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Abstract

To date, relatively little is known about the geological and tectonic evolution of 
Southern Mongolia, despite its emerging importance as a mineral exploration frontier 
province. The distribution o f porphyry Au, Cu and Mo mineralization in the region is 
strongly controlled by the tectonic regime governing the northern margin o f the Palaeo- 
Asian Ocean. The Saykhandulaan basement inlier in southern Mongolia constitutes a critical 
window into the Palaeozoic development o f this margin, and consequently, understanding 
the tectonic evolution o f this area is important in both an academic and economic context.

By broadly characterising the geological and tectonic evolution of the southeast Gobi 
region, this project elucidates the geological evolution o f a relatively unstudied accretionary 
margin. It provides both a robust spatial and temporal framework within which to interpret 
the mineralization identified to date, and new insights for focusing mineral exploration 
efforts in potentially fertile areas.

Through fieldwork, five litho-tectonic domains are defined; (1) the Northern Slate 
Belt, comprising Devonian greenschist grade pelites and psammites with deep-marine to 
coastal siliciclastic protoliths; (2) the Saykhandulaan Valley Lineament Zone (SVLZ), a 
tectonised zone o f faulted and lithologically altered volcanic rocks; (3) the High Strain Belt, 
consisting of tightly folded and flattened metamorphosed clastic sedimentary rocks; (4) the 
Molasse Succession, consisting o f relatively undeformed coarse conglomerates and 
sandstones and; (5) the Oyut Ulaan Volcanic Group, a nearly 5 km-thick folded 
Carboniferous volcanic succession that hosts the mid-Carboniferous Oyut Ulaan mineralised 
intrusive complex. The structural architecture o f the inlier records several ductile and brittle 
deformations, including folding o f all lithologies to differing degrees, folding o f cleavage in 
the Northern Slate Belt, thrusting along the SVLZ and exhumation o f the tightly folded High 
Strain Belt. Field relations, geochemical signatures and the absolute age o f the Oyut Ulaan 
intrusive complex show that, with the Oyut Ulaan Volcanic Group, it forms a co-magmatic 
volcano-plutonic complex. Volcanic and intrusive lithologies have subduction zone-related 
signatures. The Oyut Ulaan Volcanic Group is comprised o f four formations with volcanic 
lithologies and thick intercalated siliciclastic and volcaniclastic sediments.

Chemostratigraphy o f the Oyut Ulaan Volcanic Group illustrates an evolving magma 
chamber with periodic replenishment by new magma batches. One other intrusion within the 
Saykhandulaan inlier and six other intrusions within the neighbouring Mandakh inlier were 
geochemically analysed and U-Pb zircon dated, showing, broadly, that a 180 km long belt o f 
monzonitic intrusions were emplaced in the mid-Carboniferous (between 338.93 and 323.12 
Ma) and post-collisional granites and A-type syenites were emplaced in the Early Permian 
(292.34 Ma).

The combined results o f this study indicate that whilst economic mineralisation 
identified in the region to date is associated with early intrusions in an emerging continental- 
arc setting, the later stages o f arc magmatism resulted in a significant EW belt o f intrusions 
and volcanic deposits, which are also host to prospect mineralization. The youngest parts o f 
this belt track the transition from a continental-arc to a post-collisional magmatic 
environment.
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Introduction 1

This thesis concerns the Palaeozoic crustal evolution o f the Saykhandulaan inlier, a 

large area o f basement exposure within the Southeast Gobi Desert region o f M ongolia (Fig. 

I . I ). The Saykhandulaan inlier contains one o f the largest areas o f basement rock exposure 

in southeast Mongolia and thus provides an important window into the Palaeozoic crustal 

evolution o f the region. The inlier contains a wide range o f Palaeozoic lithologies, including 

diverse volcanic rocks, siliciclastic and volcaniclastic sedimentary rocks and a major 

monzonitic intrusion (the Oyut Ulaan intrusive complex) which has potential economic 

copper-gold mineralisation. The Saykhandulaan inlier is within the Southeast Gobi Mineral 

Belt, which has developed into a major industrial exploration frontier province during the 

last fifteen years (Fig 1.1). In this thesis, the tectonic setting and geological history o f the 

Saykhandulaan inlier are interpreted, and mineralised intrusions from the inlier and the 

surrounding region are put into spatial, temporal and lithological context (Fig l . I ).

The specific objectives o f this project were: ( l)  to document the basement rocks o f the 

inlier including their protoliths and environments o f deposition; (2) to establish the structural 

architecture and extent and nature o f metamorphism; (3) to describe the volcanic 

stratigraphy and establish its volcanic environment; (4) to document the magmatic evolution 

o f the Oyut Ulaan intrusive complex, and its relationship to surrounding volcanic sequences 

within an evolving tectonic setting; (5) identify age and geochemical character o f the Oyut 

Ulaan intrusive complex and other mineralised intrusions from the region, in order to 

investigate the timing and distribution o f silicic magmatism and associated mineralisation 

within the Southeast Gobi Mineral Belt and; (6) to test existing terrane models for 

Palaeozoic arc magmatism and accretion in southeast Mongolia.

Fieldwork was carried out over twenty weeks in the summers o f 2003 and 2004, 

mainly within the Saykhandulaan inlier (Fig 1.1). A range o f geological techniques was 

employed, including completion of structural transects, lithological mapping and 

sedimentological analysis o f key sections, and sampling for petrological, geochemical and 

geochronological analysis. Six granitoids were also sampled for geochemical and 

geochronological analysis from the neighbouring Mandakh inlier (Fig l .2).

Laboratory work was carried out at the University o f Leicester, the British Geological 

Survey, and the NERC Isotopes Geosciences Laboratories, and included X-ray fluorescence, 

to measure major and trace element abundances for a suite o f volcanic and intrusive
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Chapter I. Introduction

samples; and U-Pb isotope geochronology, to develop a detailed time-sequence for the 

emplacement of mineralised intrusions and volcanism within the region. Petrography was 

carried out to document lithologies and textures, establish sedimentary provenance, and 

measure mineral modal abundances. Satellite image interpretation was undertaken, at 

several scales, to identify structures and geomorphological features.

1.2 W ider Context of Project

This project connects with longstanding geological research activities in Mongolia, 

carried out by members of the Crustal Processes Group at the University o f Leicester. The 

project builds on previous work, concerning the structure and basin architecture o f the Altai 

and Gobi Altai (Cunningham, 1998; Buchan et al., 2002; Windley et al., 2002; Cunningham, 

2005; and references therein) however, it also represents a new direction because it concerns 

the basement evolution, crustal growth and metallogeny o f southeast Mongolia. The project 

was funded by the National Environmental Research Council (NERC). The British 

Geological Survey (BGS) supported and co-supervised this work, and it forms part o f 

ongoing involvement by the BGS into economic minerals research and international 

development. Ivanhoe Mines Ltd is carrying out a wide-ranging mineral exploration 

programme across southern Mongolia following on from their development o f the giant Oyu 

Tolgoi (Fig 1.1, 1.3) gold-rich copper porphyry within the region. Ivanhoe Mines Ltd 

provided scientific and logistical support to this project.

1.3 Chapter Synopsis

This thesis contains three chapters that have each been prepared as pre-publication 

manuscripts.

In Chapter 2 the lithology and structure o f the Saykhandulaan inlier are described. The 

inlier is comprised of Devonian-Permian lithologies, and has a dominant E-W structural 

grain. Results from cross-strike transects within the Saykhandulaan inlier reveal that it can 

be subdivided into five parallel E-W striking litho-tectonic domains; 1) the Northern Slate 

Belt, comprising Devonian greenschist grade pelites and psammites with deep-marine to 

coastal siliciclastic protoliths; 2) the Saykhandulaan Valley Lineament Zone (SVLZ), a 

tectonised zone of faulted and lithologically altered volcanic rocks; 3) the High Strain Belt, 

consisting of tightly folded and flattened metamorphosed clastic sedimentary rocks; 4) the 

Molasse Succession, consisting o f relatively undeformed coarse conglomerates and
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Chapter I. Introduction

sandstones and, 5) the Oyut Ulaan Volcanic Group, a nearly 5 km-thick folded 

Carboniferous volcanic succession that hosts the mid-Carboniferous Oyut Ulaan mineralised 

intrusive complex. The Northern Slate Belt metasedimentary rocks record a northerly 

cratonic provenance, whereas all rocks to the south o f the SVLZ have arc affinities. The 

SVLZ is interpreted to be a major terrane boundary between the Gobi Altai and Mandalovoo 

terranes. Two major deformation events are interpreted in the region; 1) back-arc basin 

closure and inversion involving regional scale folding and greenschist grade metamorphism 

in the Northern Slate and High Strain Belts; 2) contraction associated with Mandalovoo 

terrane accretion and final closure o f the Palaeo-Asian Ocean to the south. Following 

terrane accretion and cessation of subduction, crustal extension and strike-slip faulting 

further modified the crustal architecture o f the inlier. Chapter 2 has been submitted for 

publication in a special issue o f the Journal o f  Asian Earth Sciences on the geodynamics and 

metallogeny o f the Altaid Orogeny. It was favourably reviewed and is now awaiting final 

acceptance.

Chapter 3 focuses on the stratigraphy and magmatic evolution o f the Oyut Ulaan 

Volcanic Group (OUVG). The OUVG is a sequence of volcanic and sedimentary rocks, 

which provides important evidence for the nature of arc activity in the southeast Mongolia 

sector o f the Central Asian Orogenic Belt during the Carboniferous. The OUVG forms the 

southern part o f the Saykhandulaan inlier, and is comprised o f four distinct formations. The 

Yasun Eliy-e Formation is composed o f basalts, basaltic andesites, conglomerates and 

immature volcanic sandstones and is intruded by the mineralised Oyut Ulaan Granite; the 

Gurvan Morin Hondiy Formation is comprised o f interbedded coarse conglomerates, 

sandstones and thick andesites and basalts; the Shargyn Moghai formation is entirely 

composed o f volcanic lithologies with a range o f compositions from basalts to dacites; 

finally, the Tsagaan Nuruu formation is composed o f thick ash-fall deposits punctuated by 

lava-like ignimbrites. Physical volcanological and sedimentological interpretations 

characterise three clear eruptive styles; periodic andesite volcanism in an actively eroding 

arc-setting, containing large rivers and swamps; highly effusive andesite-field volcanism; 

and explosive rhyolitic volcanism. Geochemical analyses o f volcanic lithologies suggest the 

group represents subduction-related, mature, continental-arc volcanism. Interpretations o f 

geochemical results relate surface processes o f the volcano-sedimentary model to an 

evolving magma chamber. Magma pulses and replenishments are identified from variations 

in the chemostratigraphy. Zircon U/Pb isotope ages from a felsic volcanic horizon and a

granitoid cobble from an intercalated conglomerate constrain the timing of extrusion o f the
5
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OUV G to the mid-Carboniferous, and show that the OUVG contains clasts derived from 

older arc-related plutons, emplaced, uplifted, eroded and deposited within around 10 M.y. 

Chapter 3 will be condensed and submitted for publication to Earth and Planetary Science 

Letters in 2007.

Chapter 4 has two parts. The first part documents the field relations, geochemical 

evolution and absolute age o f the Oyut Ulaan intrusive complex, which cuts the Oyut Ulaan 

Volcanic Group. The Oyut Ulaan intrusive complex was selected for study because, at the 

onset o f the project, it was a focus for exploration activity. Now, three years later, 

exploration interests have shifted elsewhere, but the complex remains o f academic interest. 

Oyut Ulaan is a quartz-monzonite pluton, elongate in the EW direction, which is apparently 

fault bound on most sides. The main intrusion is cut by several sets o f dykes o f varying 

lithologies, and a tourmaline breccia pipe cluster that post-dates the dykes. The magmatic 

evolution and dyke paragenesis are discussed, and new absolute age data are presented for 

the quartz-monzonite and for a major andesite dyke swarm that cuts the intrusion.

The second part o f chapter 4 concerns geochemical and geochronological data from 

one other intrusion within the Saykhandulaan inlier and six other intrusions within the 

Mandakh inlier (Figs. 1.2 & 1.3). The Mandakh inlier has a much larger proportion o f its 

outcrop area taken up by granitoid lithologies. New absolute age data are presented for four 

o f  the intrusions, and comparisons are made between these bodies and the Oyut Ulaan 

intrusive complex, and also other mineralised and non-mineralised intrusions from the wider 

region. It is planned that chapter 4 will be condensed and submitted for publication to the 

Journal o f the Geological Society in 2007.

Chapter 5 is a conclusion section in which results and interpretations from each o f the 

preceding three chapters are synthesised, and integrated, to develop a new model for crustal 

growth and terrane accretion in southeast Mongolia.
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Fig. 1.3 Satellite image showing locations o f  inliers investigated in this study and mineral deposits from the SE Gobi region.



Crustal evolution o f  the Saykhandulaan Inlier, Mongolia: 

Implications for Palaeozoic arc magmatism, polyphase deformation and 

terrane accretion in the Southeast Gobi Mineral Belt

2.1 Introduction

The Gobi region o f southeastern Mongolia lies within the Central Asian Orogenic Belt 

(CAOB), the Earth’s largest area of Phanerozoic continental growth, and is a natural 

laboratory' for documenting processes of terrane accretion and amalgamation (§engor et al., 

1993; §engor and Natal’in, 1996; Badarch et al., 2002). Important mineral deposits have 

been discovered in the SE Gobi region during the last decade and consequently the region is 

now a major mineral exploration province. Nevertheless, few studies exist documenting the 

basement evolution and lithotectonic context o f the SE Gobi mineral belt (Lamb and 

Badarch, 2001; Badarch et al., 2002; Xiao et al., 2003). This is partly because the area is 

remote, has low relief, and in general, displays poor outcrop exposure. However, the 

Saykhandulaan Inlier (Fig. 1.1), which crops-out 400 km to the south o f Ulaan Baatar is 

unusual because it contains a large area o f basement exposure and provides a good 

opportunity for unravelling the major tectonic, metamorphic and intrusive events that have 

affected the SE Gobi mineral belt. In addition, it hosts the Oyut Ulaan Cu-Au porphyry 

prospect and is along strike from other major exploration targets in the region. Therefore, a 

detailed multidisciplinary study incorporating field investigations and structural and 

geochemical analysis was carried out during 2004-2006 to document the crustal evolution o f 

the Saykhandulaan Inlier and the terrane context o f SE Gobi mineralisation.

2.1.1 Regional geology

The CAOB records terrane accretion and crustal growth between the Angaran craton 

(also known as the Siberian Craton) and the North China Craton from the Late Precambrian 

to Permian (Fig. 1.1). The CAOB reaches from Kazakhstan to Eastern Siberia and averages 

around 300 km wide (Xiao et al., 2003; 2004). Terranes in Southern Mongolia lie within the 

CAOB, to the north of the main Permian Solonker suture, which marks the final closure of 

the Palaeo-Asian Ocean in the Permian (Wang and Liu, 1986; Xiao et al., 2003; Li, 2006). 

The basement geology of South Mongolia consists o f island-arc, backarc/forearc basin and 

accretionary prism terranes that accreted around a Precambrian cratonic block that lies under 

the Hangay Dome in central Mongolia (Fig. 1.1; §engor and Natal’in, 1996; Badarch et al.
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2002). These terranes record the tectonic evolution o f the northern margin o f the Palaeo- 

Asian Ocean during the Palaeozoic, generally interpreted to have taken place above a 

northward dipping subduction zone.

Two hypotheses exist for the formation o f the Mongolian CAOB crust during the 

Palaeozoic. $engor and Natal'in (1996), postulated one long-lived island-arc, with a 

complex history o f magmatic front migration, strike-slip motion and oroclinal bending along 

its length prior to terminal accretion (Fig. 2.1a). An alternative model by Mossakovsky and 

Dergunov (1985), and developed by Ruzhentsev and Pospelov, (1992), Zorin et al., (1993) 

Mossakovsky et al (1994), and Badarch et al. (2002), proposed the existence o f multiple 

island arcs drifting across the Palaeo-Asian Ocean and accreting various arc-marginal basin 

terranes and ophiolite slivers before terminal collision against the southern margin of 

Siberia/Hangay (Fig. 2.1b)

Badarch et al. (2002) suggest that southeastern Mongolia is dominated by two 

Ordovician-Carboniferous island-arc terranes (Fig. 1.1), the Gurvansaykhan and 

Mandalovoo terranes, which are surrounded by the Ordovician-Carboniferous Gobi Altai 

back-arc/fore-arc terrane to the north and the Nuhetdavaa back-arc/fore-arc terrane to the

Central Mongolian 
cratonic nucleusMongoCOkhotsk ocean

Mongol-Okhotsk ocean

• Older Altaids
* segm ents
' ■ I ; : : :

Palaeo-Asian ocean Palaeo-Asian oceanTanm block

<"'N China craton

j* -  «j A ccretionary  com plex  j  * * j Continental
crest

Island arc ___  Back-arc basin

Fig. 2.1 I wo interpretations o f  the tectonic setting in southeast M ongolia during Devonian-Carboniferous 
time a) Marly Carboniferous palaeotectonic reconstruction o f  the Tuva-M ongol arc (after §engdr and N atal’in, 
1996). Growth o f  the arc takes place via accretion above northward dipping subduction zone, and strike-slip  
faulting along the arc front The South M ongolian Unit (marked SM U) is a subduction-accretion com plex, 
w hich represents the majority o f  the Palaeozoic crustal growth in southeast M ongolia. B ox A show s 
approximate position o f the study area b) Sim plified reconstruction o f  Devonian-Carboniferous terrane 
positions in South Mongolia, after Badarch et al. (2002). The diagram show s two northward dipping  
subduction zones beneath parallel M-W island arcs. The M andalovoo (M O V) and Gurvansayhan (G V) terranes 
represent laterally contiguous sections o f  the same arc The Gobi Altai terrane (G A) is a back arc basin to the 
north o f  the arc. Back-arc/ fore-arc basins to the south (marked ‘B asin’) include, from west to east, segm ents 
identified by Badarch et al. (2002) as the Baaran, A tasbogd and Nuhetdavaa terranes (un-differentiatcd on 
diagram) The arc to the south (marked ‘A rc’) includes, from west to east, segm ents identified by Badarch et 
al (2002) as the Baytag, Hashaat and Mnshoo terranes (un-diflerentiated on diagram), box A show s 
approximate position of the field area (Tig 2.2).
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south. The Gurvansaykhan and Mandalovoo terranes are interpreted to have originally been 

along-strike equivalents of a contiguous island arc, but dextral strike-slip faults shunted the 

Gurvansaykhan terrane southwest to its current location. South o f these two terranes, near 

the Sino-Mongolian border, a series o f parallel island-arc, accretionary wedge and cratonal 

terranes record a separate subduction-accretion history (Figs. 1.1,21;  Badarch et al., 2002).

Subsequent to Palaeo-Asian suturing at the end o f the Permian, Mongolia underwent 

several periods o f intracontinental deformation. Left-lateral strike-slip faults were active in 

southeast Mongolia from the Triassic to late Cretaceous (Lamb et al., 1999) and between 

185-235 km of left-lateral offset occurred along the Zuunbayan Fault, which forms the 

southeast margin o f the Gurvansaykhan terrane (Fig. 1.1). Further west, a Jurassic 

contractional phase o f deformation is expressed by E-W trending thrust faults along the 

Mongolian-Chinese border (Zheng et al., 1996). Southeast Mongolia and adjacent regions of 

China experienced a major phase of NW-SE crustal extension during the Jurassic-Cretaceous 

(Meng et al., 2003). Jurassic-Cretaceous clastic and volcanic stratigraphy fill low-relief 

basins throughout the region including areas adjacent to the Saykhandulaan Inlier. The 

rifting is interpreted to be a distal effect o f Pacific-rim back-arc extension (Graham et al., 

2001). Cretaceous-Tertiary thermal uplift and volcanism are widely distributed in central, 

southern and southeastern Mongolia and are possibly related to a steady state thermal 

anomaly in the mantle beneath Mongolia and Eastern China (Barry and Kent, 1998). 

Sinistral transpressional deformation driven by the Indo-Eurasia collision, has reactivated the 

Gobi Altai region in south and west Mongolia during the late Cenozoic (Cunningham, 1998). 

However, there is only limited evidence for renewed tectonism in southeast Mongolia (Webb 

and Johnson, 2006)

Major porphyry copper discoveries in the region include the Oyu Tolgoi gold-rich 

deposit, which occurs within the Gurvansaykhan arc terrane, 260 km to the southwest o f the 

Saykhandulaan Inlier (Fig. 1.1; Badarch et al., 2002). Mineralisation at Oyu Tolgoi is 

associated with arc related Siluro-Devonian porphyry magmatism intruded into lavas and 

clastic sedimentary rocks (Perello et al., 2001). Another important deposit is Tsagaan 

Suvarga, a copper-molybdenum porphyry hosted in a Devonian calc-alkaline granite 

complex, 120 km southwest o f the Saykhandulaan Inlier (Fig. 1.1; Watanabe and Stein, 

2000). To the north, the Mandalovoo terrane also contains several porphyry-style prospects 

in an east-west trending belt. Part o f the Mandalovoo terrane lies within the Saykhandulaan 

Inlier and contains the Oyut Ulaan copper-gold prospect (Fig. 1.1).

10



Chapter 2. Crustal evolution o f  the Saykhandulaan Inlier, Mongolia

2.2 Litho-tectonic domains

The Saykhandulaan Inlier spans the boundary between the Gobi Altai terrane to the 

north, and the Mandalovoo terrane to the south (Fig. 1.1). The Saykhandulaan Valley 

Lineament Zone (SVLZ) trends approximately east-west and marks the terrane boundary 

through the inlier (Fig. 2.2). Five lithological and structural domains are identified within 

the inlier (Fig. 2.2). North of the SVLZ is the Northern Slate Belt (NSB) which contains 

folded siliciclastic meta-sediments. The NSB is overlapped in the east and north by several 

basalt fields (undated, but probably correlative with Jurassic-Cretaceous lavas elsewhere in 

the region). The SVLZ is 1 - 1.5 km wide and contains a range of lithologies, including 

volcanic rocks of the Saykhandulaan Valley Formation (SVF) which mainly consist of 

altered intermediate and felsic lavas. To the south of the SVLZ are several parallel litho- 

tectonic domains. The High Strain Belt (HSB) contains greenschist grade meta-sandstones 

and conglomerates deformed into tight-to-isoclinal folds. It is exposed across the full east- 

west width o f the inlier. The Molasse Succession (MS) contains relatively undeformed 

conglomerates, sandstones and mudstones, and crops out to the south of the HSB. The Oyut 

Ulaan Volcanic Group (OUVG) contains a wide range of volcanic and sedimentary
NSB Northern State Beit 

■I SVLZ Saykhanculaan Wiley 
Lineament Zone 

HSB High Stran Belt 
I MS Molasse Secession 
I OUVGOyut Ulaan Volcanic Group 

FSe,-j* O'Jl Oyut Ulaan Intruwon 
fcj v v Cretaceous basalts

Harare-----

10km

Unstudied basemqnl

Fig. 2.2 Landsat image o f  Saykhandulaan Inlier, location shown in Fig. 1.1. Litho-tectonic domains marked: 
N SB  - Northern Slate Belt; SVLZ - Saykhandulaan Valley Lineament Zone; HSB - High Strain Belt; MS - 
M olasse Succession; OUVG - Oyut Ulaan Volcanic Group; OUI - Oyut Ulaan Intrusion. Areas outside o f  
marked litho-tectonic domains contain M esozoic-Cenozoic sedimentary cover sequences and lavas.
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lithologies and defines the southern margin of the inlier. The Oyut Ulaan Intrusion (OUI) 

cuts rocks of the OUVG in the southeast comer of the inlier (Fig. 2.2). The inlier is 

surrounded by basins containing Upper Jurassic to Cretaceous and Quaternary sediments 

(Figs. 2.2, and 2.3; Graham et al., 2001). The inlier contains subdued topography with a 

maximum relief of 50 m, outcrop quality is variable and in many areas contacts and faults 

are not exposed.

Lithological characteristics of each of the domains defined above are described in 

detail from north to south.

2.2.1 Northern Slate belt

The Northern Slate Belt is a folded meta-sedimentary sequence (Figs. 2.2 and 2.3). Its 

metamorphic grade reaches lower greenschist grade in some areas. In the north, this 

sequence is dominated by pelites with well-developed cleavage; the protolith coarsens to the 

south where fine- to medium-grained psammites locally dominate. An outstanding feature 

o f this unit is the presence of abundant and volumetrically significant quartz veins.

Cretaceous se<*ments

Jurassic - Cretaceous 
basalt lavas

Northern Slate Belt

|»08M8TJT
! location of quartz 

vein map (Fiq. 2.7a)|
location of transect 
lines Fig 2 19 n.

Carbonate rich 
marker units

area of inset 
map, figure 2

hoatx rcrE 1QSC12Q:liorasTTt

Fig. 2.3 Interpreted Landsat image o f  the Northern Slate Belt. Dominant NE-SW structural grain emphasised 
with fine lines. Locations o f  transect segments shown.
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The main rock type of the NSB is grey pelite, which crops-out in beds 0.5 to 2 m thick 

throughout the belt. Few original sedimentary features were observed, but rare graded 

bedding occurs and in some localities units exhibit clay drapes and fine-sand lag-bases. The 

sequence also features sparsely distributed 20 to 50 cm thick beds o f fine- to medium- 

grained meta-psammite which appear brown on weathered surfaces, and locally exhibit 

planar cross stratification (Fig 2.4 a).

In the west o f the NSB where shallower stratigraphic levels are exposed, psammitic 

lithologies are dominant, featuring up to 1 m thick medium-grained units interbedded with 

relatively thin (20 to 30 cm) pelitic material. In one section, flame and lobe structures, rip- 

up clasts and swaley cross stratification (Fig 2.4 b) occur in the psammite beds and provide 

younging criteria, however, original sedimentary features were rarely observed outside of 

psammite dominated areas.

Lithologies from the southwest comer o f the NSB are generally less-deformed, are o f a 

lower metamorphic grade than the rest o f the belt, and are sandstone dominated. 

Lithological logs from the south o f the NSB show tabular sandstone bodies o f between 10 

and 50cm thickness, interbedded with mudstone sequences o f up to 1 m thick. Flame 

structures, lag bases, rip-up clasts and climbing ripples are present (Fig. 2.5).

In thin-section, the sand-grade units show different degrees o f deformation and 

metamorphism, from relatively uncleaved greywacke (Fig 2.6, a and b), to greenschist-grade 

psammites (Fig 2.6, c to f). The metamorphic fabric consists o f recrystallised quartz grains 

and a micaceous slatey cleavage. Several samples display a penetrative crenulation cleavage 

and some have isolated kink bands. Locally, siderite forms a cement and secondary 

replacement phase. The rocks are generally more calcareous in the northern sector o f the 

NSB; sparse outcrops o f a bio-micritic limestone with small broken crinoid fragments occur 

near its northern boundary.

Throughout the NSB, quartz veins cut the succession, the largest o f which can be seen 

from tens o f kilometres away and form the highest topographic features in the belt (Fig. 2.7 

The veins trend ENE, deviating from the orientation o f the regional cleavage by 10 to 20°. 

Three generations of veins occur, the oldest are metre-wide veins (Fig. 2.7 b) which are 

commonly cut by main mega-vein bodies (Fig. 2.7 a), which are, in turn, cut by thin quartz- 

stockworks. Visible mineralisation is rare, although manganite (M nO O H ) was observed 

within zones densely penetrated by 30-70cm wide veins. The giant veins and vein zones are 

found in discrete corridors, with other areas exhibiting little to no veining. Several o f the

13



Chapter 2 Crustal evolution of the Saykhandulaan Inlier, Mongolia

Fig 2.4 a) Planar cross stratification in meta psammite o f  Northern Slate Belt; b) Swaley cross stratification in 
meta-psammite o f Northern Slate Belt



9
Fig. 2.5 a-f) Lithological logs from southern zone o f Northern Slate Belt. Coarser lithologies documented 
in these logs, occur in south o f  belt where psammitic bands are thicker and more widespread. Elsewhere, 
to the north, the belt is dominated by pelites with slatey cleavage, g) fine grained psammite and pelite 
interbeds similar to log c. h) flame structure preserved in relatively un-metamorphosed sandstone and 
mudstone from log f, beds young to top right.
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Fig 2.6 a), b) Greywacke from N SB in XPL,; c) & d) deformation around lithic clast in fine greywacke from 
NSB PPL, XPL respectively, e) & f) greenschist grade metapsammite with clear cleavage.

400pm
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Fig. 2.7 a) Map o f  large en-echelon quartz vein array (location noted on Fig. 2.3) with 
arrows to show interpreted dextral shear sense, b) View NE o f  major quartz vein outcrop, 
c) View SE from top o f  vein outcrop, more large veins visible in distance, d) View NE o f  
composite vein array.
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larger tabular veins cut regional fold hinges and some smaller veins have saddle reef 

morphologies. Sets o f veins have both right stepping (Fig. 2.7 a) and left stepping en- 

echelon morphology. The veins are largest in the southeast o f the NSB, where the deepest 

stratigraphic levels are exposed. The veins are spatially related to coarser lithologies, and at 

several locations, psammitic beds feature stockworks o f quartz veins. The geological map of 

Mongolia (Tomurtogoo, 1999) shows the NSB to be Devonian in age. However, no absolute 

radiometric ages are available for this assemblage.

2.2.2 Saykhanduloan Valley Lineament Zone

The SVLZ runs approximately east-west (085N) across the inlier, forming a 1 to 1.5 

km wide corridor o f small isolated hills with little outcrop, between the NSB to the north and 

HSB to the south (Figs. 2.2 and 2.8).

Volcanic strata of the Saykhandulaan Valley Formation are best exposed in a ridge that 

trends 070, in its western reaches o f the SVLZ (see box marking location o f outcrop on Fig.

2.8). An approximately 200m thick sequence o f extrusive rocks (Fig. 2.9) crops out in this 

ridge. An amygdaloidal trachydacite (>20m) is at the base o f the succession. This is 

overlain by a white rhyolite (~90m), which contains sub-planar flow-bands and local zones 

o f intense flow-folding. A variably-brecciated trachyte (70 m) lies above this, and another 

trachyte (>25m), featuring dense euhedral feldspar phenocrysts, lies at the top of the 

sequence. Rhyolites and trachytes crop out at numerous other localities throughout the zone, 

commonly in prominent ridges with similar 070 trends.

Along the southern edge of the SVLZ, at the foot o f some of the steepest and highest 

topography in the inlier, basic dykes crop-out, both parallel and perpendicular to the 

lineament. Brecciated and fractured lithologies are common near the ends o f the prominent 

ridges in the zone. Cataclastic microtextures are seen in thin-section from several samples in 

these areas. Quartz in some o f the felsic lithologies has been extensively recrystallised.

The geological map o f Mongolia (Tomurtogoo, 1999) shows the area o f the SVLZ to 

be Carboniferous and Permian in age. However, no absolute radiometric ages are available 

for lithologies from within the SLVZ.

2.2.3 High-Strain Belt

The HSB is the zone o f highest deformation in the inlier (Fig. 2.8). Its northern 

margin is the abrupt southern edge o f the SVLZ. Directly south o f the SVLZ, altered, green, 

cobble- to boulder-conglomerates, containing clasts of mafic extrusive lithologies, form
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Areao*— 
fipur* 2 9 
~™P .-ad
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Saykhandulaan Valley Formation [
High Strain Belt
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Fig. 2.8 - a) Aerial photograph o f  the southern part o f  the field area. Location o f  Fig. shown in Fig. 2.2. 
Notice dominant ENE-W SW  structural grain, b) Interpretation o f  Fig. 2.8 a showing litho-tectonic units: High 
Strain Belt, M olasse Succession; Oyut Ulaan Volcanic Group; Oyut Ulaan Intrusion. Dominant structural grain 
marked with fine lines. Faults, observed and interpreted, marked with thicker lines. Locations o f  transect lines 
shown.

ENE trending ridges comprising the highest topography of the inlier (Fig 2.10). The 

metamorphic grade appears locally elevated; some metabasite clasts are entirely altered to 

amphibolite. Two parallel bands of these higher-grade rocks occur in the north of the HSB, 

with a narrow band of greenschist-grade meta-clastic rocks between them. The relationship 

between the areas of lithologies with different metamorphic grades is not clear, as the 

contact between them is not exposed.

South of the meta-conglomerates, the HSB is comprised of meta-clastic rocks featuring 

a range of protolith grain sizes from mud to gravel-conglomerate. This part of the belt is 

similar to the NSB; cleavage is generally dominant, and the rocks are of greenschist grade,
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Fig. 2.9 Stratigraphic columns for Saykhandulaan Valley Volcanic Formation, grain size and lithological 
features shown. Samples taken for analysis numbered in stratigraphic order; S1-S8. Inset map o f  
Saykhandulaan Valley Volcanic Formation outcrop (see Fig. 2.8 for location). Fault orientations and sense o f  
movement inferred from topographic features and contact offsets.

comparable to that o f the NSB meta-clastic rocks. However, sandstones and conglomerates 

are the main protolith here, compared with mudstones in the NSB. Coarse sandstones are 

widespread, are generally 0.5 to 2m thick and display cross-stratification, graded and 

lenticular bedding, and laminated mudstone tops featuring ripple structures.

The geological map of Mongolia (Tomurtogoo, 1999) shows the HSB to be early 

Carboniferous in age. However, no absolute radiometric ages are available for this 

assemblage.

2.2.4 Molasse Succession

The Molasse Succession (Fig. 2.11) is characterised in the west by un-metamorphosed 

coarse conglomerates, and in the east by interbedded fine sandstones and mudstones.

Thick channel-based conglomerates mixed with coarse sands (Fig. 2.11, log a) 

dominate the molasse succession. The conglomerate beds are poorly sorted, heterolithic,
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Fig 2.10 Conglomerates from the northern margin o f  the High Strain Belt.
21
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with grain sizes ranging from granule to boulder. Locally some conglomerate units show 

imbrication, but evidence for a prevalent flow direction was inconclusive. The coarse 

sandstones comprise both a matrix in areas dominated by conglomerate, and the main 

lithology elsewhere, with scattered gravel-grade clasts. Lenticular bed morphologies are 

common, especially in the conglomeratic units.

In the east o f the Molasse Succession, thin, interbedded fine-sandstones and mudstones 

are prevalent in pairs approximately 10 cm thick. The transition from dominantly 

conglomerate to sandstones and mudstones is shown in Fig. 2.11, log b. Intra-formational 

mudstone clasts and ripple structures are seen in the coarser bases o f some sandstone units 

(Fig. 2.11, log c).

The geological map o f Mongolia (Tomurtogoo, 1999) shows the Molasse Succession 

to be Permian in age. However, no absolute radiometric ages are available for this lithology.

2.2.5 Oyut Ulaan Volcanic group

The Oyut Ulaan Volcanic Group comprises four distinct formations in the south o f the 

Saykhandulaan Inlier. The OUVG is the most volumetrically significant volcanic succession 

in the inlier, and its overall stratigraphic thickness exceeds 4000m. Three o f these 

formations occur in an area of relatively continuous outcrop in the south west o f the inlier. 

The fourth formation is exposed in the east, adjacent to the Oyut Ulaan intrusion (Fig. 2.8; 

Chapter 3).

The stratigraphically lowest, c. 1500m thick, Gurvan Morin Hondiy (Three Horse 

Valley) Formation is comprised o f andesitic lavas interbedded with feldspathic sandstones 

and sequences of coarse conglomerates up to 30m thick. The conglomerates are heterolithic 

and feature volcanic, meta-sedimentary and intrusive lithologies. One sandstone sequence 

contains lycopsid tree-bark impressions (H. Falcon-Lang, pers comm., 2005) and lithified 

fragments near its base below several tabular sandstone beds. Near the top o f the formation, 

a conglomerate features crinoidal bioclastic limestone clasts and separate crinoid fragments. 

Pillow andesites also occur.

The c. 2000m thick Shargyn Moghai (Yellow Snake) Formation is above the Gurvan 

Morin Hondiy Formation. It is comprised of a relatively monotonous succession o f basaltic 

andesites, basaltic trachy andesites and trachyandesites. Locally, boulder-grade 

conglomerates featuring volcanic, meta-sedimentary and intrusive lithologies occur, but are 

laterally discontinuous.
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The c. 1000m thick Tsagaan Nuruu (White Ridge) Formation is comprised o f a number 

of distinctive 5 to 10 m thick felsic lavas, which are blocky and crystalline, and form 

positive topography, interbedded with ca.60 m thick mudstone and siltstones, which are 

sparsely exposed. Near its top, between felsic lavas, the formation contains 2 to 3m thick 

basalt lavas and thinner intervals (25 to 35m) of sandstone units and black, organic 

mudstones with plant fragments.

The Yasun Eliy-e (Dead Vulture) Formation is isolated from the rest o f the group 

stratigraphy in the east; its vertical thickness is unconstrained but is at least 1500m. It forms 

the host rocks to the Oyut Ulaan intrusion (Fig. 2.8) and is lithologically similar to the 

Ghurban Morin Hondiy Formation, but does not display thick conglomerate sequences. 

Volcanic sandstones and andesitic lithologies are dominant, with some basic lavas in the 

upper parts o f the formation.

The Yasun Eliy-e Formation is the only part of the OUVG to be cut by minor 

intrusions. In the north, a 1 m wide olivine-phyric basalt dyke trends 130; south o f this, in 

the centre of the area a small dioritic intrusion with a roughly circular surface expression, 

only 20m in diameter, cuts the volcanic-sedimentary succession.

The rocks o f the OUVG are un-metamorphosed and relatively unaltered, compared to 

the rest of the inlier. Epidotisation locally occurs proximal to faults, fractures and carbonate 

veins.

The geological map o f Mongolia (Tomurtogoo, 1999) shows the OUVG to be 

Carboniferous in age. Recently obtained zircon U-Pb ages, detailed later in this thesis 

(Chapter 3; Appendix B) indicate a mid-Carboniferous age for the OUVG volcanic 

succession. These ages constitute part o f a larger regional data set that is being prepared for 

a separate publication.

2.2.6 Oyut Ulaan Intrusion

The Oyut Ulaan intrusion crops out in the southeast comer of the Saykhandulaan Inlier 

(Fig. 2.2). Together with the OUVG it forms the Oyut Ulaan volcano-plutonic complex. It is 

elongate, around 10 km east to west, and 3 km north to south. To the south, it is bordered by 

part o f the Cretaceous rocks o f the Zuunbayan basin, on other sides it is in intrusive contact 

with basement rocks of the Saykhandulaan Inlier. The contact zone is rarely exposed; it is 

covered by drift in most areas, but the margins of the intrusion are evident on satellite 

imagery (Fig. 2.8; Chapter 4; Fig. 4.2).
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The main intrusion is cut by several dyke swarms, which have a range of compositions 

and orientations. A series o f 1 to 100cm wide pink fine-grained felsic dykes run east-west 

parallel with the intrusion’s long axis. Five- to ten-metre thick dark-green andesite dykes cut 

the felsic dykes. These are primarily observed in the central area o f the intrusion. Their 

general trend is northwesterly, but they form a sector of an apparently radial set striking 

between 285 and 310.

The Oyut Ulaan intrusion and the surrounding country rocks host several mineralised 

features. To the northeast o f the main intrusion there is an E-W elongate series o f sulphide 

bearing quartz vein-stockworks within the volcanic country rock. The stockworks are hosted 

in potassically-altered andesite, and are adjacent to an east-west trending dyke. A second 

mineralised feature occurs along the SE margin of the intrusion within a zone o f margin- 

parallel quartz veins and wall rock screens. This prospect consists o f hard, silicified pods, 

surrounded by altered wall-rock that has a visibly obvious malachite presence. A tourmaline 

breccia-pipe cluster forms a series o f rounded black hills within the intrusion. These hills 

are a topographic high point and appear in stark contrast to the pink-white granite landscape 

surrounding them. The tourmaline breccia pipes are spatially associated with minor 

pegmatite bodies.

The geological map o f Mongolia (Tomurtogoo, 1999) shows the Oyut Ulaan intrusion 

to be Carboniferous in age. No published absolute radiometric ages are currently available 

for this lithology, however unpublished zircon U-Pb ages, recently obtained for this project, 

(Chapter 4; Appendix B) indicate a mid-Carboniferous age for the Oyut Ulaan Intrusion.

2.2.7 Mesozoic and Cenozoic cover sequences

Basaltic lavas, interpreted to correlate in age with Jurassic-Cretaceous lavas elsewhere 

in the region, lie unconformably on the Northern Slate Belt. The largest areas of lava are on 

the northern margin of the NSB, and to the east near the junction between the NSB, the 

eastern basin and the Saykhandulaan Valley Lineament Zone (Figs. 2.2 and 2.3). The lavas 

dip gently to the south and have layers between 5 and 10m thick, forming an extensive trap- 

topography. Several smaller basalt remnants sit on the NSB in various locations in the west.
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In several localities near the inlier, partially lithified Cretaceous sediments are 

deformed and exposed. The best example of this is on the southern margin o f the basin 

which lies to the east o f the NSB. Throughout the inlier, interpreted faults that bound 

various lithological domains are generally hidden beneath recent alluvial cover sequences.

2.3 Provenance data
Thirteen samples from the Northern Slate Belt, High Strain Belt and Molasse 

Succession were point-counted for sandstone provenance. Several samples that were o f an 

appropriate grain size for provenance work were discarded from this survey due to 

metamorphic grade and alteration. Five hundred points were counted for each thin section. 

The results are plotted on a quartz-feldspar-lithics ternary diagram (Fig. 2.12) and indicate 

that sediments of the NSB were derived from a cratonic source (average values; 88% quartz, 

10% total feldspar, 2% lithic fragments). Clasts are generally angular to sub-angular.

Sediments in the HSB and MS were derived from volcanic arc domains at different 

stages of evolution (average values HSB; 9% quartz, 49% total feldspar, 41% lithic 

fragments; average values MS; 10% quartz, 2% total feldspars, 88% lithic fragments). The 

lithic fragments seen in the HSB are predominantly basalt or andesite with aphyric or 

trachytic texture, although small proportions of fine sandstone fragments and 

multicrystalline quartz grains also occur. A wide range o f lithologies occur as fragments in

Fig. 2.12 Sandstone com po
sitional data from Northern 
Slate Belt (N SB), High 
Strain Belt (HSB) and M o
lasse Succession  (M S). 
Provenance fields from Mar- 
saglia and Ingersoll (1992).

Transitional continental

Craton interior

Basem ent uplift

+  Northern Slate Belt 
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the MS, including various volcanics, granitoids, and sediments including sandstones and 

mudstones. In both the HSB and MS, grains are rounded to sub-rounded. The clear 

separation between the three populations in ternary space suggests different eroding source 

terrains.

2.4 Geochemical data
Seventeen volcanic samples from the Saykhandulaan Valley Formation were analysed 

using standard spectrometry techniques at the University of Leicester (Appendix A). The 

formation contains a sequence o f dominantly high-K, calc-alkaline lavas with compositions 

that range from trachydacites and trachytes to rhyolites (Fig. 2.13). The bulk of samples are 

rhyolites. Harker variation diagrams (Fig. 2.14) illustrate some key geochemical 

characteristics and trends o f the Saykhandulaan Valley Formation. MgO and CaO both fall 

with increasing S i0 2 and have distinctive changes in their geochemical gradient, AI2O3 and 

Fe2C>3 decrease linearly with increasing SiO^ these features suggest early mafic and feldspar

oCN*
+O

CM(0
z

35 40 45 50 55 60 65 70 75

S i0 2

Fig. 2.13 Total Alkalis Silica (TAS) diagram  
after Le Bas et al. (1986) for Saykhandulaan 
Valley Formation Volcanic rocks. Fields in
dicate general compositions o f  Oyut Ulaan 
Volcanic Group rocks by formation.
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controlled fractionation. Rb, Ba and Sr are scattered due to their post-emplacement 

mobility. K20  and N a0 2 values show more scatter than other results, however, trends are 

discernible; increasing K20  and decreasing N a02 with S i02 is suggestive of albite 

fractionation. Ba and Sr values suggest that the Saykhandulaan Valley Formation may have 

evolved by fractional crystallisation of feldspars and biotite. The liquid line of descent 

originates from a source chemically similar to the Oyut Ulaan granite (Fig. 2.15).

Eight analyses from known stratigraphic positions (Fig. 2.9) show evidence for 

systematic variations in composition. Plots o f major and trace elements vs relative 

stratigraphic position show that there are consistent variations for several elements over time 

(Fig. 2.16). K20 , Sr and Rb act compatibly, whereas the sequence becomes more enriched 

in Y. Other elements do not show discernible trends.

Multi-element normalised diagrams for the Saykahndulaan Valley Formation (Fig. 

2.17) show strong negative anomalies for Nb, Rb, Sr, P and Cr and positive anomalies for
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Th, Ba and Zr. The negative Nb anomaly and high ratio of low-field-strength-elements 

(LFSE) to high-field-strength-elements (HFSE) are both features typical of subduction 

related volcanism (Fig. 2.17; Saunders et al., 1980; Wilson, 1989). The negative Sr and Rb 

anomalies may be linked to feldspar and biotite fractionation. The Ba, Zr and Th positive 

anomalies may be linked to cumulus potassic feldspar and zircon.

Field observations and petrographic analysis indicate widespread silicification in the 

lavas of the Saykhandulaan Valley. Geochemical results support this observation; silica 

values between 76 and 80% are recorded for three samples (Fig. 2.13).

Graphical comparison of the trace element composition of an altered rock with its 

least-altered-equivalent allows the quantification o f metasomatic processes that affected the 

altered sample (Grant, 1986). It is assumed that the sample identified as least-altered- 

equivalent has not undergone metasomatic alteration, and that, in the altered sample, Zr, Y, 

and Nb have remained relatively immobile. Trace element results for the two samples are 

plotted against each other, and a line o f best fit, the isocon, is drawn through Zr, Y and Nb 

points.

+  Saykhandulaan Valley Formation 

| Tsagaan Nuruu Formation
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tion Volcanic rocks.

Isocon diagrams (Fig. 2.18; Grant, 1986) o f the Saykhandulaan Valley rocks show that 

altered samples have undergone metasomatic enrichment of Rb, As and Ba. Zirconium, Y 

and Nb (along with other elements that plot on or near the isocon) have lower values in the 

altered samples than in the least-altered-equivalents; this suggests mass gain has occurred, 

diluting the initial concentrations of these elements. This provides geochemical evidence 

that supports the interpretation that volumetrically significant secondary silicification has 

occurred. Whilst post-emplacement metasomatic mobility o f trace elements may adversely 

affect petrogenetic analysis (e.g. Fig. 2.13), silicification may have modified the position of 

samples on the TAS petrological discrimination diagram, causing compositions to plot in 

more evolved fields (Fig. 2.13).

The Saykhandulaan Valley Formation is chemically similar to the Tsagaan Nuruu 

Formation of the OUVG (Figs. 2.13 and 2.17). It also overlaps with the more silicic parts 

(>60%) o f the Gurvan Morin Hondiy Formation (Fig. 2.14). Further discussion of the 

detailed geochemistry o f the OUVG is found in Chapter 3.

2.5 Structural data
The strike of the dominant structural grain in the Saykhandulaan Inlier varies from 090 

in the southwest, to 050 in the southeast and in the NSB. Folding occurs throughout the 

inlier and each litho-tectonic domain has a characteristic fold style. Cleavage is variably 

developed; the HSB and NSB display a widespread penetrative cleavage, whilst the MS, 

OUVG and rocks of the SVLZ are uncleaved or only affected by spaced cleavage.

At first-order, the NSB consists of regional-scale west-plunging folds, the limbs of 

which form a ‘Z ’ across the belt (Fig. 2.4). Second-order folds occur on a scale o f 10-100
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m (Fig. 2.19). These folds plunge to both the east and west. Vergence varies through the 

zone, appearing to fan around first-order folds, which are upright.

The HSB features tight-to-isoclinal steeply-inclined folds which plunge to the east and 

west and verge south (Fig. 2.20). Fold closures were not directly observed in the field, 

however some apparent closures and low angle truncation can be identified on the aerial 

photograph in Fig. 2.8, and younging criteria prove the existence o f fold hinges (Fig. 2.20). 

Other folds were observed on Landsat imagery at the eastern end of the HSB.

Bedding readings from the MS show gentle, upright, open folds (Fig. 2.11). Bedding 

becomes slightly steeper towards the northern boundary with the HSB (see cross section on 

Fig. 2.11).

The folds in the OUVG are the most recognisable on the ground. The three 

stratigraphically contiguous formations crop-out in the west in a first-order west-plunging 

syncline. The Tsagaan Nuruu Formation crops-out in the centre of this syncline (Fig. 2.21) 

and similar-style M-W folds in rhyolite lavas form positive topography. The northern limb 

o f the syncline is truncated by east-west oriented faults. Poles to bedding planes (Fig. 2.21) 

trace the profile-plane of this syncline. Folds in OUVG have a slightly different trend from 

folds elsewhere in the inlier - striking around 090 (E-W) and plunging west.

Well developed axial planar cleavage characterises pelitic lithologies in both the NSB 

and HSB. The different vergence directions o f the NSB is reflected in the wide range of
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Fig. 2.21 Transect line through Oyut Ulaan Volcanic Group. Upper parts o f  Shargyn Moghai Formation (to 
left) comprise north limb o f  regional syncline that dips to south under Tsagaan Nuruu Formation which is de
formed into m -w folds in core o f  syncline (to right). Location o f  transect shown on Fig. 2.8. Stereoplot: OUVG  
poles-to-bedding-planes on lower hemisphere equal-area projection.
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cleavage orientations shown in Fig. 2.19. Cleavage-bedding intersection lineations which 

are a proxy for fold hinges, plunge both to the east and west (Fig. 2.19). Cleavage is 

dominant in the south-east comer of the NSB, and is deformed into tight, upright F2 folds. 

Cleavage in the HSB is sub-parallel to bedding, and is steep and dominantly north dipping 

(Fig. 2.20). The coarse and relatively fresh lithologies of the MS do not contain a well 

developed cleavage, but where spaced cleavage was observed, it is near vertical and shows 

little variation compared to other domains (Fig. 2.11).

Remote sensing imagery reveals many faults that cut the Saykhandulaan Inlier, 

however, because of the near peneplain relief of the entire inlier, comparatively few faults 

have exposed surfaces with visible kinematic indicators. One of the best-exposed faults is a 

brittle thrust that defines the northern edge of the HSB in the east, which has partially 

consolidated upturned Mesozoic sediments in the footwall (Fig. 2.22c). Oblique-slip faults 

are exposed near the southern margins of the molasse succession. Both o f these examples 

relate to post-Cretaceous fault movements at the boundary between Palaeozoic strata and

Fig. 2.22 a) Top to south backthrust zone in Saykhandulaan Valley Formation silicified rhyolite. View to west, 
width o f  photo - 5m. b) Detail o f  thrust surface showing down-dip si ickenlines c) View to west o f  High Strain 
Belt greenschist-grade meta-conglomerates (left) thrust over partially consolidated near-vertical dipping Creta
ceous sediments (right).
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Cretaceous basin sequences; although the faults themselves could have formed earlier, and 

been subsequently reactivated. Within the Saykhandulaan Valley Lineament, north-dipping 

thrust faults crop-out in the silicified rhyolitic units of the Saykhandulaan Valley Formation 

(Fig. 2.22a). Striations indicating dip-slip movement are locally observed (Figs 2.22b, 

2.23a). Three dimensional data was recorded from some strike slip faults (Fig 2.23b), but 

most strike-slip faults are not exposed at the surface and so are inferred to be vertical, 

because they from linear depressions and offset contacts and lithologies (Figs. 2.23 c and d).

Inferred normal faults define the eastern and western edges o f the inlier. In the 

northeast, a normal fault-bound Cretaceous basin lies along strike from the NSB. The 

Cretaceous basin is bordered to the south, by the HSB. Where the Saykhandulaan Valley 

Lineament Zone joins the basin, there are a number of fault-bound troughs partially covered 

by onlapping Cretaceous sediments. The basement to these small depocentres appears to be 

faulted blocks of the HSB (Fig. 2.8).

s,

(a) Thrust orientations (b) Strike-slip & oblique-slip 
faults from Saykhandulaan Valley

(c) Faults with apparent (d) Faults with apparent
sinistral displacements dextral displacements

Fig. 2.23 a) Orientations o f  thrust faults - (unbroken line) and minor back-thrusts - (dashed line) from the 
Saykhandulaan Valley Lineament Zone. Striations on fault surfaces (crosses) indicate dominant dip-slip  
motion, b) Oblique-slip and strike-slip faults from back-thrusted zone in Saykhandulaan Valley. Striations on 
fault surfaces indicate dominant strike-slip motion, c) Orientations o f  brittle faults with apparent sinistral 
offsets from the whole inlier. d) Orientations o f  brittle faults with apparent dextral offsets from the whole 
inlier.
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2.6 Discussion

The Palaeozoic geological evolution of the Saykhandulaan Inlier is dominated by 

siliciclastic sedimentation in a wide variety of environments, with erupted sequences of 

volcanic rocks, arc-related plutonism and contractional deformation (Fig. 2.24). Although 

major questions remain about the overall geological evolution of Southeast Mongolia, the
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lithological and structural data presented here provide the basis for the first detailed 

interpretation of Palaeozoic rocks o f the region, and their terrane context.

The original depositional environment o f the Northern Slate Belt pelitic and psammitic 

rocks is interpreted to represent a shelf-to-tidal shallowing-environment. The 

stratigraphically lowest parts of the NSB are interpreted to be exposed in the southeast, in 

the core of the west-plunging first-order anticline (Fig. 2.19). The dominant protolith is 

mudstone, in upward-fining turbiditic sequences suggesting deep marine sedimentation. 

Coarser units and sedimentary features in the southwest, at higher stratigraphic levels, may 

represent a prograding fluvial or deltaic environment with the influence of both fluvial and 

wave processes. Flame structures at the base of medium-grained sandstone units suggest 

loading onto soft, wet mud, and rapid accumulation o f sediment. Swaley cross stratification 

suggests a palaeo-depth o f the upper zone of storm-wave influence (Tucker, 1991). The 

uppermost parts of the stratigraphy are exposed in the northwest, in the first order syncline 

(Fig. 2.19). Psammitic units from throughout the NSB record a cratonic provenance (Fig. 

2.12), and there is a high degree o f provenance separation, in ternary space, of the 

sandstones in the NSB and those from elsewhere in the inlier, suggesting disparate sediment 

sources. The NSB is considered part of the Gobi Altai terrane, which is bordered to the 

north by passive margin and cratonic terranes (Fig. 1.1; Badarch et al., 2002). It is thus likely 

that the cratonic source o f the sediments that formed the protoliths to the NSB was in this 

northern region.

The volcanic rocks of the Sakhandulaan Valley Formation have undergone 

considerable metasomatic alteration, related to fluids moving in the Saykhandulaan Valley 

Lineament Zone. The alteration makes accurate interpretation of primary geochemical 

signatures problematic though not impossible. Multi-element plots of trace-elements suggest 

the succession is volcanic-arc related, and it is chemically similar to the upper parts of the 

OUVG. It has, however, been more extensively deformed and tectonised than the OUVG, 

and the thickness of the succession suggests it represents a far less extensive history of 

volcanism.

The HSB is proximal to the NSB, is of a similar siliciclastic protolith and is also 

largely of greenschist metamorphic grade. However, the sediments that formed the HSB 

protolith have a dissected continental arc provenance and thus are probably south-derived 

(Fig. 2.12). Deformation obscures original sedimentary structures in most areas, but locally 

younging evidence was observed. The coarse-conglomerate parts of the HSB, near the
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Saykhandulaan Valley, are interpreted to represent lower sections of the stratigraphy than 

the more voluminous sand- and granule-grade meta-clastic rocks to the south. The grain 

size range, cross-stratification and lenticular bedding suggest a sand-dominated braided 

river system as the depositional environment for the bulk o f the HSB. Whilst the observed 

cross-stratification provided evidence o f both younging direction, and the environment of 

deposition, the number o f recorded instances was too few to unequivocally indicate a 

palaeo-flow direction.

The Yasun Eliy-e Formation, though not in direct contact with the rest o f the OUVG, 

is interpreted to be the oldest volcanic formation as it is the least evolved. It has 

lithological similarities to and geochemical overlap with the Gurvan Morin Hondiy 

Formation, which is at the base o f the contiguous volcanic stratigraphy in the west (Fig.

2 . 8).

In the Ghurvan Morin Hondiy Formation, various granite clasts in fan-glomerate 

successions that are intercalated with the volcanics suggest older, exhumed arc-crust was 

eroded during the early stages o f OUVG volcanicity. It seems likely that this partially 

dissected arc could be the same source as that for the sediments that were the protolith to 

the HSB. The difference in grain size may suggest that the depositional environment o f the 

HSB protolith was further from the eroding source than was the OUVG. Pillow andesites 

and lycopsid tree bark in sandstone suggests a shallow marine to coastal terrestrial palaeo- 

environment during early stages o f the Oyut Ulaan volcanism.

The Shargyn Moghai Formation is almost entirely dominated by thick trachy- 

andesitic sheets with little intervening material; this suggests high volcanic-effusion rates.

In the Tsagaan Nuruu Formation, the succession is mainly composed of fine- to 

medium-grained volcaniclastic deposits. The precise nature of these units is unclear. They 

appear to have had a very large areal extent for felsic lavas, and were either particularly hot 

and of low viscosity on extrusion; formed by welding of rapidly emplaced pyroclastic flow; 

or were injected into the sediments laterally as sills. Sediments in the upper parts o f the 

succession also suggest a marine marginal environment.

The poorly-sorted conglomerates o f the MS represent a coarse-grained braided-river 

system which drained the OUVG. Fine sand and mudstone sequences may represent flood- 

related overbank sequences, or cyclic lake-sedimentation. The MS occurs unconformably 

on rocks of the HSB. Provenance data suggest the MS sediments were derived from an 

undissected arc of continental to intra-oceanic affinity (Fig. 2.12). It is interpreted to be the
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youngest lithology of the inlier because it is un-metamorphosed and less deformed than the 

HSB, on which it lies unconformably.

At least four deformation events are recorded in the Saykhandulaan inlier. D1 is 

expressed in the NSB as a regional folding and cleavage forming event under lower 

greenschist grade metamorphic conditions. D1 folds generally trend ENE. Few Palaeozoic 

thrust surfaces were directly observed, however a few thrusts are tentatively interpreted from 

metamorphic breaks and fold asymmetry. The upright first-order folds of the NSB feature 

several zones of abrupt vergence changes, these are interpreted to be the effects o f either 

blind-thrusts or thrusts that break the surface, but are obscured by drift (summary section; 

Fig. 2.19). South o f the NSB unambiguous evidence for D1 was not observed.

D2 is a second contractional event, which has affected the entire inlier. Evidence for 

D2 consists of F2 folds o f SI cleavage, local crenulation cleavage and kink banding in the 

NSB. Quartz veins in the NSB postdate the formation o f the SI cleavage, and may have 

been emplaced parallel to cleavage planes during D2. The veins are spatially related to 

psammite units, which may have deformed in a more brittle manner compared to 

surrounding pelites, providing conduits for hot Si02-rich solutions. Intense folding and 

greenschist grade metamorphism within the HSB may have occurred during D1 and/or D2; 

no F2 folds o f cleavage were identified.

South of the NSB, the Saykhandulaan Valley Lineament Zone is an important 

topographic and structural boundary, separating arc related rocks to the south, from basin 

sediments in the north. The zone itself is a 2 km-wide corridor of distributed cataclastic 

deformation, discrete faulting and abundant silicification. It is interpreted that the SVLZ 

may represent a south-dipping thrust zone, which brought the highest-grade rocks o f the area 

(the HSB) to the surface during D1 and/or D2, entraining slivers o f the Saykhandulaan 

Valley Formation in its base. Some minor north-dipping thrust surfaces are seen in the 

SVLZ, these are interpreted to be backthrusts.

The Molasse Succession and Oyut Ulaan Volcanic Formation have undergone the least 

deformation. The Molasse Succession has fold orientations that match those o f the 

underlying HSB, but the folding is far less intense. Orientations of folds in the OUVG 

suggest it may have been affected by N-S shortening in contrast to the NNW-SSE directed 

compression seen in the rest o f the inlier (Figs. 2.11, 2.21). Folding in the OUVG is 

interpreted to have occurred during D2 because the sequence lacks cleavage and evidence 

for metamorphism which are typical o f D1 deformation to the north. Gentle folding in the
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MS is interpreted to be a late-stage expression o f D2. The D2 deformation of the OUVG 

must post-date the deposition of this group, and therefore has a mid-Carboniferous 

maximum age.

The Oyut Ulaan intrusion, which is emplaced in the lowermost and least-evolved parts 

o f the OUVG, is elongate in a direction parallel to the axial trace of folds in the OUVG. 

Uranium-Lead zircon dates (Chapters 3 and 4) indicate that the Oyut Ulaan volcano-plutonic 

complex has a mid-Carboniferous age. This is consistent with regional evidence for 

Carboniferous arc-magmatism throughout southern Mongolia (Lamb and Badarch, 2001).

D3 represents Jurassic-Cretaceous crustal extension widespread in the region (Graham 

et al. 2001). Normal faults that cut the inlier and bound Cretaceous basins around the inlier 

are likely to have formed during D3.

Some strike slip faults that cut the inlier including the SVLZ cut all older structures 

and are therefore suspected of being the youngest faults in the region, and represent a fourth 

deformation event, D4 . Recorded sinistral minor faults, and major faults interpreted to have 

sinistral offsets trend 030-070, interpreted dextral antithetic shears trend around 160 (Fig.

2.25). Orientations of faults recorded in the field, and interpreted on satellite imagery (Fig.

2.25) suggest a sinistral Riedel-shear deformation regime during the Late Cretaceous or 

Tertiary. These fault displacements may have been co-genetic with brittle sinistral

10km

Maior stnke-slip fault 

y *  Major thrust fault

Normal fault 

\  Fault of unknown throw

Fig. 2.25 Landsat image o f  Saykhandulaan Inlier. Interpreted and measured faults from inlier shown with 
movement sense. Inset sinistral Riedel-shear model shows predicted orientations o f  major and antithetic shears 
and normal faults. The orientation o f  M ezozoic regional sinistral movements compares well with array o f  
strike- and oblique-slip faults identified in this study (Fig. 2.20).
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movements on the nearby Zuunbayan Fault (Fig. 1.1; Lamb et al., 1999) during the Late 

Cretaceous or Tertiary.

The recognition that the Saykhandulaan inlier contains a southern volcanic arc 

complex and a northern deformed and metamorphosed marine basin assemblage, sheds light 

on the regional-scale tectonic events that were responsible for crustal growth in southeast 

Mongolia. The shortening and metamorphism within the NSB indicates closure and 

inversion of the basin between an arc to the south and a continental block to the north. No 

evidence was found for subduction, ophiolite obduction or accretionary prism development 

during closure of the NSB basin. Therefore, it is unlikely that the NSB basin was ever 

floored by oceanic crust and instead is interpreted to have been ensialic. The polarity of 

subduction beneath the arc-complex in the southern inlier was therefore probably north 

directed, consistent with other regional interpretations within the CAOB of Palaeo-Asian 

Ocean closure (Fig.2.1; §engor and Natal'in, 1996; Badarch et al., 2002). Apart from local 

en echelon-vein arrays in the NSB, little evidence was observed for the Palaeozoic large- 

scale dextral movements postulated in the models o f both §engor and Natal’in (1996) and 

Badarch et al. (2002). Any major strike-slip displacements within the inlier were probably 

focused along the SVLZ and adjacent HSB, which represent the composite terrane boundary 

between the Gobi Altai and Mandalovoo terranes.

2.7 Conclusions

The Saykhandulaan inlier provides a window into the Palaeozoic evolution o f the 

northern margin of the Palaeo-Asian Ocean in southeast Mongolia. Five major lithotectonic 

domains are distinguished that help elucidate the crustal evolution in the region. More than 

four thousand metres o f volcanic rocks with arc geochemical signatures are documented, and 

the intrusion of the mineralised Oyut Ulaan granite suggest subduction-related magmatism. 

Two major deformation events are recorded related to back-arc basin closure, inversion and 

accretion o f the Mandalovoo arc-terrane. Basin closure involved regional scale folding and 

greenschist grade metamorphism. Following terrane accretion and cessation o f subduction, 

crustal extension and strike-slip faulting have further modified the crustal architecture o f the 

inlier. The results presented here provide a useful framework for understanding the crustal 

evolution of adjacent regions within the southeast Gobi mineral belt.
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The Oyut Ulaan Volcanic Group: 

Stratigraphy, magmatic evolution and timing
3

3.1 Introduction

A large area of southeast Mongolia is composed of volcanic arc terranes (Fig. 1.1) and 

the accretion of arc segments is a crucial component of crustal growth in the Central Asian 

Orogenic Belt. Economic mineralisation is associated with the volcanic-arc environment, 

including the copper-porphyry deposits for which southeast Mongolia is known. The 

stratigraphy of volcanic successions must be recorded and interpreted if the Palaeozoic 

evolution of southeast Mongolia is to be understood.

This chapter focuses on a succession of volcanic rocks within the Saykhandulaan 

Inlier - The Oyut Ulaan Volcanic Group. The volcanological processes that led to its 

formation have been characterised by the interpretation of new, detailed field observations. 

Models of the origin and evolution o f key arc terranes are developed, with new geochemical 

and U-Pb zircon age constraints.

3.1.1 Regional geology

The two hypotheses that exist for the formation o f the Mongolian CAOB crust during 

the Palaeozoic were discussed in Section 2.1. There have been many large scale models 

postulated for the development of volcanic arcs and terrane amalgamation in the region 

(Mossakovsky and Dergunov, 1985; Ruzhentsev and Pospelov, 1992; Zorin et al., 1993; 

Mossakovsky et al., 1994; §engor and Natal'in, 1996; Badarch et al. 2002). Part o f the 

problem in constructing a working palinspastic model lies in a lack o f basic field data. Lamb 

and Badarch (1997; 2001) partially address this by documenting Palaeozoic stratigraphic 

sucessions and their geochemical characteristics from a range o f localities throughout 

southern Mongolia.

Lamb and Badarch (2001) propose that an island arc existed between Edren in the west 

and Tsagaan Suvarga in the east during the Devonian (Fig. 3.1a). North o f the Devonian 

island arc is a back-arc or trapped oceanic basin. In the Carboniferous, arc activity is split 

into two separate fronts, both built on the preceding Devonian arc material (Fig. 3.1b). 

Carboniferous arc activity in southeast Mongolia is linked with the Bogda-Northem Tien 

Shan arc in eastern Xinjiang province, China (Fig. 3.1b; Lamb and Badarch, 2001). Carroll 

et al. (1990) interpret the Bogda arc as intra-oceanic in the west, becoming more terrestrial
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and continental in the east where it crosses the Si no-Mongolian border. A separate, parallel 

Carboniferous arc formed in the west at the same time, above the subducting northern 

margin o f the Junggar Ocean (Lamb and Badarch, 2001). The mechanism that produces this 

duplication of arc fronts in the Carboniferous is not discussed, though several other 

palinspastic models for the region show dextral strike-slip duplication o f arc sections during 

the Devonian and Carboniferous (§engor and Natal'in, 1996; Badarch et al., 2002). All arcs 

are interpreted to have developed above northward-dipping subduction zones (§engor and 

Natal'in, 1996; Lamb and Badarch, 1997, 2001; Badarch et al., 2002). Lamb and Badarch’s 

(1997; 2001) tectonic model benefits both from being based on new, original field 

observations, and from being focused on a relatively small area, compared to some of the 

grand syntheses available elsewhere.

Geochemical and Nd isotope data from the Gurvansayhan Range indicate a juvenile 

oceanic arc was active in the region in the late Silurian to early Devonian (Helo et al., 2006). 

The authors state that this does not support the within-plate basalt affinity suggested by 

Lamb and Badarch (2001) for rocks from Gurvansayhan. However, this affinity is detected 

in rocks of Carboniferous age, and the work o f Helo et al (2006) in the Gurvansayhan Range 

is focused on rocks for which they have established a Siluro-Devonian age. It appears that 

there is, in fact, no contradiction between the two models. Together they document an 

incipient, juvenile island arc which originated in the Silurian, became more evolved and 

alkaline during the Devonian, before the effects o f back-arc rifting spread south into the area 

in the Carboniferous.

Whilst other parts o f Mongolia have been a focus for detailed work in the last decade 

(Zorin et al., 1993; Lamb and Badarch, 1997; Cunningham, 1998; Lamb et al., 1999; Zorin, 

1999; Buchan et al., 2001; Cunningham et al., 2001; Lamb and Badarch, 2001; Perello et al., 

2001; Cunningham, 2005; Helo et al., 2006), the easterly reaches of the Mongolian Gobi 

have remained relatively unstudied. The field area for this study was selected, therefore, to 

establish the terrane context of the South Gobi Mineral Belt, and test existing terrane models 

for South Mongolia.

The Saykhandulaan inlier is situated around 150km to the northeast of Tsagaan 

Suvarga, and is comprised of a series of E-W trending lithotectonic domains. The inlier 

records the Devonian-Carboniferous history of the boundary between island arc dominated 

lithologies in the south and rocks formed from craton-derived basin sediments in the north.
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Fig. 3.1 Paleogeographic interpretations o f  south Mongolia redrawn from Lamb and Badarch (2001) a) D evo
nian b) Carboniferous. Location o f  Gurvansayhan and Edren localities from Lamb and Badarch (2001) shown. 
The Saykhandulaan inlier is the field area for this study.

The southernmost domain is a folded succession of Carboniferous volcanic and sedimentary 

rocks called the Oyut Ulaan Volcanic Group (Chapter 2), which is the subject o f this chapter.

3.1.2 Oyut Ulaan Volcanic Group

The Oyut Ulaan Volcanic Group (OUVG) crops-out along the southern margin of the 

Saykhandulaan inlier in a 45 km long E-W trending belt (Fig. 3.2). The main outcrops are in 

the west of this belt in a 25 km E-W range of hills. The eastern outcrops form the country 

rocks to the Oyut Ulaan Intrusion and are separated from the western outcrops by an area of 

drift. The contiguous succession is around 4.6 km thick and is comprised o f a variety of 

extrusive lithologies from basalt to rhyolite lavas and volcaniclastic sediments locally
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interbedded with a wide range of silici-clastic sediments. The total stratigraphic thickness of 

4.6 km is a minimum value, as neither the base nor top of the group are constrained, the 

outcrop being surrounded by inferred faults and unexposed ground on all sides.

The OUVG is tightly folded with hinges parallel to the regional E-W structural grain. 

The main western outcrops occur within the north-dipping limb and hinge zone o f a major 

syncline. Folds are upright, have an inter-limb angle o f 70°, and are plunging on average 

30° to the west. Cleavage is rarely seen and the rocks are un-metamorphosed.

The OUVG has not previously been described in any literature. The geological map of 

Mongolia (Tomurtogoo, 1999) shows the area as an undifferentiated block o f Carboniferous 

volcanics. The geographically-closest relevant work is that of Lamb and Badarch (1997; 

2001) whose eastem-most localities are 150 km to the west o f the Saykhandulaan Inlier. 

Lamb and Cox (1998) note Carboniferous sedimentary and volcanic strata overlying the 

Devonian Tsagaan Suvarga porphyry copper-molybdenum deposit, which is situated 100 km 

to the south west of the Saykhandulaan inlier (Fig. 1.1).

3.2 Field data

Field work was conducted to establish a detailed stratigraphy for the OUVG. Field 

data, and rock samples for petrologic and geochemical analysis, were collected along a series 

of lithological and structural traverses directed across the structural grain o f the area. The 

key results are presented below, first progressing upwards through the contiguous sucession 

from east to west, then describing the separate area in the east. The locations o f the traverses 

are shown on Fig. 3.2.

3.2.1 Gurvan Morin Hondiy Formation

The stratigraphically lowest, c. 1500m thick, Gurvan Morin Hondiy (Three Horse 

Valley) Formation crops out in the east o f the contiguous succession. The formation was 

principally observed in a dry river valley (line of transect shown in Fig. 3.2) that cuts across 

the dominant E-W trending structural grain (Fig. 3.2). It is comprised o f 10 to 150m thick 

intermediate lavas and coarse conglomerates interbedded with >15m thick feldspathic 

sandstone sequences (Fig. 3.3). The lavas and conglomerates are cliff forming units, 

between which are zones o f little to no outcrop. Lavas and conglomerates are mainly within 

the southern limb of a 1st order syncline and dip steeply to the north. Further north, the 

upper parts o f the succession are deformed into a number of 2 nd order folds indicative of
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their proximity to the regional hinge. In the south, the formation is fault bound; its base is 

not seen.

The formation was subdivided into three units, designated A, B and C (Fig. 3.3). Unit 

A, at the base of the formation, is 500m thick and is composed o f basic to intermediate lavas. 

These lavas occur in five ‘stacks’ in which individual flow units are indistinguishable; three 

of these stacks are 70 to 90 m thick and form major topographic features. The typical rock 

type in Unit A has blue-grey weathered surfaces. Subhedral to euhedral plagioclase 

phenocrysts are dominant, comprising between 30 and 70% of the rock (Fig. 3.4 a). 

Phenocryst size ranges from 1 to 10 mm, but both minimum and maximum size decrease 

within this range with stratigraphic height. Hornblende is a minor phenocryst phase, 

commonly subhedral, and generally 1 to 3 mm in size.

Local variations from this typical lithology include varying levels of vesiculation, and 

the occasional presence of flow foliation defined by oriented plagioclase laths. One unit is 

sparsely populated by long thin feldspar phenocrysts, often seen in agglomerations. Granite 

xenoliths occur in some sections.

Unit B, which conformably overlies Unit A, contains similar extrusive lithologies 

along with thick successions of conglomerates and some sandstones. The base o f Unit B is 

defined by exposures of sedimentary rocks, which do not occur lower in the formation (Fig. 

3.5 a). This sequence includes conglomerates, siltstones and several 1 to 3 m thick lavas 

separated from each other by thin sediment screens. In contrast to the extrusive lithologies 

from Unit A, the lavas in this sequence are dark grey and aphyric (Fig. 3.4 b), or contain 

only sparse ( < 1  mm diameter) hornblende phenocrysts.

Fifty metres above the base of Unit B, a 40m thick conglomeratic succession is over- 

lain by a 60m thick lava stack (Fig. 3.6). The conglomerates form a series of beds o f 2 to 20 

m thickness. They are poorly sorted and are predominantly composed o f pebble to boulder 

(max 70 cm) andesitic clasts supported by a coarse immature sandstone matrix. Some beds 

have erosive bases. Conglomerate clast sizes generally decrease upwards in this sequence, 

as do individual bed thicknesses. The overlying andesite displays loading and sediment 

injection structures at its base, with 50 cm ‘flames’ o f conglomerate matrix ‘intruding’ the 

lava. A 50 m thick trachy an desite contains 10% 1-2 mm euhedral to subhedral feldspar 

phenocrysts at its base. The proportion and size of these crystals increases to 30% and 2 to 5 

mm at the top of the lava stack, where they are strongly flow orientated, displaying a
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Chapter 3. The Oyut Ulaan Volcanic Group: Stratigraphy, magmatic evolution

trachytic fabric. Hornblende phenocrysts form 5 to 10 % of the rock in central parts of this 

section. Another conglomeratic bed lies above the andesite, similar to those below.

Sixty metres above the conglomerate lithologies, 60 to 200 cm thick sandstones and 

conglomerates with some thin shale-bands occur (Fig. 3.5 b). This sequence includes a 60 

cm thick carbon-rich black-shale horizon. A further 40 m thickness of densely feldspar-

400pm900pm

400pm900pm

900pm 900pm

Fig. 3.4 Photomicrographs illustrating volcanic lithologies in OUVG. a) Basalt from GMHF with weakly flow- 
aligned euhedral plagioclase (labradorite) phenocrysts, b) Aphyric basalt from GMHF, c) Basalt from SMF 
with large augite phenocrysts and plagioclase lath microphenocrysts, d) Fine grained amygdaloidal basalt from 
SMF, e) Multi-mineralic granite microxenolith in SMF formation aphyric basaltic andesite. Xenolith contains 
biotite (Bi), plagioclase (Plag), altered hornblende (alt hbl), f) same feature as ‘e ’ in plane polarised light, g-j 
overleaf.
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900pm900pm

900pm 900pm

Fig. 3.4 (continued from previous page) g) Rhyolitic lithology from TNF, note altered feldspar crystal, appar
ently devitrified ground mass h) Basalt from upper part o f  TNF, very large euhedral plagioclase phenocrysts i) 
highly altered volcani-clastic lithic breccia, clasts o f  various basaltic lithologies with alteration haloes, in plane 
polarised light j) same as ‘i* in cross polarised light

phyric andesite with 1 to 5 mm-long euhedral phenocrysts is exposed above these 

sedimentary units.

The uppermost part of Unit B is another relatively thinly bedded sedimentary 

sequence, featuring graded sandstones with cross stratified bases and bioturbation, and 

siltstones with lycopsid bark impressions (Fig. 3.5, c to e; H. Falcon-Lang pers. comm. 

2005). One segment of lycopsid trunk occurs in apparent life-position (Fig. 3.5 d), whilst 

others are parallel to bedding (Fig. 3.5 e). Thin 1 to 3 cm thick seams of coal with Fe-oxide 

halos occur in these units.

Unit C is lithologically similar to Unit B containing thick conglomerates and andesites. 

The lithologies of Unit C were traced laterally around a series o f second-order folds in the 

northern part of the GMHF outcrop area (Fig. 3.3), documenting lateral transitions in the 

sucession. In the south, the base of the unit is defined by <1 to 2m thick small- to medium- 

pebble conglomerate beds with an intercalated sandstone and shale unit, above which is a
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F ig . 3.5 a) Lithological log from locality 55.1 (stratigraphic position shown on Fig. 3.3) showing stratigraphi- 
cally lowest sedimentary units in Gurvan Morin Hdndiy formation. Sediment screens within lava sequence de
limitate lava flow-units. b) Lithological log from locality 54.16 (stratigraphic position shown on column 4, Fig. 
3.3) showing detail o f  sandstone and conglomerate beds in GMHF, features a carbon-rich black shale unit, c) 
Lithological log from locality 54.11 (stratigraphic position shown on column 4, Fig. 3.3) showing detail o f  
sandstone shale beds in GMHF, features lycopsid bark impressions in mudstones and fine sandstones d) Pho
tograph showing tree trunk apparently in life position standing perpendicular to the bedding surface e) Photo
graph showing lycopsid tree-bark impressions in situ.
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3.3, b) granite clast in coarse conglomerates from this locality, c) summary sketch o f  features in photograph.
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50m thick sequence of massive conglomerate. The conglomerate is polymictic and poorly 

sorted, containing clasts of granite, andesite, sandstone, siltstone, basalt and dacite with sizes 

ranging from 10 to 1 0 0  cm. Granites comprise both the highest proportion o f clasts and the 

largest clasts. Individual beds or bedding surfaces are rare within this conglomerate 

sequence; however, one 30 cm thick coarse-sandstone band occurs approximately midway 

through the unit. A 10 m thick densely feldspar-phyric andesite separates this conglomerate 

from another 80 m of similar lithology above.

A 140 m thick andesite stack, which constitutes the thickest continuous outcrop o f lava 

in the GMHF, defines the top of Unit C in the south (Fig. 3.3). As with similar massive 

andesite stacks lower in the formation, lava boundaries were not seen, but the stack’s 

thickness suggests it must represent several separate lava bodies. Phenocryst size and shape 

are the only factors which vary with stratigraphic height. The trachy an desites within this 

stack are generally more densely packed with feldspar phenocrysts than units lower in the 

formation. Phenocrysts are subhedral, range in size from <1 to 4 mm, and constitute 

between 50 and 80% of the rock. Trachytic textures are a common feature o f the lava. 

Phenocryst size decreases upwards through the stack.

The lithologies of Unit C generally thin to the north. The main traceable unit is the 

large andesite stack at the top o f the succession, which helps define a series o f 2 nd order 

folds. From structural reconstructions, it is estimated that this unit reduces from a thickness 

of 140m in the south to 20m in the north, over approximately 2.5km of lateral extent (Fig. 

3.3).

The most complete section of stratigraphy exposed in the north dips to the north at the 

edge of the GMHF outcrop area. This sequence is laterally equivalent to Unit C. At the 

base of the sequence is a 50m composite sequence of 10 to 50cm thick coarse sandstones 

with intercalated mudstones, overlain by 40m of coarse sandstones, local channelised 

conglomerates and thin, cross-stratified mudstones. Several scoriaceous basalt horizons 50 

cm in thickness were identified within this otherwise entirely sedimentary sequence (Fig. 

3.7a). The relatively thinly bedded sediments contain many small-scale folds, which do not 

occur in other parts of the succession; these minor folds verge to the north and plunge to the 

west. They are a rare example of folding that occurs at an outcrop scale in the OUVG. 

Above this, the sequence continues to coarsen into a 6 m thick pebble to cobble conglomerate 

unit containing mainly andesite clasts. Some large cobbles of bioclastic crinoidal limestone 

occur in this bed.
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Seventy metres of aphyric basalt are intercalated with the conglomerate, as a 25 m 

thick lower unit and a 35 m thick upper unit. A 5 to 10 cm sandstone band divides the two 

lavas and the upper basalt unit has an undulating sediment-mixed base. Above the upper 

basalt is another 80 m of coarse, poorly-sorted heterolithic conglomerate with clasts up to 60 

cm in size, o f jasper, basalt, massive quartz and mudstone. In the top ten metres of the 

conglomerate, clast sizes decrease to granule-grade, indicating the section is right way up. 

The conglomerate is overlain by a 1 m thick mudstone, and 5 to 10 cm sandstone-mudstone 

graded units with coarse erosive bases, again indicating the section is right way up. Eighteen 

metres o f poorly-bedded volcanic sandstone constitutes the highest sedimentary unit beneath 

the lava at the top of the formation.

The 20 m thick northern equivalent of the major andesite stack in Unit C lies near the 

top of the exposed lithologies in the north (Fig. 3.3). The top o f this 5m-thick unit locally 

contains lenses of lava with scoriaceous texture. It is overlain by a 1 to 2 m thick basalt, the 

base o f which holds entrained clasts of the trachyandesite. The basalt is overlain by the 

uppermost unit o f the GMHF stratigraphy, an andesite sheet of 3 m minimum thickness, 

which features 1 to 2 m thick pillow lavas (Fig. 3.7 b), which confirm the northerly younging 

direction (Fig. 3.3).

The formation is most altered at its northern and southern margins and at the margins 

o f thick lava sequences, where carbonate veins have epidotised haloes (Fig. 3.7 c).

3.2.2 Shargyn Moghai Formation

The c.2000 m thick Shargyn Moghai (Yellow Snake) Formation (SMF) is situated 

stratigraphically and conformably above the Gurvan Morin Hondiy Formation (Fig. 3.2). It 

is comprised o f a relatively monotonous succession o f basaltic andesites and andesites (Fig. 

3.8). Around six hundred metres o f stratigraphy from the upper half of this formation were 

recorded along one continuous transect and a succession from a parallel shorter transect 

along strike to the west was also documented. The transects cut across structural grain in the 

southern limb o f the regional syncline (Fig. 3.2). The uppermost parts o f the formation were 

recorded on the northern limb, below the overlying Tsagaan Nuruu formation. 

Reconnaissance fieldwork across the remainder of the SMF outcrop area indicated that the 

formation deviates little from the lithologies seen along the transects.

Bed thicknesses range from 2 to 10 m and are mainly identified through scarp and dip 

slopes. There is rarely more than 1 to 2 cm o f rubbly volcanic detritus between lava sheets; 

most contacts are lava on lava, suggesting high effusion rates. Individual flows exhibit
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Fig. 3.7 a) Photograph 
show ing scoriaceous  
texture from upper parts 
o f  GMHF stratigraphy, 
b) photograph showing 
andesite p illow -lavas  
from near the top o f  the 
GMHF stratigraph/y, c) 
20cm wide epidotised 
alteration halo around 
carbonate vein in trachy- 
andesite.
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in Fig. 3.2

D acite  
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No exp osu re
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Fig. 3.8 Stratigraphic columns from Shargyn Moghai Formation, transect study area shown on Fig.3.2, a) 
northerly dipping sequence in the southern limb o f  first-order west plunging syncline (line ©  on Fig. 3.2), b) 
section o f  stratigraphy from 1200m along strike to west o f  column ‘a ’ (line ©  on Fig. 3.2), c) top part o f  SMF 
formation in north beneath lowermost outcrops o f  TNF (line ©  on Fig. 3.2). Despite gaps in exposure, col
umns are dominated by lava and few intercalated sedimentary rocks are exposed.
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variations in phenocryst phase and size, vesicularity, flow banding and brecciation - most 

sheets have relatively massive interiors and brecciated flow margins. Both aphyric and 

porphyritic textures occur, dominantly featuring euhedral plagioclase phenocrysts (Fig. 3.4, 

c & d). Groundmasses primarily consist of plagioclase micro-laths. Small, partially 

resorbed, granitoid particles occur in one section and are interpreted to represent wall-rock 

xenoliths, introduced during ascent (Fig. 3.4, e & f). Exposures in the uppermost 150 m of 

the formation contain siltstone-grade laminated volcaniclastic sediments that crop-out 

between c. 1 0  m thick basalt lavas.

3.2.3 Tsagaan Nuruu Formation

The c.1000 m thick Tsagaan Nuruu (White Ridge) Formation (TNF) is comprised of a 

number of distinctive 5 to 10 m thick felsic units, which are blocky and crystalline, and form 

positive topography, interbedded with ca. 60 m thick fine-grained volcaniclastic sediments, 

which are sparsely exposed (Fig. 3.9). Near its top, between felsic units, the formation 

contains 2 to 3 m thick basalt lavas, 25 to 35 m sections o f sandstone and 10 to 15 cm black 

organic-mudstones with plant fragments.

The Tsagaan Nuruu Formation crops out in the northwestern part o f the contiguous 

stratigraphy, within the core of a first-order regional syncline. The high competency contrast 

between the relatively thin felsic units and the thick intercalated tuff sequences results in 

highly visible second order folds traced by the felsic units as ridges snaking across the 

landscape.

The lowest units o f the TNF are two 5 m thick rhyolites sandwiching a 16 m thick 

granule-grade conglomerate with subangular to subrounded clasts o f basaltic and andesitic 

lithologies exhibiting trachytic textures. The middle parts of the formation contain another 

five rhyolite beds, ranging between 5 and 18 m thick separated by 20 to 60 m swaths of 

almost no outcrop. Limited local exposures contain finely laminated and highly silicic fine

grained units, which appear to be volcaniclastic in origin. These are preferentially exposed 

near the bases of the blocky rhyolites.

In thin section, the rhyolites are predominantly composed of a fine-grained 

groundmass featuring spherulites o f intergrown quartz and plagioclase, with euhedral 

phenocrysts of orthoclase constituting 5-10% of the rock mass (Fig. 3.4 g). It is suggested 

that these blocky rhyolitic units constitute lava-like ignimbrites or rhyolitic lavas of
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abnormally low viscosity, which would explain the high aspect ratio, and wide areal extent 

o f these units.

In the upper part of the TNF, intervals between blocky crystalline units are thinner and 

sequences are better exposed. In a 5 m thick bed of black shale beneath the eighth rhyolitic 

unit (Fig. 3.9), cordaites leaf impressions occur on bedding-parallel surfaces (Fig. 3.10 a). 

Interbedded 1 m thick massive sandstones and carbon-rich black shales occur below the 

ninth rhyolitic unit (Fig. 3.10 b). These black shaley tops of graded sandstones exhibit wood 

and leaf fragments and are overlain by a 5 to 30 cm thick bed of laminated siltstone. The 

bases of the massive sandstone beds have rip-up clasts of the underlying siltstone (Fig. 3.10 

c). Where sandstone lies beneath a black shale horizon, it appears to form a gannister-style 

layer. Underlying these sediments is a 5 m thick, coarsely feldspar-phyric basaltic lava (Fig. 

3.4 h).

The top of the TNF stratigraphy recorded here comprises around 60 m of almost 

continuous exposure near the core of the regional syncline. At the base of this sequence is 

exposures of a 1.5 m thick coarse immature sandstone bed, overlain by a 2 m thick feldspar- 

phyric, trachytic textured basalt, which in turn is overlain by a 2  m thick rhyolitic unit, 

similar to others from lower in the formation. Between this rhyolite and the next (and 

uppermost) unit is 10.5 m of mudstone interbedded at 1.5 to 4 m intervals with three coarse 

immature tabular sandstone beds of 20 to 40 cm thickness. The last rhyolite bed is 3.5 m 

thick and is overlain by 18 m of interbedded mudstones and coarse sandstones of 30 to 50 

cm thickness. The uppermost unit recorded in the TNF is a poorly sorted matrix-supported

Fig 3 10d

Fig 3 10b
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conglomerate with pale, 

vesiculated felsic clasts of 1 

to 1 0  cm diameter, in a dark 

matrix (Fig. 3.10 d).

The TNF may be 

considerably thicker than 

recorded here, as the syncline 

plunges to the west, where 

there is more outcrop. 

However, the stratigraphic 

relationship between the 

rocks further to the west and 

the TNF stratigraphy as 

described here is ambiguous, 

as the two are divided by 

large outcrop gaps 

interpreted to represent major m
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structural breaks.

3.2.4 Yasun Eliy-e Formation

The Yasun Eliy-e
Fig. 3.10 Lithological logs and photographs from upper part o f  TNF (for 

(Dead Vulture) Formation stratigraphic position see Fig. 3.9), a) Cordiates leaf fragment, b) Sand-
.. . stones and mudstones with plant fragments, c) rip up clast o f  laminated

( Y b r )  lies in the east, mudstone in coarse sandstone, d) Conglomerate units with curved chan-

isolated from the rest of the nel bases'

group stratigraphy. It has a

minimum thickness of 1500m (Fig. 3.11). It forms the host rocks to the Oyut Ulaan 

intrusion (Fig. 3.2) and is the least evolved o f the formations. Volcanic sandstones and 

trachybasaltic lithologies are dominant. The YEF was observed in a river-valley transect 

that crosses the regional structural grain in the west of the formation’s outcrop area. Beds 

in the YEF dip between 25° and 60° to the north.

The lowest units of the formation (which are the first exposed north o f Mesozoic 

basin sequences to the south of the area) are feldspar-phyric basalts, which are interbedded 

in places with coarse, immature sandstones. Further up-section, 10 to 20 m thick
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trachybasalts are interbedded with poorly sorted conglomerates, exhibiting clasts up to 

boulder grade. Unlike the conglomerates from GMHF these are mono-lithic, being entirely 

comprised of blue-grey andesites and basaltic andesites in a matrix that resembles the 

volcanic ground mass.

A series of finely laminated volcaniclastic lithologies are exposed at a stratigraphic 

height of 475 m, consisting of a number of 5 to 10 cm thick, coarse, lapilli-grade horizons 

(Fig. 3.4, i & j) interbedded with 20 to 30 cm thick ashfall tuffs (Fig. 3.12). A 110 m thick 

sequence of volcanic fine- to medium-grained 

sandstones with local parallel-lamination crops- 

out between 5 to 10 m thick feldspar-phyric 

basalts. Overlying the volcanic sandstone 

sequence, further sequences of monolithic 

conglomerates feature well defined escarpments, 

and drift covered lee slopes. Sub-angular 

andesitic clasts with vesicles and feldspar 

phenocrysts occur in a coarse matrix that again 

resembles the fine groundmass of the clasts.

Some clasts have diffuse margins. The 

stratigraphically lowest conglomerate sheet has 

an exposed thickness of 10 m. Further up the 

stratigraphy, 30 m of similar lithology crops out, 

beneath two 8  to 1 0  m thick basaltic andesite 

units. Between these lavas is a 30 cm thick 

brecciated red-jasper horizon, overlain by 2 0  m 

of feldspar phyric basaltic trachyandesite.

Upper parts of the stratigraphy are exposed

in 5 to 10m  escarpments formed by trachybasalt

and basaltic trachyandesites in second order

west-plunging folds. Gaps in exposure are

formed by the gently dipping lee slopes of these

units and buried intercalated sequences. In thin

section, these lavas are porphyritic and densely
Fig. 3.11 Stratigraphic column from Yasun 
Eliy-e Formation, location shown by line ©  on 
Fig. 3.2.
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packed with 0.1 to 1.0 mm euhedral plagioclases (An35) and sparsely distributed but larger (2 

to 3mm) hornblendes.

The YEF is the only part of the OUVG to be cut by minor intrusions. In the north, a 1 

m wide olivine-phyric basalt dyke trends 130; south of this, in the centre o f the area, a small 

dioritic intrusion with a roughly circular surface expression 2 0  m in diameter, cuts the 

volcanic-sedimentary succession.

The stratigraphic relation between the Yasun Eliy-e formation and the rest of the group 

is ambiguous. It lies in the east, and the group younging direction is with the plunge of the 

major syncline to the west, suggesting that the YEF predates the GMHF. However, there is 

16 km o f linear separation of poor exposure between the recorded sections o f each formation 

(Fig. 3.13), and the possibility that there is some alternative association between the two 

cannot be ruled out. One explanation for the gap in the stratigraphy may be post-Palaeozoic 

brittle deformation. Evidence for a Mesozoic sinistral strike-slip regime has been recorded 

from both the greater region (Lamb et al., 1999) and the Saykhandulaan Inlier (Chapter 2). 

On satellite imagery, it appears that the area of poor exposure that separates the two 

formations is also where several major lineaments intersect (Fig. 3.13, a and b). If the 

sinistral and dextral (antithetic) fault movements interpreted from aerial photographs are 

reversed, the YEF moves closer to the base of the GMHF (Fig. 3.13 c).

1 5m

See Fig 3 4i and j 
for photomicrograph

rvi m i c i
Mudstone I Sandstone

Fig. 3.12 a) Lithological log from YEF showing thin volcaniclastic units, stratigraphic position shown on 
F ig.3.11, b) photograph o f  logged sequence.
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3.3 U-Pb dating o f the Oyut Ulaan Volcanic Group

Two samples were analysed by Isotope Dilution Thermal Ionization Mass 

Spectrometry (ID-TIMS) at the NERC Isotope Geosciences Laboratory (NIGL), using 

analytical procedures as described by Noble et al. (1993). One dated sample was a welded 

ignimbrite from the lower parts of the TNF stratigraphy, the other was a granite clast from 

the coarse conglomerates in lower parts of the GMHF (Results - Appendix B).

Zircon crystals were separated from <355pm grained bulk-rock powder using standard 

vibrating-table, specific gravity and magnetic techniques. Crystal fractions for analysis were 

picked by hand under a binocular microscope; all analysed fractions consisted of single 

grains. Some zircon crystals were subjected to air abrasion (Krogh, 1982), whist others used 

a modified chemical abrasion technique (Mattinson, 2005). The zircon crystals were 

ultrasonically washed in 4N H N 03, rinsed in ultra-pure water, then further washed in warm 

4N HNO3 prior to rinsing with distilled water, all o f which aimed to remove surface

m s
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1 0 9 '1 5 0 'E '09-25  0

Gurvan Formation

Yasun

Gurvan Worm HSndiy Formation. • v ' - 3

Y a s u n  C liV-n  * ■

Fig. 3.13 Structural relationship between 
Gurvan Morin Hbndiy formation and Yasun 
Eliy-e formation out crop areas, a) Aerial 
photograph (courtesy o f  the Institute o f  G eol
ogy and Mineral Resources, Mongolian 
Academy o f  Sciences) b) interpreted loca
tions and movement sense o f  major and m i
nor faults c) Reconstructions o f  major faults 
to show suggested pre-deformation juxtapo
sition o f  the two formations. Location o f  
figure shown on Fig. 3.2.
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contamination. A mixed 205Pb - tracer was used to spike all fractions. Dissolved, spike 

equilibrated samples were not subjected to ion-exchange procedures but were converted to 

chloride and loaded onto degassed rhenium filaments in silica gel following a procedure 

modified after Mundil et al (2004). Isotope data were collected using a Thermo Electron 

Triton with SEM for ion counting, and Faraday cups for voltage measurement when ion 

counts exceeded 800,000 per second. Errors were calculated using numerical error 

propagation (Ludwig, 1980). Isotope ratios were plotted using Isoplot version 3 (Ludwig, 

1993, 2003), and error ellipses reflect 2o (95% confidence level) uncertainty. Mean 

Squared Weighted Deviates (MSWD) are calculated by dividing the sum of the squares of 

the mis-fits to the regression line by the number of data points minus two, and are a measure 

of the scatter of points. If scatter is limited to that caused by analytical errors, MSWD should 

= 1, too much scatter results in MSWD > 1 and too little (less than expected from analytical 

errors) results in MSWD <1. MSWD values near 1 give a high level o f confidence that a 

true isochron is indicated by the data (McIntyre et al., 1966).

Lead blanks recorded during three separate batches o f analysis ranged from 1.2 pg to 

0.2 pg. Samples were blank corrected using the blank 2 0 4 Pb:2 0 6Pb:207Pb ratio. Correction for 

common lead in all samples was carried out using the Stacey-Kramers common lead 

evolutionary model (Stacey and Kramers, 1975), however the amount o f common lead in the 

analysed zircons was negligible, as the correction was dominated by the Pb blank.

The rhyolite from the TNF yielded two single-grain zircon analyses, one concordant 

and one discordant (Fig. 3.14). The concordia age calculated for the concordant point is 

323.12 ±0.64 Ma. This is the age o f the base of the youngest formation of the OUVG. If 

both points are considered, the upper intercept is 322.9 ± 3.5. The extremely low MSWD 

(0.0026) is meaningless as it refers to only one point and so cannot measure scatter. When 

MSWD is calculated for the two points, the result is zero, as two points will always define a 

straight line, and there will be no scatter of those two points from the line they define.. 

Further data points from this unit are desirable.

The granite cobble from the GMHF yielded three overlapping, concordant, single

grain zircon analyses (Fig. 3.14). The concordia age calculated from these three points is 

338.93 ±0.85 Ma. One further analysis was slightly discordant, but within error of the 

calculated concordia age, producing an average age of 339.53 + 0.98 (supported by 4 

analyses). Another result had a greater degree of discordance, and was excluded from the 

age calculation. The discordance encountered can arguably be attributed to lead loss.
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Two other ages (presented in Chapter 4) are of relevance to the OUVG and together 

with the ages detailed above, set the timing o f magmatic evolution within the group. These 

are the OU granite (330 Ma) and andesite dykes that cut the OU granite (328 Ma). The OU 

granite intrudes the OUVG (specifically the Yasun Eliy-e formation); therefore, the YEF 

must predate 330 Ma. Several features of the andesite dykes suggest that they represent the 

feeder structures to the Shargyn Moghai volcanism. This would give the intervening GMHF 

an approximate age range of 330Ma (min) to 328Ma.

Due to the age gap between the emplacement of the intrusion which yielded the 

cobble, and the deposition of the cobble in the conglomerate (interpreted to have occurred 

sometime between 330Ma and 328Ma) it is apparent that the conglomerate included fairly 

recently intruded granites from within the arc terrane and that emplacement, uplift and 

erosion was taking place on a scale of 10 M.y.

3.4 Geochemical data

One-hundred representative whole rock samples from the Oyut Ulaan Volcanic Group 

were analysed using standard XRF spectrometry techniques at the University of Leicester 

(Appendix A). Twelve samples were analysed in duplicate or triplicate in order to constrain 

uncertainty related to experimental precision, resulting in one-hundred and twenty one 

analyses in total. Geochemical data from the South Sandwich Islands, New Hebrides Arc, 

The Lesser Antillies, Honshu Arc, Sunda Arc, and the Andean Central Volcanic Zone were 

used for comparison of the OUVG with known tectonic regimes. Comparison data was 

acquired from the Georoc online geochemical database (for full citation list see Appendix 

C).
The total alkali silica (TAS) diagram illustrates a range of key compositional 

characteristics (Fig. 3.15):

1) The OUVG varies in composition from Na +/- K enriched basalt and trachy basalt, 

through andesite and trachy andesite, dacite and trachy dacite to rhyolites. The Na +/- K 

enriched signature appears to reflect original composition and not secondary processes as 

this signature is a constant across the whole arc, whilst metamorphism is low to non

existent and alteration is a local field phenomenon.

2) There is a distinct and well defined magmatic evolutionary trend from less- to more- 

evolved with time. The most basic parts o f each formation become more evolved with 

time (Fig. 3.15).
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to volcaniclastic deposits of rhyolitic composition in its upper reaches. Abundances of CaO, 

T i02, A120 3 and Fe20 3 generally fall with stratigraphic height, whilst SiC^, Ba and Sr show 

general increases. Stratigraphic variations in some elemental abundances (e.g. Zr, Nb and 

Y) show variations that are more intricate, illustrating the development of the underlying 

magma chamber through time (Fig. 3.18).

The rhyolites of the TNF are weakly peralkaline to metaluminous, and have an A2-type 

signature when plotted on granite discrimination diagrams developed by Eby (1990, 1992; 

Fig. 3.19). The A2-type signature relates to granitoid magma chemistries generated in 

extensional environments.

3.5 Discussion

3.6.1 Physical volcanic model

The three contiguous formations in the west contain 4.6 km of stratigraphy from an 

evolving volcanic-sedimentary system, and record three distinct stages o f volcanism: 1 ) 

commencement of volcanic activity within an energetic fluvial sedimentary environment, 2 )
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high rates of basaltic and andesitic effusion, 3) explosive, mainly felsic volcanism with some 

bimodal affinities (Fig. 3.20).

The Yasun Eliy-e Formation is interpreted to represent the beginnings o f volcanism in 

the group, with basic lavas interrupting a stable sediment-dominated palaeo-environment 

(Fig 3.20a). Volcaniclastic horizons suggest explosive eruptions. The sand-dominated 

sedimentary sequences suggest a shallow marine or lacustrine environment, perhaps leading 

to phreato-magmatic activity. The lack of thick, erosion-resistant sequences o f the coarse 

fluvial conglomerates that characterise the GMHF suggests that YEF volcanism predates the 

major uplift and erosion of older crust, or is a lateral facies variant of the GMHF.

The Gurvan Morin Hondiy formation represents intermittent volcanism within an 

active, high-energy sedimentary environment (Fig. 3.20 b). In its lower parts (Unit A), 

andesite sheets are intermixed with coarse heterolithic conglomerates, interpreted to be
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deposited by large river systems eroding the uplands and depositing alluvial-fan sequences 

in the lower parts of the arc. Whilst their heterolithic nature points to a widespread 

provenance, the high proportion of large granite clasts suggests that the provenance-zone 

included uplifted sequences of earlier arc-magmatism. This suggests that at the base of 

OUVG volcanism, the area was not a simple immature island arc but had more in common 

with either an evolved island arc or a continental margin. The polymict nature of the 

succession's voluminous conglomerates shows that a varied geological hinterland was 

undergoing erosion contemporaneously with the Oyut Ulaan Volcanism.

Higher in the succession conglomerates have smaller clast-sizes, are more thinly 

bedded, and finer siliciclastic sediments become more common. Sandstones are commonly 

graded and have mudstone/siltstone caps, suggesting sub-aqueous turbidite-style deposition 

at some localities. Evidence of mature vegetation suggests a stable, terrestrial landscape and 

long inter-eruptive periods, leading to growth of plant life within a swamp-like environment. 

This is consistent with a palaeo-environment of braided rivers flowing into lakes and 

swamps in a warm, humid climate. The northwards thinning observed in lava sheets, 

suggests that volcanic vents were located to the south, and that lavas have wedge-like 

thickness patterns. Lava-sediment mixing at the base of some sheets suggests lava was 

emplaced onto wet sediment, resulting in loading structures. Pillow andesites at the top of 

the formation suggest some lava was being extruded within a sub-aqueous environment, 

though in light of the other evidence it is suggested that this was lacustrine or swamp-like 

rather than marine. The presence o f bio-clastic limestone cobbles in conglomerates in the 

upper parts of the formation suggests proximal erosion o f marine sequences, highlighting the 

growth of the arc from earlier marine settings.

In conclusion, it is hypothesised that stage one volcanism exhibits periodic andesitic 

effusion with long periods of volcanic acquiescence within a wet-humid semi-tropical 

environment. Initially, volcanism occurred within the rifted lowlands o f a mature arc close 

to geologically diverse uplands. This environment likely contained large, intermittantly 

powerful rivers that had the capacity to transport and deposit large volumes o f coarse 

material from the precursor arc-hinterland material to the volcanically active arc-graben. As 

time progressed the rate of effusion increased, as did the extent of low-swamp lands with 

standing lacustrine bodies and braided sand and silt bearing river systems.

The Shargyn Moghai Formation represents an abrupt change in volcanic style. It is 

composed almost entirely of basaltic andesite and andesite lava sheets and no non-volcanic
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extrusion of intermediate compositions, degassing was widespread and magma paths to the 

surface were numerous. Thin, lobate, channel-bound deposits, which are typical of steep

sided volcanic-cone sequences, do not occur within the SMF. The stratigraphy of the SMF 

is suggestive o f a sub-aerial andesite field with multiple low-angle shield-style vents, similar 

to that o f the Birker Fell Formation in the Borrowdale Volcanic Group, Lake District, UK 

(Petterson et al., 1992; McConnell et al., 2002). Andesite fields are analogous, in form, to 

plateau basalts, and are a feature of many pre-stratocone and pre-caldera sequences 

worldwide. Pre-caldera andesite fields occur in a range of locations, including beneath both 

the Loma Seca Tuff in Central Chile (Hildreth et al., 1984) and the Santorini ignimbrites 

(Druitt et al., 1989). In the SMF, voluminous and regular outpourings of lava appear to have 

prevented the re-establishment of Carboniferous flora, in spite o f a probably co-existing 

humid, warm climate. Modem analogues of this type o f volcanic landscape could include an 

energetic, Tongariro-style, North-Island New Zealand province (Naim et al., 1998).

The Tsagaan Nuruu Formation is the uppermost part of the OUVG, and represents 

another change in volcanic style. Andesite sheets, notable for their voluminous presence 

elsewhere in the stratigraphy, are absent here. The formation is dominated by deposits 

resulting from explosive felsic volcanism, including thick sequences of ash-fall tuffs, 

interrupted by lava-like welded ignimbrites or low viscosity rhyolite lavas (Fig. 3.2 e). 

Large volumes of fine-grained material suggest the Tsagaan Nuruu strata may have been 

deposited within a syn-depositional volcano-tectonic depression. The upper parts o f the 

formation show a gradual lessening of extrusion rates and a return to a fluvial/swamp 

dominated depositional environment for the first time since the deposition o f the upper parts 

of the GMHF. Again, the presence of plant detritus in carbon-rich shale units is indicative of 

a relatively quiescent and moist environment at this time; vegetation was established on the 

land once more, and low energy sedimentation in lacustrine or deltaic flood-plain 

environments could take place. The occurrence of more basic lithologies, near the top of the 

formation, illustrates the bimodal nature of the TNF.

3.6.2 Geochemical implications fo r  the physical volcanic model

The least evolved formation is the YEF, which field and remote-sensing evidence 

suggests represents the deepest stratigraphy. The formation’s vertical geochemical variation 

corroborates this interpretation, fitting in at the base of the group and becoming slightly 

more silicic with height (Fig. 3.18). The YEF varies from the rest o f the group’s Na- 

transitional signature; it is predominantly K-series alkaline. Zirconium abundances rise in
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the YEF, showing a simple evolving trend o f fractional crystallisation, with the residual 

magma becoming gradually more evolved. These data are consistent with a simple andesitic 

fractionation trend, with intermittent eruptions that tapped this gradually evolving source 

(Fig. 3.18 and Fig 3.20 a).

Unit A, at the base of the GMHF, has distinctive decreasing abundances o f Zr and La 

with stratigraphic height (Fig. 3.18); this counter-evolutionary trend may result from a new 

influx of basaltic parent magma. The fact that this is expressed as a smooth trend rather than 

a sudden step suggests that the remaining residual magma from the YEF was mixed with a 

new, more primitive magma influx, whilst concurrent eruptions tapped the chamber (Fig. 

3.20 b). The thick andesite sheets of the GMHF provide further evidence for periods of 

heightened magma chamber through-put. Upper parts of the GMHF show minor systematic 

fluctuations in Zr; both Unit B and Unit A show similar slight increasing trends with height 

(Fig. 3.18), which is interpreted as having been caused by new influxes of magma that were 

introduced to the underlying chamber, and which progressed through fractional- 

crystallisation controlled evolutionary trends in a similar manner to the YEF. It is 

interpreted that this pulsing magma replenishment produced long inter-eruption time gaps 

leading to the establishment of the relatively stable swamp-environments in the upper parts 

of the GMHF.

The SMF exhibits two consecutive sequences of decreasing Zr trends with height (Fig. 

3.18). Other incompatible HFSEs also fall, but trends are less distinct. The highest 

abundances of Cr and Ni from the whole group are seen in the upper parts of the SMF, as are 

enriched U O 2 , AI2 O3 and Fe2 0 3 , indicating fresh and voluminous inputs of more primitive 

magma at this point. These trends imply that magma input rate into the underlying chamber 

was exceeding the rate o f extrusion at the time of the SMF, causing the eruption of less 

evolved lava sequences (Fig. 3.20 c). This scenario supports the interpretation o f high 

effusion rates in the SMF.

The TNF is predominantly composed of highly evolved silicic volcanic clastic 

deposits, geochemical results reflect this; most elemental abundances show a significant 

compositional gap from preceding evolutionary trends (Fig. 3.18). Intermediate and basaltic 

units at the top of the TNF show a return to a similar effusive eruptive style that occurred in 

earlier formations.

The general interpretations of the variation of OUVG geochemical data with 

stratigraphic height (Fig. 3.18) are:

1) An overall trend towards more Si0 2 -rich magmas with time.
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2) Saw-tooth patterns of elemental abundances with stratigraphic height are suggestive of 

a dynamic magma environment with pulses of primitive magma being introduced into 

the magma chamber(s) episodically.

3) Indications of magmatic evolutionary trends that differ from the predominant trend.

4) A clear compositional gap between the TNF rhyolites and the older parts of the 

OUVG.

3.6.3 Magmatic-tectonic model

OUVG is interpreted to record a series of tectonic events affecting a mature 

continental-style arc (Figs. 3.20 and 3.21). The OUVG constitutes a more north easterly 

expression of volcanic activity than has previously been recorded for the southern Mongolia 

Carboniferous arc (cf. Lamb and Badarch, 2001).

Magmatism began in the YEF within a relatively stable environment, its K-alkaline to 

signature may signify that volcanism here is indicative o f an arc front somewhat removed 

from the subducting trench, if a simple K-h style trend was operational (Gill, 1981; Wilson, 

1989).

Extension is interpreted as the trigger for volcanism in the OUVG, and particularly the 

increasing effusion rates o f the Shargyn Moghai and Tsagaan Nuruu formations. The 

extension may have been produced by roll-back of the subducting slab, or transtension along 

the arc. This extension would have provided rejuvenated mountain fronts and river systems, 

and increased the number o f potential magma conduits. The coarse conglomerates and thick 

andesite sequences of the GMHF suggest intra-arc extensional graben, with footwall uplift 

providing a hinterland o f older arc material. Similar, ancient arc-graben depressions occur in 

the southwest cordillerian United States, and a modem analogue occurs in Central America 

(Fisher and Schmincke, 1994). Increasing extension, during the SMF times, led to the 

development of many magma conduits and vents resulting in high effusion rates. Some 

SMF lavas contain xenoliths of granite which are lithologically similar to the nearby Oyut 

Ulaan intrusion. Andesitic dykes cut the intrusion and are geochemically similar to the 

SMF. These dykes may represent the feeder structures to the SMF (Chapter 5).

Two possible hypotheses for the high silica sequences of the TNF are suggested: 

Firstly, the TNF followed a period of volcanic quiescence, the trapping of substantial magma 

volumes at shallow levels allowed for a protracted period of fractionation and lead to the 

development of a stratified magma chamber, with a concentration of volatile-rich rhyolitic 

fluids in its upper parts. This scenario could lead to explosive felsic eruptions, and the rapid
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emptying of the stratified chamber. Once the main chamber had been largely emptied, basic 

magma from its deeper parts was tapped and emplaced into a relatively quiescent 

environment, suggested by the black shales and organic matter in the upper parts of the TNF. 

However, it is not clear what process would have caused the pause in volcanism during 

which the magma chamber stratification could take place. A second hypothesis, that the 

TNF represents the beginnings of extension-related bimodal volcanism in the OUVG, is 

supported by the A-type chemistry of the rhyolites (Fig. 3.19), although only one of the non- 

rhyolitic lavas has a silica value below 52 wt% (Fig. 3.15). This second hypothesis appears 

more likely, as other characteristics of the OUVG indicate increasing extension; and a 

sudden pause in volcanism, after the high effusive rates of the SMF, appears counter

intuitive to this interpreted trend.
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3.6.4 Regional Implications

The Oyut Ulaan Volcanic Group represents mid-Carboniferous volcanism within a 

mature continental arc environment. Evidence for ongoing uplift and magmatism in the arc 

through earlier parts of the Carboniferous occurs locally as granite cobbles within the OUVG 

sucession, whereas, on a regional scale, the arc had been active since the Devonian (Lamb 

and Cox, 1998; Perello et al., 2001). Field and geochemical data from the Oyut Ulaan 

Volcanic Group are consistent with the suggestion of Lamb and Badarch (2001) that the 

Southern Mongolia Carboniferous arc may “continue eastward for several hundred 

kilometres” from Tsagaan Suvarga (Fig. 3.1). It also further supports the continental nature 

of the arc in this area. Along strike from the OUVG the Gurvansayhan range records arc 

activity in the Devonian, but a back-arc basin environment during the lower and middle 

Carboniferous (Fig. 3.1; Lamb and Badarch, 2001). The same tensional stress field that is 

interpreted to have facilitated the eruption of the OUVG may have caused this change in 

environments in the Gurvansayhan Range region. Various regional models suggest 

Carboniferous dextral movements along the arc front in the area (§engor and Natal'in, 1996; 

Badarch et al., 2002). The extension may be transtensional in nature, related to these 

movements, and a product o f oblique subduction which was an important feature o f the 

Devonian-Permian geodynamics of the Palaeo-asian Ocean (Dobretsov and Buslov, 2005). 

An increase in the intensity o f extension is tentatively interpreted during the TNF based on 

the distinctive change eruption style to bimodal volcanism. The A-type signature o f rhyolitic 

lithologies within the TNF suggests it was extruded during the final, waning stages of 

subduction-zone related magmatism (Eby, 1992), and the age of the TNF (323.12 ±0.64 Ma) 

therefore tentatively provides a maximum age for the cessation of subduction in this area. A 

modem analogue for the transition from calc-alkaline magmatism in an arc-environment to 

extension related A-type magmatism is America’s Basin and Range province, where an early 

stage of extension, occurring as a result of intra-arc strike slip movements, can be 

distinguished from a later transition to continental post-accretion extensional tectonism 

(Zoback et al, 1981).

Some time after the emplacement of the TNF the OUVG was deformed into E-W 

trending folds. The deformation of the OUVG has three potential causes: Firstly, Badarch et 

al. (2 0 0 2 ) show that to the south of the Devonian/Carboniferous arc are further arc sections 

and cratonic fragments (Enshoo, Hutag Uul; Fig 1.1). The docking of any of these terranes at 

the subduction zone may have caused the folding in the OUVG. Secondly, the dextral
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strike-slip duplication and westwards migration o f previously laterally contiguous arc- 

segments due to oblique subduction may have driven the compression. Thirdly, the folding 

in the OUVG may be considered to be related to closure of the Palaeo-asian ocean in the 

Permian (Xiao et al., 2003). Major brittle structures which define the outcrop pattern of the 

Saykhandulaan inlier were also formed at this time (Chapter 2).

3.7 Conclusions

The Oyut Ulaan Volcanic Group provides crucial information about the terrane 

evolution in southern Mongolia during the Carboniferous. It constitutes some of the 

youngest arc-material yet dated from Southern Mongolia and it represents one o f the last 

phases of arc-volcanism prior to the final closure of the Palaeo-Asian Ocean in the Permian.

Lithological and geochemical data from the OUVG illustrate both the palaeo- 

geography and the volcano-tectonic regime at the time of emplacement. From incipient 

basic volcanism in a marine environment, through increasing extrusion rates amidst uplifted 

sections of precursor arc, to an evolved explosive upper-sequence, the OUVG documents a 

period of dominantly sub-aerial volcanism in a mature island arc or continental arc setting 

and extends eastwards the along-strike continuation o f Carboniferous arc activity in south 

Mongolia and northwest China. The OUVG may span the transition from calc-alkaline arc 

magmatism, to bimodal, A-type post-orogenic magmatism; an important feature o f the late 

Carboniferous and Permian growth of the CAOB.
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Granites o f  the southern M ongolia Carboniferous arc: 

N ew  age and geochemical constraints
4

4.1 Introduction
Over the past fifteen years, southern Mongolia has become a key region for both min

eral exploration and research into processes of volcanic-arc development and terrane accre

tion. The discovery of important intrusion-related mineral deposits, such as the world-class 

Oyu Tolgoi gold-rich copper porphyry (Fig. 1.1), has encouraged efforts to understand arc 

magmatism and continental growth in the region. Whilst few studies exist detailing the 

basement evolution and lithological context within this SE Gobi Mineral Belt, fewer still 

present original absolute age data for any of the numerous granite intrusions which crop-out 

across the region.

This chapter addresses the paucity of age data by presenting new U/Pb zircon dates for 

five intrusions from a 200 km long belt 150 km to the northeast of Oyu Tolgoi (Fig. 4.1). 

One of these intrusions has previously been dated with Rb/Sr whole rock techniques 

(Batkhishig and Iizumi, 2001), whereas the other four have not previously been dated.

Following a summary o f the regional geology and methods employed, the results sec

tion of this chapter is divided into two parts. The first concerns the Oyut Ulaan intrusion, a 

mineralised granite that crops out within the Saykhandulaan Inlier 400 km to the south of 

Ulaan Baatar (Figs. 1.1, 4.1 and 4.2). The field relations, geochemistry and age of this intru

sion are documented in detail. Features that cross-cut the intrusion including dykes and hy- 

drothermally mineralised sheeted vein complexes and stockworks, are described.

The second part of this paper constitutes a reconnaissance study o f granites in the 

broader region, encompassing intrusions from a belt 200 km to the west o f Oyut Ulaan along 

the regional structural grain, including those of the Mandakh inlier, situated to the WSW of 

the Saykhandulaan inlier (Fig. 4.1). In addition to new age data, some geochemical results 

are presented for each intrusion.

4.1.1 Regional geology

The Central Asian Orogenic Belt (CAOB) represents 1.3 Ga of tectonic activity that 

took place between initial rifting of Siberia and North China in the Palaeo-Meso Proterozoic 

(1516-1662 Ma; Wang and Liu, 1986), to final closure of the Palaeo-Asian Ocean along the 

Solonker suture in the Permian (Fig 1.1; Xiao et al., 2003). The geology o f southern Mon

golia, and specifically, the southeast Gobi, records the Ordovician to Permian evolution of
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Fig. 4.1 Regional geological map showing distribution o f  granite bodies, Palaeozoic 
inliers, and Mesozoic and Cenozoic basins and faults, after Tomurtogoo (1999).

the northern margin of the Palaeo-Asian Ocean, with multiple phases of island-arc growth, 

back-arc rifting, and terrane accretion (Zorin et al., 1993; §engor and Natal'in, 1996; Lamb 

and Badarch, 1997, 2001; Badarch et al., 2002).

Lamb and Badarch (2001) propose a Devonian arc that spanned from Edren in the west 

to Tsagaan Suvarga in the east (Fig. 3.1). They interpret Carboniferous arc-activity in south

east Mongolia as having been built upon pre-existing Devonian arc-crust, and consider it to 

be linked to the west, with Carboniferous arc rocks in Bogda Shan in the northern Tian Shan. 

This arc has oceanic affinities to the west (in eastern Xinjiang Province) but becomes more 

continental towards the Mongolian border and in regions further east (Carroll et al., 1990; 

Zorin et al., 1993). In chapter 3, evidence of Carboniferous continental-arc activity was con

firmed in the Saykhandulaan inlier, extending eastwards the model of Lamb and Badarch 

(2001).

The emplacement of voluminous intrusive bodies is an important feature of continental 

growth within accreting terrane belts. This process affects all enviroments, from juvenile 

island arcs and continental Cordilleras, to post-orogenic plateau regions (Harris et al., 1986; 

Wilson, 1989). After the final suturing of the Palaeoasian Ocean in the Late Permian (Xiao 

et al., 2003), and continuing into the Jurassic, voluminous, juvenile granitoids were em- 

placed into the Central Asian Orogenic Belt. These post orogenic intrusions are thought to 

indicate a major transfer of mantle material to the crust as a result of slab drop-off (Wu et al.,
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2000; Zhu et al., 2001; Wu et al., 2002). The processes of arc growth and accretion in south

ern Mongolia are responsible for the formation of the southeast Gobi mineral belts, which 

feature gold and molybdenum-rich porphyry copper deposits, along with other intrusion re

lated prospects such as skams and epithermal veins (Dejidmaa, 2005).

Perello et al. (2001) discuss magmatism and mineralisation at Oyu Tolgoi (Fig. 1 .1 ). 

The monzonitic feldspar-homblende and feldspar porphyries that are related to mineralisa

tion at Oyu Tolgoi are thought to have been emplaced during initial stages o f arc-evolution 

in the late Silurian to early Devonian. Hydrothermal biotite from a Cu mineralisation-related 

K-silicate alteration halo yields an K/Ar age of 411+/-3 Ma. Post-mineralisation intrusive 

lithologies include minor stocks of syenitic composition, rhyolite and andesite dykes, and a 

major alkaline granite pluton, the Hanbogd complex, which forms a large circular feature (32 

km diameter), clearly visible on satellite imagery (Fig. 1.3).

The Tsagaan Suvarga Cu-Mo porphyry deposit crops out 150 km to the NE of Oyu 

Tolgoi, and 45 km to the SE of the Saykhandulaan inlier (Fig. 4.1). Mineralisation is associ

ated with small intrusions and dykes of a range of lithologies including diorite, granodiorite 

and syenite (Lamb and Cox, 1998). Lamb and Cox (1998) provide an Ar/Ar date of 

364.9+/- 3.5 Ma for sericitic alteration associated with mineralisation at Tsagaan Suvarga. 

Watanabe and Stein (2000) provide an average Re/Os date of 370.4 +/-0.8 Ma from molyb

denite. Post-mineralisation monzonite dykes have an Ar/Ar age o f 313 +/- 2.9 Ma (Lamb 

and Cox, 1998). It should be noted that K/Ar and Ar/Ar dates for mineralisation have been 

shown to be affected by post-mineralisation events, whereas Re/Os molybdenite ages are 

considered more reliable (Rundle, 1981; Stein et al., 2000; Selby et al., 2002).

The Kharmagtai gold-copper porphyry district lies approximately 100 km to the north 

of Oyu Tolgoi, and 1 0 0  km to the west o f the belt o f intrusions investigated in this study 

(Fig. 1.3). Devonian marine sediments and volcaniclastics form the host rock to monzodio- 

rite and diorite porphyry stocks which host porphyry mineralisation, along with mineralised 

breccia pipes and quartz vein stockworks (Kirwin et al., 2005). There are no published age 

data available for the Kharmagtai complex.

4.1.3 Methods

Fieldwork included mapping and sampling for petrographic, geochemical and geochro- 

nological analysis at numerous localities across the Oyut Ulaan Granite outcrop area, with 

particular focus on the granite margins, roof pendants, dykes and breccia pipes. Reconnais
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sance sampling of the other intrusions from the region was carried out along a road transect 

to the west of the Saykhandulaan Inlier.

Fifty-five samples were analysed using standard X-ray fluorescence (XRF) techniques 

at the University of Leicester. Six samples (one each from the following intrusions; Oyut 

Ulaan granite, Oyut Ulaan andesite dykes, Mandakh, Narin Hudag, Bronze Fox and 

Shuteen) were analysed by Isotope Dilution Thermal Ionization Mass Spectrometry (ID- 

TIMS) for isotopic abundances of U and Pb in zircon grains, at the NERC Isotope Geo

sciences Laboratory (NIGL), using analytical procedures as described by Noble et al (1993).

Zircon crystals were separated from <355 pm grained bulk-rock powder using stan

dard vibrating-table, specific gravity and magnetic techniques. Crystal fractions for analysis 

were picked by hand under a binocular microscope; all analysed fractions consisted o f single 

grains. Some zircon crystals were subjected to air abrasion (Krogh, 1982), whist others used 

a modified chemical abrasion technique (Mattinson, 2005). The zircon crystals were ultra- 

sonically washed in 4N HNO3 , rinsed in ultra-pure water, then further washed in warm 4N 

HNO3 prior to rinsing with distilled water, all of which aimed to remove surface contamina

tion. A mixed 205Pb - 235U tracer was used to spike all fractions. Dissolved, spike equili

brated samples were not subjected to ion-exchange procedures but were converted to chlo

ride and loaded onto degassed rhenium filaments in silica gel following a procedure modi

fied after Mundil et al. (2004). Isotope data were collected using a Thermo Electron Triton 

with SEM for ion counting, and faraday cups for voltage measurement when ion counts ex

ceeded 800,000 per second. Errors were calculated using numerical error propagation 

(Ludwig, 1980). Isotope ratios were plotted using Isoplot version 3 (Ludwig, 1993, 2003), 

and error ellipses reflect 2o (95% confidence level) uncertainty. Mean Squared Weighted 

Deviates (MSWD) are calculated by dividing the sum of the squares o f the mis-fits to the 

regression line by the number of data points minus two, and are a measure o f the scatter of 

points. If scatter is limited to that caused by analytical errors, MSWD should = 1, too much 

scatter results in MSWD > 1 and too little (less than expected from analytical errors) results 

in MSWD <1. MSWD values near 1 give a high level o f confidence that a true isochron is 

indicated by the data (McIntyre et al., 1966).

Lead blanks recorded during three separate batches of analysis ranged from 1.2pg and 

0.2pg. Samples were blank corrected using the blank 2 0 4Pb:2 0 6Pb:207Pb ratio measured during 

the analysis. Correction for common lead in all samples was carried out using the Stacey- 

Kramers common lead evolutionary model (Stacey and Kramers, 1975), however the amount 

of common lead in the analysed zircons was negligible, as the correction was dominated by 

the Pb blank.
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4.2 Oyut Ulaan Intrusion

4.2.1 Field data and petrography

The Oyut Ulaan intrusion crops-out in the southeast comer o f the Saykhandulaan 

inlier, within a belt of Carboniferous volcanic and sedimentary rocks called the Oyut Ulaan 

Volcanic Group (OUVG; Fig. 3.2; Chapter 3). The base formation of the OUVG (the Yasun 

Eliy-e formation; YEF) forms the country rock to the Oyut Ulaan intrusion. Two roof- 

pendants of basaltic and andesitic lithologies crop-out in direct contact with the intrusion in 

the south and east. The western roof pendant divides the intrusion into east and west lobes 

(Fig. 4.2). Lithologies within these roof pendants are all but obscured by thermal metamor

phism, dykes, and intense hydrothermal alteration. Several generations of dykes cut the in

trusion, and a cluster of tourmaline breccia pipes form prominent topographic features in the 

western lobe o f the pluton’s outcrop area.

The intrusion is elongate, measuring around 10 km in the E-W orientation, and around 

3 km N-S. No emplacement-related ductile fabrics were observed, but there are fractures 

trending 045 and faults with apparent dextral offsets (<1 m), trending 135, throughout the 

outcrop area (Fig. 4.2). The contact o f the intrusion with the country rock is generally not 

exposed, and the distribution of outcrop and major drainage channels suggests it is fault 

bound on most margins. Where the intrusion’s contact with the country rock is exposed, in 

the southeast, it is irregular, has a 1 - 2  cm chilled margin, and follows topographic contours, 

suggesting that it is a relatively low-angle surface. Small (<1 m wide) apophyses o f the in

trusive Ethology occur in the country rock, and xenoliths of country rock are seen within 5 m 

of the granitoid margin.

Whilst the there are only limited exposures of the intrusion’s contact with surrounding 

rocks, some further details o f its nature and morphology can be observed on satellite im

agery. The pluton’s southern boundary is parallel with a major E-W crustal lineament that 

marks the southern margin of the Saykhandulaan inlier. The western margins o f both roof 

pendants are obscured by major drainages, but the northern and eastern margins appear to be 

intrusive contacts. Further observations of drainage patterns within the outcrop area show a 

drainage-divide approximately parallel with, and proximal to, the sharply defined northeast

ern margin of the intrusion, suggesting the body has been tilted to the south in relatively re

cent times.
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The lithology of the intrusion is remarkably homogenous, with little variation across 

the outcrop area. The main mineral phase is plagioclase (An2 5-3o) and, in most thin sections, 

forms a framework of euhedral phenocrysts 1-5 mm long (Fig. 4.3, a to c). Small euhedral 

hornblende phenocrysts of 1 -3 mm occur in some sections. Small biotite phenocrysts (of 1 

to 2 mm length) are seen in all sections, but are sparsely distributed. Quartz and orthoclase 

feldspar form interstitial phases and myrmekitic intergrowths of the two occur sparsely (Fig.

4.3 d). Biotite also occurs as secondary growths proximal to quartz veins, along with a

interseiai quartz Quartz and K-fetdspai 
| form groundmass

Euhedral oligioclase

900|jnn 900|jm

Altered rmcroclne

Hornblende

lntersitial quartz
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of quartz and K-feldepar900|jm

Eptdote
replacing
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Multi-crystal 
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Fig. 4 J  Photomicrographs o f  the Oyut Ulaan main intrusion (a, b, c and d) and the andesite dykes (e and f)-
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higher concentration of opaque phases. Accessory phases, such as zircon and apatite, are 

also present.

Three sets of dykes of various lithologies cut the intrusion, each with a distinctive ori

entation (Fig. 4.4). Pink fine-grained aphyric dykes crop out in all areas. Locally these bod

ies branch and bifurcate, and appear to be randomly orientated, but rose diagrams of all re

corded dykes show that ENE-trends occur more commonly than any other orientation (Fig.

4.4 a). These dykes were not observed in the surrounding country rock. The felsic dykes

Key

Felsic dykes Late andesite dykes
Early andesite dykes Main intrusion n =28

Largest frequency 19

b
n - 2 2
Largest frequency 18

Fig. 4.4 Maps and rose plots showing morphology and cross-cutting relationships o f  3 separate dyke swarms 
identified in the Oyut Ulaan intrusion, a) Earliest phase rhyolite dykes branch and crosscut each other and 
have diverse orientation, but are dominantly ENE trending, b) andesite dyke, which is part o f  large NW trend
ing swarm cross-cuts earlier NE trending andesite dyke, and NE trending rhyolite dyke, rose plot showings 
orientations o f  the two sets o f  andesite dykes.
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veins with orange-pink K-alteration halo h) large (60cm ) eroded granite clast in 
tourmalinite matrix.
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scree makes true pipe-margins indistinct. Other pipes have average apparent widths o f 25- 

40m (Fig. 4.5 e). Circular morphologies are the most common, although one mapped pipe, 

and another observed on satellite imagery, have ring-sheet morphologies. The tourmaline 

breccia pipes locally cross cut the youngest dyke set.

Various textures that occur within the tourmalinite suggest several phases o f fluid 

flow, and brecciation. Tight jigsaw breccias, loose breccias, massive tourmalinite, granite 

with pervasive tourmaline alteration and tourmaline vein stockworks with orange-pink 

potassic halos all occur in the vicinity of the pipes (Fig 4.5). Thin 1 to 5 cm tourmaline/ 

quartz veins, with 1 to 2 cm potassic alteration halos, cut the Oyut Ulaan intrusion across its 

whole outcrop area. These veins increase in number and thickness near the breccia pipes .

4.2.2 Geochemistry

The Oyut Ulaan intrusion is metaluminous, and has an alumina saturation index (ASI) 

of less than 1 .1 , which indicates it is either A- or I-type (Chappell and White, 1974; Wu et 

al., 2000; Results - Appendix A). The primacy o f plagioclase over K-feldspar, and relatively 

high Na2 0  abundances suggests that the intrusion is I-type rather than A-type (Fig. 4.6; 

Chappell and White, 1974; Eby, 1990; Chappell and White, 2001).

Major element abundances o f the Oyut Ulaan intrusion indicate a quartz-monzonite 

composition (Fig. 4.6 a). Harker variation diagrams for analyses o f the main intrusion show 

typical inverse correlations between major elements and Si0 2 , with the exception o f K20  

which shows a positive, incompatible trend (Fig. 4.7) suggesting increasing amounts o f K- 

feldspar and mica in more evolved samples. Of the trace elements, Sr and Y show a decrease 

with silica, which is interpreted to be controlled by plagioclase fractionation, whereas Rb 

shows a positive trend, matching that of K 20 . Other elemental abundances do not display 

discemable trends for the main intrusion samples.

Major element abundances o f the early, pink, felsic-dykes show they are rhyolites. 

The NE trending dark dykes are trachy-andesites, and the more prolific, late, NW-trending 

swarm has a range o f compositions from andesites and trachyandesites to dacites (Fig. 4.6 a). 

Harker diagrams featuring all the lithologies from the Oyut Ulaan plutonic complex, show 

simple, single trends with silica (Fig. 4.7). These trends parallel those established for the 

main intrusion, suggesting that, as a whole, the complex was derived from the same magma 

source, which was evolving and being replenished at depth. The NE-trending andesite dykes 

have the most mafic compositions, and the later NW-trending swarm have a range of compo-
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tion (Chapter 3). Graphs produced using GCDKit software 
(JanouSek et al., 2006). b) Diagram o f  Zr vs 10000*Ga/Al after Eby 
(1990) to differentiate I & S type granitoids from A-type granitoids, 
c) Diagram o f SiC>2 vs P2 O 5  showing inverse trend typical o f  I-type 
granitoids and indicative o f  the fractionation o f  apatite in the ab
sence o f  Y-bearing accessory minerals (Wu et al., 2000). d) A/  
CNK-ANK plot o f  Shand (1943) showing predominantly metalumi- 
nous signature o f Oyut Ulaan intrusive complex.
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Chapter 4. Granites o f  the southern Mongolia Carboniferous arc: New age and geochemical constraints

sitions from those similar to the NE-trending dykes to those similar to the intrusion. The 

compositional range in the NW trending dykes does not seem to vary systematically with 

location.

Geochemically, the Oyut Ulaan intrusive complex has many similarities with its host 

rocks, the Oyut Ulaan Volcanic Group (Chapter 3). However, it is hosted by the Yasun 

Eliy-e formation, the least evolved formation of the OUVG, which lies at the base of this 

group, and is also considerably more mafic than any parts of the intrusive complex (Fig. 

3.15). The late-stage andesite and trachyandesite dykes show a geochemical similarity to 

the Shargyn Moghai formation, the third formation of the group (Fig. 4.6 a). When consid

ered in toto, chemical analyses of the intrusive rocks and host volcanic rocks show simple, 

single trends, characteristic of an evolving magma body, which was perhaps the ultimate 

source of both the intrusive and extrusive components of an ‘Oyut Ulaan volcano-plutonic 

suite’.

Barium and strontium abundances of the whole Oyut Ulaan intrusive complex, show 

that the early-stage rhyolite dykes have a composition not inconsistent with magmatic evo

lution ffom a source chemically similar to the main intrusion, predominantly via fractional 

crystallisation of plagioclase, and, to a lesser degree, K-feldspar (Fig. 4.8). Petrographic 

analysis reveals that these are the main mineral constituents of the intrusion (Appendix D - 

mineral modal abundances; Fig. 4.3). The andesite dykes do not represent a continuation of 

this trend, and their signature in Ba-Sr space suggests plagioclase and hornblende fractiona

tion from a source chemically similar to the early, NE-trending andesite dykes.

Geo-spatial analysis of the distribution of trace and minor element abundances across 

the Oyut Ulaan intrusion was carried out by applying standard interpolation techniques 

(kriging; Oliver and Webster, 1990) to analytical results from seventeen sample locations 

using surfer (Fig. 4.9). The results should be interpreted conservatively due to the rela

tively low number of samples compared to the area of outcrop. The intrusion shows a rela

tively homogenous chemistry across its outcrop area for most elements. However, N a02, 

Fe2 0 3  and Sr abundances are elevated in the western lobe of the body, suggesting this part 

of the intrusion is relatively enriched in plagioclase and magnetite. The most silicic and 

evolved part of the intrusion is situated to the NE. Tourmalinisation may have produced 

elevated levels of Cu, Zr and As in the west lobe.
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4.2.3 Geochronology

Two samples from the Oyut Ulaan intrusive system were dated (Fig. 4.10; Results - 

Appendix B). The Oyut Ulaan main intrusion quartz-monzonite yielded five overlapping, 

concordant, single-grain zircon analyses (Fig. 4.10 a). The concordia age calculated from 

these five points is 330.02 +/- 0.53 Ma. Three further analyses plot with discordant younger 

ages, a likely cause of this being the failure to remove completely the outer portions of zir

con that had undergone lead-loss during chemical abrasion. The upper-intercept of the line 

of best-fit through these points is coincident (within error) with the concordia age as calcu

lated (Fig. 4.10 a).

An andesite dyke from the NW trending late-stage swarm yielded three overlapping, 

concordant, single-grain analyses (Fig. 4.10 b). The concordia age calculated from these 

three points is 327.86 ±0.44 Ma. An additional analysis plots discordantly and older than the 

cluster of concordant points. This is interpreted to represent an older inherited zircon core

zone.

4.2.4 Discussion

The Oyut Ulaan complex is interpreted to represent two phases o f intrusion; the first is 

the emplacement of a relatively homogenous quartz-monzonite body (Fig. 4.11 a). The lo- 

bate outcrop expression of the intrusion suggests that it was emplaced as two adjacent, con

nected bodies, probably as a result o f roof uplift. The shallow roof zone dipping to the south 

and the abrupt northern margin together suggest that the emplacement o f the quartz monzo- 

nite was fault controlled. Plutons in the Coastal Cordillera of the north Chilean Andes are 

thought to be emplaced with similar vertical movements o f the overlying strata; both com

pressive and extensional models can explain these movements (Grocott and Taylor, 2002). 

At Oyut Ulaan the roof uplift could relate to N-S compression or extension within an EW 

trending arc, or transtension in a step-over between two arc-parallel faults. More work is re

quired to define the structural controls on emplacement, especially the attitude and kinemat

ics of the postulated fault that appears to bound the intrusion to the north.

The lithology in the western lobe of the intrusion is slightly less evolved than in the 

east, suggesting that it solidified first and that incompatible elements were concentrated in 

the eastern lobe. As the intrusion cooled, fractional crystallisation of plagioclase and K- 

feldspar appears to have driven the compositional development of the relatively small vol-
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Oyut Ulaan intrusion emplaced at 330 02 +/- 0.53 Ma Shortly after the main body was emplaced, rhyolite
into country rocks of the Yasun Ehy-e formation. ( £  ) dykes, apparently derived from the evolving residual
Oyut Ulaan Volcanic Group — '  fluid, fill in fractures with a wide variety of orientations

This upper surface bounds 
the block model, but does 
not represent the land surface 
Oyut Ulaan Group voicanism was 
ongoing at the surface

Andesite dykes, with lazy-Z morphologies, cut both the 
main intrusion and the surrounding country rock.
Because of their sigmoidal shape, the emplacement of these 
dykes is interpreted as having been controlled by dextral 
transtension.

Dyke parallel 
sheeted quartz 
vein complex 
forms here, in 
country rock

Tourmaline breccia pipes, possibly related to 
late-stage magmatic fluid from another intrusion 

depth, puncture all earlier phases, and are 
accompanied by widespread tourmaline veins

Quartz stockwork 
occurrances form 
along dyke here, in 
country rock

Fig. 4.11 Interpreted sequence o f  emplacement o f  the 
Oyut Ulaan plutonic complex.

ume of residual magma, which was re-emplaced into the main body as early-stage rhyolite 

dykes, forming a dyke-stockwork.

The second intrusive event is interpreted to begin with the NE-trending andesite dykes. 

The geochemical signature of these dykes implies they were generated from a batch of 

magma more mafic than the main intrusion. Although the NW trending dykes have elemen

tal abundances that range between those of the NE-trending dykes and the main intrusion, 

there is no systematic relationship between dyke chemistry and location within the swarm. 

The early andesite dykes have a similar orientation to the main felsite dyke trend, which sug-
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gests that they were emplaced in the same stress-field. However, the sigmoidal shape of the 

late-stage andesite dykes suggests they were emplaced during of E-W orientated dextral 

transtension, which created dilation sites, allowing more evolved, viscous lithologies to as

cend. Palaeozoic dextral displacements are widely documented in the Mongolian parts of 

the CAOB (Buchan et al., 2001; Laurent-Charvet et al., 2002; Buslov and Safonova, 2006) 

and the movement of arc segments to the west, via dextral strike slip along the arc-front, is 

incorporated into some palinspastic models (§engor and Natal'in, 1996; Badarch et al., 

2002). However, evidence for E-W Palaeozoic dextral movement has not been documented 

elsewhere in the Saykhandulaan Inlier (Chapter 1). It is suggested that the andesite dykes 

are evidence for these Palaeozoic dextral movements because they are within the rigid Oyut 

Ulaan intrusion and less susceptible to over-printing by later NS compression, or Mesozoic 

and Cenozoic ENE sinistral faulting. The eastern roof pendant has an apparently faulted 

westem-margin that is parallel with the NW dyke swarm, suggesting that dextral transten

sion may also have caused some vertical displacement of crustal-blocks bounding the main 

intrusion (Fig. 4.12). The spatial association of sulphide bearing quartz vein complexes with 

the third stage dykes suggests that the heat of the emplacement of these dykes caused fluid

P resent 
day erosion  
surface

, S h ee ted  quartz 
and sulphide 
veins

Shargyn M oghai formation, OUVG

Fig. 4.12 Interpretive EW cross 
section through east margin o f  
intrusion, showing possible rela
tionships o f  dykes, faults and 
roof-pendants. \

Fault/dyke bound 
roof pendant
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convection, and the action of their emplacement fractured the surrounding rocks generating 

space for the hydrothermal deposition o f minerals. The sheeted vein complex in the eastern 

roof pendant, in particular, appears to have been formed in an identical stress regime to the 

third stage dykes. The associations of the stockwork vein zone in the northwest are less 

clear. The dyke that crops out in contact with the vein zone appears to be o f a similar lithol- 

ogy to the late stage dykes, and has a similar orientation to the dextral tail zones o f the dykes 

in the NW of the intrusion outcrop area. The slight deviation in the stockwork-zone- 

proximal dyke’s orientation (E-W rather than WNW-ESE) can be explained by the N-S di

rected deformation that has affected the country rock (Chapter 3).

Finally, the solidification of a later magma body at depth and the resultant increase in 

fluid pressure due to the generation of Boron-rich magmatic fluid, caused the emplacement 

of the tourmaline breccia pipes into the overlying strata, cross-cutting both the Oyut Ulaan 

intrusion and the late-stage andesite dykes. This interpreted magma batch may be related to 

the andesite dykes, as they show an increasingly silicic trend with time. There are no geo

chemical or absolute age data from the tourmaline breccia pipes, meaning that their associa

tion with the rest of the Oyut Ulaan intrusive complex is a purely spatial one. This spatial 

association implies that the magma batch, which provided the fluids that formed the pipes, 

was rising through the same crustal plumbing system that controlled the emplacement of the 

rest of the Oyut Ulaan intrusive complex.

Geomorphological features, observed on satellite imagery and verified in the field, 

suggest that the current outcrop shape of the Oyut Ulaan intrusion is controlled by E-W and 

ESE-WNW-trending brittle structures. The intrusion appears to crop-out within a horst 

block, tilted to the south, with the deepest levels exposed in the footwall of a normal fault 

that delimits the intrusions northeast boundary. This is consistent with the gently south- 

sloping roof of the intrusion, the overlying country rocks being exposed to the south and the 

drainage divide running parallel with, and proximal to, the sharply defined northeast margin 

(Fig. 4.2). The southern margin of the intrusion also appears to be proximal to a fault (Fig. 

4.2), although an intrusive contact was documented in some localities. This fault truncates 

the NW trending andesite dykes, so that their terminations are not visible, unlike at their NW 

ends.

The Oyut Ulaan intrusion is considerably younger than other mineralised intrusions in 

the region. Oyu Tolgoi and Tsagaan Suvarga both record Devonian ages (411+/-3 Ma K-Ar 

and 364.9+/- 3.5 Ma Ar-Ar respectively; Lamb and Cox, 1998; Perello et al., 2001), whereas
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post-mineralisation dykes at Tsagaan Suvarga have an age and composition much closer to 

that of Oyut Ulaan (313 +/- 2.9 Ma Ar-Ar; monzonite).

The age of the Oyut Ulaan intrusion also indirectly provides a minimum age for its 

host rocks - the basal formation of the Oyut Ulaan Volcanic Group. Upper parts of this vol

cano-sedimentary succession have been dated at 323.12 ±0.64 Ma (Chapter 3) giving a 

minimum duration of volcanism in the OUVG of 6.9 M.y., with a maximum range of 8.07 

M.y. and a minimum range of 5.73 M.y., when error values are taken into account.

The time gap between ages of emplacement of the main quartz monzonite and the late- 

stage andesite dykes is 2.16 M.y., or a range of 1.19-3.31 M.y., considering errors. Further

more, the volcanic model proposed for the Oyut Ulaan Volcanic Group (Chapter 3) suggests 

a period of higher effusion and more mafic lava types, related to increased extension, during 

the Shargyn Moghai Formation volcanism. Therefore, these dykes, with their chemical simi

larity to the SMF and their interpreted emplacement during crustal transtension, provide an 

age for the SMF, which, although indirect, is the best available.

4.3 Other granites in southeast Mongolia

4.3.1 Field data and petrography

Samples from the Mandakh and Shuteen intrusions were collected as part o f a recon

naissance transect during summer o f 2004 (Fig. 4.13). Ivanhoe Mines Ltd provided samples 

from the Bronze Fox and Narin Hudag intrusions, which were exploration targets at the time 

of sampling. The country rock for these four intrusions was not investigated; it is assumed 

to be arc volcanic and sedimentary rocks of a similar age and type to those that occur along 

strike in the Saykhandulaan inlier (Chapters 2 and 3). This assumption is supported by 

available literature (Badarch et al., 2002; Bignall et al., 2005). Mineral modal abundances 

for the lithologies discussed here are available in Appendix D.

The Narin Hudag and Mandakh samples come from a large area in the north o f the 

Mandakh inlier, dominated by multiple intrusions (Fig. 4.1; Fig. 4.13). Two separate intru

sive bodies were sampled near the town of Mandakh. The North Mandakh granite has an 

outcrop area of approximately 220 km2, dominating the northeast of the Mandakh inlier (Fig. 

4.13). It is very coarse-grained and is predominantly composed of large sub- and anhedral 

K-feldspars with microperthitic textures (Fig. 4.14, a and b). Plagioclase (An2s) is present as
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Fig. 4.14 (continued from previous page) h) and i) Shuteen intrusion, j) and i) East Saykhandulaan intrusion

rims and cores to these large crystals, whilst interstitial quartz, euhedral to subhedral horn

blende, biotite and opaques form minor mineral phases.

The Mandakh Town syenite is a relatively small stock (5.5 km2) which is elongate in 

the E-W orientation and slightly arcuate in form (Fig. 4.13). Its expression on satellite im

agery suggest it is associated with a 25 km2 outcrop area of apparently similar material di

rectly to the south. It is almost entirely composed of 1-3 mm long plagioclase (An2i-2 s) and 

microcline phenocrysts, with minor interstitial quartz (Fig. 4.14, d and e).

The main Narin Hudag monzonite (referred to by Ivanhoe staff members as the 

‘Pudwake granodiorite’) has an outcrop area of approximately 500 km2, and dominates the 

northwest of the Mandakh inlier. Interpretation of satellite imagery shows that the Narin 

Hudag monzonite has several fault-bound margins in the southeast and appears to be con

tiguous with intrusions to the southwest of Mandakh town. The north and west limits of the 

Narin Hudag monzonite seem to be defined by Mesozoic sediments which lie unconform- 

ably on the intrusion.
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Samples from the Narin Hudag monzonite were taken from a relatively small area near 

its southeast margin (Fig. 4.13). It is a coarse porphyritic intrusive body, composed primar

ily of 3 to 6 mm long euhedral plagioclase phenocrysts (An22-2 5), in which zoning is com

mon. Lozenge-shaped subhedral hornblendes of 1 to 2 mm length occur in the fine-to- 

medium grained groundmass. Some hornblendes have an apparently poikilitic texture, en

casing small <1 mm plagioclase laths. The groundmass also contains 2 to 3 mm biotites and 

interstitial quartz. (Fig. 4.14, e and f).

A 1 km diameter circular granite stock, the Narin Hudag granite, crops-out in country- 

rock to the east of the Narin Hudag monzonite’s margin. The granite is fine to medium- 

grained, and composed primarily of microcline with a fine-grained quartz groundmass (Fig. 

4.14 g).

Dyke swarms, trending E and NE, are a visible feature of intrusions in the Mandakh 

inlier including the main Narin Hudag intrusion. However, these dark coloured dykes, 

which are pervasive elsewhere, do not appear to cut the North Mandakh and Narin Hudag 

Granites, or the Mandakh Town Syenite.

The Bronze Fox intrusion is a complexly zoned monzo-granodiorite stockwork to the 

southwest of the large-volume intrusive rocks at Narin Hudag and Mandakh (Fig. 4.13). 

This body features an asymmetrically zoned sequence of intrusive lithologies including an 

outer shell of hornblende monzodiorite, a middle-zone of homblende-biotite quartz- 

monzonite, and a core of biotite-homblende granodiorite. Gold-copper mineralisation is 

strongly associated with the core zone of the intrusive system here (Stewart, 2005, pers 

comm.).

The Shuteen volcano-plutonic complex is at the southwest end o f the belt of intrusions 

studied here. Shuteen is unique amongst the intrusions investigated here, in having been the 

subject of some previous work: Korim et al. (1984) report that the Shuteen intrusion has a 

typical ring-structure with circular normal-faults. Bignall et al. (2005) show that the Shuteen 

volcano-plutonic complex is comprised of the Dusiin Ovoo Volcanic formation and the 

Shuteen pluton, which is formed of a variety of granitoid lithologies, and previously dated 

via Rb/Sr whole rock methods at 321+/- 9 Ma (Batkhishig and Iizumi, 2001; Batkhishig et 

al., 2003). The part of the pluton sampled for this study consisted primarily of a medium- 

grained granitoid densely packed with subhedral 2-4 mm K-feldspar phenocrysts, and eu

hedral plagioclase laths (An22 -3 4 ) of similar size (Fig. 4.14, h and i). Supplementary phases 

include euhedral biotite and sparsely distributed hornblende. Microgranite dykes that cut the
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pluton are sparsely populated with quartz xenocrysts and plagioclase phenocrysts in a fine 

grained groundmass of quartz plagioclase and biotite. Some zoned plagioclase phenocrysts 

show a clear variation in composition from inner to outer zones (An^ to An26). Myrmekitic 

intergrowths of quartz and K-feldspar occur in one sample.

The East Saykhandulaan intrusion lies at the eastern edge of the Saykhandulaan inlier, 

10 km to the northeast o f the Oyut Ulaan intrusion. This body consists o f two lobes, elon

gate to the north-east, parallel to the structural grain of the area. It is a fine- to medium- 

grained felsic body, composed of K-feldspar and quartz phenocrysts in a fine-grained felsic 

groundmass (Fig. 4.14, j and k). Its distinctive porphyritic texture suggests that it is a large 

hypabyssal intrusion rather than a pluton. The central zone, between the two lobes, contains 

a complex stockwork of overlapping hypabyssal intrusions of various mafic lithologies, 

which appear to postdate the main intrusion; 1-2 m thick basalt dykes cut the felsic body, 

and xenoliths of granite occur within larger volumes of mafic material.

4.3.2 Geochemistry of intrusions from the region, and comparison with Oyut Ulaan

The TAS diagram of Middlemost (1985) was used for determination o f intrusive 

lithologies (Fig. 4.15; Results - Appendix A). Two analysed samples from Bronze Fox plot 

as monzonites and two as quartz-monzonites. All analysed samples from the Narin Hudag 

monzonite plot as quartz-monzonites. All samples from the Narin Hudag granite plot within 

the granite field. The one sample that was analysed from the East Saykhandulaan intrusion 

plot in the monzonite field. Four analyses from Shuteen plot as a cluster near the quartz 

monzonite-granite boundary, with two analyses falling either side of the line. One sample 

from Shuteen plots as a granite. This represents a mircrogranite dyke that cuts the main in

trusion there.

Harker diagrams for all samples show typical inverse differentiation trends of compa-

tiable elemental abundances with S i0 2 (Fig. 4.16). Samples from Bronze Fox and the Narin

Hudag Monzonite define the more mafic end of this trend on most diagrams, whereas the

true granitic lithologies are most evolved, and have the highest abundances of incompatible

Fig. 4.15 (next page) a) Total Alkalis Silica (TAS) diagram after Middlemost (1985), for all intrusions. Field 
shows area o f Oyut Ulaan intrusion samples. Analyses o f  granitoid cobbles from Oyut Ulaan Volcanic Group 
also shown, b) Diagram o f A/CNK (Alkali saturation index; A120 3/[K20  + Na20  +  CaO]) vs A /NK (A120 3/ 
[K20  + Na20 ] )  after Shand (1943) c) Diagram o f  S i0 2 vs P20 5 showing inverse trend typical o f  I-type grani
toids and indicative o f  the fractionation o f  apatite in the absence o f  Y-bearing accessory minerals (Wu et al., 
2000) d) Diagram o f Zr vs 10000*Ga/Al after Eby (1990), to differentiate I & S type granitoids from A-type 
granitoids, e) diagram o f Y/Nb vs Sc/Nb after Eby (1992) to differentiate A l and A2 type granitoids, note 
North Mandakh granite plotting nearer to A2 field than other intrusions, fields represent data as cited in Appen
dix C.
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Chapter 4. Granites o f  the southern Mongolia Carboniferous arc: New age and geochemical constraints

Group 1 Group 2 Group 3

Members Bronze Fox 

Oyut Ulaan

East Saykhandulaan

Narin Hudag Monzonite

Shuteen

Cobbles from OUVG

Narin Hudag Granite 

Shuteen dyke

North Mandakh 

Mandakh Town

Lithology Monzonites 

Quartz-monzonite s 

Granite

Granite Granite

Syenite

Al/CNK Metaluminous Peraluminous Peralkaline

Petrogenetic type I-type I or aluminous A-type A-type

Silica range 56-72 wt % 71-77 w t% 65-79 wt %

Age (range) 339-325M a n/a 329M a (max age)

Table 4.1 Characteristics o f  intrusion groups.

elements. The Mandakh Town syenite is an exception to this rule, having higher abundances 

of K20  and Zr than other rocks at similar values for silica. The Oyut Ulaan intrusion plots 

near the other quartz-monzonitic rocks on most diagrams, showing considerable overlap 

with the Narin Hudag monzonite, and Bronze Fox intrusion.

Three groups of intrusions occur in the region, as defined by geochemical characteris

tics (Table 1). Group 1 is a metaluminous quartz-monzonitic suite including; Bronze Fox, 

Narin Hudag monzonite, Oyut Ulaan and East Saykhandulaan. Group 2 is a metaluminous 

to weakly peraluminous granitic suite and includes the Narin Hudag granite and micro

granite dykes at Shuteen. Group 3 is a peralkaline granitic-syenitic suite and includes the 

North Mandakh granite and the Mandakh Town syenite. The Shuteen intrusion generally 

appears to belong to Group 1, but is the member of Group 1 that is chemically most similar 

to Group 2. For several elements (Rb, Sr, K.20/Na20), Shuteen has characteristics more in 

common with Group 2 than 1. Two granitoid cobbles sampled from coarse conglomerate 

units in the Oyut Ulaan Volcanic Group (Chapter 3), plot as quartz monzonite and a grano- 

diorite on the TAS diagram, and are considered to be part o f Group 1.
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Fig. 4.17 Bar chart o f correlation coefficients for average elemental abundaces 
from Group 1 versus average elemental abundances from various plutons from lo
cations worldwide. The silica range o f comparative suites was selected to match 
that o f in Group 1 (60-70wt%). Note the high correlation between major element 
values alone indicating close fit o f  lithologies being compared. Closest compara
tors are Honshu and the New Britain arc, followed by the Andes. Intrusions of 
British Tertiary Volcanic Province (BTVP) are the least geochemically similar to 
Group 1 rocks.

Group 1 rocks are I-type granitoids (Fig. 4.15; Chappell and White, 1974; Wu et al., 

2000). Group 2 rocks plot as I-type on a range of diagrams, but from their high silica con

tent, it is possible that they are part of the aluminous A-type association defined by King et 

al. (1997). This association does not have the tectono-magmatic implications of the standard 

A-type classification, and the potential source region is infra-crustal, overlapping with the I- 

type source regions. A variation of physical properties at source, such as limited H20  and 

high temperatures during partial melting, is thought to generate aluminous A-type magmas

(King et al., 1997). It is noted that the more evolved aluminous A-type granites are difficult

to distinguish from I-type granites, and that, ideally, suites containing less evolved rocks 

would be compared.

The Mandakh Town syenite is the only intrusion that appears conclusively to be of 

peralkaline A-type character (Fig. 4.15), whilst the peralkaline North Mandakh granite plots 

closer to A-type fields than other intrusions from the region (Fig. 4.15). The A-type signa-

C a n a d ia n  BTVP
C ord illera

HGH major elements only

| trace elements only

| major and trace elements 
combined
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Fig. 4.18 Spidergrams of trace element abundances from all analysed samples; a) normalised to NMORB (Sun 
and McDonough, 1989); b) normalised to average upper crustal values (Taylor and McLennan, 1985); c) (next 
page) normalised to average upper crustal values, plotted separately, by intrusive body, for clarity.
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ture exhibited by the Mandakh Town syenite, is further constrained as ‘A2 5 type in the no

menclature o f Eby (1992), suggesting that it was emplaced in a post-collisional tectonic en

vironment, or the end of a long duration of high heat flow and voluminous granite magma- 

tism.

Average element abundances from Group 1 intrusions were correlated with average 

abundances from plutonic rocks, with a silica range between 60-70%, from various locations 

worldwide (Fig. 4.17). Comparison data was acquired from the Georoc online geochemical 

database (for full citation list, see appendix C). Group 1 rocks show greatest similarity to 

plutons from Honshu and the New Britain Arcs, with correlation coefficients of >0.9, and to 

the Andes with a correlation coefficient of >0.85.

Spidergrams, normalised to N-MORB, show typical convergent margin patterns, with 

subduction related negative Nb anomalies and high ratios of low field strength/high field 

strength elements (LFSE:HFSE; Saunders et al., 1980; Wilson, 1989), the Mandakh Town 

Syenite and the North Mandakh Granite show the greatest deviation from this standard sub

duction related pattern however, normalisation by N-MORB produces poor distinction be

tween samples. Therefore, abundances were also plotted normalised to upper continental 

crust to facilitate comparison between plutons and groups of plutons (Fig. 4.18). The Group 

1 plutons, with the exception of Shuteen, generally have strong positive Sr, Ba + Ti anoma

lies, indicating cumulus K-feldspar, plagioclase and magnetite/ilmenite. Negative anomalies 

include U, Nd, and Zr indicating minor phase fractionation has taken place (eg. zircon). 

Group 2 plutons show negative Sr and Ba anomalies, particularly in the case of the Mandakh 

Town Syenite, and the North Mandakh granite. The Mandakh Town syenite has a distinc

tive low LFSE:HFSE ratio, which supports the interpretation that it is part of the A-type as

sociation (Chappell and White, 1974; Loiselle and Wones, 1979).

4.3.3 Geochronology

Four intrusions from the greater region were dated, the Bronze Fox granodiorite, the 

North Mandakh granite, the quartz monzonite from Shuteen and the Narin Hudag monzonite 

(Results - Appendix B).

The biotite-homblende granodiorite is the core intrusion at Bronze Fox, and is consid

ered most closely linked with mineralisation there (A. Stewart 2005, pers. comm.). It was 

geochemically determined to be of quartz monzonitic composition in this study and yielded 

two overlapping, concordant, single-grain zircon analyses. The concordia age calculated
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from these two points is 333.60 +/- 0.60 Ma (Fig. 4.19 a). Four further analyses plotted with 

younger discordant ages, relating to incomplete removal of parts of the zircon that had suf

fered lead loss. A discordia line through all data points gives an upper intercept of 331.9 +/- 

5.7 Ma, which falls within error of the two point concordia age (Fig. 4.19 a).

The Narin Hudag monzonite yielded three, overlapping, concordant, single-grain zir

con analyses. The concordia age calculated from these three points is 333.22 ±0.63 Ma (Fig.

4.19 b). Three further analyses plotted with younger discordant ages are likely to have been 

caused by lead loss.

The Shuteen quartz-monzonite yielded three, overlapping concordant, single-grain zir

con analyses. The concordia age calculated from these three points is 325.47 ±0.95 Ma (Fig.

4.19 c). Two other analyses plotted with strong negative discordance, and were disregarded. 

The north Mandakh granite yielded three, overlapping, concordant, single-grain zircon

analyses. The concordia age calculated from these three points is 292.34 +/- 0.50 Ma (Fig.

4.19 d). One further analysis plotted with a younger discordant age, which again is likely to 

have been caused by lead loss.
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two pages). See text for explanation o f  MSWD.
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4.3.4 Discussion

Intrusions of Group 1 have a distinct geochemical and geochronological signature. A 

180 km long belt includes five studied intrusions of quartz monzonitic composition, three of 

which returned ages between 333.22 +/- 0.63 (Narin Hudag monzonite; Fig. 4.20) and 

325.47 +/- 0.95 Ma (Shuteen; Fig. 4.20). This is interpreted to indicate regional intrusive 

activity with minimum duration of 7.75 M.y. The intrusions are I-type, and appear to repre

sent magmatism in an active, mature continental-arc setting, but with a restricted time span 

and geochemical signature. These intrusions are geochemically similar to extrusive litholo- 

gies of the OUVG, which are most closely related to mature arcs/continental arcs such as 

Honshu, Central Andes and Sunda (c.f. Chapter 3). Granitoid cobbles from the OUVG indi

cate that intrusions with similar characteristics were emplaced around 6 M.y. before the old

est intrusion dated here, and that by the approximate time of the emplacement of the Oyut 

Ulaan Intrusion, these earlier bodies had been uplifted and eroded. Further geochronological 

associations occur within Group 1. Three intrusions; Narin Hudag monzonite and Bronze 

Fox granodiorite, which crop out within 40 km of each other, and the more distal Oyut Ulaan 

intrusion, were all emplaced within 3.5 M.y. o f each other. Furthermore, the emplacement 

of the Narin Hudag monzonite and Bronze Fox granodiorite occured within 0.14 My of each 

other (considering errors, a maximum temporal separation of 1.37 M.y. is possible). In light 

of their geochemical similarity, this suggests that Narin Hudag monzonite and Bronze Fox 

complex may be surface expressions of the same batholith at depth, and that there was a fo

cussed period of monzonitic magmatism at or around 333-330 My (Fig. 4.20). The unit 

dated at Bronze Fox is the late core-zone to the intrusive complex (A. Stewart, 2005. pers 

comm.). The obtained age therefore relates to the end of intrusive activity and associated 

primary porphyry-style mineralisation at Bronze Fox. This indicates that magmatic activity 

at Bronze Fox may have been on-going for some time prior to the emplacement of the dated 

unit.

The prolific dyke swarms that occur in the Narin Hudag monzonite do not penetrate 

the Narin Hudag granite. For this reason, the Narin Hudag granite is interpreted to post-date 

the emplacement of the monzonite (333.22 +/- 0.63 Ma; Fig. 4.20). The Shuteen micro

granite dyke clearly post-dates the emplacement age of Shuteen (325.47 +/- 0.95 Ma; Fig. 

4.20). As no absolute ages are available for these two features, it is not possible to assess if 

their compositional similarity is purely coincidental, or if there was some regional granite 

emplacement activity that took place towards the end of, or after the emplacement of the

123



Chapter 4. Granites o f the southern Mongolia Carboniferous arc: New age and geochemical constraints
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Group 1 monzonites. Shuteen has the most-evolved compositions of the Group 1 monzo- 

nites and is one of the youngest members of this group.

Group 3 generally tends towards post-orogenic A-type. One intrusion from Group 3 is 

dated here; the North Mandakh granite (292.34 +/- 0.50 Ma; Fig. 4.20), which is around 40 

M.y. younger than the average age for Group 1 and has a far larger areal extent than the 

Group 1 intrusions (apart from Narin Hudag monzonite which it is apparently in contact 

with). Although the North Mandakh granite does not plot as A-type, it trends towards A- 

type fields on a number of diagrams, and its petrography shows it is mainly comprised of 

perthitic K-feldspar. Northeast-trending dykes that occur in the Narin Hudag Quartz monzo

nite are apparently truncated at the intrusive margin of the North Mandakh granite (Fig. 

4.13). The age of the North Mandakh granite, therefore, gives a minimum age for these 

dykes.

On satellite imagery, the Mandakh Town syenite appears to both cross-cut the North 

Mandakh Granite, and be spatially associated with major NE trending faults, although these 

relationships require ground-verification (Fig. 4.13). The faults have apparent sinistral dis

placements, but it is possible that they initially formed as extensional structures, and the A- 

type Mandakh Town Syenite was emplaced in association with the extension (Lamb and 

Cox, 1998). If the Mandakh Town Syenite does post-date the N.Mandakh intrusion, as it 

appears to do, it is considerably younger than the post-accretion syenites documented at Oyu 

Tolgoi (307 +/- 4 Ma, Perello et al. 2001; Fig. 4.20).

4.4 Discussion and wider implications

An 180 km long belt o f intrusions, with a monzonitic association, between East Sayk

handulaan and Shuteen contains features typical o f plutonic-type porphyry copper deposits 

(basic to intermediate volcanic piles intruded by co-magmatic calc-alkalic to alkaline plutons 

of intermediate compositions; composite stocks; and discrete ore-zones focused in intrusive 

breccias or highly fractured country rock; McMillan and Pantaleyev, 1988). The association 

of porphyry mineralisation with alkaline intrusive suites, penetrating co-magmatic volcanic 

piles, is well established (McMillan and Pantaleyev, 1988; Sillitoe, 1997) and quartz- 

monzonites are associated with Cu-porphyry mineralisation at Bingham Canyon (Maughan 

et al., 2002) and at many other major deposits. The correlation of emplacement timing and 

geochemistry across the regional intrusive belt o f southeast Mongolia, suggests regional con

trols on emplacement and mineralisation. This chronological and geochemical association
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may extend beyond the confines of the belt as studied here, along-strike in both directions, 

and may define a common association of mineral prospectivity.

There is a great volume of post-orogenic granite (North Mandakh granite) in close 

proximity to the Oyut Ulaan-Shuteen belt and A-type syenites also occur in this region 

(Group 3). Generally, these bodies are emplaced to the north of the Group 1 belt, and con

siderably later (Permian vs Carboniferous). At other mineral deposits in the region, similar 

intrusions were emplaced post-mineralisation and are apparently barren. The Hanbogd plu- 

ton to the east of Oyu Tolgoi is a multi-stage granitoid complex, consisting o f two phases of 

alkaline granite and multiple dyke swarms with concentric and radial morphologies, com

posed of various alkaline lithologies. It is peraluminous, has an A-type signature, and was 

formed in a post-collisional setting (Gerel et al., 2005). The emplacement age of the Han

bogd pluton is very similar to that of the North Mandakh granite (287+2Ma and 292.34 +/- 

0.50 Ma respectively; Fig. 4.20).

It is conceivable that porphyry mineralisation occurrences will be found in association 

with Group 3 bodies, although none have been reported as yet from Mongolia. Such depos

its are likely to be of the classic (stock related) type defined by McMillan and Pantaleyev 

(1988; associated with post-orogenic stocks intruding unrelated host rocks). The substantial 

outcrop area of the Group 3 intrusions (specifically the North Mandakh granite) and the 

Hanbogd pluton, suggests that the upper levels of these plutons have been removed by ero

sion, and so mineralised volumes may have been lost.

To the south of the belt, mineralisation (and therefore emplacement) at Oyu Tolgoi and 

Tsgaan Suvarga took place earlier than the emplacement ages for Group 1. The ages avail

able in the literature for these deposits are largely based on K/Ar and Ar/Ar techniques, and 

so must be treated with caution, although the Re/Os date from Tsagaan Suvarga should be 

more reliable, and confers relatively well with the Ar/Ar age from the same deposit 

(Rundle, 1981; Watanabe and Stein, 2000; Stein et al., 2000; Selby et al., 2002). The locus 

of emplacement of mineralised bodies appears, in the first instance, to have moved north 

with time. However, this does not take into account tectonic models that suggest parts of the 

arc have moved dextrally along the arc front (§engor and Natal'in, 1996; Badarch et al., 

2002). If these models are correct, crust that hosts Tsagaan Suvarga and Oyu Tolgoi origi

nally formed as a contiguous section of arc, along-strike to the east of the Oyut Ulaan- 

Shuteen belt, and moved laterally to the west via dextral strike-slip faulting. Whilst this 

movement is poorly constrained in time and space, it is generally regarded as Devonian-
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Carboniferous by Badarch et al. (2002) and early Carboniferous by §engor and Natal'in 

(1996). If the dextral translation occurred at an earlier time (prior to the 411+3 Ma Oyu Tol

goi age; Perello et al., 2001), the arc segments could have been in their present-day position 

prior to emplacement of any of the region’s mineralised intrusions, and a northward- 

movement of the magmatic arc with time would be a viable interpretation. However, it 

seems unlikely that the arc segments assumed their current juxtaposition so early. Evidence 

for dextral transtension only occurs in the andesite dykes of the Oyut Ulaan Intrusive Com

plex, and this event now has a well-constrained 327.86 +/- 0.44 date. Whilst this date consti

tutes neither a minimum or maximum age for dextral motion, it does suggest that a dextral 

transtensional stress field was in place during the Mid-Carboniferous, and that the only ob

servable evidence for this (in the Saykhandulaan inlier) post-dates the emplacement o f the 

Group 1 monzonitic-quartz-monzonitic suite. This further supports the notion of progres

sively southwards-directed accretion in southeast Mongolia by removing its counter argu

ment (i.e. the apparent northward younging of volcanic and intrusive lithologies).
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5.1 The Saykhandulaan inlier

The Saykhandulaan inlier contains evidence for a wide range of depositional 

environments, magmatic episodes and deformation events. North-south transects across the 

inlier reveal that rock types can be logically subdivided into five lithotectonic domains. The 

analysis of lithologies and structures in these domains elucidates the large-scale evolution of 

the crust in the upper Palaeozoic. However, the domains are fault-bound and the exact 

relationships between domains are poorly constrained.

On a large scale, across the whole inlier from north to south, the original depositional 

environment changes from siliciclastic deep turbiditic-basin sedimentation to a terrestrial 

volcanic and fluvial environment, whereas the sedimentary provenance changes from a 

cratonal source in the north, to a dissected arc, with a further change to an un-dissected arc in 

the youngest Molasse Succession. Deformation and metamorphism generally are more 

intense in the north than the south, but reach a peak at the Saykhandulaan Valley Lineament 

Zone.

The four-dimensional development of the Saykhandulaan inlier began with sediment, 

eroded from a cratonal terrane probably to the north, being deposited in a basin, that would 

later become the Northern Slate Belt. In the south, volcanic arc lithologies were also being 

eroded. The protolith to the High Strain Belt, and the coarse conglomerates in the Oyut 

Ulaan Volcanic Group were both derived from uplifted arc segments. The protolith to the 

High Strain Belt likely formed distally from the eroding arc, as the HSB is predominantly 

composed of meta-psammites and pelites with turbiditic grading. The HSB is interpreted to 

represent deep levels of the southern, arc-dominated margin of the back arc basin, and to 

have been exhumed by thrusting along the Saykhandulaan Valley Lineament Zone. This 

also explains the sharp break in lithologies at the SVLZ, and the change in provenance.

Two phases of Palaeozoic ductile deformation are recorded in the inlier. The first 

resulted in ENE-WNW orientated largely upright folds in the Northern Slate Belt and High 

Strain Belts. The second deformation resulted in E-W orientated folds in the Oyut Ulaan 

Volcanic Group, and the Molasse Succession, and is interpreted to have tightened and 

modified earlier structures, and to have folded pre-existing cleavage in the Northern Slate 

Belt. The first deformation is interpreted to have occurred during back-arc basin inversion 

as a response to changing subduction-zone stresses to the south of the area, whereas the
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second is interpreted to be related to final closure of the Palaeo-Asian Ocean along the 

Solonker Suture to the south.

The inlier appears to have been tilted, with deeper stratigraphic levels generally 

exposed in the east (Fig. 5.1); The most metamorphosed parts of the Northern Slate Belt and 

the High Strain Belt occur in the east; the deepest parts of the Oyut Ulaan Volcanic Group 

also crops-out in the east, where it is intruded by the Oyut Ulaan intrusive complex; the 

unconformable contact at the base of the Molasse sucession with the High Strain Belt, 

defines the eastern margin of the Molasse succession out-crop area. This tilting may be due 

to crustal extension associated with Jurassic-Cretaceous rifting (Graham et al., 2001), on 

normal faults running N-S or NW-SE, parallel to the western edge of the inlier, and the 

eastern edge of the Northern Slate Belt (Fig. 5.1). The westward plunge o f folds in the inlier 

exposes stratigraphic variation within individual domains, and so comparison of eastern and 

western areas gives a more detailed view of the changing palaeo-environment within each 

domain, e.g. the evolving volcanic environment that formed the OUVG.

Mesozoic sediments 
appear to on-lap the 
basement rocks m the west

The eastern boundary of 
the intrusion is sharply 
defined and appears to 
be marked by normal faults 10km

"i interpreted flow direction 
t  of Cretaceous lavas

Shallower levels]

I zone of intense 
deformation and 

i folded cleavage

E Saykhandulaan

Intrusions crop-out in 
the east

Major strike-slip fault 

Major thrust fault

Thickest sections of molasse ,n w e s tW 0 ^ ' U,aan '*>tea"'c GrH  
a— »a— youngs to west__________ I

Normal fault

\  Fault of unknown throw

Fig. 5.1 Landsat satellite image showing the Saykhandulaan inlier, annotated with features that show west
ward down-tilt o f  whole inlier.

5.2 The evolving volcano-sedimentary environment

The Oyut Ulaan Volcanic Group records a predominantly andesitic, subduction-related 

volcanic arc environment, active between 330-323 Ma. The OUVG appears to represent a 

co-magmatic eruptive sequence to the Oyut Ulaan intrusive complex. Clear lithological,
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geochemical, and geochronological associations suggest that the late-stage andesite dykes of 

the Oyut Ulaan intrusive complex fed parts of the OUVG (Fig. 3.4 e, 4.6 a and 4.12). 

Increasing effusion rates, changing magma chemistry and the preservation of a thick 

volcanic sequence suggest increased arc extension during OUVG volcanism. Rhyolitic units 

o f the uppermost formation have an A-type signature, but the timing of these units 

significantly predates the Permian ages of the post-orogenic granites and A-type syenites of 

the Mandakh inlier and elsewhere (Figs. 3.19 and 4.20). The changing geochemical 

signature o f the OUVG may be the earliest evidence of a transition from volcanic-arc to A- 

type post-collision magmatism in south east Mongolia.

5.3 Terrane models

The terrane model of Badarch et al. (2002) is the most detailed available. The areas 

studied here span three o f the terranes described in this model, the Gobi Altai back-arc/fore- 

arc basin terrane in the north and the Mandalovoo and Gurvansayhan island arc terranes to 

the south (Figs. 1.1 & 5.2). In Chapter 2, the boundary between the Gobi Altai and 

Mandalovoo terranes was identified in the Saykhandulaan Valley Lineament Zone. The 

boundary between the Mandalovoo terrane and the Gurvansayhan terrane does not cut the 

Saykhandulaan inlier. The terrane map of Badarch et al. (2002) shows it to the south of the 

inlier, and cutting the Mandakh inlier to the west (Fig. 5.2). In the Mandakh inlier, the 

boundary divides the northern areas, which are dominated by granitoid out-crops, from the 

southern areas, which are predominantly country rock, with some small intrusions (Shuteen 

and Bronze Fox).

5.3.1 Gobi Altai and Mandalovoo terrane boundary.

The boundary between the Gobi-Altai back-arc basin terrane, and the Mandalovoo 

island arc terrane is important, because it marks the northern limit o f Altaid volcanic-arc 

lithologies in southeast Mongolia (Figs. 1.1 and 5.2). The structural and tectonic 

significance of this boundary, as it is expressed in the SVLZ, has not previously been 

documented. The SVLZ is interpreted to have first formed when a compressive event, 

possibly related to the accretion of an arc terrane at the subduction zone to the south during 

one stage of the closure of the Palaeoasian Ocean (Fig. 2.1), caused the overthrusting of 

lithologies of the HSB over those of the NSB (Fig. 2.21). The reason for the exact location 

of the boundary is unclear, and it is difficult to estimate the volume of ‘lost strata’ that might
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Fig. 5.2 Landsat Satellite image showing the southeast Gobi region with the inliers studied here marked, 
and the terrane model o f  Badarch et al. 2002 superimposed as (thick white lines).

have existed between the NSB and the HSB. The existence of volcanic ‘slivers’ within the 

SVLZ suggests that a sequence o f volcanics became entrained in the thrust-zone. The status 

o f  the SVLZ as a major crustal fault zone is further confirmed by the focussing of 

subsequent deformation and dyke emplacement within the zone. Oblique shear zones crop 

out at the surface with silicified, striated slip surfaces, suggesting that oblique-slip 

movements (with a strong strike slip component; Figs. 2.19 and 2.20) took place along the 

zone, some time after initial north-directed thrusting. Basalt dykes run parallel within the 

zone, and the lobate outcrop expression of the Cretaceous lavas that unconformably overlie 

basement rocks suggest that they flowed to the north, away from the SVLZ (Fig. 5.1). This 

implies that the SVLZ provided a crustal conduit for these lavas. Finally, at the southern 

margin of the SVLZ, in the far east comer of the inlier, greenschist-grade conglomerates of 

the HSB are thrust over unconsolidated sediments, suggesting Cenozoic reactivation (Fig. 

2.19).

5.3.2 Mandalovoo and Gurvansayhan terrane boundary

The tectonic relationship between the Mandalovoo and Gurvansayhan terranes should 

be of particular interest to mineral explorationists, because the Gurvansayhan terrane 

contains both the Oyu Tolgoi Au-Cu porphyry and the Tsagaan Suvarga Cu-Mo porphyry.
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The two terranes are thought to have been previously along-strike components of the same 

island arc, and then during Devonian-Carboniferous times, the Gurvansayhan terrane moved 

southwest to its current location, via dextral shear along the arc (Badarch et al., 2002).

This study calls into question the positioning of the terrane boundary between the 

Mandalovoo and Gurvansayhan terranes. Members o f the Group 1 intrusions crop-out on 

either side of the lineament (as it is currenly positioned; Figs. 5.2 and 5.3). Furthermore, the 

boundary divides the Bronze Fox intrusion (south of the line) from the Narin Hudag 

monzonite (north of the line), which share the closest age association of all the intrusions 

dated here. There are three possible explanations for this; (1) the compositional and 

chronological association between the intrusions is coincidental; they formed distally from 

each other and were brought into their current juxtaposition via the dextral movement of the 

Gurvansayhan terrane; (2) by the time that the Group 1 intrusions were emplaced the 

terranes were at, or near, their current position; (3) the boundary between the Mandalovoo 

and Gurvansayhan terranes is too far north, as it is previously defined (Badarch et al. 2002; 

Fig. 5.2 and 5.4). The third option appears to be the most likely here; the boundary between 

the Gurvansayhan and Mandalovoo terranes, along which an arc segment is supposed to 

have migrated (Fig. 2.1), is marked, in the Mandakh inlier, by the southerly margin of the 

large area of granite outcrop, a boundary that appears to be largely intrusive in nature (Fig. 

5.2). By comparison, the Gobi Altai-Mandalovoo boundary, as exposed in the 

Saykkhandulaan inlier (Figs. 2.6 and 5.1), is a multiply reactivated belt o f deformation, 

alteration and metamorphism (Figs. 2.19 and 2.20), and yet, in previously-published terrane 

models, no major Palaeozoic strike-slip motion has been suggested for this boundary.

Whilst explanation (1) appears far-fetched, and is contradicted by the available 

evidence, explanations (2) and (3) are not denied by the available evidence and neither need 

they be mutually exclusive. It is plausible that the correct position of the boundary is to the 

south beneath basin fill and  the dextral movement of the Gurvansayhan terrane took place 

along this boundary. This scenario seems to be further supported by the post-mineralisation 

monzonite dykes at Tsagaan Suvarga, which are of a reasonably similar age and composition 

to be considered part of the Group 1 Carboniferous monzonite association that occurs to the 

north.

In Badarch et al. (2002), the text states that the Mandalovoo terrane contains only 

Devonian plutons, however, stratigraphic columns for the whole terrane show a

Fig. 5.3 (next page) Three satellite image maps to show the time periods o f  emplacement o f  different groups 
o f intrusions a) the Porphyry deposits o f  the Gurvansayhan terrane, b) the Group 1 monzonite association o f  
this study, c) the post-orogenic granitoids.
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Fig. 5.4 Proposed new path o f  the Mandalovoo-Gurvansayhan boundary.

granodioritic-tonalitic magmatic phase from 400-355 Ma and two granitic phases, between 

315-300 Ma and 270-290 Ma with no absolute age data to support these assertions. The 

Group 1 monzonitic suite of this study does not fit in with any of these postulated intrusive 

episodes. It is suggested, in light of the new absolute age data presented here, that the 

Mandalovoo terrane definition is wrong, and that a clear distinguishing feature, and along- 

strike characteristic of the terrane is the existance of mid-Carboniferous monzonitic plutons.

5.3.3 Mineralisation: How do the Gurvansayhan and Mandalovoo terranes compare?

Major porphyry mineral deposits have been found in the Gurvansayhan terrane, yet 

nothing on a similar scale has so far been discovered in the Mandalovoo terrane. What is the 

key difference between the two areas? Those intrusions that have been dated in the 

Gurvansayhan terrane have Devonian ages, whereas all the intrusions dated in this study 

were emplaced during the mid-upper Carboniferous. Oyu Tolgoi is the oldest dated 

intrusive body in the region, and is interpreted as having formed during early arc-evolution 

in the upper-Silurian to Devonian, whereas Tsagaan Suvarga formed later in a mature arc 

setting in the upper Devonian (Lamb and Cox, 1998; Perello et al., 2001), suggesting that the 

age of formation relative to arc maturity is not a controlling factor. Syn-mineralisation 

telescoping enhanced the mineralisation at Oyu Tolgoi, and is interpreted to have been
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caused by uplift at the Silurian-Devonian boundary, whilst intra- and late-mineral intrusions 

provided a heat source for hydrothermal fluid circulation during this time (Perello et al., 

2001). The main mineralised features at Oyut Ulaan are associated with late-stage andesite 

dykes and tourmaline breccia pipes, and evidence for uplift occurs in the plutonic-clast 

bearing voluminous conglomerates within the co-magmatic volcanic section. This uplift 

appears to be approximately contemporaneous with the emplacement of Oyut Ulaan into 

underlying parts o f the volcanic stratigraphy.

An essential difference between Oyut Tolgoi and Ouyt Ulaan could be the number of 

concurrent and subsequent magmatic episodes, which provided the heat for hydrothermal 

fluid circulation during uplift-related telescoping of the mineralisation. At Oyu Tolgoi there 

are multiple phases of inter- and late-mineral dyke intrusions, whereas, at Oyut Ulaan there 

are only three phases of dyke activity, and the first two of these are relatively minor. 

Mineralised features at Oyut Ulaan are spatially associated with the latest stage o f dyke 

activity and tourmaline breccia pipes, and there are no younger local intrusions.

5.4 Granite magmatism

Jahn et al. (2001) give an overview of granitoids within the Central Asian Orogenic 

Belt. They divide the CAOB into two gigantic granitic belts, (1) a northern belt from N 

Mongolia to Transbaikalia, and (2) a southern belt from Kazakhstan, Xinjiang and Southern 

Mongolia to NE China. The intrusions in southeast Mongolia are situated in the southern 

belt. Jahn et al. (2001) note a younging-to-the-south trend in the granites o f the CAOB. 

However, one of the interesting features of southeast Mongolia is the juxtaposition of older 

intrusions to the south (Oyu Tolgoi and Tsagaan Suvarga) and younger intrusions to the 

north (Group 1). This has been explained by along strike re-arrangement of the arc, and it 

shows that greater detail and complexity occurs within the southeast Gobi region, than can 

be described by generalised CAOB trends.

Granites with an A-type post-collision signatures, and very similar ages to the North 

Mandakh granite and Hanbogd Plutons (Fig. 5.3), have been documented from as far-afield 

as west Junngar, Xinjiang Province, China and Transbaikalia, Russia. (Fig. 1.2; Zhou et al., 

2006; Litvinovsky et al., 2002). This illustrates the change in tectonic environment from a 

subduction related along-strike intrusive belt, active in the mid-Carboniferous, to a whole- 

CAOB post-collisional A-type event in the early Permian.
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The geochemical signature and age of the granites studied here correspond closely 

with that of granites which crop out in northeast China, (Fig. 5.5; Zhu et al., 2001; Wu et al., 

2002; Wu et al., 2003) and it is likely that they formed during similar regional tectonic 

processes. Indeed, the arc terranes in southern Mongolia may be traceable into NE China, 

with a greater level of accuracy than has thus far been accomplished, by the large-scale 

comparison of granite chemistry, emplacement timing and volcanic host rocks across the 

region. This has clear implications for mineral exploration in the region, as the along-strike 

continuation of the Carboniferous volcanic-arc is likely to be prospective for mineralisation.
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5.5 Conclusions

The Saykhandulaan inlier is a key area o f Palaeozoic basement outcrop, within a 

region in which the basement is mostly obscured by Mesozoic basins. It records the 

geological evolution of part of the Palaeo-Asian Ocean’s northern margin.

The Devonian - Early Carboniferous palaeo-environment consisted of basin 

sedimentation in a back-arc environment supplied by a cratonal source in the north, and an 

eroding volcanic arc in the south.

The mid-Carboniferous palaeo-environment consisted of subduction-related 

volcanism, and terrestrial to shallow-marine sedimentation.

The Saykhandulaan Valley Lineament Zone constitutes part o f an important boundary 

in south Mongolia, dividing cratonal-dominated terranes to the north from volcanic arcs and 

accretion related terranes to the south.

The Saykhandulaan Valley Lineament Zone has acted as a corridor o f repeated 

structural reactivation indicating strike-slip displacements, extensional faulting and 

thrusting.

Monzonitic intrusions of the region represent subduction related magmatism in the 

mid-Carboniferous, and show close age and compositional associations within a 180 km 

long belt.

Granitic and syenitic intrusions of the region document a post-collisional tectonic 

environment, and show close age and chemical similarities to post collisional granitoids 

from across the Central Asian Orogenic Belt.
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5.6 Recommendations for future work

This project represents an island of detailed work in an unstudied frontier region. Only 

through further detailed work in adjacent areas will the terrane boundaries, regional 

structure, magmatic events and mineralisation setting of the region be fully understood. 

Specifically, a similar geological survey of the neighbouring Mandakh inlier would provide 

many points of comparison with this study, and build on information presented here.

Within the Saykhandulaan inlier, pressure-temperature work and mica dating would 

help establish and date the metamorphic and deformation histories of the Nothem Slate Belt 

and the High Strain Belt. Isotope age data from the volcanic lithologies in the SVLZ is also 

desirable, to compare its age with the surrounding lithotectonic domains and the OUVG to 

the south. A full and detailed sedimentological survey and mapping of the molasse 

succession would more effectively document the Permian palaeo-environment.

Post-Palaeozoic lithologies and events have been touched on here, but there is scope 

for more work, especially in the basin to the northeast, which includes several basalt lava 

sequences and unconsolidated sediments. Badland topography and drainage channels 

expose the stratigraphy of the unconsolidated sediments, and detailed sedimentological 

analysis would elucidate not only the depositional environment, but also periods o f tectonic 

activity.
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Sam ple num ber BFD002F BFD024B BFD024C BFD024D 51.1A 5 1 .1A 51.2B 51.4A
Bead LF25998 LF25993 LF25995 LF26000 LF25623 LF25624 LF25640 LF25633

field area Bronze Fox Bronze Fox Bronze Fox Bronze Fox Mandakh Mandakh Mandakh Mandakh

formation n/a __________n/a___________ n/a___________ n/a___________ n/a________  n/a n/a n/a
Si02 61.97 56.84 59.43 66.67 76.74 77.57 78.75 66.49
Ti02 0.52 0.77 0.64 0.40 0.10 0.11 0.11 0.62

AI203 15.03 16.72 15.48 14.55 12.54 12.71 12.25 16.10
Fe203 5.37 7.50 5.78 3.74 0.60 0.57 0.43 2.58
MnO 0.08 0.12 0.09 0.03 0.04 0.04 0.00 0.1 o'
MgO 2.51 3.43 2.76 1.66 0.12 0.10 0.08 0.25’
CaO 3.54 5.38 4.49 2.24 0.42 0.41 0.40................ 0.62
Na20 4 66 4.55 5.19 4.39 4.27 4.23 4.09 6.19
K20 3.61 2.26 3.33 4.68 4.69 4.65 4.53 " 7.53

P205 0 18 0 22 024 0.13 0.02 0.02 0.03' 0 09
S03 029 0.24 0.89 0.96 0.01 0.02 0.03 0.05
LOI 1 97 1 97 2.47 1.25 O'33 0.47 0.25 0.23
As 19 70 10.28 14.75 2 77 8.22 6.68 116.04 3.50
Ba 885.98 533.89 553.30 654 82 66.66 87.09 67.32 168.71
Ce 36.45 35.41 42.37 29 65 40.89 35.76 15.26 54.76
Co 17.08 25.20 20.54 12.90 0.07 n/a n/a 3.12
Cr 65.07 176.25 140.16 123.02 4.89 4.31 4.74 n/a
Cs 2.85 0.42 n/a 3.39 0.36 3.96 2.81 4.99
Cu 116.47 161.87 1930.64 4694.96 n/a n/a n/a n/a
Ga 1822 21.69 19.79 19.20 15.17 15.75 13.85 21.98
La 15.31 11.23 17.79 15.27 1899 19.98 9.56 19.61
Mo 1.63 4.75 1.86 1.39 1.91 0.85 0.74 1.39
Nb 370 3.77 8.00 338 14.36 14.82 15.69 9.21
Nd 18.07 12.84 23.07 13.03 8.43 9.16 4.46 29.09
Ni 16.52 15.98 17.34 8.52 4.10 363 5 74 3.94
Pb 535 6 14 3.41 4.55 20.81 20.22 16.58 6.94
Rb 75.07 53 17 71.30 93.55 144.12 141,87 138.91: 71.58
Sc 17.20 20 76 17.45 10.08 n/a 9.94 3.14 5.77
Sr 884,88 1048.24 479.77 646.02 26.03 23.65 29.84 21.61
Th 14 33 9.34 10.06 14.73 25.88 26.25 24.41 8.25
U 3.34 0.66 0.49 4.10 n/a 1.40 n/a 2.02
V 145.10 225.60 169.79 110.52 6.42 1.62 4.09 5.83
Y 18 50 16.78 17.93 11.86 7.32 8.24 4.20 33.77

Zn 35.38 76.57 51.71 33.62 14.76 15.69 6.80 40.37
Zr 150.17 100.90 137.02 159.70 80.52 80.64 65.36 489.34

Total 99. 98.04 100.79 l66.>1 66.65 100.43 100.70 100.84

Sample number 54.20A 54 3A 54.6A 55 12A 55.13A 55.14A 55.17A 55.18A
Bead LF25094 LF25057 LF25063 LF25083 LF25472 LF25086 LF25068 LF25055

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG
Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin

formation Hondiy Hondiy Hondiy Hondiy Hondiy Hondiy Hondiy Hondiy
Si02 56.77 58.07 61.15 55.18 54.61 56.73 55.49 53.13
Ti02 075 0.65 0.66 0.92 0.73 0.82 0.56 0.68

AI203 18.45 16.89 16.10 17 68 17.75 16.74 17.13; 17 44
Fe203 5.90 5.99 5.03 7.44 8.65 7.09 7.13 9.13
MnO 0.09 0.09 0.07 0.12 0.18 0.18 0.12 0.13
MgO 1.99 293 2.53 2.80 2.17. 2.95 3.10 2.96:
CaO 3.56 4.82 2.12 6.21 2.81 3.33 6.82 4.44
Na20 7.44 4.69 7.53 4.92 9.53 8.10 4.76 5.69
K20 2.36 3 02 1.10 2.99 0.18 0.84 2.02 2.63

P205 0.33 0.29 0.27 033 0.62 0.31 0.32 0.21
S03 004 0.08 0.07 0.02 0.04 0.03 0.04 0.02
LOI 2.80 1.50 3.24 1.87 2.59 3.47 1.53 2.58
As 557 6.15 7.41 6.05 10.61 8.34 10.13 27.22
Ba 677.95 1027.70 524.03 950.74 63 18 323.62 719.16 713 44
Ce 34 81 30.35 30.02 46.46 70.47 47.73 47.24 79.85
Co 1860 18.28 14.60 20.65 26.75 22.86 22.65 33.58
Cr n/a 70.00 55.94 18.32 n/a 87.28 2454 51.06
Cs 2.49 n/a n/a 3.54 6.21 n/a n/a 2.54
Cu 94.30 118.21 43.61 191.79 169.19 111.20 128.71 36.22
Ga 17.83 21.69 17.84 21.31 17.67 16.43 21.16 24.35
La 14,04 13.49 14.06 16.82 29.04 18.56 21.01 20.63
Mo 1.30 2.13 1.28 2.12; 1.88 1.69 2.23 1.05
Nb 202 3.45 3.56 3.08 12.55 2.72 4.77 4.00
Nd 14.46 17.24 15.57 21.73 33.34 18.15 25.72 25.19
Ni 3.98 10.54 5.52 1.53 n/a 5.87 4.81 10.73
Pb 11.35 6.11 9.37 8.74 7.23 8.95 10.48 12.96
Rb 39.26 45.44 14.80 50.76 1.82 14.23 42.37 55.01
Sc 21.64 16.10 15.92 15.02 12.57 14.74 17.19 17.46
Sr 1541.07 1187.51 781.80 1228 83 277.14 858.04 1178.72 997.39
Th 2.99 304 5.71 11.30 7 29 6.10 6.87 8.15
U 0.12 n/a 1.20 2.87 n/a 2.43 2.65 3.30
V 208.72 180.05 168.92 221.91 159.77 180.61 194.71 249.09
Y 9.64 11.42 13.56 15.21 20.55 14.39 19.23 17.39
Zn 53.79 60 59 58 55 68.16 98.57 78.15 73.38 92.83
Zr 102.47 122.54 143.45 143 27 128.17 153.12 181.11 162:97

Total 100.47 99.00 6 98? 160.46 99.84 160.59 99.61 (O (D O -fck
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Sam ple number 51.4B 51.5A 51 6A 51.7A 11/08_2 17/08_6 78.3A JBSP001 JBSP003
Bead LF25642 LF25684 LF25632 LF25641 LF22797 LF22796 LF25986 LF25647 LF25649

Mesozoic Mesozoic Molasse 
field area Mandakh Mandakh Mandakh Mandakh basalts basalts Sucession Dyke Narin Hudag i Narin Hudag

formation n/a___________ n/a___________ n/a___________ n/a___________ n/a___________ n/a___________ n/a___________ n/a___________ n/a
SI02 78.71 64.78 77.69 76.35 55.25 51.24 57.83 72.68 73.72
Ti02 0.10 0.53 0.10 0.09 2.22 2.74 1.43 0.23 0.19

AI203 12.38 15.65 12.27 12.05 14.28 14.09 16.69 14.09 14.50
Fe203 0.69 2.71 0.57 0.71 9.16 10.31 6.69 1.86 1.63
MnO 0.05 0.11 0.05 0.07 0.14 0.16 0.10 0.02 0.04
MgO 0.07 0.28 0.06 0.08 3.00 3.16 2.32 0.30 0.42
CaO 0.32 0.75 0.38 0.26 5 78 7.80 1.90 0.51 1 36
Na20 4.58 6.23 4.84 4.32 3.47 3.98 5.96 5.15 4 21
K20 4.27 7 94 4.53 4 64 2.78 2.34 3.75 4.73 4.73
P205 0.01 0.18 0.09 0.01 1.17 1.67 0.64 0.07 0.13
S03 0.02 003 0.05 0.03 0.03 0.08 0.04 003 0.02
LOI 0.17 031 0.16 0.20 2.73 2.38 260 0.68 0.52
As 0.44 1 62 0.88 376.71 7.22 n/a 0.02 0.80 1.68
Ba 8.51 235.35 14.30 13.92 782.57 1210.50 677.46 855.89 919.08
Ce 41.48 75.74 51.31 50.16 90.02 204.07 65.86 28.32 42.55
Co 0.51 4.08 n/a n/a 8.41 28.52 23.53 3.19 1.92
Cr 8.47 69.33 10.27 14.95 8.07 0.47 123.96 0.29 n/a
Cs 2.21 437 n/a 2.42 4.13 0.75 2.37 0.57 5 37
Cu n/a n/a n/a 8.83 5.03 30.81 23.13 9.01 4.46
Ga 13.89 19.92 16.29 1675 22.18 23.61 19.06 15.24 17 19
La 24.48 34.11 15.43 17 88 37.72 96.16 26.83 15.65 22.46
Mo 1.18 3.10 2.04 1 36 369 2.40 1.06 1.64 0.72
Nb 9.19 7.86 948 11.79 14.17 3601 12 00 6.62 4.30
Nd 12.44 37.14 21.74 1743 41.16 95.20 34.58 13.55 16.85
Ni 3 72 2.76 3.34 4.62 n/a 5.51 8.09 3.62 3.20
Pb 14.87 11.19 15.29 19.16 12.04 26.97 8.17 19.94 19.81
Rb 108.17 65.77 107.49 139.76 82.52 99.47 53.12 113.41 122.23
Sc 3.86 10.96 8.58 5.22 5.13 17.12 19.75 n/a 6.94
Sr 3.62 30 50 5.37 6.13 80.87 708 58 267.49 211.69 281.91
Th 13.99 1262 15.76 19.44 15.58 14.23 5.41 17.39 18.61
U 2.51 1.57 n/a 1.13 3.52 1.19 1.60 5.02 3 32
V 4.27 6 16 3 15 8.99 13.67 152.29 167.65 24.07 23.90
Y 14.51 27.41 16.49 15.16 68.04 41.94 30.67 4.38 7.34
Zn 17.53 37 69 21.94 24.40 61.90 143.93 64.64 12.11 25.71
Zr 80.11 498 98 80.98 85.45 520.44 632.78 240.00 132.47 158.01

Total 101.19 994fe 100.79 98.61 100.01 99.96 99.96 100.35' 100.95

Sample number 55.18B 55.19A 55.19A 55.1 A 55.1B 55.1B 55.1B 55.1C 55.20A
Bead LF25464 LF25555 LF25556 LF25041 LF25105 LF25108 LF25109 LF25104 LF25091

field area OUVG OUVG 
Gurvan Morin Gurvan Morin 

formation Hondiy Hondiy

OUVG 
Gurvan Morin 
Hondiy

OUVG 
Gurvan Morin 
Hondiy

OUVG 
Gurvan Morin 
Hondiy

OUVG 
Gurvan Morin 
Hondiy

OUVG 
Gurvan Morin 
Hondiy

OUVG 
Gurvan Morin 
Hondiy

OUVG 
Gurvan Morin 
Hondiy

Si02 54,07 51.81 56.29 63.52 53.48 53.18 53 66 52.85 57.38
Ti02 0.92 0.69 0 57 0.59 0.89 0.76 0.89 0.77 0.96

AI203 18.38 20.38 17.81 16.72 17.15 17.18 17.19 17.29 15.87
Fe203 7.75 8.44 8.20 4.09 808 8.03 8.08 8.05 6.05
MnO 0.13 023 0.11 0.03 0.15 0.15 0.15 0.14 0.09
MgO 3.20 239 2.03 1.58 5.98 5.79 5.85 6.12 4.01
CaO 2.77 391 2.48 1.42 2.82 2.72 2.78 4.60 4 17
Na20 6.07 805 6.75 5.45 6.39 6 47 6.40 4.36 5.44
K20 4.29 078 3.61 352 0.75 0.72 0.75 1.16 2.27
P205 0.37 0.41 0.27 0.16 0.22 0.22 0.22 0.22 0.33
S03 0.03 0.06 0.03 0.24 0.05 0.04 0.05 0.22 0.05
LOI 2.01 3.02 1.81 2.25 4.38 4.38 4^36 3.38 2^5
As 16.01 21 88 6.31 38.47 53.64 55.13 51.54 11.43 24.31
Ba 1606.78 708.81 258.23 1798.76 365.31 342.93 348.51 573.91* 989.31
Ce 49.89 58.15 36.43 18.50 32.02 41 93 40.37 41.80 34.18
Co 25.30 25.92 26.99 11.19 26.67 25.51 26^89 28.95 22.43
Cr 0.85 20 11 8.93 867.78 337.37 311.96 337.86 36784 195 16
Cs 2.91 1.61 n/a 2.88 3.50 4.02 3.77 1.66 n/a
Cu 26.66 96.35 173.52 79.39 80.89 81.77 82.14 83.60 71.35
Ga 19.08 19.76 22.69 15.36 18.14 19.55 19.41 19.20 17.91
La 24.74 22 07 13.12 11.39 12.80 13.10 11.62 13.46 16.04
Mo 1.26 1.77 1.76 3.90 2.36 1.64 2.31 1.26 2.34
Nb 5.26 3.76 7.34 4.04 4.92 3.65 2.99 301 6.77
Nd 24.58 29.42 17.93 13.84 14.75 17.32 16.27 16.61 17.18
Ni 6.84 3.76 n/a 5.26 112.31 112 71 111.88 106.74 64.43
Pb 9.16 8.13 2.13 11.08 n/a 0 23 2.10 6.27 6.93
Rb 93.07 71.94 9.72 56.80 10.85 10.90 11.23 15.98 32.35
Sc 18.91 16 19 1746 16.19 31.43 17.37 21.36 26.62 14.02
Sr 957.48 91097 1021.51 1270.68 1062 66 1070.58 1068.13 1172.45 1277 62
Th 10.63 7.59 1.68 4.44 3.11 0.88 3.05 5.74 1.13
U 1.35 1.97 4.42 0.47 0.79 2.05 228 3.18 n/a
V 222.82 234.50 170.46 204.10 211.45 207.13 215.04 220.35 147.35
Y 19.66 25.58 23.83 12.94 13.06 13.41 14.55 14.88 14.24
Zn 87.16 75.76 88.61 32.29 72.53 73.78 75.74 64.65 69 33
Zr 191.31 177.83 104.78 123.33 81.61 102.85 93:07 87.78 160.99

Total 100.00 106.16 bb.bb 99.5t 100.33 S9.66 ibb.ib 99.14 98.88
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Sample number JBSP004 JBSP004 JBSP004 JBSP005 JBSP006 JBSP007 JBSP008
Bead LF26629 LF25630 LF25631 LF25648 LF25637 LF25652 LF25651

field area Narin Hudag Narin Hudag Narin Hudag Narin Hudag Narin Hudag Narin Hudag Narin Hudag

formation n/a___________ n/a___________ n/a___________ n/a___________ n/a___________ n/a n/a
Si02 73 02 73.96 72.45 70.89 75.80 66.15 64.24
Ti02 0.24 021 0.20 0.21 0.11 0.40 0.61

A1203 13.95 14.16 13.99 13.68 13.65 15.38 16.04
Fe203 1.51 1.52 1.55 1.58 0.91 3.53 4.05
MnO 0.04 0.04 0.04 0.05 0.03 0.06 0.08
MgO 0.38 0.36 0.37 0 35 0.19 2.20. 1.97.
CaO 068 0.66 0.67 1 10 0.84 3.23 2.50

Na20 4.51 4.57 4.15 4.50 4.19 4.94 4.93
K20 5.15 4.90 485 4.86 4.81 3.28 3.44

P205 0.08 0.07 0.08 0.10 0.06 0.21 0.23
SO 3 005 0.04 001 0.02 0.02 0.02 0.02
LOI 0.64 0.63 0.63 0.44 0.36 0.85 2.19
As 087 0.10 n/a 2.75 3.43 n/a 0.68
Ba 903 40 87337 875.56 859.50 608.27 620.32 932.35
Ce 29.04 23.78 33.36 34.50 60.37 15.54 22.12
Co 3.11 1.00 2.79 2.90 1.20 10.57 13.25
Cr 14.26 15.88 39.22 4.78 7.72 55.75 37.05
Cs 2.48 0.59 0.10 7.71 n/a n/a 3.10
Cu n/a n/a n/a 0.76 n/a 19.63 31.69
Ga 15.64 16.03 15.90 17.06 14.88 16.33 17.91
La 17.65 18.22 1465 18.57 21.35 12.63 13.84
Mo 1 57 1.26 1.45 0.41 2.58 1.88 2.26
Nb 633 6.93 5.03 6.03 642 5 18 3.72
Nd 14.99 13.74 17.27 15.32 27.70 8.38 7.12
NI n/a n/a 0.07 201 4.53 29.00 18.71
Pb 15.06 16.25 16.15 17.63 15.71 10.49 8.59
Rb 124 42 124 73 122.55 132.18 112.86’ 70.00 49.73
Sc 2.23 n/a 4.22 087 4.68 10.03 8.76
Sr 258 44 262.93 254 84 283 46 175.94 629.22 689.51
Th 16 24 17.91 15.55 18.24 23.42 5.25 7.47
U 1 00 0.63 n/a 3.04 3.05' 0.34 1.07'
V 23.62 24.64 21.20 19.70 11.26 77.39 93.47
Y 641 8.91 6.52 11.94 9.82 8.03 6.27

Zn 1961 18.56 19.00 20.34 6.02 33.90 50.20
Zr 157.16 152.46 152.64 160.35 98.94 95.05 82.22

Sample number 55 22A 55.3A 55.4A 55.6A 55.8A 55.8B 55.9A
Bead LF25675 LF25099 LF25092 LF25468 LF25053 LF25473 LF25465

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG
Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin

formation Hondiy_________ Hondiy________ Hondiy________ Hondiy_______ Hondiy_______ Hondiy________ Hondiy______
Si02 65.73 52.76 57.39 55.83 56.30 56.38 53.47
Ti02 0.35 0.83 0.74 0.71 0.66 0.79 1.07

AI203 16.43 16.80 17.92 17.77 17.50 17.73 19.91
Fe203 2.92 7.56 6.35 5.91 6.60 6.40 7.81
MnO 0.06 0 11 0.10 0.09 0.08 0.11 0.11
MgO 087 297 2.55 2 .46 2.64 2.79 2.69:
CaO 1.62 409 3.51 3.97 3.26 5.35 3.23
Na20 5.58 7.69 6.38 6.27 7.04 5.94 7.56
K20 4.50 0.72 2.72 2.72 1.94 2.09 1.78

P205 0 09 0.28 0.34 0.31 0.31 0.31 0.41
S03 003 0.03 0.08 0.01 0.03 0.02 002
LOI 1 30 5.05 2.20 3.01 2.47 2.25 2.39
As 883 2645 30.56 30.12 28.58 27.92 33.75
Ba 1861 71 325 61 740 33 659 72 790.20 602.47 774.03
Ce 2553 3928 41,67 40.35 38.27 36.07 62.15
Co 6.95 24.97 20.47 18.64 21.28 18.79 25.42
Cr 24.59 17.90 134.75 26.16 167.90 n/a 57.70
Cs 1.81 4.37 n/a n/a T88 n/a n/ai
Cu 17.84 121.10 85.76 93.55 99.90 87.64 160.32
Ga 16.80 20.96 21.49 21.51. 20.33 21.22 23 55;
La 15.67 12.91 16.21 18.09 14.54 13.84 21.53
Mo 1.10 1.76 2.49 1.21 2.23 1.22 0.96’
Nb 4.25 3.83 358 1.70 3.78 2.48 3.70
Nd 14.21 17.42 17.23 20.03 17.61 20.92 25.66
Ni 3.62 4.95 5.81 2.36 5.08 5.64 4.60
Pb 6.38 4.62 7.38 7.10 6 45 9.60 8.93
Rb 59.50 10.51 49.47 51.17 35.08 38.49 35.01
Sc 7.44 26.08 17.01 12.29 15.47 12.48 19.28
Sr 409.82 838.72 1591.24 1451.84 1182.09 1622.37 2024.03
Th 13.35 2.94 4.37 5 79 5.28 5.36 4.12
U 2.57 n/a n/a 0.50 1.74 3 62- 1.46’
V 47.40 126.02 227,62 207.03 211.22 200.79 234.06
Y 15.41 14.30 10.92 14.97 14.49 15.32 22.47

Zn 27.47 73.18 72.24 58.60 66.80 77.67 92.02
Zr 185.32 112.06 125.20 119.33 121.24 120.74 167.76

Total §9.47 100.27 66 6^ 98.85 100.17 100.46
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Sam ple num ber JBSP010 JBSP010 JBSP010 27/07_5 22/08_11 2 2 /0 8 J1  22/08_11 22/08_13
Bead LF25676 LF25677 LF25678 LF22804 LF22775 LF22f86 LF22789 LF22779

East
Sykhandulaan

field area Narin Hudag Narin Hudag Narin Hudag Intrusion Oyut Ulaan Oyut Ulaan Oyut Ulaan . Oyut Ulaan

formation n/a n/a n/a n/a n/a n/a n/a n/a
Si02 66.80 65.36 64.49 59.48 64.64 64.39 54.96 62.41
TI02 0.57 0.55 0.51 0.49 0.46 0A5 0.71 0.55

AI203 15.34 15.02 14.62 16.73 16.02 16.10 17.19 15 67
Fe203 4.26 4.20 4.27 4.97 4.55 4.56 7.34 5.64
MnO 0.08 0.07 0.08 0.12 0.09. 0.09 0.14 0.10
MgO 2.69 2.69 2.63 2.40 1.93* V96 3.91 3.06
CaO 3.75 3.70 3.30 5.42 2.83 2.86 5.08 3.69

Na20 4.71 466 5.04 5.50 4.43 4.57 5.00 4.69
K20 3.29 3.28 3.60 2.07 3.41 3.32 0.98 3.10

P205 0.20 0.20 0.20 0.28 0.21 0.20 0.24’ 0.19
S03 0.03 0.03 0.01 0.08 0.03 0.15 008 0.01
LOI 0.79 0.80 0.74 2.73 1.48 1.50 4.42 0.85
As 3.38 2.79 3.83 14.22 3.90 3.83 13.43 2.57
Ba 672.93 652 06 653.14 1041.18 832.51 276.74 372.42 882 15
Ce 27.36 34 45 3242 49.84 22.90 2302 15.63 22.30
Co 11.75 10.79 13.32 15.46 13.89 10.85 27.32 15.83
Cr 86.81 88.68 75.52 60.45 47.44 38.24 92.36 106.25
Cs n/a 4.15 4.42 n/a 2.84 n/a 0.90 n/a
Cu 34.61 36.82 36.10 23.12 211.18 22.90 51.86 131.63
Ga 16.61 1641 15.91 18.90 18.78 16.52 18.55 19.95
La 13 13 17.25 1654 27.72 14.04 14.49 5.24 11.88
Mo 2.14 1.82 1.63 0.14 2.26 0.66 n/a 1.35
Nb 4.64 5.41 326 9.42 3.46 4.96 0.76 3.03
Nd 11 43 14.96 11.14 27.95 12.97 17.22 8.26 14.66
NI 39.30 40.44 37 84 9.99 13.81 1.56 15.93 21.64
Pb 6.17 6.67 5.55 25.96 11.72 9.82 3.15 9.00
Rb 66.13 64.58 6627 46.44 72.04 17.24 17.52 64.63
Sc 13.55 8.74 12.62 15.05 9.57 5.59 24.41 16.26
Sr 624.23 612.34 620.68 447.58 765.49 456.12 491.57 798.52
Th 13.69 12.50 7.60 13.08 13.59 5.80 4.46 12.06
U 2.78 0 90 2.84 2.72 2.56 1.63 n/a 0.96
V 95.29 93.32 95.70 112.42 96.59 49.29 202.54 138.23
Y 7.46 10.10 7.47 16.93 9.11 26.67 22.57 13.03
Zn 33 05 32.61 33.70 86.53 43.23 76.21 69.87 47.27
Zr 98.32 107 52 112.27 165.77 127.89 120.97 76.06 102.91

Total 101 72 9b.76 99.47 100.27 100.07 100.15 100.04 99.94

Sample number 3/08_6 55.24B 56.2A 91.2A 91.3A 91.3B 91.4C 91.4D
Bead LF22772 LF25567 LF25557 LF25469 LF25477 LF25554 LF25553 LF25064

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG 

formation TsagaanNuruu Tsagaan Nuruu Tsagaan Nuruu TsagaanNuruu Tsagaan Nuruu Tsagaan Nuruu TsagaanNuruu Tsagaan Nuruu
SI02 64.01 7241 74.24 69.98 60.30 50.89 74.73 52.80
Ti02 0.72 0.28 0.24 0.24 1.59 1 97 0.18 1.57

AI203 16.96 13.20 11 88 11.81 14.82 17.25 12.47 16.21
Fe203 2.89 3.67 3.84 3.21 8.27 11.36 3.23 9.82
MnO 0.04 0.11 0.06 0.09 0.16 0.28 0.03 0.15
MgO 1.54 0.07 0 11 0.19 1.48 2.34 0 12 1 64
CaO 2,83 0.34 0.32 3.02 2.51 3.40 0.29 3.14

Na20 4.52 5.75 391 3.93 5.46 6.97 4.35 7.41
K20 2.39 2.94 4.70 3.22 2.02 0.36 2.81 1.29

P205 0.33 0.03 0.04 0.01 0.60 0.77 0.06 0.77
S03 002 0.10 0.04 0.08 0.08 0.02 0.03 0.07
LOI 3.43 1.55 1.31 3.64 3.03 3.50 1.46 4.44
As 6.01 62.37 24.86 15.36 146.02 38.54 8.32 15.37
Ba 1000.39 466.60 165.10 199.31 921.01 181.64 145.14 716.78
Ce 34.26 143.78 190.43 140.22 63.80 80.74 151.39 80.04
Co 9.83 8.08 7.23 6.37 21.36 39.01 6.82 25.95
Cr 85.50 0.88 14.19 12.84 6.23 61.53 12.60 36.18
Cs 0.26 5.32 4.67 3.17 4.10 5.64 3’81 n/a
Cu 30.96 n/a 4.03 0.69 17.39 102.16 n/a 48.18
Ga 17.43 26.72 27.88 23.79 21.44 23.14 27.69 24.40
La 21.41 56.36 68 98 62.53 25.21 30.13 58.50 29.58
Mo 1.63 3.65 3.95 2.72 2.24 2.66 2.79 2.13
Nb 6.43 21.45 27.12 26.33 11.69 9.83 22.89 15.28
Nd 21.24 74 28 87.72 7306 36.61 40 65 71.79 43.69
Ni 34.73 n/a n/a n/a n/a 32.32 n/a n/a
Pb 10.10 15.77 32.68 12.71 18.80 5.03 19.93 11.72
Rb 43.35 42.42 109.06 63.52 27.09 7.66 61.54; 16.92
Sc 9.19 3.68 1.59 8.40 19.10 30.98 2.32 21.45
Sr 1038.80 76.89 33.64 133.58 303.95 654.84 26.31 326.81
Th 7.39 15.61 17.96 12.62 7.52 4.49 14.88 7.56
U 0.63 5.09 4.87 3.76 1.80 1.92 2.18 4.12
V 93.04 4.18 7.09 3.01 90.15 266.68 3.40 97.14
Y 9.81 116.83 141.28 115.64 61.82 58.39 117.79 66.17

Zn 38.23 101.47 159.93 109.25 112.76 156.56 99.88 121.45
Zr 89.84 958.15 1169.38 1031.23 460.07 330.84 1095.56 547.39

Total 99.68 100 45 ibb.bb 99.42 100.33 b9.12 99.75 99.32
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Sam ple number 22/08_13 2 2 /0 8 J3  22/08_15 22/08_15 22/08_15 22/08_9 22/08_9
Bead LF22782 LF22783 LF22776 LF22777 LF22780 LF22T71 LF22773

field area Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan

formation n/a n/a n/a n/a n/a n/a n/a
Si02 64.66 64.09 63.54 63 92 63.89 64.74 65.04
Ti02 0.50 0.43 0.59 0.59 0.57 0.45 0.47

AI203 14.99 15.46 1663 16.93 16.66 16.03 15.81
Fe203 4.56 3.81 4.01 3.67 3.58 3.93 4.18
MnO 007 006 0.06 0.05 0.05 0.05 0.06
MgO 2.37 1 96 2.38 2.26 2.34 1.98 2.15
CaO 3.34 3.23 397 3.98 3.95 3.07 3.15:

Na20 4 18 4.42 5.30 5.50 5.36 4 65 4.57
K20 3.60 3 56 3.17 3.06 3.16 3.36 3.25

P205 0.19 0 16 0.23 0.23 0.23 0.22 022
S03 002 0.02 0.02 0.01 o'oi 0.02 0.02
LOI 0.72 0.68 048 0.46 0.51 090 0.86,
As 2.84 1.29 11.94 11.81 12.13 620 5.36
Ba 931.70 975.21 974.46 959.75 1001.52 868.88 838.36
Ce 19.73 14.78 19.90 22.21 28.93 14.62 21.46
Co 12.87 9.61 9.29 8.82 7.55 11.59 10.34
Cr 32.50 38.30 24.66 32.19 33.47 29.24 24.91
Cs n/a 1.08 n/a 1.82 2.46 n/a 4.85
Cu 114.20 92.99 176.23 195.06 222.31 140.08 145.67
Ga 17.94 18.45 21.31 20.51 20 56 19.61 19.96
La 12 49 13.77 17.59 15.36 19.20 13.49 12.73
Mo 1 27 1.48 2.18 2.55 2.61 1.05 1.19
Nb 3.33 3.11 256 2.26 2.29 3.41 2.78
Nd 13 71 11.62 1503 14.11 16.01 12.43 15.02
Ni 16 94 11.34 14.49 11.03 12.69 14.02 13.69
Pb 8.09 8 40 10.36 9.28 7.66 3.85 5.83
Rb 67.47 67.28 48.58 49.43 50.52 69.08 66.57
Sc 8.93 10.06 11.86 12.35 10.66 10.92 12.01
Sr 756.20 823.05 1048.36 1045.46 1050.73 822.50 777.46
Th 12.74 12.10 11.94 12.43 8.70 9.40 13.83
U 0 79 0.29 1,55 3.63 n/a 242 n/a
V 112.52 90.33 128.63 111.06 120.29 89.49 89.59
Y 12 02 9.32 10.93 9.92 12.55 10.55 14.86
Zn 38.22 32.87 44.62 42.15 43.96 30.91 33.30
Zr 128.87 120.62 114.68 104.24 108.27 134.53 129.90

Total 99 21 97.88 100 37 100 68 100.30 99.41 99.78

Sample number 95.10A 95.11A 95.1A 95.3A 95.5 A 95.7A 3/08_1
Bead LF25559 LF25562 LF25561 LF25054 LF25563 LF25067 LF22785

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG

formation Tsagaan Nuruu Tsagaan Nuruu Tsagaan Nuruu Tsagaan Nuruu Tsagaan Nuruu Tsagaan Nuruu Shargyn Moghai
Si02 73.07 69.84 73.68 71.90 71.99 73.19 62.53
Ti02 0.31 0.30 0.27 0.24 0.35 0.34 0 57

AI203 14.05 13.94 12.97 11.76 14 00 13.76 16.21
Fe203 0.58 3.67 1.38 4.18 1.09 0.16 4.85
MnO 001 0.20 0.01 0.04 001 0.00 0.08
MgO 0.14 0.11 0.07 009 0.08 0.11 2.47
CaO 0.44 0.31 0.88 0.85 1.04 0.72 3.62

Na20 5.15 5.19 5.16 6.75 5.44 5.03 4.88
K20 5.59 5.54 4.31 1.05 5.55 4.51 2.44

P205 005 0.05 0.03 0.01 0.11 0.07 0.22
SO 3 0.02 0.02 0.05 0.06 0.06 0.05 0.02
LOI 0.75 1.21 1.49 1.89 1.19 1.16 1 93
As 16.21 71.79 28.93 27.54 8.37 25.64 4.96
Ba 333.66 630.98 394.95 197.69 592.83 326.16 807.52
Ce 144.25 134.74 401.50 30.05 126.99 125.00 19.93
Co n/a 7.23 0.88 7.92 0.69 n/a 13.50;
Cr 14.50 n/a n/a 45 67 n/a 29.28 35.38
Cs n/a 4.74 11.62 3.48 1.15 3.50 n/a
Cu n/a n/a n/a n/a1 n/a n/a 201.26
Ga 30.90 28.26 26.46 26.27 26.78 27.33 18.81
La 48.24 59.52 177.11 6.20' 53.42 59.58 12.03,
Mo 1.81 3.12 3.04 3.69 2.90 1.78 2.13
Nb 25.05 24 63 24.72 23.26 24 61 23.11 2.93
Nd 65.38 72.31 211.13 19.92 71.83 7381 11.75
Ni n/a 2.70 3.60 0.01 2.45 n/a 13.16;
Pb 16.01 20.37 25.34 16.81 15.85 6.62 10.91
Rb 100.85 90.60 75.04 19.74 98.08' 85.95 69.53
Sc 3.41 10.12 6.31 8.76 5.86 9.48 ................. 8.67
Sr 24.96 59.12 39.84 71.48 62.68 31.53 765.07
Th 11.43 14.03 13.96 13.77 14.18 15.73 12.97
U 4.03 4.70 4.71 2.79 5.80 0.95 3.09
V 9.59 6.40 4.38 14.47 7.63 4.59 93.72
Y 117.75 116.24 133.58 90.72 119.77 123.39 9.82

Zn 38.01 138.48 59.67 135.39 59.76 9.64 44.08
Zr 992.54 1000.95 909.10 988.70 964.17 1000.30 113.62

Total 100.15 100 36 100 30 98.81 100.91 99.09
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Sam ple number 22/08_9 60.13B 61.7A 62.10A 62.16A 62.3A 62.5A 62.7A
Bead LF22803 LF25671 LF25683 LF25667 LF25665 LF25666 LF25669 LF25664

field area Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan

formation n/a n/a n/a n/a n/a n/a n/a n/a
SI02 64.08 64.85 62.34 65.72 63.02 67.41 63.26 64.24
TI02 0.44 0.39 0.54 0.39 0.41 0.44 0.45: 0.41

AI203 1593 15.30 16.99 1592 15.81 1577 16.09 15.37
Fe203 3.79 4.47 4.57 3.87 4.05 3.72 4.62 3.79
MnO 0.05 0.14 0.08 0.07 0.13 0.12 0.10 0.08
MgO 1.89 1.94 2.38 1.93 1.79 1.87 2.39 1.63
CaO 3.06 2.06 3.37 2.66 3.05 2.93 3.41 3.36
Na20 4.64 5.08 6.09 5.16 5.45 4.91 5.34 4.81
K20 3.36 3.68 3.35 3.65 3.35 3.87 3.53 3.77

P205 020 0.22 0.26 0.18 0.19 0.19 0.23............ 0.16
S03 0.03 0.02 0.03 0.03 0.02 0.03; 0.03 0.03
LOI 0.97 1.43 0.62 0 70 1.95 0.56 0.36 1.81
As 4.80 8.31 4.41 3.38 21.18 3.72 10.26 2.86
Ba 838 04 957.44 1120.75 856.79 864.02 894.85 875 95 923.11
Ce 14.42 30.07 26.58 26.34 28.77 32.97 44.15 31.35
Co 10.63 12.89 11.88 9.40 12.00 8.83 13.50' 8.25
Cr 32.49 39.86 42.57 36.65 36.60 53.12 36.81 20.02
Cs n/a 1.04 2.47 1.17 n/a 1.23 n/a 3.45
Cu 133.98 33.95 70.32 51 94 102.34 108.42 83.61 155.06
Ga 20 32 16 51 20.80 19 23 18.57 18.36 20 04 18.39
La 13.11 11.34 11 48 10.24 11.91 14.07 15.44 14.31
Mo 0.86 2.13 2.68 1.30 1.54 2.39 2.65 2.63
Nb 4.07 4.09 2.31 362 3.45 3.78 4.62 2.65
Nd 7.58 11.00 11 25 1295 13.24 15.94 19.16 13.41
NI 12.30 12.98 15.39 10.97 11.32 10.60 15.65 11.12
Pb 623 10.10 10.17 774 211.44 16.00 12.96 9.17
Rb 66 73 65.33 53.54 67.12 62.81 78.42 68.21 65.74
Sc 11 63 13.46 13.73 8.92 12.99 13.27 9.48 12.16
Sr 826.24 533.87 1005.83 784.19 746.13 674.42 861.39 709.53
Th 8.24 11.62 6.95 9.21 6.14' 10.63 12.15 7.47
U 0.03 n/a 1.57 1.80 n/a 0.97 2.12 2.17
V 84.61 103.50 141.59 90 05 109.74 84.77 111.95 91.18
Y 10.25 7.37 5.74 7.61 7.77 6.69 9 44 10.29
Zn 30.59 71.70 43 69 30.03 416.27 51.56 70.49 38.88
Zr 113.07 118.94 163.58 116.62 118.75 126.07 125.31 115.54

Total 96.45 99.59 106.62 100.28 99.23 101.25 99.81 99.4(5

Sample number 3/08_1 3/08_2 3/08_2 31/07_1 31/07_2 31/07_3 56.10A 56.13A
Bead LF22801 LF22767 LF22781 LF22778 LF22794 LF22792 LF25558 LF25065

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG 

formation Shargyn Moghal Shargyn Moghal Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghal Shargyn Moghai Shargyn Moghai
Si02 61.95 62.65 64.62 59.42 53.57 47.24 55.78 48.05
Ti02 070 0.51 0.51 0.71 0.90 0.69 0.66 0.73

AI203 1669 16.34 16.89 15 09 18.64 17.27 16.90 13.50
Fe203 5.10 4.27 4.27 6.32 8.31 7.80 7.19 5.89
MnO 0.06 0.06 0.06 0.09 0.10 0.23 0.12 0.12
MgO 2.24 1.17 1.24 2.49 4.34 2.31 3.85 4 58
CaO 2.47 1.81 1.85 597 7 77 11.73 4.16 10.30

Na20 6.37 5 36 5.40 4.55 3.44 4.01 5.80 4 69
K20 2.15 3.01 3.02 0.88 0.65 1.14 2.69 0.40

P205 0.30 0.22 0.23 0.32 0.26 0.28 0.48 0.40
SO 3 0.06 0.02 0.01 0.02 0.03. 0.14 0.02 0.05
LOI 2.23 1.30 1.48 3.70 2.37 7.40 1.93 10 49
As 4.54 3.93 2.83 58.63 7.94 12.12 6.43 5.90
Ba 738.27 947.24 964.35 611.07 953.54 347.70 1198.01 133.41
Ce 65.44 25.99 21.25 29 55 25.87 43.08 50.97 57.63
Co 9.08 13.08 13.02 19.12 10.61 19.03 23.93 24.22
Cr n/a 45.40 35.64 47.89 11.51 4.83 201.28 307.41
Cs 0.57 0.11 1.00 n/a 2.14 n/a n/a 7 28
Cu 2.13 48 02 48.39 43.75 151.99, 2.70 33.33 95.40
Ga 16.08 18.98 18.77 14.96 21 47 14.06 20.30 18.83
La 31.07 14.00 15.83 14.31 15.86 19.35 22.61 23.76
Mo 1.15 1 00 0.54 1.48 2.12 0.52 2.12 1.77
Nb 8.34 1.97 2.91 4.31 2.65 7.20! 7.16 7.53
Nd 34.72 14.61 13.57 19.39 15.25 25.26 24.69 26.63
NI n/a 24.82 26.97 22.08 6.94 n/a 111 27 129.54
Pb 19.49 4.23 6.71 5.04 11.67 7.60 8.40 6.40
Rb 114.55 55.72 54.97 13.76 63.44 14.79 38.65 7.08
Sc 5.28 7.46 6.94 16.26 14.15 15.17 18.37 20.82
Sr 99.53 928.82 927.56 98123 1113.07 103.65 1932 21 747.18
Th 14.83 9.49 6.98 5.07 7.44: 8.86 0.13 4.84
U 4.11 0.35 1.68 0.25 2.11 1.28 n/a 1.21
V 17.39 86.15 93.56 143.61 125.07 60.41 185.15 149.39
Y 37.20 10.62 10.73 17.68 11.69 34.78 12.49 12.54
Zn 61.84 51.88 53.70 55 36 42.50 81.09 79.58 72.79
Zr 255.27 115.56 120.40 137.79 141.31 226.02 159.38 128.58

Total 100.32 96.71 66.56 99.57 100.36 166.25 99 5 f 99.21
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Sam ple num ber 65 .12A 65.14A 65.14A 65.14A 65.1A 65.3A 65.6A 66.20A
Bead LF25673 LF25686 LF25689 LF25690 LF25663 LF25685 LF25661 LF25656

field area Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan

formation n/a n/a n/a n/a n/a n/a n/a n/a
Si02 66.23 64.96 66.78 65.01 62.00 63.12 R1 9? 64.79
Ti02 0.50 0.42 0.51 0.42 0.55, 0.49 0.40 0.53

AI203 16.21 15.57 16.00 15.68 16.27 16.55* 15.43 15.74
Fe203 4.16 4.14 4.31 4.19 4.94 4.49 4.16 3.89
MnO 0.08 0.07 0.07 0.07 0.08 0.07 0.14 0.08
MgO 2.12 1.86 1.98 1.90 2.13 1.95 2.33 1*98
CaO 3.49 2.71 3.24 2.73 3.34 3.44 3.33 2.89
Na20 4.96 5.05 5.05 5.19 5.58 533 4.60 5.35
K20 370 3.69 3.48 3.73 3.64 3.47 3.59* 3.96

P205 0.19 0.20 021 0.20 0.24 0.23 0.18 0.19
SO 3 004 0.03 0.03 002 0.05 004 0.01 0.02
LOI 0.79 0.73 0.72 0.63 0.47 1.27 3.19 0.62
As 6.56 4.64 0.00 0 00 4.02 5.96 5.65 4.78
Ba 873.69 885.22 0.00 0.00 921.60 834.85 814.77 920.68
Ce 36.97 37.46 27.96 29.36 33.19 34.01 30.81 30.39
Co 10.83 11.30 0.00 0.00 11.98 12.23 11.48^ 9.26
Cr 40.24 42.26 0.00 0.00 48.58 54.96 30.81 24.43
Cs 6.06 5.23 1 72 3.20 0.16 2.66 3.24 2.07
Cu 148.64 153 58 000 0.00 160.66 137.07 90.83 144.01
Ga 18.79 18.06 000 0.00 19.73 20.31 18.44 20.08
La 15.64 14.69 1328 14.19 18.03 13.52 12.44 14.62
Mo 2.13 2.68 0.00 0.00 2.40 2.93 1.89 2.51
Nb 3.63 4.10 0.00 0.00 2.38 3.39 2.67 2.18
Nd 15.79 17.14 15.46 14.56 20.28 18.55 12.65 13 98
Ni 11.49 10.29 0.00 0.00 9 J3 8.78 13.67 10.35
Pb 14.95 10.12 0.00 0.00 15.57 16.40 10.37 8.87
Rb 74.80 75.84 0.00 0.00 58.40 57 03 73*54 71.84
Sc 12.53 10 49 0.00 0.00 13.27 16.14 16.60 11.23
Sr 782.97 784.90 000 0.00 883.30 881.44 619.71 818.88
Th 10.54 7.09 0.00 0.00 9.65 8.78 11 76 10.57
U 2.74 2.88 0 00 0.00 4.11 1.50 n/a 3.64
V 93.85 93.98 0.00 0.00 145.10 121.72 111 14 118.69
Y 6.73 4.56 0.00 0.00 9.20 11.13 8.79 9.30

Zn 49.55 42.49 0.00 0.00 69.37 66.58 80.23 38.16
Zr 116.58 110.15 0.00 0.00 133.28 108.00 117.57: 214.64

Total 101 68 55.45’ 101.66 "§976' 99.31 100 44 99.28 100.03

Sample number 56.14A 5615A 56.15B 56.16A 56.17A 56.3A 56.3B 56.4A
Bead LF25043 LF25044 LF25050 LF25040 LF25061 LF25552 LF25096 LF25095

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG 

formation Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai
Si02 57.09 52.74 52.94 59.94 53.78 57.57 54.37 62.22
Ti02 081 0.71 0.53 0.56 0.66 0.56 0.79 0.66:

AI203 14.42 16.23 13.38 16.10 16.61 17.34 16.12 16.07
Fe203 697 7.58 5.67 6.02 6.56 6.80 8.46 4.90
MnO 0.07 0.14 0.17 0.07 0.14 0.12, 0.24 0.08
MgO 339 5.20 2.35 2.43 4.67 3.29 4.58 2.90:
CaO 3.65 3.54 8.47 2.44, 6.91 6.65 7.31 4.25
Na20 6.38 5.29 6.64 4.87 5.40 4.32 3.53 4.80
K20 1.26 2.44 0.85 3.33 1.45 0.73 1.45; 2.04

P205 0.41 0.49 0.56 0.32 0.24 025 0.21 0.22
S03 0.20 0.02 0.09 0.18 0.07 0.04 0 02 0.04
LOI 4.47 4.81 7.22 281 2.69 1.75 2.31 1.29
As 9 53 25.29 9.66 19.68 8.78 4.75 1.93 16.17
Ba 780.43 2823.01 553.09 1687.09 1312.96 526.92 797.41 1330.12
Ce 51.26 51.62 58 22 36.91 26.51 35.98 25.57 33.71
Co 23.36 29.95 17.61 19.09 26.52 23.75 32.28 16.00
Cr 20981 537.45 155.58 130.92 404.85 94.48 79.57 81.18
Cs n/a 1.40 n/a 0.53 n/a 2.84 n/a 1.52
Cu 41.59 56.96 197.79 63.38 77.13 174.20 15.17: 23.48
Ga 16.82 18.15 13.41 19.64 17.71 19.20 18.34 17.84
La 24.40 30.03 26.71 1955 10.24 16.90 10.95 16.63
Mo 1.35 2.34 1.43 1.81 2.43 0.00 1.25; 1.06
Nb 6.77 5.45 4.68 5.49 2.48 3.76 3.70 4.92
Nd 26.82 26.75 27.25 20.61 13.47 18.50 15.87 17.71
Ni 86.63 114.35 71.73 56.06 115.55 28.15 30.24* 37.72
Pb 6.17 11.42 9.93 9.72 2.57 0.74 8.04: 8.50
Rb 19.21 31.15 19.68 62.07 19.81 14.29 30.14 56.08
Sc 16.19 22.36 26.26 9.39 29.71 * 28.35 26.89 15.11
Sr 732 89 1700.60 1137.75 1449.48 1278.96 978.00 993.60 1035.60
Th 4.85 4.49 4.35 3.22 4.41 3.00 0.03 7.99
U 002 n/a n/a 2.92 1.23 1.15 1.27 0.12
V 139 92 216.77 146.33 148.55 186 25 222.77 213.31 113 37
Y 15.64 13.57 15 34 11.91 12.56 17.26 16.65 12.57
Zn 61.63 78.50 50.75 71 05 60.76 61.49 91.25 60.46
Zr 142.47 140,07 123.65 148.87 82.81 113.82 105.51 148.37

Total 99.11 99.19 98.87 99.08 56.16 95.45 65.36: 99.47
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Sam ple num ber 66.20A 66.21A 88.2A 88.3A 88.3A 88.3A 2 2 /0 8 J0  22/08_10
Bead LF25657 LF25660 LF25659 LF25653 LF25654 LF25655 LF22791 LF25611

field area Oyut Ulean Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan

formation n/a n/a n/a n/a n/a n/a dyke dyke
SI02 64.06 64.10 62.50 64.80 64.97 65.70 56.09! 56.11
Ti02 0.47 0.55 0.54 0.39 0.44 0.49 0.68 0.61

AI203 15.61 16.26 15.90 15.80 15.83 16.05 15.47 15.61
Fe203 3.91 3.77 483 4.08 4.05 4.09 8.69 8.59
MnO 0.08 005 0.09 006 0.06 0.06 0.31 0.32
MgO 2.00 1.76 2.42 2.02 1.97 210 5.58 5.35
CaO 2.83 2.45 3.40 2.73 2.76 3.19 4.98' 4.19
Na20 532 5.25 5.51 5.31 5.21’ 4 95 1.79 2.17
K20 3.95 4.39 3.63 3.46 3.50 324 249............ 2 61

P205 0.21 0.18 022 0.16 0.16 0.17 0.22 0.21
SO 3 002 0.02 0.01 0.03 0.03 0.05 0.27 0.07
LOI 1.13 1.33 0.52 1.03 1.00 1.01 3.28 3.30'
As 4.56 6.61 3.85 4.19 3.75, 3.77 5.01' 13.02
Ba 883.90 1007.68 929.60 884.77 854.18 878.60 430.94 1284.80;
Ce 33.66 30.97 32.41 34.27 27.02 33.77 29.27 24.71
Co 9.18 8.93 11.76 10.37 10.72 12.18 31.28 33.64
Cr 41.23 9 41 20.91 25.11 223.07 58.18 148 69 316.21
Cs 0.71 5.31 n/a 2.10 5.59 2.63 0.43 1.98
Cu 142.77 684.68 165.72 72.14 69 60 66.81 79.57' 2.50
Ga 20 19 19.54 21 04 19.87 17.92 18.62. 19.23 17.65
La 15.29 14 40 17.01 14.20; 14.13 11.90 14.93 9.43
Mo 2.07 2.24 3.06 1.29 2.55 2.49 0.84 1.49
Nb 4.34 4.03 3.37 3.25 4.08 3.79 3.74 3.08
Nd 13.70 12.72 16.14 13.44 12.03 12.33 ’ 15.48 11.37
Ni 9.79 5.69 11.66 12.74 12.12 11.73 73.94 116 09
Pb 9.71 7.13 11.35 8.69 10.13 8.47 6.54' 11.02
Rb 72.94 70.35 55.99 53.63 52.79 53.55 15.79 48.96
Sc 14.75 9.94 14.94 15.77 13 55 15.12 25.31 14.02
Sr 828.58 769.17 97879 795.76 786.33 78582 816.14 626.65
Th 9.51 10.62 5.54 13.16 8.69 7.20 6.16 U.ZU;
U 797 3.22 2.00 2.46 2.16 2.27 1.24 0.85
V 123 55 122.00 146.59 102.96 108.96 99.91 193.84 151.95
Y 7.62 7.45 8.23 7.90 6.51 6.05 17.73 11.44

Zn 38 30 120.35 44.83 32.57 30.92 30.86 53.31 142.55
Zr 226.57 222.18 148.98 109.34 121.81 110.05 100.36 104.75!

Total 99.58 100.10 99.58 99.69 99.98 109.09 99.83 99.13

Sample number 56.4B 56.5A 56.5A 56.5A 56.6A 56.7A 56.8A 56.9A
Bead LF25090 LF25546 LF25547 LF25548 LF25070 LF25089 LF25566 LF25088

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG 

formation Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai
Si02 62.27 55.17 55.46 55.26 54.36 58.64 60.45 59.27
Ti02 0.61 0.57 0.61 0.56 0.61 0.87 0.40 0.76

AI203 16.96 16.85 16.80 16.96 16.87 15.59 15.22 16.33
Fe203 5.79 7.06 7.01 6.98 7.50 7.33 4.82 5.73
MnO 0.05 0.14 0.13 0.14 0.11 0.13 0.06 0.07
MgO 1.37 4.84 4.74 476 4.78 4.71 2.16 2.29
CaO 3.36 5,24 5.28 5.09 5.50 5.87 3 09 2.98
Na20 4.93 5.05 4.93 4.94 4.06 4.16 4.74 5.89
K20 3.17 1.87 1.82 1.83 1.62 0.71 3.29 2.34

P205 0.23 0.24 0.24 0.24 0.27 0.28 0.22: 0.31
SO 3 0.03 0 05 0.05 0.05 0.08 0.03 0.04 0'03
LOI 0.96 2.54 2.54 2.54 3.65 2.16 5.27 4.00
As 6.39 11.17 8.88 8.81 9.63 3.00 15 95 6.38
Ba 891.52 632.00 663 72 641.10 844.73 259.94 960.76 739.19
Ce 34.88 29.66 27.43 38.98 39.49 39.64 55.61 47.20
Co 18.01 27 06 26.44 25.26 25.51 26.83 31.43 18.61
Cr 75.67 203.45 105.69 212.49 95 27 86.11 262.94 233.61
Cs 3.94 2.16 7.86 0.56 7.52 4.18 n/a. 1.41
Cu 33.32 10.88 8.71 9.94 5.04 15.89 46.48 44.22:
Ga 19.51 18.46 18.31 18.11 20 15 16.85 19.96 19.08
La 17.72 11.61 11.39 11.17 10 77 12.35 25.79; 20.13!
Mo 1 66 1.69 2.05 1.50 1.14 2.09 2 15 1.89
Nb 327 3.25 3.52 2.26 2.34 3.07 6.27 6.21
Nd 1529 17.06 16.17 15.46 17.76 17.60 30.90 23.70
Ni 3696 33.95 34.58 33.56 29.42 31.49; 207.56 51.97
Pb 881 3.42 6.18 7.44; 2.99 3.51...... 8.43 8.97
Rb 58.31 46.55 47.37 47.26 56.55 14.25 21.94; 33.13
Sc 11.57 24.72 29.80 31.88 26.62 31.07 22 72 16.65
Sr 832.99 882.97 889.83 878.39 860.49 922.70 1069 80 1029.04
Th 3.54 3.17 5.86 3.54 3.92 5.50 5.22 4.33
U 270 n/a 0.55 1.36 3.32 2.40 2.12 1.41
V 120.58 203.31 202.10 206.94 21388 188.30 186.49 140.16
Y 1357 21.25 1638 17.58 20.68 19.25 16.78 10.01
Zn 57 93 71.09 72.55 73 12 71.30 49.17 71.53 63.81
Zr 152.98 114.21 120.61 113.80 116.22 111.38 122.68 154.84

Total 99V i 99.61 99.61 99 34 99.41 i 66.4> 99.76 100 00
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Sam ple num ber 22/08_12 60.12A 60.12B 60.22A 60.7A 60.9A 60.9A 67.4A
Bead LF22770 LF25618 LF25614 LF25620 LF25609 LF25607 LF25608 LF25610

field area Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan

formation dyke dyke dyke dyke dyke dyke dyke dyke
Si02 59.24 65 63 57.20 74.85 61.00 64.77 66.10 55.93
Ti02 0.63 0.32 0.70 0.17 0.39 0.34* 0.40 0 65

A1203 16.15 15.03 15.80 12.52 15.69 15.20 15.59; 15.82
Fe203 6.65 3.45 7.99 1.31 5'29 4.54 4.72! 6.46
MnO 0.14 0.06 0.24 0.05 0.16 0.08 0.07 0.22
MgO 3.47 1.89 5.82 0.48 3.05 1.98 2.08: 5.64
CaO 4.51 1.95 4.04 0.65 2.69 2.27 2.76 “ 4.65

Na20 4.63 4.88 0.98 4.41 3.81 4.33 4 39' 5.09
K20 1.99 4.07 3.81 4.93 3.85 3.72 3.59 4.19

P205 0.35 0.15 0.22 006 0.30 0.16 0.17 0.35
S03 0.04 0.02 0.06 0.01 0.16 0.09 0.05 0.09
LOI 2.18 1.70 3.23 0.53 2.63 2.64 2.62 1.77
As 955 8.38 21.82 14.86 7.53 3.03 4.27 16.96
Ba 747.95 1295.89 2315.44 600.67 1202.38 1298.67 1290.70 722.72
Ce 37.78 22.66 15.56 29.82 27.41 21.26 20.42 29.22
Co 21.82 10 42 27.26 0.89 17.30 12.96 12.74 24.44
Cr 25.06 21.43 455.77 n/a 82.10 46.04 6598 251.42
Cs 0.05 n/a n/a 0.53 n/a 0.38 n/a: n/a
Cu 70 55 280.37 367.87 57.88 317.52 155.28 154.17- 2.05
Ga 21 15 16 14 17.21 15.48 18 49 17.93 17.36' 19.29
La 17.11 11 92 9.44 17.74 17.78 12.58 14.02 12.90
Mo 2.13 1.68 2.21 2.86 2.84 1.87 2.40 1.91
Nb 5.94 2.86 3.66 4.90 4.46 3.89 3.68 2.08
Nd 17.60 10.44 7.50 11.65 15.53 10.84 11.79 18.61
NI 34.35 12.72 116.66 1.05 51.00 15.13 18.08 127.36
Pb 2.31 4.83 7.69 11.23 10.38 8.97 9.23 9.24
Rb 39.89 75 53 7525 98.55 62.68 75.14 73.30 112.44
Sc 12.54 12.75 14.92 1.87 14.20 12.57 10 12 22.63
Sr 538.02 649.34 492.31 216.13 473.43 497.53 492.09 926.12
Th 851 10.99 630 22.94 1 27 10.35 9.95: 8.99
U 1.49 1.44 n/a 325 3.41 0.07 0.32 n/a
V 134 36 87.11 153 79 30.74 137.74 98.16 100.40 216.01
Y 14.82 6.16 10.95 4.27 8.27 5.88 5.57 7.39
Zn 37.86 42.23 47.39 34.75 69.36 40.85 40.70 115.09
Zr 115 92 97.85 98.07 116 64 132.56 96.49 100.51 101.27

Total 99.6?' 99.15 100 08 99.96 99 00 100.11 99.92 100.87

Sample number 56.9A 56.9A 56.9B 8/07_3 93.10A 93.10A 93.10A 93.12A
Bead LF25110 LF25111 LF25093 LF22774 LF25071 LF25074 LF25069 LF25549

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG

formation Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai
Si02 59.60 59.04 59.55 60.72 60.59 60.08 60.74 59.10
TI02 0.75 0 84 0.86 0.57 0.66 0.54 0.66 0.58

AJ203 16.50 16.15 16.74 16.25 16.82 16.54: 16.81 16.79
Fe203 5.66 5.64 5.97 5.15 5.67 5.64 5.74 5.95
MnO 0.08 0.07 0.08 0.07 0.07 0.07: 0.06 0.10
MgO 227 2.30 1.98 3.03 171: 1.81 1.78 2.68
CaO 3.03 3.05 2.41 399 1.951 1.83 1.97 4.31
Na20 5.88 5.88 6.72 4.91 7.67 7.53 7.79 5.46
K20 2.25 2.38 3.12 2 05 2.81 2.65 2.79 3.17

P205 0 31 0.31 0.32 0.23 0.27 0.27 0.28 0.28
S03 0.04 0.03 0.03 0.01 0.04 0.03 0.04' 0.03
LOI 4.24 4.24 2.71 2.37 2.27 2.26 2.26 1.41
As 4.73 2.37 6.08 14.02 18.59 21.44 20.72 7.33
Ba 744.05 750 19 1271 02 1069.95 926.90 892.46 892.22 920 99
Ce 42.56 44.98 34.87 29 04 27.17 2606 27.43 38.46
Co 19.16 17.83 19.03 18.44 16.81 17.88 15.84; 17.54
Cr 83.62 126.67 90.18 60.99 12 52 32.42 58.74 10.35
Cs n/a n/a 2.05 n/a n/a 0.12 0.42; 0.68
Cu 46.17 42.05 61.86 275.98 246.17' 248.71 240.36 139.74
Ga 17.91 18.97 20.24 20.07 18.80 17.86 18.40 22.13
La 19.57 20 71 16.93 14.34 16.75 14.78 15.82 16.04
Mo 2.10 1 99 2.37 0.81 0.95 0.89 1.49 1.31
Nb 6.81 5.94 6.12 3.58 1.43 3.39: 3.37; 2.77
Nd 1993 19.74 16.32 15.31 17.48 19.75 16.54 17.10
NI 50.40 48.62 44.40 32.79. 5.97 6.31 5.32
Pb 8.83 11 34 572 9.23’ 7.82 5.40 4.91 11.55
Rb 34.44 32.79 48.08 34.49 33.12 33.69 32.09 46.96
Sc 13 84 15.74 14.20 11.60 13 11 17.65 14.47 15.11
Sr 1008.83 988 91 1054.24 1293.84 654 91 650.65 653.33 1186.36
Th 7.27 508 5.35 9.93 6.05 7.70 6.85 5.48
U n/a 2.03 2.47 n/a n/a 1.68 2.55 1.11
V 120.33 111.33 143.11 120.50 169.26 165.17 163.94 187.11
Y 10.36 10.59 12.74 12 58 16.17 12.02 13.25 12.10

Zn 65.39 65.01 61.26 66.75 50.34 51.76 49.97 65.33
Zr 154 53 145.17 155.85 142.16 140.50 131.45 143.71 139.42

Total 160.60 bb.b4' 100.49 99.36 105 S4' bb.i5 idb§1 d b iT
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Sam ple num ber 67.4B 67.5A 67 5B 67.7A 90.9B 68.1A 88.10A
Bead LF25621 LF25613 LF25615 LF25612 LF25616 LF25680 LF25047

88.12A
LF25058

field area Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan Oyut Ulaan OUVG OUVG

formation dyke dyke dyke dyke dyke dyke Yasun Eliy-e Yasun Eliy-e
Si02 77.09 54.72 61.25 75.10 54.28 60.42 49.05 46.82
Ti02 0.14 0.62 0.54 0.28 0.81 0.57: 1.01 0.96

AI203 11.76 14.54 15.77 8.63 15.84 15.55 18.15 17.34
Fe203 0.45 6.60 4.60 7.55 7.21 5 26 10.72: 13.15
MnO 0.02 0.13 0.09 0.05 0.31 0.11: 0.1 o r 0.15
MgO 0.19 7.15 3.01 T24 4.38 3.34 3.71 4.66
CaO 0.77 5.55 2.89 0.92 5.09 3.58 7.67 8 02
Na20 3.80 3.89 4 95 3.30 6.00 5.83 4.11 3.13
K20 4.39 1.89 3.82 0.62 1.70 289 2.83' 2.78

P205 002 0.29 0.35 0.12 0.43 0.30 0.48 0.42
S03 0.09 0.08 0.11 0.08 0.10 0.02 0.03’ 0.08
LOI 0.63 3.69 2.94 1.45 3.83 1.39 1.50 1.66
As 64.13 33.91 15 19 2.85 33.41 17.63 16.15 15.16
Ba 537 29 737.26 1343.55 887.34 712.75 1327.70 596.22 72408
Ce 31.98 35.72 47.37 16.00 56.95 34.44 48.06 42.27
Co n/a 27.72 15.09 16.89 26.33 16.82 32.65 36.39
Cr n/a 493.54 64 81 9.27 201.15 61.48 14.87 37.02
Cs 1.78 1.06 n/a n/a n/a 3.27 4.23 2.17
Cu 269.30 53.47 701 4388.42 734.25 133.55 832.29 116.21
Ga 14.77 18.11 19.50 13.27 19.17 17.50 20.94 20.16
La 15.78 16.03 22 56 3.66 24.23 13.64 17'77 11.39
Mo 3.13 1.55 2 13 6 99 1.35 1.25 1.83 1.49
Nb 4.81 4.79 749 028 5.19 3.99 4.96 6.37
Nd 13.88 19.89 2267 5.85 23.51 15 92: 24.24 20.40
Ni 3.28 196.36 51.55 n/a 71.23 26.15 6.95 14.38
Pb 6.53 26.10 10.35 3.40 27.97 5.58 4.48 1.80
Rb 111.73 38.83 67 89 13.92 28.82 57.15 48.35 81.19
Sc n/a 16.19 9.12 6.49 15.65 16.14 28.71 37.05
Sr 149.74 897.40 999.36 212.77 852.36 878.56 859.47 791.04
Th 38.67 6.64 4.63 2.80 6.27 7.12 3.67 2.58
U 5.18 0.36 0.49 7.48 n/a 3.63 0.99 n/a
V 14.84 166.18 134.73 102.68 173.98 160.75 254.39 385.64
Y 3.83 13.16 10.23 6.84 12.82 7.81 27.22 26.68
Zn 6.51 91.03 137.70 55.53 434.90 60.77 43.23 90.46
Zr 91.99 120.79 150.21 49.70 130.25 91.52 104.70: 91.04

Total 9^.32 99.14 100.33 96.33 99.97 99.25 99.37 99.17

Sample number 93.12A 93.12A 93.15A 93 15A 9315A 93.15C 96.2A 96.2B
Bead LF25550 LF25551 LF25543 LF25544 LF25545 LF25564 LF25573 LF25458

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG 

formation Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai
Si02 59.13 58.81 67.79 67.56 67.02 52.20 63.57 63.38
Ti02 0.51 0.56 0 40 0.35 0.38 0.45 0.40 0.51

AI203 16.82 16.80 13.63 13.66 13.51 15.04 16.49 16.30
Fe203 5.84 5.82 3.85 3.76 3.83 8.30 4.33 4.82
MnO 0.10 0.10 0.08 0.09 0.08 0.16 0.06 0.05
MgO 2.66 2.70 1.09 1.05 1.05 2.87 1.74’ 1.24
CaO 4.15 4.23 2.23 2.18 2 23 6.92 3.07 3.05

Na20 5.33 5.45 7.60 7.65 7.45 4 06 5.43 6.16
K20 2.93 302 0.43 0.42 0.42 1.05 2.85 2.38

P205 0.28 0.28 0.14 0.14 0.13 0.27 0.21 n 90
S03 0.03 0.03 0.05 0.05 0.04 0.12 0.07 0.03
LOI 1.41 1.41 2.86 2.85 2.88 8.36 1.28 1.71
As 9.07 6.96 5.99 9.14 6.00 10.59 0.77 5.18
Ba 935.80 928.51 122.44 114.53 105.75 1259.44 1278.72 954.73
Ce 35.02 37.30 74.23 73.77 76.87 28.11 24.46 27 10
Co 17.71 16.78 9.78 11.93 10.68 30.27' 15.22 13.21
Cr 1.63 31.52 19.18 153.32 12.34 253.83 23.70 44 16
Cs n/a n/a 1.63 n/a 4.94 1.11 n/a n/a
Cu 143.34 142.32 8.79 8.74 7 93 77.93 26.56 12.52
Ga 22.41 21.69 19.82 20.31 20.42 17.08 18.83 19.05
La 16.97 15.93 30.73 31.53 32.46 9.97 10.97 15.95
Mo 0.78 1.76 1.67 1.85 2.31 1.91 1.88 1.87
Nb 2.21 3.40 13.51 14.49 12.41 2.93 5.40 3.81
Nd 19.12 18.56 35,67 36.84 38.34 15.05 16.29 13.60
Ni 6.44 6.13 5.26 6.71 5.52 67.14 19.21 15.75
Pb 10.23 13.15 7.59 6.19 7.62 3.32 12.35 6.90
Rb 45.81 46.45 8.36 8.56 9.84 17.56 39.04 39.20
Sc 13.11 17.28 11.21 595 14.74 23.99 14.83 7.49
Sr 1206.85 1198.30 364.24 365.01 370.22 621.00 1240.71 945.44
Th 5.14 10.80 13 16 12.06 12.92 4.00 2.55 5.08
U 2.16 0.27 2.49 1.97 3.49 1.63 1 20 2.52
V 178.32 193.23 42.74 57 10 47.61 213.79 92.94 95.16
Y 11.87 11.95 57.13 56.22 55.08 16.49 7.55 10.99
Zn 65.85 66.50 72.21 72.33 72.92' 69.90 55.25 47.14
Zr 138.12 137.85 423.47 412.57 424.25 75.48 122.31; 125.42

Total 99.20 99.21 100.14 99.74 99.65 ^ .8 0 99.51 ^9.84
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Sam ple num ber 88.12A 88.12A 88.17A 88.7A 88.9A 89.10A 89.10A 89.10A
Bead LF25072 LF25075 LF25049 LF25042 LF25046 LF25079 LF25106 LF25107

Field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG

formation Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e
Si02 47.22 46.97 51.67 49.18 49.15 49.52 49.78 49.53
Ti02 0.96 1.15 0.77 0.84 0.88 1.02 1.15 130

AI203 17.53 17 47 15.70 18.87 15.87 19.33 19.18 19.02
Fe203 13.15 13 11 811 11.05 12.25 8.50 8.45 851
MnO 0.15 0.14 0.17 0.17 0.23 0.13 0.15 0.14
MgO 4.47 4.48 3.42 3.74 5.29 1.95 1.94' 1.95
CaO 7.94 8.04 5.27 8.69 10.16 8.37 7.70 7.86

Na20 3.17 3.17 3.43 2.64 2.85 4.58 4.65 4.68
K20 2.83 2.95 4.98 1.83 0.59 1.12 1.20 1.30

P205 0.42 042 037 0 48 0.22 0.50 0.49' 0.49
S03 0.04 0.04 0.02 0.19 0.02 0.03 0.02: 0.02
LOI 1.70 1.67 5.14 1.63 1.10 5.09 5.36 5.33
As 14.94 15.83 25.79 19.75 13.03 32.54 32.93 32.89
Ba 740 41 71538 772.93 362.96 159.01 517.58 532.83 526.73
Ce 41.15 38.64 43.11 49.87 30.82 43.28 46.71 43.95
Co 40.53 36.53 24.31 37.04 45.35 25.00 27.95 25.46
Cr 57 67 22.29 588.82 67.93 34.27 18.29 n/a n/a
Cs 4 54 n/a 3.72 1.48 2.83 0.53 0.61 0.98
Cu 112.34 113.85 29.77 70.84 43.97 145.65 145.96 144.24
Ga 21.55 19.68 15.85 21.30 19.55 20.60 20.48 20.15
La 1081 10.54 17.50 14.12 4.81 14.74 14.14 16.12
Mo 2.53 0.16 3.02 1.78 2.29 2.22 2.02 2.31
Nb 4 88 3.59 5.76 5.27. 2.47 7.12 6.97 6.77
Nd 18 79 18.33 18.77 23.12 9.29 22.97 19.60 20.94
NI 13.72 13.10 54.30 1.76 21.74 2.05 2.42 2.02
Pb 2.16 n/a 6.11 7.05 3.07 8.29 6.57 6.96
Rb 83.04 82.21 85.54 41.78 20.06 20.62 20.79 21.05
Sc 31.70 38.41 27.80 22.18 37.96 20.18' 28.25 22.45
Sr 794 87 796 28 405.44 596.19 499.71 667.37 670.14' 665.50
Th 3.38 6.06 5.13 5.60 5.17 4.02 9.46 1.77
U 3.42 1.59 1.51 3.16 0.02 2.88 0.46 1.16
V 399.30 395.64 257.72 256.22 361.94 17135 181.52 170.23
Y 24.67 25.16 25.17 30.38 28.60 3302 37.34 33.56
Zn 93.36 93.37 112.64 129.68 125.10 82.35 84.58 82.93
Zr 94.30 94.01 117.56 103.20 93.81 134.64 137.30 133.07

Total 99.58 99.61 99.06 99.29 98.62 100.13 166.6 V 100.14

Sample number 96 4A 96.5A 96 6A 96.7A 96.8B 96.9A 96.9B 18/08_2
Bead LF25459 LF25570 LF25568 LF25565 LF25572 LF25569 LF25571 LF22788

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG SVLZ

formation Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai Shargyn Moghai n/a
Si02 55.66 55 20 56.19 53.83 61.30 55.80 59.98 76.40
Ti02 0.77 0.51 0.53 0.70 0.50 0.56 0.61 0.03

AI203 1600 15.66 16.52 15.78 15.31 15.65 16.86 13 96
Fe203 8.01 6.77 7.99 8.14 4.99 6.97 6.85 0.56
MnO 0.16 0.17 0.13 0.14 0.08 0.10 0.10 0.02
MgO 4.74 3.54 3.66 4.92 2.91 409 1 49 n/a
CaO 7.32 7.91 5.50 4.37 2.81 4.80 1.61 0.09
Na20 3.52 3.74 4.53 7.58 6.14, 5.10 9.93 5.06
K20 1 79 2.11 2.11 2.14 1.24 0.90 0.40 3.05

P205 0.25 0.27 0.24 0.48 0.18 0.22 0.42' 0.04-
S03 0.04 0.16 0.08 0.07 0.07 0.10 0.32' 0.13
LOI 1.76 2.86 1.75 1.71 3.54 4.55 1.64 0.65
As 1.90 1.13 0.22 2.20 13.30 21.12 10.20 4.35
Ba 597.29 98328 723.35 909.24 635.55 972.30 294.84 806.04
Ce 40.36 38.17 35.89 28.98 33.57 35.28 55 44 14.58
Co 28.78 26.58 24.94 13.52 16’89 28.78 22 94 12.50
Cr 102.23 94.91 57.18 86.30 124 82 236.90 86 41 26.96
Cs n/a 0.54 2.48 0.01 1.64 n/a 0.95 n/a
Cu 74.46 55.37 62.98 115.49 73.99 60.26 16.72 195.98
Ga 18.49 16.31 18.96 16 94 17.56 18.53 19.87 17.94
La 12,20 14.20 12.59 16.51 12.57, 14.14 25 69 11.63
Mo 1.21 1.20 2.03 2.00 1.77 2.49 0 91 1 46
Nb 0.83 5.08 4.32 5.93 5.96 3.86 5.76 2.76
Nd 18.86 19.01 16.76 13.59 16.08 18.05 31.07 9.15
Ni 41.47 40.39 36.08 35.66 68.89 101.74 61.84 11.97
Pb 7.39 5.37 6.72 9.33 9.13 582 6.50 11.85
Rb 29.12 34.25 38.68 61.69: 30.19 15.87 8.29 69^07
Sc 24.26 25.17 22.54 13.47 16.01 21 64 10 03 10.09
Sr 87493 926.36 1005.20 813.95 1090.52 1090.54 743.21 767.53
Th 3 12 1.74 3.94 n/a 2.62 0.68 8.79 11.95
U n/a 0 03 3.16 n/a 306 0.19 2,13 1.14
V 21355 195 40 202.66 111.86 111.11 148.96 121.84 94.24
Y 18.01 16.73 15.00 11.39 8.22 12.67 19.88 8.00
Zn 7338 74.21 76.51 58.99 61.76 71.11 81.41 41.22
Zr 10907 112.75 107.55 135.27 146.26 121.42 146.49 109.41

Total 166.66 98.93 99.24 99.86 99.07 98.85 1<W>£1 49.^8
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Sam ple num ber 89 .11A 89.12A 89.14A 89.15A 89.1A 89.3A 89.4A 89.6B
Bead LF25475 LF25470 LF25087 LF25471 LF25082 LF25080 LF25474 LF25467

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG

formation Yasun Eliy-e Yasun Eiy-e Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Yasun Elly-e Yasun Eliy-e Yasun Elly-e
Si02 49.57 51.37 52.86 68.31 49.80 61.05 54.30 50.30
Ti02 1.48 0.77 1.17 0.46 1.05 0.47 1.37 1.36,

AI203 16.30 17.30 19.80 16.16 18.06 16.08 14.63 1987
Fe203 10.61 8.39 8.13 2.46 10.77 5.04 9.31 8.94
MnO 0.24 0.17 0 13 0.06 0.22 0.15 0.31 0.15
MgO 4.22 3.87 2.25 0.18 4.39 1.71 3.15 2.27
CaO 6.46 7.28 6.74 1.28 5.93 4.52' 6.80: 4 17
Na20 3.69 4.16 4.65 5.94 4.17 5.77 4.14 6.27
K20 1.88 0.79 2.58 3.53 2.23 1.26 1.26 2.80

P205 039 0.19 0.40 0.13 0.33 0.22 0.32 0.50
S03 0.03 0.03 0.03 0.12 0.08 0.01 0.04 0.02
LOI 4.14 4.27 1.65 2.07 2.46 2.66 4.24 3.63
As 7.64 10.47 9.92 17.00 13.25 7.46 9.33 15.20
Ba 469.36 411.23 667.18 1173.46 773.88 617.45 410.95 954.61
Ce 37.14 29.75 32.77 35.19 35.06 19.54 29.31 47.03
Co 33.17 28.19 24.57 4.43 36.18 13.74 32.70 27.65
Cr 20.91 7.81 8.99 15.48 106.59 39.92 15.84 11.85
Cs 1.66 2.76 1.23 2.32 n/a 2.77 n/a 3.24
Cu 34 76 76 92 63.14 11 30 118.30 7.27 10.24: 41.62
Ga 19.78 19.48 20 62 18.75 21.03 16.73 16.36 19.99
La 14.60 4 59 14.17 17.08 7.02 12.98 11.95 16.14
Mo 1 95 1 32 1.35 2 58 1.20 0.65 2.63 1.07
Nb 721 0.74 7.87 5.75 3.29 7.94 6.48 9.11
Nd 21 41 11.68 17.39 19.57 16.46 11 76 13.37 19.80
Ni 11 76 4.69 1.17 n/a 18.13 2.62 4.44 4.49
Pb 5.98 1.86 4.91 8.98 n/a 6.54 5.44 8.59
Rb 30.35 13.14 41.51 65.19 53 41 24.58 19.92; 38.13
Sc 42.94 32.79 16 10 7.58 24.17 16.83 28.89 24.90
Sr 424.37 719.63 750.50 202.59 657.43 524.41 352.75 753.73
Th 577 3.45 5.31 10.69 6.49 6.56 8.55 8.20
U 1 01 n/a 0.28 1.32 2.18 0.70 0.94 2.89
V 274.85 258 23 151.77 36.42 280.08 116.40 270.45 146.67
Y 42.33 16.70 32.42 26.89 34.17 24.33 32.34' 35.64
Zn 90.53 75.01 73.37 34.30 116.78 51.54 182.47 93.06
Zr 148 16 75.17 122.69 299.62 120.55 133.99 116.59 142.40

Total 98 96 98 60 100.40 100.69 99.50 98.94 99.86 10031

Sample number 18/08_3 18/08_5 19/08_1 79 11A 79.12A 8/08_1 8/08_2 8/08_5
Bead LF22784 LF22787 LF22790 LF25989 LF25979 LF22793 LF22802 LF22798

field area 

formation

SVLZ 

n/a n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

Si02 48.73 64.09 54.93 65.89 67.31 65.83 72.95 68.17
Ti02 064 0.53 0.69 0.82 0.78 092 0.18 0.40

AI203 17.13 16.37 17.24 15.55 16.46 11.84 13.21 ...... 15.46
Fe203 8.01 4.18 738 3.98 1.84 7.22 3.36 3.58
MnO 0.12 0.15 0.14 0.03 0.03 0.11 0 10 0.03
MgO 909 1.06 3.94 0.11 013 0.60 0.26 0.35
CaO 8.16 3.27 5.00 0.74 0.70 2.56 0.27 0.32
Na20 3.58 6.66 5.02 6.22 6.46 4.29 3.31 5.21
K20 0.79 1.26 0.96 4.83 5 19 0.87 4 .4 t 4.40

P205 0.09 0.23 0.24 0.33 n i T 0 46 0.06 0.26
S03 0.02 0.14 0.16 0.05 0.03 0.30 0.03 0.05
LOI 3.88 2.57 4.44 1.08, 0.66 3.37 1.18 1.40
As 5.02 89.98 12.52 15.10 41.15 26.41 2.19 9.67
Ba 817.97 120.51 1281.88 794.24 725.49 536.58 236.10 977.47
Ce 33.91 0 45 14.10 65.19 00.00 zu . 10 15.48 27.89
Co 17.08 n/a 35.67 8.83 3.81 29.70 33.25 11.04
Cr 74.43 2.16 332.59 3.13 83.67 18.09 35609 25.96
Cs n/a 0.41 n/a n/a n/a n/a n/a n/a
Cu 64 38 3.25 581 2.60 0.39 61.38 39.91 161.39
Ga 19.13 22 80 18.00 16.80 17.14 20.07 16.49 20.93
La 20.30 2.98 10.15 29.61 39.27 16.16 2 71 15.48
Mo 1.17 0.63 058 1.11 1.18 0.80 n/a 1.69
Nb 5.25 48.02 1.73 11.95 12.86 3.63 n/a 342
Nd 16.14 4.55 8.10 32.03 43; 45 13.73 8.78 15.49
Ni 38.84 n/a 115.42 2.09 2.47 30.25 144.06 8.23
Pb 8.13 29 32 11.45 13.00 11.70 3.68 n/a 6.80
Rb 52.63 106.54 50.98 89.37 94.68 8.36 23.01 66.16
Sc 10.70 3.56 17.31 8.22 7.62 28.13 34.41 8.82
Sr 804.65 73.65 619.43 213.93 194.78 92282 517.57 1106.50
Th 9.23 16.85 6.29 14.97 9.80 8.32 2.69 11.67
U 1.75 2.53 1.81 1.47 1.37 1.71 0.14 1.26
V 105.67 4.24 133.86 41.10 31.79 208.16 221.54 128.82
Y 12.85 45.94 15.72 49.15 55.74 18.53 17.76 10.32

Zn 63.36 23.11 139.29 46.74 44.91 76.35 62.02 43.79
Zr 144.66 62.17 101.18 470.54 1252.98 107.72 44.00' 123.31

Total 100.26 100.50 100.12 §634 100.02 98.37 m i
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Sam ple number 89 6C 89.8A 89.9A 89.9B 89.96 89.9B 52.12A 52.3A
Bead LF25085 LF25476 LF25081 LF25451 LF25452 LF25453 LF25457 LF25456

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG
Gurvan Morin Gurvan Morin

formation Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Yasun Eliy-e Hondiy________ Hondiy_______
Si02 51.47 59.45 44.95 41.65 41.55: 42.44 55.97 49.14
Ti02 1 26 0.55 075 1.28 1.41 1.27 0.99 1.06

AI203 18.78 17.70 11.03 17.33 17.26 17.62 17.87 18.32
Fe203 806 5.79 10.46 10 86 10.68 10.63 6.99 11.05
MnO 0.16 0.15 021 0.25 0.24 0.25 009 0.25
MgO 2.32 2.49 7.83 4.10 4.21 4.15 2.20 3 76
CaO 5.15 3.93 16.02 8.78; 8 92 8.70 2.19 6.11
Na20 5.33 5.89 1.39 5.36 5.41 ati' 8.85 " 4.69
K20 2.72 1.54 0.54 1.51 1.59 1.50 1.29 2.87

P205 0.48 0.18 0.12 0.24 0.24 0.24 0.12 0.41
S03 0.04 0.07 002 0.03 0.03 0.03 0.15 0.02
LOI 3.82 2.10 6.38 7.95 7.90 7.95 2.25 1.90
As 20.66 14.59 6.33 17.12 16.64* ID. ID. 10.47 2.03
Ba 840 06 1064.01 301.24 817.60 792 31 791.26 408.72 51231
Ce 37 48 13.50 26 78 25.11 30.14 32.38 20.11 43.24
Co 22 82 16.89 43 26 37 61 39.93 37.23 22.80 38 16
Cr 11 21 80.75 533.63 47.54 36.46 39.38 28.15 19.06
Cs 1.57 0.68 1.18 2.61 0.06 0.74 n/a 1.79
Cu 7.86 42.31 85.64 215.57 213.44 218.25 70.34' 261.62
Ga 18.22 19.95 1376 19.85 17.84 19.95 16.74 21.61
La 18.07 6.28 0.51 5.00 6 73 5.99 6.77 12.92
Mo 1 36 1.68 1.14 1.03 1.41 2.23 095 1.78
Nb 8.05 3.48 1.61 5.09 3.58 3.78 2.49 6.15
Nd 19.31 12.56 8.53 10.72 9.35 13.07 11.32 18.90
Ni 1.34 7.43 137.47 34.41 34.76: 35 01 7.58 2.61
Pb 4.78 7.50 4.24 5.39 675 6.39 5.97 5.05
Rb 3987 21.99 10.18 19.37 19.40 19.81 14.67 44.17
Sc 14 20 17.74 47.21 24.54 36.87 36.14 19.64 18.01
Sr 675 10 986 82 259.90 826.47 836.62 835.85 438.30 812.65
Th 1 19 1.01 3.16 3 85 2.66 131 7.32 1 53
U 0.63 0.19 043 0.91 n/a 2.74 2.18 n/a:
V 174.08 135.90 279.95 312.71 315.05 300.75 223J9 303.29
Y 33.40 16.15 19.81 26.15 29.15 28.09 16.39 24.21

Zn 69.57 57.68 74.48 105.02 105.86 108.85 71.08 101.02
Zr 129.81 97.84 50.99 97.05 91.80 94.03 83.79 87.10

Total 99.56 99.83 99.70 99.54 99.43 100.26 98.66 99.57

Sample number 80.13A 80.1A 80.5A 81.10A 81.11A 81.13A 81.19A 81.7A 
Bead LF25978 LF25981 LF25980 LF25982 LF25983 LF25999 LF25991 LF25988

field area 

formation

SVLZ 

n/a n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

Si02 74.89 79.71 74.02 75.50 69.77 79.54 63.15 63.86
Ti02 0.29 0.07 0.06 0.16 0.32 0.14 1.58 1.11

AI203 13.22 10.31 12.09 12.70 15.11 9.79 14 29 15.34
Fe203 1.82 0.17 0.89 1.19 2.29 0.52 6 46 6.61
MnO 002 0.00 009 0.02 0.05 0.01 0.15 0.15
MgO 0.06 0.07 0.10 0.05 0.19 0.11 0.72 0.38
CaO 0.20 0.27 0.26 0.30 0.49; 0.31 1.14 0.81
Na20 5.22 1.23 0.88 4.69 5.41 1.42 5.66 6.41:
K20 4.13 7.43 10.51 5.31 5.97 6.36 4.06 2.12

P205 0.08 0.02 0.01 0.05 0.14 0.02 0.58 0.75;
S03 0.03 0.03 0.03 0.04 0.07 0.14 0.05 0 05
LOI 087 0.60 076 0.77 0.78 0.75 1.66 2.29
As 10.19 32.16 20.90 7.84 1.85 7.29 6.65 ’ 36.88
Ba 322.25 414.87 254.19 436.74 110.69 411.38 752.21 641.75
Ce 129.70 57.28 28.87 69.71 50.32 46.47 85.52 58.41
Co 3.65 n/a n/a 0.22 0.26 n/a 19.63 20.18
Cr 21.66 4.91 21.09 92.75 35.45 0.12 5.12 10.72
Cs 4.58 1.96 n/a 4.17 2.24 1.90 1.19* 0.07
Cu 4.58 4.74 6.09 2.57 7.14 4.54 15.21 0 85
Ga 21.90 11.75 13.87 13.91 9.66 11.47 16.52 17.88
La 49.93 28.15 12.05 32.47 23,66 24.67 38.07 28.07
Mo 1.19 6.90 3.20 0.86 2.05 0.98 1.12 3.09
Nb 18.10 6.93 10 22 9.85 8.02 7.59: 13.55 8.13
Nd 63.26 24 73 14 80 32.08 23.70 22.94 45.35* 30 26
Ni 0.20 3.51 2.87 2.70 3.97 3.33 2.30 4.87
Pb 19.53 12.41 20 67 14.65 14.33 9.20 13.73 13.56
Rb 62.20 117.21 162.67 103.54 20.98 120.76 61.68 33.59
Sc 6.02 3.96 3.06 5.12 4.66 0.80 12.38 12.48
Sr 48.68 65.40 94.51 48.29 107.89 56.19 311.78 153.61
Th 13.96 11.92 10.48 11.85 16.44 11.48 9.04' 6.72
U 1.99 2.90 382 0.53 3.88 1.98 2.77 0.81
V 17.91 7.00 10.97 10.18 8.71 9.07 103.38 82.72
Y 93.39 10.83 22.91 36.65 23.67 27.40 54.85: 38.61
Zn 85.54 9.76 26.63 18.85 30.52 12.74 74.64 69.31
Zr 1017.65 171.95 121.40 266.47 188.49* 189.81 486.70 27760;

Total 100.83 99.92 99.71 100.78 100.58 99.10 69.66 66.66
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Sam ple num ber 52.5A 52.6A 53.12A 53.12A 53.12A 53.17A 53.18A 53.20A
Bead LF25462 LF25575A LF25445 LF25446 LF25447 LF25461 LF25466 LF25454

Field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG 
Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin

formation Hondiy Hondiy Hondiy Hondiy Hondiy Hondiy Hondiy Hondiy
Si02 47.01 53.24 50.70 50.15 50.10 53.93 54.56 53.35
Ti02 0.87 0.74 0.66 0.75 0.68 1.09 0.88 0.89

AI203 14.91 19.43 15.73 15.32 15.57 19.63 18.14 17.62
Fe203 690 7.99 6.61 6 85 6.54 8.63 8.08 7.01
MnO 0.24 0.17 0.09 0 09 0.09 0.25 0.16 0.13
MgO 2.02 2.46 1.60 1.58 1.57 2.17 2.17 3.67
CaO 10.46 4 60 7.70 7.94 7.64 2.91 4.11 6.31
Na20 4.32 6.72 8.80 8.73 9.04 839 7.00 6.86
K20 4.10 1.66 079 0.74 0.81 0.86 1.22 1.38

P205 077 0.39 0.25 0.25 0.25 0.59 0.41' 0.27
S03 005 0.08 0.03 0.03 0.04 0.03 0.04 0.04
LOI 833 2.91 6.88 6.85 7.33 2.02 2.75 2.55
As 14.43 17.32 10.25 9.45 10.61 6.42 2.72 2.60
Ba 695.97 675.50 288.09 288.80 302.31 381.74 364.01 1004.74
Ce 4668 41.94 20 45 24.58 20.56 61.62 37.17 20.16
Co 21 30 24 36 1770 17.37 17.20 2483 24.04 22.43
Cr 370 n/a 4,48 15.79 14.46 0.24 n/a 77.91
Cs 0.24 n/a 0.92 552 n/a n/a 0.42 n/a
Cu 213 71 169.90 54 88 53.25 55.34 156.57 179.61 39.14
Ga 16.11 20 59 12.65 12.52 13.59 22 96 17.62 21.67
La 15.37 14 15 689 6.31 7.06 22.69 14.62 6.64
Mo 1.82 2 08 1 65 0.23 0.98 1.96 1.75 0.69
Nb 7.10 4 72 2.61 254 2.05 9.55 6.90 1.83
Nd 24 03 20 06 1400 15 12 13.51 30.66 18.65 11.60
Ni n/a 0.13 1.15 3.61 0.92 n/a n/a 49.27
Pb 1.31 2.03 0.49 3.40 0.58 4.80 2.92 6.08
Rb 54.53 18.64 5.30 6.79 8.29 7.65 9.46 19.69
Sc 20.73 16.01 23.45 22.18 20.00 13.93 13.75 20.27
Sr 824.90 868.86 444.17 443.67 450.56 762.96 283.07 1283 76
Th 7.47 290 10.34 4.23 3.38 4.65 2.57 2.51
U 097 2.48 0.26 2.01 n/a n/a 0.36 0.88
V 192.16 160.89 193.97 198.91 195.49 142.09 149.04; 219.79
Y 28.32 24.28 21.01 18.83 19.83 36.46 25.54 11.31

Zn 85.95 76.00 59.44 59.04 60.03 101.64 88.11 70.86
Zr 95.98 107.58 77.62 76.05 79.10 152.58 109.11 81.47

Total M M 166.& M M M M M .& 100.49 99.52 100.08

Sample number 82.11A 82.11A 82.11A 82.5A 83.3A 97.2A 97.3A 97.5A
Bead LF26005 LF26006 LF26007 LF25984 LF25996 LF25679 LF25635 LF25634

field area 

formation

SVLZ 

n/a n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

SVLZ

n/a

Shuteen

n/a

Shuteen

n/a

Shuteen

Si02 74.48 73.16 74.61 69.69 60.02 69.19 66.65 76.87
TI02 0.23 0.26 0.23 0.33 0.81 0.49 0.55: 0.22

A1203 13.02 12.98 13.06 15.11 16.34 14.70 14.18 12.93
Fe203 1.69 1.72 1.68 2.28 6.30 2.90 2.98 1.33
MnO 0.04 0.04 0.04 0.05 0.06 0.05 0.06 0.02
MgO 0.30 0.31 0.26 0.20 1.57 1.36 1.39 0.48
CaO 0.38 0.40 0.37 0.47 1.34 2.48; 2.05 0.89
Na20 7.36 7.95 7 35 5.16 6.56 4.23 4.55 3.46
K20 1.09 1.21 1.06 5.86 4.24 4.38 4.63 5.09

P205 0.25 0 25 0.25 0.14 0.48 0.12 0.12 0.04
S03 0.12 0.20 0.10 0.06 0.14 0.04 0.05 0.03
LOI 1 19 1.10 1.12 0.89 1.57 0.54 0.79 0.53
As 2.19 1.77 2.07 21.26 1.99 7.66 4.74 2.79
Ba 211.49 218.54 230.85 1545.45 109367 776.04 835.52 546.98
Ce 82.00 85 56 86 94 53.87 66.39 39.59 25.64 44.28
Co 2.78 2.97 264 2.63 20.59 7.94 8.29 1.64
Cr 37.96 10.08 5.22 27.59 96.86 53.80 60.51 8.37
Cs 1.71 1.81 n/a 0.04 1.05 2.25 n/a 2.51
Cu 4.68 6.47 6.18 3.92 17.27 13.24 5.70 1.06
Ga 24.00 25.39 23.42 15.20 16.85 15.39 16.15 13.16'
La 33.57 31.87 33.23 27.90 34.18 17.83 4.45 18.59
Mo 0 73 1 03 1 89 2.78 1.37 1.18 1.20 1 76
Nb 22.35 24.60 24.19 10.92 10.35 4.06 4.79 4.54
Nd 46.16 46.98 46 03 30.00 31.42 14.12 10.55 23.98
Ni 2.23 3.12 2.39 1.84 25.30 9.47 7.92 n/a
Pb 12.73 13.64 11.67 10.08 10.03 13.26 948 8.89
Rb 4095 42.17 41.05 69.58 76.02 113.44 108.52. 120.88
Sc 10.13 6.32 592 3.06 13.79 5.50 10.12’ 6.04
Sr 77 30 77.21 7685 79.68 734.72 412.76 425.61 200.59
Th 18.51 17.99 19.78 8.18 11.50 16.16 13.25 17.58
U 1.12 1.66 2.61 1.45 2.68 0.53 n/a 1.31
V 0.00 3.62 236 7.57 127 01 61.79 65.14 21.05
Y 120.96 118 61 120.70 36.49 23.61 8.57 9.59 5.16
Zn 89.15 89.45 88.50 43.48 67.93 38.91 29.28 14.32
Zr 730 79 746.22 728.35 513.98 242.60 141.80 141.74 86.10

Total 166.14 99.56 100 12 i 60.24 99.42 99.94 98.01 101.36
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Sam ple number 53.9B 54.10A 54 12A 54.13A 54.14A 54.17A 54.18A 54.1A
Bead LF25463 LF25060 LF25103 LF25102 LF25097 LF25101 LF25098 LF25674

field area OUVG OUVG OUVG OUVG OUVG OUVG OUVG OUVG
Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin Gurvan Morin 

formation Hondiy________ Hondiy________ Hondiy________ Hondiy________ Hondiy________ Hondiy________ Hondiy_______ 1 Hondiy______
Si02 47.37 51.53 57.93 59.34 52.40 53.80 58.60 66.72
Ti02 1.04 0.61 0.76 0.68 0.80 0.94 0.69 0.30

AI203 16.58 14.99 16.42 17.37 17.72 18.31 17.03 14.86
Fe203 11.54 7.38 6.01 5.52 6.09 7.79 6.50- 3.10
MnO 0.16 0.11 0.06 0.10 0.08 0.13 0.10 0.07
MgO 484 6.17 3.05 2.44 2.71 3.60 2.79 1.06
CaO 8.09 6.62 3.39 289 4.87 2.91 2.50 3.01

Na20 3.30 4.20 5.69 5.65 8.24 7.10 6.04' ......5.57
K20 0.53 0.56 1.73 3.27 0.72 1.98 3.54; 1.46

P205 0.08 0.28 0.27 0.28 0.28 0.30 0.28 009
S03 002 0.12 0.02 0.03 0.03 0 04: 0.04 0.03
LOI 6.68 6.09 4.82 2.04 5.93 292 2.36 3.28
As 11.48 4.47 3.70 9.14 23.11 13.44 14.15 2.67
Ba 259.96 703.51 673.48 1607 98 173.44 792.03 1204.01 493.02
Ce 27.34 39.94 32.45 30.57 43.47 39.35 39.28 21.06
Co 37.82 27.26 19.01 15.14 18.92 26.76 20.35 9.81
Cr 4.70 575.35 145.96 19.09 72.70 31.98 120.54 125.50
Cs 3.35 6.91 2.53 n/a n/a 0.79 0.73 n/a
Cu 39.45 70.18 26.18 22.55 166.95 172.42 65 83 4.05
Ga 18.42 17.28 20 12 19.06 21.79 22.80 19.95 15.02
La 5.76 13.93 13.50 14.15 1563 14.15 13.39 9.31
Mo 1.82 2.24 2.27 0.57 1.17 2.13 1.83 2.55
Nb 0.55 2 75 3.77 3.21 2.66 3.82 1.08 3.31
Nd 8.63 17.61 16.43 16.18 15.35 18.69 14.26 10.54
Ni 5.82 125.13 8.74 7.90 12.40 9,44 16.07 0.36
Pb 2.87 2.37 8.42 7.82 12.56 7.02 8.47 7.37
Rb 849 11.58 33.73 53.80 13.04 30.06 47.19 20.86
Sc 29.34 26.71 12.93 8.49 15.92 18.10 17.10 8.83
Sr 430.36 1036.16 835.65 1987.42 494.47 1130.79 756.09 772.21
Th 5.18 6.67 5.36 3.66 5.83 5.83 4.03 13.33
U 1 05 1.13 0.05 0.86 1.74 n/a 2.25 0.31
V 305.25 204.20 185.77 174.47 188.35 197.72 191.38 80 23
Y 17.60 11 97 11.79 9.89 16.20 11.14 12.71 10.32

Zn 89.51 66.91 64.43 56.59 74.03 85 93 61.63 28.93
Zr 61.41 113.63 111.52 115.83 116.50 113.03 106.68 121 68

Total 100.23 98.69 100.14 99.60 99.87 99.62 100.48 00.06

Sample number 97.6A 97.6A 97.7A 97.8A 70.11A 22/08 14 22/08.J 4 22/08..14
Bead LF25626 LF25628 LF25636 LF25638 LF25987 LF22795 LF22799 LF22800

Dyke in
Northern Slate Sheeted quartz Sheeted quartz Sheeted quartz

field area Shuteen Shuteen Shuteen Shuteen Belt vein complex vein complex vein complex

formation n/a n/a n/a n/a n/a n/a n/a n/a
Si02 77.37 75.29 71.10 68.41 52.51 63.26 63.17 63.74
Ti02 023 0.22 0.42 0.45 2.29 0.60 0.60 0.58

AI203 12.97 12 73 14.44 13.83 14.77 16.31 16.37 16.65
Fe203 1.28 1.31 2.62 2.75 10.85 4.55: 4.62 4.54
MnO 0.02 0.02 0.05 0.05 0.19 0.07 0.08 0.07
MgO 0.48 048 1.21 1.16 5.52 2.37 2.37 2.32
CaO 0.91 0.93 2.24 1.92 5.66 3.59 3.59’ 3.57
Na20 3.39 3.53 4.03 4.21 4.39 4.86 4.85 4.94
K20 5.09 5.12 4.53 4.76 1.95 3.46 3.40 3.39

P205 0.04 0.04 0.11 0.13 0.35 0.23 0.23 0 22
S03 0.00 0.01 0.00 0.02 0.13 0.24 0.01 0.05
LOI 0.45 0.48 0.49 0.72 2.30 0.54: 0.50 0.52
As 2.61 3.28 5.20 3.13 2.69 5.15 8.20 5.64
Ba 571.02 566 94 728.28 744.59 435.25 1338.88 970.18 812.13
Ce 5.07 11.71 50.03 38.42 67.32 207.14 25.22 32.37
Co 2.55 2.69 6.56 5.49 42.30 31.16 11.20 15.61
Cr 1.99 38.55 24.67 22.48 150.85 n/a 12.28 51.44
Cs 4.83 4.59 n/a n/a n/a 1.11 4.49 n/a
Cu 7.04 6.66 26.36 13.99 26.57 3672 152.27 43.05
Ga 13.55 13.24 14.70 16.23 19.60 24.56 19.99: 18.87
La 6.85 4.93 21.13 14.64 19.86 90.78 16.24 19.27
Mo 2.62 2.02 2.07 1.69 1.03 2.78 2.05 1.19
Nb 4.35 4.88 3.90 6.27 9.99 29.07 2.49 5.41
Nd 6.41 6.34 25.23 19.49 36.47 100.48 15.13: 17.70
Ni n/a n/a 13.52 8.35 40.06 10.17 8.69 31.13
Pb 9.36 8.36 10.52 5.79 1.86 15.73 6.80 ~ 5.20
Rb 120.77 121.53 115.55 119.40 43.94 69.44 64.46 37.31
Sc n/a 0.87 10.75 12,29 36.45 15.54 11.15 12.20
Sr 199.87 202.92 369.60 377.02 454.83 1123.28 1112.63 1166.94
Th 18.50 16.63 18.74 1097 7.33 12.39 13.39 4.90
U 0.27 1.56 0.16 0.61 n/a 3 14 2.78 1.35
V 27.59 26.46 54.88 59.89 226.86 190.89 129.04 106.60
Y 1.51 2.40 7.25 8.67 62.43 34.93 7.95; 10.27
Zn 15.45 13.42 52.73 21.94 99.17 152.05 43.85 70.60
Zr 95.74 90.40 133.73 136.23 406.44 527.13 139.11 159.94

Total 101.78 99.68 100.75 98.39 •i00.90 106.62 99.78 100.59
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Sample formation or
Sample locality Sample number field area secondary descriptor UTM EASTING NORTHING

BFD024 BFD024B Bronze Fox n/a 48T ; 727700 4883000
BFD024 BFD024C Bronze Fox n/a 48T 727700 4883000
BFD002 BFD002F Bronze Fox n/a 48T 727700 4883000
BFD024 BFD024D Bronze Fox n/a 48T i 727700 4883000
BFD002 BFD002G Bronze Fox n/a 48T 727700' 4883000
51.1 51.1A Mandakh n/a 48T ! 730145 4906700
51.1 51.1 A Mandakh n/a 48T 730145.' 4906700
51.6 51,6A Mandakh n/a 49T 282756 4925067
51.4 51,4A Mandakh n/a 49T 279566 4919940,
51.2 51,2B Mandakh n/a 48T 730238 4906697;
51.7 51.7A Mandakh n/a 49T i 282789 4925132
51.4 51,4B Mandakh n/a 49T 279566 4919940
51.5 51,5A Mandakh n/a 49T 281056 '4921196
41.4 17/08_6 Mesozoic basalts n/a 49T 329450 4960446
36.8 11/08_2 Mesozoic basalts n/a 49T 332239 4961451
78.3 78.3A Molasse n/a 49T 371370 4945604
JBSP004 JBSP004 Narin Hudag n/a 49T 267843 4910997
JBSP004 JBSP004 Narin Hudag n/a 49T 267843 4910997
JBSP004 JBSP004 Narin Hudag n/a 49T 267843 4910997
JBSP006 JBSP006 Narin Hudag n/a 49T 267576 4910916
JBSP001 JBSP001 Narin Hudag n/a 49T 267960 4911116
JBSP005 JBSP005 Narin Hudag n/a 49T 267834 4910968,
JBSP003 JBSP003 Narin Hudag n/a 49T 267844 4910998
JBSP008 JBSP008 Narin Hudag n/a 49T ; 263912 4902566
JBSP007 JBSP007 Narin Hudag n/a 49T 266779 4911450
JBSP010 JBSP010 Narin Hudag n/a 49T ; 264232 4902759
JBSP010 JBSP010 Narin Hudag n/a 49T : 264232 4902759
JBSP010 JBSP010 Narin Hudag n/a 49T 264232 4902759
23.10 27/07 5 North Eastern Intrusion n/a 49T 389947 4953141
46.4 22/08_9 Oyut Ulaan in/a 49T 380649 4936829
46.4 22/08~9 Oyut Ulaan n/a 49T 380649 4936829
46.7 22/08_11 Oyut Ulaan in/a 49T 379899 4936765
46.12 22/08J  5 Oyut Ulaan n/a 49T 375316 4937921
46.12 2 2 /0 8 J 5 Oyut Ulaan n/a 49T 375316 4937921
46.9 22/08_13 Oyut Ulaan n/a 49T 378399 4936135
46.12 22/08_15 Oyut Ulaan n/a 49T : 375316 4937921
46.9 22/08_13 Oyut Ulaan n/a 49T 378399 4936135
46.9 22/08_13 Oyut Ulaan n/a 49T 378399 4936135
46.7 22/08_11 Oyut Ulaan n/a 49T 379899 4936765
46.7 22/08_  11 Oyut Ulaan n/a 49T 379899 4936765
46.4 22/08 9 Oyut Ulaan n/a 49T 380649 4936829
88.3 88.3A Oyut Ulaan n/a 49T 377966 4936864
88.3 88.3A Oyut Ulaan n/a 49T 377966 4936864
88.3 88.3A Oyut Ulaan n/a 49T : ...... 377966 4936864
66.20 66.20A Oyut Ulaan n/a 49T , 377017 4937003
66.20 66.20A Oyut Ulaan n/a 49T I 377017 4937003
88.2 88 2A Oyut Ulaan n/a 49T 375708 4937420
66.21 66.21 A Oyut Ulaan n/a 49T : 375857 4936480
65.6 65.6A Oyut Ulaan n/a 49T 378807 4937481
65.1 65.1A Oyut Ulaan n/a 49T 373695 4939189
62.7 62.7A Oyut Ulaan n/a 49T 380196 ' 4937050
62.16 62.16A Oyut Ulaan n/a 49T 3791011 4937440
62.3 62.3A Oyut Ulaan n/a 49T 381155 4938241;
62.10 62.10A Oyut Ulaan n/a 49T 379350 4937055
62.5 62.5A Oyut Ulaan n/a 49T 381786 4937507
60.13 60.13B Oyut Ulaan n/a 49T 380599 4936958
65.12 65.12A Oyut Ulaan n/a 49T : 378627 4938181
61.7 61.7A Oyut Ulaan n/a 49T 375388 4936878
65.3 65.3A Oyut Ulaan 'n/a 49T 373261 4936907,
65.14 65.14A Oyut Ulaan n/a 49T 377179 4938161
65.14 65.14A Oyut Ulaan n/a 49T 377179 4938161
65.14 65.14A Oyut Ulaan n/a 49T 377179 4938161
46.8 22/08J  2 Oyut Ulaan dyke 49T 379278" 4936793
46.5 22/08~10 Oyut Ulaan dyke 49T 380578 4936774
60.9 60.9A- Oyut Ulaan dyke 49T 380496 4936742
60.9 60.9A Oyut Ulaan dyke 49T 380496 4936742
60.7 60.7A Oyut Ulaan dyke 49T 380577 4936833
67.4 67.4A Oyut Ulaan dyke 49T 379457; 4937059
46.5 22/08_10 Oyut Ulaan dyke 49T 380578 4936774
67.7 67.7 A Oyut Ulaan dyke 49T 380995 4936882
67.5 67.5A Oyut Ulaan dyke 49T 379491 4937736
60.12 60.12B Oyut Ulaan dyke 49T 380362 4936670
67.5 67.5B Oyut Ulaan dyke 49T 379491 4937736
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Sample formation or
Sample locality Sample number field area secondary descriptor UTM EASTING NORTHING

90.9 90.9B Oyut Ulaan dyke 49T ; 378246 4936839
60.12 60.12A Oyut Ulaan dyke 49T . 380362 4936670
60.22 60.22A Oyut Ulaan dyke 49T 380423 4938124
67.4 67.4B Oyut Ulaan dyke 49T 379457 4937059
68.1 68.1 A Oyut Ulaan Contact Zone n/a 49T 380683 4936351
88.7 88.7A Oyut Ulaan Volcanic Group Dead vulture 49T 372340 4937358
88.9 88.9A Oyut Ulaan Volcanic Group Dead vulture 49T 372350 4937426
88.10 88.10A Oyut Ulaan Volcanic Group Dead vulture 49T 372374 4937646!
88.17 88.17A Oyut Ulaan Volcanic Group Dead vulture 49T 372376 4938362;
88.12 88.12A Oyut Ulaan Volcanic Group Dead vulture 49T 372360 4937748
88.12 88.12A Oyut Ulaan Volcanic Group Dead vulture 49T ; 372360, 4937748
88.12 88.12A Oyut Ulaan Volcanic Group Dead vultuio 49T 372360 4937748
89.10 89.10A Oyut Ulaan Volcanic Group Dead vulture 49T 371615 4939093
89.3 89.3A Oyut Ulaan Volcanic Group Dead vulture 49T 372301 4938518
89.9 89.9A Oyut Ulaan Volcanic Group Dead vulture 49T 371700 4938972
89.1 89.1 A Oyut Ulaan Volcanic Group Dead vulture 49T 372357 4938407
89.6 89.6C Oyut Ulaan Volcanic Group Dead vulture 49T 371917 4938701:
89.14 89.14A Oyut Ulaan Volcanic Group Dead vulture 49T 371417 4939330
89.10 89.10A Oyut Ulaan Volcanic Group Dead vulture 49T 371615. 4939093
89.10 89.10A Oyut Ulaan Volcanic Group Dead vulture 49T ' 371615 4939093
89.9 89.9B Oyut Ulaan Volcanic Group Dead vulture 49T 371700 4938972
89.9 89.9B Oyut Ulaan Volcanic Group Dead vulture 49T : 371700 4938972
89.9 89.9B Oyut Ulaan Volcanic Group Dead vulture 49T 371700 4938972
89.6 89.6B Oyut Ulaan Volcanic Group Dead vulture 49T 371917 4938701
89.12 89.12A Oyut Ulaan Volcanic Group Dead vulture 49T 371562 4939128
89.15 89.15A Oyut Ulaan Volcanic Group Dead vulture 49T 371656 4940207
89.4 89.4A Oyut Ulaan Volcanic Group Dead vulture 49T 372028 4938638
89.11 89.11 A Oyut Ulaan Volcanic Group Dead vulture 49T 371544 4939144
89.8 89.8A Oyut Ulaan Volcanic Group Dead vulture 49T i 371872 4938794
55.1 55.1A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355577 4939715
55.8 55.8A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355522 4939545
55.18 55.18A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355612 4939296
54.3 54.3A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355315 4940510
54.1 54.1 OA Oyut Ulaan Volcanic Group Three Horse Valley 49T 355338 4940928
54.7i 54.6A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355378 4940335
55.12 55.12A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355505 4939423
55.17 55.17A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355567 4939312
55.14 55.14A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355525 4939392
55.2 55.20A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355580 4939734
55.4 55.4A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355529 4939589
54.20 54.20A Oyut Ulaan Volcanic Group Three Horse Valley ,49T 355571 4939741
54.14 54.14A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355331 4939942
54.18 54.18A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355544 4939796
55.3 55.3A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355560 4939631
54.17 54.17A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355532 4939858
54.13 54.13A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355309 4939960
54.12 54.12A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355285 4939959
55.1 55.1C Oyut Ulaan Volcanic Group Three Horse Valley 49T 355577- 4939715
55.1 55.1 B Oyut Ulaan Volcanic Group Three Horse Valley 49T 355577 4939715
55.1 55.1B Oyut Ulaan Volcanic Group Three Horse Valley 49T 355577, 4939715
55.1 55.1 B Oyut Ulaan Volcanic Group Three Horse Valley 49T : 355577 4939715
53.12 53.12A Oyut Ulaan Volcanic Group Three Horse Valley 49T ? 355343' 4941288
53.12 53.12A Oyut Ulaan Volcanic Group Three Horse Valley ,49T 355343" 4941288
53.12 53.12A Oyut Ulaan Volcanic Group Three Horse Valley 49T j 355343' 4941288
53.20 53.20A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355338 4940861
52.3 52.3A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355358 4941838
52.12 52.12A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355538 4941699
53.17 53.17A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355374 4941015
52.5 52.5 A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355554 4941867
53.9 53.9B Oyut Ulaan Volcanic Group Three Horse Valley 49T 355354' 4941406
55.18 55.18B Oyut Ulaan Volcanic Group Three Horse Valley 49T 355612 4939296
55.9 55.9A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355512 4939466
53.18 53.18A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355325 4940978
55.6 55.6A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355507, 4939594
55.13 55.13A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355518 4939400
55.8 55.8B Oyut Ulaan Volcanic Group Three Horse Valley 49T 355522 4939545
55.19 55.19A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355612 4939276
55.19 55.19A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355612 4939276
52.6 52.6A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355574 4941844;
54.1 54.1A Oyut Ulaan Volcanic Group three Horse Valley 49T 355338 4940928
55.23 55.22A Oyut Ulaan Volcanic Group Three Horse Valley 49T 355801 4939019
28.9 3/08_6 Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T r 343895 4941174
95.3 95.3A Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T 342609 4941517
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Sample formation or
Sample locality Sample number field area secondary descriptor UTM EASTING NORTHING

91.4 91,4D Oyut Ulaan volcanic Group Tsagaan Nuruu 49T 341463 4942031!
95.7 95.7A Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T : 342301 4941709;
91.2 91.2A Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T 341464 4941974
91.3 91,3A Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T 341465; 4941999,
91.4 91 4C Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T 341463 4942031
91.3 91,3B Oyut Ulaan Volcanic Group TsagaanNuruu 49T 341465' 494199S|
56.2 56.2A Oyut Ulaan Volcanic Group tsagaan Nuruu 49T r 341866 4940639
95.10 95.10A Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T '341923 4941715
95.1 95.1 A Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T 342612 4941497
95.11 95.11A Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T 341874 4941780
95.5 95.5A Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T 342558 4941588
55.25 55.24B Oyut Ulaan Volcanic Group Tsagaan Nuruu 49T 342303 4941710
28.4 3/08_2 Oyut Ulaan Volcanic Group Yellow Snake 49T 343612 4939628
6.6 8 /0 7 3 Oyut Ulaan Volcanic Group Yellow Snake 49T ; 341758 4938930
26.2 31/07_1 Oyut Ulaan Volcanic Group Yellow Snake 49T 344542 4937513
28.4 3/08_2 Oyut Ulaan Volcanic Group Yellow Snake 49T 343612 4939628
28.1 3 /0 8 J Oyut Ulaan Volcanic Group Yellow Snake 49T 343139 4938787
26.2 31/07 3 Oyut Ulaan Volcanic Group Yellow Snake 4 9 T 344542 4937513
26.2 31 /07~2 Oyut Ulaan Volcanic Group Yellow Snake 49T 344542 4937513
28.1 3 /0 8 J Oyut Ulaan Volcanic Group Yellow Snake 49T 343139 4938787
56.16 56.16A Oyut Ulaan Volcanic Group Yellow Snake 49T 342401, 4939328
56.14 56.14A Oyut Ulaan Volcanic Group Yellow Snake 49T 342432 4930309
56.15 56.15A Oyut Ulaan Volcanic Group Yellow Snake 49T 342424 4939313
56.15 56.15B Oyut Ulaan Volcanic Group Yellow Snake 49T 342424 4939313
56.17 56.17A Oyut Ulaan Volcanic Group Yellow Snake 49T 343535 4937498
56.6 56.6A Oyut Ulaan Volcanic Group Yellow Snake 49T 341932 4940096
93.10 93.10A Oyut Ulaan Volcanic Group Yellow Snake 49T 349960 4939739
93.10 93.10A Oyut Ulaan Volcanic Group Yellow Snake 49T 349960 4939739
56.13 56.13A Oyut Ulaan Volcanic Group Yellow Snake 49T 342450 4939258
93.10 93.10A Oyut Ulaan Volcanic Group Yeliow Snake 49T 349960 4939739
56.9 56.9A Oyut Ulaan Volcanic Group Yellow Snake 49T 342553 4939235
56.7 56.7A Oyut Ulaan Volcanic Group Yellow Snake 49T 341917 4940138
56.4 56.4B Oyut Ulaan Volcanic Group Yellow Snake 49T 341860 4940373
56.9 56.9B Oyut Ulaan Volcanic Group Yellow Snake 49T 342553 ' 4939235
56.4 56.4A Oyut Ulaan Volcanic Group Yellow Snake 49T 341860 4940373
56.3 56.3B Oyut Ulaan Volcanic Group Yellow Snake 49T 342017 4940248
5 6 9 56.9A Oyut Ulaan Volcanic Group Yellow Snake 49T 342553 4939235
56.9 56.9A Oyut Ulaan Volcanic Group Yellow Snake 49T 342553 4939235
96.2 96.2B Oyut Ulaan Volcanic Group Yellow Snake 49T 343759 4939686
96.4 96.4A Oyut Ulaan Volcanic Group Yellow Snake 49T 343698 4939787
93.15 93.15A Oyut Ulaan Volcanic Group Yellow Snake 49T ; 348955 4941952
93.15 93.15A Oyut Ulaan Volcanic Group Yellow Snake 49T 348955 4941952
93.15 93.15A Oyut Ulaan Volcanic Group Yeliow Snake 49T 348955 4941952
56.5 56.5A Oyut Ulaan Volcanic Group Yellow Snake 49T 341913 4940074
56.5 56.5A Oyut Ulaan Volcanic Group Yellow Snake 49T 341913 4940074
56.5 56.5A Oyut Ulaan Volcanic Group Yellow Snake 49T 341913 4940074
93.12 93.12A Oyut Ulaan Volcanic Group Yellow Snake 49T 349684 4939171
93.12 93.12A Oyut Ulaan Volcanic Group Yellow Snake 49T 349684 4939171
93.12 93.12A Oyut Ulaan Volcanic Group Yellow Snake 49T 349684 4939171
56.3 56.3A Oyut Ulaan Volcanic Group Yellow Snake 49T 342017 4940248
56.10 56.10A Oyut Ulaan Volcanic Group Yellow Snake 49T 342399 4939133
93.15 93.15C Oyut Ulaan Volcanic Group Yellow Snake 49T 348955 4941952
96.7 96.7A Oyut Ulaan Volcanic Group Yellow Snake 49T 343651 4939934
56.8 56.8A Oyut Ulaan Volcanic Group Yellow Snake 49T 342532 4939190
96.6 96.6A Oyut Ulaan Volcanic Group Yellow Snake 49T 343663 4939840
96.9 96.9A Oyut Ulaan Volcanic Group Yellow Snake 49T 343478 4940309
96.5 96.5A Oyut Ulaan Volcanic Group Yellow Snake 49T 343683 ~ 4939809
96.9 96.9B Oyut Ulaan Volcanic Group Yellow Snake 49T 343478 4940309
96.8 96.8B Oyut Ulaan Volcanic Group Yellow Snake 49T 343493 4940269
96.2 96.2A Oyut Ulaan Volcanic Group Yellow Snake 49T 343759 4939686
42.9 18/08J3 Saykhandulaan valley n/a 49T 352612 4950925
42.16 18/08 5 Saykhandulaan valley n/a 49T 351946 4950405
42.3 18/08_2 Saykhandulaan valley n/a 49T 353099 4951063
43.1 19/08*" 1 Saykhandulaan valley n/a 49T 351971 4949613
33.1 8/08 1 Saykhandulaan valley n/a 49T 342776 4949066
33.9 8/08_5 Saykhandulaan valley n/a 49T 343163 4942475
33.2 8 /0 8 3 Saykhandulaan valley n/a 49T 342591 4949144
80.13 80.13A Saykhandulaan valley n/a 49T 354599 4950867
79.12 79.12A Saykhandulaan valley n/a 49T 341310 4948749
80.5 80.5A Saykhandulaan valley n/a 49T 341679 4948911
80.1 80.1A Saykhandulaan valley n/a 49T 341457 4948837
81.10 81.10A Saykhandulaan valley n/a 49T : 342489 4949052
81.11 81.11A Saykhandulaan valley n/a 49T 342576 4949143
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Sample formation or
Sample locality Sample number field area secondary descriptor UTM EASTING NORTHING

82.5 82.5A Saykhandulaan valley n/a 49T ■ 343212 4949942
81.7 81.7A Saykhandulaan valley n/a 49T 342100 4949041
79.11 79.11 A Saykhandulaan valley n/a 49T 341277 4948660
81.19 81.19A Saykhandulaan valley n/a 49T 344018 4949922
83.3 83.3A Saykhandulaan valley n/a 49T 346260 4950536
81.13 81.13A Saykhandulaan valley n/a 49T 342493 4949079
82.11 82.11 A Saykhandulaan valley n/a 49T 345342 4950506
82.11 82.11A Saykhandulaan valley n/a 49T 345342 4950506
82.11 82.11A Saykhandulaan valley n/a 49T 345342 4950506
97.6 97.6A Shuteen n/a 48T 715785 4867022
97.6 97 6A Shuteen n/a 48T 715785 4867022
97.5 97.5A Shuteen n/a 48T 714578 4866098
97.3 97.3A Shuteen n/a ,48T ; 714149 4866052
97.7 97.7A Shuteen n/a 48T 713625 4865861
97.8 97.8A Shuteen n/a 48T 713332 4865612
97.2 97.2A Shuteen n/a 48T 714092 4865539
70.11 70.11 A Slate Belt n/a 49T 342024 4955444
46.1 22/08 14 South East Target n/a 49T 381062 4937003
46.1 22/08j  4 South East Target n/a 49T 381062 4937003
46.1 22/08 14 South East Target n/a 49T 381062 4937003
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Sam ple Number 883A 88:3A 88:3A 88:3A 517A
Unique ID 1992 1993 1994 1995 2006
Fraction Code Z-1 Z-2 Z-3 ................... Z-4 Z-6
chemistry code 148-01 148-02 148-03 148-04 148-05
Sam ple Weight (pg) 6.3 3.7 7 5 4.0 ................... 5.0'
Spike W eight (g) 0.0025 0.0025 0.0025 0.0025 0.0025
206pb/208pb 25872 2.6500 2.4956 3.4303 4.3494
2o  % error 0.043 0.055 0.020 0.043 0.031206pw207pb 7.2195 7.1843 6.8372 9.8690 12.7973
2o  % error 0.074 0.078 0.040 0.049 003 9
206ptv205pb 0.6181 0.6461 0.6927 1.1191 1.7150
2o  % error 0.035 0.035 0.020 0.022 0.018
206Pb/2°4p b 164.6010 163.6560 151.4908: 291.6760: 550.4980
2o  % error 0.152 0.188 0.100 0.147 0.175
238U/235U 0.0919 0.0951 0.1070 0.1789 0.2076
2o  % error 0.184' 0.258 0.110 0.181 0 0 7 6
Pb Blank 2.0 2.0 2.0 2.0 2.0
U Blank 4.5 4.5 4.5 4.5 4.5
Stacey & Kramer, 1975 
model Pb age 328 329 329 329 300
64c 18.1949 18.1933 18.1933 18.1933 18.2393
74c 15.6019 15.6018 15.6018 15.6018 15.6046
84c 38.0278 38.0260 38.0260 38.0260 38.0797
BlankUsed 2.0000 2.0000 2 0000 2.0000 2.0000
Common Pb 2.0849 2.4385 3.5870 2.2346 0.9095
Total Pb C 4.0849 4.4385 5.5870 4.2346 2.9095
Pb ppm 2.8340 5.0795 2.8170 8.3435 10.1180:
U ppm 45.1631 79.6622 44.3574 140.2306 1304238
Pb206U238 0.0520 0.0526 0.0497 0.0524 0.0724
Pb206U238err 0.3251 0.3680 0 2676 ........... 0.2658 0.1913
Pb206U238errA 16.8935 19.3521 13.2982 13.9311 13.8570
Pb206U238age 326.5876 330.4117 312.6667 329.3681 450.7178
Pb207U235 0.3817 0.3865 0.3626 0.3845 0.5279
Pb207U235err 0.4538 0.5156 0.3904 0.3156 0.2170
Pb207U235errA 17.3232 19.9284 14.1543 12.1340 11.4583
Pb207U235age 328.2968 331.7977 314.1552 330.3325 430.4305
Pb207Pb206 0.0533 0.0533 0.0529 0.0532 0.0529
Pb207Pb206err 0.3073 0.3486 0.2744 0.1655 0.1006
Pb207Pb206errA 16.3694 18.5819 14.5225 8.8043 5.3200
Pb207Pb206age 340.4370 341.5342 325.2212 337.1383 323.2444
Pb207Pb206ageerr 6.9575 7.8925 6.2309 3.7497 2.2853
Pb206Pb204 464.5249 418 2556 308.2676 846.3067 3290:6546
Pb208Pb206 0.1861 0.1730 0.1801 0 1776 0.1698
Rho 0.7362 0.7372 0.7116 0.8515 0.8861

Description U from Pb fraction U from Pb fraction U from Pb fraction U from Pb fraction U from Pb fractios
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Sam ple Number JBSP010 JBSP010 JBSP010 JBSP010 97.2A
Unique ID 2015 2016 2017 2018, 2023
Fraction Code Z-9 Z-10 Z-11 Z-12 ................... Z-13
chemistry code 148-09 148-10 148-11 148-12 148-13
Sam ple Weight (pg) 14.4 11.6 18.0 1 1 .0 ....... ..............3.8
Spike W eight (g) 0.0025 0.0025 0.0025 0.0025; 0.0025
206P ty 208P b 5.5447 5.3950 5.7205 5.7015 2.1773
2o % error 0.027 0.034 0.041 0.094 0.064
206P b /207P b 16.3820 15.7812 16.5984 16.6039 6.8878
2o  % error 0.060 0.041 0.074 0.930 0081
206Pb/205Pb 6.1720 5.1343 5.3126 4 9472 0.5811
2o  % error 0.023 0.017 0.053 0.090 0.030
206Pb/204Pb 1761.2140 1290.8170 1945.3750 150.1020 150.1020
2o % error 0.285 0.112 0.402 0.357 0.154
238U/235U 0.8858 0.8817 0.9242 0.0860 0.0923
2a  % error 0161 0.060 0.236 0.127 0.300
Pb Blank 2.0 2.0 2.0 2.0 2 0
U Blank 4.5 4.5 4.5 4.5 4.2
Stacey & Kramer, 1975 
model Pb age 330 333 334 326 236
64c 18 1917 18.1869 18.1854 18.1981 18.3401
74c 15.6017 15.6014 15.6013 15.6021 15.6104
84c 38.0241 38 0186 38.0167 38.0315 38.1979
BlankUsed 2.0000 2.0000 2.0000 2.0000 2.0000
Common Pb 1.6234 2.4928 0.2013 55.7824 2.3085
Total Pb C 3.6234 4.4928 2.2013 57.7824 4.3085
Pb ppm 12.9912 13.4128 8.8512 13.5252 4.6331
U ppm 195.6985 241.8099 163.4045 24 1810. 75.2828
Pb206U238 0.0630 0.0523 0.0519 0.4735' 0.0477
Pb206U238err 0.2287 0.1717 0.2916 0.2467 0.4098
Pb206U238errA 14.4012 8.9906 15.1410 116.8426 19.5345
Pb206U238age 393.6725 328.9226 326.3105 2499.0066 300.1628
Pb207U235 0.4614 0.3789 0.3807 0.0000 0.3363
Pb207U235err 0.2459 0 1884 0.3081 1.4733 0.5564
Pb207U235errA 11.3453 7.1374 11 7301 0.0000 18.7137
Pb207U235age 385.2218 326.2322 327.5825 0.0000 294.3740
Pb207Pb206 0.0531 0.0525 0.0532 -0.0500. 0.0512
Pb207Pb206err 0.0898 0.0770 0.0990 1.4824 0.3651
Pb207Pb206errA 4.7741 4.0446 5.2645 -74.1832 18.6827
Pb207Pb206age 334.7696 307.0870 336.6365 0.0000 248.6967
Pb207Pb206ageerr 2.0363 1.7549 2.2429 0.0000' 8.4033
Pb206Pb204 6897.3312 3724.4647 47752.9673 160.3172 391.7250
Pb208Pb206 0.1615 0.1594 0.1579 -0.0894 0.2520
Rho 0.9309 0.9125 0.9470 0.0469 0.7549

Description U from Pb fraction U from P b fraction U from Pb fraction U from Pb fraction U from Pb fraction

161



Sam ple Number 97.2A 97.2A 97.2A 95.3A 95.3 A
Unique ID 2054 2055 2056 2024 2025
Fraction Code Z-14 ...........................Z-15 Z-16 Z-17 Z-18
chemistry code 148-14 148-15 148-16 148-17 148-18
Sam ple W eight (pg) o.o.......... 0.7 0 .0 2.8: 1.0:
Spike W eight (g) 0 0025 0.0025 0.0025 0.0025 0.0025,
206Pb/208Pb 2.3357 2.4437 1.7870 2.9087 0.9372
2a  % error 0.122 0.105 0.103 0.041 0.123
206Pty207Pb 6.6422 7.1617 4.9341 10.5687 2.3057
2a  % error 0.118 0.148 0 148 0.078 0.154
206pty2°5pb 0.3326 0.3483 0.2106 08583 0.0896
2a  % error 0.050 0.061 0.062 0.033 0.123
2 °6 p b f204pb 141.6210 157.8420 91.5560 332.5710 35.2090:
2o % error 0.232 0.334 0.289 0.216 0.286
238u/235u 0.0454 0.0487 0.0242 0.1399, 0.0024
2a  % error 0.069 0.178 0.281 0.093: 0.900
Pb Blank 2.0 2.0 2.0 2 0 2.0
U Blank 4.5 4.5 4.5 4.5 4.5
S tacey & Kramer, 1975
model Pb age 330 338 321 323
64c 18.1917 18.1790 18.2060 18.2028;
74c 15.6017 15.6009 15.6026; 15.6024
84c 38.0241 38.0093 38 0408 38 0371
BlankUsed 1.0000 1.0000 1.0000 1.0000
Common Pb 0 4966 0.2355 0.4072 09237
Total Pb C 1.4966 1.2355 1.4072 1.9237
Pb ppm 27622.1624 12.3485 6293 2507 9.3493
U ppm 456870.0761 210.9113 99927.9439 156.0678
Pb206U238 0.0524 0.0523 0.0520 0.0514
Pb206U238err 0.3222 0.3548 0.6223 0.2063
Pb206U238errA 16.8849 18.5483 32.3643 10.5947!
Pb206U238age 329.3135 328.4856 326.8320 3228677
Pb207U235 0.3877 0.3809 0.3762 0.3760
Pb207U235err 0.4796 0.5219 0.9528 0.2624
Pb207U235errA 18.5920 19.8778 35.8438 9.8659
Pb207U235age 332.6844 327.7071 324.2465 324.0641
Pb207Pb206 0.0536 0.0528 0.0525 0.0531
Pb207Pb206err 0.3462 0.3729 0 6 9 9 3 ........... 0 1590
Pb207Pb206errA 18.5738 19.7080 36.6873 8.4424
P b207Pb206age 356.3289 322.1894 305.7305 332.6761
P b207Pb206ageerr 7.8171 8.4716 15.9315 36056
Pb206Pb204 928.4518 2080.027V 580.6126 1547.7060'
Pb208Pb206 0.2064 .............. 02130 0.2244 0.2540
Rho 0.6922 0.6998 0.6797 0.7955

U from U fraction - .dat U from U fraction - .dat
U and Pb from separa te  files for U from Pb won't files for U from Pb won't

Description fractions open open U from Pb fraction U from Pb fraction
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Sam ple Number 95.3A 55.22A ,55.22A 55.22A 55.22A 68.3A
Unique ID 2026 2027 2058 2059 2060 2061
Fraction Code Z-19 ...................Z-20 Z-21 Z-22 Z-23 ...................  Z-24
chemistry code 148-19 148-20 148-21 148-22 148-23 148-24
Sam ple W eight (pg) 206.0 3.0 ................ 5.7 ............. 0.7 .......... 0.7 .........0.3
Spike Weight (g) 0 0025 0.0025 0.0025 0.0025 0.0025 0.0025
J06Pb/J08Pb 3.5232 5.9562 5.8814 5.3063 5.5874 3.9561
2o  % error 0.065 0.030* 0.028 0.062 0.024* 0.054
206Pty207Pb 8.4995 13.0107 14.7650 12.4748 13.9223 10.5763
2a  % error 0.086 0.044 0.039' 0.055! 0.028 0.054
J°6pb^05pb 0.6305 1.4445 3.3450 1.7405 2.0925 0.9198
2o  % error 0.028 0.021 0.028 0 031, 0.012 0.018
J06Pb/JMPb 214.7700 585.0450 972.4610 528.4590’ 748.9930 335.2800
2o  % error 0.194 0.150 0.215 0.188 0.129 0.153
238u/235|J 0.1098 0.2335 0.7200 0 2880 0.3424 0.1455
2o  % error 0.184 0.059 0.208 0.228 0.105 0.062
Pb Blank 2.0 2.1 2.0 2.0 2.0 2.0
U Blank 4.5 0 4 4.5 4.5 4.5 0.1
Stacey & Kramer, 1975 
model Pb age 310 340 330 364 342 334
64c 18.2235 18.1758 18.1917 18.1375 18.1726 18.1854
74c 15.6036 15.6007 15.6017 15.5984 15.6006 15.6013
84c 38.0612 38.0056 38.0241 37.9611* 38.0019 38.0167
BlankUsed 2 0000 1.0500 2 0000 2.0000 2.0000 2.0000
Common Pb 0.5786 0.6678 1.5044 1.2337 031 6 6 0.2240
Total Pb C 2.5786 1.7178 3.5044 3.2337! 2.3166 2.2240
Pb ppm 0.0793 13.4268 17.2548 69.9843 84.4786 74.3592
U ppm 1.6572 246.1689 401.1642 1278.3311; 1522.1082 ......... '1350.2376
Pb206U238 0.0456 0.0537 0.0414 0.0528 0.0541 0.0526
Pb206U238err 0.3179 0.1748 0.2662 0.2888 0.1987 0.2101
Pb206U238errA 14 5125 9.3849 11.0320 15.2340 10.7479 11.0536
Pb206U238age 287.7542 337.2063 261.7467 331.4030 339.5254 330.5085
Pb207U235 0.3337 0.3950 0.3051 0.3915 0.3981 0.3869
Pb207U235err 0.4054 0.1960 0.2795 0.3125 0.2128 0.2508
Pb207U235errA 13.5285 7.7428 8 5284 12.2346 8.4720 9 7061
Pb207U235age 292.3725 338.0428 270.3614 335.4651 340.2861 332! 1279
Pb207Pb206 0.0530 0.0534 0.0534 0.0538 0.0534 0.0533
Pb207Pb206err 0.2458 0.0879 0.0842 0.1174 0.0755 “ ” "  0.1349
Pb207Pb206errA 13.0326 4.6915 4.4945 6.3189 4.0301 7.1955
Pb207Pb206age 329.4422 343.8065 345.6459 363.7290 345.4a^!i 343!4930
Pb207Pb206ageerr 5.5771 1.9899 1.9042 2.6472 1.7076 3.0525
Pb206Pb204 1714.8185 3753.4162 3981.9926 2456.4016 11626 5269 6802.1869
Pb208Pb206 0.1222 0.1080 0.1348 .......... 0.1228 0 1334 0.1527
Rho 0.7953 0.8937 0.9536 0.9268 0.9350 0.8431

Description U from U fraction U from P b fraction U from U fraction U from U fraction , U from U fraction , U from U fraction
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Sam ple Number 68.3A BLANK05 68.3A 55.22A BLANK05 BLANK05
Unique ID 2062 1917 2063. 2064 1918 1919
Fraction Code Z-25 B-1 Z-26 ................. Z-28 B -2 .............. B-3
chemistry code 148-25 148-25 148-26 148-28 148-28 M48-29
Sam ple Weight (pg) 0.5 1.0 0.3 0.5 1.0- 1.0
Spike W eight (g) 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025
206pb/208pb  4 4543 og311 3.9348. 0.7965 0.5797. 0.9312!
2o % error 0.066 0.073 0.030 0.029 0.0311 0.146
20SPb/207Pb 13.6339 2.3024 11.2680 1.9601 1.3974 2.2797
2 o %  error 0.078 0 056 0.030 0.038 0.019 0.305
206pb /2°5pb 2.0639 0.0914 1.0800 0.1086 0.2420 0.0899
2 o %  error 0.044 0.058 0 014 0 021 0.026: 0.056
2°6pb/204pb 690.9860 36.1568 288.3670: 30.7278 24.2327 34.5995
2o  % error 0.374 0.111 0.700 0.078 0.021 0.579
23eU/235U 0.3443 1.0000 0 1764 0.0020 1.0000= 1.0000
2o % error 0 272 1.000 0.422  0.422 0.100* 1 000
Pb Blank 2.4 0.0 2.0 2.0 0.0 0.0
U Blank 0.1 0.0 0.1 4.5 0 0 0.0
S tacey & Kramer, 1975
model Pb age 330 0 322 0 0 0
64c 18.1917 18.7033 18.2044! 18.7033 18.7033 18.7033
74c 15.6017 15.6288 15.6025 15.6288 15.6288 15.6288
84c 38.0241 38 6305 38.0390 38 6 3 0 5    38.6305 38.6305
BlankUsed 2.4000 0.0000 2.0000= 2.0000 0.0000 0.0000
Common Pb 0 2727 1.8519 2.0669 1.7020 15.7711 1.9843
Total P b C  2.6727 1.8519 4.0669: 3.7020 15.7711 1.9843
Pb ppm 132.9426 1.8452 113.4387! 3.3247 17.3229' 1.7623
U ppm 2372.4464 3192.8035 2063.5865; -0.9997 ‘ 3192.8035: 3192.8035
Pb206U238 0.0527 0.0000 0.0508 0.0449 0.0001 0.0000
Pb206U238err 0.3245 37214  0.4642 46.2171 1.3304 5.8313
Pb206U238errA 170995 0.0264 23.5826 2076.1837 0.1491= -0.1086
Pb206U238age 331.0247 0.0458 319.4750 283.2727 0.7226 -0.1201
Pb207U235 0.3872 -0.0001 0.2702 -0.7264 0.0219 -0.0018
Pb207U235err 0.3541 39.7996 0.8094 70.4269 0.9219 7.6406
Pb207U235errA 13.7111 -0.3266 21.8692 -5115.7216 '  20192  -1.3787
Pb207U235age 332.3563 -0.0833 242.8475 -1315.9801 21.9994 -1.8338
Pb207Pb206 0.0533 -0.0838 0.0386 -0.1173 1.4171 0.7027
Pb207Pb206err 0.1388 430083  0.6350 61.1389 0.7089 3.4545
Pb207Pb206errA 7.3982 -3602.3523 24.4909 -7170.0394 1004.4883: 2427.4564
P b207Pb206age 341.6940 0.0000 -445.8908 0.0000 5722.6323! 4736.2510
Pb207Pb206ageerr 3.1420 0.0000 16.7173 0.0000 9.7808 49.6256
Pb206Pb204 13287.6856 19.4863 880.4029 17.8600 20.1539; 16.7879
Pb208Pb206 0.1771 -1.2437 0.1344 1.1632 '   2.5978 2.6146
Rho 0.9200 -0.8502 0.6220 0.5158 0.8632 0 9028

Zircon chemistry Zircon Chemistry Zircon Chemistry
Description U from U fraction blank No U U from U fraction U from U fraction blank Blank
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Sam ple Number________51.7A 91500__________91500________________  91500 ~ 91500
Unique ID 2065 1920 1921 1922 1930!
Fraction Code Z-30 Z Z Z Z-31
chemistry code 148-30 148-31 148-31 148-31 148-31
Sam ple W eight (pg) 0.4 60.0 60.0 60.0 80.0*
Spike Weight (g) 0.0025 0.0025 0.0025 0.0025 0.0025:
2O6Pb/208Pb 2.6129 8.7922 8.7757 8.8437 8.8738
2a  % error 0.532 0.024 0.029 0.016 0.070:
206p ty207Pb 6.1407 12.7961 12.7760 12.9077 12.9453'
2a  % error 0.539 0.015 0.014 0.023 0.110
2O6Pb/205Pb 0.3026 13.6900 13.6710 13.7341 13.7275
2a  % error 0.386 0.031 0 219 0.029: 0.070
206Pb/204Pb 126.2350 4824.9250 4870.4413 4870.4413 4875.5688;
2a  % error 0.679 0.234 0.219 021 9 1.103
238U/235U 0.0450 0.7025 0.7025 0.7019 0.7019!
2a  % error 0.174 0009 0 009 0.020 0.020
Pb Blank 2.0 1.8 18 1.8 1.8
U Blank 4.5 4.3 4 3 4.3 ............4 3
Stacey & Kramer, 1975 
model Pb age 330 1065 1065, 1065 1064'
64c 18.1917 16.9536 16.9536 169536 16 9554
74c 15.6017 15.4978 15.4978 15.4978 15.4980
84c 38.0241 36.6374 36.6374 36.6374 36 6393
BlankUsed 1.0000 1.8000 1.8000 1.8000 1.8000
Common Pb 0.5861 0.5585 0.5047; 0.5276 0.5200
Total Pb C 1.5861 2.3585 2.3047 2.3276 2.3200
Pb ppm 16.2802 6.7548 6.7473 6.7691 5.0717
U ppm 323.6258 37.2192 37.2192 37.1888 27.8916
Pb206U238 0 0462 0.1782 0.1780 0.1790 0.1789
Pb206U238err 0.6501 0.1621 0 2719 0.1627 0.1749
Pb206U238errA 30.0384 28.8910 48.3906 29.1201 31.2871
Pb206U238age 291.1709 1057.3126 1055.9916 1061.2948 1060.8281
Pb207U235 0.3448 1.8561 1.8573i 1.8476 1.8412
Pb207U235err 1.5504 0.1707 0.2770 0.1722 0 2150
Pb207U235errA 53.4637 31.6817 51.4422 31.8124 '39.5856
Pb207U235age 300.8367 1065.6121 1066.0405 1062.5604 1060.2776
Pb207Pb206 0.0541 0.0755 0.0757 0.0749 0.0747:
Pb207Pb206err 1.3826 0.0534 0.0530 0.0563 0.1248;
Pb207Pb206errA 74.8435 4.0363 4.0089: 4.2147 9.3136:
Pb207Pb206age 376.5195 1082.6442 1086.6639 1065.1611 1059.1449
Pb207Pb206ageerr 31 1072 1.0718 1.0618 1.1319 2.5111;
Pb206Pb204 692.4725 43187.2145 47722.4196 45863.7338 46514.5085
Pb208Pb206 0.1034 0.1067 0.1070! 0.1061 0.1058
Rho 0.4537 0.9497 0.9815 0.9451 0.8144'

Description

Pb collected 
statically on

91500 SOLN 91500 2nd run (possible Faradays (6/4 fro,
U from U fraction Pb_SEM_1 organics) SEM_2) Pb MIC_2
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Sam ple Number________ 91500_________  91500 __________51.7A____________  91500  91500 91500
Unique ID 1929 1927 2066 1924 1928 1925
Fraction Code Z-31 * Z-31 Z-31 Z ..................... Z-32 z ~
chemistry code 148-31 148-31 148-31 148-32 148-32 148-32
Sam ple Weight (pg) 80.0 60.0 0.3 80.0 80.0 80.0
Spike W eight (g) 0.0025 0.0025 0.0020 0.0025 0.0025 0.0025
206ptv208pb 8.8693 8.8096 5.1471 8.9193 8.9396 8.9211
2o  % error 0.060 o.oio 0.385 0.032 0.010 0.029
206pw2°7pb 12.8741 12.8034 12.6490 12.9000 12.8926 12.9021
2o  % error 0.060 0.014 0.456 0.015 0.010 0.018:
2°6pw205pb 13.7515 13.8684 1.5366 21.9470 22.2285 21.8947
2o % error 0.090 0.020 0.226 0.040 0.020 0.047
206pb/2°4pb 4969.6195 4892.6986 522.3120 6331.1192 6378.7661 6326.6110
2o % error 1.300 0.260 1.161 0.260 0.228 0.230
238U/235U 0.7019 0.7025 0.2690 1.1230 1.1230 1.1230
2o  % error 0.020 0.010 0.124 0.009 0.010 0.009
Pb Blank 1.8 1.8 2.0 1.8 1.8 1.8
U Blank 4.3 4.3 4.5 4.3 4.3 4.3
S tacey & Kramer, 1975 
model Pb age 1065 1065 312 1065 1065 1065
64c 16.9536 16.9536 18.2203 16.9536 16.9536 16.9536
74c 15.4978 15.4978 15.6034 15.4978 15.4978 15.4978
84c 36.6374 36.6374 38.0575 36.6374 36.6374 36.6374
BlankUsed 1 8000 1.8000 2.0000 1.8000 1.8000 1.8000
Common Pb 0.4342 0.5535 0.0723 1.6714 1.7037 1.6611
Total Pb C 2 2342 2.3535 2.0723 3.4714 3.5037 3.4611
Pb ppm 5.0828 6.8425 137.1169 8.1496 8.2535 8 1297
U ppm 27.8916 37.2192 2707.9599 44.8089 44.8089 44.8089
Pb206U238 0.1792 0 1806 0.0497 0.1784 0.1807 0.1780
Pb206U238err 0.1839 0.1604 0.3293 0.1637 0.1600 0.1656
Pb206U238errA 32.9636 28.9620 16.3785 29.2033 28.9145 29.4645
Pb206U238age 1062.6094 1070.1014 312.9540 1058.1383 1070.6885 1055.8055
Pb207U235 1.8565 1.8803 0.3601 1.8574 1.8828 1.8526
Pb207U235err 0.2019 0.1690 0.7561 0.1722 0.1683 0.1742
Pb207U235errA 37.4748 31.7803 27.2267 31.9829 31.6872 32.2803
Pb207U235age 1065 7537 1074.1764 312.2762 1066.0507 1075.0421 1064.3516
Pb207Pb206 0.0751 0.0755 0.0525 0.0755 0.0756 0.0755
Pb207Pb206err 0.0826 0.0533 0.6712 0.0534 0.0521 0.0543
Pb207Pb206errA 6.2064 4.0229 35.2393 4.0291 3.9360 “ 4.0975
Pb207Pb206age 1072 1964 1082.4581 307.2277 1082.2795 1083.8831 1081.9130
P b207Pb206ageerr 1.6593 1.0684 15.2886 1.0702 1.0443 1.0886
Pb206Pb204 55792.9398 44150.4067 29346.6649 23191.4431 23045.4165 23278.7440
Pb208Pb206 0 1060 0.1066 ......... 0.1284 0.1069 0.1067 0.1068
Rho 0.9124 0.9490 0.4611 0.9508 0.9509 0.9503

91500 SEM 91500 SEM
Integration Integration

Description Pb from MIC experiment U from U fraction SEM_1 Experiment SEM_2
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S a m p le  N u m b er______________________ 91500_______________BFD___________  BFD_____________BFD____________ ?BFD
Unique ID 1923 1926 2095 2096: 2097 2098
Fraction Code Z ..................... Z-1 Z-2 Z-3 ........Z-4
chemistry code 148-32 148-32 154-06 154-07 154-08 154-09
Sam ple W eight (pg) 0.0 80.0 2.0 2.0 2.0 2.0
Spike W eight (g) 0 . 0 0 0 0 0.0025 00025 00025 0.0025 0.0025
206Pb/208Pb 0 . 0 0 0 0 8.9855 4.3547 4.2895 5.0386 4.9932
2o  % error 0 . 0 0 0 0.014 0.030 0020 0 030 0.026
206Pb/207Pb 0.0000 13.0039 12.7766 \2  'laA/i 14,2292. 13.7510;
2o  % error 0 . 0 0 0 0.020 0.060 0.030* 0.030 0.040
206Pb/205Pb 0.0000 22.0174 1.7169 2.0727 20258 1.7606
2o  % error o . o o o ' 0.029 0.020 0.010 0.020 0.020
206Pb/204Pb 0 . 0 0 0 0 6326.6110 548.6800 497.3139; 802.7013 702.5165
2o  % error 0.000 0.230 0.180 0.130- 0 120 0 160
2 3 8 ^ 3 ^ 0.0000 1.1239 0.2855 0.3494 0.3431 0.3047
2o  % error 0 . 0 0 0 0.011 0.030 0.030 0.080 0.030
Pb Blank 0 0 1.8 1.3 1 . 3 " 1.3: 1.3
U Blank o . o ’ 4.3 0.1 0.1 0 1 0.1
Stacey & Kramer, 1975 
model Pb age 0 1065 328 325 327, 0
64c 0 0000 16.9536 18.1949 18.1997 18.1965- 18.7033
74c 0 . 0 0 0 0 15.4978 15.6019 15.6022 15.6020' 15.6288
84c 0.0000 36.6374 38.0278 38.0334 380297 38.6305
BlankUsed 1.8000 1.3000 1.3000 1.3000 1.3000
Common Pb 1.6954 1.6078 3.5174 0.49481 0.4697
Total Pb C 3.4954 2.9078 4.8174 1.7948 1.7697
Pb ppm 8.1658 25.6840 31.7367 29.7594 25.6144
U ppm 44.8479 452.6589 554.4505 544.4182 483.2766
Pb206U238 0.1788 0.0522 0.0515 0.0520 0.0506
Pb206U238err 0.1615 0.2312 0.2104 0.2259" 0.2280
Pb206U238errA 28.8706 12.0752 10.8453 11.7517 11.5360
Pb206U238age 1060.4197 328.2430 323.9773 326.9785 318.1337
Pb207U235 1.8463 0.3821 0.3783 0.3823 0.3718
Pb207U235err 0.1706 0.2696 0.2427 0 2448 0.2540
Pb207U235errA 31 4958 10.3021 9.1792 ' 9.3585 9.4428
Pb207U235age 1062.1124 328.5716 325.7515 328.6993 320.9969
Pb207Pb206 0.0749 0.0530 0.0532 0.0533 0.0533
Pb207Pb206err 0.0550 0.1407 0.1214 0.0975 0.1122
Pb207Pb206errA 4.1196 7.4649 6.4630 5.1931 5.9796
Pb207Pb206age 1065.5927 330.9070 338.4566 340.9077 341.8301
Pb207Pb206ageerr 1.1061 3.1916 2.7504 2.2066 2.5393
Pb206Pb204 22936.2203 1869.3516 1040.9950 7224.4779 6672.2860
Pb208Pb206 0.1060 0.1699 0.1660 0.1577 0.1533
Rho 0.9466 0.8530 0.8658 0.9174 0.8972

FARADAYS (6/4
Description__________________________FROM SEM 2) CA 120________ CA 120_________ CA 120_________CA 120
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Sam ple Number BFD 883A 88.3A 88:3A 88:3A ;51:7A
Unique ID 2099 2302 2301 2300 2299 2298:
Fraction Code Z-5 Z-5 Z-6 Z-7 Z-8 Z-5
chemistry code 154-10 159-01 159-02 159-03 159-04 159-06
Sam ple W eight (pg) 2 0 3.1 0.5 ' 1.3 0 6 '22.9
Spike W eight (g) 0 0025 0.0025 0.0025 0.0025 0.0025 0.0025206pb/208pb 4.4183 4.9961 2.3386 2.1584 2.4677 5.1004
2o  % error 0.040 0.061 0.114 0.165 0.203 0.100
M6Pb/2C7Pb 12.8768 13.7409 6.1484 5.7768 6.7413 10.9197
2o % error 0.040 0.128 0.247 0.191 0 280 0.120
206pW205pb 1.2661: 1.9041 0.3073 0.2597 0.3226 1.0371
2o  % error 0.020; 0.040 0.105 0.065 0.117 0.045206pb/204pb 557.9304 702.9070 124.7970 113.5480 142.6480 351.9810
2o % error 0.170 0.420 0.744 0704 0 620 0321
238u/235u 0.2158 0.3179 0.0391 0.0314 0.0424 0.1874
2o % error 0 0 2 0 0.100 0.039 0.108 0.058 0.056
Pb Blank 1.3 0.2 12 1.0 1.2 0.9'
U Blank 0.1 0.1 01 0.1 0.T 01
Stacey & Kramer, 1975 
model Pb age 320. 330 329 329 334; 320
64c 18.2076 18.1917 18.1933 18.1933 18.1854 18.2076
74c 15.6027 15.6017 15 6018 15.6018 15.6013 15.6027
84c 38.0427 38.0241 38.0260 38.0260 38.0167 .......... 38.0427
BlankUsed 1.3000 0.2000 1.2000 1.0000 1.2000 0.9000
Common Pb 0.0272 1.9528 0 4836 0.3645 0.1146' 1.6788
Total Pb C 1.3272 2.1528 1.6836 1.3645 1.3146 2 5788
Pb ppm 181777 18.3663 14.3527 4.4349 12.4766 1.2581
U ppm 341.6693 325.2910 243.7196 74.9459' 220.4415 25.8937
Pb206U238 0.0506 0.0526 0.0524 0.0522 0.0524 0.0464
Pb206U238err 0.2785 0.1932 1.1363 1.1875 1.0679 0.2616
Pb206U238errA 14.0821 10.1545 59.5057 61.9481 56.0052 12.1279
Pb206U238age 317.9698 330.2262 3290427 327.8133 329.5172 2921281;
Pb207U235 0.3720 0.3849 0.3828 0.3813 0.3832 03335
Pb207U235err 0.3080 0.2662 1.6390 1.6258 1.3859 0.3668
Pb207U235errA 11 4581 10.2445 627387 61.9940 53.1032 ............ 12 2315
Pb207U235age 321.1678 330.6441 329.0806 327.9966 329.3681 292.2201
Pb207Pb206 0.0534 0.0531 0.0530 0'0530 0.0530 0.0522
Pb207Pb206err 0 1379 0.1810 1.1815 1.1197 0.9100 0.2548
Pb207Pb206errA 7.3589 9.6118 62.6340 59.3553 48.2181 13.2913
Pb207Pb206age 344.4312 333.5931 329.3560 3293046 328.3215 292.9558
P b207Pb206ageerr 3.1200 4.1027 26.8046 25.4022 20.6484 5.8175
Pb206Pb204 79992.0141 1726.1829 848.6378 895.7016 3825.7321: 1049.1232
Pb208Pb206 0.1687 0 1527 0 1659 0 1819 0.1820 0.0955
Rho 0.8942 0.7333 0.6931 0.7251 0.7544 0.7194

single zircon no
single zircon no chem single zircon no single zircon no single zircon no chem CA 180 

Description C A 120 CA 180 (57pg Pb) chemistry CA 180 chem CA 180 chem CA 180 concordant
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Sam ple Number 51.7A 51 7A BFD BFD BFD 68.1 A
Unique ID 
Fraction Code 
chemistry code

2296 2295 2294 2293 2292 2291
Z-7
159-08

Z-8
159-09

Z-8
159-11

Z-9
159-12

Z-10
159-13

Z-1
159-14

Sam ple Weight (pg) 9.5 7.9 2.2 0.7 0.5 2.3
Spike Weight (g) 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025
» 6pty208pb 4.2807 4.0819 4.0686 4.0694 3.0139 2.9532
2o  % error 0.073 0.060 0.058 0.055 0.088 0.039
2°6pb/207pb 10.4199 9.8291 13.6581 13.8207 9.2045 8 9812
2o  % error 0.103 0.084 0.120 0.088' 0.227 0070
2O6Pb/205Pb 0.7849 0.6034 1.5140 1.5463 0.6317 0.5239
2o  % error 0.030 0.032 0.036 0.035 0.041 0.029
206PtV204Pb 315.5150 274 9510 672.6440 703.3830 243.8160 235.5760;
2o % error 0.293 0.267 0.614 0.453 0.828 0.276
238u /235u 0.1389 0.1041 0.2486 0.2540t 0.0948 0.0767:
2o  % error 0.110 0.040 0.053 0.062 0.056 0.050
Pb Blank 0.2 1.1 1.2 11 1.9 0.9
U Blank 0.1 0.1 0.1 o .ii 0.1 0.1
Stacey & Kramer, 1975 
model Pb age 292 300 333 333; 330 330
64c 18.2520 18.2393 18.1869 18.1869 18.1917 18.1917;
74c 15.6053 15.6046 15.6014 15.6014 15.6017 15.6017
84c 38 0945 38.0797 38.0186 38.0186 38.0241 38.0241
BlankUsed 0.2000 1.1000 1.2000 1.1000, 1.9000 0.9000'
Common Pb 1.5492 0.0931 0.0949 0.1002 0.0088 0.3500
Total Pb C 1.7492 1.1931 1.2949 1.2002 1.9088 1.2500
Pb ppm 2.3318 1.9522 20.5384 66.1745 34.2011 6.2168
U ppm 46.1712 41.5292 358 0627 1150.0795 597.3564 ................ 104.8749
Pb206U238 0.0464 0.0463 0.0531 0.0532 0.0529 00533
Pb206U238err 0.2042 0.4679 0.2436 0 2331 0.7482 "  0 4531
Pb206U238errA 9.4763 21.6687 12.9335 12.3929 39.5932 24.1405
Pb206U238age 292.4428 291.8029 333.4482 333.8697 332.3933 334.6018
Pb207U235 0.3339 0.3337 0.3883 0.3891 0 3838 0.3942:
Pb207U235err 0.2904 0.5356 0.3096 0.2759 1 0095 0.5217
Pb207U235errA 9 6978 17.8712 12.0233 10.7366 38 7469 20.5639
Pb207U235age 292.5594 292.3668 333.1576 333.7462 329.8559 337.3999
Pb207Pb206 0.0522 0.0523 0.0531 0.0531 0.0526 0.0537
Pb207Pb206err 0.2023 0.2743 0.1913 0.1489 0.6819 0.2702
Pb207Pb206errA 10.5561 14.3379 10.1503 7.9047 35.8724 14.4977:
Pb207Pb206age 293.4899 296.8844 331.1359 332.8920: 312.0018 356.7341
Pb207Pb206ageerr 4.6188 6.2604 4.3391 3.3755 15.5174 6.1001
Pb206Pb204 846.6543 10301.7538 27742.4105 26895.6956 113423.2743 2328.7185
Pb208Pb206 0.1245 0.1209 0.1998 0.2020 0.2040 0.2076
Rho 0.7177 0.8590 0.7862 0 8419 07374 0.8556

single zircon no 
chem  CA 180

single zircon no 
chem CA 180 single zircon no single zircon no Single zircon no Single zircon no :

Description concordant concordant chem CA 180 chem CA 180 chem CA 180 chem 14pg Pb
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Sam ple Number________ 68:1A 68:1A___________ 68:1 A___________ 55:22A 55:22A 55:22A
Unique ID 2290 2289 2288 2287 2276 2274,
Fraction Code Z-2 Z-3 Z-4 Z-1 Z-2 Z-3
chemistry code 159-15 159-17 159-18 159-19 159-20 159-21
Sam ple Weight (pg) 1.2 0.6 0.7 0.9 0.9 0.5
Spike W eight (g) 0.0025 0.0025 0.0025 0.0025: 0.0025 0.0025
206p w 2 0 8 p b 4.9630 5.1009 5.3681 5.8801 5.9037 4.6101
2o  % error 0.034 0.059 0 037 0.035 0.035 0.091
206p t y207p b 15.1088 13.6776 14.0757 13.9789 15.4580 11.9485
2o  % error 0.056 0.080 0.049; 0.045 0.050 0130
206Pb/205p b 2.3362 1.4891 1.8412 1.5709 2 4321 1.1380
2o  % error 0.037 0.030 0.022 0.025 0020 0.058
206p b / 2 0 4 p b 1036.0390 667.3980 756.0850 744.3300; 1172.9550 450.7570;
2o  % error 0.284 0.320 0.306 0.227; 0 209 0.593
238u /235u 0.3973 0.2493 0.3099 0.2548 0.4012 0.1796
2o % error 0.044 0.039 0.082 0 107 0.049 0.037
Pb Blank 0 5 1 2 1.1 1.1: 0.9 0.7
U Blank 0.1 0.1 0.1 0.1 0.1 0.1
S tacey & Kramer, 1975 
model Pb age 330 325 330 340 340 340
64c 18.1917 18.1997 18.1917 18.1758 18.1758 18.1758
74c 15.6017 15.6022 15.6017 15.6007 15.6007 15.6007
84c 38.0241 38.0334 38.0241 38 0056 38.0056 38.0056
BlankUsed 0.5000 1 2000 1.1000 0.5500 0.9000 0.7000
Common Pb 0 8136 0.0588 0 0.4973 0.0738 1.1058
Total Pb C 1.3136 1.2588 1.6353 1.0473; 0.9738 1.8058
Pb ppm 58.4797 70.7767 76 1140 49.5883 78.6204 65.3063
U ppm 1051.4713 1316.4784........ 1404.0934 897.2305' 1415.5691 1136.5782
Pb206U238 0.0522 0.0520 0.0522 0.0540 0.0540 0.0540
Pb206U238err 0.1747 0.2422 02214 0.2073 0.1847 0.2214
Pb206U238errA 9.1211 12.6033 11.5530 11.1852 9.9707 11.9498
Pb206U238age 328.1348 326.9882 327.9741; 338.7279 339 0090 338.8604
Pb207U235 0.3819 0.3787 0.3814 0.3966 0.3961 0.3962
Pb207U235err 0.1961 0 2812 0.2475 0.2248 0.2032 0.3343
Pb207U235errA 7 4896 10 6502 9.4399 8.9155 8.0485 13.2423
Pb207U235age 328.4102 326.0949 328.0681 339.1704 338.7943 338.8726
Pb207Pb206 0.0530 0.0528 0.0530 0.0533 0.0532 0.0532
Pb207Pb206err 0.0891 0.1457 0.1120 0.0875 ........... 0.0858 0.2453
Pb207Pb206errA 4.7241 7.6912 5.9368 4.6632 4.5668 13.0590
Pb207Pb206age 330.3695 319.7308 328.7415 342.2104 337.3277 338.9625
Pb207Pb206ageerr 2.0204 3.3112 2.5416 1.9798 1.9448 5.5556
Pb206Pb204 5114.5044 43994.0072 6049.1175 5528.7083 58668.0660 1762.8192
Pb208Pb206 0.1705 0.1466 0.1422 0.1244 0.1413 0.1424
Rho 0.8909 0.8553 0.8917 0.9212 0.9064 0.6795

Single zircon no single zircon no Single zircon no single zircon no single zircon no single zircon no 
Description chem  70 pg P b chem 43 pg______chem 53pg_______ chem____________chem____________chem_________
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Sam ple Number 55 22A JBSP010 JBSP010 JBSP010 JBSP010 JBSP010
Unique ID 2273 2272 2271 2270 2269 2268
Fraction Code Z-4 Z-1 Z-2 .....................2 3 Z-4 Z-5
chemistry code 159-22 159-23 159-24 159-25 159-26 159-27
S am ple W eight (pg) 0.7 0.3 0.3 0.4 0.7 0.7
Spike W eight (g) 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025;
M 6 p [ y 2 ° 8 p b 4.3824 4.0819 3.6360 5.1878 4.1030 3.2885
2o  % error 0.115 0.039 0.040 0.057 0.061 0.278
206PtV207Pb 11.4513 11.8659 10.4052 15.2294 11.1337 8.7893
2o  % error 0.160 0.074 0.075 0.126 0.080 0.367
2 0 6 p t y 2 0 5 p b 0.9266 0.9713 0.7201 286.8253 0.9087 0.6171
2o  % error 0.070 0.036 0.022 1.668 0.028 0. 205;
206Pb/204Pb 400.8970 436.4090 317.1370 944.8240 371.3620 228.9020
2o % error 0.715 0.281 0.283 0762 0.274 1.183
238u/235u 0.1443 0.1547 0.1109 106.5485 0.1434 0.0924
2o % error 0.039 0.030 0.026 0.319 0.019 0.121
Pb Blank 1.2 1.5 1.0 1 5 1.5 1.5
U Blank
Stacey & Kramer, 1975

0.1 0.1 0.1 0 .1 0.1 0.1

model Pb age 340 333 332 35 332 332
64c 18.1758 18.1869 18.1885 18 6503 18.1885 18.1885;
74c 15.6007 15.6014 15.6015 15.6264 15.6015 15.6015
84c 38.0056 38.0186 38.0204 38.5667 38.0204 38 0204
BlankUsed 1.2000 0.7500 1.0000' 1.5000 1.5000 1.5000
Common Pb 0.2059 0.5056 0.3346 561.3845 0.1506 0.6079
Total Pb C 1.4059 1.2556 1.3346’ 562.8845 1.6506 2.1079
Pb ppm 36.5231 92.7863 66.4552 22746.6056 35.8485 23.7376
U ppm 651.3139 1630.4345 1165.7917 3763215.7354 647.1631 415.7745
Pb206U238 0.0539 0.0530 0.0531 0.0055 0.0530 0.0527
Pb206U238err 0.3453 0.2401 0 3623 2.1863 0 4107 0.6646
Pb206U238errA 18.6241 12.7383 19.2360 11.9529 21.7541 34.9911
Pb206U238age 338.6455 333.2112 333.5109 35.1478 332.6920 330.7816:
Pb207U235 0.3973 0.3882 0.3894 0.0379 0 3880 0.3918
Pb207U235err 0.4673 0.2836 0.4204 2.2086 0.4699 1.1995
Pb207U235errA 18 5685 11 0087 16.3689 8.3634 ' 18 .2309 ...... 46.9923
Pb207U235age 339.7053 333.0345 333.9303 37.7404 332.9046 335.6686i
Pb207Pb206 0.0534 0.0531 0.0532 0.0502 0.0531 0.0540
Pb207Pb206err 0.3137 0.1527 0.2207 0.3012 0.2396 0.9744
Pb207Pb206errA 16.7612 8.1036 11.7372 15.1288 12.7280 52.5830;
Pb207Pb206age 346.9698 331.8067 336.8597 205.8840 334.3969 369.6726
Pb207Pb206ageerr 7.0952 3.4627 4.9997 6.9862 5.4300 21.9481
Pb206Pb204 7529.8902 3247.0965 3510.0953 954.1603 10041.5382 1604.2561
Pb208Pb206 0.1454 0.1711 0.1736 0 1556 0.1552 ................ 0.1603
Rho 0.7412 0.8427 0.8512 0.9907 0.8604 0.5840

single zircon grain z?????? Weird Z no chem Pb rerun -
Description no column chem Z Z load Z disregard
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Sam ple Number________ BLANK06____________ BLANK06  BLANK06   jShuteen Shuteen
Unique ID 2267 2266^ 2265; 2303 2304
Fraction Code B-3 .............B-2............ B-1 Z-1 Z-2
chemistry code 159-28 159-29 159-30 163-23 163-24
Sam ple W eight (pg) 1.0 ..................1.0 1.0 0.9 0.4;
Spike W eight (g) 0.0025 0.0025 0.0025 0.0020 0.0020
206Pb/20ePb 0.8812 0.8882 0.9041 3.9565 3.8708
2o % error 0.091 0.186 0.148 0.048 0.060
206Pb/207Pb 2.1751 2.1940 2.2276 12.9059 12.2700
2o % error 0.139 0.219 0.195 0.080 0.631206pb(f205pb 0.0943 0.0939 0.0917 1.3466 1.2090
2a  % error 0.094 0.108 0.108 0.052 0.248
20V b /204Pb 33.7840 34.5650 34.9050 549.7640 4331040
2o  % error 0.244 0.589 0.509 0.449 1.010^
238u/235u 0.0007 0.0008, 0.0008' 0.2242 0 2079
2o % error 0.575 0.508 1.085 0.500 0 473
Pb Blank 0.0 0 0 0.0 1.1 1.1;
U Blank 0.0 0.0 0.0 0 1 0.1
Stacey & Kramer, 1975 
model Pb age 0 0 0: 325 325
64c 18 7033 18.7033 18.7033 18.1997 18.1997'
74c 15.6288 15.6288 15.6288, 15.6022 15.6022
84c 38 6305 38 6305 386305 38 0334 38.0334
BlankUsed 0.0000 0.0000 0 0000 1.1000 1.1000
Common Pb 2.3443 2.2060 2.0368 0.2258 0.7287
Total Pb C 2.3443 2.2060 2.0368 1.3258 1.8287
Pb ppm 2.2409 2 1831 1.9725 35.4062 71.0360
U ppm 0 1410 0 2806 01822 631.0425 1316.5910
Pb206U238 -0.2614 -0.0268 -0.1294; 0.0519 004 9 5
Pb206U238err 4.9595 51.2543 13.1646 0.5743 0 6207
Pb206U238errA -1296.5621 -1374.5586 -1703.6260 29.7781 30.7386
Pb206U238age -1953.5094 -175.2429 -893.3683 325.8921 311.5881,
Pb207U235 0.0000 1.1448 0.0000 0.3765 0.3377
Pb207U235err 11.1481 147.8566 59.1338 0.6025 1.1213
Pb207U235errA 0.0000 16927.1713 0.0000 .......22.6843 37.8723
Pb207U235age 0.0000 774.8017 0.0000 324.4823 295.4642
Pb207Pb206 0.4198 -0.3096 0.1985 0.0527 0.0495
Pb207Pb206err 7.2094 196.6351 47.1208 0.1843 0.9282,
Pb207Pb206errA 3026.4802 -60879.4403 9353.5970 9.7056 45.9128
Pb207Pb206age 3981.5352 0.0000 2813.9250 3143868 169.8948
Pb207Pb206ageerr 107.9087 0.0000 769.9036 4.1922 21.6744
Pb206Pb204 17.6983 18.4853 17.9632 8227.6284 2271.1412
Pb208Pb206 1.8257 2 8277 1.9537 0 1958 0.1842
Rho 0.8763 -0.9354 0.9311 0.9521 0 5611

procedural blank no procedural blanks no procedural blank no 
Description col chem  column chem column chem .CA 180 CA 180
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Sam ple Number BLANK? SHUTEEN Shuteen
Unique ID 2305 2306 2308
Fraction Code B-1 Z-4 Z-5
chemistry code 163-25 163-26 163-27
Sam ple Weight (pg) 1.0 0.7 0.4
Spike W eight (g) 0.0020 0.0020 0.0020'
206p b ( ,20 8 p b 0.8781 3.1241 3.3837
2o  % error 0.138 0.130 0.156
J06p b /2 0 7 p b 2.2982 10.1139 12.0381;
2o  % error 0.197 0.151 0.348
206p b / 2 0 5 p b 0 0919 0.7665 1.2839
2 a  % error 0.099 0.106 0.142
206pty2MPb 36.4050 296.3800 455.7710
2o % error 0.316 0.500 1.385
238u /235u 0.0008 0.1207 0.2116
2o  % error 0.320 0.103 0.123
Pb Blank 0.0 1.3 1.7
U Blank 0.0 0.1 0.1
S tacey & Kramer, 1975
model Pb age 0 325 325
64c 18 7033 18.1997 18.1997
74c 15.6288 15.6022 15.6022
84c 38.6305 38.0334 380334
BlankUsed 0 . 0 0 0 0 1.3000 1.7000
Common Pb 1.4752 0.2238 0.1565
Total Pb C 1.4752 1.5238 1.8565
Pb ppm 1.6208 24.9794 77.1325
U ppm 0.3666 435.3417 1340.0937
Pb206U238 0.0832 0.0519 0.0519
Pb206U238err 4.7291 05437 04477
Pb206U238errA 393.2698 28.1976 23.2361
Pb206U238age 514.9588 325.9496 326.1635
Pb207U235 2.3067 0.3769 0.3795
Pb207U235err 22 9811 0.6712 0.7941
Pb207U235errA 5300 9611 25.3013 30.1409
Pb207U235age 1214.3364 324.7826 326.6996
Pb207Pb206 0.2012 0.0527 0.0530
Pb207Pb206err 19.1533 0.4016 0.6435
Pb207Pb206errA 3853.0973 21.1675 34.1332
Pb207Pb206age 2835 7249 316.4332 330.5275
Pb207Pb206ageerr 3123318 9.1314 14.5969
Pb206Pb204 20.0242 4463.2746 11209.2314
Pb208Pb206 4.3155 0.2163 0.2289
Rho 0.8449 0.8014 0.5864

NO COLUMN
Description_____________ CHEM__________ CA 180_________ CA 180
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Appendix C
Geochemical data from various arc environments was used for comparison in Chapter 3.

This data was acquired from the Georoc online geochemistry database at http:// 

ueoroc.mpch-mainz.E;wdg.de/georoc/. The citations for each location are listed below, and 

full references can be found in the bibliography (Page 169 onwards)

South Sandwich Arc; Gledhill and Baker, 1973; Frolova and Rudnik, 1974; Hawkesworth 

et al., 1977; Baker, 1978; Barreiro, 1983; Stem et al., 1984; Johnston, 1986; Pearce et al., 

1995;

New Hebridies Arc; Gorton, 1977; Marcelot, 1981; Barsdell et al., 1982; Marcelot et al., 

1983; Barsdell and Berry, 1989; Price et al., 1990; Eggins, 1993; Coltorti et al., 1994a; Col- 

torti et al., 1994b; Maillet e t al., 1995; Monzier et al., 1997; Peate et al., 1997; Raos and 

Crawford, 2004;

Lesser Antillies Arc; Shimizu and Arculus, 1975; Baker, 1984; Thirl wall and Graham, 

1984; Speed and Walker, 1991; Kerr et al., 1996a; Kerr et al., 1996b; Smith et al., 1996; 

Thirlwall et al., 1996; Turner et al., 1996; Heath et al., 1998; Lidiak and Lame, 1998; Revil- 

lon et al., 1999; White et al., 1999; Hauff et al., 2000; Woodland et al., 2002; Lindsay et al., 

2005;

Sunda; Calanchi et al., 1983; Vame and Foden, 1986; Wheller and Vame, 1986; Wheller et 

al., 1987; Stolz et al., 1988; Vukadinovic and Nicholls, 1989; Gill and Williams, 1990; Stolz 

et al., 1990; Vukadinovic and Sutamidjaja, 1995; Wensink and Van Bergen, 1995; Mande- 

ville, 1996; Alves et al., 1999; Abdullah et al., 2000; Turner and Foden, 2001; Reubi et al., 

2002; Gertisser and Keller, 2003; Reubi and Nicholls, 2004, 2005;

Honshu Arc; Kohn et al., 1989; Ujiie, 1989; Fukudome et al., 1990; Allan and Gorton,

1992; Iwamori, 1992; Jones et al., 1993; Uto et al., 1993; Miyake, 1994; Uto et al., 1994; 

Miyashita et al., 1995; Morris, 1995; Gust et al., 1997; Ishiwatari and Ohama, 1997; Kimura 

and Yoshida, 1999; Morris et al., 1999; Nakashima et al., 2000; Tamura et al., 2000; 

Churikova et al., 2001; Kimura et al., 2001; Kita et al., 2001; Kobayashi and Nakamura,
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2001; Gasperini et al., 2002; Kimura et al., 2002; Takashima et al., 2002; Tamura et al.,

2003; Tatsumi et al., 2003; Fujinawa and Kamata, 2005; Tatsumi et al., 2005; Tsuchiya et 

al., 2005; Shuto et al., 2006; Tatsumi et al., 2006;

Andes Central Volcanic Zone (CVZ); Thorpe et al., 1984; Buchelt M., 1986; Baker et al., 

1987; Davidson et al., 1990; Tormey et al., 1991; Vatin-Perignon et al., 1992; Coira and 

Mahlburg, 1993; Hooker et al., 1993; Feeley and Davidson, 1994; Matthews et al., 1994; 

Davidson and De Silva, 1995; Stem and Skewes, 1995; Tormey et al., 1995; Ort et al., 1996; 

Trumbull et al., 1999; Bertotto, 2000; Richards and Villeneuve, 2002; Halter et al., 2004; 

Sandeman and Clark, 2004; Vergara et al., 2004; Bierlein et al., 2006; Richards et al., 2006

Geochemical data from intrusions at various locations world wide was used for comparison 

in Chapter 4. Again, this data was acquired from the Georoc. The citations for each location 

are listed below, and full references can be found in the reference list.Andes; Kontak et al., 

1986; Brown, 1991; Paradaet al., 1991; Richards et al., 2006

Australia,; Allen et al., 1997; Soesoo and Nicholls, 1999

BTVP; Pankhurst et al., 1978; Walsh et al., 1979; Meighan et al., 1984; Vogel et al., 1984; 

Ferry, 1985

Canadian Cordillera; Piercey et al., 2003; Miskovic and Francis Don, 2006

Honshu; Masuda et al., 1983; Luhr and Carmichael, 1985; Takagi et al., 1989; Kagami et 

al., 1992; Takagi, 1992; Kutsukake, 1993; Masaki, 1994; Rezanov et al., 1996; Shinjoe,

1997; Ohta et al., 1998; Shimoda et al., 1998; Verma, 2000; Ishihara and Wu, 2001; Kamei, 

2002; Kutsukake, 2002

Mid African Rift; Marzoli et al., 1999

New Britain arc; Whalen, 1985
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Appendix D
Mineral modal abundances

176



Sample number Intrusion name________________ Quartz Plagioclase K-feldspar Amphibole Biotite______ opaques total
51.7A North Mandakh Granite 40 15 207 26 4 8 300

13.33 5.00 69.00 8.67 1.33 2.67
51.6A North Mandakh Granite 44 22 204 22 5 3 300

14.67 7.33 68.00 7.33 1.67 1.00
97.3A Shuteen Granite 77 54 143 0 24 2 300

25.67 18.00 47.67 0.00 8.00 0.67
97.2A Shuteen Granite 83 74 111 1 31 0 300

27.67 24.67 37.00 0.33 10.33 0.00
JBSP010 Narin Hudag Quartz Monzonite 81 126 60 13 18 2 300

27.00 42.00 20.00 4.33 6.00 0.67
JBSP009 Narin Hudag Quartz Monzonite 141 78 32 21 27 1 300

47.00 26.00 10.67 7.00 9.00 0.33
JBSP007 Narin Hudag Quartz Monzonite 74 145 44 17 16 4 300

24.67 48.33 14.67 5.67 5.33 1.33
JBSP006 Narin Hudag Granite 151 26 115 0 2 6 300

50.33 8.67 38.33 0.00 0.67 2.00
65.12A Oyut Ulaan 65 108 95 3 20 9 300

21.67 36.00 31.67 1.00 6.67 3.00
88.5A Oyut Ulaan 62 116 99 2 10 11 300

20.67 38.67 33.00 0.67 3.33 3.67
88.3A Oyut Ulaan 67 135 84 0 13 1 300

22.33 45.00 28.00 0.00 4.33 0.33
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