0.002 0.002 0.002 0.000 0.002
Na 0.134 0.136 0.132 0.141 0.145 0.143 0.143 0.136 0.147 0.141 0.147 0.132 0.134 0.136 0.176 0.202
K 1.716 1.749 1.742 1.749 1.753 1.747 1.736 1.767 1.703 1.738 1.712 1.760 1.696 1.742 1.773 1.687
Tint 1.852 1.885 1.877 2.011 1.901 1.899 1.890 1.905 1.857 1.881 1.868 1.894 1.833 1.881 1.949 1.892

Biotite analyses

Sample UG29 UG29 UG29 UG29 VSE 1 VSE 2VSE 2VSE 2VSE 2VSE 2VSE 2VSE 2VSE 2VSE 2VSE 2VSE 8
Run dja5 dja5 dja5 dja5 dja8 dja4 dja4 dja8 dja9 dja9 dja9 dja9 dja9 dja9 dja9 dja4
Analysis 5 6 15 16 78 53 54 38 17 21 24 26 27 28 29 28
Mineral biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite
Si02 37.1 37.1 37.3 37 42.6 36.7 36.7 37 36.5 36.9 36.6 36.5 36.3 36.7 36.6 36
Ti02 4.7 4.79 4.7 4.78 3.15 4.96 4.93 5.14 4.3 4.5 4.44 4.42 4.36 4.29 4.32 4.26
AI203 13.5 13.5 13.3 13.3 13.3 13.1 13.2 14 14 13.9 13.9 13.9 13.8 13.9 13.9 13.5
Cr203 0 0 0 0.04 0.03 0.04 0.04 0.03 0.02 0.04 0.02 0 0.01 0.04 0.01 0.02
FeO 16.1 16.2 16 15.8 19.5 15.4 15.5 16.3 16.4 16 15.8 17.4 17.6 17.7 17.5 22
MnO 0.35 0.36 0.39 0.39 0.37 0.4 0.33 0.31 0.29 0.28 0.23 0.29 0.31 0.35 0.27 0.57
MgO 13.9 13.8 14.2 14 9.71 14 14 13.9 13.8 14.1 13.9 13 13.1 13.3 13.3 9.56
CaO 0.01 0.02 0.03 0.01 0.18 0.04 0.07 0.01 0.01 0.04 0.07 0.03 0 0.03 0.04 0.01
Na20 0.66 0.66 0.63 0.62 0.05 0.47 0.45 0.42 0.35 0.49 0.46 0.39 0.4 0.41 0.39 0.22
K20 9.12 9.34 9.27 9.21 5.67 9.11 9.11 8.84 9.18 8.82 8.7 8.83 8.94 8.96 8.96 9.14
NiO 0.02 0.02 0.02 0.01 0 0.04 0 0.04 0.04 0.01 0.04 0.03 0.03 0.02 0.01 0.05
Total 95.4 95.8 95.8 95.2 94.9 94.3 94.4 96.3 94.8 95.1 94.1 94.7 94.9 95.7 95.4 95.3

Si 5.595 5.579 5.595 5.584 6.310 5.584 5.584 5.531 5.537 5.555 5.564 5.559 5.531 5.548 5.551 5.592
Altet 2.391 2.394 2.352 2.372 1.690 2.354 2.361 2.468 2.463 2.445 2.436 2.441 2.469 2.452 2.449 2.408
Ttet 7.986 7.973 7.946 7.955 8.000 7.938 7.944 7.999 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Aloct 0.000 0.000 0.000 0.000 0.637 0.000 0.000 0.000 0.037 0.026 0.054 0.054 0.015 0.030 0.039 0.070
Ti 0.532 0.541 0.530 0.543 0.352 0.568 0.563 0.579 0.491 0.510 0.508 0.506 0.499 0.488 0.493 0.499
Fe2 2.024 2.033 2.006 2.000 2.420 1.965 1.976 2.035 2.077 2.022 2.015 2.215 2.251 2.235 2.218 2.858
Mn 0.044 0.046 0.051 0.051 0.046 0.051 0.042 0.040 0.037 0.035 0.029 0.037 0.040 0.044 0.035 0.075
Mg 3.115 3.089 3.179 3.153 2.145 3.183 3.177 3.089 3.128 3.172 3.144 2.946 2.988 2.985 2.999 2.218
Toct 5.716 5.709 5.766 5.746 5.600 5.766 5.757 5.742 5.770 5.765 5.750 5.759 5.792 5.783 5.783 5.719
Ca 0.002 0.002 0.004 0.002 0.029 0.007 0.011 0.002 0.002 0.007 0.011 0.004 0.000 0.004 0.007 0.002
Na 0.194 0.191 0.183 0.183 0.015 0.139 0.132 0.121 0.103 0.143 0.136 0.114 0.119 0.121 0.114 0.066
K 1.753 1.791 1.775 1.775 1.071 1.769 1.767 1.687 1.778 1.696 1.690 1.718 1.740 1.729 1.731 1.815
Tint 1.949 1.984 1.962 1.960 1.115 1.914 1.910 1.811 1.883 1.846 1.837 1.837 1.859 1.855 1.852 1.883
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Appendix H (electron microprobe)

Sample VSE 8 VSE 8 VSE 8 VSE 8

Biotite analyses

VSE 8 VSE 22 VSE 22 VSE 22 VSE 22 VSE 22 VSE 22
Run dja4 dja9 dja9 dja9 dja9 dja10 dja10 dja10 dja10 dja10 dja10
Analysis 29.000 2.000 30.000 11.000 12.000 31.000 32.000 33.000 34.000 35.000 36.000
Mineral biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite biotite
Si02 35.720 35.720 36.200 36.470 36.000 37.010 36.970 36.780 36.490 36.870 37.200
Ti02 4.210 4.600 4.250 4.280 4.330 4.990 5.020 5.010 4.910 5.000 4.850
AI203 13.230 13.470 13.370 13.250 13.140 13.480 13.440 13.340 13.250 13.500 13.340
Cr203 0.030 0.000 0.020 0.020 0.010 0.040 0.030 0.040 0.040 0.030 0.010
FeO 21.810 21.840 22.090 22.250 21.890 15.950 16.110 15.630 15.480 15.830 15.770
MnO 0.600 0.280 0.270 0.120 0.140 0.380 0.400 0.360 0.340 0.400 0.370
MgO 9.800 9.680 9.820 10.360 10.130 14.300 14.030 14.120 13.980 14.110 14.350
CaO 0.000 0.010 0.020 0.010 0.020 0.020 0.010 0.010 0.030 0.030 0.010
Na20 0.190 0.200 0.170 0.140 0.150 0.450 0.470 0.440 0.480 0.480 0.470
K20 9.210 9.120 9.420 9.520 9.490 8.920 8.970 8.910 8.980 8.990 9.190
NiO 0.010 0.020 0.010 0.030 0.030 0.020 0.040 0.020 0.050 0.020 0.020
Total 94.810 94.940 96.060 96.450 95.330 95.560 95.490 94.660 94.030 95.260 95.580

Si 5.588 5.568 5.608 5.601 5.597 5.555 5.562 5.568 5.568 5.555 5.586
Altet 2.412 2.432 2.392 2.398 2.403 2.385 2.383 2.380 2.383 2.398 2.361
Ttet 8.000 8.000 8.000 7.999 8.000 7.940 7.944 7.949 7.951 7.953 7.946
Aloct 0.028 0.043 0.050 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.495 0.539 0.495 0.495 0.506 0.563 0.568 0.570 0.563 0.568 0.548
Fe2 2.853 2.847 2.862 2.858 2.847 2.002 2.026 1.980 1.976 1.995 1.980
Mn 0.079 0.037 0.035 0.015 0.018 0.048 0.051 0.046 0.044 0.051 0.046
Mg 2.286 2.248 2.268 2.372 2.347 3.201 3.146 3.188 3.179 3.168 3.212
Toct 5.741 5.715 5.710 5.740 5.721 5.815 5.790 5.784 5.762 5.782 5.786
Ca 0.000 0.002 0.004 0.002 0.004 0.002 0.002 0.002 0.004 0.004 0.002
Na 0.057 0.059 0.051 0.042 0.046 0.132 0.136 0.130 0.143 0.141 0.136
K 1.839 1.813 1.861 1.866 1.881 1.709 1.723 1.720 1.749 1.727 1.760
Tint 1.896 1.874 1.916 1.910 1.932 1.844 1.861 1.852 1.896 1.872 1.899

Magnetite analyses

Sample G2 G2 G2 G2 G2 G2
Analysis 15.000 16.000 17.000 18.000 32.000 33.000
Run dja7 dja7 dja7 dja7 dja7 dja7
Mineral Magnetit Magnetit Magnetit Magnetit Magnetit Magnetite
Si02 0.020 0.030 0.040 0.500 3.700 1.030
Ti02 0.330 1.180 0.520 0.320 0.640 0.340
AI203 0.160 0.280 0.570 0.290 1.390 0.490
Cr203 0.040 0.050 0.060 0.000 0.020 0.040
FeO 82.170 80.820 77.820 80.380 72.260 78.830
MnO 0.150 0.370 0.230 0.170 0.060 0.060
MgO 0.010 0.030 0.010 0.020 0.900 0.230
CaO 0.060 0.070 0.010 0.180 0.480 0.280
Na20 0.030 0.020 0.020 0.010 0.370 0.180
K20 0.010 0.000 0.010 0.010 0.460 0.230
NiO 0.020 0.020 0.020 0.030 0.000 0.020
Total 83.000 82.870 79.310 81.910 80.280 81.730
O 32.000 32.000 32.000 32.000 32.000 32.000
Si 0.010 0.013 0.019 0.230 1.603 0.467
Al 0.086 0.150 0.320 0.157 0.710 0.262
Cr 0.016 0.019 0.022 0.000 0.006 0.013
Fe3+ 15.764 15.249 15.451 15.378 12.990 15.120
Ti 0.115 0.403 0.186 0.112 0.208 0.115
Mg 0.006 0.019 0.006 0.013 0.582 0.157
Fe2+ 7.966 8.137 8.029 8.095 7.885 7.753
Ca 0.029 0.035 0.006 0.090 0.224 0.138
Mn 0.058 0.141 0.093 0.067 0.022 0.022

Fe2+ and Fe3+ calculated using the method of Droop (1987)
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Appendix H (electron microprobe)

Sample 226 226 226 226
Run dja14 dja14 dja14 dja14
Analysis 25 26 27 28
Mineral olivine olivine olivine olivine
Si02 39.62 39.54 37.49 39.79
Ti02 0 0.04 0.01 0.01
AI203 0 0.02 0.04 0.02
Cr203 0 0.02 0.03 0.02
FeO 16.01 16.2 28.38 16.41
MnO 0.37 0.34 0.34 0.31
MgO 45.11 44.92 29.47 44.89
CaO 0.2 0.16 0.56 0.17
Na20 0.02 0.02 0.07 0.02
K20 0.01 0.02 0.13 0.02
NiO 0.18 0.14 0.12 0.19
Total 101.52 101.42 96.64 101.85

Si 0.987 0.986 1.042 0.989
Al 0.000 0.000 0.001 0.000
Ti 0.000 0.001 0.000 0.000
Fe2 0.334 0.338 0.660 0.341
Mg 1.675 1.671 1.221 1.663
Mn 0.008 0.007 0.008 0.006
Ca 0.005 0.004 0.017 0.004
Total 3.009 3.008 2.949 3.005

Olivine analyses

226 226 226 226 226
dja14 dja14 dja14 dja14 dja14

29 30 31 32 46
olivine olivine olivine olivine spar
38.57 39.15 39.28 39.86 39.46
0.01 0.01 0.04 0.01 0.04
0.03 0.05 0.02 0.01 3.07
0.03 0.01 0.01 0.02 0.01
17.35 23.31 17.35 16.18 29.62
0.29 0.35 0.25 0.3 0.61

42.23 35.49 43.89 45.19 25.4
0.21 0.34 0.18 0.17 1.16
0.02 0.05 0.02 0.01 0.64
0.05 0.14 0.01 0 0.14
0.18 0.11 0.09 0.22 0.03
98.97 99.01 101.14 101.97 100.18

0.993 1.032 0.988 0.988 1.056
0.001 0.002 0.000 0.000 0.097
0.000 0.000 0.001 0.000 0.001
0.374 0.514 0.365 0.336 0.662
1.621 1.395 1.645 1.670 1.013
0.006 0.008 0.005 0.006 0.014
0.006 0.010 0.005 0.004 0.033
3.000 2.960 3.008 3.006 2.876

226 226 226 226 226
dja14 dja14 dja14 dja14 dja14

47 48 49 50 51
olivine olivine olivine olivine olivine
39.75 40.11 39.47 39.47 39.56
0.01 0.01 0.01 0 0
0.02 0.01 0.01 0.11 0.01
0.02 0.02 0.03 0.08 0
15.42 16.91 16.37 16.39 16.26
0.3 0.33 0.36 0.26 0.29

45.43 44.82 44.63 41.87 45.02
0.15 0.18 0.16 0.22 0.15
0.01 0 0.01 0.03 0.01
0.01 0.01 0 0.21 0.01
0.27 0.16 0.1 0.24 0.18

101.39 102.56 101.15 98.88 101.49

0.988 0.991 0.988 1.011 0.986
0.000 0.000 0.000 0.003 0.000
0.000 0.000 0.000 0.000 0.000
0.321 0.350 0.343 0.351 0.339
1.684 1.651 1.665 1.599 1.674
0.006 0.007 0.008 0.006 0.006
0.004 0.005 0.004 0.006 0.004
3.004 3.004 3.008 2.976 3.010

Illite analyses

Sample VSE 2 VSE 2
Run dja4 dja4
Analysis 67 69
Mineral Illite Illite
Text Fig 4.2 4.2
Si02 47.77 37.34
Ti02 1.39 0.05
AI203 23.47 19.29
Cr203 0.01 0.02
FeO 4.01 10.64
MnO 0.03 0.08
MgO 3.45 11.87
CaO 0.01 0.12
Na20 0.12 0.07
K20 11.1 4.91
NiO 0.04 0.01
Total 91.4 84.4
O 22 22
Si 6.785 5.916
Al 1.215 2.084
Ttet 8.000 8.000
Al 2.714 1.517
Ti 0.147 0.007
Fe2 0.477 1.410
Mg 0.730 2.803
Toct 4.069 5.737
Ca 0.002 0.020
Na 0.033 0.022
K 2.011 0.992
Tint 2.046 1.034

VSE 2 VSE 2 VSE 2
dja4 dja4 dja8
72 73 37
Illite Illite Illite
4.2 4.2 4.2

44.14 42.93 50.88
0.16 0.14 0.09
30.6 27.52 34.86
0.01 0.01 0.04
1.18 1.57 1.45
0.02 0.02 0.03
0.98 1.27 1.3
0.06 0.12 0.06
0.6 0.84 0.31
5.75 8.34 4.46
0.02 0.02 0.02
83.52 82.78 93.62

22 22 22
6.499 6.547 6.585
1.501 1.453 1.415
8.000 8.000 8.000
3.810 3.495 3.902
0.018 0.015 0.009
0.145 0.200 0.156
0.216 0.288 0.251
4.188 3.999 4.318
0.009 0.020 0.009
0.172 0.249 0.077
1.080 1.624 0.737
1.261 1.892 0.823

VSE 2 VSE 2 VSE 2
dja8 dja8 dja8
40 47 48
Illite Illite Illite
4.2 4.2 4.2

47.76 43.64 45.16
0.09 0.09 0.05

37.16 15.81 15.45
0.01 0 0.02
0.08 17.6 17.25
0.02 0.09 0.11
0.46 7.48 7.08
0.03 0.3 0.36
0.37 0.11 0.11
2.19 3.94 3.53
0.04 0.06 0.11
88.24 89.22 89.3

22 22 22
6.409 6.653 6.822
1.591 1.347 1.178
8.000 8.000 8.000
4.285 1.493 1.572
0.009 0.011 0.007
0.009 2.244 2.180
0.092 1.701 1.595
4.395 5.449 5.354
0.004 0.048 0.057
0.097 0.033 0.033
0.374 0.766 0.680
0.475 0.847 0.770

VSE 2 VSE 2 VSE 2
dja35 dja35 dja35

22 23 27
Illite Illite Illite
4.2 4.2 4.2

45.41 45.59 43.51
0.56 0.42 0.29

28.06 25.81 28.96
0.04 0.01 0.13
2.44 3.09 0.88
0.06 0.03 0.02
2.12 2.11 1.88
0.01 0.08 0.02
0.24 0.27 0.6
9.95 9.73 7.71
0.01 0.02 0.02
88.9 87.16 84.02
22 22 22

6.523 6.697 6.472
1.477 1.303 1.528
8.000 8.000 8.000
3.273 3.165 3.550
0.059 0.046 0.033
0.293 0.381 0.110
0.453 0.462 0.416
4.078 4.054 4.109
0.002 0.013 0.002
0.066 0.077 0.174
1.824 1.824 1.463
1.892 1.914 1.639

VSE 2 VSE 2 VSE 2
dja35 dja35 dja35

28 29 30
Illite Illite Illite
4.2 4.2 4.2

43.73 45.72 45.71
0.1 0.27 0.21

34.24 32.23 32.82
0.12 0.08 0.16
0.32 0.72 0.64
0.03 0.03 0.03
0.41 1.43 1.32
0.04 0 0.03
0.35 0.51 0.62
3.07 6.97 6.26
0.02 0.05 0
82.43 88.01 87.8

22 22 22
6.347 6.420 6.400
1.653 1.580 1.600
8.000 8.000 8.000
4.206 3.755 3.816
0.011 0.029 0.022
0.040 0.084 0.075
0.088 0.299 0.275
4.344 4.166 4.188
0.007 0.000 0.004
0.099 0.139 0.169
0.568 1.250 1.118
0.673 1.388 1.291
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Appendix H (electron microprobe)

Illite analyses

Sample VSE 1 VSE 22VSE 22VSE 22VSE 22VSE 2JVSE 2JVSE 22VSE 22 VSE 22 VSE 22VSE 22VSE 22 VSE 8 VSE 8 VSE 8
Run dja30 dja5 dja5 dja5 dja5 41 42 dja35 dja35 dja35 dja35 dja35 dja35 15 dja25 dja25
Analysis 26 45 46 47 48 dja10 dja10 8 9 12 13 14 15 dja9 34 35
Mineral Illite Illite Illite Illite Illite Illite Illite Illite Illite Illite Illite Illite Illite Illite Illite Illite
Text Fig 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2
Si02 47.5 47.1 47.3 47.3 47.3 46.8 47.3 46 43.8 47.31 44.8 46.3 47.6 45.2 49.7 50.6
Ti02 1.55 0.73 0.63 0.77 0.79 0.7 0.77 0.45 0.13 0.38 0.53 0.59 0.54 0.3 0.31 0.23
AI203 28.8 24.4 25.8 26.1 26.7 29 29.2 31.1 32.8 27.68 32.8 33 30.7 32.2 33.1 34.2
Cr203 0.03 0.01 0 0.05 0.04 0 0.01 0.05 0.02 0.04 0.02 0.02 0.03 0.02 0.01 0.02
FeO 3.83 3.3 3.31 4.52 4.22 2.61 2.9 2.5 0.56 3.27 1.29 1.44 1.9 2.04 2.64 2.55
MnO 0.03 0.02 0.02 0.03 0.05 0.04 0.01 0.02 0.03 0.04 0.03 0.03 0 0.02 0.02 0.03
MgO 1.92 2.65 2.42 2.75 2.62 2.04 2.13 1.74 0.51 2.36 1.07 1.36 2.16 0.95 1.36 1.33
CaO 0.01 0.15 0.06 0.02 0.03 0.04 0.03 0.2 0.36 0.05 0.09 0.02 0.01 0.01 0.01 0
Na20 0.38 0.19 0.22 0.48 0.36 0.3 0.3 0.83 1.13 0.2 1.52 1.51 1.04 0.44 0.35 0.28
K20 8.62 8.8 10.4 10.4 10.7 10.3 11 9.18 8.79 11.03 9.12 9.3 9.69 10.6 9.61 9.67
NiO 0.05 0.03 0.04 0.04 0.02 0.01 0.03 0.02 0.02 0.03 0.02 0.03 0.02 0 0.02 0.04
Total 92.7 87.4 90.2 92.5 92.8 91.8 93.7 92.1 88.1 92.39 91.3 93.6 93.6 91.8 97.1 99
O 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22
Si 6.519 6.853 6.732 6.622 6.600 6.510 6.492 6.354 6.250 6.598 6.219 6.261 6.450 6.283 6.464 6.446
Al 1.481 1.147 1.268 1.378 1.400 1.490 1.508 1.646 1.750 1.402 1.781 1.739 1.550 1.717 1.536 1.554
Ttet 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al 3.180 3.042 3.068 2.936 2.985 3.268 3.209 3.414 3.768 3.147 3.583 3.530 3.352 3.568 3.539 3.585
Ti 0.161 0.079 0.068 0.081 0.084 0.073 0.079 0.046 0.013 0.040 0.055 0.059 0.055 0.031 0.031 0.022
Fe2 0.440 0.403 0.394 0.530 0.493 0.304 0.332 0.288 0.066 0.381 0.150 0.163 0.216 0.238 0.288 0.273
Mg 0.394 0.574 0.513 0.574 0.546 0.422 0.436 0.359 0.108 0.491 0.222 0.275 0.436 0.198 0.264 0.253
Toct 4.175 4.098 4.043 4.122 4.107 4.067 4.056 4.107 3.955 4.058 4.010 4.027 4.058 4.034 4.122 4.133
Ca 0.002 0.024 0.009 0.002 0.004 0.007 0.004 0.029 0.055 0.007 0.013 0.002 0.002 0.002 0.002 0.000
Na 0.101 0.053 0.062 0.130 0.097 0.081 0.079 0.222 0.312 0.055 0.409 0.396 0.273 0.119 0.088 0.068
K 1.509 1.635 1.881 1.866 1.910 1.830 1.929 1.617 1.602 1.962 1.615 1.606 1.676 1.888 1.595 1.573
Tint 1.613 1.712 1.951 1.998 2.011 1.918 2.013 1.868 1.969 2.024 2.037 2.004 1.951 2.009 1.685 1.641

Smectite analyses from Red Formation siltstone (Emet Basin) Analyses of ignimbrite (see Text Figure 3.1a)

Sample VSE 1 VSE 1 VSE 1 VSE 1 VSE 1 VSE 1 VSE 1 VSE 1 VSE 1 Sample 1251 1251 1251 I220 I220 I220
Analysis dja8 dja8 dja8 dja8 dja8 dja8 dja8 dja30 dja30 Run dja11 dja11 dja11 djal 1 dja11 dja11

Run 84 85 86 87 88 89 90 18 20 Analysis 1 2 6 11 12 13
Mineral Sm Sm Sm Sm Sm Sm Sm Sm Sm Mineral Matrix Matrix Matrix Matrix Matrix Matrix
Text Fig 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 Text Fig 3.1 a 3.1 a 3.1 a 3.1 a 3.1 a 3.1 a

Si02 49.9 46 47.4 47.1 48.9 47.4 48.8 42.9 48.2 Si02 70.6 87 87.6 37.3 62 60.3
TI02 0.61 1.8 1.79 0.35 0.37 0.42 0.86 0.97 1 Ti02 0.02 0.01 0.02 0 0.55 0.7
AI203 21.6 24.7 25.9 22.5 24.1 19.4 22.6 18 14.8 AI203 17.4 8.04 5.35 22.2 13.6 12.2
Cr203 0.04 0 0.04 0.04 0.02 0 0.04 0.02 0.01 Cr203 0.04 0.04 0.02 0.01 0.01 0.04
FeO 5.45 10.8 10.9 6.3 5.92 5.85 6.03 6.4 5.45 FeO 0.37 0.35 0.21 12.3 4.36 4.25
MnO 0.05 0.07 0.05 0.02 0.03 0.03 0.01 0.03 0 MnO 0.04 0.01 0.04 0.12 0.02 0.06
MgO 1.67 3.86 4.2 1.94 1.69 1.81 2.18 1.29 1.34 MgO 0.01 0 0.07 0.01 1.99 1.62
CaO 0.63 0.13 0.17 0.59 0.81 0.77 0.72 0.58 0.62 CaO 1.82 0.97 0.65 23.5 1.24 1.36

Na20 0.31 0.17 0.11 0.21 0.25 0.07 0.27 0.41 0.16 Na20 3.77 1.35 1.29 0.07 0.55 0.27
K20 2.49 7.19 5.51 4.47 2.93 3.1 3.26 2.01 2.42 K20 2.27 0.74 1.24 0.08 3.01 2.82
NiO 0.03 0.04 0.03 0.07 0.04 0.01 0.02 0.06 0.04 NiO 0.02 0 0.06 0.03 0.03 0.01
Total 82.9 95.1 96.3 83.9 85.2 78.9 84.9 72.6 74 Total 96.3 98.5 96.6 95.6 87.4 83.7

O 22 22 22 22 22 22 22 22 22
Si 7.383 6.400 6.413 7.071 7.108 7.436 7.143 7.333 7.971 O 22 22 22 22 22 22
Al 0.617 1.600 1.587 0.929 0.892 0.564 0.857 0.667 0.029

Ttet 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 Si 8.653 9.999 #### 5.491 8.562 8.677
Al 3.156 2.448 2.545 3.059 3.224 3.024 3.040 2.952 2.855 Al 2.517 1.089 0.739 3.848 2.213 2.077
Ti 0.068 0.189 0.183 0.040 0.040 0.051 0.095 0.125 0.125 Fe2 0.037 0.033 0.020 1.509 0.504 0.513

Fe2 0.673 1.256 1.232 0.792 0.719 0.768 0.739 0.915 0.755 Mg 0.002 0.000 0.013 0.002 0.409 0.348
Mg 0.367 0.801 0.847 0.433 0.365 0.422 0.475 0.330 0.330 Ca 0.240 0.119 0.081 3.698 0.183 0.209

Toct 4.265 4.694 4.806 4.324 4.349 4.265 4.349 4.322 4.065 Na 0.895 0.301 0.293 0.020 0.147 0.075
Ca 0.099 0.020 0.024 0.095 0.125 0.130 0.112 0.106 0.110 K 0.354 0.108 0.185 0.015 0.530 0.517
Na 0.088 0.046 0.029 0.062 0.070 0.022 0.077 0.136 0.051
K 0.471 1.276 0.953 0.856 0.543 0.620 0.609 0.438 0.510

Tint 0.658 1.342 1.005 1.012 0.739 0.772 0.799 0.680 0.671

LEGEND: sm = smectite
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Appendix H (electron microprobe)

Analyses of ignimbrite (see Text Figure 3.1a)

Sample I220 I220
Run djal 1 dja11
Analysis 14 15
Mineral Matrix Matrix
Text Fig 3.1 a 3.1 a
Si02 61.5 60.78
Ti02 0.77 0.92
AI203 12.17 12.62
Cr203 0 0.02
FeO 4.12 4.55
MnO 0.05 0.07
MgO 1.43 1.77
CaO 1.21 1.28
Na20 0.43 0.28
K20 2.45 2.32
NiO 0.01 0.01
Total 84.14 84.62

O 22 22

Si 8.754 8.631
Al 2.042 2.112
Fe2 0.491 0.541
Mg 0.304 0.374
Ca 0.185 0.196
Na 0.119 0.077
K 0.444 0.420

I220 I220 I220
dja11 dja11 dja11

16 17 18
Matrix Matrix Matrix
3.1 a 3.1 a 3.1 a
61.7 63.65 51.23
0.01 0.01 0.47
25.99 24.48 10.17
0.02 0.02 0.02
0.37 0.34 6.08
0.01 0.02 0.13
0.02 0 1.87
7.22 5.89 0.96
5.89 7.02 0.23
0.81 1.1 2.03
0.05 0.02 0.02

102.09 102.55 73.21

22 22 22

7.388 7.579 8.556
3.667 3.436 2.002
0.037 0.033 0.849
0.004 0.000 0.466
0.926 0.752 0.172
1.368 1.621 0.075
0.123 0.167 0.433

I220 I220 1251
dja11 dja11 dja11

20 21 3
Matrix Matrix pumice
3.1 a 3.1 a 3.1 a
62.71 67.35 79.51
0.68 0.78 0
11.44 12.63 12.91
0.03 0.05 0.03
4.9 5.43 0.74
0.15 0.14 0.09
1.69 2.41 0
1.08 1.23 0.53
0.24 0.85 0.75
2.35 3.07 3.5
0.02 0 0.04
85.29 93.94 98.1

22 22 22

8.824 8.683 9.398
1.896 1.921 1.800
0.576 0.585 0.073
0.354 0.464 0.000
0.163 0.169 0.068
0.066 0.213 0.172
0.422 0.506 0.528

I220 I220 I220
dja11 dja11 dja11

7 10 24
pumice lass shat lass she
3.1 a 3.1 a 3.1 a
77.92 77.75 79.17

0 0.01 0.02
12.73 12.6 12.92
0.03 0.01 0.04
0.22 0.2 0.24
0.04 0.07 0.07

0 0 0.01
0.59 0.5 0.57
0.8 0.57 0.41

3.56 3.42 3.25
0.01 0.01 0
95.9 95.14 96.7

22 22 22

9.405 9.434 9.434
1.811 1.802 1.815
0.022 0.020 0.024
0.000 0.000 0.002
0.077 0.066 0.073
0.187 0.134 0.095
0.548 0.530 0.495

Analyses of altered feldspar in Emet Rhyolite

Sample E18 E18 E18 E18 E18 E18
Run dja16 dja16 dja16 dja16 dja16 dja16
Analysis 1 2 3 4 9 10
Mineral Plag Plag Plag Plag Plag Plag
Text Fig 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b
Si02 64.14 64.23 64.28 63.22 60.67 62.21
Ti02 0.01 0.03 0.07 0.01 0.02 0.01
AI203 25.58 25.52 24.71 25.41 26.63 26.97
Cr203 0.04 0 0.04 0.03 0.04 0.03
FeO 0.25 0.18 0.21 0.17 0.28 0.24
MnO 0.04 0.01 0.03 0 0 0.03
MgO 0 0.01 0 0.01 0.01 0
CaO 6.44 6.38 5.8 6.59 7.97 8.01
Na20 7.72 7.56 7.87 7.54 6.78 2.75
K20 0.84 0.86 0.94 0.83 0.65 0.55
NiO 0.02 0.02 0.03 0 0.02 0.03
Total 105.13 104.81 104.01 103.84 103.08 100.83
O 32 32 32 32 32 32
Si 10.867 10.899 10.992 10.845 10.534 10.819
Al 5.107 5.104 4.979 5.139 5.450 5.530
Fe2 0.035 0.026 0.029 0.026 0.042 0.035
Na 2.538 2.486 2.608 2.509 2.282 0.928
Ca 1.168 1.162 1.062 1.213 1.482 1.491
K 0.182 0.186 0.205 0.182 0.144 0.122
Total 19.898 19.862 19.875 19.914 19.933 18.925

E18 E18 E18 Sample E17 E17 E17
dja16 dja16 dja16 Run dja16 dja16 dja16

13 14 15 Analysis 19 20 23
Plag Plag Plag Mineral Kf Kf Kf
3.1 b 3.1 b 3.1 b Text Fig 3.1 b 3.1 b 3.1 b
62.9 63.47 64.49 Si02 73 74.58 72.41
0.01 0.03 0.01 Ti02 0.02 0.01 0

25.77 25.3 25.51 AI203 19.13 19.23 18.59
0.04 0.04 0.04 Cr203 0.03 0.03 0.02
0.19 0.22 0.17 FeO 0.04 0.04 0.02
0.03 0.05 0.03 MnO 0.02 0.02 0

0 0 0 MgO 0 0 0
6.73 6.42 6.3 CaO 0.01 0.01 0.05
7.5 7.63 3.17 Na20 0.04 0.03 0.05
0.8 0.9 0.73 K20 12.46 11.29 13.16

0.02 0.01 0.03 NiO 0.02 0.02 0.01
104.03 104.1 100.49 Total 104.78 105.28 104.34

32 32 32 O 32 32 32
10.781 10.867 11.178 Si 12.426 12.525 12.438
5.206 5.104 5.210 Al 3.840 3.805 3.763
0.029 0.032 0.026 Fe2 0.006 0.006 0.003
2.493 2.534 1.066 Ti 0.003 0.000 0.000
1.235 1.178 1.171 Mg 0.000 0.000 0.000
0.176 0.195 0.160 Na 0.013 0.010 0.016
19.920 19.910 18.810 Ca 0.003 0.003 0.010

K 2.707 2.419 2.883
Total 18.998 18.768 19.114

LEGEND: Plag = plagioclase, Kf = K-feldspar
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Appendix H (electron microprobe)

Analyses of altered feldspar in Emet Rhyolite

Sample E17 E5 E5 E17 E5 E5 E5 E5 E5 Sample E18 E18
Run dja16 dja16 dja16 dja16 dja16 dja16 dja16 dja16 dja16 Run dja16 dja16
Analysis 24 40 45 26 33 34 35 36 39 Analysis 8 11
Mineral Kf Kf Kf Kf Kf Kf Kf Kf Kf Mineral Kaol Kaol
Text Fig 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b Text Fig 3.1 b 3.1 b
Si02 72.88 68.61 74.15 63.06 73.49 75.56 72.59 75.19 71.56 Si02 52.68 49.76
Ti02 0.01 0.01 0 0 0 0.02 0.01 0.01 0 Ti02 0.01 0.01
AI203 19.33 18.05 19.06 17.04 20.22 20.86 20.13 21.05 19.65 AI203 37.61 38.19
Cr203 0.04 0.01 0.02 0.04 0.04 0.05 0.04 0.02 Cr203 0.04 0.04
FeO 0.03 0.04 0.06 0.08 0.02 0.04 0.03 0.06 0.02 FeO 0.5 0.39
MnO 0.01 0.04 0 0.03 0.01 0.03 0.01 0.02 0.02 MnO 0.03 0.03
MgO 0 0 0 0 0 0 0 0.01 0 MgO 0.19 0.16
CaO 0.01 0 0.01 0.13 0.02 0.02 0.01 0.02 0 CaO 0.5 0.23
Na20 0.08 0.05 0.01 0.12 0.04 0 0.04 0.01 0.04 Na20 0 0.05
K20 13.07 10.52 10.37 14.85 10.25 4.24 9.59 3.36 11.75 K20 0.48 0.01
NiO 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.03 NiO 0.02 0.05
Total 105.49 97.38 103.73 95.42 104.12 100.86 102.48 99.8 103.12 Total 92.07 88.93
O 32 32 32 32 32 32 32 32 32 O 14 14
Si 12.371 12.470 12.570 12.138 12.413 12.662 12.416 12.666 12.342 Si 4.250 4.145
Al 3.869 3.866 3.808 3.866 4.026 4.122 4.058 4.179 3.994 Al 3.577 3.751
Fe2 0.003 0.006 0.010 0.013 0.003 0.006 0.003 0.010 0.003 Ti 0.000 0.000
Ti 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 Fe2 0.034 0.027
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 Mg 0.022 0.020
Na 0.026 0.019 0.003 0.045 0.013 0.000 0.013 0.003 0.013 Ca 0.043 0.021
Ca 0.003 0.000 0.003 0.026 0.003 0.003 0.003 0.003 0.000 Na 0.000 0.008
K 2.832 2.438 2.243 3.648 2.208 0.906 2.093 0.723 2.586 K 0.049 0.001
Total 19.104 18.800 18.637 19.734 18.666 17.702 18.586 17.587 18.938

Analyses of altered feldspar in Emet Rhyolite

Sample E18 E17 E17 E17 E5 E5 E5 E5 E5 E5 E18 E18
Run dja16 dja16 dja16 dja16 dja16 dja16 dja16 dja16 dja16 dja16 dja16 dja16
Analysis 12 16 17 18 30 31 32 37 38 43 5 6
Mineral Kaol Kaol Kaol Kaol Kaol Kaol Kaol Kaol Kaol Kaol Kaol Kaol
Text Fig 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b 3.1 b
Si02 49.99 48.69 50.03 43.98 49.06 48.99 50.62 49.69 47.76 48.33 48.17 48.04
Ti02 0.01 0.01 0.03 0.03 0.01 0.02 0.01 0.01 0.01 0 0.01 0.01
AI203 35.58 35.65 37.1 29.48 39.48 38.18 40.54 31.99 37.53 38.08 35.49 36.94
Cr203 0.04 0.04 0.04 0.05 0.01 0.01 0.02 0.02 0.01 0.03 0.04 0.03
FeO 1.11 0.59 0.34 0.5 0.47 0.42 0.4 1.36 0.6 0.3 0.86 0.79
MnO 0.02 0.01 0.03 0.03 0.01 0.01 0 0.02 0.01 0.03 0.03 0.01
MgO 0.55 0.46 0.36 0.49 0.16 0.04 0.07 1.07 0.24 0.03 0.34 0.31
CaO 0.77 0.51 0.35 0.45 0.1 0.05 0.08 0.51 0.17 0.04 0.61 0.73
Na20 0.05 0.05 0.04 0.08 0.05 0.03 0.02 0.08 0.02 0.02 0.04 0.06
K20 0.08 0.07 0.04 0.2 0.18 0.19 0.09 3.09 0.16 0.11 0.11 0.07
NiO 0.02 0.02 0 0.01 0.02 0 0.02 0.02 0.02 0.02 0 0.02
Total 88.28 86.13 88.4 75.34 89.63 87.95 91.89 87.89 86.57 87 85.79 87.07
O 14 14 14 14 14 14 14 14 14 14 14 14
Si 4.221 4.197 4.192 4.332 4.063 4.127 4.082 4.311 4.098 4.113 4.179 4.110
Al 3.542 3.623 3.664 3.423 3.854 3.791 3.853 3.270 3.795 3.819 3.629 3.725
Ti 0.000 0.000 0.001 0.003 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Fe2 0.078 0.042 0.024 0.041 0.032 0.029 0.027 0.098 0.043 0.021 0.063 0.056
Mg 0.069 0.059 0.045 0.071 0.020 0.006 0.008 0.139 0.031 0.004 0.043 0.039
Ca 0.070 0.048 0.031 0.048 0.008 0.004 0.007 0.048 0.015 0.004 0.057 0.067
Na 0.008 0.008 0.007 0.015 0.008 0.006 0.003 0.014 0.003 0.003 0.007 0.010
K 0.008 0.007 0.004 0.025 0.020 0.021 0.010 0.342 0.018 0.013 0.013 0.007

LEGEND: Kf = K-feldspar, kaol = kaolinite
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Appendix H (electron microprobe)

Analyses of altered

Sample E18 E17 E17
Run dja16 dja16 dja16
Analysis 7 21 22
Mineral Kaol Kaol Kaol
Text Fig 3.1 b 3.1 b 3.1 b
Si02 51.24 49.29 50.47
Ti02 0.01 0.01 0.04
AI203 36.53 35.09 37.8
Cr203 0.03 0 0
FeO 0.54 0.57 0.34
MnO 0.03 0 0.05
MgO 0.2 0.5 0.25
CaO 0.53 0.36 0.55
Na20 0.01 0.01 0.07
K20 0.71 0.05 0.06
NiO 0.02 0.02 0.02
Total 89.88 85.92 89.68
0 14 14 14
Si 4.245 4.250 4.173
Al 3.567 3.567 3.685
Ti 0.000 0.000 0.003
Fe2 0.038 0.041 0.024
Mg 0.025 0.064 0.031
Ca 0.048 0.034 0.049
Na 0.001 0.001 0.011
K 0.076 0.006 0.007

feldspar in Emet Rhyolite

E17 E18 E18 E5
dja16 dja16 dja16 dja16

25 27 28 29
Kaol Kaol Kaol Kaol
3.1 b 3.1 b 3.1 b 3.1 b
44.1 51.92 47.71 45.35
0.01 0.01 0.03 0.01
29.83 38.96 36.51 36.22
0.04 0.04 0.04 0
1.05 0.63 0.74 0.45
0.03 0.04 0.03 0.02
0.62 0.27 0.28 0.17
0.93 0.59 0.62 0.16
0.07 0.01 0.03 0.02
0.18 0.07 0.12 0.07
0.03 0.02 0.01 0.02
76.96 92.6 86.16 82.52

14 14 14 14
4.281 4.165 4.123 4.077
3.413 3.683 3.720 3.839
0.001 0.000 0.001 0.000
0.085 0.042 0.053 0.034
0.090 0.032 0.036 0.022
0.097 0.050 0.057 0.015
0.013 0.001 0.006 0.003
0.022 0.007 0.013 0.008

Authigenic K-feldspar

E5 Sample VSE 8 VSE 8
dja16 Analysis dja30 dja30

44 Run 14 15
Kaol Mineral auth Kf auth Kf
3.1 b Text Fig 4.4 4.4
51.11 Si02 70.23 72.01
0.01 Ti02 0.02 0.01
40.48 AI203 20.36 20.12
0.04 Cr203 0.04 0.02
0.32 FeO 0.14 0.02
0.02 MnO 0.06 0.01
0.02 MgO 0.03 0
0.06 CaO 0.01 0.01
0.01 Na20 0.25 0.44
0.05 K20 15.72 15.86
0.01 NiO 0.02 0
92.14 Total 106.88 108.5

14 Si 12.016 12.115
4.105 Al 4.106 3.990
3.832 Fe2 0.019 0.003
0.000 Ti 0.003 0.000
0.021 Mg 0.006 0.000
0.003 Na 0.083 0.144
0.006 Ca 0.003 0.003
0.001 K 3.430 3.405
0.006 Total 19.667 19.661

An% 4 2
Or% 98 96

Analyses of matrix in Borate Formation volcaniclastic siltstone (Emet Basin)

Sample VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8
Run dja30 dja30 dja30 dja30 dja30 dja30 dja30 dja30 dja30 dja30 dja40 dja40 dja40
Analysis 11 16 21 23 17 18 19 20 22 24
Phase Matrix Matrix Matrix Matrix Matrix Matrix Matrix Matrix Matrix Matrix Matrix Matrix Matrix
Text Fig 4.4a 4.4a 4.4a 4.4a 4.4a 4.4a 4.4a 4.4a 4.4a 4.4a 4.4a 4.4a 4.4a
Si02 45.8 70.41 65.68 47.2 46.82 44.5 52.28 49.64 47.31 60.74 47.903 46.752 48.57
Ti02 1.25 0.01 0.02 1.14 0.12 0.89 0.36 0.53 0.55 0.05 1.018 0.807 0.509
AI203 12.33 21.15 18.53 13.42 14.95 12.69 14.46 14.1 12.98 17.72 14.199 12.347 12.962
Cr203 0 0.01 0.01 0.01 0.04 0.01 0.04 0.03 0.04 0.01 0.036 0.036 0.005
FeO 7.96 0.05 0.33 7.21 3.1 5.74 4 6.01 4.54 0.73 8.476 6.431 4.816
MnO 0.07 0.01 0 0.02 0.01 0.05 0.01 0.04 0 0.03 0.057 0.007 0.011
MgO 4.07 0 0.26 4.04 2.83 2.73 2.58 3.99 2.9 0.46 4.873 3.12 2.87
CaO 0.93 1.33 0.09 0.85 0.72 0.82 0.67 0.6 2.38 1.22 0.872 0.447 0.85
Na20 0.34 2.76 0.18 0.21 0.48 0.27 0.36 0.29 0.24 3.5 0.262 0.167 0.309
K20 7.9 7.48 14.36 5.69 1.35 4.86 7.17 5.94 5.72 7.6 5.06 4.761 4.264
NiO 0.02 0.02 0.03 0.01 0 0.06 0.02 0.03 0.03 0.01 0.04 0.021 0.018
Total 80.67 103.23 99.49 79.8 70.42 72.62 81.95 81.2 76.69 92.07 82.797 74.897 75.185
O 22 22 22 22 22 22 22 22 22 22 22 22 22
Si 7.495 8.276 8.292 7.597 7.971 7.770 8.010 7.757 7.825 8.160 7.457 7.893 8.029
Al 2.378 2.930 2.757 2.545 3.001 2.611 2.611 2.596 2.530 2.805 2.605 2.457 2.526
Fe2 1.089 0.004 0.035 0.970 0.442 0.838 0.513 0.785 0.627 0.081 1.103 0.908 0.666
Mg 0.992 0.000 0.048 0.970 0.717 0.711 0.590 0.928 0.715 0.092 1.131 0.785 0.707
Ca 0.163 0.167 0.013 0.147 0.132 0.154 0.110 0.101 0.422 0.176 0.146 0.081 0.151
Na 0.108 0.629 0.044 0.066 0.158 0.092 0.108 0.088 0.077 0.911 0.079 0.055 0.099
K 1.650 1.122 2.312 1.168 0.293 1.082 1.401 1.184 1.208 1.302 1.005 1.025 0.899
Total 13.875 13.130 13.501 13.464 12.714 13.259 13.343 13.440 13.405 13.528 13.526 13.203 13.076

LEGEND: kaol = kaolinite
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Analyses of altered plagioclase in Borate Formation siltstone (Borate Formation)

Sample VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8 VSE 8
Analysis dja8 dja8 dja8 dja8 dja8 dja8 dja8 dja8 dja8 dja8 dja8 dja8
Run 1 2 5 8 9 10 11 16 17 3 4 6
Mineral plag/clay plag/clay plag/clay plag/clay plag/clay plag/clay plag/clay plag/clay plag/clay plag/clay plag/clay plag/clay
Text Fig 4.4b 4.4b 4.4b 4.4b 4.4b 4.4b 4.4b 4.4b 4.4b 4.4b 4.4b 4.4b
Si02 75.19 76.78 71.07 66.54 72.51 72.92 72.46 72.41 73.6 37.8 50.42 59.66
Ti02 0.08 0.06 0.05 0.04 0.03 0.01 0.05 0.07 0.06 0.11 0.01 0.07
AI203 20.31 20.6 22.96 19.66 20.41 22.37 22.06 21.75 19.83 25.18 33.53 28.04
Cr203 0.01 0.02 0.04 0.04 0.04 0 0.04 0.01 0.03 0.01 0.06 0.02
FeO 0.02 0.02 0.38 0.04 0.02 0.07 0.04 0.04 0.02 3.38 1.69 1.18
MnO 0.01 0.01 0.04 0 0 0.03 0.03 0.02 0.04 0.05 0.03 0.05
MgO 0 0 0.35 0.07 0 0 0 0 0 0.52 0.82 0.95
CaO 0.12 0.12 1.14 0.4 0.35 1.78 1.83 1.68 0.01 0.58 0.12 0.49
Na20 2.4 1.05 6.16 2.75 5.43 6.2 5.06 5.44 0.04 0.81 0.3 2.93
K20 5.54 2.81 1.78 11.04 0.15 0.25 0.22 0.3 10.13 9.89 8.23 5.35
NiO 0.02 0.01 0.05 0 0.02 0.02 0.01 0.02 0 0.02 0.01 0.02
Total 103.77 101.55 104.39 100.61 99.03 103.67 101.83 101.76 103.84 79 95.61 98.9
0 22 22 22 22 22 22 22 22 22 22 22 22
Si 8.595 8.749 8.140 8.215 8.532 8.287 8.340 8.353 8.569 6.316 6.580 7.363
Al 2.737 2.768 3.100 2.860 2.831 2.996 2.994 2.957 2.721 4.959 5.159 4.079
Fe2 0.002 0.002 0.037 0.004 0.002 0.007 0.004 0.004 0.002 0.473 0.185 0.121
Mg 0.000 0.000 0.059 0.013 0.000 0.000 0.000 0.000 0.000 0.130 0.161 0.174
Ca 0.015 0.015 0.141 0.053 0.044 0.218 0.227 0.207 0.002 0.103 0.018 0.064
Na 0.532 0.231 1.368 0.658 1.239 1.366 1.129 1.217 0.009 0.262 0.077 0.702
K 0.807 0.409 0.260 1.738 0.022 0.035 0.033 0.044 1.505 2.108 1.371 0.843

Sample VSE 8 VSE 8 VSE 8 VSE 8
Analysis dja8 dja8 dja8 dja8
Run 7 12 13 14
Mineral plag/clay plag/clay plag/clay plag/clay
Text Fig 4.4b 4.4b 4.4b 4.4b
Si02 52.94 55.25 49.58 44.14
Ti02 0.02 0.09 0.12 0.23
AI203 29.65 34.76 27.48 15.36
Cr203 0.04 0.06 0.02 0.02
FeO 0.95 1.42 1.42 1.25
MnO 0.04 0.01 0.04 0.04
MgO 1 1.13 1.15 0.96
CaO 0.18 0.31 1.49 2.82
Na20 0.52 0.36 0.76 2.46
K20 7.36 7.3 4.31 2.89
NiO 0 0.02 0.02 0.05
Total 92.93 100.94 86.67 70.5
O 22 22 22 22
Si 7.011 6.739 6.994 7.731
Al 4.629 4.996 4.569 3.170
Fe2 0.106 0.145 0.167 0.183
Mg 0.198 0.205 0.242 0.251
Ca 0.026 0.040 0.224 0.530
Na 0.134 0.086 0.207 0.836
K 1.243 1.135 0.777 0.647

LEGEND: Plag = plagioclase
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Appendix I (XRF, PGAA, ICP-AES)
X-ray fluorescence (XRF) and inductively coupled plasma - atomic emission spectroscopy (ICP-AES) 

analyses were carried out at the University of Leicester, while prompt gamma activation analysis (PGAA) 

was completed at a commercial laboratory in Canada (Activation Laboratories). Major and trace elements 

were analysed by XRF, Li and the REES were analysed by ICP-AES and B was analysed by PGAA.

Sample preparation, analytical procedure and additional details

Fine grained powders were used in all three analytical techniques. The powders were prepared at 

the University of Leicester using a fly press and an agate swing mill.

XRF analysis

Powder pellets and fusion beads were prepared for trace element and major element analysis 

respectively:

(i) Powder pellet preparation

Approximately 15g of fine powder was weighed into a beaker, to which a few drops of Mioviol 88 

solution were added in order to bind the powder. When fully mixed the powder mixture was loaded into 

a hydraulic press, which compressed the material producing a circular powder pellet. This pellet was 

then ready to be loaded into the XRF spectrometer.

(ii) Fusion bead preparation

Ignited rock powders were used for the majority of fusion beads in this study. Before ignition, the 

powder was dried overnight in an oven at 110°C to remove low temperature absorbed volatiles. The 

dry powders were then weighed into Al20 3 ceramic crucibles. The weight of the empty crucible (W1), 

and the weight of the crucible + sample prior to (W2), and, after ignition (W3), were recorded. The 

ignitions were carried out in a muffle furnace at 950°C for 1.5 hours. The percentage weight loss was 

calculated using the following formula:

LOI = 100*(W2-W3)/(W2-W1)

Before starting to make a batch of fusion beads, the weight loss on the flux (a mixture of lithium 

metaborate and lithium tetraborate) was determined. 5g of flux was weighed into a Pt / 5% Au crucible 

and placed over a Sparton gas burner until fully melted. Once cooled, the crucible and ignited flux was 

weighed and the weight loss on the flux determined. In order to make the fusion beads, 5g plus the 

previously determined weight loss of flux was accurately weighed into a Pt / Au crucible. I g of ignited 

sample was then weighed on top of the flux, and the two components were thoroughly mixed. The 

crucible and its contents were then placed on the Sparton gas burner. Once melted the mixture was
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swirled around in the crucible to ensure complete mixing. The homogenised liquid was poured onto a 

heated casting plate, and allowed to cool. The resulting fusion bead was then ready for XRF analysis.

This method was used for most of the USEKA samples, but a slightly different procedure was 

employed for carbonate-rich samples. Igniting carbonates produces CaO or MgO, both of which are 

very effective at taking up H20  and C 02 from the atmosphere. Hence, for the carbonate-rich samples, it 

proved more accurate to use 1g of dry, rather than ignited powder. Furthermore, S i02 and Al20 3-poor 

samples will not generally produce stable glasses with a mixture of lithium metaborate and lithium 

tetraborate. Therefore, lithium tetraborate was used as the flux, since it is capable of producing stable 

glasses by itself. Extra care was taken when melting these mixtures over the gas burner, since non

ignited powder releases volatiles at this stage.

Major and trace element analyses were carried out on Philips PW 1400 and ARL 8420+ XRF 

spectrometers. The analytical methods employed were those described by Tarney and Marsh (1991). 

The data from this study is presented in Tables 11, 12 and 13. The major element data has been 

recalculated incorporating the LOI values. Since analyses of carbonate-rich samples were conducted 

on non-ignited powders, the LOI values for these samples were simply added to their totals.

PGAA (B)

The B concentrations of selected igneous rocks from the USEKA area were determined by PGAA 

at Activation Laboratories Ltd in Ontario, Canada. In order to activate samples, they are encapsulated 

and placed into or near the core of a neutron source (nuclear reactor). The neutrons interact with the 

target nucleus converting it into a radioactive nucleus (Hoffman 1992). The capture gamma rays 

emitted usually have very short half lives and can be measured during irradiation using a technique 

called PGAA. This technique is particularly well suited to the determination of B (Hoffman 1992).

One g of sample powder was weighed and encapsulated in a polyethylene vial. Samples were 

introduced into the thermalized neutron beam of the prompt gamma neutron beamport at the 

McMaster Nuclear Reactor. As the sample was being irradiated the prompt gamma rays emitted were 

measured using an n-type germanium detector for the 478 Kev Doppler broadened boron peak. The 

samples count rates were corrected for sodium interference and blank and boron were computed 

using CANMET SY-3 certified standard reference materials.

ICP-AES

(i) Li determination (sample preparation)

Li was analysed in igneous and sediment samples from the USEKA area by ICP-AES, using a total 

digestion method. 100 mg of sample was weighed out into PTFE test tubes and 2 ml of 70 % nitric acid 

was added. The samples were placed in a hot block at 50°C overnight. 1 ml of 60 % perchloric acid and 

5 ml of hydrofluoric acid were then added to the samples, which were subsequently returned to the hot 

block. The samples were left at 100°C for three hours, at 150°C for three hours and at 190°C for six 

hours. 1 ml of hydrochloric acid was added to each sample, before returning the samples to the hot
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block at 50°C for half an hour. 9 ml of de-ionised water was then added to each tube, and the samples 

were left overnight. Finally, before analysis, the samples were centrifuged.

(ii) REE determination (sample preparation)

The REE concentrations of selected igneous samples from the Emet and Kirka areas were 

determined by ICP-AES using methods described by Walsh et al. (1981) and Thompson and Walsh 

(1983). The samples were firstly ignited at 950°C for 1.5 hours. 0.5 g of this ignited sample was then 

weighed into a PTFE beaker and 15 ml hydrofluoric acid and 4 ml perchloric acid were added. The 

beakers were placed on a hot block at 180 - 200°C and evaporated to dryness. Another 4 ml of 

hydrofluoric acid was added and the beaker was evaporated to dryness again. 20 ml of 25 % 

hydrochloric acid was added to the beakers, which were warmed until the residue had dissolved. The 

solutions were then transferred into Pyrex beakers and the volume made up to 50 ml with de-ionised 

water.

Once the digestion had been completed, the samples were loaded into ion exchange columns. 

The following procedures are then carried out:

(a) 450 ml of 1.7 N hydrochloric acid was run through the columns and collected in waste bottles.

(b) 600 ml of 6 N hydrochloric acid was added to the columns and collected in sample bottles.

(c) The samples were transferred from the sample bottles into 800 ml Pyrex beakers, which were 

placed on a sand bath and left to evaporate.

(d) When the solutions had evaporated to about 50 ml, they were transferred to 50 ml Pyrex beakers 

and evaporation continued.

(f) When the solutions had evaporated to about 10 ml, 2 ml of nitric acid was added and the solutions 

were evaporated to dryness.

(g) Once re dissolved in 5 % nitric acid, the samples were ready for analysis.

Accuracy and precision

XRF
T i0 2 was analysed in both fusion beads and powder pellets and it is clear from Figure I 1 that 

concentrations are similar in the pellet and bead of any given sample. This indicates that the samples 

have not been ‘mixed up’ during sample preparation and analysis. Data for standards run with samples 

from this study are presented in Tables I 4 and I 5. Averages of the measured international standards 

agree closely with accepted values from geostandards newsletters (Govindaraju 1994). The accuracy 

of the measured international standards for selected elements is also shown graphically in Figure I 2. 

The precision of the data is illustrated in Figure I 3, where international standard and USEKA sample 

concentrations measured in 1994 agree closely with analyses of the same samples carried out in 1995 

and 1996.

PGAA (B)
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In order to test the accuracy of the B data, international standards were sent for analysis by PGAA 

together with the USEKA samples. International standards sent to Canada for analysis are shown in 

Table I 6 and they clearly correlate closely with the accepted values in geostandards newsletters (Imai 

et al., 1996). The precision of the data can be seen by samples analysed in duplicate (Table I 6). There 

is close agreement between duplicate samples.

ICP-AES (Li & REE)

The Li and REE concentrations in international standards measured in this study once again agree 

closely with the accepted values from geostandards newsletters (Table I 6) (Govindaraju 1994, Imai et 

al., 1996). Satisfactory precision was also obtained as illustrated by data from duplicate samples (Table I 

6).

Comparison between XRF and ICP-AES

As a further test of the accuracy of the data, comparisons have been made between XRF and ICP- 

AES. Since Nd, Ce and La were analysed by both techniques, they are plotted against each other in 

Figure I 4. Once again, there is reasonable agreement between the two data sources (Figure 14).
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TABLE 11 USEKA granitic and volcanic rocks
XRF DATA 

Rock name Erigoz Granite Erigoz Granite Erigoz Granite Erig6z Granite Erigoz Aplite Erigdz Granite Erigdz Granite
Locality W Emet Basin W Emet Basin W Emet Basin W Emet Basin W Emet Basin W Emet Basin W Emet Basin

Kusoynagi Tepe Kusoynagi Tepe E of Simav E of Simav E of Simav E of Darci E of Darci
Sample G1 G2 G4 G5 G23 G7 G8
Fusion no. LF3501 LF3498 LF3500 LF3505 LF3510 LF3499 LF3496
RUN ARLF290 ARLF290 ARLF290 ARLF385 ARLF385 ARLF285 ARLF285
Si02 70.09 70.27 74.67 75.61 78.92 72.89 71.68

Ti02 0.51 0.50 0.27 0.27 0.12 0.41 0.44
AI203 14.69 14.91 13.42 13.40 12.44 14.18 14.75
Fe203 3.32 3.27 1.85 1.79 0.99 2.75 2.93
MnO 0.06 0.06 0.04 0.03 0.02 0.05 0.05
MgO 1.09 1.08 0.44 0.42 0.12 0.93 1.03
CaO 2.56 2.62 1.55 1.45 0.68 2.25 2.51
Na20 3.27 3.27 3.06 2.92 3.08 3.03 3.24
K20 3.96 3.89 4.42 4.41 4.91 4.32 3.99
P205 0.17 0.17 0.07 0.07 0.03 0.13 0.14
LOI 0.35 0.35 0.39 0.41 0.29 0.43 0.47
Total 100.07 100.39 100.18 100.77 101.58 101.36 101.22

Pellet no. L20509 L20499 L20510 L20505 L20494 L20511 L20501
RUN T204.RT513 T205.RT514 T204.RT513 T204.RT513 T204.RT513 T204.RT513 T206.RT514

RE155 RE156 RE155 RE155 RE155 RE155 RE156
Ba 1090 1058 751 79 180 885 843
Rb 159 157 157 154 235 165 161
Th 18 19 15 17 37 16 13
Nb 15.6 15.5 10.4 10.0 18.8 14.4 15.0
La 33 35 23 14 19 22 19
Ce 49 64 36 21 34 35 26
Nd 16 18 13 14 14 11 9
Sr 276 283 165 153 40 228 252
Zr 188 183 104 106 97 155 144
Y 35 31 18 17 38 24 24
Ga 17 16 15 14 14 16 17
Ni 1 BDL BDL BDL BDL BDL BDL
Sc 10 13 7 3 5 10 10
V 60 58 35 10 15 50 54
Cr 6 10 6 4 4 6 13
Co 6 4 3 BDL BDL 4 5
As 2 2 6 10 19 1 2

PGAA

B 13 NA NA 21 NA

ICP-AES

Li
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

57 NA NA 53
31.2
54.7
5.08
18.08 
3.19 
0.53
3.1
3.1 
1.39 
1.28 
0.2

BDL 57 NA

NA = not analysed
BDL = below detection limit
Major elements in wt %, trace elements in ppm
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TABLE 11
XRF DATA 

Rock name Emet Rhyolite Emet Rhyolite Emet Latite Emet Latite Emet Rhyolite Emet Rhyolite Emet Rhyolite Emet Rhyolite
Locality Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin

Sample
Koprucek Koprucek Derekoy Derekoy Kurtlubeyler Kurtlubeyler NE of Yagcik NE of Yagcik

E1 E2 E3 E4 E5 E6 E16 E17
Fusion no. LF3484 LF3594 LF3509 LF3502 L3592 LF3479 LF3483 LF3512
RUN ARLF284 ARLF286 ARLF285 ARLF294 ARLF286 ARLF284 ARFL284 ARLF285
Si02 71.78 71.50 56.63 56.19 69.28 71.04 71.60 72.56

TI02 0.36 0.37 1.88 1.91 0.58 0.59 0.40 0.39
AI203 14.90 14.70 14.05 14.05 15.34 15.13 14.69 14.71
Fe203 2.62 2.63 6.95 6.96 3.62 3.70 2.71 2.67
MnO 0.02 0.02 0.09 0.08 0.02 0.02 0.02 0.02
MgO 0.72 0.70 4.82 4.79 0.80 0.77 0.26 0.27
CaO 2.08 2.01 6.69 6.55 0.28 0.28 0.45 0.48
Na20 3.19 3.16 2.21 2.20 0.69 0.64 1.44 1.46
K20 3.78 3.87 5.84 5.79 6.43 5.97 7.53 7.31
P205 0.14 0.14 0.57 0.57 0.19 0.20 0.16 0.16
LOI 0.88 0.88 1.39 1.24 2.66 2.66 1.38 1.46
Total 100.48 99.99 101.11 100.33 99.90 101.01 100.63 101.49

Pellet no. L20478 L20507 L20495 L20508 L20484 L20483 L20477 L20492
RUN T205.RT514 T204.RT513 T205.RT514 T204.RT513 T205.RT514 T205.RT514 T205.RT514 T205.RT514

RE156 RE155 RE156 RE155 RE156 RE156 RE156 RE156
Ba 939 962 459 478 1150 1139 857 952
Rb 103 106 258 243 265 254 335 321
Th 21 22 11 11 23 20 22 21
Nb 14.3 14.8 30.9 30.9 15.6 15.4 16.2 16.2
La 39 43 57 57 43 41 40 39
Ce 64 62 125 131 66 69 69 62
Nd 17 19 63 69 20 21 21 19
Sr 228 218 518 516 43 42 61 65
Zr 165 170 584 590 227 218 193 187
Y 21 22 24 24 25 24 25 24
Ga 18 17 20 22 17 17 17 17
Ni 0 0 115 115 1 1 0 0
Sc 11 8 17 18 6 10 7 7
V 39 37 170 177 70 75 33 36
Cr 9 3 281 288 4 5 2 1
Co 4 4 31 29 7 6 3 2
As 22 21 23 17 14 15 25 23

PGAA

B 68 NA 13 NA 32 NA 61 NA

ICP-AES

Li 24 NA BDL
La 21.2 49.9
Ce 38.4 106.8
Pr 5.1 13.89
Nd 17.65 64.99
Sm 2.93 8.96
Eu 0.44 2.01
Gd 2.8 6.8
Dy 2.2 4.8
Er 1.5 2.72
Yb 0.77 1.78
Lu 0.14 0.31

NA 37 NA 19 NA
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TABLE 11
XRF DATA 

Rock name Emet Rhyolite Emet Rhyolite Emet Rhyolite Emet Rhyolite Silicified Rhyolite Emet shoshonite Shoshonite
Locality Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Usak-G Basin

E of Yagcik E of Yagcik E of Yagcik E of Yagcik E of Yagcik Derekoy NW Eski Gediz
Sample E18 E19 E20 E21 E22 E68 UG7
Fusion no. LF3489 LF3488 LF3482 LF3480 LF9754 LF3535 LF3511
RUN ARLF284 ARLF284 ARLF284 ARLF284 RHF415 ARLF286 ARLF285
Si02 72.34 72.30 70.72 71.73 76.30 52.38 52.04

Ti02 0.42 0.38 0.33 0.34 0.01 1.66 1.17
AI203 14.34 14.45 13.86 14.05 0.27 13.19 16.00
Fe203 2.76 2.67 1.98 1.99 8.46 6.66 7.85
MnO 0.02 0.02 0.05 0.04 0.06 0.11 0.13
MgO 0.39 0.46 0.65 0.64 3.26 5.07 7.09
CaO 1.25 1.25 1.65 1.68 3.10 9.81 7.58
Na20 2.49 2.37 2.22 2.15 0.00 2.30 2.85
K20 5.38 5.18 5.31 5.27 0.00 5.27 3.16
P205 0.16 0.15 0.16 0.18 0.01 0.54 0.61
LOI 1.00 1.30 2.74 2.71 7.60 3.29 2.24
Total 100.52 100.55 99.68 100.79 99.04 100.28 100.70

Pellet no. L20487 L20488 L20480 L20482 L30901 L20540 L20493
RUN T205.RT514 T205.RT514 T205.RT514 T205.RT514 RT514.T206 T205.RT514

Ba
RE156

988
RE156
1007

RE156
756

RE156
745 BDL

RE156
503

RE156
1204

Rb 232 224 258 277 BDL 258 107
Th 22 22 17 18 1 10 19
Nb 16.1 15.4 15.9 15.8 BDL 29.5 19.3
La 39 38 32 35 BDL 59 60
Ce 62 60 54 54 BDL 116 111
Nd 19 19 19 20 BDL 58 44
Sr 145 142 183 178 50 579 982
Zr 181 178 169 163 6 538 272
Y 25 26 25 26 13 24 31
Ga 17 17 17 17 2 20 16
Ni 0 1 0 0 2266 132 114
Sc 5 8 6 7 11 14 17
V 35 38 27 31 13 162 172
Cr 5 5 5 3 2104 280 233
Co 6 3 2 2 98 30 29
As 42 41 14 14 71 40 2

PGAA

B 57 NA 65 NA NA NA 16

ICP-AES

Li
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

NA NA 14 NA NA NA 38
58.8
112.1
12.7

41.48
9.18
2.29
7.4
6.2

2.85
2.59
0.42
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TABLE 11
XRF DATA

Rock name Shoshonite Rhyolite Rhyolite Trachyte Dacite Trachyte Latite
Locality Usak-G Basin Usak-G Basin Usak-G Basin Usak-G Basin Usak-G Basin Usak-G Basin Usak-G Basin

NW Eski Gediz NW Eski Gediz NW Eski Gediz W of Yenikoy E of Gure E of Gure S of Gure
Sample UG8 UG28 UG29 UG58 UG63 UG64 UG65
Fusion no. LF3508 LF3494 LF3495 LF3542 L3540 L3539 LF3538
RUN ARLF285 ARLF285 ARLF294 ARLF286 ARLF286 ARLF286 ARLF286
Si02 52.22 71.61 70.10 65.48 64.85 64.14 61.51

Ti02 1.19 0.43 0.41 0.99 0.72 2.41 0.73
AI203 16.08 15.58 15.45 14.04 16.95 13.81 16.31
Fe203 7.86 2.76 2.64 3.35 4.69 4.69 5.18
MnO 0.13 0.04 0.04 0.05 0.05 0.01 0.07
MgO 7.30 0.45 0.45 2.51 0.96 1.44 2.90
CaO 7.76 2.34 2.35 2.98 3.02 1.87 4.85
Na20 2.58 3.63 3.67 2.12 2.65 1.57 2.63
K20 3.14 4.17 4.17 6.23 3.71 7.10 3.84
P205 0.61 0.14 0.14 0.56 0.28 0.92 0.37
LOI 2.01 0.26 0.36 2.24 2.03 2.18 1.75
Total 100.87 101.41 99.76 100.57 99.91 100.13 100.13

Pellet no. L20496 L20503 L20502 L20547 L20545 L20544 L20543
RUN T205.RT514 T204.RT513 T204.RT516 T206.RT514 T206.RT514 T206.RT514 T206.RT514

RE156 RE155 RE157 RE156 RE156 RE156 RE156
Ba 1210 1566 1643 1101 1132 852 1414
Rb 107 143 138 251 142 149 151
Th 17 33 32 36 24 29 32
Nb 19.8 17.1 16 32.5 16.9 69.9 17.2
La 62 49 52 60 57 109 68
Ce 117 78 73 115 104 237 115
Nd 45 19 18 44 39 98 43
Sr 913 392 403 655 644 638 911
Zr 277 192 179 502 250 1345 243
Y 31 18 17 22 24 25 29
Ga 17 17 17 19 21 25 20
Ni 115 0 0 20 8 277 20
Sc 19 9 11 14 12 17 16
V 169 51 48 105 69 163 128
Cr 232 6 0 121 53 737 65
Co 32 5 5 12 10 17 15
As 3 12 13 23 13 6 19

PGAA

B NA 53 NA 105 NA NA NA

ICP-AES

Li NA 17 NA 27 NA NA NA
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA

Rock name T rachyte Trachyte Latite Trachyte Trachyte Trachyte Latite
Locality Usak-G Basin Usak-G Basin Usak-G Basin Usak-G Basin Usak-G Basin Usak-G Basin Usak-G Basir

S of Gure S of Gure Zahman S of Yenikoy S of Yenikoy N of Usak S of Yenikoy
Sample UG66 UG67 UG73 UG74 UG75 UG126 UG142
Fusion no. LF3537 LF3536 L3531 LF3530 LF3529 LF3523 LF3521
RUN ARLF286 ARLF286 ARLF286 ARLF286 ARLF285 ARLF285 ARLF285
Si02 65.90 65.00 56.05 66.44 63.54 64.16 58.02

Ti02 0.89 0.89 1.59 1.31 1.16 0.93 1.94
AI203 16.34 16.42 14.97 15.14 13.86 17.15 13.92
Fe203 3.44 3.89 4.31 3.30 4.27 4.71 5.84
MnO 0.01 0.02 0.06 0.00 0.14 0.02 0.08
MgO 0.89 1.09 2.84 1.37 1.97 0.98 2.56
CaO 2.56 3.19 8.78 1.36 2.62 2.28 3.52
Na20 2.46 2.69 2.35 1.71 2.52 2.34 1.89
K20 4.93 4.89 5.13 7.06 6.56 4.68 8.37
P205 0.49 0.48 0.70 0.82 0.83 0.45 0.86
LOI 2.10 1.47 2.74 1.73 1.07 2.72 3.82
Total 100.02 100.05 99.52 100.24 98.52 100.41 100.83

Pellet no. L20542 L20541 L20536 L20535 L20534 L20519 L20550
RUN T206.RT514 T206.RT514 T206.RT514 T206.RT514 T206.RT514 T205.RT513 T206.RT514

RE156 RE156 RE156 RE156 RE156 RE155 RE156
Ba 1601 1605 1166 1390 1504 1738 804
Rb 184 179 172 298 263 164 373
Th 30 27 15 18 18 34 22
Nb 24.4 24.2 31.2 27.1 24.4 25.1 51.6
La 69 75 70 49 58 81 91
Ce 124 145 146 86 113 136 185
Nd 48 62 61 35 51 50 77
Sr 932 998 647 649 712 786 751
Zr 389 382 603 694 618 362 1049
Y 32 51 30 31 24 28 22
Ga 19 21 20 22 21 22 23
Ni 27 28 94 55 39 14 343
Sc 18 17 25 12 12 18 20
V 147 139 166 115 125 146 178
Cr 173 166 344 232 268 54 779
Co 10 12 15 13 18 12 23
As 11 10 2 20 19 11 68

PGAA

B NA NA NA 54 22 NA

ICP-AES

Li
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

NA NA 27 NA 38
72

140.4
11.56
67.65
9.26
2.43
8.5
6.6 
2.77 
2.95 
0.44

BDL
79.2
143.1
14.29
49.17 
7.77 
2.19 
8.9 
6.6 
2.03
2.17 
0.35

25
82.3
168.7 
17.8

63.07 
10.36 
2.69

8
5.4

2.17
0.79
0.09
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA

Rock name Latite Rhyolite Rhyolite Trachyte Trachyte Andesite Andesite
Locality Usak-G Basin Selendi Basin Selendi Basin Selendi Basin Selendi Basin Selendi Basin Selendi Basin

Sample
SW of Zahman E of Yumru dagi E of Yumru dagi E of Yumru Dagi E of Yumru Dagi SSW Saphane SSW SaDhan<

UG145 SE1 SE2 SE3 SE4 SE12 SE13
Fusion no. LF3520 LF5289 LF4904 LF5291 LF4907 LF6553 LF3487
RUN ARLF290 ARLF412 ARLF411 ARLF412 ARLF411 ARLF459 ARLF284
Si02 56.54 70.00 69.38 63.83 62.76 59.09 59.23

Ti02 2.03 0.54 0.52 0.66 0.65 0.81 0.81
AI203 12.73 14.65 15.21 16.66 16.41 16.78 16.44
Fe203 6.64 3.11 2.93 3.83 4.31 6.29 6.48
MnO 0.06 0.03 0.03 0.06 0.07 0.11 0.11
MgO 5.31 0.94 0.87 1.51 1.62 3.64 3.46
CaO 5.62 2.32 2.53 4.04 4.36 6.67 6.44
Na20 2.31 3.36 3.61 3.55 3.78 3.07 2.87
K20 6.14 4.45 4.43 3.82 3.92 2.61 2.61
P205 0.78 0.15 0.17 0.20 0.19 0.23 0.24
LOI 1.97 0.78 0.68 2.14 1.17 1.11 1.49
Total 100.12 100.33 100.35 100.30 99.25 100.43 100.17

Pellet no. L20549 L22546 L21778 L22548 L21807 L20504 L20489
RUN T206.RT514 LDA2 LDA3 LDA2 LDA3 T204.RT513 T205.RT514

Ba
RE156

651 977 944 618 602
RE155
1206

RE156
1552

Rb 243 146 148 139 140 101 96
Th 22 20 18 11 18 21 19
Nb 55.2 16 14 12 11 10.9 11.5
La 92 31 30 28 31 206 46
Ce 201 61 67 69 64 446 67
Nd 87 28 25 31 33 193 25
Sr 634 250 301 380 409 674 669
Zr 1128 183 175 194 192 181 178
Y 26 19 20 17 20 29 29
Ga 23 17 16 22 19 20 18
Ni 236 BDL 7 BDL 11 9 10
Sc 21 8 8 14 9 18 14
V 153 61 57 71 67 201 156
Cr 529 10 24 17 24 240 17
Co 21 6 4 10 8 40 22
As 29 10 13 30 25 8 8

PGAA

B 54 36 NA 112 NA 32 NA

ICP-AES

Li
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

30 23 NA 14 NA 42 NA
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA

Rock name Rhyolitic tuff Rhyolitic tuff Latite Latite Alunite + Quartz Rhyolite Latite
Locality Selendi Basin Selendi Basin Selendi Basin Selendi Basin Selendi Basin Selendi Basin Simav Basin

Taslik Taslik W of Abide
Sample SE24 SE25 SE26
Fusion no. LF3506 LF3507 LF3491
RUN ARLF285 ARLF285 ARLF284
Si02 72.55 73.01 56.94

Ti02 0.45 0.46 1.62
AI203 12.56 12.76 10.49
Fe203 3.95 3.45 6.30
MnO 0 .0 2 0.03 0.08
MgO 0.57 0.54 9.20
CaO 0 .2 1 0.18 5.03
Na20 0.58 0.58 1.31
K20 9.48 9.47 7.05
P205 0.16 0.15 1.25
LOI 0.90 0.89 1.47
Total 101.43 101.52 100.73

Pellet no. L20498 L20497 L20485
RUN T205RT514 T205.RT514 T205.RT514

RE156 RE156 RE 156
Ba 897 943 1888
Rb 396 395 258
Th 18 17 15
Nb 1 2 .2 12.3 48.1
La 32 35 53
Ce 52 52 103
Nd 11 13 47
Sr 58 72 967
Zr 151 156 831
Y 21 28 29
Ga 14 14 17
Ni 8 8 284
Sc 11 1 0 18
V 75 78 140
Cr 8 6 680
Co 9 1 0 34
As 145 167 6

PGAA

B 34 NA 17

ICP-AES

Li BDL NA 25
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

W of Abide NW of Saphane Saphane Nasa
SE27 SE71 SE72 SI14

LF3483 LF3533 LF3532 LF3497
ARLF284 ARLF294 ARLF286 ARLF285

56.97 61.25 70.78 56.64
1.62 0.23 0.33 1.23

10.58 13.40 13.79 15.98
6.39 1.46 2.19 6.58
0.08 0 .0 0 0.03 0 .1 0
9.24 0 .0 0 0.52 4.22
4.94 0 .0 2 2.31 7.42
1.33 0 .0 0 2.74 2.89
7.00 3.82 4.17 4.14
1.26 0.08 0 .1 0 0.72
1.49 15.84 1.77 1.34

100.90 96.05 98.72 101.26

L20479 L20538 L20537 L20500
T205.RT514 RT514.T206 RT514T206 RT514.T206

RE156 RE156 RH156 RE156
1885 747 1181 1441
254 5 149 125
14 30 25 15

48.2 13.6 13.4 31.1
54 41 44 78

1 0 0 61 57 141
44 6 16 58
978 255 2 0 1 791
827 2 0 0 156 544
31 14 25 36
18 13 16 19

284 0 0 60
14 4 9 16
142 23 43 146
664 6 1 141
32 2 1 2 0

6 204 4 3

NA 3 NA 7

NA BDL NA 31
50.3 71.9
70.2 134.9
6.45 13.66
15.93 43.46
1.08 8 .0 1

0.13 2.08
1.1 8.5
2 7

1.63 1.87
1.64 0.64
0.26 0.09
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA

Rock name Latite Kirka Ignimbrite Kirka Ignimbrite Kirka Ignimbrite Kirka Ignimbrite Kirka Ignimbrite Kirka Ignimbrite
Locality Simav Basin SE of Kirka Basin SE of Kirka Basin S of Kirka Basin S of Kirka Basin Kirka Basin Kirka Basin

Sample
Nasa NW of Seyidler NW Seyidler Ayazini Ayazini Fetiye Fetiye
S115 I208 I209 1219 I2 2 0 1221 I2 2 2

Fusion no. LF3490 LF4898 LF6881 LF6871 LF4895 LF6870 LF6874
RUN ARLF284 ARLF411 RHF348 RHF348 ARLF411 RHF348 RHF340
Si02 55.69 76.72 75.91 74.19 76.27 79.95 79.02

Ti02 1 .2 0 0.09 0 .1 1 0.07 0.06 0.08 0.05
AI203 15.71 12.39 12.18 12.96 12.92 10.94 10.43
Fe203 6 .8 8 0.42 0.53 1 .1 2 0.94 0.39 0.38
MnO 0 .1 1 0.05 0.05 0.05 0 .1 0 0 .0 1 0 .0 1
MgO 3.68 0 .0 1 0.13 0.16 0 .0 2 0.23 0 .2 2
CaO 7.67 0 .8 8 0 .8 8 0.87 0.82 0.33 0.35
Na20 2.83 2.52 2.40 2.49 2.71 1.09 1 .1 2
K20 4.05 4.99 4.68 4.94 5.31 5.16 5.25
P205 0.71 0 .0 2 0 .0 1 0 .0 1 0 .0 2 0 .0 1 0 .0 1
LOI 1 .6 6 1.32 2.24 2.64 1.56 1.30 1.25
Total 1 0 0 .2 0 99.41 99.1 99.49 100.72 99.49 98.08

Pellet no. L20486 L21772 L22555 L22553 L21819 L22556 L22551
RUN T205.RT514

RE156
LDA3 LDA2 LDA2 LDA3 LDA2 LDA2

Ba 1463 2 0 0 208 33 44 46 43
Rb 127 342 325 443 436 454 445
Th 15 40 42 35 31 28 33
Nb 31.5 42 38 42 47 42 33
La 79 26 24 18 16 19 17
Ce 143 53 58 39 41 38 38
Nd 60 24 2 0 2 0 17 1 2 25
Sr 799 77 67 NA 27 24 26
Zr 545 92 95 78 69 81 74
Y 36 34 35 52 55 59 52
Ga 19 14 15 19 17 16 16
Ni 92 4 3 11 4 1 2 11

Sc 17 5 2 6 5 5 4
V 146 8 1 2 11 7 8 8

Cr 134 21 4 BDL BDL 5 4
Co 23 BDL BDL BDL BDL BDL 3
As 19 23 19 56 52 36 28

PGAA

B NA 71 NA 145 NA NA 74

ICP-AES

Li NA 11 NA BDL NA NA 21

La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA

Rock name Kirka Ignimbrite Kirka Ignimbrite Kirka Ignimbrite Kirka Ignimbrite Kirka Ignimbrite Kirka Ignimbrite Kirka Ignimbrite
Locality S of Kirka Basin S of Kirka Basin S of Kirka Basin 

Koroglukalesi Koroglukalesi Koroglukalesi
Sample I250 1251 I252
Fusion no. LF7132 LF4882 LF4878
RUN RHF341 ARLF389 ARLF389
Si02 76.62 75.01 75.38

Ti02 0.06 0.05 0.05
AI203 12.32 12.63 12.67
Fe203 1.08 0 .8 8 0.84
MnO 0 .0 1 0 .0 2 0 .0 2
MgO 0.16 0 .0 1 0 .0 1
CaO 0 .6 8 0.91 0.89
Na20 2.19 3.16 3.14
K20 4.66 4.09 4.12
P205 0 .0 1 0 .0 2 0 .0 2
LOI 1.08 1.82 1.61
Total 98.86 98.61 98.74

Pellet no. L22474 L22467 L22471
RUN LDA2 LDA2 LDA2

Ba 40 44 39
Rb 334 385 386
Th 39 40 39
Nb 35 40 37
La 19 15 15
Ce 46 40 29
Nd 2 0 19 16
Sr 27 31 29
Zr 8 6 78 82
Y 26 43 43
Ga 18 19 18
Ni 4 9 9
Sc 2 4 3
V 7 1 0 7
Cr 5 7 6

Co BDL BDL BDL
As 23 42 40

PGAA

B 47 NA 1 2 0

ICP-AES

Li 49 NA 21

La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

Kirka Basin Kirka Basin Kirka Basin Kirka Basin
Buyukyayla Buyukyayla Kumbet NE of Karaoren

I258 I259 I 260 1271
LF6872 LF6867 LF6883 LF6862
RHF348 RHF340 RHF348 RHF340

77.43 78.95 74.51 72.20
0.06 0.05 0.08 0.08

1 2 .0 0 1 0 .1 0 12.30 12.78
1 .1 0 0.89 1.26 1.32
0 .0 2 0 .0 1 0 .1 0 0 .2 0
0.34 0 .2 2 0 .1 1 0.37
0.80 0.75 0 .8 8 1 .1 0
1.95 2.32 2.69 2.61
4.69 3.95 5.51 5.21
0 .0 1 0 .0 1 0 .0 1 0 .0 1
1.28 1 .0 0 1.60 2.25

99.68 98.26 99.04 98.12

L22473 L28043 L22482 L28049
LDA2 LDA8,9,10 LDA2 LDA8,9,10

38 43 126 82
382 367 320 418
34 28 49 35
32 34 26 44
14 14 24 15
24 28 55 30
2 0 17 19 18
32 36 43 51
78 61 93 75
34 49 40 63
17 NA 17 NA
5 NA 6 NA
4 NA BDL NA

1 0 9 1 0 2
BDL 8 6 7
BDL BDL BDL 1

15 40 40 62

NA NA NA NA

na NA NA NA
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA 

Rock name Kirka shoshonite Kirka shoshonite Kirka shoshonite Kirka Rhyolite Kirka Rhyolite Kirka Rhyolite Kirka Rhyolite
Locality Kirka Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin

N of Sancar Idrisyayla area Idrisyayla area Idrisyayla area Idrisyayla area Idrisyayla area Idrisyayla area
Sample K223 K225 K226 K227 K228 K229 K230
Fusion no. LF5393 LF4902 LF4887 LF5392 LF4900 LF4896 LF4905
RUN ARLF412 ARLF411 ARLF389 ARLF412 ARLF411 ARLF411 ARLF411
Si02 51.05 55.32 55.89 76.00 76.76 73.68 74.00

Ti02 1.43 1 .0 0 0.99 0.08 0.08 0.23 0.23
AI203 14.75 16.85 16.28 12.48 12.50 13.18 13.30
Fe203 7.10 7.16 6.96 0.38 0.35 2.14 2.09
MnO 0 .1 1 0 .1 2 0 .1 1 0 .0 1 0 .0 1 0.05 0.05
MgO 7.49 5.07 5.03 0 .1 1 0.16 0.24 0 .2 2
CaO 7.75 7.16 6.93 0.19 0 .2 2 1.09 1 .1 2
Na20 2.44 3.48 3.11 1.30 1.44 4.09 4.14
K20 4.34 3.46 3.19 8 .2 0 7.93 5.23 5.18
P205 0.58 0.49 0.48 0.04 0.05 0.07 0.07
LOI 2 .0 2 0.70 0.48 1.06 1 .0 0 0.23 0.26
Total 99.07 100.81 99.44 99.83 100.46 1 0 0 .2 2 100.65

Pellet no. L21777 L21776 L21827 L21773 L21774 L21818 L21779
RUN LDA3 LDA3 LDA3 LDA3 LDA3 LDA2 LDA3

Ba 1217 1137 1192 111 98 426 424
Rb 137 127 126 446 430 187 193
Th 8 1 2 3 34 32 33 27
Nb 28 17 17 26 26 2 0 21

La 6 8 40 40 28 26 48 45
Ce 135 71 69 62 63 101 8 6

Nd 54 31 38 2 2 26 40 36
Sr 748 554 548 177 159 82 97
Zr 402 234 233 90 94 193 207
Y 24 24 26 11 18 23 2 2

Ga 16 15 16 16 16 17 15
Ni 155 1 2 0 113 3 2 BDL BDL
Sc 16 2 0 17 4 2 6 4
V 153 128 131 3 1 0 25 19
Cr 272 2 1 1 197 BDL BDL BDL 4
Co 28 24 23 BDL BDL BDL 3
As 3 2 BDL 55 41 42 35

PGAA

B 11 1 2 NA 53 NA 44 NA

ICP-AES

Li 16 BDL NA 35 NA 18 NA
La 61.8 39.7 22.3 48.3
Ce 119.8 75.3 42.5 9.6
Pr 13.17 9.31 4.7 8.85
Nd 44.45 26.81 15.47 30.55
Sm 8.45 6.91 3.89 5.81
Eu 2.16 1.65 0.31 0 .8

Gd 6.7 6 3.7 5.1
Dy 5.1 5.19 3.6 4.66
Er 2.36 2 .6 1.74 2.13
Yb 1.95 2.39 2.28 2 .1 1

Lu 0.32 0.4 0.37 0.34
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA

Rock name Kirka Rhyolite Kirka Trachyte Kirka Trachyte Kirka Dacite Kirka Trachyte Kirka Rhyolite Kirka Rhyolite
Locality Kirka Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin

Idrisyayla area Idrisyayla area Idrisyayla area Idrisyayla area Idrisyayla area Idrisyayla area Idrisyayla area
Sample K231 K232 K233 K234 K235 K236 K237
Fusion no. LF4884 LF4891 LF4886 LF4881 LF7122 LF4880 LF4877
RUN ARLF389 ARLF411 ARLF389 ARLF389 RHF348 ARLF389 ARLF411
Si02 68.42 67.07 66.97 64.87 63.69 68.79 75.56

Ti02 0.58 0.61 0.59 0.67 0.77 0.53 0.08
AI203 15.88 16.46 15.42 15.30 15.47 14.88 12.44
Fe203 1.98 2.08 4.20 4.73 4.92 3.45 1.27
MnO 0 .0 2 0.03 0.07 0.09 0 .1 0 0 .0 2 0 .0 1
MgO 0.58 0.63 0 .6 8 1.85 2 .0 1 0.46 0 .0 2
CaO 2.16 2.15 2.79 4.37 4.44 2.23 0.13
Na20 3.34 4.03 3.63 3.61 3.97 3.37 1 .2 2
K20 4.08 4.54 3.99 3.55 3.77 4.34 7.30
P205 0 .1 1 0 .1 1 0.16 0.19 0.18 0.18 0.04
LOI 2.03 2.33 0.59 0.44 0.51 0 .6 6 1.18
Total 99.19 100.03 99.08 99.66 99.84 98.9 99.24

Pellet no. L22465 L21823 L21829 L22468 L21821 L22469 L22472
RUN LDA2 LDA3 LDA3 LDA2 LDA3 LDA2 LDA2

Ba 983 999 969 1004 1 0 1 1 990 95
Rb 156 155 158 138 137 190 418
Th 25 2 2 2 2 18 2 2 24 30
Nb 18 2 0 19 16 16 18 26
La 38 41 43 36 44 33 28
Ce 76 74 92 82 74 63 59
Nd 30 21 33 29 32 24 21

Sr 332 353 385 494 525 NA 90
Zr 190 185 176 178 174 176 96
Y 1 2 16 24 25 23 21 8

Ga 19 19 17 18 17 17 16
Ni BDL 2 6 4 9 11 4
Sc 7 9 14 1 2 16 1 0 1

V 59 54 52 90 97 62 9
Cr 1 2 2 0 25 38 52 33 BDL
Co 3 6 13 1 2 14 8 3
As 29 39 26 31 29 19 58

PGAA

B NA 45 NA 24 NA 34 59

ICP-AES

Li
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

NA 15
39.9
70.8
7.83
22
4.7 
0.96
3.7 
3.4 
1.82 
1.58 
0.27

NA 19
38.8
69.3 
7.87
23.3 
4.64 
0.44
5.5 
5

2.6 
2.32 
0.4

NA BDL 58
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA 

Rock name Kirka Rhyolite Kirka Rhyolite Kirka Rhyolite
Locality Kirka Basin Kirka Basin Kirka Basin

Idrisyayla area Idrisyayla area Idrisyayla area
Sample K238 K239 K244
Fusion no. LF4901 LF4879 LF7126
RUN ARLF411 ARLF389 RHF341
Si02 70.99 69.57 73.49

Ti02 0.51 0.53 0 .2 1
AI203 14.11 14.46 13.03
Fe203 3.21 3.48 1.05
MnO 0.04 0.03 0 .0 1
MgO 0.54 0.50 0 .1 1
CaO 2.17 2.27 0.24
Na20 3.48 3.39 1.58
K20 4.66 4.44 8.23
P205 0.17 0.18 0.04
LOI 0.45 0.41 0.93
Total 100.32 99.25 98.91

Pellet no. L21775 L22470 L21820
RUN LDA3 LDA2 LDA2

Ba 836 887 790
Rb 184 196 485
Th 21 19 32
Nb 17 18 2 0
La 38 40 49
Ce 71 73 82
Nd 27 29 24
Sr 289 280 124
Zr 181 164 113
Y 19 18 BDL
Ga 14 18 16
Ni 5 5 8

Sc 9 5 1

V 48 53 2 2

Cr 29 19 5
Co 4 3 BDL
As 2 0 26 254

PGAA

B NA NA NA

ICP-AES

Li NA NA NA
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

Kirka Rhyolite Kirka Rhyolite Kirka Rhyolite Kirka Rhyolite
Kirka Basin Kirka Basin Kirka Basin Kirka Basin

Idrisyayla area Idrisyayla area Idrisyayla area Idrisyayla area
K245 K246 K247 K277

LF4885 LF4892 LF7116 LF6873
ARLF389 ARLF411 RHF348 RHF348

74.80 76.25 76.12 74.28
0.19 0.08 0.09 0.23
12.60 11.41 11.85 13.31
0.45 1.44 1.53 0.31
0 .0 1 0.03 0.03 0 .0 1
-0.05 0 .0 0 0.06 0.13
0.14 0.17 0.17 0.25
1.25 1.77 1.92 1.91
9.12 8.43 7.80 7.75
0.05 0.06 0 .0 1 0.03
0.26 0.41 0.41 1 .1 1
98.8 100.06 99.98 99.36

L21828 L28054 L21811 L22480
LDA3 LDA8,9,10 LDA3 LDA2

792 33 46 789
545 522 527 465
2 0 44 27 2 2
19 30 31 21
40 23 27 34
82 6 6 55 62
27 30 28 24
106 18 9 96
121 139 146 115
BDL 33 25 BDL
15 NA 16 15
5 NA 5 7
4 NA 4 BDL
14 1 5 2 0
5 13 BDL BDL
3 BDL BDL BDL
69 72 76 29

67 42 NA 82

33 130 NA 55
37.9 25.4
61.8 51.8
5.58 6.23
18.35 20.33
2.51 4.85
0 .0 2 0.14
3.1 4.6
3 4.7

1.41 2 .1
0.81 2.56
0.14 0.4
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA

Rock name Latite Latite Latite Latite Trachyte Trachyte Latite Latite Trachyte
Locality Afyon area Afyon area Afyon area Afyon area Afyon area Afyon area Afyon area Afyon area Afyon area

Koprulu Koprulu Afyon Afyon Buyukkalecik Buyukkalecik NE Iscehisar NE Iscehisar Buyukkalecik
Sample A200 A201 A202 A203 A204 A205 A206 A207 A210
Fusion no. LF6644 LF6865 LF6860 LF6 8 6 6 LF6858 LF6875 LF6652 LF6851 LF4909
RUN ARLF466 RHF340 RHF348 RHF340 RHF348 RHF248 ARLF466 RHF340 ARLF411
Si02 55.70 55.68 61.88 61.74 62.76 61.99 54.46 54.76 62.40

Ti02 1.36 1.50 0.92 0 .8 6 0.75 0.74 1.62 1.74 0.67
AI203 12.41 1 2 .2 2 15.67 15.50 15.14 15.35 14.20 13.90 15.86
Fe203 6.70 7.04 4.77 5.51 4.89 5.20 7.43 7.94 4.92
MnO 0.08 0.08 0.06 0.06 0 .1 1 0 .1 0 0.40 0.26 0 .1 0
MgO 5.86 5.48 1.84 1.46 2.46 2 .8 8 3.65 3.37 2.19
CaO 6.65 6.46 4.18 3.47 3.93 4.92 6.35 6.45 4.56
Na20 2.15 2.32 3.56 3.52 3.90 3.76 2.45 2.56 4.38
K20 7.70 7.20 5.38 5.32 4.64 4.66 6 .6 6 6.15 5.02
P205 0.99 1 .0 2 0.59 0.58 0.44 0.43 1.15 1.16 0.45
LOI 0.47 0.58 0.45 0.87 0.31 0.27 0.89 0.94 0.26
Total 100.08 99.56 99.29 98.91 99.32 100.29 99.26 99.24 100.82

Pellet no. L27158 L28046 L28039 L28045 L28041 L22554 L27159 L28044 L21809
RUN LML1 LDA 8,9,10 LDA8,9,10 LDA8,9,10 LDA8,9,10 LDA2 LML1 LDA8,9,10 LDA3

Ba 1467 1724 1458 1475 1920 2231 2526 2617 1937
Rb 190 2 0 1 206 204 160 151 169 173 154
Th 32 38 40 42 45 51 19 17 39
Nb 41 43 34 32 24 2 2 29 31 23
La 113 108 77 73 92 92 78 69 95
Ce 251 239 154 150 169 186 161 148 166
Nd 1 0 0 103 71 6 8 72 77 59 69 67
Sr 1237 1309 1188 1192 1456 1701 985 1 0 2 1 1609
Zr 598 707 450 443 268 316 607 729 284
Y 19 27 24 23 25 19 27 31 21

Ga 18 NA NA NA NA 19 2 0 NA 18
Ni 148 NA NA NA NA 17 154 NA 14
Sc 15 NA NA NA NA 11 2 0 NA 16
V 128 105 127 114 91 103 184 160 90
Cr 548 591 53 47 19 32 467 431 57
Co 2 0 2 2 16 1 2 1 2 16 58 37 12

As NA 11 21 14 17 15 NA 17 5

PGAA

B 15 NA 38 NA NA NA 11 NA 35

ICP-AES

Li 29 NA 15 NA NA NA 2 0 NA 24
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu
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Appendix I (XRF, PGAA, ICP-AES)

TABLE II
XRF DATA

Rock name Latite Latite Trachyte Latite Latite Latite Trachyte Trachyte Latite
Locality Afyon area Afyon area Afyon area Afyon area Afyon area Afyon area Afyon area Afyon area Afyon area

Suhut Suhut Elvanpasa Kayadibi Kayadibi Calkoy Balmahmut Balmahmut Sandikli
Sample A213 A214 A216 A217 A218 A241 A242 A243 A248
Fusion no. LF4883 LF5419 LF6859 LF4917 LF4912 LF4890 LF4916 LF7117 LF4889
RUN ARLF389 ARLF412 RHF348 ARLF411 ARLF411 ARLF411 ARLF411 RHF348 ARLF411
Si02 60.62 59.82 61.31 60.47 59.76 56.21 62.14 62.11 57.52

Ti02 0.92 0.95 0.70 0.71 0.70 0.61 0.59 0.70 1 .0 1
AI203 14.32 14.78 17.02 16.68 16.52 13.36 16.54 16.10 14.67
Fe203 5.70 5.82 5.48 4.98 4.99 5.92 4.24 4.24 6.64
MnO 0.08 0 .1 0 0.05 0 .1 0 0 .1 0 0.14 0.06 0.08 0.07
MgO 2.57 2.16 0.78 1.92 1 .8 8 4.16 1 .6 8 2 .1 0 3.34
CaO 4.83 4.69 3.02 4.85 4.91 9.38 3.50 3.92 5.12
Na20 3.20 3.44 3.99 4.05 3.97 3.30 3.46 3.75 3.16
K20 5.61 6.07 5.70 4.71 4.67 2.73 5.27 5.64 6.09
P205 0.70 0.70 0.40 0.45 0.46 0.18 0.38 0.41 0.85
LOI 0.39 0.52 1 .0 0 0.34 0.36 3.64 1.24 1.03 0.63
Total 98.94 99.02 99.46 99.27 98.31 99.6 99.08 100.08 99.09

Pellet no. L22466 L21810 L28040 L21817 L21812 L21824 L21816 L21815 L21825
RUN LDA2 LDA3 LDA8,9,10 LDA3 LDA3 LDA3 LDA3 LDA3 LDA3

Ba 1941 2044 2174 1696 1752 1248 1631 778 2739
Rb 266 256 182 170 166 8 6 192 163 243
Th 43 35 37 36 34 4 39 19 38
Nb 25 25 25 29 29 13 25 2 0 30
La 53 52 104 87 83 30 70 26 94
Ce 101 96 159 167 155 47 133 55 138
Nd 35 40 74 60 6 6 2 2 52 15 79
Sr 957 1013 1672 1320 1331 1074 1228 432 1251
Zr 325 322 359 322 317 132 265 113 383
Y 11 19 39 2 0 17 2 0 18 1 0 32
Ga 19 18 NA 18 18 15 16 13 17
Ni 27 37 NA 15 1 0 109 16 65 61
Sc 1 0 14 NA 14 9 21 7 6 13
V 119 116 83 84 8 6 84 82 23 121

Cr 60 91 9 42 47 262 50 87 174
Co 17 2 2 7 11 1 0 23 8 6 2 2

As 17 14 15 4 5 8 28 30 11

PGAA

B NA NA NA 31 NA NA 90 NA

ICP-AES

Li NA NA 13 29 NA NA 21 NA NA
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 11
XRF DATA

Rock name Latite Shoshonite Shoshonite
Locality Afyon area Afyon area Afyon area

Sandikli Cepni Cepni
Sample A249 A253 A254
Fusion no. LF7114 LF4906 LF4888
RUN RHF348 ARLF411 ARLF389
Si02 59.09 53.55 53.92

Ti02 0.96 1.34 1.27
AI203 15.60 17.00 16.50
Fe203 5.89 8.44 7.97
MnO 0 .1 1 0.14 0.13
MgO 2.43 4.50 4.43
CaO 4.84 6.84 6.44
Na20 3.54 3.77 3.27
K20 6.08 4.39 4.01
P205 0.70 0 .6 8 0.65
LOI 0.51 0 .6 6 0.75
Total 99.74 101.31 99.36

Pellet no. L21813 L21806 L21826
RUN LDA3 LDA3 LDA3

Ba 2646 1729 1909
Rb 2 0 1 124 105
Th 27 1 0 18
Nb 23 21 19
La 63 41 48
Ce 1 2 2 94 85
Nd 53 44 38
Sr 1455 832 878
Zr 361 250 260
Y 25 24 27
Ga 18 17 19
Ni 25 37 36
Sc 16 17 15
V 115 150 119
Cr 71 82 69
Co 16 29 25
As BDL BDL 3

PGAA

B NA NA NA

ICP-AES

Li NA NA NA
La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 12 Volcaniclastic sediments from the USEKA area
XRF DATA

Rock name Volcaniclastic Volcaniclastic Volcaniclastic Volcaniclastic Silt Silt Mudstone Volcaniclastic
Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin
Unit Red Red Red Red Borate Borate Borate Borate
Locality Section A S of Hisarcik NE of Yagcik Section B Section C Section C Section C Section C
Sample VSE1 VSE2 VSE3 VSE4 VSE5 VSE6 VSE 7 VSE8
Fusion no. LF3516 LF3517 LF3518 LF3519 LF3595 LF3597 LF9293 LF3515
RUN ARLF285 ARLF290 ARLF285 ARLF285 ARLF312 ARLF312 RHF390 ARLF285
Si02 72.31 64.73 36.29 72.91 67.93 53.13 62.07 72.12

Ti02 0.57 0.31 0.23 0 .1 1 0.50 0.45 0.42 0.42
AI203 14.84 12.13 9.27 11.47 13.96 11.93 12.83 14.33
Fe203 3.05 1.90 2.59 2.74 3.06 3.49 2.97 1.85
MnO 0.04 0.03 1.03 0.06 0.05 0.19 0.06 0 .0 2
MgO 0.77 1.27 9.93 0.34 1.62 1.83 1 .8 6 0.84
CaO 0.89 6.52 13.52 2.09 2.05 11.16 4.91 0.95
Na20 2.60 0.19 0.06 1.67 1.63 1 .2 0 1.52 1.93
K20 3.47 4.91 3.84 4.97 5.25 4.43 4.81 7.46
P205 0.14 0 .1 2 0.08 0.04 0.14 0.18 0.17 0 .1 0
LOI 2.33 7.50 22.71 4.29 3.42 11.03 5.76 1.18
Total 100.99 99.61 99.56 1 0 0 .6 8 99.61 99.02 97.37 1 0 1 .2 2

Pellet no. L20515 L20514 L20513 L20512 L20592 L20594 L20600 L20516
RUNS T204 T204 T204 T204 LDA14 LDA14 RT524 T205

RT513 RT513 RT513 RT513 RT524 RT524 RE159 RT513
RE155 RE155 RE155 RE155 RE159 RE159 LDA16 RE155

Ba 570 436 815 257 860 610 694 660
Rb 177 409 315 309 435 420 363 426
Th 21 1 2 6 28 15 17 16 16
Nb 16.2 9.9 5.8 13.1 14 13 12.9 11.9
La 50 36 27 26 50 61 56 29
Ce 83 49 29 45 35 57 6 6 49
Nd 27 15 3 15 13 18 23 9
Sr 206 192 39 80 339 402 410 196
Zr 292 103 75 87 139 105 144 177
Y 29 17 13 2 2 19 32 2 2 15
Ga 17 14 11 13 NA NA 15 16
Ni 8 76 14 14 NA NA 11 6

Sc 13 8 13 9 NA NA 2 0 9
V 63 55 49 2 2 67 64 69 61
Cr 25 11 1 21 32 24 2 0 23 14
Co 8 9 5 1 12 1 2 9 4
As 17 97 30 76 87 130 166 337

ICP-AES

Li 35 76 48 16 118 119 125 59

LEGEND

NA = not analysed
BDL = below detection limit
Major elements in wt %, trace elements in ppm
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 12
XRF DATA

Rock name Silt & limestone Limestone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone
Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin
Unit Borate Borate Borate Borate Borate Borate Borate Borate Borate
Locality Section C Section C Section C Section C Section C Section C Section C Section C Section D
Sample VSE9 VSE10 VSE11 VSE12 VSE13 VSE14 VSE15 VSE 16 VSE 17
Fusion no. LF9294 LF9295 LF9296 LF9301 LF9300 LF9302 LF9299 LF9297 LF3627
RUN RHF390 RHF390 RHF390 RHF390 RHF390 RHF390 RHF390 RHF390 ARLF313
Si02 26.54 8 .1 2 30.02 13.63 7.03 29.06 21.60 32.14 37.40

Ti02 0 .1 1 0 .0 2 0.31 0.16 0 .1 0 0.24 0.17 0.28 0.24
AI203 3.86 0.54 7.46 3.65 2.25 5.77 4.24 7.96 9.43
Fe203 1 .8 6 0.47 3.38 1.87 1.24 2.70 2 .0 2 3.04 3.26
MnO 0.13 0.05 0.09 0.06 0.04 0.08 0.07 0 .1 2 0 .0 2
MgO 3.56 2.99 12.80 6.62 1.82 18.79 15.65 9.80 2 .2 2
CaO 36.43 47.53 18.15 22.79 24.03 16.72 24.27 21.95 23.41
Na20 0.23 0.37 0.19 0.31 0.24 0.16 0.17 0.37 0.08
K20 1.80 0.25 2.69 1.54 0 .8 8 1.78 1.53 3.46 1.48
P205 0.15 0 .1 1 0 .2 1 0.09 0.05 0.16 0.18 0.15 0 .1 0
LOI 28.11 37.60 2 1 .2 2 24.56 44.43 23.74 27.01 2 1 .1 0 21.13
Total 102.78 98.05 96.51 75.28 82.10 99.20 96.92 100.36 98.78

Pellet no. L20607 L21204 L20794 L20795 L20801 L20797 L20798 L20799 L21185
RUNS LDA14 T217 LDA16 LDA16 LDA16 LDA16 LDA16 RT524 RT527

RT524 RT527 RT524 RT524 RT524 RT524 RT524 RE159 RE160
RE159 RE160 RE159 RE159 RE159 RE159 RE159 LDA16 T217

Ba 97 87 240 116 263 160 195 350 290
Rb 170 25 358 199 152 269 179 330 451
Th 7 BDL 1 2 6 2 8 7 13 11

Nb 6 1.3 8 4 2 6 4.4 8 .1 9.5
La 30 13 59 32 21 49 34 47 6 8

Ce 166 23 329 238 28 641 2517 121 69
Nd 11 3 19 14 7 2 0 61 17 18
Sr 1656 2474 3889 5520 7578 5030 4111 2539 434
Zr BDL BDL BDL BDL BDL BDL BDL 26 61
Y 1 0 BDL 13 5 BDL 7 6 16 13
Ga NA NA NA NA NA NA NA 11 1 2

Ni NA NA NA NA NA NA NA 23 124
Sc NA NA NA NA NA NA NA 6 6 19
V 39 24 53 32 17 42 53 53 72
Cr 14 2 44 24 18 29 26 29 170
Co 6 BDL 1 2 6 5 7 8 8 1 0

As 1699 491 3048 2165 258 6047 20927 941 53

ICP-AES

Li 203 92 718 368 196 986 715 494 135
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 12
XRF DATA

Rock name Mudstone Mudstone Mudstone Mudstone Volcaniclastic Mudstone Mudstone Mudstone
Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Emet Basin Selendi Basin Selendi Bas
Unit Borate Borate Borate Borate Borate Borate I nay I nay
Locality Section E Section E Section E Section F Section F Section G Section H Section I
Sample VSE18 VSE 19 VSE20 VSE 21 VSE 22 VSE 23 VSS 1 VSS 2
Fusion no. LF9304 LF9303 LF9305 LF3639 LF3514 LF9307 LF7100 LF7111
RUN RHF390 RHF390 RHF390 ARLF313 ARLF285 RHF390 RHF340 RHF340
Si02 44.34 49.16 20.40 29.66 54.21 58.44 41.99 38.48

Ti02 0.43 0.43 0 .2 0 0 .2 2 0.38 0.52 0.58 0.45
AI203 12.36 12.97 5.68 6.90 6.17 11.64 12.41 10.44
Fe203 5.10 4.94 2.74 2 .2 1 1.31 4.29 5.71 4.45
MnO 0.08 0.09 0.04 0.09 0.08 0.08 0 .1 0 0.08
MgO 6.87 6.74 5.44 2 .6 8 0.91 6 .1 0 8 .2 1 9.29
CaO 8.84 7.44 20.24 28.72 18.63 4.68 9.60 11.67
Na20 0.28 0.32 0.16 0.35 1.61 0.27 0.73 0 .8 8
K20 4.18 4.42 1 .6 6 1.51 1.16 4.01 2.90 3.78
P205 0.17 0.19 0 .1 1 0.14 0.08 0.16 0.23 0.06
LOI 6.39 8.65 17.91 26.09 15.27 7.22 16.39 18.59
Total 89.04 95.34 74.58 98.58 99.82 97.39 98.84 98.16

Pellet no. L21210 L21213 L21216 L21189 L20517 L21207 L23324 L26501
RUNS RT527 RT527 RT527 T217 T205 T217 LDA17 LDA11

RE160 RE160 RE160 RT527 RT513 RT527 LDA18 LDA12
LDA14 LDA16 LDA14 RE160 RE155 RE160 LDA19 LDA13

Ba 440 563 272 461 296 419 365 402
Rb 420 347 174 410 73 395 157 161.4
Th 19 19 8 1 0 5 16 15 20.5
Nb 14 17 6 8 8.3 14.2 1 0 .6 8 .6

La 75 60 38 38 2 2 49 32 43
Ce 96 91 48 55 33 84 64 78.1
Nd 23 26 13 18 9 25 32 41.7
Sr 1941 696 3992 1339 352 1528 403 818.8
Zr 79 156 BDL 74 142 160 94 85
Y 15 24 1 2 15 16 21 29 41.7
Ga NA 16 NA 8 5 15 17 NA
Ni NA 195 NA 80 18 227 85 NA
Sc NA 23 NA 28 11 14 19 NA
V 69 67 30 55 36 75 8 6 62.2
Cr 147 173 49 94 514 343 109 93
Co 2 0 18 1 0 6 2 18 19 9.7
As 328 185 206 204 1 1 2 321 19 29.7

ICP-AES

Li 391 424 264 178 18 414 64 36
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 12
XRF DATA

Rock name Mudstone Mudstone Volcaniclastic Volcaniclastic Volcaniclastic Volcaniclastic Volcaniclastic
Basin Usak-Gure Basin Usak-Gure Basin Kirka Basin
Unit Inay Inay Karaoren
Locality Section J Section K Teke Tepe
Sample VSUG 1 VSUG 2 VSK255
Fusion no. LF7179 LF9306 LF7127
RUN RHF342 RHF390 RHF341
Si02 58.96 54.93 56.50

Ti02 0.35 0.52 0.04
AI203 7.19 12.24 9.37
Fe203 5.82 5.38 1.05
MnO 0.05 0.05 0.18
MgO 2.05 6 .1 0 0 .2 2
CaO 9.84 5.60 13.58
Na20 0.30 0.29 1.96
K20 1.71 2.84 3.95
P205 0 .1 2 0.07 0 .0 2
LOI 11.41 11.15 12.71
Total 97.80 99.20 99.59

Pellet no. L26537 L26489 L28042
RUNS LDA17 LDA11 LDA8,9,10

LDA18 LDA12
LDA19 LDA13

Ba 896 381.8 50
Rb 319 422.5 376
Th 1 0 18.1 28
Nb 4.5 17.8 25
La 91 81.5 2 0

Ce 170 117.1 34
Nd 14 28.1 2 0

Sr 650 408.5 53
Zr 42 157.8 75
Y bdl 14.4 44
Ga 9 NA NA
Ni 442 NA NA
Sc 9 NA NA
V 119 92.7 0

Cr 2 0 0 366.1 11

Co 35 25.7 BDL
As 1416 665 38

ICP-AES

U 66 111

Kirka Basin Kirka Basin Kirka Basin Kirka Basin
Karaoren Karaoren Karaoren Karaoren

Teke Tepe NW of Gemic NW of Gemic W of Gemic
VSK256 VSK265 VSK266 VSK267
LF6889 LF6887 LF6885 LF6878
RHF340 RHF340 RHF340 RHF348

51.04 36.09 41.34 72.32
0.04 0.14 0.17 0.08
8.53 7.42 8.19 1 2 .0 1
1.04 1.29 1.56 1.36
0.16 0.05 0.05 0.04
0.25 1.89 2 .2 1 0.33
17.09 26.35 21.95 1.48
1.90 0.93 0 .8 6 2 .1 0
3.49 1 .1 2 1.34 5.87
0 .0 1 0.05 0.03 0 .0 1
15.43 23.15 2 0 .1 2 3.60
99.00 98.47 97.81 99.20

L22476 L22477 L22479 L22485
LDA2 LDA2 LDA2 LDA2

44 2 2 0 234 273
350 160 194 440
2 2 13 18 360
23 11 15 29
21 36 51 49
35 37 40 72
16 14 2 0 26
53 282 284 NA
71 80 8 8 1 2 0

33 21 28 26
15 1 0 13 18
9 35 92 8

1 0 14 19 6
9 39 6 8 14
5 29 32 3
3 12 2 2 BDL

25 14 12 34

25 163 60
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 12
XRF DATA

Rock name Volcaniclastic Volcaniclastic Volcaniclastic Mudstone/doolomite Mudstone Dolomite Mudstone
Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin Kirka Basin
Unit Karaoren Karaoren Karaoren Sarikaya Sarikaya Sarikaya Sarikaya
Locality NE of Karaoren N of Karaoren Damialikaagac W of Sarikaya W of Sarikaya W of Sarikaya Gogenoiuk
Sample VSK272 VSK273 VSK275 VSK1 VSK2 VSK3 VSK 4
Fusion no. LF6877 LF6863 LF6861 LF9310 LF9308 LF7102 LF7103
RUN RHF340 RHF340 RHF340 RHF390 RHF390 RHF340 RHF340
Si02 74.49 72.63 54.63 14.48 34.94 2.27 57.27

Ti02 0 .1 0 0.06 0.04 0 .0 2 0.04 0 .0 0 0.45
AI203 11.83 11.99 9.40 0.89 1.83 0.16 14.10
Fe203 1.33 1 .0 1 0.71 0.23 0.51 0.06 4.45
MnO 0.06 0.49 0.05 0 .0 2 0 .0 2 0 .0 2 0.09
MgO 0.13 0.32 0.43 22.61 23.82 21.80 8.40
CaO 0.90 1.15 15.20 20.91 12.13 26.87 0.82
Na20 2.25 2.45 2.25 0.48 0.30 0.34 0 .2 2

K20 5.39 5.54 3.57 0 .2 1 0.37 0.04 8 .8 6

P205 0 .0 1 0 .0 1 0 .0 1 0.03 0 .0 2 0.04 0.05
LOI 1.95 2.53 13.16 35.35 23.83 45.40 3.77
Total 98.44 98.17 99.46 95.23 97.83 97.00 98.47

Pellet no. L22484 L28048 L28050 L24456 L24454 L24457 L28059/24455
RUNS LDA2 LDA8,9,10 LDA8,9,10 LDA17.18 LDA17.18 LDA17.18 LDA17.18

LDA9(As) LDA9(As) LDA9(As) LDA9(As)
ARHT64 ARHT64 ARHT64 ARHT64

Ba 99 711 39 1 1 2 140 64 311
Rb 343 491 267 132.5 240.9 25.9 1052
Th 39 39 29 1.5 3 0.3 25.2
Nb 25 38 29 BDL 1 BDL 26.5
La 21 21 16 31 60 1 69
Ce 43 40 31 46 37 33 91
Nd 2 2 19 17 4 1 2 21

Sr 44 37 75 16598 9768 18171 566
Zr 99 77 56 1 2 2 1 .1 4.7 117.9
Y 25 63 47 BDL BDL BDL 24.4
Ga 16 NA NA 0.9 NA BDL NA
Ni 6 NA NA 1 2 NA 4 NA
Sc BDL NA NA 14 7 21 9
V 8 6 0 8 11 1 65
Cr 4 BDL 7 19 21 15 62
Co BDL 1 BDL BDL BDL BDL 9
As 34 85 47 16 30 5 344

ICP-AES

M 1895 3468 401 1697
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 12
XRF DATA

Rock name Volcaniclastic Volcaniclastic Volcaniclastic Mudstone Mudstone Mudstone Mudstone 
Basin Kirka Basin Kirka Basin Kirka Basin Balmahmut area Balmahmut area Balmahmut area Balmahmut area
Unit Fetiye Fetiye Fetiye
Locality Salihye Salihye Kizilpinar Section P Section O Balmahmut Balmahmut
Sample VSK261 VSK262 VSK274
Fusion no. LF6879 LF6864 LF6850
RUN RHF340 RHF340 RHF340
Si02 41.28 39.81 62.26

Ti02 0.13 0.14 0.14
AI203 8.17 8 .0 0 12.25
Fe203 1.57 1.55 1.94
MnO 0.09 0.08 0.05
MgO 1.14 1 .1 2 1.39
CaO 22.91 23.87 8.06
Na20 1.07 1.08 1.81
K20 1.50 1.42 2.71
P205 0.04 0.05 0.06
LOI 20.45 21.04 8.46
Total 98.34 98.16 99.12

Pellet no. L22486 L28047 L28052
RUNS LDA2 LDA8,9,10 LDA8,9,10

Ba 223 213 108
Rb 193 196 213
Th 18 2 0 31
Nb 2 1 19 27
La 21 23 24
Ce 29 35 42
Nd 13 16 23
Sr 152 139 76
Zr 82 70 103
Y 28 29 48
Ga 11 NA NA
Ni 24 NA NA
Sc 13 NA NA
V 21 16 1 0

Cr 23 38 25
Co 4 2 3
As 1 0 2 0 25

ICP-AES

Li 130

VSB 1 VSB 3 VSB269 VSB270
LF7180 LF7108 LF6856 LF6 8 8 8
RHF342 RHF340 RHF340 RHF340

56.39 69.93 62.47 63.27
0.32 0.45 0.69 0.72
9.43 8.97 15.73 16.64
1.72 3.23 5.34 2.18
0.03 0.03 0.03 0.03
0.92 3.44 1.17 1 .2 1
15.21 2.65 2.97 2.92
1.94 1.18 3.28 3.58
1.47 1 .8 6 4.41 4.66
0.31 0.43 0.37 0.44
12.46 4.93 2 .1 0 1.75
100.18 97.09 98.57 97.38

L26512 L23348 L28051 L22475
LDA11 LDA11 LDA8,9,10 LDA2
LDA12 LDA12
LDA13 LDA13
1222.9 515.5 1475 1960
107.3 123.1 190 191
14.5 13.9 40 41
1 0 .8 1 0 24 27
41.7 25.1 6 6 78
74.5 53.3 127 161
30.3 23.3 57 6 6

1035.6 474.2 1367 1636
133.7 1 1 0 306 309

1 0 1 2 24 13
NA NA NA 2 0
NA NA NA 3
NA NA NA 8

116.1 194.9 91 121
34.6 19.4 33 46
7.3 1 0 .8 14 5
18.6 2 1 .1 39 29

20 12
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Appendix I (XRF, PGAA, ICP-AES)

Table 13 As, Sr & Li concentrations of USEKA sediments

Rock type Volcaniclastic Volcaniclastic Volcaniclastic Volcaniclastic Silt Silt Silt Silt
Basin Emet Emet Emet Emet Emet Emet Emet Emet
Locality Section A S.Hisarcik NE.Yagcik Section B Section C Section C Section C Section C
m up section 5 1 103-104.8 104.8-106.6 106.6-108.4 108.4-110.2
Sample VSE 1 VSE 2 VSE 3 VSE 4 VSE5 VSE6
Pellet no. L20515 L20514 L20513 L20512 L20592 L20593 L20594 L20595
XRF Run RT513 RT513 RT513 RT513 RT524 RT524 RT524 RT524
XRF Run RE155 RE155 RE155 RE155 RE159 RE159 RE159 RE159
As (XRF) 17 97 30 76 87 90 130 203
Sr (XRF) 206 192 39 80 339 384 402 501
Li (ICP) 35 76 48 16 119 1 0 2 119 209

Rock type Silt Silt Silt Silt Mudstone Volcaniclastic Silt Silt + 1st
Basin Emet Emet Emet Emet Emet Emet Emet Emet
Locality Section C Section C Section C Section C Section C Section C Section C Section C
m up section 1 1 0 .2 - 1 1 2 112-113.8 113.8-115.6 115.6-117.4 117.4-119.2 119.2-121 1 2 1 -1 2 2 .8 122.8-124.6
Sample VSE 7
Pellet no. L20596 L20597 L20598 L20599 L20600 L20601 L20602 L20603
XRF Run RT524 RT524 RT524 RT524 RT524 RT524 RT524 RT524
XRF Run RE159 RE159 RE159 RE159 RE159 RE159 RE159 RE159
As (XRF) 177 99 105 116 166 570 1207 1056
Sr (XRF) 404 302 306 320 410 1030 1213 1242
Li (ICP) 162 1 0 2 72 111 125 93 180 30

Rock type Silt + 1st Cong+silt Volcaniclastic Volcaniclastic Lst Volcaniclastic Silt Lst+mudstone
Basin Emet Emet Emet Emet Emet Emet Emet Emet
Locality Section C Section C Section C Section C Section C Section C
m up section 124.6-126.4 126.4-128.2 128.2-130 128 130-131.8 131.8-133.6 133.6-135.4 135.4-137.2
Sample VSE 8 VSE 9
Pellet no. L20604 L20605 L20606 L20516 L20607 L20608 L20609 L21203
XRF Run RT524 RT524 RT524 RT513 RT524 RT524 RT524 RT527
XRF Run RE159 RE159 RE159 RE155 RE159 RE159 RE159 RE160
As (XRF) 1067 565 1931 337 1699 796 1158 475
Sr (XRF) 3066 407 3166 196 1656 2330 2475 2097
Li (ICP) 19 67 27 59 203 279 137 268

Rock type Lst Sst Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone
Basin Emet Emet Emet Emet Emet Emet Emet Emet
Locality Section C Section C Section C Section C Section C Section C Section C Section C
m up section 137.2-139 139-140.8 145.8-147.8 147.8-149.4 149.4-151.2 151.2-153 151.2-153 153-154.8
Sample VSE 10 VSE 11 VSE 12 VSE13 VSE14 VSE15
Pellet no. L21204 L21205 L20794 L20795 L20796 L20801 L20797 L20798
XRF Run RT527 RT527 RT524 RT524 RT524 RT524 RT524 RT524
XRF Run RE160 RE160 RE159 RE159 RE159 RE159 RE159 RE159
As (XRF) 491 3268 3048 2165 1507 258 6047 20927
Sr (XRF) 2474 452 3889 5520 8296 7578 5030 4111
Li (ICP) 92 192 718 368 377 196 986 715

Rock type Mudstone Mudstone Mudstone Mudstone Mudstone + Is Lst Chert Mudstone
Basin Emet Emet Emet Emet Emet Emet Emet Emet
Locality Section C Section C Section D Section D Section D Section D Section D Section E
m up section 153-154.8 154.8-156.6 154-155.8 155.8-157.6 157.6-159.4 159.4-161.2 160 142-143.8
Sample VSE16 VSE 17 VSE18
Pellet no. L20802 L20799 L20803 L21185 L21186 L21187 L21188 L21210
XRF Run RT524 RT524 RT524 RT527 RT527 RT527 RT527 RT527
XRF Run RE159 RE159 RE159 RE160 RE160 RE160 RE160 RE160
As (XRF) 3957 941 34 53 75 83 130 328
Sr (XRF) 11940 2539 248 434 499 611 44 1941
Li (ICP) 124 494 180 135 1 2 2 BDL BDL 391

Rock type Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone
Basin Emet Emet Emet Emet Emet Emet Emet Emet
Locality Section E Section E Section E Section E Section E Section E Section E Section F
m up section 143.8-145.6 145.6-147.4 147.4-149.2 149.2-151 151-152.8 152.8-154.6 154.6-156.4 1 2 1 -1 2 2 .8

sample VSE 19 VSE20 VSE 21
Pellet no. L21211 L21212 L21213 L21214 L21215 L21216 L21217 L21189
XRF Run RT527 RT527 RT527 RT527 RT527 RT527 RT527 RT527
XRF Run RE160 RE160 RE160 RE160 RE160 RE160 RE160 RE160
As (XRF) 208 152 185 101 1 180 206 2 0 2 204
Sr (XRF) 276 387 696 642 2876 3992 498 1339
Li (ICP) 374 347 424 355 166 264 440 178

LEGEND: Lst=limestone, Sst=sandstone, BDL=below detection limit, NA=not analysed
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Appendix I (XRF, PGAA, ICP-AES)

Table 13 As, Sr & Li concentrations of USEKA sediments

Rock type Mudstone Siltstone Sst Volcaniclastic Volcaniclastic Mudstone Mudstone Mudstone
Basin Emet Emet Emet Emet Emet Emet Emet Emet
Locality Section F Section F Section F Section F Section F Section F Section F Section F
m up section 122.8-124.6 124.6-126.4 126.4-128.2 128.2-130 130 130-131.8 131.8-133.6 133.6-135.4
Sample VSE 22
Pellet no. L21190 L21191 L21192 L21193 L20517 L21194 L21195 L21196
XRF Run RT527 RT527 RT527 RT527 RT513 RT527 RT527 RT527
XRF Run RE160 RE160 RE160 RE160 RE155 RE160 RE160 RE160
As (XRF) 268 488 878 322 1 1 2 228 113 215
Sr (XRF) 644 789 589 303 352 470 508 757
Li (ICP) 1 2 0 178 90 45 18 114 121 215

Rock type Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone
Basin Emet Emet Emet Emet Emet Emet Emet Emet
Locality Section F Section F Section F Section F Section F Section F Section G Section G
m up section 135.4-137.2 137.2-139 139-140.8 140.8-142.6 142.6-144.4 144.4-146.2 151-152 151-152
Sample 
Pellet no. L21197 L21198 L21199 L21200 L21201 L21202

VSE 23 
L21207 L21209

XRF Run RT527 RT527 RT527 RT527 RT527 RT527 RT527 RT527
XRF Run RE160 RE160 RE160 RE160 RE160 RE160 RE160 RE160
As (XRF) 1 0 2 91 107 259 660 446 321 330
Sr (XRF) 1 1 2 1 705 785 1007 990 848 1528 1645
Li (ICP) 192 169 316 368 259 216 414 340

Rock type Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone
Basin Emet Selendi Selendi Selendi Selendi Selendi Selendi Selendi
Locality Section G Section H Section H Section H Section H Section H Section H Section H
m up section 152-153 0 -1 .8 1.8-3.6 3.6-5.4 5.4-7.2 7.2-9 9-10.8 1 0 .8 -1 2 .6

Sample 
Pellet no. L21208 L23325 L23323

VSS1
L23324 L23326 L23328 L23329 L23330

XRF Run RT527 LDA6 LDA6 LDA19 LDA6 LDA6 LDA6 LDA6

XRF Run 
As (XRF)

RE160
411 30 19

LDA6
14 15 1 2 13 9

Sr (XRF) 2738 306 205 403 208 353 448 502
Li (ICP) 326 na na 64 na NA NA NA

Rock type Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Cong
Basin Selendi Selendi Selendi Selendi Selendi Selendi Selendi Selendi
Locality Section H Section H Section H Section H Section H Section H Section H Section H
m up section 12.6-14.4 14.4-16.2 16.2-18 18-19.8 19.8-21.6 21.6-23.4 23.4-25.2 25.2-27
Sample 
Pellet no. L23331 L23344 L23342 L23341 L23332 L23327 L23343 L26529
XRF Run LDA6 LDA6 LDA6 LDA6 LDA6 LDA6 LDA6

As 5 14 19 15 18 16 17 6

Sr 2 1 2 519 611 208 244 346 169 411
Li NA NA NA NA NA NA NA NA

Rock type Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Siltstone
Basin Selendi Selendi Selendi Selendi Selendi Selendi Selendi Selendi
Locality Section H Section H Section H Section H Section H Section H Section H Section I
m up section 27-28.8 28.8-30.6 30.6-32.4 32.4-34.2 34.2-36 36-37.8 37.8-39.6 0 -1 .8

Sample 
Pellet no. L26520 L26497 L26530 L26516 L26519 L26528 L26518 L26491
XRF Run LDA6 LDA6 LDA6 LDA6 LDA6 LDA6 LDA6 LDA6

As 25 24 24 45 41 83 93 15
Sr 409 664 295 1042 1068 1748 2071 157
Li 74 63 1 2 2 136 216 251 2 2 2 14

Rock type Siltstone Siltstone Siltstone Siltstone Siltstone Mudstone Mudstone Mudstone + Is
Basin Selendi Selendi Selendi Selendi Selendi Selendi Selendi Selendi
Locality Section I Section I Section I Section I Section I Section I Section I Section I
m up section 1.8-3.6 3.6-5.4 3.6-5.4 5.4-7.2 7.2-9 9-10.8 1 0 .8 -1 2 .6 12.6-14.4
Sample 
Pellet no. L26546 L26545 L26556 L26544 L26492 L26543 L26542 L26494
XRF Run LDA6 LDA6 LDA6 LDA10 LDA6 LDA6 LDA6 LDA6

As 9 24 24 36 26 39 16 6

Sr 141 138 137 439 133 317 1080 549
Li 43 32 na na 23 31 39 15
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Appendix I (XRF, PGAA, ICP-AES)

Table 13 As, Sr & Li concentrations ot USEKA sediments

Rock type Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone Mudstone + Is Mudstone
Basin Selendi Selendi Selendi Selendi Selendi Selendi Selendi Selendi
Locality Section 1 Section I Section I Section I Section I Section I Section I Section I
m up section 14.4-16.2 16.2-18 18-19.8 19.8-21.6 21.6-23.4 23.4-25.2 25.2-27 27-28.8
Sample VSS2
Pellet no. L26496 L26501 L26541 L26500 L26539 L26498 L26495 L26540
XRD Run LDA6 LDA11 LDA6 LDA6 LDA6 LDA6 LDA6 LDA6
As 18 30 124 21 104 82 23 29
Sr 622 819 602 259 683 346 1268 625
Li 32 36 NA 37 NA 65 24 NA

Rock type Mudstone IMudstone + Is Mudstone Mudstone + Is Mudstone Mudstone + Is Mudstone Mudstone
Basin Usak-Gure Usak-Gure Usak-Gure Usak-Gure Usak-Gure Usak-Gure Usak-Gure Usak-Gure
Locality Section J Section J Section J Section J Section J Section J Section J Section J
m up section 0 -1 .8 1.8-3.6 3.6-5.4 5.4-5.6 5.4-7.2 7.2-9 9-10.8
Sample 
Pellet no. L26531 L26532 L26538

VSUG1
L26537 L26535 L26534 L26499

XRD Run L26536 LDA6 LDA6 LDA6 LDA6 LDA6 LDA6
As 97 338 203 412 1416 164 131 136
Sr 1855 910 2478 1508 650 845 1984 2119
Li 117 31 NA 72 6 6 38 81 52

Rock type Mudstone Mudstone Mudstone Mudstone Mud + 1st Mudstone Mudstone Mudstone
Basin Usak-Gure Usak-Gure Usak-Gure Usak-Gure Usak-Gure Usak-Gure Usak-Gure Usak-Gure
Locality Section J Section K Section K Section K Section K Section K Section K Section K
m up section 1 0 .8 -1 2 .6 0 -1 .8 1.8-3.6 3.6-5.4 5.4-7.2 7.2-9 9-10.8 1 0 .8 -1 2 .6
Sample 
Pellet no. L26533 L26504 L26506 L26552 L26503 L26487 L26488

VSUG2
L26489

XRF Run LDA6 LDA6 LDA6 LDA6 LDA6 LDA6 LDA13
As 135 40 152 67 177 252 240 665
Sr 2333 813 518 989 697 1418 580 409
Li 76 NA 38 65 NA 65 94 111

Rock type Mudstone Mudstone Mudstone Mudstone Mudstone Volcaniclastic Volcaniclastic Volcaniclastic
Basin Usak-Gure Usak-Gure Usak-Gure Usak-Gure Usak-Gure Kirka Kirka Kirka
Locality Section K Section K Section K Section K Section K Section M Section M Section L
m up section 12.6-14.4 14.4-16.2 16.2-18 18-19.8 19.8-21.6 6 6 1 1 0
Sample 
Pellet no. L26490 L26486 L26505 L26514 L26493

VSK255
L28042

VSK256
L22476

VSK265
L22477

XRF Run LDA6 LDA6 LDA6 LDA6 LDA6 LDA8 LDA2 LDA2
As 179 243 196 138 238 38 25 14
Sr 1612 813 887 1719 1255 53 53 282
Li 67 1 1 2 8 8 83 97 NA 25 163

Rock type Volcaniclastic Volcaniclastic Volcaniclastic Volcaniclastic Volcaniclastic Mudstone Mudstone Carb
Basin Kirka Kirka Kirka Kirka Kirka Kirka Kirka Kirka
Locality Section L W Gemic Section N N Karaoren Damialikaagac W of Sarikaya W of Sarikaya W of Sarikaya
m up section 
Sample

1 1 0
VSK266 VSK267

3
VSK272 VSK273 VSK275 VSK1 VSK2 VSK3

Pellet no. L22479 L22485 L22484 L28048 L28050 L24456 L24454 L24457
XRF Run LDA2 LDA2 LDA2 LDA8 LDA8 LDA9 LDA9 LDA9
XRF Run 
As 1 2 34 34 85

LDA9
47

ARHT64
16

ARHT64
30

ARHT64
3

Sr 284 NA 44 37 75 16598 9768 18171
Li NA 60 NA NA NA 1895 3468 401

Rock type Mudstone Volcaniclastic Volcaniclastic Volcaniclastic Volcaniclastic Volcaniclastic Volcaniclastic Silt
Basin Kirka Kirka Kirka Kirka Kirka Kirka Kirka Balmahmut
Locality Gogenoluk Salihye Salihye Curruttum Curruttum Kizilpinar W Gemic Section O
m up section 
Sample VSK 4 VSK261 94TV262 94TV263 94TV264 94TV274 94TV276

0 -1 .8

Pellet no. L28059/24455 L22486 L28047 L22478 L22481 L28052 L22483 L26515
XRF Run LDA9 LDA2 LDA8 LDA2 LDA2 LDA8 LDA2 LDA6

XRF Run 
As

ARHT64
344 1 0 2 0 8 8 25 24 1 2

Sr 566 152 139 236 237 76 349 840
Li 1698 NA 130 NA NA NA NA 25
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Appendix I (XRF, PGAA, ICP-AES)

Table 13 As, Sr & Li concentrations of USEKA sediments

Rock type Silt Silt Silt Silt Volcaniclastic Volcaniclastic Mudstone Silt
Basin Balmahmut Balmahmut Balmahmut Balmahmut Balmahmut Balmahmut Balmahmut Balmahmut
Locality Section O Section 0 Section O Section O Section O Section O Section O Section O
m up section 1.3-3.6 3.6-5.4 5.4-7.2 7.2-9 9-10.8 1 0 .8 -1 2 .6 1 0 .8 -1 2 .6 12.6-14.4
Sample 
Pellet no. L26508 L26522 L26509 L26523 L26521 L26511 L26512 L26513
XRF Run LDA6 LDA6 LDA6 LDA6 LDA6 LDA11 LDA11 LDA6
As 14 9 7 9 31 26 19 16
Sr 1044 288 386 639 828 1641 1036 678
Li 2 2 8 29 8 BDL 6 2 0 9

Rock type Silt Volcaniclastic Volcaniclastic Mudstone Mudstone Mudstone Mudstone Lst
Basin
Locality Section O Section P Section P Section P Section P Section P Section P Section P
m up section 14.4-16.2 0 -1 .8 1.8-3.6 3.6-5.4 5.4-7.2 9-10.8 1 0 .8 -1 2 .6 13
Sample 
Pellet no. L26502 L26526 L26548 L26524 L23347

VSB3)
L23348 L26527 L23345

XRF Run LDA6 LDA6 LDA6 LDA6 LDA6 LDA11 LDA6 LDA6

As 13 29 47 140 38 21 38 31
Sr 245 1419 800 484 306 474 573 899
Li 1 2 24 BDL 34 BDL 1 2 13 BDL

Rock type Mudstone
Basin
Locality Section P
m up section 14.4-16.2 
Sample
Pellet no. L26525
XRF Run LDA6

As 13
Sr 700
Li 26
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Appendix I (XRF, PGAA, ICP-AES)

Table 14 - XRF Major Element International Standard Data

Sample Run Si02 TI02 AI203 Fe203
NIM-G ARLF466 76.35 0 .1 11.82 1.96
NIM-G ARLF412 75.97 0 .1 12.05 1.97
NIM-G ARLF411 75.49 0 .1 12.17 1.99
NIM-G RHF340 76.45 0 .1 1 11.77 2.13
NIM-G ARLF466 76.35 0 .1 11.82 1.96
NIM-G RHF348 76.44 0 .1 2 12.17 2 .0 2
NIM-G ARLF459 77.08 0 .1 12.05 1.95
NIM-G ARLF412 75.97 0 .1 12.05 1.97
NIM-G ARLF411 75.49 0 .1 12.17 1.99
NIM-G RHF390 76.23 0.09 12.34 2 .0 2
NIM-G Stdev 0.48 0 .0 1 0.19 0.05
NIM-G Average 76.18 0 .1 0 12.04 2 .0 0
NIM-G Accepted 75.70 0.09 12.08 1.88

JR-1 ARLF466 76.24 0 .1 1 12.54 0.89
JR-1 ARLF284 74.9 0 .1 1 12.29 0.9
JR-1 ARLF290 74.31 0 .1 1 12.19 0.9
JR-1 ARLF285 75.07 0 .1 1 12.32 0.9
JR-1 ARLF286 74.31 0 .1 1 12.27 0.9
JR-1 ARLF466 76.21 0 .1 1 12.54 0.89
JR-1 RHF390 75.67 0 .1 1 12.9 0.93
JR-1 Stdev 0.82 0 .0 0 0.24 0 .0 1
JR-1 Average 75.24 0 .1 1 12.44 0.90
JR-1 Accepted 75.41 0.10 12.89 0.90

MRG-1 ARLF466 39.66 3.79 8.47 18.26
MRG-1 ARLF412 39.3 3.87 8.44 18.59
MRG-1 ARLF411 39.76 3.93 8.44 18.68
MRG-1 ARLF411 39.32 3.87 8 .6 18.56
MRG-1 ARLF312 40.05 3.79 8.38 17.81
MRG-1 ARLF313 40.01 3.78 8.37 17.8
MRG-1 ARLF290 40 3.8 8.33 17.85
MRG-1 RHF341 39.23 3.86 8.34 18.09
MRG-1 ARLF466 39.66 3.79 8.47 18.26
MRG-1 ARLF412 39.3 3.87 8.44 18.59
MRG-1 RHF390 39.62 3.51 8.77 17.75
MRG-1 Stdev 0.31 0 .1 1 0.13 0.36
MRG-1 Average 39.63 3.81 8.46 18.20
MRG-1 Accepted 39.12 3.77 8.47 17.02

JA-2 ARLF466 57.37 0.69 15.58 6.35
JA-2 ARLF312 58.39 0.71 15.85 6.3
JA-2 ARLF313 59.24 0.71 16.1 6.32
JA-2 RHF340 57.55 0.79 15.37 6.79
JA-2 Stdev 0 .8 6 0.04 0.32 0.23
JA-2 Average 58.14 0.73 15.73 6.44
JA-2 Accepted 56.18 0.67 15.3 5.73

W-1 ARLF466 52.47 1.08 15.2 11.08
W-1 ARLF411 51.6 1.1 15.42 11.29
W-1 RHF340 51.81 1.19 14.8 11.51
W-1 RHF341 51.71 1.18 14.78 11.48
W-1 ARLF459 52.31 1.07 14.82 10.89
W-1 Stdev 0.39 0.06 0.29 0.26
W-1 Average 51.98 1 .1 2 15.00 11.25
W-1 Accepted 52.51 1.07 15 10.19

NIM-N ARLF466 52.35 0.19 16.56 8 .8 6

NIM-N ARLF411 51.15 0.19 16.75 9.12
NIM-N ARLF312 52.7 0.19 16.18 8 .8 8

NIM-N ARLF313 52.59 0.19 16.14 8.89
NIM-N ARLF276 53.34 0.19 16.27 8.84
NIM-N ARLF284 53.29 0.19 16.26 8.36
NIM-N ARLF294 52.66 0.19 16.21 8.87
NIM-N ARLF290 52.76 0.19 16.11 8.89
NIM-N ARLF285 53.43 0.19 16.3 8.87
NIM-N ARLF286 52.87 0.19 16.18 8.89
NIM-N RHF341 52.03 0 .2 1 15.98 9.19
NIM-N RHF348 52.56 0 .2 1 16.6 8 .8 6

NIM-N ARLF411 51.15 0.19 16.75 9.12

MnO MgO CaO Na20 K20 P205 Total
0.023 0.03 0.76 3.56 5.287 0 .0 2 99.91
0.023 -0 .0 1 0.77 3.56 5.117 0 .0 1 99.56
0.023 -0 .0 1 0.78 3.75 5.191 0 .0 1 99.49
0 .0 2 2 0 .1 2 0.79 3.8 5.11 0 .0 1 100.3
0.023 0.03 0.76 3.56 5.287 0 .0 2 99.91
0.024 0.08 0.79 3.47 5.071 0 .0 1 1 0 0 .2
0.023 0.03 0.76 3.62 5.031 0 .0 1 100.7
0.023 0 0.77 3.56 5.117 0 .0 1 99.56
0.023 0 0.78 3.75 5.191 0 .0 1 99.49
0.027 -0.05 0.78 3.4 4.998 0 .0 1 99.85
0 .0 0 0.05 0 .0 1 0.13 0 .1 0 0 .0 0 0.40
0 .0 2 0 .0 2 0.77 3.60 5.14 0 .0 1 99.89
0.02 0.06 0.78 3.36 4.99 0.01

0.107 0 .1 1 0 .6 8 4.2 4.729 0 .0 2 99.63
0.1 0.04 0 .6 6 3.78 4.445 0 .0 2 97.26
0 .1 0.05 0.67 3.78 4.467 0 .0 2 96.61
0 .1 0.05 0 .6 3.78 4.452 0 .0 2 97.47
0 .1 0.05 0.67 3.79 4.462 0 .0 2 96.68

0.107 0 .1 1 0 .6 8 4.2 4.729 0 .0 2 99.63
0.108 0.07 0.71 3.83 4.461 0 .0 2 98.8
0 .0 0 0.03 0.03 0 .2 0 0.13 0 .0 0 1.32
0 .1 0 0.07 0.67 3.91 4.54 0 .0 2 98.01
0.10 0.09 0.63 4.10 4.41 0.02

0.177 13.81 14.91 0.82 0 .2 0 2 0.07 1 0 0 .2
0.179 13.76 15.07 0.77 0.196 0.07 1 0 0 .2
0.181 14.33 15.78 0.85 0 .2 0 1 0.07 1 0 2 .2
0.174 13.78 15.1 0.82 0.183 0.07 100.5
0.166 14.08 14.52 0.55 0.177 0.07 99.6
0.165 14.08 14.53 0.55 0.174 0.07 99.52
0.17 14.06 14.57 0.55 0.176 0.07 99.57

0.179 13.86 14.96 0.67 0.183 0.06 99.44
0.177 13.81 14.91 0.82 0 .2 0 2 0.07 1 0 0 .2
0.179 13.76 15.07 0.77 0.196 0.07 1 0 0 .2
0.179 13.91 15.15 1 .01 0.196 0.07 1 0 0 .2
0 .0 1 0.18 0.36 0.15 0 .0 1 0 .0 0 0.77
0.18 13.93 14.96 0.74 0.19 0.07 100.16
0.17 13.55 14.70 0.74 0.18 0.08

0.114 7.88 6.59 3.12 1.762 0.16 99.62
0 .1 0 2 7.48 6 .1 2 2.78 1.808 0.17 99.71
0.104 7.37 6 .1 1 2.74 1.819 0.17 100.7
0.115 8.29 6.46 3.15 1.731 0.16 100.4
0 .0 1 0.42 0.24 0 .2 2 0.04 0 .0 1 0.59
0 .1 1 7.76 6.32 2.95 1.78 0.16 1 0 0 .0 1

0.11 7.68 6.48 3.08 1.8 0.15

0.175 6.64 10.98 2.34 0.635 0.14 1 0 0 .8
0.167 6 .8 6 11 2.35 0.581 0.14 100.5
0.174 6.79 10.91 2.34 0.624 0.14 100.3
0.174 6.75 10.89 2.32 0.622 0.14 1 0 0 .1
0.17 6.77 10.67 2.17 0.592 0.13 99.59
0 .0 0 0.08 0.13 0.08 0 .0 2 0 .0 0 0.45
0.17 6.76 10.89 2.30 0.61 0.14 100.24
0.17 6.62 10.99 2.16 0.64 0.13

0.178 7.51 11.24 2.58 0.235 0 .0 2 99.71
0.175 7.63 12.39 2.54 0.216 0 .0 2 1 0 0 .2

0.17 7.57 11.05 2.16 0.228 0 .0 2 99.15
0.17 7.54 11.08 2.17 0.228 0 .0 2 99.03
0.17 7.56 1 1 .0 1 2.15 0.23 0 .0 2 99.78
0.17 7.55 1 1 .0 2 2.14 0.227 0 .0 2 99.72
0.17 7.59 11.04 2.15 0.228 0 .0 2 99.13
0.17 7.54 11.13 2.15 0.228 0 .0 2 99.2
0.17 7.59 11.03 2.15 0.229 0 .0 2 99.97
0.17 7.58 11.09 2.13 0.231 0 .0 2 99.35

0.176 7.57 11.25 2.46 0.234 0 .0 2 99.12
0.182 7.67 11.44 2.49 0.236 0 .0 2 100.3
0.175 7.63 12.39 2.54 0.216 0 .0 2 1 0 0 .2
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Appendix I (XRF, PGAA, ICP-AES)

Table 14 - XRF Major Element International Standard Data

Sample Run Si02 Ti02 AI203 Fe203
NIM-N Stdev 0.73 0 .0 1 0.25 0 .2 0
NIM-N Average 52.53 0.19 16.33 8.90
NIM-N Accepted 52.64 0.2 16.5 8.1

JA-3 ARLF412 61.99 0.72 15.86 6.61
JA-3 ARLF411 61.85 0.71 16.07 6 .6 6
JA-3 ARLF312 62.14 0.7 15.26 6.52
JA-3 ARLF313 62.86 0.7 15.4 6.5
JA-3 ARLF284 62.91 0.7 15.33 6.49
JA-3 ARLF294 62.3 0.7 15.28 6.52
JA-3 ARLF290 62.2 0.7 15.2 6.52
JA-3 ARLF285 63.03 0.7 15.38 6.5
JA-3 ARLF286 62.25 0.7 15.32 6.52
JA-3 Stdev 0.43 0 .0 1 0.30 0.06
JA-3 Average 62.39 0.70 15.46 6.54
JA-3 Accepted 62.26 0.68 15.6 6.05

BHVO-1 ARLF411 48.74 2.78 13.85 12.61

PCC-1 ARLF312 44.69 0 .0 1 0.59 8.69
PCC-1 ARLF313 45.09 0 .0 1 0 .6 8.69
PCC-1 ARLF290 44.82 0 .0 1 0.57 8.72
PCC-1 Stdev 0 .2 0 0 .0 0 0 .0 2 0 .0 2
PCC-1 Average 44.87 0 .0 1 0.59 8.70
PCC-1 Accepted 41.71 0.01 0.68 7.78

AC-E ARLF284 71.85 0 .1 1 14.63 2.55
AC-E ARLF294 71.04 0 .1 1 14.61 2.56
AC-E ARLF290 71.07 0 .1 1 14.53 2.57
AC-E ARLF290 71.1 0 .1 1 14.5 2.57
AC-E ARLF285 72.04 0 .1 1 14.65 2.56
AC-E ARLF286 71.35 0 .1 1 14.6 2.56
AC-E Stdev 0.43 0 .0 0 0.06 0 .0 1

AC-E Average 71.41 0 .1 1 14.59 2.56
AC-E Accepted 70.35 0.11 14.7 2.41

SO-2 ARLF284 61.5 1.67 16.91 8.97
SO-2 ARLF294 60.8 1.67 16.9 9
SO-2 ARLF290 60.99 1 .6 8 16.83 9.02
SO-2 ARLF285 61.8 1.67 17 8.99
SO-2 ARLF286 60.92 1.67 16.92 9
SO-2 Stdev 0.43 0 .0 0 0.06 0 .0 2

SO-2 Average 61.20 1.67 16.91 9.00
SO-2 Accepted 53.42 1.43 15.1

MnO MgO CaO Na20 K20 P205 Total
0 .0 0 0.04 0.49 0.19 0 .0 1 0 .0 0 0.46
0.17 7.58 11.32 2.29 0.23 0 .0 2 99.60
0.18 7.5 11.5 2.46 0.25 0.03

0 .1 1 3.49 6.35 3.4 1.451 0.12 1 0 0 .1
0 .1 1 1 3.68 6.46 3.58 1.483 0.12 100.7
0.098 3.7 6.09 2.9 1.361 0.12 98.89
0.099 3.68 6.07 2.89 1.36 0.12 99.67

0.1 3.69 6.05 2.9 1.354 0.12 99.64
0 .1 3.71 6.07 2.9 1.364 0.12 99.06
0.1 3.7 6.1 2.92 1.362 0.12 98.92
0 .1 3.69 6.06 2.91 1.358 0.12 99.85
0.1 3.71 6 .1 2 2.92 1.367 0.12 99.13

0 .0 0 0.07 0.15 0.26 0.05 0.00 0.62
0 .1 0 3.67 6.15 3.04 1.38 0.12 99.55
0 .1 1 3.65 6.28 3.17 1.41 0.11

0.171 7.4 12.4 2.48 0.512 0.29 1 0 1 .2

0 .1 2 45.84 0.51 -0.15 0 0 .0 1 100.3
0 .1 2 45.36 0.5 -0.15 -0 .0 0 1 0 .0 1 1 0 0 .2
0 .1 2 45.94 0.51 -0.15 -0 .0 0 1 0 .0 1 1 0 0 .6
0 .0 0 0.31 0 .0 1 0 .0 0 0 .0 0 0 .0 0 0.16
0 .1 2 45.71 0.51 -0.15 0 .0 0 0 .0 1 100.37
0.12 43.4 0.52 0.03 0.01 0

0.05 -0.06 0.33 6.13 4.621 0.02 1 0 0 .2
0.05 -0.06 0.34 6.16 4.651 0.02 99.49
0.05 -0.07 0.34 6.17 4.665 0 .0 1 99.45
0.06 -0.06 0.34 6.15 4.659 0 .0 2 99.45
0.05 -0.06 0.34 6.15 4.655 0 .0 2 100.5
0.05 -0.06 0.34 6.15 4.644 0 .0 2 99.77
0 .0 0 0 .0 0 0 .0 0 0 .0 1 0 .0 2 0 .0 0 0.45
0.05 -0.06 0.34 6.15 4.65 0 .0 2 99.82
0.06 0.03 0.34 6.54 4.49 0.01

0 .1 0.99 2.97 2.57 3.374 0.85 99.9
0 .1 0.99 2.97 2.58 3.404 0.84 99.24
0.1 0.99 3 2 .6 3.408 0.85 99.46
0.1 0.99 2.97 2.58 3.397 0.84 100.3
0.1 0.99 2.99 2.61 3.393 0.84 99.44

0 .0 0 0 .0 0 0 .0 1 0 .0 2 0 .0 1 0 .0 0 0.44
0 .1 0 0.99 2.98 2.59 3.40 0.84 99.68
0.09 0.89 2.77 2.48 2.94 0.69
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 15 - XRF Trace Element International Standard data
Runs As Nb Zr Y Sr Rb Th Ga Ni Sc V Cr Co Ba La Ce

JR-1 RE155.RT513 13 16 104 46 28 253 28 16 BDL NA NA NA NA NA NA NA
JR-1 RE160.RT527 14 16 105 44 28 255 27 17 BDL NA NA NA NA NA NA NA
JR-1 RE159.RT524 15 15 104 45 27 254 28 16 BDL NA NA NA NA NA NA NA
JR-1 LDA3 19 16 104 44 29 259 24 16 3 7 8 BDL BDL 51 17 54
JR-1 LDA2.ARHT32 18 15 101 44 25 249 26 17 6 4 13 BDL BDL 47 15 41
JR-1 LDA8,LDA9,LDA1 C 17 16 1 0 0 48 29 258 29 NA NA NA 4 8 2 41 19 46
JR-1 LML1 NA 13 106 37 34 250 31 17 5 5 17 BDL BDL 36 18 44
JR-1 LDA6 13 NA 1 0 2 45 27 NA NA NA NA NA NA NA NA NA NA NA
JR-1 LDA9b 15 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
stdev 2 1 2 3 3 4 2 0 2 2 6 7 2 6
average 15 15 103 44 28 254 27 17 5 5 11 8 2 44 17 46
Accepted 16 16 101 45 30 257 27 18 1 5 NA 2 1 40 20 47

:NIM-G RE156,RT514,T20 13 55 301 142 11 329 53 28 8 3 9 26 1 106 1 1 0 199
:NIM-G RE155,RT513,T20 1 2 55 302 144 11 326 53 30 7 1 11 28 2 109 109 20 1
:NIM-G RE160.RT527 1 2 55 302 142 11 326 53 28 1 0 -1 13 27 1 104 107 203
:NIM-G RE157.RT516 13 55 301 140 11 326 52 28 8 1 11 28 2 109 109 2 0 1
:NIM-G LML1 54 267 133 17 327 49 28 16 BDL 13 BDL 3 83 101 190
:NIM-G LDA2.ARHT32 15 55 275 151 9 323 47 27 23 BDL 8 2 2 BDL 108 97 198
:NIM-G LDA3 1 0 56 280 144 11 319 52 29 16 1 6 15 BDL 1 1 0 103 198
:NIM-G LDA8,LDA9,LDA1 C 18 55 293 142 11 324 52 NA NA NA BDL 25 2 104 105 197
:NIM-G LDA11,12,13 19 55 294 144 1 2 331 54 NA NA NA BDL 18 0 109 103 2 0 1
:NIM-G LDA14.16 NA NA NA NA NA NA NA NA NA 1 2 11 5 1 1 2 109 195
:NIM-G RE159.RT524 13 55 301 142 11 325 53 29 9 NA NA NA NA NA NA NA
:NIM-G LDA17 NA NA NA NA NA NA NA NA NA NA 2 23 BDL 106 NA NA
:NIM-G LDA18.LDA19 14 54 290 137 11 326 52 29 23 NA NA NA NA NA 99 2 0 0
stdev 3 1 1 2 4 2 3 2 1 6 1 4 6 2 8 4 4
average 14 55 291 142 12 326 52 28 13 1 8 2 2 2 105 105 198
Accepted 15 53 300 143 10 320 51 27 8 1 2 12 4 120 109 195

:BE-N RE156.RT514 2 109 268 31 1377 50 1 2 17 274 NA NA NA NA NA NA NA
:BE-N LML1 113 262 29 1364 54 1 2 18 277 25 267 411 61 1080 101 196
stdev 3 4 1 9 3 0 0 2

average 2 111 265 30 1371 52 1 2 18 275 25 267 411 61 1080 101 196
Accepted 2 105 260 30 1370 47 10 17 267 22 235 360 60 1025 82 152

:STM-1 RE156.RT514 4 267 1444 49 714 1 2 2 33 37 0 NA NA NA NA NA NA NA
:STM-1 RE159.RT524 5 267 1442 48 714 1 2 2 33 39 1 NA NA NA NA NA NA NA
:STM-1 RE160.RT527 5 266 1446 47 711 123 34 38 0 NA NA NA NA NA NA NA
:STM-1 LML1 287 1 2 2 0 47 718 118 35 35 2 BDL 1 2 BDL BDL 561 132 248
:STM-1 LDA2 5 267 1341 53 8 123 38 36 BDL BDL 3 5 BDL 556 126 247
:STM-1 LDA3 7 267 1337 45 761 117 32 37 4 2 9 1 0 3 575 124 254
:STM-1 LDA6 5 NA 1271 49 700 NA NA NA NA NA NA NA NA NA NA NA
:STM-1 ARHT64 NA 262 1371 49 722 123 32 38 4 NA NA NA NA NA NA NA
stdev 1 8 84 2 252 3 2 1 2 5 4 1 0 4 4
average 5 269 1359 48 631 121 34 37 2 2 8 8 3 564 127 250
Accepted 5 268 1210 46 700 118 31 36 3 1 9 4 1 560 150 259

As Nb Zr Y Sr Rb Th Ga Ni Sc V Cr Co Ba La Ce
:JA-1 RE156.RT514 3 2 84 30 251 1 2 1 18 2 NA NA NA NA NA NA NA
:JA-1 RE155.RT513 3 1 85 30 251 1 2 1 18 1 NA NA NA NA NA NA NA
:JA-1 RE157.RT516 3 1 84 30 254 1 2 0 17 1 NA NA NA NA NA NA NA
:JA-1 LML1 BDL 94 36 256 8 BDL 16 BDL 30 94 BDL BDL 313 BDL 21

:JA-1 ARHT32 250
:JA-1 LDA2 3 2 87 35 NA 1 0 bdl 19 bdl 29 95 7 11 285 5 7
:JA-1 LDA3 BDL BDL 79 33 265 13 5 15 bdl 32 106 4 14 297 2 28
:JA-1 LDA8,LDA9,LDA1 C 2 1 83 31 256 1 2 1 NA NA NA 89 6 11 298 4 16
:JA-1 LDA11,12,13 3 1 82 31 255 11 BDL NA NA NA 92 1 14 295 5 10

:JA-1 LDA6 6 NA 84 37 245 NA NA NA NA NA NA NA NA NA NA NA
:JA-1 LDA17 NA NA NA NA NA NA NA NA NA NA 103 13 1 2 295 NA NA
:JA-1 LDA18.LDA19 3 1 84 1 0 258 11 1 16 6 NA NA NA NA NA 5 8

stdev 1 0 4 8 5 1 2 1 2 2 7 4 2 9 1 8

averaae 3 1 85 30 254 11 1 17 2 30 97 6 1 2 297 4 15
Accepted 3 2 88 31 266 12 1 17 2 28 105 7 12 307 5 14

:AC-E T205 NA NA NA NA NA NA NA NA NA 6 6 0 29 51 60 167
:AC-E T206 NA NA NA NA NA NA NA NA NA 4 7 BDL 31 53 60 159
:AC-E T204 NA NA NA NA NA NA NA NA NA 4 1 2 BDL 30 49 62 166
stdev 1 3 1 2 1 5
average 5 9 BDL 30 51 61 164

Acceped 0 3 3 0 55 59 154

Nd
NA
NA
NA
26
26
25
24
NA
NA
1

25
24

75
76
74
76
67
73
72
75
75
72
NA
NA
75
3

74
72

NA
77

77
67

NA
NA
NA
77
85
86
NA
NA
5

83
79

Nd
NA
NA
NA
15

10
11
12
13
NA
NA
12
2
12
1 1

95
94
96
1

95
92
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Appendix I (XRF, PGAA, ICP-AES)

TABLE 15 - XRF Trace Element International Standard Data
As Nb Zr Y Sr Rb Th Ga Ni Sc V Cr Co Ba La Ce Nd

:BR T205 NA NA NA NA NA NA NA NA NA 2 2 239 370 57 1190 80 151 61
:BR T206 NA NA NA NA NA NA NA NA NA 21 247 372 62 1192 82 149 62
stdev 1 6 2 3 2 1 2 1
average 2 2 243 371 60 1191 81 150 61
Accepted 25 235 380 52 1050 82 151 65

:W-2 T205 NA NA NA NA NA NA NA NA NA 30 248 89 47 181 1 2 19 1 0
:W-2 T206 NA NA NA NA NA NA NA NA NA 29 239 94 45 180 14 23 1 2
stdev 1 6 3 1 0 1 3 2
average 30 243 92 46 181 13 21 11
Accepted 35 262 93 44 182 11 24 14

MRG-1 RT155.RT513,T20‘ 0 2 0 1 1 0 14 271 9 1 2 0 192 NA NA NA NA NA NA NA NA
MRG-1 RE156,RT514,T20 1 19 1 1 0 15 270 8 2 2 0 195 NA NA NA NA NA NA NA NA
MRG-1 LDA8,LDA9,LDA1 C BDL 2 0 104 15 268 5 1 NA NA NA 563 555 8 8 62 12 27 21
MRG-1 LDA11,12,13 BDL 19 104 15 268 6 1 NA NA NA 568 566 92 63 12 28 2 2
MRG-1 T217 NA NA NA NA NA NA NA NA NA 56 587 503 87 62 8 2 2 2 0
MRG-1 LDA6 BDL 109 13 267 NA NA NA NA NA NA NA NA NA NA NA NA
MRG-1 ARHT64 NA 2 0 108 15 289 9 2 19 2 0 2 NA NA NA NA NA NA NA NA
MRG-1 LDA17 NA NA NA NA NA NA NA NA NA NA 606 492 94 58 NA NA NA
stdev 0 3 1 8 2 1 1 5 2 0 37 3 2 2 3 1
average 0 2 0 109 15 280 9 2 2 0 197 56 584 524 91 60 1 2 27 21
Accepted 1 20 108 14 266 9 1 17 193 55 526 430 87 61 10 26 19

:AN-G RE157.RT516 1 1 1 0 8 75 2 0 19 32 NA NA NA NA NA NA NA NA
:AN-G LDA2 NA BDL 21 11 NA 1 BDL 19 28 13 65 46 23 28 BDL 8 8

:AN-G ARHT64 NA NA 13 9 77 2 2 18 34 NA NA NA NA NA NA NA NA
stdev 2 1 1 0 2 1 2

average 1 1 11 9 76 2 1 18 33 13 65 46 23 28 8 8

Accepted 0 1 11 8 76 1 0 18 35 10 70 50 25 34 2 5 2

W-1 RE157.RT516 1 6 97 23 185 23 1 19 70 NA NA NA NA NA NA NA NA
W-1 LDA14.16 NA NA NA NA NA NA NA NA NA 42 216 119 47 161 1 0 2 2 11

average 1 6 97 23 185 23 1 19 70 42 216 119 47 161 1 0 2 2 11

Accepted 2 10 99 26 186 21 2 17 75 35 257 119 47 162 11 23 15

S0-1 RE160.RT527 2 1 2 8 8 26 316 125 13 24 83 NA NA NA NA NA NA NA NA
Accepted 2 12 84 25 331 141 12 24 92

SO-4 RE160.RT527 8 1 0 289 24 156 64 8 11 18 NA NA NA NA NA NA NA NA
Accepted 7 10 156 22 168 69 9 11 24

GXR3 LDA9b 3970 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Accepted 3970

GXR4 LDA9b 108 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Accepted 98

Standard data for As from runs in 1994 (ie. same calibration as for RE155,156 & 157 which included samples from this study)
GXR3 RE152 
GXR3 RE153 
GXR3 RE154 
Accepted

4023
4006
3997
3970

GXR6  RE152 315
GXR6  RE153 311
GXR6  RE154 311
Accepted 330

BXN RE152 121
BXN RE153 119
BXN RE154 118
Accepted 115
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Appendix I (XRF, PGAA, ICP-AES)

FIGURE 11 - Powder pellet T1O2 vs fusion bead Ti02
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Appendix I (XRF, PGAA, ICP-AES)

FIGURE 12 - accuracy of XRF analyses - concentrations of selected major and trace 
elements in international standards (accepted values from the literature vs average 
measured values from this study)
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Appendix I (XRF, PGAA, ICP-AES)

FIGURE 13 - precision of XRF analyses (concentrations of selected major and trace 
elements in international standards and USEKA samples analysed by XRF in 1994 and 
1995/1996)
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Appendix I (XRF, PGAA, ICP-AES)

FIGURE I 4 - comparison between XRF and ICP-AES La, Ce & Nd data
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Appendix I (XRF, PGAA, ICP-AES)

ta b le  16 - B, Li, REE standard data (accuracy & precision) 

PGAA (B)
(standards run with USEKA igneous suite)
Accuracy Precision

B B
Measured JR-1 126 E20 65
Measured JR-1 105 E20 73
St Dev 15 St Dev 6
Average 116
Accepted 117 UG73 7

UG73 9
Measured JA-1 25 St Dev 1
Measured JA-1 21
St Dev 3 K277 82
Average 23 K277 8 6
Accepted 21 St Dev 3

Measured JB-2 33
Accepted 30

ICP-AES (Li)
(i) standards run with USEKA sediments (ii) standards run with USEKA igneous suite
Accuracy Li Precision Li Accuracy Li Precision Li
Measured SO-1 69 VSE 16 494 Measured JR-1 62 K227 35
Measured SO-1 53 VSE 16 503 Measured JR-1 67 K227 35
Measured SO-1 50 St Dev 6 Measured JR-1 63 St Dev 0
St Dev 1 0 St Dev 3
Average 57 VSE 2 76 Average 64 K234 19
Accepted 48 VSE 2 76 Accepted 61 K234 19

St Dev 0 St Dev 0
Measured SO-2 16 Measured JR-2 81
Measured SO-2 9 VSE 23 414 Accepted 79 K237 58
St Dev 5 VSE 23 423 K237 61
Average 13 St Dev 6 Measured JB-2 BDL St Dev 2
Accepted 9 Measured JB-2 BDL

Sect 1-1 0 .8 -12.1 39 Measured JB-2 BDL SE3 14
Measured JLK-1 53 Sect 1-1 0 .8 -12.1 37 Measured JB-2 BDL SE3 15
Measured JLK-1 52 St Dev 1 Accepted 8 St Dev 1
Measured JLK-1 53
St Dev 1 Measured JA-2 29
Average 53 Accepted 27
Accepted 52

ICP-AES (REE)
Accuracy

La Ce Pr Nd Sm Eu Gd Dy Er Yb Lu
Measured JA-2 16.4 32.8 4.05 17.40 3.29 0.82 3.4 3.2 2 .1 2 1 .6 6 0.3
Accepted 16.3 32.7 4.38 13.80 3.12 0.94 3.1 3.0 1.37 1.67 0.3

Measured JR-2 17.8 40.6 5.56 24.57 5.20 0.24 5.2 5.8 4.07 4.05 0.7
Accepted 16.9 38.8 4.93 21.10 5.71 0.15 6.3 6.9 4.50 5.46 0.9

Measured JR-1 2 0 .0 48.1 6.41 25.89 5.88 0.25 4.8 7.4 4.02 4.20 0 .6

Accepted 19.7 47.1 5.62 23.50 6.07 0.30 5.2 5.8 3.78 4.49 0.7

Measured JA-3 9.5 21.5 3.38 12.46 3.40 0.77 3.6 3.6 1.65 1.90 0.3
Accepted 9.0 23.3 2.25 12.30 3.14 0.85 2.9 3.0 1.46 2.18 0.3

Precision
V3 49.9 106.8 13.89 64.99 8.96 2 .0 1 6 .8 4.8 2.72 1.79 0.3
V3 42.8 90.5 10.97 55.93 7.51 1.74 5.7 4.4 2.13 1.51 0.3
Stdev 5 1 2 2 6 1 0 1 0 0 0 0

93TG5 31.2 54.7 5.08 18.08 3.19 0.53 3.1 3.1 1.40 1.28 0 .2

93TG5 34.8 61.0 6.71 21.08 4.12 0.78 3.2 3.0 1.59 1.32 0 .2

Stdev 3 4 1 2 1 0 0 0 0 0 0

94TV246 25.4 51.8 6.23 20.33 4.86 0.14 4.6 4.7 2 .1 1 2.56 0.4
94TV246 25.5 51.5 5.32 19.64 4.47 0.14 4.4 4.8 2 .0 1 2.59 0.4
Stdev 0 0 1 0 0 0 0 0 0 0 0

B and Li Japanese standard data is from Imai et al., 1996, all other standard data is from Govindaraju 1994
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Appendix J (Nd and Sr isotope data)

Appendix J - Nd and Sr isotope data
Analytical procedure

R a d io g e n ic  is o to p e  ra tio s , a n d  N d  a n d  S m  c o n c e n tra tio n s , w e re  a n a ly s e d  a t  th e  N E R C  Is o to p e  

G e o s c ie n c e s  L a b o r a to ry . S r  a n d  N d  w e r e  s e p a r a te d  fro m  c o m m o n  d is s o lu tio n s  o f 1 5 0  - 4 0 0  m g  

p o w d e r e d  s a m p le s  u s in g  u ltra  c le a n  re a g e n ts  a n d  c o n v e n tio n a l c a tio n  e x c h a n g e  c o lu m n s . P ro c e d u ra l 

b la n k s  fo r  S r ,  N d  a n d  S m  a v e r a g e d  4 5 0  p g , 1 2 0  p g , a n d  1 1 0  p g  r e s p e c t iv e ly .  A ll S r  is o to p ic  

c o m p o s it io n s  w e r e  m e a s u re d  in s ta tic  m o d e  o n  a  F in n ig a n  M A T  2 6 2  m u ltic o lle c to r m a s s  s p e c tro m e te r;  

th e  N d  is o to p ic  c o m p o s it io n s  w e r e  m e a s u re d  in d y n a m ic  m o d e  o n  a  V G  3 5 4  m u lt ic o lle c to r  m a s s  

s p e c t r o m e t e r .  87S r / 86S r  w a s  n o rm a lis e d  to  86S r / 88S r  =  0 .1 1 9 4 ,  143N d / 144N d  w a s  n o rm a lis e d  to  

146N d /144N d  = 0 .7 2 1 9 .  W ith in -ru n  p re c is io n  fo r  S r  a n d  N d  is o to p e  ra tio s , e x p re s s e d  a s  o n e  s ta n d a rd  

e r r o r  o f th e  m e a n , w a s  a lw a y s  b e t te r  th a n  1 0  p p m  o f th e  m e a s u re d  ra tio , i.e . 0 .0 0 0 0 0 7  a n d  0 .0 0 0 0 0 5  

fo r  ^ S r / ^ S r  a n d  143N d /144N d  re s p e c t iv e ly . R e s u lts  fo r  is o to p e  s ta n d a rd s  d u rin g  th e  p e r io d s  o f th e s e  

m e a s u r e m e n ts  w e r e :  N B S  9 8 7  87S r / 86S r = 0 .7 1 0 1 8 7  ±  0 .0 0 0 0 2 8  ( n = 1 3 ) ,  J o h n s o n -M a t th e y  N d  

143N d /144N d = 0 .5 1 1 1 2 3  ±  0 .0 0 0 0 1 2  (n = 6 5 ) ,  L a  J o lla  N d  143N d /144N d = 0 .5 1 1 8 6 4  ±  0 .0 0 0 0 0 8  (n = 2 ) ,  a ll 

e rro rs : tw o  s ta n d a rd  d e v ia t io n s ) . In te rn a l e rro rs  o n  ind iv idu al m e a s u re m e n ts  w e re  a lw a y s  m u c h  s m a lle r  

th a n  th e  s ta n d a r d  re p ro d u c ib ility  re p o r te d  h e re  a n d  th e re fo re  th e  a b ility  to  re p ro d u c e  th e  s ta n d a rd s  

s h o u ld  b e  ta k e n  a s  th e  lim itin g  fa c to r  in in te rp re tin g  th e  u n c e rta in ty  o f a n y  g iv e n  a n a ly s is .

Results

E x p e r im e n ta l d a ta  fo r  th e  d e te rm in a t io n  o f 87Sr/®6S r  i

Sample Rb (ppm) Sr (ppm) Rb/Sr
8 7 Rb/®6Sr ^ S r/^ S rm Age (Ma) ^ S r/^ S r i

E1 103 228 0.452 1.309 0.709131 2 0 2 0.708755
E5 265 43 6.144 17.792 0.713474 20.3 0.708344
E20 258 183 1.408 4.076 0.710465 2 0 0.709307
E16 335 61 5.498 15.919 0.712734 2 0 0.708212

UG28 143 392 0.364 1.053 0.708008 17.6 0.707745
E3 258 518 0.498 1.440 0.707929 14.9 0.707624

SE13 96 669 0.143 0.414 0.708276 16.8 0.708177
SIM 125 791 0.158 0.457 0.707478 15 0.707381
V26 258 967 0.266 0.771 0.707608 15 0.707444
G5 154 153 1.007 2.914 0.709987 17.7 0.709255
G8 161 252 0.637 1.845 0.709489 20.5 0.708952

UG75 263 712 0.370 1.071 0.707856 15.9 0.707614
UG63 142 644 0 .2 2 0 0.638 0.707556 14.6 0.707424
UG145 243 634 0.384 1.112 0.708799 15.5 0.708554

SE1 146 251 0.583 1.687 0.709323 18.9 0.708870
V226 126 548 0.230 0.665 0.70755 9 0.707465
V228 430 159 2.704 7.830 0.710788 17 0.708898
V231 156 332 0.470 1.359 0.709021 17 0.708693
V210 154 1609 0.096 0.277 0.705622 1 2 2 0.705574
V217 170 1320 0.129 0.373 0.706162 13.6 0.706090
V241 86 1074 0.080 0.232 0.706095 1 2 2 0.706055
V242 192 1228 0.156 0.452 0.706176 1 2 2 0.706098
V249 201 1455 0.138 0.400 0.706496 1 2 2 0.706427
8 8 8 /2 120 689 0.174 0.504 0.711718 18 0.711589
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Appendix J (Nd and Sr isotope data)

E x p e r im e n ta l d a ta  fo r  th e  d e te rm in a t io n  of £ Nd

Sample Nd (ppm) Sm (ppm) Sm/Nd 147Sm/144
Nd

143Nd/144N 
d m

Age (Ma) 143Nd/144N 
d i

11 CHUR
^Nd

E1 27.72 5.15 0.1857 0.1123 0.512386 202 0.512371 0.512612 -4.7
E5 3422 6.16 0.1799 0.1088 0.512362 20.3 0.512348 0.512612 -5.2
E20 26.32 5.14 0.1955 0.1182 0.512346 20 0.512331 0.512612 -5.5
E16 28.33 5.29 0.1866 0.1128 0.51239 20 0.512375 0.512612 -4.6

UG28 28.51 4.72 0.1655 0.1001 0.512422 17.6 0.512410 0.512615 -4.0
E3 61.38 10.37 0.1689 0.1022 0.512429 14.9 0.512419 0.512619 -3.9

SE13 32.96 6.31 0.1914 0.1158 0.512391 16.8 0.512378 0.512616 -4.6
SI14 62.74 10.61 0.1692 0.1023 0.51243 15 0.512420 0.512619 -3.9
V26 56.33 10.67 0.1893 0.1145 0.512472 15 0.512461 0.512619 -3.1
G5 21.04 3.73 0.1773 0.1072 0.512353 17.7 0.512341 0.512615 -5.4
G8 23.62 4.66 0.1974 0.1194 0.512355 20.5 0.512339 0.512612 -5.3

UG75 44.12 7.96 0.1804 0.1091 0.512434 15.9 0.512423 0.512618 -3.8
UG63 46.01 7.87 0.1711 0.1035 0.512391 14.6 0.512381 0.512619 -4.6
UG145 86.06 12.90 0.1499 0.0907 0.512305 15.5 0.512296 0.512618 -6.3

SE1 27.84 4.94 0.1775 0.1073 0.512356 18.9 0.512343 0.512614 -5.3
V226 32.77 6.18 0.1885 0.1140 0.512459 9 0.512452 0.512626 -3.4
V228 18.40 4.25 02307 0.1395 0.512364 17 0.512348 0.512616 -5.2
V231 26.85 4.81 0.1790 0.1083 0.512371 17 0.512359 0.512616 -5.0
V210 7427 11.39 0.1534 0.0927 0.512513 122 0512506 0.512622 -2.3
V217 6625 10.03 0.1514 0.0916 0.51248 13.6 0.512472 0.512621 -2.9
V241 25.90 4.98 0.1923 0.1163 0.512393 122 0.512384 0.512622 -4.7
V242 5821 8.75 0.1503 0.0909 0.512494 122 0.512487 0.512622 -2.6
V249 55.73 9.84 0.1765 0.1068 0.512497 122 0.512488 0.512622 -2.6
888/2 123.30 24.69 02002 0.1211 0.512102 18 0.512088 0.512615 -10.3
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