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Abstract

The Arabia-Eurasia continent-continent collision zone is unique on Earth for hosting
widespread Quaternary post-collisional volcanism. This thesis explores the
geochemistry of understudied volcanic rocks from the southern Lesser Caucasus
mountains. It builds a holistic model of post-collisional magmatism: from how the
magmatic source evolved before and after collision, the mechanism by which this
source partially melted, and how magmas were able to ascend through the crust. The
thesis also explores how aspects of this model might have changed over the duration
of Quaternary volcanism. Major and trace element concentrations, as well as Sr-Nd
isotopes are used to build a petrogenetic model for magmatism. Boron isotopes
provide further information on the evolution of the mantle source. Ar-Ar ages show
how the processes of magma ascent and eruption may have evolved over time.
Amphibole and clinopyroxene geothermobarometry establish the pressure-

temperature conditions of crystal fractionation.

Southern Lesser Caucasus magmas are not contaminated by assimilation of
continental crust. The ubiquitous arc-like geochemistry reflects an inherited
subduction component, which is dominated by sediment melts. Metasomatic
amphibole stores the component in the lithosphere after collision, and then initiates
melting following its heating-induced breakdown. Heating results from small-scale
convective removal at the lithosphere-asthenosphere boundary and/or relaxation of
non-linear geothermal gradients within the lithosphere. The parental magma
produced is a 1% partial melt formed at depths close to the garnet-spinel transition
(~80 km). Initial crystal fractionation in mafic magmas occurs over a narrow depth
interval, probably in the mid-crust, at temperatures of ~1000°C. Magmas then
ascend from this reservoir, forming polygenetic (> 1 Ma) and monogenetic (< 1 Ma)
volcanoes. The polygenetic to monogenetic transition occurred despite a consistent
supply of magma, requiring an increased rate of local extension. Magmas ascend
vertically, or along normal faults, with no dyke coalescence, preventing the

formation of a stable magma plumbing system.
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1. Introduction

Continent-continent collision zones must be regarded as the most enigmatic tectonic
setting for volcanic activity on Earth. They lack the unifying theories around which
scientific consensus has been built for volcanism in other tectonic settings (Morgan,
1971; Pearce and Peate, 1995; Langmuir and Forsyth, 2000). Researchers
investigating post-collisional volcanism are confronted with a plethora of competing
models aiming to explain the magmatism (Rotstein and Kafka, 1982; Innocenti et
al., 1982; Dewey et al., 1986; Pearce et al., 1990; Keskin et al., 1998; Mitchell and
Westaway, 1999; Keskin, 2003; Sengor et al., 2003; Ershov and Nikishin, 2004;
Allen et al., 2013; Kaislaniemi et al., 2014). Those models which are most

commonly cited today are discussed in section 1.1.

Post-collisional volcanism bears witness to the end of the subduction
process, and tracks the evolution of the upper mantle once volatile materials are not
being continuously supplied (Agostini et al., 2008). Post-collisional volcanic rocks
provide a window into the geodynamic processes occurring at a crucial stage of the
Wilson cycle, when active continental margins transition to become the interior of a
much larger continent (e.g. Keskin, 2003). The large volumes of magma produced,
as well as their relatively high preservation potential makes them a significant
contributor to the continued growth of continental crust (Niu et al., 2013). Today,
the proximity of large volcanoes with Holocene activity to major cities presents a
serious natural hazard to this increasingly densely populated region. For example,
the Holocene volcano Damavand is located only 70 km north-east of the Iranian
capital Tehran, with a population of nearly 9 million (Davidson et al., 2004). Post-
collisional volcanism is important for our understanding of the Earth system and

global volcanism, and cannot be ignored.

This thesis enhances our understanding of post-collisional volcanism by
expanding the geochemical, geochronological and petrological databases for this
setting. This was achieved by field sampling of previously unstudied volcanoes in
the Lesser Caucasus mountains, largely contained within the territory of modern-day
Armenia. Two of the assets of the Lesser Caucasus as a field area are the widespread
young (Pleistocene) volcanic rocks (Philip et al., 2001; Karapetian et al., 2001;
Karakhanian et al., 2002; Ollivier et al., 2010; Joannin et al., 2010; Connor et al.,
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2011; Lebedev et al., 2013; Gevorgyan et al., 2018), and its semi-arid climate- both
of which mean that samples collected in this region showed little to no surface
alteration. These samples provide exceptionally high-quality geochemical data and
make the Lesser Caucasus an invaluable geochemical laboratory for understanding
post-collisional volcanism. The lack of forest cover means that volcanic units are
exposed extensively, and parts of the region have been mapped in detail by local

geologists (e.g. Kharazyan, 2005).

The Lesser Caucasus occupy a central position in the Arabia-Eurasia
collision zone (Fig. 1.1), sandwiched between the large stratovolcanoes of eastern
Anatolia and NW Iran. Comparing and contrasting the volcanic rock geochemistry
of the Lesser Caucasus with neighbouring regions allows for an analysis of the
similarities and differences in the geodynamic processes which contribute to

volcanism.

The city of Yerevan, with a population of over a million is in the heart of the
Lesser Caucasus. Improving our understanding of the nature of the volcanism will
help evaluate the risk it poses to the population of the Armenian capital and
surrounding regions. Additionally, as the government of Armenia has developed its
nuclear programme over the past 10 years, understanding the hazard volcanism
poses to the nuclear power plant is critical for the country’s energy security
(Aspinall et al., 2016).

The central aim of this thesis is to build a holistic model of volcanism in the
Lesser Caucasus, from the nature and evolution of the mantle source, through the
mechanism of partial melting, to the processes of magma ascent and ultimate
eruption. This chapter aims to put the Lesser Caucasus in their regional geotectonic
context by introducing the Arabia-Eurasia collision zone and its associated
widespread volcanism. It will then give a detailed synopsis of the aims and

objectives of the thesis and how these will be addressed in the subsequent chapters.

1.1 Volcanism in the Arabia-Eurasia collision zone

The Arabia-Eurasia continent-continent collision zone is formed by the northward
indentation of the Arabian plate into the Eurasian plate. Collision has led to

widespread uplift forming the Turkish-lIranian Plateau (Fig. 1.1), a broad region
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Figure 1.1 Map of volcanoes in the Arabia-Eurasia collision zone.

Triangles show the locations of post-collisional volcanic edifices, colour coded by age. Zagros suture
referred to as Bitlis-Zagros suture in the text. Extent of the Turkish-Iranian plateau (TIP) shown by
arrows. My study area is outlined by the bold black box. Modified from Kaislaniemi et al. (2014).

uplifted by 1-2 km, which extends for ~ 500 km north of the Bitlis-Zagros suture
(Sengor et al., 2008). This plateau has hosted widespread mantle-derived post-
collisional volcanism since Miocene times (Fig. 1.1; Innocenti et al., 1980; Pearce et
al., 1990; Kaislaniemi et al., 2014). Aside from one isolated example in SW Tibet
(Zhu et al., 1983), the Arabia-Eurasia collision zone is unique on Earth as a
continent-continent collision hosting volcanism where activity extends into the
Holocene (Yilmaz et al., 1998; Karakhanian et al., 2002; Davidson et al., 2004).

Volcanism in the collision zone is widely distributed but predominantly
focussed on the Eurasian plate, with only a few volcanic centres on the Arabian
foreland (Fig. 1.1; Pearce et al., 1990; Keskin, 2003; Kaislaniemi et al., 2014). As
well as the large number of volcanoes (Fig. 1.1), the large size of the post-collisional
volcanic edifices (Fig. 1.2) requires a substantial volume of magma to have been

produced after the end of subduction. For example, Mt. Ararat volcano, close to the
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Figure 1.2 sizes of volcanic edifices on the Turkish-Iranian Plateau.

False colour satellite images of eastern Anatolian volcanoes: Ararat (a), Nemrut (b) and Stiphan (c)
from Keskin (2007). Green colours are vegetated areas, pink colours are basement rocks or
sedimentary cover. The grey areas shown the volcanoes. The blue is snow cover. For reference the
height of these volcanoes is: Ararat — 5127 m (~4000 m above the surrounding plateau), Nemrut —
2134 m (424 m above plateau) and Suphan - 4058 m (~2000 m above surrounding plateau). d-f show
large volcanoes from NW Iran. The image for Damavand (5610 m, ~2000m above the plateau) is a
digital elevation model (Davidson et al., 2004). Note the direction of line of sight, for all other figures
north is to the top. (e) and (f) show Google Earth™ images of NW Iran volcanoes.
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Turkey-Armenia state border, rises to an elevation of 5137 m (over 4 km above the
surrounding plateau), with a 60 by 40 km base (Fig. 1.2a). Eastern Anatolia alone
has been covered by at least 15000 km?® of lava flows (Sengér et al., 2008), and with
volcanoes in Iran as large as Sabalan (800 km?, 3km tall; Ghalamghash et al., 2016)
and Damavand (volume >400 km?3; Davidson et al., 2004), the volume for the whole
collision zone is likely to be much greater (Fig. 1.2). Many of these large volcanoes
are still active. For example, Nemrut volcano in eastern Anatolia (Fig. 1.2b) last
erupted in 1441 AD (Oswalt, 1912).

In eastern Anatolia (the western part of the collision zone; Fig. 1.1), there is
a geochemical distinction between calc-alkaline volcanic rocks of the northern part
of the Turkish-Iranian plateau, and the alkaline rocks to the south (Fig. 1.3; Keskin,
2003; Keskin, 2007; Sengor et al., 2008). Incompatible trace element abundances of
calc-alkaline volcanic rocks from the north are similar to arc volcanic rocks, with
negative Nb-Ta anomalies and enrichments in large ion lithophile (LILE) and light
rare earth (LREE) elements (Fig. 1.3a; Pearce, 1982; Keskin et al., 1998). To the
south these anomalies are less distinct in trace element patterns (Fig. 1.3b),
suggesting an intraplate type mantle source similar to that observed for ocean island
basalts (OIB).

The initiation for volcanic activity in eastern Anatolia is younger in the south
(3 Ma) compared to the north (11 Ma; Fig 1.4; Keskin, 2003). On this basis of
younging volcanism and OIB rather than arc-type geochemistry in volcanic rocks to
the south, Keskin (2003) suggested that volcanism in eastern Anatolia is driven by
slab-breakoff (Fig. 1.5). He suggested that following the initial collision between
Arabia and Eurasia (Fig. 1.5a), the previously subducting oceanic slab rolled back
southward, and the mantle wedge was sucked into the space created (Fig. 1.5b). This
roll-back and steepening is argued to be the cause of the southward migration of
volcanism. Once the slab has steepened sufficiently, it breaks off, introducing
convecting mantle (which was previously underneath the subducting slab) from the
south (Fig. 1.5c-d). This mantle domain will have been unmodified by previous
subduction, and will introduce an intraplate (OIB) component, reflected in the

increasingly alkaline volcanic rocks found exclusively in the south (Fig. 1.3).

This model is supported by evidence from seismic receiver functions of
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Figure 1.3 geochemistry of mafic volcanic rocks across the collision zone

MORB-normalised (Sun and McDonough, 1989) incompatible trace element patterns for volcanic
rocks from eastern Anatolia and NW Iran (Pearce et al., 1990; Keskin et al., 1998; Sen et al., 2004,
Davidson et al., 2004; Ozdemir et al., 2006; Allen et al., 2013; Ghalamghash et al., 2016;
Ghalamghash et al., 2019). Continental arc basalt shown for comparison (Kelemen et al., 2003) (a)
The Erzurum-Kars plateau is located in the north of the Turkish-Iranian plateau in eastern Anatolia.
The distinct negative Nb-Ta anomaly and LILE enrichments in the most mafic samples are
reminiscent of arc rocks. (b) Geochemistry of volcanic rocks from the south of eastern Anatolia. Here
any slab signature is much less distinct. Each profile represents one of the most mafic samples from a
stratovolcano. (c) and (d) are for volcanic rocks from the eastern part of the Turkish-Iranian Plateau
in NW Iran. (c) Showing the geochemistry of volcanic rocks from large stratovolcanoes in NW Iran.
Note the Sabalan sample has a trachyandesite composition. All samples show subduction signatures,
some are more enriched in the most incompatible elements than is seen in eastern Anatolia. (d)
showing some of the most mafic samples from the region- monogenetic cones in the Kurdistan
province of NW Iran. All samples are more enriched in incompatible trace elements than continental
arc basalt and East Anatolian volcanic rocks.

globally typical crustal thicknesses (~38-50 km; Zor et al., 2003; Angus et al.,
2006), and evidence from seismic tomography and shear wave attenuation for total
lithospheric thickness that is barely, if at all thicker (~45-50 km; Gok et al., 2000;
Al-Lazki, 2003; Zor, 2008; Koulakov et al., 2012). On the basis of this geophysical
evidence it seems the crust in eastern Anatolia sits almost directly on the convecting
mantle, with little if any mantle lithosphere in between. The lack of mantle

lithosphere has been used to support the view that a slab of oceanic lithosphere
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Figure 1.4 ages of initiation of volcanic activity in eastern Anatolia

The age of the first volcanic activity after continent-continent collision is shown, with contours at 1
Myr intervals. Individual points are radiometric ages (Ercan et al., 1990; Pearce et al., 1990; Keskin
etal., 1998). After Keskin (2003).

which had previously underplated the crust was removed during slab break-off
(Sengor et al., 2003; Keskin, 2003). This makes sense when one considers that the
local crust is composed of the East Anatolian Accretionary complex, an accretionary
wedge which would have previously sat above a subducting slab (Sengor et al.,
2008).

Crustal thickness exhibits only modest variation across the collision zone,
with slightly thicker crust (~45-65 km; Paul et al., 2010) in the east (NW Iran). In
contrast, the lithosphere thickness differs dramatically between east and west (Fig.
1.6), with lithosphere thicknesses of > 200 km in NW Iran, as opposed to the thin
lithosphere of eastern Anatolia (Priestley and McKenzie, 2006; McKenzie and
Priestley, 2008; Priestley et al., 2012; Priestley and McKenzie, 2013). If slab break-
off removes previously underplated oceanic lithosphere, a thin lithospheric lid is a
pre-requisite to the slab break-off model. Slab break-off is therefore not a viable

mechanism for magma generation in the eastern part of the collision zone.

Many of the geological observations used to support a slab break-off model
in eastern Anatolia do not hold for NW Iran. There are no OIB-type volcanic rocks-
instead all samples exhibit an arc-type geochemistry, although with stronger

enrichments in the most incompatible trace elements than observed in eastern
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Figure 1.5 (previous page) Geodynamic model of slab break-off following continental collision

Acronyms are: ALM = Arabian lithospheric mantle; EAAC = East Anatolian Accretionary complex;
BPLM = Bitlis-Poturge lithospheric mantle; PLM = Pontide lithospheric mantle; SC = subduction
component; EKP = Erzurum-Kars Plateau. After Keskin (2007).
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Figure 1.6 lithosphere thickness contours across the Arabia-Eurasia collision zone.

Large red arrows indicate the direction of Arabian plate motion. Black and red circles are
seismographs. The circles with bars are SKS splitting measurements of seismic anisotropy. The bold
square box indicates the location of the study area for this thesis. Also shown is the location of the
Zagros suture. Lithosphere thickness contours are derived from mapped shear wave velocities with
depth across the region. These velocities are converted to temperature to construct geotherms which
are used to identify the thickness of the lithosphere. Although there will be some errors on the
absolute values- the vertical resolution on shear wave velocities at 150 km depth is 25 km- the whole
area is treated the same. Relative differences in lithosphere thickness are likely to be real. Modified
from Priestley et al. (2012).

Anatolia (Fig. 1.3c, d; Pearce, 1982; Allen et al., 2013; Ghalamghash et al., 2016).
Volcanism shows no south-westward migration with time given that both

Quaternary and Late Miocene volcanism is seen close to- and away from the Zagros
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suture (Fig. 1.1), although a north-westward migration (away from the suture) has

recently been suggested (Ghalamghash et al., 2019).

Several alternative models for magma generation in the eastern part of the
collision zone, where the lithosphere is thick, have been proposed. One model is
compression melting (Fig. 1.7), when as the lithosphere thickens, mantle peridotite
is pushed to a higher pressure where amphibole breaks down, inducing dehydration
melting (Allen et al., 2013). This invokes the back-bent solidus of amphibole
peridotite (Fig. 1.7), to cause melting simply as a result of thickening the
lithosphere. This model would require non-linear geothermal gradients to explain
such elevated temperatures at the relevant depths in the mid-lithosphere (Allen et al.,
2013).

Another model suggests melting occurs in regions of thick lithosphere as a
result of small-scale convective removal of lower lithospheric mantle (Kaislaniemi
et al., 2014). If a small amount of water (200-600 ppm) is retained in the mantle
lithosphere after subduction, it can greatly reduce the viscosity of the peridotite,
leading to instabilities at the lithosphere-asthenosphere boundary. This can cause
heating and melting at the base of the lithosphere, which is modelled to lead to the
spatially sporadic nature of volcanism observed in the Turkish-Iranian plateau (Fig.
1.1; Kaislaniemi et al., 2014).

A single slab break-off event may also be unable to explain volcanism in the
far north of the Turkish-Iranian plateau. Neill et al. (2015) argued that volcanic
activity is too far north of any slab break-off under the Bitlis-Zagros suture to be
explained by such an event. Instead a mixture of small-scale delamination and a
second slab break-off event further north have been used to explain volcanism here
(Figs 1.8 and 1.9).

Clearly there is no unifying model for the generation of post-collisional
magmas. Instead magmatism may come in several different “flavours” (Neill et al.,
2014). A key focus of this thesis is how the southern Lesser Caucasus might fit into

this varied picture of volcanism.
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Figure 1.7 amphibole compression melting model.

As the lithosphere thickens, amphibole peridotite is pushed to greater depths. If this peridotite is at
~1000°C, then a simple increase in depth could lead to melt formation in these regions. This can be
achieved as shown in the temperature vs depth inset, whereby rocks moving downwards through the
back-bent amphibole dehydration solidus will partially melt. After Allen et al. (2013)

1.2 Geochemistry of Lesser Caucasus volcanic rocks

The Lesser Caucasus mountains are located towards the northern edge of the
Turkish-Iranian plateau (Fig. 1.9), defined by the Mesozoic-Paleogene Pontide-
Lesser Caucasus arc (Mederer et al., 2013). They occupy a central position along the
strike of the collision zone, between the Erzurum-Kars plateau of eastern Anatolia,
and Sabalan and Sahand volcanoes in NW Iran (Fig. 1.1; Fig. 1.9). The Lesser
Caucasus are located at the transition between the thin lithosphere collision tectonics
of eastern Anatolia, and the thick lithosphere of NW Iran (Fig. 1.6).

Despite their central position in the collision zone, there are only published
geochemical data for the northern part of the region (NLC in Fig. 1.9; Neill et al.,
2013, 2015). Volcanic rocks in the northern Lesser Caucasus (Fig. 1.9) exhibit the
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Figure 1.8 Geodynamic model of volcanism across the Arabia-Eurasia collision zone

Showing some of the various processes which might contribute to volcanism. Processes are diverse
and include melting of both the lithosphere and asthenosphere, multiple slab break-off events, small
scale convective removal and lithospheric detachment. After Neill et al. (2015).

same ubiquitous arc-type geochemistry (Fig. 1.10; Neill et al., 2013, 2015) as
samples from neighbouring NE Anatolia (Fig. 1.3a; Keskin et al., 1998). Given that
both the northern Lesser Caucasus and eastern Anatolia sit on thin lithosphere, the
similar geochemistry is unsurprising. The northern Lesser Caucasus is distinguished
from neighbouring regions by the lack of evidence from Sr-Nd isotopes for crustal
contamination (Neill et al., 2013, 2015), in contrast to evidence for extensive crustal
assimilation in eastern Anatolia (Keskin et al., 2006). If there is a similar lack of
evidence for crustal contamination in the southern Lesser Caucasus (SLC in Fig.
1.9) volcanic rocks, this will make the region ideal for studying the post-collisional

mantle source.

The southern Lesser Caucasus also host some of the most mafic volcanic
rocks in the region (Fig. 1.11), where basanites with SiO; ~ 45 wt % can be sampled
(Meliksetian, 2013). Such rocks have likely only fractionated olivine, and in the
absence of mantle xenoliths provide the most direct means of assessing the
composition of the mantle source. Elsewhere in the Lesser Caucasus, magmas
generally have > 50 wt % SiO>, such that even the most mafic samples have

fractionated multiple mafic minerals.

Despite hosting > 200 volcanoes, little is known about the composition of
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Figure 1.9 Location of the Lesser Caucasus

Locations of Plio-Pleistocene post-collisional volcanoes are shown by the red triangles (Kaislaniemi
et al., 2014)- triangles may refer to one polygenetic volcano or numerous monogenetic centres, or
both. The region of Lesser Caucasus volcanism is outlined by the striped region. These volcanoes are
close to the northern edge of the Turkish-Iranian plateau, which is defined by the Pontide-Lesser
Caucasus Mesozoic-Paleogene arc (PLCMPA). The southern Lesser Caucasus (SLC) region is the
focus of sampling for this thesis. The region is located between the thin lithosphere of eastern
Anatolia and the thick lithosphere of NW Iran. Several locations referred to in this introduction
chapter are labelled here. NLC- Northern Lesser Caucasus. EKP- Erzurum-Kars Plateau volcanism in
the north of eastern Anatolia. Three stratovolcanoes from eastern Anatolia- Ararat, Siphan and
Nemrut are labelled. Sahand and Sabalan stratovolcanoes in NW Iran are also shown. The Kurdistan
province is the region of thick lithosphere where amphibole compression melting has been
hypothesised to occur. Basemap is “World Topo Map” (Sources: Esri, DeLorme, HERE, TomTom,
Intermap, increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL,
Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong), swisstopo, MapmyIndia, and the GIS
User Community). Maps such as this used throughout the thesis were partly created using ArcGIS®
software by Esri. ArcGIS® and ArcMap™ are the intellectual property of Esri and are used herein
under license. Copyright © Esri. All rights reserved. For more information about Esri® software
please visit www.esri.com.
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Figure 1.10 geochemistry of mafic volcanic rocks from the northern Lesser Caucasus

Showing the similarity with continental arc basalts (Kelemen et al., 2003). Data (Neill et al., 2015)
for mafic (MgO > 6 wt %) volcanic rocks from the northern Lesser Caucasus (labelled NLC in Fig.
1.9) has the typical negative Nb-Ta and Ti anomalies and positive Ba, K, Pb and Sr anomalies of
continental arc basalts (Pearce, 1982).

volcanic rocks from the south-eastern part of the Lesser Caucasus, which is partly
why they form the main focus of this thesis. Within the Lesser Caucasus, the
thickness of the lithosphere is thought to increase from north to south (Fig. 1.6).
This could affect the composition of Lesser Caucasus volcanic rocks in some way.
The only published study of volcanic rocks from this region (Meliksetian, 2013)
shows that lavas from the south have higher K>O contents than those from the north
(Fig. 1.11). This observation suggests magmatism in the south may be more alkaline
and sample more enriched mantle sources than magmatism to the north. A more
detailed introduction to the geology of the Lesser Caucasus and its Quaternary

volcanoes is given in Chapter 2.

1.3 Aims and Objectives

This thesis aims to improve our understanding of some of the most remote and
understudied volcanoes in the Arabia-Eurasia collision zone. At the heart of it is a
single fundamental question: why are the volcanoes in the southern Lesser Caucasus

still active when the subduction process ceased > 20 Myr ago?

The goal of this thesis is to build a holistic model of magma generation and
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Figure 1.11 K content of volcanic rocks from the northern and southern Lesser Caucasus.

NLC- northern Lesser Caucasus, SLC- southern Lesser Caucasus. NLC data from Neill et al. (2013),
SLC data from Meliksetian (2013).

volcanism, from the evolution of the mantle source to eventual volcanic eruption
(presented in Chapter 7). This model will explain how the magma source retained
sufficient fusible components to produce magma which could be extracted (Chapter
4). It will then constrain the mechanism of melt generation (Chapter 3). Finally, it
will elucidate the processes of magma storage (Chapter 6) and transport in the crust,

which eventually led to volcanic eruptions (Chapter 5).

Using mafic volcanic rocks as a window on the mantle source is the major
tool in developing several aspects of the holistic model. They will be used to gain
insights into the nature of the mantle source- in terms of both its mineralogy and
geochemistry, which will tell us about its metasomatic history. The other mantle
source process this thesis aims to investigate is that of magma genesis. This thesis
aims to understand where in the mantle magma was formed, what proportion of this

source was melted and what the mechanism of melt generation was.

Once these magmas have formed, they then ascend into the crust. During this
ascent they must stall and partially crystallise. The pressure and temperature
conditions under which this occurs will help to build a picture of the magma
plumbing system which connects the magma source to the volcanoes at the surface.
It will also be necessary to accound for the processes of crystal fractionation and any

associated crustal contamination when constraining the mechanism of melt
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generation mentioned above. Finally, magmas must ascend to the surface and erupt.

As will be made clear in Chapter 2, volcanic eruptions have produced both

polygenetic and monogenetic volcanoes in the southern Lesser Caucasus. An

important aim is to understand whether there has been a temporal shift in the mode

of eruption and why.

The location of the southern Lesser Caucasus in the middle of the Arabia-

Eurasia collision zone could mean the insights gained from studying these volcanic

rocks might have implications for the generation of post-collisional magmas across

the collision zone. The southern Lesser Caucasus could provide a “missing link”

between magmatism in the thick lithosphere region of NW Iran, and the thin

lithosphere region of eastern Anatolia.

In terms of the analysis of new geochemical data, the main objectives of this

thesis are:

To use the bulk-rock major and trace element systematics of both mafic and
felsic rocks to gain an understanding of the process and extent of crystal
fractionation.

To use trace element systematics of the most mafic samples to investigate the
composition and mineralogy of the magma source.

To investigate the location and extent of partial melting using both major and
trace element data for the most mafic samples. Combining this with the
previous objective will allow for the development of a geodynamic model
for the mechanism of magma generation.

To use bulk-rock Sr-Nd isotope ratios to investigate the extent of crustal
contamination and directly characterise the composition of the mantle
source. These isotope ratios are not fractionated during the processes of
melting or crystallisation, such that they should simply be a reflection of the
magma sources.

To use B isotopes as a quantitative tracer of fluid-mobile components in
order to decipher the origin and nature of the subduction signature, and
hence the pre-melting history of the magmatic source.

To use the major element composition of amphibole and clinopyroxene

phenocrysts (in mafic igneous rocks) as inputs to empirical
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geothermobarometric equations to constrain the P-T conditions of the partial
crystallisation of the magmas in the crust.

To determine the ages (via “°Ar/**Ar) of selected volcanic rocks to
investigate a potential transition from polygenetic to monogenetic volcanism
and to understand the origins of that transition.

To investigate the overall occurrence rate of volcanic activity using the new
ages and the implications this has for the volcanic hazards posed to the local

population.

1.4 Chapter outline

The remainder of this thesis describes the geology of the Lesser Caucasus and its

volcanoes, before presenting new geochemical data on volcanic rocks from the south

of the region. These data are then carefully interpreted to provide insights on various

aspects of post-collisional volcanism. These interpretations are then synthesised into

the holistic model of volcanism in the southern Lesser Caucasus.

Chapter 2 provides a more detailed background to the geology of the Lesser
Caucasus and its Quaternary, post-collisional volcanoes. It also provides
some geographical signposting for locations referred to in the text.

Chapters 3-6 outline the major results of the thesis:

o Chapter 3 introduces the bulk rock major and trace element
geochemistry as well as the Sr-Nd isotope ratios of the studied
southern Lesser Caucasus samples. These geochemical data are
compared with literature data for volcanic rocks in the northern
Lesser Caucasus (where the lithosphere is thin) and NW Iran (where
it is thick). The chapter examines the mineralogy of the mantle
source, conditions of magma generation, and the extent of melting,
before presenting a new geodynamic model for magma genesis in the
southern Lesser Caucasus

o Chapter 4 rewinds the clock to examine how the mantle source
developed its distinct composition before the onset of melting. Boron
isotopes are used as a tracer of slab material in the mantle source, to
understand the nature and origin of the subduction component.

o Chapter 5 presents newly determined Ar-Ar ages for southern Lesser

Caucasus volcanic rocks and compares them with other ages from the
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literature. The rate of volcanic activity is estimated. The chapter then
explores a possible transition from polygenetic to monogenetic
volcanism and what might have caused it.

o Chapter 6 calculates the P-T conditions of amphibole and
clinopyroxene crystallisation using geothermobarometry. As well as
interpreting the conditions of crystal fractionation, the chapter also
considers the implications of these estimates for the conclusions
drawn in the previous 3 chapters.

Chapter 7 synthesises these results into an overall history of magmatism
from metasomatism of the mantle source to the type of volcano formed by
the eventual eruptions (the holistic model of volcanism in the southern

Lesser Caucasus).
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2. The geology of the Lesser Caucasus and its
volcanoes

This chapter provides a brief overview of the geology of the Lesser Caucasus,
including the subduction history which led to accretion of the pre-Miocene terranes,
and a summary of the types of post-collisional volcanic structures and their deposits.
There are a substantial number of different locations and sub-locations within the
Lesser Caucasus referred to throughout this thesis. For clarity, these locations are
signposted in this chapter.

2.1 Pre-collision geological history

The geology of the Lesser Caucasus is defined by the closure of the Neotethys
Ocean, which resulted in the Arabia-Eurasia continent-continent collision (Rolland,
2017 and references therein). Its pre-Miocene geology (Fig. 2.1), like much of the
interior of the Turkish-Iranian Plateau, is a complex amalgamation of a series of
terranes (microplates) which accreted to the Eurasian continental margin during the
closure of the Neotethys Ocean (Rolland, 2017). The north and east of the Lesser
Caucasus mountains include rocks associated with the Mesozoic- early Cenozoic
volcanic arc (known as the Lesser Caucasus arc; Mederer et al., 2013), which
constitute an eastern continuation of the Pontides of Anatolia. The Pontide and
Lesser Caucasus arcs together formed the active southern margin of the Eurasian
Plate (Yilmaz et al., 2000). Figure 2.2 illustrates the various stages of closure of the
Neotethys Ocean. During the Mesozoic and Paleogene there were several
subduction zones which contributed to the closure of the northern, and later the
southern Neotethys basins (Fig. 2.2 panels 1 and 2; Galoyan et al., 2009; Rolland et
al., 2010, 2012; Sosson et al., 2010; Topuz et al., 2013a, 2013b, 2014; Karaoglan et
al., 2013, 2016; Mederer et al., 2013; Hassig et al., 2015).

The Sevan-Akera suture zone is defined by the outcropping of several (likely
N. Neotethys- derived) ophiolite complexes (Fig. 2.1; Rolland et al., 2010; Hassig et
al., 2013). These ophiolites were obducted onto the South Armenian block (SAB) at
88-83 Ma (Rolland et al., 2010; Sosson et al., 2010). The SAB (Fig. 2.1) is a micro-
continental fragment composed of Proterozoic metamorphic basement and its

sedimentary cover. The SAB rifted from the Arabian margin in the early Mesozoic



-20 -

Russia
i1° N

Northern
Lesser Caucasus

20 mm/yr

40°N 40°N
B Outline of Southern =
Lesser Caucasus
volcanic field Lesser Caucasus
Key

Late Miocene- Recent
collision related volcanic rocks

l:l Oligocene- Miocene marine sediments
Paleogene volcanic and sedimentary rocks
related to the Lesser Caucasus volcanic arc
Mesozoic volcanic and sedimentary rocks
related to the Lesser Caucasus volcanic arc
Mesozoic ophiolite fragments (Sevan-Akera

suture zone)
South Armenian Block- proterozoic metamorphic
basement and pre-Jurassic sedimentary units

| 46°E

Figure 2.1 Geological map of the territory of Armenia, encompassing most of the Lesser Caucasus

Inset shows the location of Armenia in the Arabia-Eurasia collision zone. Also shown are the location
of the Bitlis-Zagros frontal suture and plate velocities for Arabia and Anatolia (Reilinger et al., 2006).
The main figure shows a geological map of Armenia showing major tectonic units simplified from
Mederer et al. (2013). This figure also includes geographical signposting for the locations of volcanic
structures referred to in this Chapter and throughout the thesis. Shirak and Lori provinces (S+L) in
NW Armenia are where the samples for geochemical data presented in Neill et al. (2013, 2015) were
collected. Aragats polygenetic volcano (A) is probably the largest volcanic structure in the region.
Gegham (G), Vardenis (V) and Syunik (S) volcanic highlands together form the southern Lesser
Caucasus volcanic field outlined by the dashed line. Each of the volcanic highlands are outlined by a
dotted line. The bold red line is the location of the Pambak-Sevan-Syunik strike-slip fault. The labels
northern and southern Lesser Caucasus are given to signpost the regions which these terms refer to.

(Sengor, 1984) and is likely continuous with the Taurides-Anatolides of Anatolia
(Rolland et al., 2016) and the Cimmerian terrane of Iran (Stampfli et al., 2013).
Ophiolite obduction was followed by accretion of the SAB to the Pontide-Lesser
Caucasus arc at 80-75 Ma (Rolland et al., 2012) along the Sevan-Akera suture,
marking the closure of the N. Neotethys Ocean (Fig. 2.2, panel 2). Subduction then
jumped to the south with northward subduction of the Southern Neotethys until its
closure with the “soft” collision of Arabia with SAB-Lesser Caucasus along the
Bitlis-Zagros suture (Fig. 1.9; Fig. 2.2 panel 3) at ~ 50-40 Ma (Rolland et al., 2012).



-21 -

SwW NE
1. Mid Jurassic to Early Cretaceous (170-100 Ma) Lesser  Kura
Arabia 5. Neotethys SAB N. Neotethys Caucasus Basin  Eurasia

&

Back arc rifting Back arc rifting

2. Paleocene ~ 70-60 Ma
Lesser Kura
Arabia S. Neoctethys SAB-BP Caucasus Basin Eurasia

&

Obduction

3. Miocene ~ 15 Ma
Lesser Kura

Arabia SAB-BP Caucasus Basin Eurasia

@ &

s

Slab break off

4. Pliocene- Recent (5-0 Ma) Lesser

Arabia SAB-BP Caucasus Eurasia

4 £ &

Figure 2.2 Tethyan subduction history for the Arabia-Eurasia collision zone.

Illustration of the progressive closure of the oceanic domains that separated Arabia from Eurasia
during the Mesozoic. The movement of the Bitlis-Poturge terrane (BP) from Arabia to the South
Armenian Block (SAB) is not shown but occurs between panels 1 and 2. Simplified from Rolland
(2017).

However, some authors have posited a much later collision at ~ 25 Ma (Okay et al.,
2010). “Hard” collision was delayed until the Pliocene, following the closure of the

Kura Basin to the north (Fig. 2.2 panel 4; Rolland, 2017).

The numerous subduction zones illustrated in Fig. 2.2 would have added slab-
derived material to the mantle wedge beneath the present-day Lesser Caucasus. It
has been suggested that this signature of a subduction-modified mantle has been
widely inherited by the post-collisional volcanic rocks in the Arabia-Eurasia
collision zone (Pearce et al., 1990; Keskin et al., 1998; Keskin, 2003; Okay et al.,
2010; Allen et al., 2013).
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2.2  Lesser Caucasus post-collisional volcanism

Post-collisional volcanism within Armenia (which includes most of the Lesser
Caucasus; Fig. 2.1), is sufficiently widespread to obscure a significant proportion of
the pre-existing geology. Previous studies of volcanism in the Lesser Caucasus
focused on the volcanic rocks from the Shirak and Lori provinces in NW Armenia,
labelled S+L in Fig. 2.1 (Neill et al., 2013, 2015). Three regions of distributed
volcanism (areas with numerous volcanoes which each erupted only once) are the
Gegham, Vardenis and Syunik highlands (labelled G, V and S in Fig. 2.1;
Karapetian et al., 2001). There are no distinct breaks between these highlands, such
that together they can be considered a single volcanic field covering ~8000 km?,
which is referred to in this thesis as the southern Lesser Caucasus volcanic field. The
SE of the region (Syunik and Vardenis) is generally referred to as the southern
Lesser Caucasus, while the northern Lesser Caucasus generally refers to Shirak and
Lori. Gegham highland and Mt. Aragats stratovolcano (labelled A in Fig. 2.1) could
be considered to occupy the central Lesser Caucasus in the nomenclature of this
thesis. The vast majority of data presented in this thesis are from Vardenis and
Syunik. Field photos of various volcanic features from Vardenis and Syunik are
shown in Fig. 2.3. A geological map of Syunik volcanic highland is shown in Fig.
2.4,

2.2.1 Style of volcanism in the Lesser Caucasus
The large volcanic edifices of eastern Anatolia: Ararat, Tendurek, Suphan, and
Nemrut (Fig. 1.2; Keskin, 2007), all have activity extending into the Holocene
(Yilmaz et al., 1998). Similarly, large edifices are present in NW Iran, such as
Damavand (Fig. 1.2) which is thought to have erupted in the Holocene (Davidson et
al., 2004), and Sabalan (Fig. 1.2) which last erupted at ~ 0.1 Ma (Ghalamghash et
al., 2016). All of these volcanoes are polygenetic, meaning they were formed by
repeated eruptions from a single vent (Valentine and Connor, 2015). In the Lesser
Caucasus, Aragats is the largest polygenetic volcano (70 km basal diameter, 3km
tall) and was active from 1.8 to 0.5 Ma (Connor et al., 2011; Gevorgyan et al.,
2018), suggesting it is now dormant. To the south-east, there are two polygenetic
volcanoes (Tskhouk and Ishkhanasar) in the Syunik volcanic highland (Figs 2.3a &

2.4). These volcanoes are also thought to be dormant (Meliksetian, 2013).



-23-

Caldera rim

Figure 2.3 Field photographs from Syunik and Vardenis volcanic highlands in the southern Lesser
Caucasus

Showing volcanic structures and types of eruptive product. (a) The summit of Tskhouk volcano, one
of the polygenetic centres in the Syunik volcanic highland. The caldera rim is shown by the red
dashed line. (b) Numerous scoria cones in the south of the Syunik volcanic highland, seen from the
lower slopes of Ishkhanasar polygenetic volcano. (c) One of the Holocene volcanic centres, Porak, in
Vardenis volcanic highland (Karakhanian et al., 2002). A large area of lava flows are associated with
the formation of the volcano travelling up to 20 km from the vent site. (d) Nazelli is another
Holocene monogenetic volcano, this time in the Syunik highland. As can be seen the scoria cone has
two lava flows extruding from it. The earlier 1%t generation lava flow extrudes from a boca (a vent
close to the base of a scoria cone). The 2" generation lava flow is much smaller and erupts from the
summit producing a narrow tongue down its flanks.
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Figure 2.3 continued.

(e) The massive ignimbrite deposit known as the Subatan tuff at the base of the Vardenis volcanic
section. A person is shown for scale. It is only exposed in this quarry, such that volume estimates are
not possible. (f) Rhyolite lava vent plug of a monogentic volcano in Vardenis; (g) is an image of
Torgomayr volcano in Vardenis. Its lower slopes are composed of dacite lava flows, however the
summit is a mafic cone emplaced at a later date on top of these dacites. (h) Sherepasar volcano in
Syunik. It is on the slopes of the Tskhouk stratovolcano shown in (a). The labels P denote lava flows
emanating from the Tskhouk polygenetic volcano. Sherepasar is labelled with an M (monogenetic),
and can be clearly seen to overly the polygenetic lava flows. (i) Tsovak quarry pumice fall deposit in
Vardenis. (j) A pumice fall-out layer to the east of Syunik volcanic highland.
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Figure 2.4 Geological map of the Syunik volcanic highland

Map showing the ages of volcanic deposits from Syunik (labelled S in Fig. 2.1). The map is based on
the work of S. Karapetyan, R. Jrbashyan and G. Navasardyan of the Institute of Geological Sciences
at the Armenian National Academy of Sciences; and lvan Savov (University of Leeds, main
supervisor for this thesis). The two polygenetic volcanoes are shown by red triangles, with Tshkouk
in the north-west and Ishkhanasar in the south-east. Note the Sissian suite of sediments shown in
yellow, from which tephra layers have been dated by Ar-Ar (Joannin et al., 2010), while several of
the lava flows which cap these sediments were dated by K-Ar (Ollivier et al., 2010).

While there are polygenetic volcanoes in the Lesser Caucasus, distributed
volcanism is the dominant mode (Figs 2.3b and 2.4). Distributed volcanism involves
the formation of numerous small monogenetic volcanoes within a defined region,
rather than the development of a single volcanic edifice (Valentine and Connor,
2015). Monogenetic volcanoes are generally thought to form in a single eruptive
episode (Smith and Németh, 2017). Unusually for monogenetic volcanism, the
Lesser Caucasus eruptive products are not restricted to mafic compositions, with
volcanic rocks exhibiting a complete and continuous compositional range from
basanite to rhyolite (Figs 2.3b, f and 2.4). In both the north and south of the Lesser
Caucasus, this style of volcanism becomes increasingly dominant in the most recent
eruptive products (Figs 2.3g, h and 2.4; Neill et al., 2013; Ollivier et al., 2010).

Styles of volcanic eruption in the Lesser Caucasus are diverse, and although
lava flows from effusive eruptions dominate the geological landscape (Fig. 2.3c, d),
there is clear evidence for very large Neogene explosive volcanic eruptions
producing widespread ignimbrites (Karapetian et al., 2001; Karakhanian et al., 2002;
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Gevorgyan et al., 2018). There are numerous ignimbrite deposits which have been
mapped around Aragats, potentially indicative of repeated caldera-collapse events at
this volcano, with ages of 1.8-0.6 Ma (Gevorgyan et al., 2018). These ignimbrites
include the Yerevan-Gyumri tuff, with an estimated volume of 5 km? (Connor et al.,
2011; Gevorgyan et al., 2018). The Subatan tuff outcrops at the base of the volcanic
succession in the Vardenis volcanic highland (Fig. 2.3e), and is an at least 25m thick
massive ignimbrite deposit which includes both magmatic and lithic fragments.
Unfortunately, because a single quarry is the only known outcrop of this ignimbrite,
it is not possible to make a volume estimate. This suggests that from early on in the
post-collisional volcanic history of the region there were large volcanoes capable of

producing caldera-forming eruptions.

A large Pliocene sector collapse volcaniclastic deposit (the “Goris strata’)
covers ~400 km? to the south of the Syunik highland (Fig. 2.4), and also requires a
large polygenetic volcano to have formed in the past. Tephra fallout layers, which
likely formed in Plinian eruptions are found in sedimentary units at the base of lavas
in Syunik (Joannin et al., 2010). They must be older than the monogenetic lava
flows which cover these sediments (Ollivier et al., 2010). Other pumice fall deposits
are seen in Vardenis, where the deposit thickness is over 20 m (Fig. 2.3i), and to the
east of Syunik where a distal deposit (~3m thick) is ~25 km to the east of
Ishkhanasar- the nearest large volcano (Fig. 2.3j).

Lava flows have been produced by both polygenetic and monogenetic
volcanoes. Holocene lava flows from monogenetic vents (Fig. 2.3c, d) travelled
between ~ 100m and ~ 20 km from their eruption vent. Large (2250 km?®), fissure-
fed ‘flood basalt’ style lava flows are found predominantly in some of the older (~3-

2.05 Ma) volcanic successions in the northern Lesser Caucasus (Sheth et al., 2015).

Small scoria cones are well preserved across much of the southern Lesser
Caucasus volcanic field (183 mapped in Syunik; Fig. 2.3b, ¢, d, g, h; Fig. 2.4), and
are often clustered (Fig. 2.3b; Fig. 2.4). The positive relief of these scoria cones, and
the lava flows that extrude from them through boccas (a vent on the lower flank of
the cone from which lava issues; Fig. 2.3d) are indicative of internally driven, rather

than phreatomagmatic eruptive processes.
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2.2.2 Geochronological constraints

Previous geochronological studies have constrained the ages of the volcanic deposits
upon which this thesis focuses as late Pliocene or younger, although the oldest post-
collisional volcanism in the Lesser Caucasus has been dated to 10 Ma (Arutyunyan
et al., 2007). Northern Lesser Caucasus data (Neill et al., 2013; Neill et al., 2015)
used for comparison with the studied samples in Chapter 3 is ~2.5 Ma or younger,
based on a K-Ar age for one of the “valley series” lavas at the base of the sampled
section in the Shirak province (Fig. 2.1) of NW Armenia (Jrbashian and Gukasyan,
2002).

Volcanic rocks from further south (the data for which are presented in this
thesis) were all collected from Quaternary volcanic highlands. A limited number of
ages from the Syunik volcanic highland (S in Fig. 2.1; Fig. 2.3) suggest volcanism
ranges from 1.3 to 0.11 Ma. This is based on two Ar-Ar ages of pumice layers in
diatomaceous sediments (Fig. 2.4; Joannin et al., 2010), along with K-Ar ages of
local lava flows which overlie the sediments (Fig. 2.4; Ollivier et al., 2010).
Archaeological evidence from C dating of petroglyphs and burial tombs around the
youngest lavas in Syunik (Fig. 2.3) suggest volcanism may extend to within the last
5 ka, while in Vardenis there are historical records of an eruption at Porak (Fig.
2.3c) at around 3 ka (Karakhanian et al., 2002). These ages are very similar to the
estimated age span of the nearby Gegham volcanic highland (G in Fig. 2.1) of 1.2-
0.02 Ma (Lebedev et al., 2013), based on K-Ar dating. See Chapter 5 for more
details.

2.3 Summary

The pre-Miocene geology of the Lesser Caucasus consists of three accreted tectonic
terranes: the Lesser Caucasus volcanic arc, the Sevan-Akera suture zone and
ophiolites, and the South Armenian block micro-continental fragment. These three
terranes accreted by the subduction and closure of both the Northern and Southern
Neotethys, with closure of the Southern Neotethys ultimately leading to the Arabia-
Eurasia continent-continent collision. Following continental collision, post-
collisional volcanism has produced widespread volcanic units since 10 Ma. All the

post-collisional volcanic rocks for which geochemical data are presented in this
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thesis are younger than 3 Ma. Eruptive products range from basanite to rhyolite in
composition, and deposit types include lava flows, scoria cones, ignimbrites,
volcaniclastic tuff layers, debris flows, and fissure-fed flood basalts. The following
chapters explore the geochemistry, geochrononology and petrology of these volcanic

rocks, with a strong emphasis on those samples from the southern Lesser Caucasus.
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3. The Thickness of the mantle lithosphere and
collision-related volcanism in the Lesser
Caucasus

3.1 Introduction

The Lesser Caucasus mountains sit close to the edge of the Zagros Core region of
thick mantle lithosphere, and therefore close to a transition from thick to thin
lithosphere. These mountains thus provide an opportunity to look at the influence of
lithospheric thickness on the geochemistry of collision-related magmas. Figure 3.1
shows the four volcanic highlands considered in this study, which form a NW-SE
transect almost orthogonal to contours of lithospheric thickness from Priestley et al.
(2012), which increase from NW to SE. It should be noted that the resolution on
these lithospheric thickness estimates is limited by the 30-50 km vertical resolution
of the seismic tomography data (McKenzie and Priestley, 2008). The Priestley et al.
(2012) model is used because it is likely to give better local resolution in the Lesser
Caucasus region than other global lithospheric thickness studies (Priestley and
McKenzie, 2006; Priestley and McKenzie, 2013).

Volcanic rocks from the SE of this transect, where the lithosphere is thought
to be thicker, are known to be more potassic than volcanic rocks from the NW
(Meliksetian, 2013). This chapter provides the first complete geochemical dataset
for volcanic rocks from the SE of the Lesser Caucasus. This dataset includes a
complete range of compositions from basanite to rhyolite, which are used to
evaluate the extent to which crustal contamination is an important component of
magma petrogenesis. The geochemistry of the more primitive mafic volcanic rocks
is compared between the NW and SE of the Lesser Caucasus, in order to understand
how thicker lithosphere in the SE might influence the geochemistry of volcanic
rocks found there. In order to indicate how thicker mantle lithosphere might
influence the composition of magmas, volcanic rocks from a region of very thick
lithosphere (> 200 km) in NW Iran (Fig. 3.1; Allen et al., 2013) are used as an end-

member comparison of melting in a thick lithosphere regime.
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Figure 3.1 Location of tectonic terranes, the region of thick lithosphere, and the Lesser Caucasus
volcanic highlands within the Arabia-Eurasia collision zone.

Terrane map of the Caucasus region with inset showing the location of the Caucasus mountains. The
major tectonic blocks are labelled, which from north to south are: Greater Caucasus, Kura Basin,
Pontides-Lesser Caucasus (LCA)-Alborz Mesozoic-early Cenozoic arc, Taurides-Anatolides-South
Armenian Block (SAB)-Cimmeria microcontinent terranes, East Anatolian Accretionary Complex
(EAACQC), Bitlis Mountains and the Arabian foreland. Terrane boundaries are after Neill et al. (2015).
Red triangles denote the locations of major composite volcanoes. The locations of volcanic highlands
which are used for the geochemical comparison which forms the focus of this study are shown by the
coloured fields. These are labelled as 1- Shirak and Lori (Neill et al., 2013; Neill et al., 2015); 2-
Gegham (Savov, unpublished); 3- Vardenis; and 4- Syunik. New data for this study are from volcanic
highlands 3 and 4. These volcanic highlands are close to parallel with major tectonic boundaries in
the collision zone. Volcanic rocks from NW Iran referred to in the text are from the region labelled at
the bottom of the map. Contours of lithospheric thickness from Priestley et al. (2012) are shown in
red, numbers give lithospheric thickness in km. The “Zagros Core” refers to the region of maximum
lithosphere thickness in the collision zone.

3.2 Analytical Methods

3.2.1 Major and Trace Element concentrations
Sample preparation was done at the University of Leeds. 60-100g of rock was
crushed in a TEMA agate mill. The agate was cleaned extensively between the
crushing of each sample, including pre-contamination of the agate by the crushing of

509 of sample which was then discarded. Bulk-rock major and trace element
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analysis of samples from this study was done at ACME Labs by Bureau Veritas

minerals, in Vancouver, Canada, and at Royal Holloway University, London.

For analysis at ACME Labs, samples were heated to 1000°C to determine
loss on ignition (LOI), and then fused in a platinum-gold crucible with a lithium
tetraborate flux. The resulting fusion beads were then analysed by XRF for major
elements. Two internal ACME standards reproduced expected values to better than 3
% (for all oxides > 1 wt %). Trace element concentrations were determined by ICP-
MS on the fused beads after digestion in nitric acid. Analysis of Ni concentrations
involved digestion in aqua regia at 95°C. Two internal ACME standards reproduced
expected values to better than 10% for trace elements. Values for internal and

external standard data are shown in Appendix A.

Analysis at Royal Holloway was by inductively coupled plasma optical
emission spectroscopy (ICP-OES) for major elements and some high abundance
trace elements (Sr, Zr, Ni) and ICP-MS for low abundance trace elements. Major
element analyses followed the methods described by Walsh et al. (1981) and Garbe-
Schonberg (1993). The relative standard deviation on the external standards NIM-G,
NIM-L, BHVO-1, RGM-1 and STM-1, as well as internal standards was better than
5% (for all oxides > 1 wt %). Trace elements were analysed after HNO3z-HF-HCIO4
digestions. Prior to analysis, samples were spiked with 5 ng per ml of indium (In)
and rhenium (Re) for internal standardization. For analytical quality control, five
international reference materials were analysed: NIM-G, NIM-L, BHVO-1, RGM-1
and STM-1. The standards analysed as unknowns generally gave trace element
concentrations that deviated by < 15% from literature values- the results of these

measurements are also shown in Appendix A.

3.2.2 Sr-Nd isotope ratios

Thermal lonization Mass Spectrometry (TIMS) was used for the analysis of 8"Sr/Sr
and **Nd/***Nd. Strontium (Sr) and Neodymium (Nd) were extracted from unspiked
rock powders that were dissolved in an HNO3: HF acid mixture (1:4), followed by
conventional ion-exchange chromatographic techniques at the University of Leeds.
Srand Nd isotope ratios were measured on a ThermoScientific Triton multi-collector
mass spectrometer running in static mode. The normalization value for fractionation
of 87Sr/®Sr was #Sr/88Sr = 0.1194; that of **Nd/***Nd was 1*°Nd/***Nd = 0.7219.
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Instrument errors for determinations of 8’Sr/%Sr and 1*3*Nd/***Nd are reported as the
standard error, 20, (i.e. 2 standard deviations about the mean using 200-240
measurements). External precision (26) for Sr and Nd isotopic ratios from
successive replicate measurements of primary standards was better than 35 ppm for
the NIST SRM-987 International Reference Standard (8"Sr/®6Sr = 0.710260 for 9
runs averaged, with a standard deviation of 1.1 x107°) and better than 25 ppm for the
La Jolla Nd International Reference Standard (***Nd/**Nd = 0.511842 for 11 runs
averaged, with a standard deviation of 2.5 x107°). USGS standard BHVO-1 was also
run as a validation material throughout the run period for both 8’Sr/%Sr and

143N d/*Nd. Once corrected to an NIST SRM 987 preferred value of 0.710246 using
the accompanying primary standard measurement, all measurements of 8’Sr/#Sr for
BHVO-1 reproduce a literature value of 0.703475 to within 2 (Weis et al., 2006).
All measured 87Sr/8Sr ratios were corrected to the literature NIST SRM 987 only.
For Nd isotopes, all samples were corrected to the literature value of BHVO-1
(0.512986) giving an average correction of 0.00002. The total chemistry blanks for
Sr and Nd were negligible during the period of measurements (0.4 ng for Sr and 0.3
ng for Nd).

3.3 Petrography

Southern Lesser Caucasus volcanic rocks are generally very fresh, with generally
low loss on ignition (LOI) values (usually <1%) for the majority of mafic samples.
The groundmass can sometimes contain minor amounts of clay minerals, but in
many cases it is very fresh, with small pockets of volcanic glass present in a

minority of samples (Table 3.1).

Tephrites, trachybasalts and trachybasaltic andesites from Syunik always
contain phenocrysts (>0.3mm) of clinopyroxene, and may have olivine, amphibole
and apatite phenocrysts. Clinopyroxene is ubiquitous and normally occurs as
glomerocrysts (Fig. 3.2f). Some samples have abundant olivine microphenocrysts
(Fig. 3.2d) and phenocrysts (up to 600um), although olivine is generally restricted to

the most mafic samples (low silica trachybasaltic andesite or more mafic).

Amphibole phenocrysts are common (up to 2cm), and occur across the

compositional range (Fig. 3.2a). In several samples amphibole is absent, or partially
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Table 3.1 Mineralogy of selected southern Lesser Caucasus samples

Phenocryst and groundmass minerals for selected volcanic rocks from the southern Lesser Caucasus.
Volcanic field abbreviations: V- Vardenis; S- Syunik. Mineral abbreviations: ol- olivine; cpx-
clinopyroxene; plag- plagioclase; ox- Fe-Ti oxide; kspar- potassium feldspar; qtz- quartz; amph-
amphibole; bio- gfgfgf biotite; ap- apatite. Mineral texture abbreviations: xen- xenocrystic; pseud-
pseudomorphic. Rock name abbreviations: B, basalt; R, rhyolite; TB, trachybasalt; TBA,
trachybasaltic andesite; TA, trachyandesite; Tr, trachyte; Te, tephrite/basanite; PTe, phonotephrite.

High- Eruptive Rock
Sample  land Volcano/place type name #Mg  Phenocrysts Groundmass
6.27.08. V Khrbekner Lava TBA 56.2 ol cpx, plag plag, cpx, 0x,
Tsovak pyroclastic

4112 \Y% flow Pumice R 17.3  kspar, plag, qtz glass
5.1.13 \Y% Smbatasar Lava TA 50.9 cpx, plag, amph plag, ox, cpx
5.1.15 \Y% Geghagar tuff Ignimbrite R 445  kspar, plag, phlog, gtz glass
5.3.15 \ Porak Lava TA 53.9 cpx, plag plag, cpx, ox

plag, glass, ox,
5.4.15 \ Zhiligyol Lava TA 51.1  cpx, qtz (xen) cpx
5.5.15 \Y% Vent W. of Zhiligyol Plug R 17.6  kspar, plag, bio, gtz altered
5.9.15 \Y% Lake Al-Lich Plug Tr 29.5 plag, phlog, kspar, cpx  Kkspar, gtz, ox, cpx
6.3.15 \Y% Torgomayr Lava TBA 514 Cpx plag, bio, ox
7.2.15 \ Dome E. of Trdatanist  Plug R 25.4  kspar, qtz, plag, bio altered

cpx, amph (pseud), plag, cpx, 0x,

7.4.15 \ S. slopes of Vupland  Lava TA 54.8 plag glass
7.5.15 \Y% S. slopes of V upland Lava TBA 54.0 cpx, plag, amph plag, cpx, ox, ol
14C.08 S Garusar Scoria TBA 50.8  cpx, amph plag, cpx, ox

glass, plag, ox,
2.5.08 S Shinuayr Bomb TBA 50.5 cpx, amph, ol cpx

plag, glass, cpx,
2.6.08 S Morutumb Bomb TBA 48.8  cpx, amph, ol, ap 0X

glass, plag, ox,
2.7.08 S Yerakov Blur Bomb PTe 48.6  amph, cpx cpx
2.9.08 S Pokr Chobanasar Bomb TBA 52,5 cpx, amph, ol plag, cpx, ox
2.10.08 S Barurtumb Lava B 66.8 ol cpx plag, cpx, ox
521.08 S Berd Lava TBA 52.7 ol cpx plag, ox
6.24.08 S Tekblur Scoria PTe 484  Cpx glass, plag

plag, cpx, amph

31010 S Unknown Lava Tr 425  (pseud) plag, ox, cpx
31110 S Unknown Lava TA 46.5  cpx, amph (pseud) plag, ox, cpx
41910 S Ishkhanasar Lava TA 445  plag, amph Plag
5.5.12 S Tshkhouk Lava TA 50.0 cpx, plag, ox plag, ox, cpx
8.2.15 S Khozazblur Bomb B 54.1 cpx,ol plag, cpx, ox
8.3.15 S Verjiblur Bomb TBA 52.6  cpx, amph plag, cpx, ap
8.7.15 S Marakhlasar Scoria PTe 52.8 amph, cpx glass, plag
9.1.15 S Spiovblur Plug TBA 51.6 cpx, amph, plag, ol,ap  plag, cpx, ox
9.2.15 S Chobanasar Bomb B 55.3  cpx, ol, amph (pseud) plag, cpx, ox
10215 S Kyorpasar Lava TBA 51.4  Aphyric plag, cpx, ol, ox
103.15 S Mets Yerkvoryak Scoria TBA 51.5 plag, ol, cpx, ox glass

glass, plag, cpx,
10.6.15 S Mets Yerkoryak Scoria TBA 516 Cpx 0X
11115 S Quarry, Shaqi village  Lava TBA 46.3 plag, cpx plag, cpx, 0x

plag, glass, cpx,
11315 S Sherepasar Scoria Te 54.0 cpx, ol, amph 0X

resorbed (Fig. 3.2¢), due to disequilibrium conditions prior to eruption. The apatite

phenocrysts can reach up to 2mm in size in some cases (Fig. 3.2b). The common

occurrence of hydrous minerals, such as amphibole and apatite, is noteworthy in



Figure 3.2 Representative back-scattered electron images and photomicrographs.

(a) Unaltered amphibole (amph) phenocryst in trachybasaltic andesite scoria from Syunik.
Groundmass composed of clinopyroxene, plagioclase and oxides. (b) Large apatite (Ap) phenocryst
>1mm in diameter, with oxide inclusions in trachybasaltic andesite lava, Syunik. (c) Large
amphibole phenocryst with overgrowing plagioclase (plag) grains in trachybasaltic andesite lava from
Vardenis. The rim of the amphibole is broken down into oxides and clinopyroxene. (d) XPL image
of olivine (OI) phenocrysts in trachybasalt lava from Syunik. () XPL image of plagioclase
phenocryst in trachybasaltic andesite lava with sharp compositional boundary between the core and
rim (in extinction) of this crystal. (f) XPL image of clinopyroxene (cpx) glomerocryst in
trachyandesite sample from Vardenis.
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comparison to the volcanic rocks from the northern and central Lesser Caucasus,
where such mineral phases are less common, certainly in the most mafic samples
(Connor et al., 2011; Neill et al., 2013). Typical groundmass in mafic volcanic rocks
from Syunik is composed of plagioclase, clinopyroxene, and Fe-Ti oxides, with
volcanic glass in some scoria samples. Note that plagioclase is only present in the

groundmass and is not a phenocryst phase.

More evolved high-silica trachybasaltic andesites, trachyandesites and
trachytes from Syunik show the appearance of abundant plagioclase phenocrysts. In
some cases, these plagioclase crystals (up to 2mm) show evidence of multiple stages
of crystallisation with distinct core to rim zonation (Fig. 3.2e). Amphibole also
becomes a more common phenocryst phase, whereas clinopyroxene is less
dominant. The groundmass is increasingly dominated by plagioclase. Rhyolites are

common in the northern part of Syunik, where they commonly form obsidian flows.

In Vardenis all samples are trachybasaltic andesites or more evolved, and
plagioclase is always a phenocryst phase. In one trachybasaltic andesite (Table 3.1-
sample 6.3.15), biotite is also a phenocryst phase. Rhyolites from Vardenis
commonly have biotite, plagioclase, quartz and potassium feldspar as phenocrysts,

and a groundmass composed of quartz and potassium feldspar.

From the occurrence of different minerals in the range of rock types sampled
across the Syunik and Vardenis volcanic highlands (34 samples, Table 3.1), it is
possible to suggest a general order of crystallisation for both areas, which would
likely have been: olivine + Fe-Ti oxides + apatite; clinopyroxene + Fe-Ti oxides +
olivine £ amphibole; clinopyroxene + plagioclase + Fe-Ti oxides + amphibole £
phlogopite; plagioclase + potassium feldspar + Fe-Ti oxides £ phlogopite. The
predominant focus of this study is on the mechanism of mantle melting, which
requires the effect of fractional crystallisation to be minimised. Based on this
crystallisation sequence, the most mafic samples will not have fractionated feldspar,
instead only fractionating mafic minerals. Using the major element data presented in
section 3.4.2, it was ascertained that feldspar fractionates from 54 wt% SiO, and 4
wt% MgO. Only samples with more mafic compositons are used to investigate

questions of magma petrogenesis.
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3.4 Geochemistry of southern Lesser Caucasus volcanic
rocks

3.4.1 New geochemical data
While recent work (Neill et al., 2013; Neill et al., 2015) has provided important new
geochemical data for collision-related volcanism in the northern Lesser Caucasus,
this chapter presents the first comprehensive dataset for mafic volcanic rocks from
the southern part of the Lesser Caucasus (Table 3.2). All samples are from the
Vardenis and Syunik volcanic highlands (highlands 3 and 4 in Fig. 3.1; see also
Chapter 2). Table 3.2 also gives the co-ordinates for all the mafic samples in the
Vardenis and Syunik volcanic highlands. Sampling in the region covers the
complete stratigraphic range, but there was a bias towards the relatively young
eruptive centres in order to collect the least altered samples for geochemical
analysis. The studied rock types range from basanite to rhyolite, although Table 3.2
only includes data for the most mafic samples, which form the main focus of this
chapter. The complete dataset (including the more felsic samples) can be found in
Appendix A.

3.4.2 Major element characteristics
Across the Lesser Caucasus there is a great diversity in the compositions of the
volcanic rocks within each volcanic highland, with most showing a complete
compositional range from basalt to rhyolite (Fig. 3.3). Rhyolites are also present in
the northern Lesser Caucasus (Karapetian et al., 2001), although they were not
sampled for the Neill et al. (2013) study. Southern Lesser Caucasus samples, with
Syunik being the most extreme, have more alkaline compositions compared to those
from the north, with the largest Na2O and K>O variations between north and south in
the most mafic samples (Fig. 3.3). Southern Lesser Caucasus samples are also more
potassic when compared to their northern counterparts (shoshonitic versus calc-
alkaline series; Fig. 3.4a). As well as being more alkaline, mafic southern Lesser

Caucasus samples extend to lower SiO2 contents.

On some major element variation diagrams, such as MgO versus SiO> (Fig.
3.4b) the trends are fairly similar for northern and southern Lesser Caucasus
samples. However other elements, notably P, display a significant geographic
gradient in concentration for the most mafic samples, from 0.4 wt % P20Os in the
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Table 3.2 Major and Trace Element compositions of mafic volcanic rocks from the Vardenis and
Syunik volcanic fields in the Southern Lesser Caucasus

Volcanic field Vardenis  Vardenis Vardenis Vardenis Vardenis Vardenis Vardenis

Sample 6.27.08 7.29.08 7.30.08 7.32.08 2.1.12 1.1.13 1.2.13
Erup. type Lava Lava Bomb Lava Lava Lava Lava
Latitude 40.0905 40.14205 40.0768 40.07712 40.10283 40.02458 40.08497
Longitude 45.414 45.6192 45.51587 455256 45.39072 45.83628 45.83638
Elevation (m) 2257 2101 2340 2280 2188 2347 2375
Lab analysis® RH RH ACME RH ACME ACME ACME
SiO; 51.62 50.94 53.96 52.87 52.17 51.71 51.93
TiO, 1.20 1.34 1.01 1.23 111 1.39 1.38
Al,O3 16.31 16.37 16.47 16.93 17.40 17.31 17.39
Fe,O; (tot)? 9.61 9.69 6.82 9.49 7.77 8.34 8.39
MnO 0.13 0.14 0.12 0.14 0.13 0.13 0.13
MgO 6.23 6.36 4.08 4.40 4.60 4.15 4.12
CaO 8.54 8.43 7.97 7.93 8.27 7.34 7.32
Na;O 3.93 4.54 4.36 4.61 4.62 4,52 4.61
K0 2.27 2.00 3.37 2.13 2.76 3.08 3.08
P20s 0.52 0.72 0.61 0.77 0.95 1.23 1.23
Total 98.45 99.56 99.49 99.56 100.25 100.09 100.34
LOI 0.59 0.35 0.75 0.61
#Mg 56.2 56.5 54.2 47.9 54.0 49.6 49.3
Ni 77.6 86.8 18.8 45.9 32.8 12 32
La 39 57 52 58 84 64 96
Ce 76 99 91 102 148 112 180
Pr 9.0 10.8 9.9 11.0 16.3 121 20.6
Nd 37 41 34 42 57 41 73
Sm 6.6 7.3 5.5 7.6 8.0 6.4 10.0
Eu 1.9 2.1 15 2.1 2.2 1.7 2.6
Gd 5.0 5.8 4.5 5.9 6.1 5.0 7.4
Tb 0.8 1.0 0.6 1.0 0.7 0.7 0.8
Dy 3.6 4.3 3.7 4.7 3.8 35 45
Ho 0.7 0.8 0.7 0.9 0.7 0.6 0.7
Er 1.9 2.2 2.0 2.3 1.7 1.8 1.9
Tm 0.3 0.4 0.3 0.4 0.3 0.3 0.3
Yb 2.0 25 1.9 24 1.6 1.7 1.7
Lu 0.3 0.4 0.3 0.4 0.3 0.3 0.3
Ba 778 754 768 707 1098 881 1184
Hf 34 4.1 4.4 4.1 4.3 4.5 4.6
Nb 18.9 28.3 22.2 31.6
Rb 67.7 41.1 56.9 35.4
Sr 1161 1217 845 1142 1890 1026 2084
Pb 15.9 18.23 14.43

Ta 1.1 11 0.9 1.0 1.2 1.2 15
Th 6.3 5.7 11.8 5.9 9.4 9.4 5.9
U 15 15 3.3 1.2 1.9 2.4 14
Zr 141 188 187 187 195 209 213
Y 19.4 24.9 19.9 26.8 18.9 18.5 21.2

L aboratory where samples were analysed: ACME- ACME labs, Bureau Veritas minerals,
Vancouver, Canada; RH- Royal Holloway University, UK.
2Royal Holloway major element data report Fe as FeO*, which was recalculated to Fe,Os (tot)
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Volcanic field Vardenis  Vardenis  Vardenis Vardenis Vardenis Syunik Syunik
Sample 3.2.13 3.3.13 4.02.15 5.06.15 6.03.15 1.4A.08 2.6.08
Erup. type Lava Lava Lava Lava Lava Scoria Bomb
Latitude 40.05927 40.07163 40.17904 39.96908 39.98746  39.44133 39.48285
Longitude 45.79923  45.78805 456186 45.68293 45.61326  46.08888 46.2693
Elevation (m) 2538 2539 1956 2872 3454 1876 1969
Lab analysis® ACME ACME ACME ACME ACME RH RH
SiO; 52.81 51.60 51.51 51.47 53.73 50.52 53.23
TiO, 1.29 1.37 1.33 1.52 1.08 1.43 1.12
AlLOs 16.42 17.23 16.77 16.47 17.09 16.31 17.11
Fe,0;3 (tot)? 7.87 8.25 8.57 8.60 7.60 9.97 8.65
MnO 0.14 0.13 0.14 0.14 0.13 0.14 0.13
MgO 4.03 4.12 6.15 4.56 4.06 5.20 4.15
CaO 7.49 7.34 8.33 8.59 7.24 8.74 6.87
Na,O 4.65 4.85 4.66 4.20 4.79 4.36 5.03
K20 3.11 3.13 2.04 2.26 2.75 2.73 3.20
P20s 0.97 121 0.73 0.93 0.90 1.02 0.96
Total 99.62 99.66 100.41 99.46 99.78 99.40 99.59
LOI 0.7 0.27 0.06 0.62 0.27

#Mg 50.4 49.7 58.7 51.2 51.4 50.8 48.8
Ni 7.1 23.1 16.3 18.8 23.7 49.9 52.4
La 21 79 89 75 75 89 95
Ce 35 151 167 138 132 170 172
Pr 3.7 16.8 19.4 15.7 14.5 18.8 18.0
Nd 13 59 68 58 50 73 67
Sm 25 8.9 9.9 8.6 8.0 11.3 10.3
Eu 0.8 2.4 2.7 2.4 2.0 2.9 2.7
Gd 25 6.7 7.7 7.1 5.8 8.0 7.5
Tb 0.4 0.8 0.9 0.8 0.7 11 1.0
Dy 21 4.5 4.6 4.6 3.8 4.3 4.0
Ho 0.4 0.8 0.7 0.9 0.7 0.8 0.7
Er 1.3 2.3 2.1 2.4 2.0 2.0 2.0
Tm 0.2 0.3 0.3 0.3 0.3 0.3 0.3
Yb 1.2 2.1 2.0 2.1 1.8 2.0 2.0
Lu 0.2 0.3 0.3 0.3 0.3 0.3 0.3
Ba 563 1162 1171 947 962 1109 1057
Hf 2.8 4.4 55 4.5 4.3 45 5.1
Nb 8.2 27.6 28.3 20.0 25.8

Rb 57.3 425 47.9 374 43.4

Sr 495 1932 1899 1537 1411 2003 1722
Pb 15.2 18.0
Ta 0.6 1.2 1.2 1.0 1.0 1.6 1.8
Th 6.6 6.9 7.1 6.9 7.1 6.5 8.2
U 1.6 17 1.6 15 14 14 17
Zr 114 210 245 202 215 199 234
Y 125 23.6 21.9 25.0 21.4 23.3 234
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Volcanic Field Syunik Syunik Syunik Syunik Syunik Syunik Syunik
Sample 2.7.08 2.8.08 2.9.08 2.10.08 5.21.08 6.24.08 6.25.08
Eruptive type Bomb Lava Bomb Lava Lava Scoria Bomb
Latitude 39.4587 39.4601 39.48452 39.46787 39.75548 39.68745 39.68745
Longitude 46.24037 46.26768 46.2177 46.25762 45.85745 45.91403 45.91403
Elevation (m) 1849 1958 2107 1956 2871 2514 2514
Lab analysis! RH RH RH RH RH RH RH
SiO; 50.44 51.74 51.58 47.08 53.46 48.97 48.91
TiO, 1.32 1.14 1.07 131 1.05 1.56 1.60
Al,O3 16.82 16.26 16.49 14.39 16.41 16.28 16.37
Fe,O3tot? 9.31 8.75 8.46 11.45 8.62 10.06 10.14
MnO 0.14 0.13 0.13 0.15 0.13 0.14 0.14
MgO 4.44 4.77 4.71 11.65 4.84 4.77 4.66
CaO 8.16 8.61 7.03 9.83 7.12 8.63 8.81
Na;O 5.12 4.76 4.90 3.29 4.45 4.47 4.02
K20 3.25 2.89 3.33 1.19 3.02 3.03 3.07
P20s 1.12 1.00 0.93 0.53 0.92 1.30 1.36
Total 99.20 99.17 97.78 99.74 99.15 98.19 98.05
LOI

#Mg 48.6 51.9 52.5 66.8 52.7 48.4 47.6
Ni 45.0 56.7 85.1 275.5 66.9 38.3 38.6
La 99 93 89 32 85 97 98
Ce 193 175 159 66 150 194 198
Pr 214 18.7 16.8 8.3 15.9 21.8 22.1
Nd 84 72 63 34 60 86 87
Sm 12.7 11.1 9.5 6.5 9.4 13.2 135
Eu 3.3 2.9 2.6 1.8 2.4 3.3 3.4
Gd 8.7 7.7 7.0 4.9 7.0 8.9 9.3
Tb 1.2 1.1 1.0 0.9 1.1 1.2 1.3
Dy 4.3 4.0 3.7 4.0 4.1 45 4.7
Ho 0.8 0.7 0.7 0.8 0.8 0.8 0.8
Er 2.0 1.9 1.8 2.1 2.0 2.1 21
Tm 0.3 0.3 0.3 0.4 0.3 0.3 0.3
Yb 2.0 1.9 1.9 2.2 2.1 1.9 2.0
Lu 0.3 0.3 0.3 0.4 0.4 0.3 0.3
Ba 1220 1107 1192 430 1102 1176 1211
Hf 4.9 5.4 4.7 3.0 43 4.7 4.6
Nb

Rb

Sr 2531 1998 2050 1073 1585 2358 2576
Pb 16.7 17.5 19.9 9.0 15.7 17.2 23.2
Ta 17 17 1.6 0.7 1.3 1.7 1.8
Th 6.8 8.4 7.8 2.6 8.3 6.1 6.0
U 15 15 1.7 0.7 14 14 1.3
Zr 224 246 220 126 192 198 198
Y 24.1 20.6 20.5 22.2 23.0 24.3 235
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Volcanic Field Syunik Syunik Syunik Syunik Syunik Syunik Syunik
Sample 4.16.10 8.02.15 8.03.15 8.04.15 8.05.15 8.06.15 8.07.15
Eruptive type Lava Bomb Bomb Lava Bomb Lava Bomb
Latitude 39.56577 39.42896 39.4141 39.49615 39.49431 39.50412 39.50771
Longitude 46.21687 46.27307 46.28308 46.24583 46.24621 46.20926 46.20948
Elevation (m) 2731 1896 1603 2168 2185 2237 2314
Lab analysis® RH ACME ACME ACME ACME ACME ACME
SiO; 53.53 49.16 51.58 52.01 45.80 50.11 49.81
TiO, 1.13 143 121 1.12 1.58 1.14 1.37
A20; 17.08 16.91 16.65 16.68 14.92 15.92 16.80
Fe 03 tot? 8.48 9.03 7.66 7.26 9.56 7.28 8.15
MnO 0.12 0.14 0.13 0.13 0.16 0.13 0.13
MgO 4.02 5.37 4.29 4.54 7.77 4.44 4.55
CaO 7.71 8.66 8.01 7.23 10.02 8.60 8.29
Na,O 4.75 4.23 4.48 431 4.30 4.78 4.62
KO 3.20 2.54 3.14 3.24 2.64 3.75 3.50
P20s 0.93 1.24 1.06 0.98 1.27 1.18 1.17
Total 100.10 99.83 99.76 99.60 98.90 98.42 98.91
LOI 0.98 141 1.92 0.73 0.88 1.07
#Mg 48.4 54.1 52.6 55.3 61.7 54.7 52.8
Ni 375 66.3 25 66.3 117.1 19.9 29.6
La 82 101 94 94 75 103 98
Ce 152 197 175 177 158 190 193
Pr 16.0 23.1 20.0 19.6 19.6 21.3 22.7
Nd 60 81 71 68 75 76 82
Sm 9.0 11.7 9.7 9.5 11.0 10.4 11.7
Eu 2.4 31 2.6 25 3.0 2.8 3.0
Gd 6.5 8.0 6.8 6.6 7.6 7.4 7.6
Tb 0.8 0.9 0.8 0.7 0.9 0.9 0.9
Dy 3.9 4.6 4.0 3.8 4.7 43 4.6
Ho 0.8 0.7 0.7 0.7 0.8 0.7 0.7
Er 2.1 1.9 17 1.8 2.1 1.9 1.9
Tm 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Yb 1.6 1.7 17 1.6 1.9 1.7 1.7
Lu 0.2 0.3 0.2 0.3 0.3 0.3 0.2
Ba 1152 1181 1180 1363 1093 1705 1446
Hf 43 45 4.5 4.6 3.7 4.7 4.6
Nb 245 37.8 28.4 31.1 24.1 31.8 28.8
Rb 37.0 34.9 43.0 46.7 31.3 53.3 44.2
Sr 1827 2150 2161 2198 2325 2812 2504
Pb

Ta 0.9 14 1.2 14 0.9 14 1.2
Th 55 6.6 6.6 7.9 3.6 7.8 5.1
U 1.0 14 12 15 0.8 1.9 11
Zr 201 204 217 244 166 236 210
Y 23.6 21.7 19.5 20.0 234 21.1 20.3
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Volcanic Field Syunik Syunik Syunik Syunik Syunik Syunik Syunik
Sample 9.01.15 9.02.15 10.01.15 10.02.15 10.03.15 11.02.15 11.3.15
Eruptive type Plug Bomb Bomb Lava Scoria Lava Scoria
Latitude 39.53042 39.51419 39.64401 39.64359 39.6413 39.62041 39.63605
Longitude 46.22106 46.23795 46.102 46.10184 46.10138 46.02615 46.03841
Elevation (m) 2738 2608 2811 2693 2614 2321 2536
Lab analysis® ACME ACME ACME ACME ACME ACME ACME
SiO; 51.60 47.68 47.89 51.35 51.44 49.60 47.27
TiO, 1.22 1.78 1.26 1.48 1.46 1.25 1.80
AO3 17.40 15.80 15.58 16.93 16.91 16.87 15.49
Fe,O3tot? 8.20 10.07 8.14 8.96 8.92 8.49 10.07
MnO 0.13 0.15 0.14 0.14 0.14 0.14 0.15
MgO 4.42 6.28 4.45 4.78 4.79 5.09 5.97
CaO 7.51 9.54 9.64 8.23 8.07 8.48 9.87
Na;O 4.50 4.24 4.47 4.85 4.81 4.87 4.50
K20 3.06 2.10 3.87 211 2.13 2.75 2.52
P20s 1.26 1.14 1.54 0.81 0.82 1.27 1.17
Total 99.94 99.68 97.74 99.93 99.9 99.19 99.04
LOI 0.49 0.77 0.55 0.18 0.29 0.22 0.08
#Mg 51.6 55.3 52.0 51.4 51.5 54.3 54.0
Ni 41.6 60.8 12.1 34 35.8 49 41.7
La 104 75 102 61 64 95 88
Ce 189 151 195 115 114 175 187
Pr 21.2 18.0 229 12.9 13.0 20.3 223
Nd 72 68 81 48 47 71 82
Sm 10.1 10.4 11.6 8.0 7.6 10.0 11.7
Eu 2.7 2.9 3.1 2.3 2.4 2.7 3.1
Gd 7.7 8.1 8.6 6.9 7.1 7.1 8.6
Tb 0.9 0.9 0.9 0.8 0.9 0.8 0.9
Dy 4.8 4.9 4.8 5.0 4.9 4.4 4.8
Ho 0.7 0.8 0.8 0.9 0.9 0.7 0.7
Er 2.1 2.0 21 2.6 25 1.8 2.0
Tm 0.3 0.3 0.3 0.4 0.4 0.3 0.3
Yb 1.8 2.0 2.0 2.4 2.3 17 1.7
Lu 0.3 0.3 0.3 0.4 0.4 0.2 0.2
Ba 1201 1022 1795 924 915 1301 1151
Hf 4.3 4.0 45 5.1 4.8 3.9 3.9
Nb 31.3 21.9 28.7 19.4 20.5 23.2 334
Rb 415 26.9 51.2 34.0 337 33.2 33.8
Sr 2032 2128 2889 1413 1363 2185 2348
Pb

Ta 1.2 0.9 11 0.8 0.8 1.0 13
Th 6.0 3.2 7.1 4.8 4.9 5.5 55
U 11 1.0 11 1.0 11 1.0 13
Zr 218 177 202 240 235 169 190
Y 22.3 24.0 25.0 26.6 26.3 21.6 22.0




-42 -

11
10 R
: : B
2 s
2 A Northwest
Q, 7/ A Shirak and
f 6 Lori
o ¢ Gegham
I'UN 5
=z 4 l Vardenis
D
3 L g BA A @ Syunik
5 | | Vsloutheast
45 55 65 75 85

Si0, (Wt%)

Figure 3.3 Total alkalis vs silica classification diagram

For volcanic rocks from across the Lesser Caucasus mountain chain. Classification boundaries are
from Le Bas et al. (1986). Data for Syunik and Vardenis are from this study, while Shirak and Lori
data are from Neill et al. (2013, 2015), in this and all subsequent figures. Gegham data are from
Savov et al., (unpublished). Abbreviations for classification fields are as follows: B, basalt; BA,
basaltic andesite; A, andesite; D, dacite; R, rhyolite; TB, trachybasalt; TBA, trachybasaltic andesite;
TA, trachyandesite; Tr, trachyte; Te, tephrite/basanite; PTe, phonotephrite.

north to as high as 1.6 wt % in the south (Fig. 3.4c).

3.4.3 Trace element characteristics
MORB-normalised trace element patterns all show profiles typical of subduction-
related volcanic rocks, with positive anomalies for Ba, K, Pb and Sr and negative
anomalies for the high field strength elements (HFSE) Nb, Ta and Ti (Fig. 3.5).
Superimposed on this is an additional enrichment in incompatible trace elements, in
particular the light rare earth elements (LREE; Fig. 3.6), Sr, Ba and P, which
becomes increasingly pronounced to the south of the transect. Due to the LREE
enrichment, as well as a more moderate depletion in heavy rare earth elements
(HREE), REE profiles become increasingly steep towards the south (Fig. 3.6)- with
Cl- normalised La/Yb ratios of 5 in the northern Lesser Caucasus compared to
values as high as 40 in the south.
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Figure 3.4 Major and trace element Harker diagrams

Selected major and trace elements plotted against SiO». a) K20, b) MgO, c) P20s, d) Y, €) Ta, f) La.
All major elements are recalculated to 100% on an anhydrous basis. Symbols and data sources are as
in Fig. 3.3.

These additional enrichments do not resemble those of typical intraplate
ocean island basalts (OIB), which show uniform enrichments in all the most
incompatible trace elements, rather than the larger enrichments seen in the LREE
relative to the HFSE (Fig. 3.5e), as exemplified by Ta and La in Figs 3.4e and f,
respectively. These additional enrichments are seen most clearly in volcanic rocks
from NW Iran (Fig. 3.5e), a region of very thick lithosphere- up to 220 km (Priestley
etal., 2012). Figs 3.5a-d show that the variations in the composition of basalts
within individual volcanic highlands are small, relative to the variations in
composition between the highlands. Both the ubiquitous subduction (“arc”

signatures, and additional enrichment are highlighted in Fig. 3.7. All samples plot
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Figure 3.5 MORB-normalised trace element patterns of mafic end-member samples

Patterns for the Shirak and Lori (a), Gegham (b), Vardenis (c), and Syunik (d) volcanic highlands,
which correspond to regions 1 to 4 in Fig. 3.1 respectively. The selected samples are the three
samples with the highest MgO content (wt %) in each volcanic highland. Data sources are as in Fig.
6. For comparison, the total range of ‘basalts’ (< 52% SiO,) from the Syunik volcanic highland is
shown in (a) and (b) as the pale green field. The total range of Shirak and Lori basalts is shown as a
gold field in (c) and (d). (d) also shows the composition of a Syunik rhyolite (diamonds) and bulk
continental crust (stars) for Rb, K and Sr, in order to demonstrate whether these rhyolites are likely to
be formed by assimilation and/or melting of continental crust. Composition of the continental crust
from Rudnick and Gao (2014). The total compositional variability is illustrated in (e) where averages
from the geographic extremes (Shirak in the north and Syunik in the south) are compared. Also
shown here is a sample from Kurdistan, NW Iran from Allen et al. (2013), formed from melting in a
region of very thick lithosphere. Normalisation factors from Sun and McDonough (1989). The
average composition of Continental Arc basalt is from Kelemen et al. (2003).
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Figure 3.6 Chondrite normalised REE profiles of mafic end member samples

Samples from Shirak and Lori (a), Gegham (b), Vardenis (c) and Syunik (d) volcanic highlands. The
total compositional variability is illustrated in (e) where samples from Syunik and Shirak are
compared. Normalisation factors from Sun and McDonough (1989). Data sources as in Fig. 3.3.

above the mantle array, typical for rocks from volcanic arcs. However, the samples
from the southern Lesser Caucasus have higher Th/Yb and Ta/Yb relative to their
northern counterparts (Fig. 3.7). Volcanic rocks from the thick lithosphere Zagros

Core region of NW Iran, again plot as a compositional end-member.

Given that amphiboles are relatively common in the southern Lesser
Caucasus rocks, it should be noted that low Y (amphibole fractionation) trends
dominate the Y vs. SiO2 plot for these rocks (Fig. 3.4d). Samples from further north,
in which anhydrous mineral assemblages are more common, show both high Y

(anhydrous assemblage) and low Y (hydrous) fractionation trends.
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Figure 3.7 Th/Yb vs Ta/Yb variations in the volcanic rocks of the Lesser Caucasus

Mantle Source array and enrichment vectors after Pearce (1983). Lesser Caucasus data sources as in
Fig. 3.3. NW Iran data from Allen et al. (2013). Fractional crystallisation (FC) vector: from basalt to
andesite uses 50% amphibole, 50% clinopyroxene assemblage taking basaltic melt partition
coefficients; from andesite to rhyolite uses 50% plagioclase, 50% amphibole assemblage taking
andesite melt partition coefficients. The vector has a starting composition as the most mafic sample.
Partition coefficients for Ta are: clinopyroxene-basalt = 0.017; amphibole-basalt = 0.05; amphibole-
andesite = 0.21; plagioclase-andesite = 0.03. For Th: clinopyroxene-basalt = 0.007; amphibole-basalt
= 0.05; amphibole-andesite = 0.16; plagioclase-andesite = 0.01. For Yb: clinopyroxene-basalt = 0.28;
amphibole-basalt = 0.59; amphibole-andesite = 1.25; plagioclase-andesite = 1.25. All partition
coefficients from the GERM database (earthref.org/GERMY/). The average composition of Mesozoic
arc rocks from the Kapan zone arc rocks are from Mederer et al. (2013). The grey box labelled BCC
is the composition of bulk continental crust from Rudnick and Gao (2014).

3.4.4 Sr-Nd isotope systematics
The Sr-Nd isotope compositions of the southern Lesser Caucasus samples are shown
in Table 3.3. 87Sr/8%Sr varies from 0.7043 to 0.7047, while eNd varies from +2.2 to
+4.2. All mafic volcanic rocks from the Lesser Caucasus plot along the mantle array
with compositions more enriched than N-MORB, but more depleted than Bulk Earth
(Fig. 3.8). In general, those samples from the south-east have higher (more

radiogenic) 8Sr/®Sr, and less radiogenic éNd than those samples from the north-
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Table 3.3 Sr-Nd isotope compositions for lavas from the southern Lesser Caucasus.

Rock types use the same abbreviations as Fig. 6 and Table 2. All Sr ratios are normalised to NIST
SRM 987, and all Nd ratios are normalised to La Jolla corrected BHVO-I (see Methods). Epsilon
values are calculated for the present day using (***Nd/***Nd)cHur = 0.512638 for Chondritic Earth
(Jacobsen and Wasserburg, 1980). Samples marked with an asterisk are from the east side of the
Sevan-Akera suture- see text for discussion

Rock + 20 + 20

type 87Sr/%°Sr (x10°) 43Nd/A“Nd (x10°%)  eNd
Vardenis
4.2.15% TBA  0.704356 10 0.512802 12 320
5.3.15* 0.704461 8 0.512803 10 322
5.6.15 TBA  0.704505 12 0.512789 10 3.24
5.9.15 Tr  0.704506 12 0.512805 10 3.26
6.3.15 0.704429 8 0.512796 10 3.08
1.1.13* TBA  0.704432 10 0.512808 10 3.32
1.2.13* TBA  0.704420 8 0.512781 6 279
3.3.13* TBA  0.704399 12 0.512798 10 3.12
5.1.13 0.704351 8 0.512805 6 3.26
5.2.13 0.704181 8 0.512836 10 3.86
6.2.13 TBA  0.704455 8 0.512815 8 3.45
6.27.08 TBA  0.704307 12 0.512783 12 2.83
7.29.08 TBA 070433 8 0.512799 14 351
Syunik
8.3.15 TBA  0.704438 8 0.512785 8 287
8.4.15 TBA  0.704466 8 0.512794 9 3.04
8.5.15 Te  0.704615 8 0.512779 10 275
8.6.15 PTe  .704553 10 0.512779 12 275
9.1.15 TBA  0.704439 10 0.512803 8 3.22
9.2.15 TB  0.704407 14 0.512801 8 3.18
10.1.15 PTe  .704660 10 0.512761 10 2.40
10.2.15 TBA  0.704262 10 0.512856 10 4.25
10.3.15 TBA 0704245 10 0.512821 10 357
11.1.15 TA 0704378 10 0.512806 8 3.28
11.2.15 PTe  .704505 12 0.512781 11 279
11.3.15 Te  0.704277 12 0.512795 5 3.06
5.5.12 TA  0.704432 10 0.512783 10 2.83
2.3.10 R 0.704425 8 0.512788 8 293
3.10.10 T 0.704419 8 0.512796 4 3.08
3.11.10 TA 0.704530 10 0.512783 4 283
4.19.10. TA 0.704330 8 0.512801 12 318
1.4A.08 TBA  0.704317 6 0.512792 10 3.00
1.4B.08. (xenolith) G 0.704981 32 0.512797 12 3.10
2.7.08. PTe  .704440 10 0.512797 7 310
2.8.08. TBA  0.704381 10 0.512799 10 3.14
2.10.08. B 0.704396 14 0.512827 12 3.69
4.15A.08. R 0.705207 6 0.512783 8 2.83
4.18A.08. R 0.704857
5.20A.08 R 0.705482 14 0.512770 14 257
5.21.08. TBA  0.704475 9 0.512767 10 252

6.26.08. TA 0704273
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Figure 3.8 eNd vs 8/Sr/%6Sr

Bulk Earth value and mantle array after Rollinson (1993). NW Iran data is from Allen et al. (2013).
Mixing line shown between depleted MORB mantle (DMM) and Tethyan Flysch (Prelevi¢ et al.,
2008): DMM [Sr] = 21 ppm, [Nd] = 1.35 ppm, 8Sr/®Sr = 0.7028, 1*3Nd/***Nd = 0.5131; Tethyan
Flysch [Sr] = 349.2 ppm, [Nd] = 25.9 ppm, 8Sr/%Sr = 0.7112, *3Nd/***Nd = 0.512107.

west, defining a steep gradient on the Sr-Nd isotope diagram (Fig. 3.8). A few
samples plot away from this trend to higher 87Sr/%®Sr (see Crustal contamination
section of Discussion below). Lesser Caucasus volcanic rocks are isotopically more
depleted than volcanic rocks formed above very thick lithosphere in NW Iran (> 200
km; Priestley et al., 2012). They are also more depleted than volcanic rocks from the
Lake Van area, which commonly display significantly more variable Sr-Nd isotope
compositions (not shown), probably because those magmas interacted extensively
with continental crust during ascent (Pearce et al., 1990; Sen et al., 2004; Ozdemir et
al., 2006; Oyan et al., 2017).
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3.5 Discussion

3.5.1 Crustal contamination
Volcanic rocks produced within the thicker lithosphere of the southern Lesser
Caucasus have higher concentrations of incompatible trace elements, more
radiogenic 87Sr/%°Sr, and lower 1*3Nd/**4Nd ratios. All of these features could be
produced by crustal contamination during magmatic evolution, as has been
suggested for various parts of eastern Anatolia, where assimilation of radiogenic
ancient continental crust gives 8Sr/%®Sr ratios of up to 0.7065 and marked variation
of these ratios with SiO, (Pearce et al., 1990; Keskin et al., 2006). All Sr-Nd isotope
ratios for the Lesser Caucasus volcanic rocks show small variations compared to
what would be expected if magmas had been contaminated by continental crust. The
crust in the Lesser Caucasus is composed of a mixture of felsic metamorphic
basement (South Armenian Block), arc volcanics and Mesozoic-Cenozoic sediments
(Fig. 2.1). Only the arc-related volcanic rocks would have similar isotope
compositions to the collision-related magmas, such that assimilation of any of the
other lithologies would alter, often dramatically, the isotope composition of the host
magma. The majority of samples show insignificant variability in 8’Sr/®Sr and
143N d/**4Nd with SiO- within individual volcanic highlands (Fig. 3.9), suggesting
that isotope ratios are not being modified significantly during magma evolution and
storage in the crust prior to eruption. The lack of isotopic variability with SiO;
content suggests that assimilation of South Armenian Block crust (Fig. 2.1)- which
with a basement 87Sr/%°Sr ratio of ~0.7303 (Baghdasaryan and Ghukasyan, 1985)
should be easily identified- is unlikely. Similarly, assimilation of sedimentary
material is also unlikely, given typical Tethyan (Mesozoic) flysch & Sr/2Sr of
0.7112 (Prelevi¢ et al., 2008).

One sample from the Syunik volcanic highland (1-4A-08), which was
sampled from a scoria cone containing large (cm-sized) felsic xenoliths entrained
within the trachybasaltic andesite scoria, has trace element and isotopic
characteristics indistinguishable from the other mafic samples. The Sr-Nd isotope
composition of one of the xenoliths (sample 1-4B-08, Table 3.3) is also shown in
Fig. 3.9, and is only slightly elevated in &Sr/2®Sr (0.7049) above that of the
quaternary basalts, suggesting that an unrealistically high degree of assimilation

would have to occur for the composition of the magma to be significantly affected.
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Figure 3.9 Using Sr-Nd isotopes vs SiO- to investigate potential crustal contamination

(@) &7Sr/88Sr vs SiO, (wt %) for all samples across the Lesser Caucasus. Fractional crystallisation is
denoted by a horizontal arrow labelled “FC”. The dashed line labelled 8’Rb decay refers to the effect
of post-crystallisation radioactive decay in rocks with very high Rb/Sr ratios (see text for discussion).
The crustal xenolith was collected in association with sample 1-4A-08 in the Syunik volcanic
highland. It has a granitic texture. (b) **Nd/**Nd vs SiO (wt %).

The ¥3Nd/***Nd (0.5128) is indistinguishable from Syunik basalts. It is
likely the felsic xenolith is cogenetic with the trachybasaltic andesite scoria host. It
provides evidence that basaltic magmas in the southern Lesser Caucasus are
interacting with felsic igneous rocks in the crust which have a similar origin, rather
than interacting with ancient crust which would have strongly impacted the Sr-Nd

isotope ratios.

The curved patterns for major element variations versus SiO2, including
MgO (Fig. 3.4b), P2Os (Fig. 3.4c) and Al>Os3 (not shown), suggest the rhyolites are
derived from extreme degrees of magmatic differentiation, rather than being crustal
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melts. These rhyolites also do not appear to be mixtures between primitive magmas
and continental crust (Rudnick and Gao, 2014). The Rb and Sr contents of a rhyolite
from Syunik are actually more extreme relative to the basalts than average
continental crust (Rb more strongly enriched, Sr more strongly depleted in the
rhyolite; Fig. 3.5d). K20 is more enriched in the rhyolite than in the basalts, whereas
continental crust has lower K>O than the basalts (Fig. 3.5d). The lack of evidence for
extensive assimilation of continental crust in the petrogenesis of the rhyolites
suggests that these processes are likely to be unimportant in the petrogenesis of the

more primitive magmas.

It is also possible that the magmas may have been contaminated by
Mesozoic-Paleogene arc crust (Fig. 2.1) on their ascent, as has been suggested for
the northern Lesser Caucasus in some isolated cases (Neill et al., 2015). The similar
Sr-Nd isotope ratios of these arc rocks (Mederer et al., 2013) to the collision-related
magmas means that assimilation could be “cryptic”, without obvious modification of
Sr-Nd isotope ratios. Given the arc-like incompatible trace element geochemistry of
Lesser Caucasus volcanic rocks, arc-crust assimilation is unlikely to significantly
alter trace element composition, although it is possible that such assimilation could
explain some of the spread in the southern Lesser Caucasus data. The average
composition of Mesozoic arc rocks from the southern Lesser Caucasus (Kapan
Zone) is shown in Fig. 3.7 (Mederer et al., 2013). The Th/Yb ratio of the arc rocks is
elevated above the mantle array like for post-collisional Lesser Caucasus samples.
However, the low Ta/Yb ratios of these arc rocks make them unlikely candidates to

explain the more enriched composition of southern Lesser Caucasus magmas.

There are a few examples of elevated 8Sr/%®Sr ratios in evolved samples
above the background range. In most cases, it seems that the Nd isotopes are
unaffected. Some ancient arc samples from the Kapan zone, southern Lesser
Caucasus have very high initial 8Sr/2Sr, but **Nd/***Nd does not vary significantly
in the same samples (Mederer et al., 2013). Extensive assimilation of such material
would be required to explain the elevated 87Sr/%éSr of these samples. Worthy of note
however, are the very high Rb/Sr ratios (7-23) in these rhyolites- sometimes 1000x
greater than typical basalts (Table 3.2). While decay of 8'Rb over the relatively short
timeframe (< 2 Myr) since cooling and crystallisation of lavas will be a process
which has negligible effects on the 87Sr/2éSr of basaltic rocks, such high Rb/Sr ratios

mean that post-crystallisation decay will have a significant effect for rhyolites (Fig.
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3.9a). Indeed, minimum ages for the rhyolites of between 0.6 and 1.4 Myr are
sufficient to give initial 8’Sr/%®Sr within the range observed for basalts. As such,
even in these rhyolites, crustal contamination may have played an unimportant role
in magma evolution. It should be noted that the lower Rb/Sr ratio of the felsic
xenolith (0.12) means that its elevated & Sr/%Sr ratio was likely present during

emplacement of the host quaternary mafic magma.

In summary, assimilation of crustal rocks with markedly distinct
geochemistry is unlikely, and although assimilation of igneous rocks with similar
petrogenetic origins cannot be precluded, such processes would be incapable of
driving the enrichment in incompatible trace element concentrations and Sr-Nd
isotope ratios observed from north to south in the volcanic rocks of the Lesser
Caucasus. The lack of evidence for crustal contamination, along with the gradient in
Sr-Nd isotope ratios in Fig. 3.8, requires that there must be variation in the

composition of the mantle source.

3.5.2 Subduction modification of the mantle source in the Lesser
Caucasus

All mafic samples show distinct negative Nb-Ta and Ti anomalies (Fig. 3.5), and
positive spikes in Ba, K, Pb and Sr in normalised trace element patterns, such that
the overall pattern, if not the absolute concentrations, are typical of arc magmas. In
the absence of evidence for widespread crustal contamination, it is likely that these
features are inherited from the mantle source. Collision between Arabia and Eurasia
was preceded by subduction of various Tethyan ocean basins along several
convergent margins (Fig. 2.2). These subducting slabs would likely have contributed

slab material to the mantle below the collision zone.

Following the approaches of Turner et al. (2017) and Hofmann (2003), Fig.
3.10 illustrates how the ratios Ba/La, Ce/Pb, Sr/Nd and Nb/U in mafic samples (< 54
wt % SiO2, > 4 wt % MgO) vary with latitude. These ratios show little variation
within all MORB and OIB, but are much more variable in volcanic arc rocks due to
the subducted slab contribution, such that they can be used here as proxies. In all of
the plots in Fig. 3.10 these ratios deviate from those of MORB/OIB, demonstrating
the presence of a slab component in their mantle source. These ratios do not show

consistent variability between the volcanic highlands (Fig. 3.10), although Sr/Nd
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Figure 3.10 Tracing slab input variation with latitude using trace element ratios

The latitudinal variation in the ratios Ba/La (a), Ce/Pb (b), Sr/Nd (c) and Nb/U (d) of mafic volcanic
rocks along the Lesser Caucasus mountain chain. These ratios are nearly invariant in MORB and OIB
(shaded fields), but arc basalts show substantial variability in these ratios (CAB- continental arc
basalt, with the arrows showing the ranges across several arcs from Kelemen et al. (2003)). As such,
they are a proxy for slab input, and show a uniform input across the Lesser Caucasus. After Turner et
al. (2017).

ratios are slightly elevated to the south (Fig. 3.10c) and the Nb/U ratio reaches a
minimum (highest slab contribution) in the central Lesser Caucasus. The lack of a
consistent trend in these ratios between volcanic highlands means the slab

contribution is likely to be fairly uniform.

Although mixing between a depleted mantle source and the likely
composition of subducted sediment, e.g. Tethyan flysch (Prelevi¢ et al., 2008),
comes close to explaining the Sr and Nd isotopic composition of the least enriched
samples in Fig. 3.8, such mixing is unable to explain the trend towards the higher
87Sr/88Sr and lower *43Nd/**4Nd seen in the SE. This enrichment in the southern
Lesser Caucasus must be driven by some other process. Pre-collision subduction
events have likely imparted a subduction signature on the mantle source across the

Lesser Caucasus. However, the geochemical gradient between volcanic rocks of the
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northern and southern Lesser Caucasus cannot be explained by differences in the

composition, or size of the slab contribution to the mantle source.

3.5.3 Modelling the conditions of mantle melting
It is possible to investigate how a thicker lithosphere effects the conditions of
melting by using the approach of Shaw (2005) to forward model the composition of
the samples using a non-modal batch melting model (Table 3.4), with the equation:

C, 1

G prFa-pn Y

where C; is the concentration of an element in the liquid, Co is the concentration of
that element in the source, D is the element’s bulk partition coefficient (based on the
source mode in Table 3.4), F is the fraction of melting, and P represents the
partitioning of the element into the melt according to the proportion in which each
mineral enters the melt (the melt mode in Table 3.4). None of the samples in the
region are in equilibrium with mantle olivine, so all must have undergone some
fractional crystallisation between last equilibration with the mantle and eruption.
This is accounted for by assuming 8% fractional crystallisation of an assemblage
composed of 90% olivine and 10% spinel (following the approach of Shaw, 2005).
From equation 3.1 it can be seen that there are three parameters which can each be
varied to generate the trace element concentration of the most primitive southern
Lesser Caucasus samples. Firstly, the fraction of melting (F) could vary, impacting
the concentration of all incompatible trace elements. Secondly, if the modal
mineralogy is changed then the partitioning of elements between source and melt (D
and P in equation 3.1) will change. Thirdly, the concentration of elements in the

source rock (Co) could be changed.

The approach taken here is to take the equivalent model of Neill et al. (2015)
for the most geochemically depleted samples from the northern Lesser Caucasus and
iteratively vary two of these parameters to attempt reproduce the average
composition of primitive basalts in the south. Variations in the mineralogy of the
melt source are simplified to spinel versus garnet peridotite melting. Spinel
peridotite modal mineralogy and melting proportions are from Shaw (2005) and
Neill et al. (2015) respectively, while for the garnet peridotite they are from
Thirlwall et al. (1994) and Allen et al. (2013), respectively (Table 3.4). Varying the
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Table 3.4 Parameters used for non-modal batch melt modelling

The source modes for spinel and garnet peridotite are from Shaw (2005) and Thirlwall et al. (1994)
respectively. Melt modes are from Neill et al. (2015) and Allen et al. (2013). The starting
composition of the mantle source is the same as that used in Neill et al. (2015). Partition coefficients
are from lonov et al. (2002), except for those for garnet which comes from Mckenzie and O’Nions
(1991) and Green et al. (2000). The most primitive Syunik sample used for comparison is 8-5-15
(see Table 3.2). OL- olivine; OPX- orthopyroxene; CPX- clinopyroxene; AMPH- amphibole; SP-
spinel; GRNT- garnet.

Lithology oL OPX CPX AMPH SP  GRNT Sum
Spinel
peridotite Source mode 0.794 0.123 0.03 0.042  0.011 0

Melt mode 0.15 0.15 0.22 0.42 0.06 0
Garnet
peridotite Source mode 0.569 0.212 0.077 0.026 0 0.116

Melt mode 0.05 0.19 0.28 0.06 0 0.42

La Gd Dy Yb Zr Hf Nb

Starting composition 0.5869 0.321 0.317 0.202 7 0.172 0.3635
Kd values La Gd Dy Yb Zr Hf Nb
Olivine 0.0001 0.00076  0.0014  0.00364  0.004 0.006  0.0002
Orthopyroxene 0.0002  0.0128  0.0261 0.0986  0.005 0.01  0.0005
Clinopyroxene 0.054 04 0.442 0.427 0.13 0.2 0.0077
Amphibole 0.086 0.64 0.707 0.683  0.156 0.24 0.2
Spinel 0.0004 0.00042 0.0004 0.00053  0.005 0.01 0.001
Garnet 0.01 0.498 1.06 4.03 0.12 0.23  0.00054
Melting models La Gd Dy Yb Zr Hf Nb

1. 3% melting

; ) Initial 17.3 5.3 49 27 1690 3.6 10.0
spinel Iherzolite
(Neill et al., 2015)  After 8% fractionation 18.8 5.8 53 2.9 183.6 3.9 10.9
2. 1% melting Initial 39.5 6.8 5.9 32 2999 5.6 20.2
spinel Iherzolite After 8% fractionation 429 7.3 6.5 35 325.9 6.1 21.9
3. 1% melting Initial 34.0 2.8 1.7 04 175.3 2.8 23.1
garnet lherzolite After 8% fractionation 37.0 3.1 1.9 0.4 190.5 3.1 25.1
4. 1% melting of g 35.9 42 32 14 2189 38 221
65% garnet
Iherzolite, 35%
spinel Iherzolite After 8% fractionation 39.1 4.6 3.5 1.5 237.9 4.1 24.0
Most primitive Syunik sample for
comparison 74.8 7.6 4.7 1.9 166.0 3.7 24.0

fraction of melting is self-explanatory. Disparities which remain between the model
and observed trace element concentrations are likely to be due to differences in the
composition of the mantle source. The different stages of melt modelling are shown
in Table 3.4.

REE chemistry is used to obtain a qualitative understanding of the changing
conditions of melting between the northern and southern Lesser Caucasus (Fig.
3.11). In Fig. 3.11a, two vectors are plotted which show how the composition of the
magmas should change with the degree of melting versus source mineralogy
(presence/absence of garnet) and/or changes in source composition. Davidson et al.
(2013) showed that REE partitioning between clinopyroxene and basaltic magma
means that melting curves for peridotites will be very steep on a Dy/Dy* versus

Dy/YD plot. The assumption that clinopyroxene is a residual phase is reasonable
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Figure 3.11 rare earth element ratios and the conditions of melting

(a) Dy/Dy* vs Dy/Yb after Davidson et al. (2013). The two arrows depict the expected vectors from
changing the fraction of melting or source mineralogy/composition. The vector for a lower fraction of
melting after Davidson et al. (2013), based on melting of olivine-pyroxene-amphibole dominated
mantle source. The presence of garnet in the melt source should follow a horizontal vector (Davidson
etal., 2013). (b) Dy/Yb vs La/Yb, melting curves based on modal mineralogies, melting modes, and
partition coefficients given in Table 3.4. Indicative error bars shown in both figures represent the
analytical error, which is estimated on the basis of the standards data shown in Appendix A.
Maximum error is estimated as the 90™ percentile of percentage error on both the internal and
external standards from both ACME and Royal Holloway.

given the low degrees of melting (3% or less) previously estimated for the northern
Lesser Caucasus (Neill et al., 2015). Amphibole is also likely to be an important
residual phase given the positive correlation between Dy/Dy* and Ti/Ti* (the size of
the Ti anomaly in Fig. 3.5; not shown here). It is unclear from Fig. 3.11a whether
garnet in the mantle source, or a LREE enriched source is responsible for the high
Dy/Yb ratio in southern Lesser Caucasus samples. Both should give vectors close to
horizontal in Fig. 3.11a, as both changes will steepen the REE profile rather than
changing its curvature (Davidson et al., 2013). The southern Lesser Caucasus
samples have lower heavy rare earth element (HREE) abundances than samples
from the north (Fig. 3.6). HREE all behave incompatibly during melting of spinel
peridotite (Table 3.4), such that lower degrees of melting as suggested by the lower
Dy/Dy* ratio should only increase the concentration of HREE. Therefore, garnet as
a residual phase during melting must explain at least some of the increase in Dy/YDb
in Fig. 3.11a. In Fig. 3.11b, the northern Lesser Caucasus samples sit close to the
spinel peridotite melting curve, but the southern Lesser Caucasus samples are

intermediate between the spinel and garnet melting curves, suggesting melting of a
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mixed source involving both garnet and spinel peridotite. This could be a
consequence of polybaric melting across the spinel-garnet transition at ~ 75 km

depth (Robinson and Wood, 1998), suggesting melting at greater depths in the south.

It should be noted however, that the analytical uncertainties of the REE
concentrations give significant errors for the ratios (Fig. 3.11). While this may well
account for some of the variability we see in southern Lesser Caucasus data, it is
unlikely to account for the systematic offset between northern and southern Lesser
Caucasus data.

Returning to the partial melting model, the melt fraction was estimated on
the basis that the Nb concentration (Table 3.4) is not affected by the mineralogy of
the source rock, and assuming that its concentration in the source rock is constant
along the transect. Utilising this assumption gives 3% melting in the north, versus
1% melting in the south (Fig. 3.12). The proportions of garnet peridotite and spinel
peridotite which contribute to the total mantle source are estimated from the Hf and
Yb concentrations. Both elements are assumed to have constant concentrations in
the mantle source because HFSE and HREE would be less affected by metasomatic
events which could alter the source composition. The best fit to the Hf and Yb data
is a magma source which is 65% garnet lherzolite and 35% spinel lherzolite (Fig.
3.12).

Across the Lesser Caucasus, as lithosphere thickness increases, the degree of
melting decreases and melting occurs at greater depths, with garnet as a residual
phase for a significant portion of the melting interval. However, the model is still
unable to explain the high concentrations of several of the LREE (La, Gd and Dy,
Fig. 3.12- black line), and requires changes in the composition of the mantle source
with lithospheric thickness as well.

In order to understand how melting is occurring, it is important to understand
where magma is forming with respect to the lithospheric structure. For this, major
element thermobarometry has been used to estimate the conditions of last

equilibration between magmas and the mantle.

3.5.4 Pressure and temperature of melting
In order to calculate these intensive parameters, the parameterisations of Plank and

Forsyth (2016) are used, which are based on the major element chemistry of
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Figure 3.12 Non-modal batch melting modelled trace element concentrations

N-MORB normalised concentrations of Nb, La, Zr, Hf, Gd, Dy and Yb for the average of mafic
samples from Syunik volcanic highland (green line) and several non-modal batch melting models
which attempt to explain these trace element concentrations. Melting models: spinel peridotite at 3%
melting (yellow dashed line), 1% melting of spinel peridotite (dashed black line), 1% melting of
garnet peridotite (black solid line) and 1% melting of a source composed of 65% garnet peridotite
and 35% spinel peridotite (dash-dot line). The blue dashed line represents a magma derived from the
same 65% garnet peridotite source, with 4% apatite dissolved in the melt. Apatite composition is for
magmatic apatite from Western Turkey in Prelevic et al. (2015).

primitive magmas, building on the work of Lee et al. (2009). These calculations are
for magmas produced from a peridotite mantle source at pressures below 3 GPa
(Plank and Forsyth, 2016). The temperature (T) dependence of Mg partitioning
between olivine and melt (Roeder and Emslie, 1970), and the pressure (P)
dependence of silica activity in melts co-saturated in olivine and orthopyroxene
(Carmichael et al., 1970), are exploited to give the equations:

8545
4Y8

— AT¢o,, (3.2)

__ In(Siy08)—4.045+0.0114(Fe,Si; 0g)+0.00052(Ca,Si; 05)%+0.0024(Mg4Si; 0g) (3.3)

P
—336.3T7~1-0.0007T1/2

All major element oxides are calculated in mol % as described in Lee et al. (2009),

except that they are calculated on an anhydrous basis. The two terms ATy, and
AT, account for the lower temperature and higher pressure melting in the presence

of volatiles as follows:
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ATy, = 40.4(H,0) — 2.97(H,0)? + 0.0761(H,0)®  (3.4)

_ (8i0,) —50.3

©0.12(~1.067) (3:5)

ATCOZ

where H>O and SiO- are in wt %. In order to use these equations, the composition of
the primary melt must be known. Given that no samples from the Lesser Caucasus
have #Mg>67, it is clear that all the studied samples have undergone some degree of
fractional crystallisation. If only olivine has fractionated, then it is a simple process
to add olivine incrementally to the melt until it is in equilibrium with mantle olivine
of Fogo (Lee et al., 2009). If, however, other phases, such as amphibole or
clinopyroxene have also fractionated, then this calculation becomes non-trivial. In a
study on the collision-related volcanism of Anatolia, McNab et al. (2018) took 8.5
wt % bulk-rock MgO as a reasonable lower limit for magmas which have only
fractionated olivine. Only two such samples exist in the Lesser Caucasus, and it is
likely they have both been affected by olivine accumulation rather than being truly
primitive melts. Instead, the complete sample suite from the Shirak and Lori, and
Syunik volcanic highlands (1 and 4 in Fig. 3.1) is used to project back to the likely
composition at 8.5 wt % MgO of two end-member primitive magmas for the Lesser
Caucasus. This correction is shown in Appendix B.

In order to calculate the pressures and temperatures of melting, two magma
composition parameters must be constrained: Fe*/XFe and water content. The water
content of the primary magma has a large effect on the temperature estimate through
equation 3.4 (~25°C/wt %), but a smaller effect on the pressure estimate (~30
MPa/wt %). The presence of hydrous mineral phases in mafic rocks (as opposed to
only in more evolved samples), only in the southern Lesser Caucasus (Fig. 3.2),
suggests higher water contents in the south. Based on previous studies of amphibole
peridotite xenoliths (Thirlwall et al., 1994; lonov and Hofmann, 1995), it is assumed
that the mantle source contains between 2 and 10 modal % amphibole, which is
assumed to contain 2 wt % H-O, such that the mantle source could have up to 0.2 wt
% H20. Using Ce partition coefficients for water during mantle melting (Thirlwall et
al., 1994; Dixon et al., 2002; lonov et al., 2002), and the melting models shown in
Table 3.4, gives 2-7 wt % H>O for southern Lesser Caucasus primary magmas, and
1-4.6 wt% in the north.
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As only ferrous iron substitutes in olivine, a higher Fe*>*/SFe increases the
apparent melt Mg#, and so reduces the amount of olivine addition required to
produce the primary magma, the MgO content of the primary magma, and thus the
calculated pressure and temperature. The Fe**/ZFe ratio varies from a minimum of
0.1 in MORB (Cottrell and Kelley, 2011) to as high as 0.3 in some arc basalts
(Brounce et al., 2014). Given the ubiquitous arc-type geochemical signatures in
Lesser Caucasus volcanic rocks, 0.25 is taken as a conservative estimate of the
Fe3*/Fe ratio (Brounce et al., 2014).

It should be noted that equations 3.2 and 3.3 will only give meaningful
estimates of the pressure and temperature of melting if the mantle source is
peridotitic, because the parameterisations assume the melt is saturated in both
orthopyroxene and olivine (Plank and Forsyth, 2016). The use of these equations on
magmas derived from a pyroxenite source would yield meaningless results. Figure
3.13 shows that for Lesser Caucasus and NW Iran samples, pyroxenite is not a
major component of the mantle source. Pyroxenite partial melts have much higher
Ni/MgO ratios. As magmas fractionate, those derived from a peridotite source
should evolve along a trajectory below the dashed line in Figure 3.13, those from a

pyroxenite source would plot above the line.

Based on the water content estimates, southern Lesser Caucasus magmas last
equilibrated with the mantle at between 1198 and 1292°C, while northern Lesser
Caucasus magmas last equilibrated at between 1174 and 1267°C. Given the
observation that amphibole is likely to be a residual phase in the mantle source (see
previous section), it is likely melting was occurring at temperatures close to the
amphibole dehydration solidus, because amphibole is likely to completely
breakdown within a few 10s °C of crossing the dehydration solidus (Green and
Falloon, 2005; Mandler and Grove, 2016). As such, it is likely that the minimum
temperatures of these ranges are the more realistic. Using these temperatures gives
pressure estimates of 2.1 GPa (~75 km) in the southern Lesser Caucasus, and 1.2
GPa (~45 km) in the north. These estimates are shown in Fig. 3.14, along with the
position of the amphibole dehydration solidus. Southern Lesser Caucasus magmas

are produced deeper, but at similar temperatures to those in the north.

The parameterisations first developed by Lee et al. (2009) were designed to
expand the applicability of basalt melt geothermobarometry beyond mid-ocean ridge

systems to any setting which involves the melting of terrestrial peridotite. Both the
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Figure 3.13 Ni content of mafic volcanic rocks as evidence of peridotite source lithology

Ni/MgO vs SiO- in primitive Lesser Caucasus and NW Iran bulk-rock samples (<54% SiO;, > 4%
MgO), after Allen et al. (2013). Pyroxenite melting should generate compositions above the bold red
dashed line (Sobolev et al., 2005). Primary melts of peridotite and pyroxenite (from Hawaii) after
Sobolev et al. (2005). FC- fractional crystallisation. Syunik, Shirak and Lori and NW Iran data shown
with the same symbols as other figures.

modelled major element compositions, and the pressure and temperature calculated
fall within the experimental range of the dataset in Lee et al. (2009), and to this

extent the approach is justified.

However, the presence of metasomatic phases such as amphibole in the
mantle source means the pressures and temperatures calculated here must be
interpreted with caution. Alkaline volcanic rocks from monogenetic volcanic fields
in Western Mexico, geochemically similar to those from volcanic highlands in the
Lesser Caucasus, have very high Fe3*/SFe ratios and whole rock #Mg in excess of
the ~72 value normally assumed to be in equilibrium with mantle peridotite
(Carmichael et al., 1996). The effects of a potential underestimation of both
Fe3*/SFe, and of the amount of olivine addition required to produce the primary
magma will tend to counteract each other, where the former would give an
overestimation of temperature, and the latter an underestimate. In the case of
Western Mexico, both of these observations are ascribed to the incongruent melting
of phlogopite (Carmichael et al., 1996), which does not seem to be a major
metasomatic phase in the Lesser Caucasus (see Fig. 3.18 below).

Even if these issues are relevant to the Lesser Caucasus, the constraint
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Figure 3.14 P-T estimates of mantle melting in the northern and southern Lesser Caucasus and NW
Iran

Also shown are the anhydrous peridotite solidus (1100°C+3.5°C/km) after Plank and Forsyth (2016),
the wet solidus (amphibole present) after Green and Falloon (2005), samples from East Anatolia with
low K/NDb (red circles) from McNab et al. (2018). The pressures and temperatures of melting of NW
Iran magmas were calculated for this study, assuming Fe3*/SFe of 0.25 and melt water contents of 7
wt%, as were used for the southern Lesser Caucasus estimate. See text for discussion.

provided by the position of the amphibole dehydration solidus shows the
temperature estimates provided here to be reasonable, although some of the ~50°C
disparity with the dehydration solidus could be explained by these issues. The
sensitivities of the pressure estimate to Fe**/=Fe (-0.2 GPa/0.1 increase), primary
melt Mg# (+0.5 GPa/10% increase) and estimated temperature (+0.1 GPa/100°C)
are all small. The pressure estimate is primarily based on silica activity in a system
co-saturated in olivine and orthopyroxene. Given the indications from Fig. 3.13, and
reasonably successful trace element modelling of partial melting of a peridotite

mantle source, it seems likely that these pressure estimates are robust.

Further constraints on the thickness of the crust are required to interpret these
results. Crustal thickness is estimated using the formulations of Hu et al. (2017),
which link the Sr/Y and (La/YDb) ratios of intermediate magmatic rocks from
continental collision zones with the crustal thickness. The basis of this technique is
the polarising effects different fractionating mineral assemblages have on the Sr/Y
and (La/Yb)n ratios in shallow versus deep storage reservoirs. To the nearest 5 km,
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crustal thickness is estimated as: 45 km in Shirak and Lori, 55 km in Gegham and 60

km in both Vardenis and Syunik.

The depth of melting in the northern Lesser Caucasus is very similar to the
~45 km Moho depth, possibly suggesting the presence of a very thin mantle
lithosphere. It is instructive to compare this result with recent estimates of melting
conditions in neighbouring eastern Anatolia from McNab et al. (2018). East
Anatolian magmas can be split into high K/Nb (>500) and low K/NDb types. Low
K/Nb magmas generally have OIB-like geochemistry, and are considered to be
directly derived from melting of the convecting mantle, which is apparently
anomalously hot in the region, plotting to the right of the ambient mantle adiabat
(Fig. 3.14), at a much higher temperature than any temperatures modelled for the
northern Lesser Caucasus. This can be interpreted as northern Lesser Caucasus

magmas being derived from the lithosphere, and not the convecting mantle.

Deeper melting in the south is associated with thicker crust, but magma
generation is occurring at much shallower depths than the > 100 km lithosphere-
asthenosphere boundary estimated by Priestley et al. (2012). The depth of melt
equilibration is much deeper than the anhydrous solidus, confirming the need for a

volatile-enriched lithospheric mantle root.

These P-T conditions of melting can be compared with estimates made for
this study of the melting conditions of samples from NW Iran, based on the data of
Allen et al. (2013). The P-T conditions of melting of NW Iran volcanic rocks were
estimated using the same Fe®**/XFe and water contents as southern Lesser Caucasus
magmas (0.25 and 7 wt% respectively). This is on the basis that the geochemistry of
NW Iran magmas is similar to southern Lesser Caucasus magmas (Fig. 3.5), and
both formed in a thicker lithosphere regime. Most of the magmas in NW Iran
formed under similar conditions to southern Lesser Caucasus magmas, with a small
subsidiary group of samples which formed at shallower depths similar to northern
Lesser Caucasus magmas, possibly representing magmas which re-equilibrated with

the mantle at the base of the crust during their ascent to the surface.

The melting depth in both the southern Lesser Caucasus and NW Iran is
significantly shallower than the estimated lithospheric thicknesses. One possible
explanation for what these melting conditions represent could be a thermal

maximum in a back-bent non-linear geothermal gradient (Fig. 3.14). In recently
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thickened orogenic lithosphere, this type of kinked profile is probably more realistic
than the linear geothermal gradient more typical of a cratonic region (Mather et al.,
2011).

It is worth noting that these differences in melting conditions probably
reflect variations in the location of magma generation today, and are not the product
of temporal changes in lithosphere structure. This is because in Fig. 3.5, the trace
element compositions of basalts from each volcanic highland are distinct, with each
having a fairly narrow range of trace element compositions, despite all the volcanic
highlands spanning an age range > 1 Myr, and with the Gegham and Syunik
highlands thought to have very similar timespans of activity (Joannin et al., 2010;
Lebedev et al., 2013).

3.5.5 Geodynamic Implications
Using constraints from geochemistry and the estimated pressures and temperatures
of melting, it is possible to develop a model of how melting occurs under the Lesser
Caucasus region. It seems clear that a majority of melting is taking place in the
lithosphere for two reasons. Firstly, all samples display an arc-type geochemistry.
Subduction ceased around 35 Ma (Rolland et al., 2012), such that these arc
signatures will likely only be preserved in the lithosphere. It is possible that the
mantle lithosphere retains phases such as amphibole and rutile, which if equilibrated
with the magmas, are sufficient to impart the arc-type geochemical signature (Allen
et al., 2013). Secondly, both northern and southern Lesser Caucasus magmas appear
to be produced at significantly lower temperatures than the low K/Nb magmas of
eastern Anatolia, which are thought to be derived from the convecting mantle
(McNab et al., 2018), such that the Lesser Caucasus magmas have either re-

equilibrated in colder lithosphere or are entirely derived from the lithosphere.

Based on the smooth trend in & Sr/8Sr versus ***Nd/***Nd in Fig. 3.8 and the
gradational changes in trace element patterns (Fig. 3.5), it appears that magmas are
produced from melting of two source types in varying proportions. If these two
source types reflect geochemical end-members, one would be typified by the
northern Lesser Caucasus volcanic rocks, whereas the other end-member would be

most clearly seen in NW Iran.
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Unfortunately constraints on the lithospheric thickness are very limited for
the northern Lesser Caucasus (Fig. 3.1), with the Priestley et al. (2012) model
showing only that it is <100 km. Taking a typical conductive geothermal gradient
for this lithosphere, melting would be expected to occur close to the lithosphere-
asthenosphere boundary. Mantle-melt equilibration close to the base of the crust
(Fig. 3.14) suggests that the lithosphere is very thin. If this were the case it is likely
that there would be some melting of the convecting mantle based on elevated mantle
Tp in the region (McNab et al., 2018). However, such a thin lithosphere would make
it difficult to insulate the crust from heating, such that more crustal contamination
would be expected. As was noted above, this mantle source type appears also to be
present in the southern Lesser Caucasus, where the lithosphere is sufficiently thick
to supress melting of anhydrous convecting mantle, but where melting of a hydrous
lithospheric source would still be possible. It is likely that this magma type is
derived from melting of the base of the lithosphere in response to small scale
convective removal, as suggested by Neill et al. (2015). This is shown in Figure
3.15a as melt zone 1, with small portions of lithosphere being delaminated. This
type of delamination is suggested to occur because a very small amount of water (a
few hundred ppm) left over from previous subduction lowers the viscosity of the
mantle sufficiently to allow more vigorous convection to render the lithosphere-
asthenosphere boundary unstable (Kaislaniemi et al., 2014). Small scale convective
removal is preferred over catastrophic large scale delamination because volcanism in
the Lesser Caucasus is generally small-scale and sustained, with no evidence of
crustal contamination, consistent with a continuous, less invasive process. While this
magma type is a mixing component in the southern Lesser Caucasus, it is not seen in
NW Iran because the lithosphere is too thick for wet or dry melting at its base
(Green and Falloon, 2005; Priestley et al., 2012). As the lithosphere is thickened, the
degree of melting in response to convective removal will decrease as the wet
peridotite solidus is approached with depth (Fig. 3.15a), which may help to explain

the lower degrees of melting in the south.

The second melting zone is the sole magma source for volcanic rocks in NW
Iran (Fig. 3.15b). Despite very different lithosphere thicknesses, both NW Iran and
southern Lesser Caucasus magmas formed under similar conditions within the
lithosphere (Fig. 3.14). It is suggested that continental collision could have led to the

formation of a kinked geothermal gradient (Fig. 3.15c). A linear craton-style
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Figure 3.15 Geodynamic model of magmatism showing the lithosphere and upper mantle across the
Lesser Caucasus

(a) Crustal thickness is estimated on the basis of formulations relating the Sr/Y and (La/Yb)n ratios in
intermediate volcanic rocks to Moho depth (Hu et al., 2017). Data filtering follows the approach
outlined in Hu et al. (2017). Each volcanic highland has a range of moho depth estimates of around
20 km. For both the Sr/Y and (La/Yb)n the median value for each volcanic highland is taken and
then the two values are averaged to give an estimate of crustal thickness. Lithosphere thickness
estimates are from Priestley et al. (2012). It is noted that they only estimate thicknesses where the
lithosphere >100 km, so the lithospheric thickness in the NW is schematic after Neill et al. (2015).
Melting at the wet peridotite solidus lower depth limit is on the basis of upwelling convecting mantle
at 1300-1400°C T,, which would lead to the wet solidus being crossed at ~ 140 km depth (Green and
Falloon, 2005). Also shown are the two melting zones (labelled 1 and 2) which are discussed in the
text. Melting zone 1 is along the base of the lithosphere, and is suggested to be in response to small
scale convective removal of the lithosphere. Melting zone 2 is in the mid-lithosphere. (b) Sketch
column of the lithospheric structure of NW Iran and the location of melting in the mid-lithosphere (c)
schematic illustration for the thought experiment of the thermal relaxation of a kinked geothermal
gradient leading to melting in the mid-lithosphere from initial under-plating at time to, though thermal
evolution at time ty, to establishing a cratonic geotherm by time t,.
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geothermal gradient is likely to be unrealistic for orogenic lithosphere (Allen et al.,
2013). It has been suggested that orogenesis may proceed by underthrusting of
mantle lithosphere from the oncoming plate (e.g. Willett et al, 1993). In this case
under-thrusting of Arabian mantle lithosphere, with its own pre-existing geothermal
gradient, may lead to a kinked geothermal gradient with the kink forming along the
subduction plane between overlying Eurasian lithosphere and underlying Arabian
lithosphere. Upon initial collision, this kink will be very sharp (to in Fig. 3.15b), but
over time the gradient will thermally relax (t1) towards a gradient that resembles the
one characteristic for cratons (t2). This thermal relaxation would heat the lithosphere
just under the kink, which would previously have been cool. Dewatering and
melting of this horizon would follow, which is argued to be seen here in the P-T
estimates of magma generation in Fig. 3.14. Given the lower degrees of melting in
the southern Lesser Caucasus, it appears that this mechanism only develops low

degree melts.

To summarise, in the northern Lesser Caucasus magma is generated by
small-scale delamination events heating the base of the lithosphere. This process
also occurs in the southern Lesser Caucasus, but at greater depths. Magmas
generated by this mechanism mix with a second type of magma produced in the
mid-lithosphere from thermal relaxation of a kinked geotherm. Further south, in NW
Iran, melting of the base of the lithosphere is suppressed due to the depth being too

great even for wet melting. However, melting in the mid-lithosphere continues.

3.5.6 How does thicker mantle lithosphere influence the
composition of the mantle source?

The gradient in Sr-Nd isotope ratios in Fig. 3.8, along with a lack of evidence for
crustal contamination, requires that there be some variation in the composition of the
mantle source. One possibility is that magmas are tapping different lithosphere
domains. Northern Lesser Caucasus magmas are exclusively found on Mesozoic arc
lithosphere (Fig. 2.1), whereas southern Lesser Caucasus magmas are on South
Armenian Block lithosphere, or else are very close to the suture. However, crossing
such lithospheric sutures would likely result in a step-change in isotope ratios, rather
than the smooth gradation observed in the Lesser Caucasus. A minority of samples
from Vardenis volcanic highland (Fig. 3.1) are thought to be on the east (Mesozoic
arc) side of the suture, these are shown by a * in Table 3.3. As Table 3.3 shows,
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these samples have Sr-Nd isotope compositions indistinguishable from other
Vardenis samples, suggesting the suture zone is not a major dividing line in isotope
composition. This suggests that melting zone 2 in the mid-lithosphere has a different
composition to melting zone 1 at the base of the lithosphere. In this discussion on
the nature of the mantle sources, only the most mafic samples (> 4 wt % MgO, <
54% SiO,) are used in order to try and minimise the effects of fractional

crystallisation on trace element contents.

The lower crust is thought to behave as a weak layer during continental
collision (Birgmann and Dresen, 2008). This could lead to some lower crust being
incorporated into the mantle lithosphere perhaps during underthrusting of Arabian
lithosphere, as has been suggested for numerical models of other collision zones
such as the Himalayas (Toussaint et al., 2004; Li et al., 2011). This could lead to the
addition of lower continental crust (LCC) to melting zone 2 in the middle of the
lithosphere, and hence enrichment of the mantle source of the southern Lesser
Caucasus. Incorporation of LCC into the mantle source could result in significant
enrichments in all of the most incompatible trace elements, as in Fig. 3.5e, given the
much higher concentrations of most incompatible trace elements in the lower crust
relative to the primitive mantle (Sun and McDonough, 1989; Rudnick and Gao,
2014).

The La/Nb ratios of the least enriched samples from the northern Lesser
Caucasus and the same ratio estimated for the LCC (Rudnick and Gao, 2014)
provides a serendipitous coincidence, with both around 1.6 (Fig. 3.16). Given that
La/Nb is unaffected by melting and crystallisation (i.e. both elements have similar
bulk partition coefficients with respect to the melt) regardless of source mineralogy
(Thirlwall et al., 1994; lonov et al., 2002), any variations in the La/Nb ratio should
reflect variations in the source La/Nb. If the lower crust was responsible for the
source enrichment, La/Nb should be near-constant along the transect. Samples from
the southern Lesser Caucasus have much higher La/Nb ranging from 2.5 to 5 (Fig.

3.16), which cannot be explained by the addition of average LCC.

However, it is worth noting that several estimates of the composition of
individual lower crust sections do give higher La/Nb of up to 4.9 (Weaver and
Tarney, 1984; Villaseca et al., 2007; Jagoutz and Schmidt, 2013), such that the

involvement of lower crust in the southern Lesser Caucasus magma source cannot
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Figure 3.16 La/NDb vs latitude and the potential addition of lower crust to the mantle source

The least enriched Shirak and Lori samples have a La/Nb ratio of ~1.6. Fraction of melting and
garnet vs spinel Iherzolite melting have a limited effect on this ratio. Lower continental crust (LCC)
has a La/Nb ratio with a similar value of around 1.6 (Rudnick and Gao, 2014). Therefore if LCC is
enriching the melt source, the La/Nb ratio should be close to invariant.

be precluded.

Lithospheric mantle which is significantly shallower than the lithosphere-
asthenosphere boundary (melting zone 2) is expected to be colder than the deep
lithosphere (melting zone 1) prior to any heating, even if the lithosphere does have a
kinked geothermal gradient (Fig. 3.14). These lower temperatures should stabilise
minerals such as amphibole and phlogopite which can retain chemical components
derived from mantle metasomatism (Luth, 2003; Frost, 2006; and references
therein). In the deep lithosphere, these components would be subject to upward
mobilization by fluid release following dehydration at higher pre-melting
temperatures. Under-thrusting of Arabian lithosphere, as suggested in Fig. 3.15,
would also introduce a new lithospheric domain, which could have a different

composition (including isotopically) to the Eurasian lithosphere.

If this metasomatic material is responsible for the enrichments in the
southern Lesser Caucasus, then it must have a composition capable of producing
those most enriched melts. La/Yb and Sr/Y are two ratios which increase most
dramatically with latitude as shown in Figs 3.17a and b. Both of these ratios show
excellent correlations with P2Os content (Figs 3.17¢ and d) within all Lesser
Caucasus samples. The La/Yb ratios and P.Os contents of the NW Iran samples
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Figure 3.17 Sr/Y and La/Yb variations with latitude and P2Os (wt %)

Sr/Y and La/Yb show strong variations between the northern and southern Lesser Caucasus as shown
in (a) and (b). Both of these ratios show strong correlations with P,Os (wt %) (c and d), r=0.89 in
both cases. NW Iran data (Allen et al., 2013) in ¢ and d represent melting in a region of very thick
lithosphere.

(interpreted to be pure melting zone 2 magmas) appear as end-members on the
Lesser Caucasus mixing line (Fig. 3.17d), suggesting apatite may be a metasomatic
phase in the host rock of melting zone 2 (Fig. 3.15). This is consistent with the
presence of large apatite crystals in some southern Lesser Caucasus samples (up to
2mm across; Fig. 3.2b). It is also consistent with previous suggestions that
metasomatic apatite may be an important phase in the Iranian sub-continental
lithospheric mantle (Pang et al., 2013). As was shown in Fig. 3.12 it is difficult to
produce such high LREE concentrations (shown by La in Fig. 3.12) simply by lower
degrees of melting or more garnet in the mantle source. Apatite is soluble in melts
with a low SiO> content (Watson, 1980), such that apatite may simply be added to
the initial modelled melt composition, as shown by the blue dashed line in Figure
3.12, producing a much improved agreement with natural southern Lesser Caucasus

samples.
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Figure 3.18 Rb/Sr vs Ba/Rb for Lesser Caucasus and NW Iran samples.

After Furman and Graham (1999). See text for discussion.

While apatite can explain the enrichment in LREE, it cannot explain the
large enrichment in other elements such as Ba, which likely requires wider
metasomatic reworking. Two minerals which could explain this enrichment in Ba
are amphibole and phlogopite. As Fig. 3.18 shows, the high Ba/Rb ratio favours
amphibole as the major metasomatic phase in the source of both the Lesser
Caucasus and NW Iran. However, in both the southern Lesser Caucasus and NW
Iran there are a minority of samples for which phlogopite could be an important
metasomatic phase. It is noteworthy that the presence of phlogopite in the mantle
source is indicated in a minority of cases for Vardenis, but not Syunik (Fig. 3.18),
given biotite is only found as a phenocryst phase in mafic samples in VVardenis (see
Section 3.3). The presence of these metasomatic signatures in the southern Lesser
Caucasus and NW lIran is consistent with melting zone 2 being host to apatite,

amphibole, and occasionally phlogopite prior to melting.

Sr/Y is a ratio which does not follow a simple mixing pattern. It increases
across the Lesser Caucasus, but is actually lower in NW Iran compared to the
southern Lesser Caucasus. This ratio probably reflects the involvement of garnet in
the mantle source (Defant and Drummond, 1990), which should become dominant at
greater depths. In NW Iran, all melting is occurring in the mid-lithosphere, however
in the southern Lesser Caucasus magmatism is driven by melting in both the mid-
lithosphere and at the base of the lithosphere (Fig. 3.15). This means that in the

southern Lesser Caucasus, the average depth of melting may actually be greater than
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in NW Iran, despite the thinner lithosphere, leading to the mantle source being more

dominated by garnet, increasing the Sr/Y ratio of the resulting magmas.

High Sr/Y ratios have been associated with adakites and the melting of
oceanic slabs (Defant and Drummond, 1990). Adakitic signatures have been seen in
some volcanic suites from NW Iran (e.g. Ghalamghash et al., 2016), suggesting that
the Iranian enriched signature could somehow derive from slab melting. These
adakites are generally andesites and dacites. The more primitive NW Iran lavas of
Allen et al. (2013) and the southern Lesser Caucasus lavas have higher Y contents
than true adakites, and it is likely the adakite-like compositions of andesites and
dacites are derived from fractional crystallisation processes (e.g. Chiaradia et al.,
2009), rather than slab melting.

Melting zone 2 does appear to have a more enriched composition than
melting zone 1, as demonstrated by signatures of the metasomatic minerals apatite
and amphibole in rocks derived from the southern Lesser Caucasus and NW Iran.
However, variations between the chemistry of the northern and southern Lesser
Caucasus volcanic rocks do not just reflect mixing of source reservoirs, but also
changes in the degree of melting (lower degree of melting will increase La/Yb and
Sr/Y ratios), and the mineralogy of the melt source (garnet in the melt source of the
southern Lesser Caucasus also increases Sr/Y and La/Yb). The multiple parameters
controlling the trace element composition of Lesser Caucasus volcanic rocks means
that variations between the northern Lesser Caucasus, southern Lesser Caucasus and

NW Iran are often non-linear.

3.6 Summary and Conclusions

Magmas generated in the thicker lithosphere of the southern Lesser Caucasus have
higher incompatible trace element concentrations, higher 8 Sr/®Sr ratios and lower
143Nd/**4Nd ratios than volcanic rocks from the northern Lesser Caucasus. A lack of
consistent variation between the isotope compositions of basalts and rhyolites and
SiO; suggests crustal contamination is unimportant in generating the enriched
geochemistry. The negative Nb-Ta anomalies, and enrichments in large-ion-
lithophile elements and LREE are instead likely to be produced by partial melting of

a subduction modified mantle source. This subduction component is uniform across
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the Lesser Caucasus and is likely inherited from Mesozoic (Tethyan) slab
subduction prior to continental collision. The more enriched geochemistry of
southern Lesser Caucasus rocks is the result of lower degrees of melting, an
increased proportion of garnet in the mantle source, and also a distinct mantle source

composition.

The temperatures of melt formation in the mantle are all less than 1200°C,
which when compared with the much higher temperatures for magmas formed in the
asthenosphere below nearby eastern Anatolia, suggests magma generation occurs in
the lithosphere, which is also consistent with the ubiquitous subduction signature.
Very similar conditions of melt generation in NW Iran and the southern Lesser
Caucasus, as well as several similarities in geochemistry, suggest a common magma
generation mechanism in the mid-lithosphere, despite very different lithospheric
thicknesses. This magma type appears to mix in the southern Lesser Caucasus with
magma from a second source, which probably originates at the base of the
lithosphere. This latter magma source is the sole site of magma generation in the
northern Lesser Caucasus, where melting occurs at the base of a ~50 km thick
lithosphere. In the southern Lesser Caucasus melting occurs at ~75 km depth,
significantly shallower than the estimated 120 km thick lithosphere. Melting in the
mid-lithosphere occurs due to relaxation of a kinked geothermal gradient, whereas
melting at the base of the lithosphere is the result of small-scale delamination events.
This latter melting mechanism only proceeds until the point where the lithosphere
becomes too thick to melt at its base, even if the mantle peridotite is hydrated. The
enriched composition of the mid-lithospheric mantle source could be derived from
the incorporation of weak lower crust during collision. However, several signatures
of the metasomatic minerals amphibole, apatite and occasionally phlogopite suggest
that the enriched nature of the mantle source in the mid-lithosphere is derived from
the increased retention of metasomatic components in hydrous minerals prior to the

post-collisional magmatism.

Interestingly, it appears that a melt source exists at somewhat less than 100
km depth regardless of the lithospheric thickness across the Anatolian-Armenian-
Iranian plateau. This is consistent with the geophysical observations of which show
a low shear wave velocity at around 100 km depth below the entire plateau (Maggi
and Priestley, 2005). Further work on understanding the interplay between

lithospheric thickness and melt generation in continental collision zones would
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benefit from detailed tomographic work in the critical region of the Lesser Caucasus
to help us better understand how the thickness of the lithosphere varies along this
mountain range. Investigations of the petrogenesis of primitive magmatic rocks from
NW Iran, could elucidate whether thermal relaxation of a kinked geothermal
gradient is a viable mechanism to generate magma in the mid-lithosphere. Studies of
stable fluid-sensitive isotopes systems such as O and B would help decipher the
nature and role of inherited subduction components in the generation of collision-

related magmas.
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4. Boron isotope insights into the origin of
subduction components in a continent-continent
collision zone

4.1 Introduction

Boron (B) and its stable isotopes 1°B and !B are a key tracer for the fate of
subduction components under volcanic arcs (De Hoog and Savov, 2018). This is due
to a scarcity of boron in the mantle (<0.1 ppm; Leeman et al., 2004; Marschall et al.,
2017) and its strong fluid partitioning, with concomitant isotope fractionation during
metamorphic slab dehydration reactions which release aqueous fluids at T < 800°C
(Konrad-Schmolke and Halama, 2014). B isotope fractionation is largely controlled
by the preferential incorporation of 1B into trigonal over tetrahedral sites (Kakihana
etal., 1977). Thus B is strongly fractionated between mostly tetrahedrally co-
ordinated B in silicate minerals and trigonally co-ordinated B in aqueous fluids
(Peacock and Hervig, 1999). This fractionation is preserved in arc magmas because
later mantle melting should not lead to isotope fractionation as B is substantially
tetrahedrally co-ordinated in both mantle minerals and magmas (Tonarini et al.,
2001; Maner and London, 2018).

Only a handful of studies have used B to explore the impact of subduction
components on the upper mantle (magma source) composition in regions where
subduction has ceased (e.g. Tonarini et al., 2005). This chapter presents whole-rock
[B] and !B data for well-studied collision-related igneous rocks from the Lesser
Caucasus (Sokot et al., 2018; Sugden et al., 2019), representing the first boron
isotope data for young volcanic rocks from an active continent-continent collision
(Fig. 4.1). This collision zone is unique on Earth as a modern continental collision
zone associated with widespread mantle-derived magmatism. The arc-like
geochemistry of volcanic rocks from the Lesser Caucasus (Fig. 4.2, Table 4.1)
reflects a subduction-modified mantle source (see Chapter 3). The [B] and 6!'B data
presented in this study come from 1.5-0 Ma post-collisional volcanic rocks, as well
as ~ 41 Ma alkaline igneous rocks. The latter are used to investigate the 6*'B
variations in the subduction-modified mantle since the onset of continental collision.
The new [B] and §!B data, alongside previously published trace element and Sr- Nd

isotope data are used to investigate the nature of the subduction component.
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Figure 4.1 Location map of the Lesser Caucasus showing locations of samples analysed for B.

Also shown are locations of volcanic regions referred to in the text. Basemap image freely available
from https://commons.wikimedia.org/wiki/User:Sadalmelik

4.2  Sample selection for B isotope analyses

The investigated Plio-Pleistocene post-collisional volcanic rocks are from 3 volcanic
highlands of monogenetic volcanism (Syunik, Vardenis and Gegham) and the large
Avragats stratovolcano (Fig. 4.1). Most of the samples have mafic compositions (Fig.
4.1) and an arc-type geochemistry (Fig. 4.2a), revealing a subduction component in
the mantle source. There is a disproportionate number of samples from the Syunik
volcanic highland, where mafic lava flows are most abundant. Several of the
samples from Gegham volcanic highland, and one sample from Aragats are rhyolite
obsidians. The use of obsidian samples is justified given the lack of evidence for
crustal contamination (Neill et al., 2015; Sugden et al., 2019), and because boron
isotopes do not fractionate during crystal fractionation. The full major and trace
element data for all samples measured for boron are shown in Table 4.1.
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Figure 4.2 N-MORB normalised trace element systematics of Plio-Pleistocene (post-collisional) and
Eocene (pre- to syn-collision) volcanic rocks from the Lesser Caucasus

All samples normalised to N-MORB (Sun and McDonough, 1989). (a) Plio-Pleistocene post-
collisional (Sugden et al., 2019) and (b) Eocene TAC (Sokot et al., 2018) volcanic rocks from the
Lesser Caucasus. Average continental arc basalt is shown for comparison (Kelemen et al., 2003).
Note the negative Nb-Ta and Ti anomalies observed in all samples, as well as the positive spikes in
LILE and LREE. In the absence of evidence for crustal contamination in the Lesser Caucasus, such
“spiky” trace element profiles are commonly interpreted as derivation of the magmas from a
subduction-modified mantle source. The more unusual trace element composition of the TAC
samples is likely a result of these samples having intermediate compositions (phonolite).

Data from the Tezhsar alkaline complex (TAC) are also presented (Figs 4.1
& 4.2; Table 4.1). The TAC contains trachyte-phonolite volcanic rocks and syenite
intrusives from an ~10 km wide shallow plumbing system of an extinct large
stratovolcano (Sokot et al., 2018). Although there are some differences in the trace
element composition of TAC samples (Fig. 4.2b) when compared to the post-
collision samples, they still have the characteristic (if larger) negative Nb-Ta and Ti
anomalies and a general enrichment in large ion lithophile (LILE) and light rare
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Table 4.1 Major and trace element compositions of samples analysed for B isotopes

Region Gegham Gegham Gegham Gegham Gegham Gegham Gegham
Sample 4.20.04 6.26.04 8.29B.04 8.30A.04 9.31A.04 9.31B.04 9.31D.04
Latitude (°N) 40.16617 40.4079 40.18125 40.12737 40.27525 40.27122 40.30775
Longitude (°E) 45.20602 44.68053 45.00992 45.00173 44.70115 44.69962 44.71902
Lithology Rhyolite Rhyolite Rhyolite Rhyolite Rhyolite TBA Rhyolite
Erup. type Obsidian Obsidian Obsidian Obsidian Obsidian Lava Obsidian
SiO, (Wt%) 74.15 73.99 74.51 75.90 73.89 53.83 73.69
TiO, 0.08 0.18 0.07 0.08 0.10 1.02 0.15
Al,O3 13.55 13.86 13.64 13.15 13.86 15.86 13.98
Fe,0s (tot)* 0.63 1.25 0.64 0.60 0.97 7.59 1.32
MnO 0.11 0.08 0.11 0.09 0.07 0.12 0.06
MgO 0.10 0.24 0.12 0.07 0.20 6.57 0.35
Cao 0.56 0.99 0.57 0.59 1.00 8.19 1.32
Na,O 4.27 4.49 4.21 4.35 4.22 4.03 4.66
KO 4.35 4.21 4.38 4.48 4.18 1.89 4.15
P20s 0.03 0.06 0.02 0.01 0.03 0.49 0.05
Total 98.88 99.66 98.99 99.71 98.75 99.36 99.74
LOI 1.07 0.31 0.75 0.42 0.31 0.15 0.23
La N.D. 18.8 N.D. 16.7 27.5 454 N.D.
Ce N.D. 33.4 N.D. 31.0 44.0 73.6 N.D.
Pr N.D. 3.4 N.D. 3.2 41 7.4 N.D.
Nd N.D. 11.4 N.D. 11.2 13.2 27.1 N.D.
Sm N.D. 25 N.D. 3.0 2.7 5.2 N.D.
Eu N.D. 0.4 N.D. 0.2 0.5 1.5 N.D.
Gd N.D. 2.3 N.D. 3.0 2.4 4.4 N.D.
Tb N.D. 0.4 N.D. 0.6 0.4 0.6 N.D.
Dy N.D. 29 N.D. 3.8 2.7 3.6 N.D.
Ho N.D. 0.6 N.D. 0.8 0.5 0.7 N.D.
Er N.D. 1.8 N.D. 2.2 1.5 1.8 N.D.
™m N.D. 0.3 N.D. 0.4 0.2 0.3 N.D.
Yb N.D. 2.0 N.D. 2.4 1.6 1.6 N.D.
Lu N.D. 0.3 N.D. 0.4 0.3 0.2 N.D.
Ba 47.0 422.1 N.D. 11.8 530.8 642.0 538.0
Hf N.D. 4.5 N.D. 3.0 3.1 3.2 N.D.
Nb 45.0 36.4 N.D. 50.8 22.8 15.7 22.0
Rb 168.0 132.4 N.D. 196.0 108.8 30.0 99.0
Sr 8.0 1141 N.D. 10.1 104.0 885.3 147

Pb N.D. 20.1 N.D. 27.4 21.9 7.9 N.D.
Ta N.D. 3.2 N.D. 5.0 2.3 0.8 N.D.
Th N.D. 14.2 N.D. 27.9 17.9 7.2 N.D.
] N.D. 7.5 N.D. 135 8.5 1.2 N.D.
yds 64.0 157.4 N.D. 59.9 91.7 143.5 109.0
Y 22.0 20.4 N.D 23.8 16.7 20.3 15.0

*Fe reported as FeO* was recalculated to Fe,Os (tot) by dividing by a factor of 0.89981. Totals are
the original totals prior to Fe,Os (tot) recalculation
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Table 4.1 continued.

Region Syunik Syunik Syunik Syunik Vardenis Syunik Syunik
Sample 2.7.08 2.10.08 6.26.08 5.3.15 6.3.15 8.3.15 8.5.15
Latitude (°N) 39.4587 39.46787 39.68872 40.03073 39.98746  39.4141  39.49431
Longitude (°E) 46.24037  46.25762 45.91847 45.69655 45.61326  46.28308  46.24621
Lithology PT Basalt TA TA TBA TBA Basanite
Erup. type Bomb Lava Lava Lava Lava Bomb Bomb
SiO, (Wt%) 50.44 47.08 55.45 56.98 53.73 51.58 45.80
TiO, 1.32 1.31 1.08 0.91 1.08 1.21 1.58
Al,O5 16.82 14.39 16.97 15.71 17.09 16.65 14.92
Fe, O3 (tot)* 9.31 11.45 8.26 6.30 7.60 7.66 9.56
MnO 0.14 0.15 0.12 0.11 0.13 0.13 0.16
MgO 4.44 11.65 3.62 3.72 4.06 4.29 7.77
CaO 8.16 9.83 6.68 6.84 7.24 8.01 10.02
Na,O 5.12 3.29 4.70 4.19 4.79 4.48 4.30
KO 3.25 1.19 3.12 2.88 2.75 3.14 2.64
P,0s 1.12 0.53 0.91 0.52 0.90 1.06 1.27
Total 99.20 99.74 100.1 99.5 99.78 99.76 98.90
LOI N.D.t N.D. N.D. 1.3 0.27 1.41 0.73
La 99 32.0 82.6 56.6 75 94.0 75.0
Ce 193 66 149.8 99.5 132 175.0 158.0
Pr 21.4 8.3 16.0 10.8 14.5 20.0 19.6
Nd 84 34 60.2 37.4 50.0 71.0 75.0
Sm 12.7 6.5 9.5 6.0 8.0 9.7 11.0
Eu 3.3 1.8 25 1.6 2.0 2.6 3.0
Gd 8.7 4.9 6.9 5.3 5.8 6.8 7.6
Tb 1.2 0.9 1.0 0.7 0.7 0.8 0.9
Dy 4.3 4.0 3.8 4.3 3.8 4.0 4.7
Ho 0.8 0.8 0.7 0.8 0.7 0.7 0.8
Er 2.0 2.1 1.8 2.3 2.0 1.7 2.1
™m 0.3 0.4 0.3 0.3 0.3 0.3 0.3
Yb 2.0 2.2 1.7 2.1 1.8 1.7 1.9
Lu 0.3 0.4 0.3 0.3 0.3 0.2 0.3
Ba 1220.0 430.0 1147.0 819.0 962.0 1180.0 1093.0
Hf 4.9 3.0 4.8 4.7 4.3 4.5 3.7
Nb N.D. N.D. N.D. 21.0 25.8 28.4 24.1
Rb N.D. N.D. N.D. 72.2 43.4 43.0 31.3
Sr 2531.0 1073.0 1588.8 954.9 1411.0 2161.0 2325.0
Pb 16.7 9.0 28.7 N.D. N.D. N.D. N.D.
Ta 1.7 0.7 1.4 1.0 1.0 1.2 0.9
Th 6.8 2.6 7.3 12.6 7.1 6.6 3.6
U 15 0.7 1.6 4.0 1.4 1.2 0.8
Zr 224.0 126.0 220.8 207.5 215.0 217.0 166.0

Y 24.1 22.2 20.3 21.2 21.4 195 23.4
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Table 4.1 continued.

Region Syunik Syunik Syunik Syunik Syunik Aragats

Sample 9.1.15 10.2.15 11.1.15 11.4.15 6.2.17 11.35A.04
Latitude (°N) 39.53042  39.64359  39.57705  39.63671  39.71918 40.40487
Longitude (°E) ~ 46.22106  46.10184 4599658  46.04296  46.00917 43.81503

Lithology TBA TBA TBA Tephrite TBA Rhyolite
Erup. type Plug Lava Lava Lava Lava Obsidian
SiO, (Wt%) 51.6 51.35 55.65 48.67 54.14 76.02
TiO, 1.22 1.48 1.08 1.73 1.14 0.06
Al,O3 17.4 16.93 17.52 15.86 16.92 13.13
Fe,0;3 (tot)? 8.2 8.96 7.38 9.77 7.41 0.49
MnO 0.13 0.14 0.12 0.14 0.13 0.09
MgO 4.42 4.78 3.21 5.65 3.67 0.04
Cao 7.51 8.23 6.07 9.69 7.18 0.48
Na,O 4.50 4.85 4.90 4.37 4.89 4.35
K>O 3.06 2.11 3.12 2.49 3.21 4.31
P05 1.26 0.81 0.82 1.12 1.06 0.01
Total 99.94 99.93 100.0 100.06 99.76 99.02
LOI 0.49 0.18 0.0 0.44 0.19 2.94
La 104.0 61.0 79.9 86.0 105.0 11.6
Ce 189.0 115.0 138.4 175.0 182.1 24.9
Pr 21.2 12.9 15.7 20.9 19.6 2.8
Nd 72.0 48.0 55.8 77.0 70.9 9.8
Sm 10.1 8.0 7.8 10.7 9.8 3.3
Eu 2.7 2.3 2.2 2.9 2.5 0.3
Gd 7.7 6.9 6.2 7.8 7.0 3.7
Tb 0.9 0.8 0.7 0.9 0.8 0.8
Dy 4.8 5.0 4.0 4.6 4.1 5.4
Ho 0.7 0.9 0.7 0.8 0.7 11
Er 21 2.6 21 1.9 1.9 3.2
Tm 0.3 0.4 0.3 0.3 0.3 N.D.
Yb 1.8 2.4 1.9 1.7 1.6 3.2
Lu 0.3 0.4 0.3 0.3 0.3 0.5
Ba 1201.0 924.0 1125.0 1105.0 1267.0 35.9
Hf 4.3 5.1 5.1 4.0 5.1 3.1
Nb 31.3 19.4 25.6 32.6 29.6 38.7
Rb 41.5 34.0 51.5 34.1 49.9 141.7
Sr 2032.0 1413.0 1332.8 2131.0 1869.1 9.8
Pb N.D. N.D. N.D. N.D. N.D. 20.0
Ta 1.2 0.8 13 1.2 1.2 3.0
Th 6.0 4.8 7.8 5.8 6.9 155
] 11 1.0 15 1.2 1.4 7.4
Zr 218.0 240.0 238.6 186.0 227.4 67.8
Y 22.3 20.3 21.2 22.3 20.1 32.0

Lithology abbreviations: TBA- trachybasaltic andesite; PT- phonotephrite; TA- trachyandesite; TB-
trachybasalt; TP- tephriphonolite.
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Tezhsar Tezhsar Tezhsar Tezhsar
Region Aragats Aragats (TAC) (TAC) (TAC) (TAC)
Sample NPP 11 NPP 241 10.43.08 10.45.08 2.11.09 3.3.09
Latitude (°N) 40.29927 40.57763 40.639 40.639 40.64063 40.65353
Longitude (°E) 44.09498 44.11612 44.58325 44.58325 44.59755 44.62075
Lithology B TBA TP Phonolite  Phonolite  Phonolite
Erup. type Lava Lava Lava Lava Lava Lava
SiO, (Wt%) 50.92 52.53 53.90 58.66 54.78 55.14
TiO, 1.49 1.35 0.57 0.82 0.30 0.36
Al,O3 17.31 16.78 19.95 20.07 21.73 21.91
Fe,0;s (tot)? 10.44 9.91 5.54 3.57 211 217
MnO 0.15 0.14 0.19 0.19 0.13 0.22
MgO 5.58 5.22 1.21 0.62 0.21 0.16
Cao 9.12 8.56 4.43 2.02 1.72 2.13
Na,O 4.14 4.38 5.26 4.68 5.88 7.63
K0 1.39 1.85 6.23 8.82 10.16 7.94
P,0s 0.53 0.60 0.30 0.06 0.05 0.03
Total 101.07 101.32 101.39 100.25 99.91 98.69
LOI N.D. N.D. 4.19 0.99 2.98 1.15
La 38.8 48.4 725 186.0 80.2 N.D.
Ce 69.9 93.6 125.0 354.0 130.0 N.D.
Pr 8.1 10.9 14.0 39.3 13.4 N.D.
Nd 32.9 43.3 56.2 155.0 48.5 N.D.
Sm 6.5 7.8 10.3 28.1 8.7 N.D.
Eu 1.9 2.2 3.1 4.8 2.0 N.D.
Gd 5.2 6.1 7.6 19.7 6.5 N.D.
Th 1.0 1.0 1.2 3.0 1.1 N.D.
Dy 4.4 4.8 4.9 11.9 45 N.D.
Ho 0.8 0.9 0.9 2.0 0.8 N.D.
Er 2.4 25 2.4 4.9 2.2 N.D.
™m 0.3 0.4 0.4 0.7 0.4 N.D.
Yb 2.4 2.7 2.4 4.2 2.2 N.D.
Lu 0.4 0.4 0.4 0.6 0.3 N.D.
Ba 481.0 604.5 1510.0 208.0 460.0 N.D.
Hf 3.8 34 3.0 6.3 3.0 N.D.
Nb 17.0 15.0 10.5 55.0 19.2 N.D.
Rb 28.0 23.0 157.0 175.0 321.0 N.D.
Sr 852.4 973.4 2010.0 817.0 956.0 N.D.
Pb 7.6 N.D. N.D. N.D. N.D. N.D.
Ta 0.8 0.9 0.4 3.6 0.8 N.D.
Th 2.8 4.5 10.8 26.6 18.4 N.D.
U 0.8 1.2 3.4 5.7 6.6 N.D.
Zr 164.4 208.7 153.0 304.0 204.0 N.D.
Y 31.0 29.0 28.4 66.0 26.4 N.D.

fN.D. = not determined
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earth elements (LREE) indicative of a subduction-modified mantle source. The
studied samples have intermediate (phonolite) compositions, such that crystal
fractionation is likely to be partly responsible for the trace element signature, as well
as the composition of the mantle source and the melting process. An “°Ar-3°Ar age
of 41.0 £0.5 Ma for the TAC reveals its formation either precedes, or is
contemporaneous with, Arabia-Eurasia collision. An earlier 50-40 Ma collision
would make the TAC syn-collisional, while a 25 Ma Eurasia/SAB-Arabia collision,
would mean that Southern Neotethys subduction was still ongoing. TAC magmatism
has been attributed to small degrees of decompression melting of subduction-
modified lithospheric mantle in response to localised extension (Sokot et al., 2018),
rather than the classic flux melting model for subduction zones. Taken together, the
post-collisional and TAC rocks represent two instances of melting of a previously
metasomatised mantle source separated by 40 Myr, making it possible to investigate
how the inherited subduction component has changed since initial continental

collision.

One of the key considerations in choosing samples for [B] and 5!'B analysis
is to choose those least affected by alteration. This is because B is highly fluid
mobile and its isotope ratio is strongly fractionated by fluid alteration at the surface
(e.g. Muittik et al., 2011). The fresh groundmass of samples selected for [B] and
511B, with microlites and small pockets of glass preserved, is testament to the
unaltered nature of the samples selected (Fig. 4.3). This groundmass is also likely to
be where the majority of B is hosted, given its incompatibility in most common
igneous phases (Brenan et al., 1998). Samples measured for boron isotopes in this
study were specifically selected based on the lack of secondary phases observed

during petrographic inspection.

Loss on ignition (LOI) is another tool commonly used to assess the level of
alteration in samples. Most of the Plio-Pleistocene samples have low LOI (<1 wt%;
Fig. 4.4), and there is no discernible correlation between LOI and §!!B or [B] (Fig.
4.4), suggesting there has been no post-emplacement alteration of these samples and
it has not affected the sample §''B.

LOI values for TAC samples range from close to zero to several percent
(Sokot et al., 2018), with the sub-set of samples analysed for boron exhibiting a

similar range (Fig. 4.4). However, if surface alteration alone was responsible for
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Figure 4.3 Groundmass textures of post-collisional samples selected for 6*'B analysis.

Back-scattered electron (BSE) images from scanning electron microscope work (a-c) and a cross-
polarised light photomicrograph (d). (a) apatite microphenocryst in the groundmass of scoria sample
8-3-15. Notice in the groundmass the plagioclase (dark), clinopyroxene (medium) and oxide (bright)
crystals with some interstitial glass present. (b) groundmass of lava sample 10-2-15. Crystals of
plagioclase, clinopyroxene and oxide occurring at various scales with some interstitial glass. (c)
groundmass of sample 6-3-15 noteworthy for the very small microlites which preserved suggesting
limited alteration given these would be some of the first primary textures to be altered. (d) view under
cross-polars of sample 9-1-15 at x4 magnification. Holocrystalline groundmass of plagioclase
microlites with smaller clinopyroxene and oxide crystals also present. The phenocryst phases are
olivine and clinopyroxene

high LOI, one would expect to see higher K20 in the high LOI samples (e.g. Zhang
and Smith-Duque, 2014), when in fact no correlation is observed (not shown). The
high LOI could partly be the result of significant proportions of magmatic hydrous
and carbonate phases in TAC samples (Sokot et al., 2018).

Although the lower 5'!B samples have higher LOI (Fig. 4.4), alteration
would be expected to increase the $''B of volcanic rocks if boron was transferred
from the fluid to the rock, given the heavy §''B of surface water (Tonarini et al.,
2003). There is also no increase in [B] with LOI, as would be expected from
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Figure 4.4 Variation in 3!!B and [B] with Loss on Ignition (LOI)

Showing the lack of correlation between §''B (a) and LOI and [B] and LOI (b,c). (c) shows the part
of (b) below the dashed line. Some of the TAC samples have higher LOI, however it is argued the
data they provide is still valuable given evidence from Sr isotopes and [B] (b,c) for these samples still
being relatively unalatered. Alteration should increase [B], yet the high LOI samples have lower [B].

alteration. The variability in initial 8’Sr/%Sr for TAC samples (0.7040-0.7052) may
also be a reflection of alteration given the consistent 1*3Nd/***Nd (0.51274-0.51283;
Sokot et al., 2018). The low initial 8Sr/%Sr (<0.7042) in all TAC samples analysed

for B is testament to their unaltered nature.

4.3  Analytical Methods

Most of the samples were prepared for boron isotope analysis at the IGG-CNR Pisa,
Italy; ~0.2 g of sample powder was fused with K2COz in platinum crucibles with a
4:1 flux to sample ratio (Tonarini et al., 1997). Boron was then extracted from the
fusion cakes by repeated crushing and centrifuging of the cakes in B-free water. The
K flux gives the water a high pH (~10) as required for the column chemistry
(Tonarini et al., 1997). It was further purified by passing the solution through anion
and cation exchange columns. Anion columns were packed with Amberlite IRA-743

boron-specific anion exchange resin, while cation-exchange columns were packed
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with AG 50W-X8 resin. The procedure used an anion column step, followed by a
cation column step and then a final (repeat) anion column step to produce the final
purified boron solution, as described by Tonarini et al. (1997). Of those samples
prepared at IGG-CNR Pisa, the B isotope composition of nearly all of the mafic-
intermediate Plio-Pleistocene post-collisional samples were measured on a Thermo
Scientific™ Neptune series multi-collector (MC)-ICP-MS in Pisa, specially tuned
for 11B/1°B analysis (following Foster, 2008). Samples were diluted to contain ~20
ppb B and were then bracketed with NBS 951 boric acid standard solution of the
same concentration, to correct for machine induced mass fractionation. The boron
concentrations of these purified boron solutions were measured together with 5'B at
IGG-CNR-Pisa, and converted to sample concentrations using accurate

measurements of sample weights and the precisely known reagent volumes.

Within run errors are between 0.04 and 0.11%. (all errors reported in this
section are at the 2o uncertainty interval). Several samples were re-prepared and re-
analysed, reproducing the original value to within 1%eo or better. The accuracy of the
measurement was monitored as follows: 28 replicate analyses of NBS 951 gave an
average 8!'B of +0.01 £0.41%o, 7 replicate analyses of the IAEA standard B1
(seawater) gave an average 5B of +39.38 £0.27%o (accepted value ~+39 %o;
Tonarini et al., 2003), and 3 replicate analyses of the JB2 (basalt) gave an average
8B of +7.25 £0.57%o (accepted value +7.33 +£0.37%o; Tonarini et al., 2003).

The Eocene TAC samples, as well as the one mafic sample from the Gegham
volcanic highland (9.31B.04, Fig. 4.1) were prepared in the same way as the Plio-
Pleistocene samples. However, analysis was by thermal ionisation mass
spectrometry (TIMS) using a VG Isomass 54E mass spectrometer at IGG-CNR Pisa
following the methods outlined in Tonarini et al. (2001). The accuracy of these
measurements was monitored by analysis of the SRM-951 boric acid standard.

Uncertainties on measurements are 0.4 to 0.6%o.

Boron isotope analyses of Plio-Pleistocene obsidians from the Gegham
volcanic highland (Fig. 4.1) were made using multiple multiplier laser ablation
inductively-coupled plasma mass spectrometry (MM-LA-ICP-MS) at the
Department of Terrestrial Magnetism (DTM) of the Carnegie Institution of
Washington. For the full method description see Savov et al. (2009) and references

therein. The accuracy of these measurements was monitored by repeated analyses of
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NBS 610, 612 and 614 glasses, as well as in-house produced (at 4 GPa)
homogeneous glass of B-5 (Mt. Etna volcano basalt) and B-6 (Lipari obsidian)
standards which yielded an average 8'!B (% 1%o) 0f -3.59%o and -0.95%o
respectively. This can be compared to respective accepted values of -3.95%o and -
1.6%o (Tonarini et al., 2003), suggesting reproducibility is better than 1%o, while

within run uncertainties were < 1%o.

Boron concentrations for TAC and Gegham rhyolite samples were measured
on a Perkin EImer Optima 2000 DV inductively coupled Plasma-Optical Emission
Spectrometer (ICP-OES) at the School of Geosciences of the University of South
Florida. Samples were fluxed with Na.COs in platinum crucibles with lids using a
furnace at 1400°C in a boron-free clean lab environment. Sample preparation
techniques followed the methods outlined in Snyder et al. (2005). The analytical
blank was measured as 1.5 ppm. The blank-corrected concentration of the JB-3
(basalt) external standard was correct to within 1 ppm (18.8 ppm, vs. accepted value

18 ppm).

All measurements of boron and its isotopes were made using the same
sample powders as were used to measure the major and trace element
concentrations, and Sr-Nd isotope ratios (Tables 4.1 and 4.2; methods in Sugden et
al., 2019).

4.4 Results

All [B] and B values are shown in Table 4.2; 5!'B ranges from -5 to +2%. (Fig.
4.5), consistently heavier than mid-ocean ridge basalts (MORB; -7.1 £0.9%so;
Marschall et al., 2017). There is no consistent variation with geographic position in
the post-collision samples: samples from Aragats (-5 to 0%o), VVardenis (-3 to 0%o)
and Syunik (-4 to +1%o) all show a similar !B range (Table 4.2), confirming
previous observations that despite changes in lithospheric thickness, the slab
contribution is uniform across the Lesser Caucasus (Sugden et al., 2019). The B/Nb
in mafic samples varies from 0.03 to 0.25, i.e. lower than in any modern volcanic arc
(Fig. 4.5; De Hoog and Savov, 2018), and in fact overlapping with the range of
MORB (0.15-1.05; Marschall et al., 2017). This suggests a fluid-mobile element

(FME) depleted source when compared to the sources of arc volcanism, although
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Table 4.2 [B] and !B presented in this Thesis.
Sr-Nd isotope composition: (Connor et al., 2011; Sokoét et al., 2018; Sugden et al., 2019).

Label Volcano/ Rock type 87Sr/86Sr  143Nd/44 B Nb B/Nb 5B
Volcanic Nd (ppm)  (ppm) (%o)
highland

Plio-Pleistocene post-collision

4.20.04 Gegham Rhyolite 0.70479  0.51275 644 45.0 1.4 -2.7

6.26.04 Gegham Rhyolite 0.70416  0.51285 29.8 36.4 0.82 +0.3

8.29B.04  Gegham Rhyolite 0.70493 051279 N.D.T N.D. N.D. +1.7

8.30A.04  Gegham Rhyolite 0.70421 0.51281 36.7 50.8 0.72 -3.8

9.31A.04  Gegham Rhyolite 0.70422  0.51282 27.2 228 1.2 -3.2

9.31B.04 Gegham Trachybasaltic ~ 0.70439  0.51281 N.D. 15.7 N.D. -1.8

andesite

9.31D.04  Gegham Rhyolite 0.70422  0.51282 284 215 1.3 -3.9

2.7.08 Syunik Phonotephrite  0.70444  0.51280 2.7 30.3 0.090 -29

2.10.08 Syunik Basalt 0.70440 051283 2.1 9.4 0.23 -1.9

6.26.08 Syunik Trachyandesite  0.70427  0.51279 3.0 37.7 0.080 -21

8.3.15 Syunik Trachybasaltic =~ 0.70444  0.51279 2.3 43.0 0.053 -24

andesite

8.5.15 Syunik Trachybasaltic  0.70462  0.51278 2.0 24.1 0.082 -4.0

andesite

9.1.15 Syunik Trachybasaltic ~ 0.70444  0.51280 2.1 31.3 0.068 -4.0

andesite

10.2.15 Syunik Trachybasaltic  0.70426  0.51286 2.8 194 0.15 2.7

andesite

11.1.15 Syunik Trachybasaltic  0.70438  0.51281 2.7 25.6 0.10 -3.0

andesite

11.4.15 Syunik Tephrite 0.70428 051280 1.1 326 0.033 +0.4

6.2.17 Syunik Trachybasaltic ~ 0.70433  0.51279 2.7 29.6 0.092 -33

andesite

11.35A.04  Aragats* Rhyolite 0.70471  0.51286 nd. 387 n.d. -0.5

NPP 11 Aragats Trachybasalt 0.70429  0.51281 1.7 16.6 0.10 -3.8

NPP 241 Aragats Trachybasaltic  0.70436  0.51282 3.2 15.3 0.21 -4.5

andesite

5.3.15 Vardenis Trachyandesite  0.70446  0.51280 5.2 21.0 0.25 -0.9

6.3.15 Vardenis Trachybasaltic  0.70443  0.51280 2.6 25.8 0.10 -2.3

andesite

Eocene alkaline igneous rocks

10.43.09 Tezhsar Tephri- 0.70397  0.51283 7.8 105 0.74 -8.7
phonolite *

10.45.08 Tezhsar Phonolite 0.70397 0.51282 110 55.0 0.20 -3.0

2.11.09 Tezhsar Phonolite 0.70410  0.51274 51 19.2 0.27 -5.1

3.3.09 Tezhsar Phonolite 0.70424  0.51281 19.1 24.0 0.80 -3.7

* Arteni complex, 45 km SW of Aragats summit
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Figure 4.5 5''B vs B/Nb for arc and collision zone volcanic rocks.

B/Nb is used because both elements have similar compatibilities during mantle melting, but while B
is a type FME, Nb is immobile, such that the ratio is a proxy of fluid enrichment. Post-collisional
samples are filled blue symbols; mafic samples are squares, with the rhyolites as diamonds.
Maximum error bars of 1%o are shown for 3''B of samples analysed for this study. TAC errors are
smaller than the size of the symbols. The arrows denote the processes occurring in W. Anatolia
during slab dehydration and transition to a slab-free geodynamic setting. The black curve is a simple
Rayleigh fractionation model for dehydrating serpentinite assuming fluid/residue a = 1.005, based on
modelled differences between slab and wedge serpentinite §!'B at depth (Konrad-Schmolke and
Halama, 2014). Numbers refer to % of original boron remaining in the residue. FAS- fore-arc
serpentinite end-member of Rayleigh fractionation model (De Hoog and Savov, 2018). West
Anatolian data from Tonarini et al. (2005); arc data from De Hoog and Savov (2018); MORB data
from Marschall et al. (2017).

there is some very modest enrichment in [B] for post-collision samples (1-5
ppm)compared to MORB, showing that the subduction component did impart a
small budget of B in the source. The §'!B of the studied rocks are similar to those
from hot arcs such as the Cascades (arc samples which are circled red in Fig. 4.5), or
the intraplate volcanoes of the Snake River Plain-Yellowstone region (Leeman et al.,
2004; Savov et al., 2009), both shown to represent melting of fluid-starved sources.
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Figure 4.6 87Sr/®Sr (a) and “**Nd/***Nd (b) vs. §*'B for arc and collision zone volcanic rocks

Average mid-ocean ridge basalts (MORB; Marschall et al., 2017; White and Hofmann, 1982) shown
for reference. &7Sr/2éSr and “*Nd/**Nd are initial values for TAC samples (Sokét et al., 2018). Other
data sources are as in Fig. 4.2. Fore-arc serpentinites are shown as a proxy for the composition of slab
derived fluids (De Hoog and Savov, 2018). Serpentinite dehydration line, with % B remaining in
residual serpentinite as in Fig. 4.2. Here, &7Sr/%¢Sr and **Nd/***Nd are assumed to not vary during
dehydration. The bold double arrow lines in each figure point towards the likely B isotope
composition of a sediment component.

B/ND ratios are higher in the rhyolite samples by an order of magnitude (0.75-1.5;
Fig. 4.5), but the 5!!B of the rhyolites is comparable (-4 to +2%o Vs -5 to +1%o for

mafic samples; Fig. 4.5).
The TAC rocks have a similar !B to the post-collisional rocks, with one

exception of a lighter 5B of -8.7%o (Figs 4.5 and 4.6; Table 4.2). TAC samples
have higher B concentrations (4-20 ppm) and B/Nb ratios (0.2-0.8) than the post-
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collision samples, although B/Nb is still at the lower end for arcs generally (Fig.
4.5). Surprisingly, magma sources tapped at 41 Ma and <1.5 Ma have comparable
Sr-Nd-B isotopic characteristics (Fig. 4.6)- with closely overlapping 1*3Nd/***Nd
(0.51275-0.51286), and only slightly lower 87Sr/2®Sr in TAC samples (initial values
0.7040-0.7042 vs 0.7042-0.7049). This latter discrepancy is removed when one
considers that TAC samples not analysed for B have 87Sr/%Sr) as high as 0.7052,
although the extent to which these higher values reflect alteration is uncertain (see
Section 4.2). The lower B/Nb and ***Nd/***Nd; and higher 8’Sr/®Sr of these
collision-related magmas when compared to arc rocks, means they define a
geochemical reservoir distinct to volcanic rocks from both arcs and oceanic

ridges/islands.

4.5 Discussion

4.5.1 Origin of the subduction component
Prior to this study, Western Anatolia was the only region in the world where young
(17-0 Ma) volcanic rocks, which erupted after continuous subduction ceased had
been studied for [B] and 5!!B. Western Anatolia has experienced rapid geodynamic
changes over the past 25 Myr, from subduction to an extensional setting (Tonarini et
al., 2005), which although not a continental collision, does provide an analogue of
what happens when subduction ends. Here, 23-17 Ma calc-alkaline rocks have 5!'B
(-7.1t0 -0.1%o0) and B/Nb which extend from MORB to heavier, more arc-like
values (Fig. 4.5), reflecting their formation during subduction. However, 17-14 Ma
ultra-potassic rocks have very light 8B (-15.0 to -11.2%o), interpreted to reflect the
progressive dehydration of a stalled slab (Agostini et al., 2008), which is also shown
by the gradual reduction in B/Nb (Fig. 4.5; Tonarini et al., 2005). The dehydration
preferentially removes 1'B, giving the residual slab an increasingly light !B
(Konrad-Schmolke and Halama, 2014). These samples provide a useful comparison
for the likely effects of a stalled slab on 6*'B and B/Nb with the Lesser Caucasus
samples presented in this study. There is subsequently a rebound to heavier §*'B (-
4.1 10 -0.8%o), but lower B/Nb in the 12-0 Ma volcanic rocks (Fig. 4.5), which has
been argued to reflect the end of the influence of any contemporary subducting slab

gostini et al., . Despite the similar an of young volcanic rocks
(Agostini et al., 2008). Despite the similar §''B and B/Nb of Icani k
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from Western Anatolia and the Lesser Caucasus (Fig. 4.5), the magmas likely arrive
at this composition through different mechanisms, given the intraplate-type trace
element composition of the West Anatolian rocks, which contrasts with the arc-type

geochemistry of the Lesser Caucasus volcanic rocks (Fig. 4.2).

The 8B of post-collisional volcanic rocks from the Lesser Caucasus is not
consistent with a model in which a stalled slab progressively dehydrates during slab
break-off associated with collision, a process which is likely to produce the very
light 3'B observed in the 17-14 Ma W. Anatolia samples (Fig. 4.5). Instead, in the
Lesser Caucasus 5''B has only exhibited modest variability over the past 41 Myr, on
the basis of the post-collisional and TAC samples. Mixing with an intraplate mantle
source (average OIB~ -10%o.; Walowski et al., 2019), which had previously been
underneath (and therefore unaffected by) a subducting slab, would produce a lighter
5'1B in the post-collisional volcanic rocks. Both mixing with intraplate magmas and
dehydration of a stalled slab would also result in more variable trace element and Sr-
Nd isotope compositions, which are not observed. While slab break-off is not
considered a prominent process under the Lesser Caucasus, it could well be an
important process elsewhere in the collision zone. This is particularly the case in the
Lake Van region of E. Anatolia, where alkaline magma compositions are observed,
suggesting an intraplate (below the slab) type mantle contributing to the magma
source (Pearce et al., 1990; Keskin, 2003).

It seems most likely that the subduction signature observed in the post-
collisional and TAC samples, has been stored for at least 41 Myr, to be inherited
during later melting events. The subduction component is most likely to have been
stored in the lithospheric mantle, where cooler temperatures (due to a conductive
geotherm) stabilise metasomatic minerals able to store the subduction component
long after subduction has ceased (Mandler and Grove, 2016). Amphibole, rather
than phlogopite, is the most likely such mineral to break down during melting, based
on the high Ba/Rb (20-40) and low Rb/Sr (0.01-0.04) ratios of the post-collisional
volcanic rocks (Sugden et al., 2019)- Rb is an order of magnitude more compatible
in phlogopite compared to amphibole (LaTourrette et al., 1995). This would require
storage of the subduction component at temperatures of < 1100°C to stabilise

pargasitic amphibole (Mandler and Grove, 2016).

Amphibole is supported by the positive correlation between Dy/Dy* and
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Figure 4.7 Dy/Dy* vs. Ti/Ti* for the most mafic post-collision samples from the Lesser Caucasus

All samples have > 6 wt % MgO. Data from Neill et al. (2015) and Sugden et al. (2019). Also shown
is the MORB field with higher Dy/Dy* and Ti/Ti* (after Davidson et al., 2013 and references
therein). Dy/Dy* is a measure of the curvature of a rare-earth element profile, whereas Ti/Ti* is a
measure of the size of the Ti anomaly on a mantle-normalised trace element pattern (Davidson et al.,
2013). The error bar is indicative of the uncertainties associated with the trace element concentration
analysis as described for Fig 3.11.

Ti/Ti* (Fig. 4.7; Davidson et al., 2013). Only amphibole and clinopyroxene
preferentially partition the middle REE, decreasing the Dy/Dy* ratio of any melt
equilibrating with these phases. The positive correlation with Ti/Ti* confirms that
amphibole must be a residual phase in the source of the post-collisional magmas
because Ti is an order of magnitude more compatible in amphibole than in pyroxene
(Davidson et al. 2013). Thus, amphibole is able to store a subduction component
(including slab-derived boron) for > 41 Myr, soaking up metasomatic components to
be released during later melting caused by partial breakdown of amphibole (Sugden
etal., 2019).

The low [B] of post-collisional volcanic rocks (1-5 ppm) relative to arc
volcanic rocks are consistent with the low [B] observed in vein amphiboles within
mantle xenoliths from the Kamchatka arc (0.2-3 ppm; Tomanikova et al., 2019). An
amphibole source would be expected to produce magmas low in B given low
experimental partition coefficients for boron in amphibole (Brenan et al., 1998),
explaining its low capacity for concentrating boron in its structure during the storage

of a subduction component. The B of the Lesser Caucasus volcanic rocks does
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fall within the range observed for the Kamchatka xenolith vein amphiboles (average

~ -5%o0; Tomanikova et al., 2019), suggesting it is a viable reservoir.

This stored subduction component is reminiscent of the “amphibole sponge”
concept of Davidson et al. (2007), but instead of residing in lower crustal cumulates,
the amphibole is stored in the mantle lithosphere. This is consistent with suggestions
that an amphibole-bearing magma source is present in the post-collisional mantle

lithosphere under the Lesser Caucasus (Sugden et al., 2019).

45.1.1  High boron concentrations in TAC and rhyolite samples
and the origin of their subduction component

The higher B/Nb of two TAC samples (Fig. 4.5), and the lower 3'B of one TAC
sample (-8.7%o; Fig. 4.5) are similar to the volcanic rocks from “hot” subduction
zones (Fig. 4.5; Leeman et al., 2004; Savov et al., 2009). This could suggest the
subduction signature in the TAC samples is a mixture of the component observed in
the post-collision samples, and a component derived from contemporaneous addition
of material from a partially dehydrated slab.

Despite the higher B/Nb of the rhyolite post-collision samples, the matching
Sr-Nd-B isotope characteristics of mafic and felsic samples shows that the magma
source of the parental magma to these rhyolites is the same long-lived subduction-
modified mantle source which supplied the mafic magmas. These isotope
characteristics also confirm that crustal contamination did not play a role in the
petrogenesis of the rhyolites, meaning B/Nb varies with the extent of crystal
fractionation. [Nb] is invariant during fractional crystallisation, whereas [B]
increases by an order of magnitude (Table 1). Nb must partition into a crystallising
phase, while B remains in the magma. The reduction in Nb/Ta with SiO> content in
these magmas (not shown) provides a potential explanation for the behaviour of Nb.
A reduction in Nb/Ta during crystal fractionation reflects rutile fractionation in the
middle to lower crust (Tang et al., 2019), suggesting Nb may be sequestered in

rutile.
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Figure 4.8 Th/Rb vs Th for post-collisional mafic volcanic rocks, subducted sediments and arc
volcanic rocks

Subducted sediments are representative Tethyan flysch from Serbia (Prelevi¢ et al., 2008). Post-
collisional samples are all those samples with > 4 wt% MgO and < 54 wt% SiO, from Syunik and
Vardenis volcanic highlands (Chapter 3), Gegham volcanic highland (Savov, unpublished), Aragats
volcano (Connor et al., 2011), and the northern Lesser Caucasus (Neill et al., 2015). Also shown are
Mesozoic-Paleogene arc samples from the Pontides of Eastern Turkey (Aydingakir and Sen, 2013)
and the Kapan Zone of South Armenia (Mederer et al., 2013). These samples overlap with the post-
collision samples in Th/Rb but extend to lower values, likely to reflect greater fluid input to the
mantle source. Six arc samples which have very high Th/Rb of up to 2.5 are not shown on this figure,
because they are interpreted to reflect post-emplacement alteration and leaching of Rb (Aydingakir
and Sen, 2013).

4.5.2 Nature of the subduction component
The subduction component is generally imparted by aqueous fluids, melts or
supercritical fluids liberated from a subducting slab and overlying sediments. Here,
melts and supercritical fluids will be treated as interchangeable, given the similar

trace element partitioning behaviour of the two (Kessel et al., 2005).

The [B] and 5'!B of most arc rocks is dominated by aqueous fluids derived
from dehydration of dominantly fore-arc serpentinite melanges (De Hoog and
Savov, 2018, and references therein). Given the heavy §''B of fore-arc serpentinites
(avg. ~+13 %o (Fig. 4.6), ranging from +5 to +25%.; De Hoog and Savov, 2018), the
light 5'!B in the Lesser Caucasus rocks means that a source for the subduction
component would have already lost a significant amount of fluid (and hence heavy
B) prior to contributing to the post-collisional mantle source (Konrad-Schmolke and
Halama, 2014). A simple Rayleigh fractionation model of fluid depletion of fore-arc
serpentinite (assuming 5%o fluid-residue fractionation) shows that the 5'B and B/Nb
of arc rocks (but not the post-collisional volcanic rocks), can be explained by mixing

between MORB-source mantle and variably dehydrated serpentinite fluids (Fig.
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Figure 4.9 U/Nb, Pb/Ce and Ba/Th in mafic post-collisional and arc rocks.

Arc rocks are Mesozoic-Paleogene in age and are from the Lesser Caucasus and the Pontides to the
west. Data is sourced and filtered as in Fig. 4.8. MORB values after Sun and McDonough (1989).

4.5). 87Sr/%8Sr and 43Nd/***Nd would not vary during dehydration (horizontal
trajectories in Fig. 4.6). Such a depleted fluid could explain the Sr-B isotope
composition of the post-collisional magmas (Fig. 4.6a), but not the lower
13N d/A4Nd (Fig. 4.6b).

The subduction component must instead be a melt or supercritical fluid
derived from subducted sediments or oceanic crust, in order to mobilise Nd and
modify the *Nd/***Nd of the mantle source. Adakites are thought to be
geochemically characterised by a melt derived from oceanic crust. They have
MORB-like Sr-Nd isotope ratios, rather than the high 8’Sr/%éSr and low *3Nd/***Nd
in the post-collisional rocks (Fig. 4.6). Moreover, although the post-collisional
magmas do have the high Sr/Y ratios (15-130) of adakites, they lack the high
primary SiO, contents, and have higher Y and Yb contents (Castillo, 2012).
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This leaves a sediment melt as the carrier of the subduction component in the
post-collisional rocks, supported by their low *3Nd/***Nd. A sediment melt is also
supported by the similar Th/Rb (Fig. 4.8) in the volcanic rocks (average for mafic
samples~ 0.16 +0.06 (2 SD)) and Tethyan flysch (avg. 0.13 £0.2; Prelevi¢ et al.,
2008). For Th/Rb to reflect local subducted flysch, the subduction component must
be: a) derived from the sediment, and b), must be a melt or supercritical fluid for Th
and Rb to partition similarly between the mobile and the residual phases given that
Th is fluid-immobile (Johnson and Plank, 2000). In addition, given the relatively
low Th content of the oceanic crust (Kelley et al., 2003), the high Th contents of
post collisional samples (comparable to the Tethyan sediments) suggest derivation
of the component from the slab sediments (Fig. 4.8).

The $*B of this sedimentary component is likely to be in the range of -5 to
+2%o (Fig. 4.6) based on the §'!B of the TAC and post-collision samples. This can
be compared to the 5B of tourmalines (one of the major carriers of B past the fore-
arc) in metasediments. Tourmalines from metamorphosed terrigenous sediments
have much lighter 3*'B than the Lesser Caucasus volcanic rocks (-7 to -15%o;
Bebout and Nakamura, 2003). However, tourmaline prograde mantles (formed at
peak metamorphic conditions) from Syros, Greece, have comparable §'!B to the
Lesser Caucasus samples (-1.6 to + 0.9%o; Marschall et al., 2008). The heavier 5''B
in Syros is likely a result of a mixture of marine-derived as well as terrigenous
sediment in the protolith. It is probably the case that there is no 5''B fractionation
during separation of a melt phase from the residual sediment, given the tetrahedral
co-ordination of B in both magma and most silicate minerals (Maner and London,
2018). A melt of the mixed marine-terrigenous metasediment could produce the
subduction component observed in the Lesser Caucasus post-collisional magmas.
Release of a supercritical fluid could involve none or only limited isotope
fractionation given the likely high temperatures (Konrad-Schmolke and Halama,
2014). If instead separation of a supercritical fluid did involve isotope fractionation,
then the isotopically lighter, dominantly terrigenous-derived sediment could be a

more viable source for the subduction component.

Ratios such as Ba/Th, Pb/Ce and U/Nb (FME/immobile element of similar
compatibility during melting) are higher and more variable in Mesozoic-Paleogene
arc rocks from the Lesser Caucasus and Eastern Anatolia (Fig. 4.9; Aydincakir and

Sen, 2013; Mederer et al., 2013) compared to the relatively young post-collision
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rocks investigated in this study. This indicates that a fluid component was present
during subduction, but was not inherited by magmas formed after continental
collision. This points to the sediment melt being much more long-lasting in the
mantle, whereas the aqueous fluid component is transitory. Indeed, studies of U-Th
series isotopes in Kamchatka suggest the fluid component can travel from slab to
surface in 1-300 kyr, whereas a sediment component can take 350 kyr- 4 Myr to
make the same journey (Turner et al., 2000). It could be the case that once the slab
stalls the fluids are quickly removed, such that the subsequent subduction

component is dominated by sediment melts.

4.6  Concluding remarks

Despite evidence that the source of Mesozoic-Paleogene Tethyan arc magmas was
modified by aqueous fluids, the light §'!B of post-collisional volcanic rocks
indicates derivation from a mantle source modified by a fluid-starved subduction
component. There is also no evidence for continued dehydration of a stalled slab
following collision, which would be expected to produce the even lighter 5B, as
observed in the 16-17 Ma samples from Western Anatolia. Instead the similar 5'B
and Sr-Nd isotopes of post-collision and TAC samples indicate that the subduction
component was inherited from preceding subduction, with the lack of the heavy §''B
signature of aqueous fluids being a result of them being transitory and not surviving
to impart their signature on post-collisional mantle sources. For this subduction
component to be inherited, it needs to be stored since at least the 41 Ma TAC
volcanism. The low [B] is consistent with trace element evidence that amphibole in
the mantle source is the storage repository for the subduction component, given the
low storage capacity for B in amphibole. Higher B/Nb in TAC samples (comparable
with B/Nb in “hot” arcs) and overlapping 6''B may suggest that an inherited
subduction component, similar to that observed in post-collision samples was mixed
with a component derived from a contemporaneously subducting slab. The more
clustered Sr-Nd-B isotope compositions of the post-collisional samples suggests that
by the Plio-Pleistocene only the inherited component remains. The sediment melt (or
supercritical fluid) origin of the subduction component suggested on the basis of

trace elements and Sr-Nd isotopes may be consistent with post-collisional volcanic



-08 -

rock 8''B, given similar values for some dehydrated metasediments of mixed

marine-terrigenous origin.

The lower 3Nd/**4Nd in arc rocks compared to fore-arc serpentinites (Fig.
4.6) is perhaps a “smoking gun” for the presence of this sediment melt component in
all arc rocks, but their heavy 5B is testament to it being obscured by a dominant,
serpentinite-derived fluid component. As a setting in which only sediment melts
metasomatise the mantle source, volcanism in continent-continent collision zones is
an ideal setting to separate the effects of slab-derived sediment melt and aqueous

fluids in subduction zones.
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5. Post-collisional shift from central to distributed
volcanism revealved by new Ar-Ar ages in the
southern Lesser Caucasus volcanic field

5.1 Introduction

Volcanic eruptions through a central conduit of a long-lived polygenetic volcano
(formed over multiple eruptive cycles) are by far the most studied style of
volcanism. However distributed volcanism, whereby over time a volcanic field of
numerous monogenetic (formed in a single eruptive episode) volcanoes is formed is
equally, if not more, widespread (Valentine and Connor, 2015). Volcanic fields are
found at every plate boundary and intraplate setting at which polygenetic volcanoes
form (Smith and Németh, 2017). There are two main candidates for what might
cause volcanic activity to produce monogenetic volcanoes instead of polygenetic
ones: a low magma supply rate or a high rate of crustal extension (Connor and
Conway, 2000). In any locality, a polygenetic volcano may be impossible to sustain
due to either or both of these factors (Fedotov, 1981; Hasebe et al., 2001; Bucchi et
al., 2015).

A polygenetic volcano needs magma to be repeatedly supplied to the base of
the edifice, which requires a stable magma plumbing system. A low rate of magma
supply will mean that magma ascends through both the crust and mantle as discrete
batches with no connection to the mantle source or the surface, and hence no
plumbing system (Fedotov, 1981). As an example, monogenetic volcanoes of the
Sredinny ridge in the south of the Kamchatka peninsula have lower magma supply

rates than the large polygenetic volcanoes on the peninsula (Fedotov, 1981).

High rates of extension are another possible way to prevent the formation of
a large edifice. Magma focusing in plumbing systems may occur though dyke
coalescence which allows different magma batches to be mixed together (Takada,
1994a). This coalescence is retarded in regions of high extension as dykes ascend
parallel to each other (Takada, 1994b). An example of where extension may play an
important role is the Carran-Los Venados volcanic field in the southern Andes,
where there is almost sufficient magma supply to establish a stable conduit. The
nearby polygenetic volcano Puyehue-Cordon Caulle has a similar long term magma

supply (although the short term supply during its most active periods may be
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higher), but is in a compressional stress regime. In contrast the volcanic field is
undergoing extension which could be preventing a polygenetic volcano from
forming (Bucchi et al., 2015).

The Lesser Caucasus is another region host to both polygenetic and
monogenetic volcanoes. Polygenetic volcanoes include Aragats (> 3 km tall with a
70 km basal diameter; Connor et al., 2011, 2012; Gevorgyan et al., 2018), Ararat
(see Fig. 1.2a), Tskhouk and Ishkhanasar (Fig. 5.1; see chapters 1 and 2). There are
> 500 mapped monogenetic volcanoes in the Lesser Caucasus, located on the flanks
of Aragats and across the Gegham, Vardenis and Syunik volcanic highlands
(Chapter 2; Fig. 5.1; Weller et al., 2018).

Both types of volcano present their own distinct hazard to local populations
and infrastructure. Polygenetic volcanoes have the potential to produce the larger,
more explosive eruptions, whose effects will cover the widest areas. The high
altitude of these volcanoes means they are generally remote from human
populations, such that a smaller eruption might have little effect, whereas a large
eruption could be devastating. Monogenetic volcanoes are smaller and lava flows
are the most common eruptive product (see Chapter 2). Their eruptions are likely to
affect a smaller area, but are much more unpredictable in terms of their location,
such that if they erupt in the wrong place the impact could be substantial. For
example the Armenian Nuclear Power plant is surrounded by small monogenetic
volcanoes but is also on the lower distal slopes of Aragats polygenetic volcano
(Karakhanian et al., 2003; Connor et al., 2011; Connor et al., 2012; Aspinall et al.,
2016; Weller et al., 2018). Yerevan, 30 km to the east of the power plant is a city
with a population > 1 million people. Polygenetic volcanism from Aragats 50 km to
the NW, and monogenetic volcanism extending from the city limits to Gegham ridge
40 km to the east could both effect the city. The former has the potential to produce
ignimbrites similar to previous events which formed the deposit the city is built on
(Gevorgyan et al., 2018). Meanwhile lava flows are exposed in the Hrazdan gorge
which rings the city centre, and may well have erupted from a nearby monogenetic
volcano (Lebedev et al., 2013). The U2 highway is the main road link with Iran and
is a vital trade link for Armenia. This road crosses the lower slopes of Tskhouk and
Ishkhanasar, while Holocene lava flows came within 5 km of the current road
(Karakhanian et al., 2002; Sugden et al., 2019). The different hazards that a future
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polygenetic or monogenetic eruption might pose mean that it is important for

scientists to try and understand what sort of eruption is likely in the future.

The polygenetic volcanoes appear to be inactive, while the youngest
Holocene eruptions in the Lesser Caucasus have been exclusively monogenetic
(Karakhanian et al., 2002). This leads one to the hypothesis that rather than the two
modes being contemporaneous, as was observed in the southern Andes (Bucchi et
al., 2015), there has been a shift over time from polygenetic to monogenetic
volcanism, and that a monogenetic eruption is more likely in the future than a

polygenetic one.

This hypothesis is tested by presenting a new set of high quality Ar-Ar ages
for key volcanic units from the southern Lesser Caucasus. These ages are used in
conjunction with previous K-Ar (Philip et al., 2001; Karapetian et al., 2001; Ollivier
et al., 2010; Lebedev et al., 2013), Ar-Ar (Joannin et al., 2010), apatite fission track
(Karapetian et al., 2001) and archaeologically determined (Karakhanian et al., 2002)
ages to assess the longevity of volcanism, to make some conservative estimates of
the recurrence interval of eruptions, and to assess the precise timing of any
polygenetic to monogenetic transition. The geographical extent of this transition is
also investigated—that is whether a transition occurs in Syunik, in VVardenis, or in
Gegham, or across the region. Furthermore, is this transition contemporaneous or

diachronous across the Lesser Caucasus?

The age data are combined with geochemical data presented in Chapters 3
and 4 to investigate the origin of a possible polygenetic to monogenetic transition.
As discussed above, it could either be a decreasing magma supply or an increasing
rate of extension. The working hypothesis here is that the transition is a result of a
decreasing magma supply, specifically as a consequence of the exhaustion of
subduction components in the mantle source. This can be thought of as the “death of
a subduction zone”, where following collision and the end of continuous subduction
of oceanic lithosphere, slab-derived components are progressively removed from the
mantle source during post-collisional magmatism. Removal of these subduction
components should remove fusible phases from the mantle source, so that less
magma can be produced over time. Samples were selected for Ar-Ar dating so that
they can be compared with the §''B data in Chapter 4 as a test of whether

subduction components are being exhausted over time. If no correlation (positive or



- 102 -

negative) can be observed, then some other process must have driven the poly- to

monogenetic transition.

5.2  Previous age constraints

Although sparse, there are several studies which have provided geochronological
constraints on the history of post-collisional volcanism across the southern Lesser
Caucasus volcanic field (Fig. 5.1). This volcanic field consists of the Syunik,
Vardenis and Gegham volcanic highlands referred to in previous chapters, which in
reality are a region of volcanic activity without distinct breaks in between them (see
Chapter 2). As well as introducing the previous age constraints within the volcanic
field, ages from the neighbouring Aragats volcano are also discussed. The literature

data presented here are listed in Appendix C.

5.2.1 Aragats volcano
Aragats is the largest volcano in the Lesser Caucasus, with an area of >5000 km?
and a volcanic sequence up to 3 km thick (Jrbashyan et al., 2012). Aragats erupted
lavas and pyroclastic material between 2.5 and 0.5 Ma (Chernyshev et al., 2002).
The complex is composed of a central summit which is the polygenetic volcanic
centre, and numerous monogenetic centres (> 93) on the flanks of the volcano
(Connor et al., 2011). Effusive eruptions produced large areas of lava flows, with
individual flows as large as 18 km?® (Connor et al., 2011). Explosive eruptions have
produced numerous small scoria cones, six large ignimbrite sheets and three tephra
fallout deposits (Gevorgyan et al., 2018). Eruptive products range in composition
between trachybasalts and trachytes (Connor et al., 2011). Most of the age data
presented here come from the youngest 500 kyr of deposits (Karakhanian et al.,
2003; Connor et al., 2011; Gevorgyan et al., 2018).

Dating of monogenetic centres on the flanks of the volcano give ages of 1.3-
0.5 Ma (Fig. 5.1b), and includes mafic scoria cones, mafic and intermediate lava
flows and a pyroclastic deposit formed from the Irind flank vent (Chernyshev et al.,
2002; Connor et al., 2011). The ignimbrite sheets must have been erupted from the
polygenetic Aragats volcano because they form as a result of caldera collapse-
requiring a volcano with a mature magma plumbing system and a large magma
chamber (Hildreth, 1981). The ignimbrites have an age range of 1.8-0.65 Ma
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Figure 5.1 Maps of age constraints on southern Lesser Caucasus volcanic rocks

(a) Location of the Lesser Caucasus mountains within the Arabia-Eurasia collision zone at the
northern edge of the Turkish-Iranian plateau. Plate velocity estimates after Reilinger et al. (2006). (b)
Location map for samples with known age in the Southern Lesser Caucasus volcanic field, as well as
the neighbouring Aragats volcano. Here the whole of the Southern Lesser Caucasus volcanic field is
shown by the solid line, with the location of each of the three volcanic highlands referred to in
previous chapters separated by dotted lines. These three highlands from NW to SE are Gegham,
Vardenis and Syunik. The age range for the Aragats polygenetic volcano is from Gevorgyan et al.
(2018), with individual K-Ar and Ar-Ar ages also shown (Ghukasyan, 1985; Mitchell and Westaway,
1999; Chernyshev et al., 2002; Connor et al., 2011; Gevorgyan et al., 2018). Samples are colour
coded according to their composition and the shapes denote the method by which an age was
obtained: Ar-Ar, K-Ar or apatite fission tracks (AFT). Within the volcanic field all the new ages and
previously published ages considered in this chapter are shown (Karapetian et al., 2001; Philip et al.,
2001; Karakhanian et al., 2002; Lebedev et al., 2013), with the exception of K-Ar and Ar-Ar ages of
lava flows and tuff layers in lake sediments, which would all be located under the “0.96-0.57” Ma
box. These ages are shown in Fig. 5.4, and are discussed in the text. The age (or range of ages for
samples which are very close together) is shown by the boxed number next to the samples. Where a
sample has been produced from an eruption from a polygenetic volcano the age is labelled “(P)”. (c)
Geological map of the Syunik volcanic highland, with the area of the map shown in Fig. 5.1b. Map
modified from that shown in Sugden et al. (2019). Ar-Ar age determinations for this study are shown
by the large triangles with 2o error. Also note the Sissian suite of sediments shown in yellow, within
which 2 tephra layers have been dated (1.24 and 1.16 Ma; Joannin et al., 2010), with several of the
lava flows capping the sediment sequence also being dated (1-0.1 Ma; Ollivier et al., 2010).
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(labelled P in Fig. 5.1b), showing broad overlap with the age range of the
monogenetic centres (Ghukasyan, 1985; Mitchell and Westaway, 1999; Connor et
al., 2011; Gevorgyan et al., 2018). Contemporaneous monogenetic and polygenetic
volcanism suggests Aragats must have a magma supply close to the minimum
required to sustain a polygenetic volcano (Bucchi et al., 2015). As such magmatism
in the region might be susceptible to a polygenetic-monogenetic transition.
However, the available evidence does not suggest that any temporal shift occurred at

this volcano.

5.2.2 Gegham volcanic highland
Gegham forms the northern part of the Southern Lesser Caucasus volcanic field
(Fig. 5.1). Eruptive products have bimodal compositions with mafic-intermediate
lavas and rhyolites, but relatively few trachydacites (Fig. 3.3, see Chapter 3).
Although there are rhyolite domes as large as Spitaksar and Geghasar (5 km
diameter), there is no definitive evidence to show they are polygenetic. Monogenetic
volcanic centres are widespread across the region, with numerous cones of both
Pliocene and Pleistocene age (Lebedev et al., 2013). In general lavas on the lower
western slopes appear to be older, while many of the youngest eruptions have
focussed along the central axis of the Gegham ridge (Fig. 5.1b), which hosts a series

of pull-apart structures (Karakhanian et al., 2003; Lebedev et al., 2013).

Although the K-Ar ages are of lower precision when compared with the Ar-
Ar technique, Lebedev et al. (2013) provide the largest dataset of Quaternary ages
(n=42) for monogenetic volcanoes of both mafic and felsic compositions in the
southern Lesser Caucasus volcanic field (Fig. 5.1b). This large number of ages can
be combined with ages from Vardenis and Syunik to provide a useful timeline of
volcanic events during the Quaternary, including intervals of quiescence and more
intense volcanic activity; as well as episodes of predominantly mafic vs felsic
volcanism (see section 5.6). Karapetian et al. (2001) provided apatite fission track
ages (AFT; Fig. 5.1) for two of the rhyolites also dated by Lebedev et al. (2013).
The 0.1 Ma ages for Geghasar are in good agreement between both techniques,
while the 0.5 Ma AFT age for Spitaksar is substantially older than the 0.2 Ma from
K-Ar (Fig. 5.1b).
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The evidence suggests this region has been dominated by monogenetic
volcanism for at least the last 2 Myr, if not longer. There may be some isolated
evidence for polygenetic volcanism at the Spitaksar rhyolite dome which is in a
Pliocene caldera called Pich, the latter of which may be the remnants of a
polygenetic volcano (Lebedev et al., 2013). However, the overall evidence of
numerous Pliocene monogenetic cones does not suggest a polygenetic to

monogenetic transition occurred here.

5.2.3 Vardenis volcanic highland
Based on fieldwork conducted during the preparation of this thesis, large ignimbrites
form the base of the volcanic sequence (Fig. 2.3e), attesting to the presence of large
caldera-forming volcanoes early in the volcanic history of the region. Above the
ignimbrites are a succession of lava flow units which were mafic at the base, but
grade into trachydacites up-section. One of these trachydacite volcanoes
(Sandukhansar) has a K-Ar age of 2.3 Ma (Karapetian et al., 2001). It is unclear
whether these lavas are the result of polygenetic or monogenetic volcanic eruptions,
however the substantial size of these edifices (up to 10 km across, 3400m above sea
level) might suggest they were polygenetic volcanoes.

All of the Pleistocene volcanism is monogenetic. The Choraphor rhyolite
volcano is a small dome (~2 km diameter) on the northern slopes of the Vardenis
ridge, and has a K-Ar age of 1.75 Ma (Fig. 5.1b; Karapetian et al., 2001). While
investigating the long term slip rate on the Pambak-Sevan-Syunik strike-slip fault,
Philip et al. (2001) measured the age of the Khonarhasar scoria cone as 1.4 Ma using
the K-Ar technique (Fig. 5.1b). Khonarhasar is dissected by the fault, leading to one
half of the cone being offset along the fault from the other. To the south of
Khonarhasar, Porak volcano (Fig. 2.3c) has been interpreted as a Holocene
monogenetic volcano based on archaeological and historical evidence, with
documents suggesting the eruption occurred between 782 and 773 BC (Karakhanian
et al., 2002).

The evidence available from previous studies suggests that while early
volcanism in Vardenis produced caldera-collapse ignimbrite forming eruptions from

polygenetic volcanoes, Pleistocene volcanism has largely seen the formation of
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monogenetic volcanoes. This suggests a polygenetic to monogenetic transition did

occur, probably sometime before 1.5 Ma, but the exact timing is uncertain.

5.2.4 Syunik volcanic highland
The evidence for a polygenetic to monogenetic transition is substantially clearer in
Syunik when compared to the other regions. Geological mapping has generally
indicated that the polygenetic volcanoes are older than the monogenetic volcanoes
(Fig. 5.1c). Close to the base of the section is the Goris strata debris avalanche
volcaniclastic deposit, which formed due to the collapse of a large (likely
polygenetic) volcanic edifice. It is thought to be upper Pliocene in age given that it
lies directly below the lower Pleistocene Sissian sediments (Fig. 5.1c). It is also
stratigraphically below the lava flows from monogenetic volcanoes in the large
gorge in the south of the map area (Fig. 5.1¢). Two polygenetic edifices are still
observable in Syunik: Ishkhanasar (in the SE) and Tskhouk (to the NW; Fig. 2.3a).
The lava flows which are associated with the polygenetic volcanoes are sometimes
covered by the volcanic deposits of monogenetic volcanoes. For example, the
Sherepasar monogenetic volcano clearly formed on top of the pre-existing lava

flows from Tskhouk polygenetic volcano (Fig. 2.3h).

Ar-Ar ages of 1.16 and 1.24 Ma have been obtained for volcanic tephra layers
interbedded with diatomite sediments in the Sissian suite sediments (Joannin et al.,
2010). The large clast size (described as “conglomeritic” with cm-Sized pumice
clasts) and the thickness of these deposits (1-2.5m), suggests the volcanic material
could be derived from a proximal source (Joannin et al., 2010). A significant magma
chamber, with a sufficient magma volume to force a mass eruption rate high enough
to drive a Plinian eruption might require a local polygenetic volcano to erupt this

tephra deposit.

Ages from monogenetic volcanoes in Syunik are exclusively younger than 1 Ma.
Several lava flows from monogenetic volcanoes which cap these sedimentary
sequences have all been dated as < 1 Ma using the K-Ar technique (Ollivier et al.,
2010). Several monogenetic rhyolite domes have been dated to 0.9-0.3 Ma using
AFT and K-Ar methods (Karapetian et al., 2001). Archaeological evidence suggests
the youngest lava flows from monogenetic volcanoes were emplaced roughly 5000-
4500 years BP using the ages of burial cairns and petroglyphs (Karakhanian et al.,
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2002). The evidence suggests that in Syunik there was a transition from polygenetic

to monogenetic volcanism, which might have occurred around 1 Ma.

5.3 Sample Selection

Sample selection focussed predominantly on the Syunik volcanic highland for
several reasons: (i) the evidence that this is a region where a transition from
polygenetic to monogenetic volcanism occurred; (ii) the large number of mafic
eruptive centres, which when age constrained can be used to look at the potential
exhaustion of fusible components in the mantle source over time (and hence a
waning magma supply as a potential cause of the transition); (iii) the detailed
geological map which allows Ar-Ar ages to be related to the number of mapped
monogenetic centres, such that recurrence intervals of volcanism can be
investigated; and (iv) the relative paucity of age data when compared to the Gegham
highland allowing better age coverage across the southern Lesser Caucasus volcanic
field. Two samples from the Vardenis highland were also dated, as this region
represents a gap in geochronological constraints across the field, and because there

is some indication here of a poly- to monogenetic transition.

In Vardenis, one basaltic trachyandesite lava (sample 6.3.15) and one
ignimbrite (sample 5.1.15) were selected for dating. The lava is a small volume
mafic eruption which lies directly on top of the 2.3 Ma massive trachydacite lavas
(see Fig. 2.3g in Chapter 2). If this mafic lava is much younger than the
trachydacites underneath it, then it is likely to be monogenetic. If it formed at a
similar time to the dacites then the case for a polygenetic volcanic system (capable
of erupting several batches of magma of different compositions) at this time would
be strengthened. The precise age could further constrain the timing of the poly- to
monogenetic shift. The large ignimbrite unit at the base of the volcanic section
provides an age for the basement on which all younger lava flows must have been

built, and an age at which volcanic activity must have included polygenetic activity.

In Syunik, one sample is from a lava flow coming off the Tskhouk
polygenetic volcano (sample 5.5.12), while the other nine samples come from
monogenetic centres. The age of Tskhouk will show definitively when the

polygenetic volcano must have been active. If the age is similar to the tephra layers
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in the diatomite sediments this would support the view that these tephra came from a
local stratovolcano. It would also show that the polygenetic to monogenetic

transition occurred later here than to the north.

The bulk of new ages presented in this chapter are for monogenetic
volcanoes in Syunik. Most of the samples chosen have mafic compositions and have
also been analysed for Sr-Nd-B isotopes. This means the ages can be used to look at
how the magma source may have changed over time, and whether there are any
signs of it being depleted. These samples will be the main source of evidence on

what might have caused the poly- to monogenetic transition in Syunik.

5.4  Analytical Methods

The groundmass fraction of most samples was used for Ar-Ar analysis to avoid
inherited argon and maximise the K content. Samples were prepared for irradiation
at the Scottish Universities Environmental Research Centre (SUERC) by Patrick
Sugden. Following irradiation, argon isotope analysis on gas flux mass

spectrometers was carried out by Dan Barfod and co-workers.

Sample preparation followed a rigorous procedure, whereby samples were
crushed to the 250um size fraction; after which these grains were passed through a
barrier-type Franz magnetic separator to remove phenocrysts and altered
groundmass. Finally hand-picking removed any residual phenocrysts and altered

groundmass to give 400 mg groundmass samples.

For the ignimbrite sample 5.1.15, sanidine phenocrysts were used instead to
obtain an age via total fusions of a population of single grains. Sanidine crystals
were processed by crushing and magnetic separation, in the same way as for the
groundmass samples. Sanidine was then separated using heavy liquid density
separation, followed by a final magnetic separation to minimise the presence of
inclusions. The sanidine crystals were leached in dilute HF to remove any pumice
glass coating the grains. Hand picking was then used to select the most appropriate

phenocrysts for analysis.

Samples and neutron flux monitors were packaged in copper foil and stacked
in quartz tubes with the relative positions of packets precisely measured for later

reconstruction of neutron flux gradients. The sample package was irradiated in the
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Oregon State University reactor, Cd-shielded facility. Alder Creek sanidine
(1.1891+0.0008 (15) Ma; Niespolo et al., 2017) was used to monitor **Ar production
and establish neutron flux values (J) for the samples. Gas was extracted from
samples via step-heating using a mid-infrared (10.6 um) CO> laser with a non-
gaussian, uniform energy profile and a 3.5 mm beam diameter rastered over a
sample well. The samples were housed in a doubly-pumped ZnS-window laser cell
and loaded into a copper planchette containing four square wells (1.6 cm?).
Liberated argon was purified of active gases, e.g., CO2, H20, H2, N2, CHa, using
three Zr-Al getters; one at 16°C and two at 400°C. Data for 9 groundmass samples
were collected on a GVi instruments ARGUS V multi-collector mass spectrometer
using a variable sensitivity faraday collector array in static collection (non-peak
hopping) mode (Mark et al., 2009; Sparks et al., 2008). Data for samples 10.2.15
and 11.1.15 were collected on a Mass Analyser Products MAP-215-50 single-
collector mass spectrometer using an electron multiplier collector in dynamic
collection (peak hopping) mode. Time-intensity data are regressed to inlet time with
second-order polynomial fits to the data. The average total system blank for laser
extractions, measured between each sample run, was 1.4 + 1.7 x10%°> mol “°Arr,
2.8+3.5x10 mol *¥Ar, 9.0+7.4x108 mol ®¥Ar (2.75 + 0.09 x107%%, 3.0 + 0.5 x10°
and 0.12 + 0.02 x10*® respectively for samples 10.2.15 and 11.1.15). Mass
discrimination was monitored on a daily basis, between and within sample runs by
analysis of an air standard aliquot delivered by an automated pipette system (see raw
data for D values applied to individual steps). All blank, interference and mass
discrimination calculations were performed with the MassSpec software package
(MassSpec, version 8.058, authored by Al Deino, Berkeley Geochronology Center).
Inverse-variance-weighted plateau ages, or composite plateau ages for replicated
samples, are chosen as the best estimates of the emplacement ages. Plateau ages

were defined following these criteria:

1) Steps overlap in age within 26 uncertainty.
2) Minimum **Ar content for a step is >0.1% of total *°Ar release.
3) Minimum of three contiguous steps.

4) Minimum of 50% of *°Ar in the chosen steps.

5) The inverse isochron formed by the plateau steps yields an age

indistinguishable from the plateau age at 2c uncertainty.
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6) The trapped component composition, derived from this inverse isochron, is

indistinguishable from the composition of air at the 2c uncertainty level.

7) Age and uncertainty were calculated using the mean weighted by the inverse
variance of each step.

Sanidine sample irradiation followed the same procedure as groundmass
samples. Step-heated gas extraction used a narrower CO; laser beam with a 1.5 mm
diameter. The samples were housed in a doubly-pumped ZnS-window laser cell and
loaded into a stainless steel planchette containing 208 2.0mm diameter round wells.
Data were collected on a Mass Analyser Products MAP-215-50 single-collector
mass spectrometer using an electron multiplier collector in dynamic collection (peak
hopping) mode. The average total system blank for laser extractions, measured
between each sample run, was 9.4+0.4x10726 mol “°Ar, 9.6+2.6x107® mol *°Ar,
7.3+2.0x107* mol %Ar. Other aspects of analysis were identical to those of the

groundmass samples.

5.5 New “Ar-*Ar ages

The full Ar isotope dataset is displayed in Appendix D. A summary of this data is
shown in Table 5.1, with the associated isochron, step-heating plateau and
population distribution (in the case of the sanidine phenocrysts) diagrams shown in
Figs 5.2 and 5.3. Fig. 5.2 shows the results of total fusion analyses of individual
sanidine phenocrysts from an ignimbrite which forms the basement of the Southern
Lesser Caucasus volcanic field in the Vardenis highland. Its age of 6.014 + 0.067
Ma provides a maximum time frame over which most of the remainder of the
southern Lesser Caucasus volcanic field was built. All the other new ages (Fig. 5.3)
are less than 1.5 Ma, as reported in Table 5.1. This is in agreement with other
previous age constraints (Joannin et al., 2010; Ollivier et al., 2010; Lebedev et al.,
2013), which suggest that the surface exposure of lava flows and un-eroded scoria
cones in the Southern Lesser Caucasus volcanic field largely represents a
Quaternary pulse in volcanism. However, some of the volcanic units exposed in
Gegham and Vardenis are of Pliocene age (Karapetian et al., 2001; Lebedev et al.,
2013).

Sample 6-3-15 in Fig. 5.3 is the small mafic dome which overlies the
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Figure 5.2 Population distribution and inverse isochron diagram for ignimbrite sample from the base
of the Vardenis volcanic highland.

massive trachydacite units and has a plateau age of 1.301 £0.014 Ma. This is a full 1
Myr younger than the dacites underneath. Such a time gap is comparable to the
range of ages for erupted products from the modern Aragats volcanic edifice
(1.3Myr; Connor et al., 2011; Gevorgyan et al., 2018), or of the lifespan of Neo-
Sabalan volcano in NW Iran (0.4 Myr; Ghalamghash et al., 2016). As such this
mafic unit is considered a separate monogenetic volcano to the dacites underneath.
This lends further support to the notion that unlike in Syunik, volcanism was already

monogenetic in Vardenis prior to 1 Ma.

In contrast the age of the lava flow on Tskhouk polygenetic volcano in
Syunik is 1.316 £0.014 Ma, providing the first direct geochronological evidence that
polygenetic volcanoes were active in Syunik within the past 1.5 Ma. At the same
time as volcanism in Vardenis was producing monogenetic volcanoes, volcanism in

Syunik still took the form of polygenetic volcanoes.

All nine of the monogenetic volcano ages in Syunik are younger than 1 Ma
(Figs 5.1 and 5.3). There is a cluster of four ages between 0.8 and 0.96 Ma (Fig.
5.3). The other five ages are younger than this, with the most recent cone forming at
0.048 +£0.024 Ma (sample 11.3.15; Fig. 5.3). The rhyolite obsidian sample (4.15.08)
has an age of 0.674 £0.01 Ma, in good agreement with an apatite fission track age of
0.61 Ma (Karapetian et al., 2001). The ages of the mafic-intermediate volcanoes

show a vent migration with time, becoming younger to the north (Fig. 5.1).
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Figure 5.3 Plateau and isochron diagrams for “°Ar-*°Ar step-heating experiments on groundmass
samples

Sample 4.15.08 is obsidian glass. 5 samples (2.7.08, 2.10.08, 4.15.08, 10.2.15 and 11.3.15) had their
step heating experiments repeated. This figure shows the first step heating experiment. The age
reported in other figures is the inverse-variance-weighted composite age as shown in Table 5.1.
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5.6

Volcanic history of the Lesser Caucasus

The late Miocene age for the Vardenis ignimbrite correlates with a second pulse of

post-collisional rhyolite volcanism across Armenia (7-5-4.5 Ma), with an earlier one

occurring 17-10 Ma (Karapetian et al., 2001). It also correlates with the end of the

early stage of bimodal volcanism on the Erzurum-Kars plateau in neighbouring
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eastern Anatolia to the west, which included the production of felsic pyroclastic

rocks (Keskin et al., 1998). This ignimbrite may have been part of a regional pulse

of explosive felsic volcanic activity at this time.
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Figure 5.3 continued.
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The stratigraphic position of this ignimbrite at the base of the volcanic
sequence in Vardenis suggests most of the Southern Lesser Caucasus volcanic field
must be Plio-Pleistocene in age. In the early phase of this period a large volcanic
edifice was present in the Syunik region until it collapsed to form the Pliocene Goris
strata. To the north in Vardenis massive dacite lava flows erupted, with monogenetic
volcanoes forming in Gegham. Volcanic units of this age from Aragats have mostly
been buried by younger eruptions, although Pliocene rocks are still exposed in some

river gorges and as the neighbouring Arailer volcanic complex (Connor et al., 2011).

The vast majority of age constraints from the Southern Lesser Caucasus
volcanic field are for Quaternary volcanic rocks, and are summarised in Fig. 5.4. On
this basis, some tentative suggestions for episodes of volcanism within the field
during this period can be made. As in any geochronological study, these suggestions

should be treated with caution. This is because of the unavoidable potential of
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Figure 5.4 Summary of new ages alongside ages from the literature for Quaternary volcanism in the
southern Lesser Caucasus volcanic field.

The ages of radiometrically dated samples from both this study and others are shown above vs the
latitude of the sample. Error bars represent 2 uncertainties. The shape of the symbol denotes the
method of dating- triangles for Ar-Ar, diamonds for K-Ar etc. The fill colour of the symbols gives
the sample composition: yellow for mafic, orange for intermediate, red for felsic. The border colour
shows the sample type- is it from a lava flow, scoria cone or pumice/tuff layer? Symbols for samples
dated in this study are larger than literature data. The area circled as polygenetic shows the ages
thought to be associated with eruptions of a polygenetic volcano. The orange triangle is the age of the
lava from Tskhouk dated for this study. The two smaller triangles are pumice layers in diatomite
sediments (Joannin et al., 2010). Data sources are the same as for Fig. 5.1.

sampling bias given the relatively large number of volcanic centres compared to

ages (183 centres vs 27 ages in Syunik for example).

e Stage 1 (before 1 Ma): eruptions from polygenetic volcanoes in Syunik.
These eruptions produced intermediate lava flows, and possibly more felsic
explosive eruptions (Joannin et al., 2010). To the north monogenetic
volcanism was already underway in Vardenis producing both mafic and
felsic volcanic rocks here. None of the volcanoes which have been dated in
Gegham fall into this time period, potentially suggesting there was a period
of quiescence in the north.

e Stage 2 (1-0.8 Ma): pulse of mostly mafic magmatism producing lava flows

and scoria cones in both Syunik and Gegham
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Table 5.1 °Ar-3°Ar age determination

Errors include J parameter. MSWD = mean square rooted deviation

Sample Volcano No. OArPOAr “OAr*Ar weighted mean plateau age “OAr/Ar isochron age
cone/ of total gas Age % No. MSWD  Age No. MSWD  “AreAr
lava/ steps  age (ka) (ka) = 39Ar of (ka)=  of (atm)
tuff 26 steps 26 steps
16 887 894+ 99 14 0.8 896+ 14 0.85 2985 +
14 16 0.2
2.7.08 Yerakov Blur 15 883 892+ 100 15 1.0 01+ 15 0.86 298.4 +
cone (mafic) 15 18 0.2
29 895 893+ 100 29 0.9 898+ 29 0.83 2985 +
12 14 0.1
14 886 878+ 814 11 1.0 913+ 11 1.02 289.6 +
25 71 17.2
21008  Barurtumb 14 857 853+ 807 11 13 878+ 11 1.09 289.9 +
cone (mafic) 18 36 10.8
22 861 861+ 100 22 12 878+ 22 121 293.4
15 34 9.4
15 685 674+ 945 11 13 807+ 11 1.37 288.4
" 10 322 30.2
4.15.08 Saigsn akar 15 669 670+ 994 13 15 780+ 13 1.56 2905 +
cone (felsic) 10 221 193
24 672 672+ 100 24 1.4 780+ 24 1.34 290.5 + 12
9 140
55.12 Tskhouk 15 1303 1316 896 8 1.2 1311 8 1.27 3025+ 11
lava (intermed- +14 +20
iate)
6.3.15 Torgomayr 15 1299 1301 100 15 1.0 1307 15 0.84 2933+
lava (mafic) +14 +32 5.8
8.3.15 Verjiblur 16 937 957+ 891 9 1.0 973+ 9 1.84 2937 +
cone (mafic) 12 48 14.2
9.1.15 Spiovblur 15 761 817+ 8L7 9 11 820+ 9 1.20 2937 %
lava (mafic) 11 21 14.2
9.2.15 Chobanasar 16 561 571+ 100 16 15 569+ 16 159 299.4 +
cone (mafic) 12 23 6.9
15 147 164+ 759 8 15 173+ 8 1.06 292+ 6.4
6 11
10215  Kyorpasar 15 140 175+ 861 13 16 157+ 13 1.45 304.6 +
lava (mafic) 10 22 71
21 154 167+ 100 21 16 164+ 21 1.68 300.3 +
5 1 5.2
11.1.15  Unknown 15 348 370+ 937 12 1.0 383+ 13 0.75 296+ 1.3
lava (intermedia- 8 11
te)
13 40 42+ 100 13 0.8 57+ 13 0.81 2977+
24 34 3.9
11315  Sherepasar 17 67 55+ 100 17 1.0 26+ 17 1.01 300.4 +
cone (mafic) 25 13 3.7
30 57 48+ 100 30 0.9 41+ 30 0.92 299.0 +
18 15 2.7
Single grain population age
No. No. No.
grains of of
grains grains
51.15 Surakan 50 6014 43 13 6017 43 1.34 294 + 32
tuff ignimbrite +67 +30
(felsic)
e Stage 3 (0.8-0.65 Ma): pulse of predominantly rhyolite volcanism, seen in
both the north and south of the volcanic field
e Stage 4 (0.58-0.25 Ma): volcanism continuing, but possibly with a lower
recurrence rate. There may also be some hiatus in volcanism around 0.3-0.2
Ma
e Stage 5 (0.2-0 Ma): most recent pulse of predominantly (although not

exclusively) mafic-intermediate volcanism
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5.7 Rates and repose intervals of volcanic activity

For this section, the Syunik volcanic highland is focused on as an area for which
there is good geological information in terms of the number of vents and mapped
volcanic units (Sugden et al., 2019). The simplest model for the rate of volcanic
eruptions assumes a constant repose interval, and can be written as:

N-1

to — ty

A‘t:

where At is the number of eruptions per year, N is the total number of eruptions, to is
the age of the first eruption, and ty the age of the most recent. If it is assumed that
each eruption forms a new vent, the number of eruptions can be estimated as being
the number of monogenetic vents present in Syunik (183 have been mapped). It is
assumed that all monogenetic volcanoes in Syunik are between 1 and 0 Ma in age on
the basis of the available age constraints. As such, taking the oldest lava thought to
come from a monogenetic vent in Syunik (0.993 Ma; Ollivier et al., 2010) gives a
reasonable estimate for to. The youngest eruption has been established as 0.005 Ma
on the basis of archaeological evidence (Karakhanian et al., 2002). This calculation
suggests 1.8 x10 eruptions/year, which is within the range of volcanic fields
globally (the Michoacén-Guanajuato field has a rate of 2 x10° eruptions/year over
the last 40 kyr; Valentine and Connor, 2015), meaning the estimate is a sensible one.
However the Syunik rate is at the upper end of the range for most volcanic fields
(10°° to 10 eruptions per year). For example in the Southwest Nevada volcanic field
the rate is just 8 x10°® eruptions/year (Valentine and Connor, 2015). The rate in
Syunik is sufficiently low to allow volcanism to be monogenetic, however this could
be a volcanic field where high rates of extension are also required to prevent a

polygenetic volcano from forming.

The Syunik rate also equates to one eruption every ~ 5500 years, similar to
the time since the last eruptive event which formed the Kharkar group Holocene
volcanoes (Karakhanian et al., 2002). However, before too hastily suggesting
another eruption is imminent, it is worth noting that the last eruption involved the
formation of multiple vents closely spaced in time. The most recent lava generations
of the Holocene lava flow field (Fig. 5.1c) appear to have been fed by five vents. All

of these lavas are thought to have formed over the course of a few hundred years
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(Karakhanian et al., 2002), such that they can be treated as one eruptive event. If one

eruptive event can form 5 vents, this could suggest eruptions every ~ 27000 years.

The assumption of a constant rate of eruptive activity may well be incorrect,
as has been seen in other volcanic fields, such as Auckland, New Zealand (Leonard
et al., 2017). Based on the current age data it is not possible to rule out episodic
pulses of more intense volcanic activity. If this is the case, given the higher number
of ages from the last 0.175 Ma (Fig. 5.4), and the presence of 8 vents from the
Holocene alone, Syunik may now be in a phase of more frequent eruptions, and

5500 years could be an overestimate of the modern repose interval.

While the precise timing of a future eruption is uncertain, the region is still
demonstrably volcanically active. On 4" March, 2016 there was a swarm of 40
earthquakes at depths of 7 to 16 km under some late Pleistocene monogenetic
volcanoes on the Gegham ridge (Sargsyan et al., 2018). The earthquakes have been
interpreted as being of volcanic origin suggesting magma is currently present under
the volcanic field, and could produce an eruption in Gegham, Vardenis or Syunik in
the future.

5.8 Origin of the transition from polygenetic to
monogenetic volcanism

The new “°Ar/*®Ar ages obtained as part of this study confirm that there was a
temporal shift from polygenetic to monogenetic volcanism in Syunik. The age of
Tskhouk lavas (1.316 + 0.014 Ma- sample 5.5.12; Fig. 5.3; Table 5.1) suggests the
volcano could have still been active when the tephra layers were deposited in the
diatomite sediments (Section 5.2.4). These tephra layers could then have been
derived from local Plinian eruptions, and may in fact be the youngest marker of
polygenetic volcanism in Syunik (Fig. 5.5). All the ages for monogenetic volcanic
centres in Syunik are younger than 1 Ma (Table 5.1), in agreement with all previous
ages (Karapetian et al., 2001; Karakhanian et al., 2002; Ollivier et al., 2010). After 1
Ma the polygenetic edifices were covered by a younger generation of monogenetic

volcanoes and their associated lava flow fields (Fig. 5.5).

The age of the mafic summit of Torgomayr (Fig. 2.3g; sample 6.3.15) as
1.301 + 0.014 Ma (Fig. 5.3; Table 5.1) supports the interpretation in Section 5.2.3
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Figure 5.5 Cartoon stratigraphy of the Syunik volcanic highland.

Volcanism prior to 1 Ma was dominated by large polygenetic volcanoes, of which there were at least
2, possibly of multiple generations. Towards the end of the lifetime of these large volcanoes
diatomite sediments were deposited in lakes on their lower slopes. Tephra layers were interbedded
with these sediments. These layers were possibly associated with plinian eruptions during the later
stages of polygenetic volcanism. Mafic-intermediate monogenetic volcanism younger than 1 Ma
overlies both the polygenetic volcanoes and lake sediments. Individual scoria cones may be
associated with lava flow fields of variable sizes. Monogenetic felsic volcanism also occurred in the
last 1 Myr, but was localized in the north of the Syunik volcanic highland (see Fig. 5.1).

that by this time (1.5 - 1 Ma), Vardenis was already a region of monogenetic
volcanism while volcanoes in Syunik were still polygenetic. Unfortunately, the age
of the ignimbrite (Fig. 5.2; Table 5.1- sample 5.1.15) at 6.014 + 0.067 Ma does not
provide much further constraint on how recently volcanism was definitely
polygenetic. All that can be said is that at some point between 6 and 1.5 Ma a shift

does seem to have occurred.

The question then arises, why is volcanism in Syunik now monogenetic,
while the large polygenetic volcanoes are now dormant or extinct? Monogenetic
volcanism requires the absence of a long lived magma-plumbing system (Connor
and Conway, 2000). A reduced magma supply could be the result of the exhaustion
in subduction components in the mantle source, while increased rates of extension
would have implications for the tectonic history of the region. Both of these

possibilities and their implications are now discussed.

5.8.1 Decreased magma supply?
A reduction in magma flux to the crust would ultimately be a reflection of reduced
magma production rates at depth. This could be the result of a reduced degree of
partial melting in the mantle- the crust does not contribute to magma production (see

Sr-Nd isotope data in Chapter 3). Reducing the degree of melting would be expected
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to increase the concentration of the most incompatible trace elements. Using
concentration data is greatly complicated by the fact that such elements are also
influenced by the degree of crystal fractionation the magma has experienced. Yet
even if mafic samples which have experienced similar (small) degrees of

fractionation are compared, there is no coherent trend with age (not shown here).

A decrease in the degree of melting could be the result of fertile components
in the mantle source becoming exhausted, such that the mantle source would be
expected to become depleted. This can be thought of as the “death of a subduction
zone”, whereby subduction components are progressively removed from the mantle
source during melting events following the end of continuous subduction. Removal
of subduction components would force 8 Sr/%Sr and 1**Nd/**Nd to more mantle-
like values (less radiogenic and more radiogenic respectively). As the subduction
component is inherited from previous subduction (see Chapter 4), then if it were
removed, 5''B would be expected to approach mantle values (-7.1%o; Marschall et
al., 2017). There are no systematic trends in **Nd/**Nd or 5''B with age (Fig. 5.6).
A long-lived mantle source appears to be being tapped and continuously supplying
magma. Although 8/Sr/%Sr is lower in some of the most recent samples (Fig. 5.6),
one of the samples (from Porak in VVardenis) has a similar value to the older
monogenetic volcanoes. Given that the other isotopes don’t show any similar
variation, and all the younger volcanoes with lower &Sr/8Sr occur within 12 km of
each other, the variation may simply reflect small scale heterogeneity in the mantle

source on the scale of 10s of km.

Even if the degree of partial melting has remained the same, the rate of
magma supply could be reduced if the volume of mantle being partially melted
reduced over time. This could occur without any shift in the measured isotopic
compositions of magmas. However, there are a couple of other observations which
suggest the magma supply has not reduced to a lower level over the past 1 Ma.
Firstly, as was previously mentioned (sections 2.2.1, 3.4.1, 3.4.2, 5.2), this volcanic
field is host to mafic, intermediate and felsic volcanoes. Some of the most recent
Holocene eruptions from monogenetic volcanoes are andesites, while rhyolite domes
have erupted over the last 1 Ma (Fig. 5.6). The production of evolved magmas
requires a thermal anomaly in the crust substantial enough to allow magmas to stall
and fractionate while retaining a sufficient melt fraction to remain “eruptible”

(Sparks et al., 2019). As such, evolved compositions are thought to be associated
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Figure 5.6 B, **Nd/**Nd and 87Sr/®Sr vs age.

The isotope data is from that presented in Chapters 3 and 4. While §''B (a) and ***Nd/***Nd (b) show
no correlation with age, some of the younger samples have lower 8Sr/8Sr (c). Error bars for 5B are
given as 1%o, on the basis of the reproducibility from duplicate analyses (see Chapter 4). Error bars
for 43Nd/**“Nd and 8Sr/%Sr are 26 analytical uncertainties.

with volcanic fields with a relatively high rate of magma supply (Smith and Németh,
2017). This suggests that in Syunik it is unlikely to be magma supply which is

preventing a polygenetic volcano from forming.

Secondly, on the basis of geological mapping (Fig. 5.1) there is no evidence
that the rate of lava flow emplacement is decreasing- at least in terms of areal
coverage. The area covered by Holocene lavas (blue in Fig. 5.1c) is 27 km?, while

the total area covered by monogenetic lavas since 1 Ma is 679 km?. This gives an
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emplacement rate over the last 10000 years of 2.7 x107 km?/yr compared with an
average rate of 6.8 x10* km?/yr over the last 1 Ma. The average rate is likely to be
an underestimate because older monogenetic lava flows may be covered by younger
ones. However, there is no evidence for the rate of lava flow emplacement

decreasing with time.

It is also worth noting that the shift from polygenetic to monogenetic volcanism is
specific to the Syunik volcanic highland, or at least the southern Lesser Caucasus
volcanic field (Fig. 5.1). Polygenetic volcanism has continued unabated to the west
in eastern Anatolia (Yilmaz et al., 1998), and to the south in Iran (Davidson et al.,
2004; Ghalamghash et al., 2016). It seems unlikely for magma fluxes to be reduced
in one particular locality while many surrounding locations continue to produce the
same volumes of magma. On the basis of this discussion, it is possible to suggest
that a reduced magma flux is highly unlikely to be the cause of the poly- to
monogenetic transition in Syunik. As such this transition does not reflect the
removal of subduction components from the mantle source following continental
collision, and is instead more likely the result of local tectonic changes. The final

part of this discussion explores these potential tectonic changes.

5.8.2 Increased rate of extension?
Many of the youngest generation of volcanoes (Holocene) form small clusters which
are located in modern pull apart basins, including several of the youngest cones in
the Gegham highland (found on the central ridge axis), at Porak in Vardenis (0.003
Ma in Fig. 5.1b), and the Karckar group of lava flows and scoria cones in Syunik
(Fig. 5.1; Karakhanian et al., 2002; Sargsyan et al., 2018). These pull-aparts are
stepping structures in the Pambak-Sevan-Syunik strike-slip fault system. There are
several other clusters of monogenetic volcanic centres in the Syunik volcanic
highland (Fig. 5.1c). Although it has been suggested such clusters could form over
enriched domains in a heterogeneous mantle (Valentine and Connor, 2015), the
similar age of vents within each cluster suggests they may have also formed in

similar pull-apart basin settings in the past (Fig. 5.1c).

Observations from other volcanic fields suggest that these fault structures
influence magma ascent pathways (Valentine and Connor, 2015). In the absence of

pre-existing weaknesses in the crust, magmas would ascend through dykes
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perpendicular to the principal stress component. Dykes can deviate from this
orientation if pre-existing faults provide an easier ascent route for the magma. In this
way eruptions will be focused close to fault structures, as this is where the most

favourable ascent routes for magma will be.

There is a migration of volcanoes with time roughly parallel with the local
orientation of the Pambak-Sevan-Syunik strike slip fault system (Fig. 5.1c). This
vent migration is most clearly seen by looking at mafic-intermediate cones (Fig.
5.7). The felsic samples from the north of Syunik do not fit the trend (Fig. 5.7),
showing that it probably only applies to the southern part of Syunik. At 4.5 cm/yr
the vent migration is too fast and in the wrong direction for it to be plate motion
over a hotspot-style stationary source (Reilinger et al., 2006). It is possible to
speculate that this vent migration represents repeated formation of clusters of
volcanoes in pull-apart basins along the fault. Normal faulting and dyke injection are
both ways of accommaodating crustal extension, the former by displacement, the
latter by filling the space created by extension with magma. When a pull-apart basin
forms, extension will be accommodated via normal faulting, but as volcanoes erupt
the extension will instead be accommodated by dyking, “healing” the normal faults.
A new pull-apart basin then forms, and the volcanism follows the new extensional

structures.

Given the associations of volcanoes with pull-apart basins (Karakhanian et
al., 2002; Sargsyan et al., 2018), extension structures have clearly interacted with
magmatism in the Lesser Caucasus. The question is then how does this extension
relate to the polygenetic to monogenetic transition at 1 Ma. The most obvious model
would be for the rate of motion (and hence extension) on the Pambak-Sevan-Syunik
fault system to have increased at that time. However, the rate of motion on the major
strike slip fault has been constant over the past 1.4 Myr at 1 mm/yr, at least on the
southern branch close to the volcanoes in Syunik (Karakhanyan et al., 2013). Hence,
on the basis of strike-slip motion there is no evidence for increasing deformation

rates across the time interval of the polygenetic to monogenetic transition.

It is worth re-iterating that the polygenetic to monogenetic transition occurred latest
in the Syunik highland. Syunik is currently at the southern end of the Pambak-
Sevan-Syunik strike-slip fault system (Karakhanyan et al., 2013). It is known that

faults propogate radially and increase in length during their history, either by
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Figure 5.7 Illustrating vent migration in the Syunik volcanic highland.

A northwestward migration with time in the location of mafic monogenetic vents. This migration
suggests a future eruption would be likely to be closest to the most recent eruption (shown by the
arrow). The felsic samples in red do not fit the trend observed for mafic samples. Sample 11.1.15
(0.37 Ma) was removed from the plot as the location of the vent the sample is associated with is
uncertain.

growing at the tips or by smaller segments coalescing (Cladouhos and Marrett,
1996). It is suggested that in the case of the Lesser Caucasus, 1 Ma was the time at
which the Pambak-Sevan-Syunik strike-slip fault system lengthened sufficiently to
encompass the Syunik highland. Only once this had occurred was Syunik subject to
similar levels of extension as the northern part of southern Lesser Caucasus volcanic
field, where volcanism had already been monogenetic for some time. This
polygenetic to monogenetic transition in Syunik may be acting as a tape recorder of

the lengthening of the Pambak-Sevan-Syunik strike-slip fault system.

5.9 Conclusion

A new set of “°Ar-°Ar ages confirm that a transition from polygenetic to

monogenetic volcanism occurred at 1 Ma in the Syunik highland. Two new ages
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suggest a transition could have occurred in the Vardenis highland to the north, but
that by 1.5 Ma volcanism was already monogenetic meaning that the transition
would have occurred earlier. Some clustering of age data suggests volcanism over
the past 1 Ma was episodic, with some periods of dominantly felsic volcanism,
notably 0.8-0.65 Ma. With an average rate of 2 x10™ eruptions/year in Syunik, the
frequency of volcanic eruptions is at the upper end of the observed range for
volcanic fields, and there is no sign that activity is waning. Given the north-
westward migration of eruptive centres, a future eruption may be particularly likely
close to or NW of the recent Holocene eruptions in Syunik. The main road from Iran
to the Caucasus region passes within 5 km of the most recent lava flows and is a key
trade link in the region. A future eruption could not only pose a significant hazard to
local populations, but also have important geopolitical implications were the road to
be blocked during an eruption. There is a lack of geochemical variation with time,
which suggests a long-lived magma source is continuing to supply magma at a
constant rate and degree of melting. As such, despite being in a post-collisional
setting, there is no evidence for the exhaustion of the fusible slab component. Rather
than a reduction in magma supply, the polygenetic to monogenetic transition is a
product of an increased rate of crustal extension at 1 Ma. This is argued to be the
result of the Pambak-Sevan-Syunik strike-slip fault lengthening sufficiently to
encompass Syunik, and increase extension rates in Syunik to the rates seen in the
rest of the southern Lesser Caucasus volcanic field. Syunik represents an important
case study of a region where the monogenetic character of volcanism can not simply

be explained by a low magma supply, but requires a high rate of extension.
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6. Conditions of magma storage from amphibole
and clinopyroxene geothermobarometry

6.1 Introduction

The preceding 3 chapters have explored how post-collisional magmas are able to
form and erupt, whereas this chapter reviews the amphibole and clinopyroxene
geothermobarometry and hygrometry of southern Lesser Caucasus volcanic rocks.
In other words, what happens between melt formation and ultimate eruption?
Specifically, what can be ascertained regarding a magma’s evolution and storage
during its ascent through the crust? This chapter constrains the conditions (pressure
and temperature) of crystal fractionation, which occurred during periods of magma
storage in the crust prior to final ascent and eruption at the surface. It will also try to
constrain H20 content and oxygen fugacity of the magmas, in order to better
understand the effects of mantle metasomatism, and to use geothermobarometers
calibrated for hydrous magmas. It will then be possible to critically evaluate some of
the conclusions from previous chapters. Are the calculated magmatic temperatures
consistent with the melting mechanism as proposed in Chapter 3? Is the oxygen
fugacity and H>O content of magmas consistent with their derivation from a
subduction-modified mantle source? Are those values consistent with the H>O
content and Fe**/ZFe used in modelling mantle melting in Chapter 3? Is the
conclusion from Chapter 5 that magma supply remains constant during the recent
history of volcanism supported by uniform magmatic temperatures and H.0O

contents?

The mafic minerals amphibole (Ridolfi and Renzulli, 2012; Putirka, 2016)
and clinopyroxene (Nimis, 1995; Putirka, 2008) are often used to estimate the
pressure-temperature (P-T) conditions (geothermobarometry) of magma storage and
crystallisation. As shown in Fig. 6.1, most of the southern Lesser Caucasus eruptives
are not glassy, nor are there abundant melt inclusions. Estimates of the melt
composition are therefore lacking, and it is only possible to use models which rely
on the mineral compositions alone. The more common occurrence of amphibole in
the southern Lesser Caucasus compared to the volcanoes to the north makes this a
particularly good region in which to use this approach. This chapter presents the

major element composition of amphibole and clinopyroxene, before detailing the
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method used in calculating P-T conditions. Finally, the implications of these

estimates for the other conclusions in this thesis are discussed.

6.2 Amphibole and clinopyroxene occurrence and textures

The samples for which amphibole and clinopyroxene compositions were analysed
have mafic-intermediate compositions. Six samples are trachybasaltic andesite
(7.5.15, 2.5.08, 2.6.08, 8.3.15, 9.1.15, 10.2.15), while there is one phonotephrite
(2.7.08), one tephrite (11.3.15), one trachybasalt (9.2.15) and one trachyandesite
(7.4.15). Samples have MgO of 3.7- 6.3 wt % and SiO> of 47-58 wt %. Clearly, both
amphibole and clinopyroxene occur in some of the most mafic magmas in the
region, and as such offer the potential to provide insights on the physical-chemical
properties of mantle-derived magmas which have experienced only limited degrees

of crystal fractionation.

The petrography of the studied samples (n=10) is detailed in Section 3.3.
However a few salient points are worth re-iterating here. Fig. 6.1 shows
photomicrographs and back-scattered electron (BSE) images that are examples of
the phenocrysts analysed for this chapter. Amphiboles exhibit a wide range of
crystal sizes (200pum-2 mm in Fig. 6.1). Some amphibole crystals appear to exhibit
subtle zonation (Fig. 6.1c, i) between the core and rim. Commonly amphibole
phenocrysts do not exhibit euhedral crystal faces, and instead have corroded rims
(Fig. 6.1a, e, i, m), which suggests they were out of equilibrium with the final melt.
At greater degrees of disequilibrium, amphibole crystals form reaction rims, which
can be macro- (Fig. 6.1c, j) or microcrystalline (Fig. 6.1g, h). In extreme cases large
parts of the original phenocryst have reacted to form an oxide-clinopyroxene-
plagioclase- apatite symplectite (Fig. 6.1f). For several samples (n=4) it is only
possible to estimate the conditions under which the amphibole cores formed. The

extent to which this issue is problematic depends on the degree of mineral zonation.

Clinopyroxenes are common and occur as phenocrysts (up to 2.5 mm; Fig.
6.1b, d), and also as glomerocrysts (Fig. 6.1i, j, I, n). Crystals often show normal
zonation, and in the case of the glomerocrysts exhibit several Mg-rich cores and a

single Fe-rich rim (Fig. 6.11).
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(h) 7-5-15 amphibole
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(m) 11-3-15 amphibole

:

Figure 6.1 SEM images and photomicrographs of amphibole and clinopyroxene crystals and their
sample number.

(a) Large euhedral amphibole phenocryst; (b) euhedral clinopyroxene phenocryst; (c) amphibole
phenocryst with thin macrocrystalline reaction rim; (d) large clinopyroxene phenocryst; (€)
amphibole microphenocryst with corroded rims, no zonation or reaction textures; (f) pseudomorph of
former amphibole phenocryst which has reacted extensively with the magma such that only remnants
of the original crystal remain (labelled amph). The reaction rim is made of clinopyroxene and Fe-Ti
oxide microcrystals (cpx + 0x), but also apatite crystals (labelled ap); (g) Amphibole phenocryst with
microcrystalline symplectite rim. Clinopyroxene is seen to be overgrowning amphibole phenocryst.
Groundmass texture is pilotaxitic; (h) as (g) with a larger phenocryst and wider reaction rim. Also
overgrown by plagioclase phenocryst (Plag); (i) amphibole phenocryst (amph) with corroded rim and
apatite crystal on rim (ap) and clinopyroxene glomerocryst (cpx); (j) amphibole (amph) overgrowing
clinopyroxene (cpx), yet amphibole has reaction rims while clinopyroxene appears in equilibrium
with the melt; (k) Poikilitic amphibole with reaction rim. Inclusion of clinopyroxene; (1) poikilitic
texture from sample 1.4C.08 (no EPMA data for this sample) of a clinopyroxene glomerocryst with
amphibole inclusions; (m) Corroded amphibole phenocryst; (n) clinopyroxene glomerocryst showing
Mg-rich cores (darker) and more Fe rich rims (brighter).

Amphibole and clinopyroxene crystals often occur in close proximity to each
other (Fig. 6.1i, j). Euhedral clinopyroxene crystal faces and the lack thereof for
amphibole suggests that only clinopyroxene is likely to be in equilibrium with the
final melt. Poikilitic textures are not uncommon, with both amphibole included in
clinopyroxene (Fig. 6.1j, I) and clinopyroxene included in amphibole (Fig. 6.1g, k).
It is likely therefore that both minerals formed under similar conditions, and the P-T

conditions calculated from the two minerals can be expected to match.
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6.3 Electron probe micro-analysis (EPMA) analytical

methods

In situ major element amphibole and clinopyroxene compositions were determined
on a JEOL8230 electron microprobe at the University of Leeds. Analysis was
performed using a focussed beam, with an acceleration voltage of 20 keV. Major
elements were analysed for 30 sec. on peak and with a beam current of 30 nA.
Minor elements in olivine and amphibole were run for 80 to 120 sec. on peak with a

beam current of 100 nA.

The main secondary standards used were the Smithsonian Kakanui
hornblende and the GEO2 diopside (Jarosewich et al., 1980). Spot analyses of these
standards are given in Appendix E. GEO2 diopside analyses reproduced expected
oxide abundances to within 0.25 wt % on average. Calculated cation sums for
unknown samples were close to 4 (~4.02), suggesting the analyses were good.
Analyses of Kakanui hornblende gave systematic errors in some oxides, notably
Al>O3 (1.5 wt % offset on average). Analyses of unknown samples were corrected
accordingly (Jarosewich et al., 1980). Amphibole may contain up to 2 wt % H-0O,
such that totals should be between 98-100 wt %. Applying the Kakanui hornblende
normalisation to the data from unknown samples improves the totals (from ~96 wt
% to ~99 wt %, see Appendix E), justifying the approach. The standard error of the
mean for the spot analyses on each sample is < 0.1 wt %, which gives a P-T
sensitivity of ~5°C and 15 MPa- i.e. negligible relative to the uncertainty on the

geothermobarometric models used.

6.4 Amphibole and clinopyroxene compositions

Major element spot analyses of amphibole and clinopyroxene from 9 samples is
given in Appendix E. Spot analyses for several phenocrysts were averaged to give a
single core and rim composition for amphibole and clinopyroxene for each sample
(Table 6.1).

Amphiboles are either magnesiohastingsites or pargasites (Fig. 6.2a-c).
These calcic amphiboles are typical of amphiboles found in alkaline volcanic rocks
such as those in the southern Lesser Caucasus (Ridolfi and Renzulli, 2012; Sugden

et al., 2019). There is generally little distinction between the cores and rims of
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Table 6.1 Major element oxide (wt %) composition of amphibole and clinopyroxene

Averaged for all crystal core and crystal rim measurements in each southern Lesser Caucasus
volcanic rock sample

SiO2  TiO2 AlOs FeO  MnO  MgO Ca0 NaO KO Total

Amphibole

2-5-08 core 40.33 354 13.83 1174 0.15 13.38 1186 2.42 156 98.81
2-5-08 rim 4048 3.40 1380 1161 0.13 1351 1188 258 142 98.80
2.6.08 core 40.68 353 13.69 1123 0.14 14.06 11.63 2.65 111 98.70
2-6-08 rim 4053 320 1381 12.04 0.18 1364 1144 2.69 1.13 98.66
2-7-08 core 4043 3.69 1382 1077 0.11 14.23 1191 2.50 128 98.73
2-7-08 rim 40.39 356 13.78 11.38 0.12 1382 1186 2.53 127 98.71
8-3-15 core 4050 3.64 1366 1196 0.17 14.00 1181 2.60 113 99.46
8-3-15 rims 4065 356 1359 11.20 0.13 14.18 11.77 2.58 1.18 98.85
11-3-15 core 4050 3.61 1366 1128 0.11 1431 11.53 2.56 131 98.87
11-3-15 rims 4058 3.76 1350 1200 0.14 13.78 1142 2.52 132 99.03
9-1-15 core 4065 3.70 13.69 1118 0.12 14.45 11.64 2.68 113 99.25
7-4-15 core 4220 311 1327 1069 0.12 14.76 1181 2.56 0.79 99.32
9-2-15 core 40.79 375 1390 1114 0.11 1420 1168 259 093 99.08
7-5-15 core 4091 398 1333 1165 0.13 13.79 1128 2.49 1.00 98.56
Clinopyroxene

2-5-08 core 51.23 051 3.38 751 032 13.81 2221 0.80 99.87
2-5-08 rim 4931 111 5.04 743 019 1350 2216 0.67 99.46
2-6-08 core 4989 093 4.9 6.59 0.15 1456 2141 0.66 99.46
2-6-08 rim 51.06 0.80 4.05 6.99 0.8 1490 21.09 061 99.86

8-3-15 core 50.53 0.78 4.34 6.44  0.13 1484 2145 0.64 0.00 99.35
8-3-15rim 48.92 125 533 741 015 1401 2137 055 0.01 99.17
11-3-15 core 50.70 0.88 4.47 6.98 0.14 1482  20.63 0.96 0.01 99.77
11-3-15 rim 49.05 142 4.85 732 013 1391 2215 0.64 0.01 99.55
9-1-15 core 50.82 0.70 3.52 725 020 1538 2057 0.51 0.00 99.11
9-2-15 core 51.02 0.76 3.42 727  0.27 1432 2163 0.69 0.00 99.54

amphibole phenocrysts, with the Mg# (Mg/Mg+Fe) varying only between 0.67 and
0.71 (Fig. 6.2). Amphiboles appear to be in equilibrium with a magma more evolved
than the bulk rock (Fig. 6.2d). This is to be expected given that amphiboles occur in
association with clinopyroxene and sometimes olivine phenocrysts, but (at least for
the Syunik samples) no plagioclase phenocrysts. Amphibole could instead be in
equilibrium with the matrix composition. Amphiboles have a uniform composition
in the studied samples, irrespective of the whole-rock composition, suggesting they
may all have formed from a compositionally similar magma reservoir. Given this

reservoir is seen in even the most mafic samples, it is likely the P-T calculations will
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Figure 6.2 Major element composition of amphiboles in southern Lesser Caucasus volcanic rocks.

Amphibole cations are calculated on a 23 oxygen basis (Leake et al., 1997). (a-c) show the
classification of amphiboles (Leake et al., 1997). All amphiboles are calcic (Cag>1.5), with Ti<0.5.
Estimates of AIV! and Fe®* are purely stoichiometric, based on the major element oxides alone using
the methods suggested by Leake et al. (1997). (d) The Mg# for both amphiboles and the host rock is a
molar ratio, calculated on the basis of 100% Fe hosted as Fe?* (see text). Fe-Mg exchange
equilibrium is given with 2 standard deviation upper and lower bounds as dashed lines (Putirka,
2016).
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Figure 6.3 Major element composition of amphiboles in southern Lesser Caucasus volcanic rocks.

Clinopyroxene components are calculated as described in Putirka (2008). (a) Classification of
clinopyroxene phenocrysts. (b) Mg# (Mg/Mg+Fe molar ratio) of clinopyroxenes and the host bulk
rock. Fe is assumed to be hosted exclusively as Fe?* in both the mineral and magma. Fe-Mg exchange
equilibrium is given with 2 standard deviation upper and lower bounds as dotted lines (Putirka,
2008).

relate to a magma reservoir which has only experienced limited crystal fractionation

since extraction from the mantle source.

For six of the samples for which amphibole compositions were determined,
clinopyroxene was also analysed. Clinopyroxenes have transitional diopside to
augite compositions (Fig. 6.3a). As suggested by BSE images (Fig. 6.11), many
clinopyroxene phenocrysts and glomerocrysts seem to exhibit normal zonation, with
average crystal rims having a lower Mg# (XM9/( XM9+X e, ferrous) When compared
with the cores (Fig. 6.3b).

Clinopyroxene phenocrysts are within error of Fe-Mg exchange equilibrium

with the composition of their respective bulk rocks (Fig. 6.3b; Putirka, 2008). This
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could suggest that clinopyroxene crystallised earlier and from a less evolved magma
than amphibole. However both Figs 6.2d and 6.3b are based on the probably
erroneous assumptions that Fe in both the minerals and magma is exclusively Fe?*.
The amphibole stoichiometry suggests that significant amounts of Fe are hosted as
Fe3* (Fig. 6.2c), although the exact proportions are uncertain and depend on which
method is used to calculate Fe3* (Leake et al., 1997). There are also likely to be
significant amounts of Fe** in the host magma given its arc-type geochemistry
(Brounce et al., 2014). These large uncertainties hamper constraints being placed on
Fe-Mg exchange, as well as the significant uncertainties in the exchange coefficient
(Figs 6.2d, 6.3b). As such it is still quite possible that clinopyroxene and amphibole
were at times in equilibrium with each other and the same magma, as suggested by
the petrography (Fig. 6.1).

6.5 Geothermobarometric calculations

Amphibole and clinopyroxene compositions can be used to calculate the magmatic
P-T conditions in the absence of any estimate of the composition of the equilibrated
melt phase (Nimis, 1995; Ridolfi and Renzulli, 2012).

The approach taken in this chapter is to calculate a range of possible values
for P and T. This involves taking the combined standard errors of estimates (16) of
both amphibole and clinopyroxene thermobarometers to give a ~90% confidence
interval of pressures and temperatures (Fig. 6.4). One pitfall of this approach is that
it assumes that estimates derived from amphibole and clinopyroxene compositions
will be independent of each other, but the pressures, temperatures and H>O contents
input in the clinopyroxene equations are derived from the amphibole
thermobarometry, as is explained below. Estimates of error are taken from the
regressions of the large datasets Putirka (2016) for amphibole, and Putirka (2008)
for clinopyroxene. Where possible, a regression of data not used in model

calibration is used.

The first step of the calculation is to get an initial estimate of the likely range
of possible crystallisation temperatures from amphibole alone (Fig. 6.4a). The
Ridolfi and Renzulli (2012) thermometer is:
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Figure 6.4 Sequence of equations used to calculate P-T conditions

Error propagation and the method used to get to the final P-T estimates and uncertainty ranges are
shown (a) A range of initial temperature estimates from amphibole alone. Error bars are the standard
error of each estimate (1o, SEE). The total range of errors represented by the blue box is propagated
through to the clinopyroxene pressure estimate in (c). (b) An estimate of melt H,O content. The SEE
is doubled for the clinopyroxene pressure estimate as only one equation is used here. (c) P is
calculated by combining constraints from amphibole and clinopyroxene. A best clinopyroxene
estimate is made on the basis of the average temperature and H,O contents. Upper and lower bounds
(shown by the small green circles) of this pressure estimate are made based on the limits of the blue
error envelopes in (a) and (b). A final pressure estimate is shown by the red line which is the
weighted mean of the three estimates shown. The blue box shows the likely pressure range. (d) The
pressure estimate and range are used to make a final temperature estimate, with error range.
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T(°C) = 17098 — 1322.3[Si¥™P"] — 1035.1[Ti¥™P"] — 1208.2[A14™P"]
— 1230.4[Fe®™Ph] — 1152.9[Mg*™Ph] — 130.4[Ca®™P"]
+ 200.54[Na®"P"] + 29.408[K*™P"] + 24.411n(P) (6.1)

The pressure term is calculated as the P-statistic described in Ridolfi and Renzulli
(2012), itself derived only from amphibole. The terms Si2™" etc represent the
number of atoms per formula unit on a 23 O basis. Regression of this equation for
the datasets in Putirka (2016) gave:

T(°C)ops = 09T y;c +79 SEE =50°C (6.2)
T(°C)pps = 0.74T 4 + 225 SEE = 53°C (6.3)
Equation 6.4 of (Putirka, 2016) also requires no independent estimate of pressure:

T(°C) = 1781 — 132.74[Si*™P"] + 116.6[Ti*™P"] — 69.41[Fe*™Ph]
+ 101.62[Na*™"] (6.4)

A regression of the test dataset gave (Putirka, 2016):
T(°C)pps = 0.89T.q;c + 98 SEE = 53°C (6.5)

Magmatic pressures are calculated using both amphibole and clinopyroxene
geobarometers. A pressure estimate on the basis of clinopyroxene composition
requires magmatic temperature and H2O content to be constrained. The temperature
range is estimated on the basis of the maximum and minimum values derived from
Egs 6.2, 6.3 and 6.5 (blue box in Fig. 6.4a). H20 content is calculated following the
algorithm of Ridolfi and Renzulli (2012):

In(HyOppere (Wt%))
= —65.907 + 5.0981[Si%™P"] + 3.1308[Ti*™P"]
+ 4.9211[Al1%™Ph] + 4.9744[Fe®™Ph] + 4.6536[MgamPh]
+ 1.0018[Ca®™P"] — 0.7890[Na*™P"] — 0.539[K *™Ph]
+0.4642In(P) (6.6)

As in Eqg. 6.1, P is calculated solely from the amphibole composition. The only error
estimate for this equation was based on the limited dataset of Ridolfi and Renzulli
(2012):

H,0(Wt%) ops = 0.963H,0,4;c + 0.225 SEE = 14.4% (6.7)
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As well as the limited dataset, another drawback for this equation is that most
experimental igneous amphiboles are formed under HO saturated conditions,
limiting the experimental range, and reducing leverage for model calibration
(Putirka, 2016). This H20 content estimate is a key weakness of the approach in this

chapter, which is why a 2c error range is used for the clinopyroxene equation (Fig.

6.4b).
A clinopyroxene based pressure estimate is given as (Putirka, 2008):

P(kbar) = 1458 + 0.197T (°K) — 241In(T (°K) + 0.453H, 0,01t (Wt%)

+55.5X, 1y + 8.05[FeP¥] — 277[KPX] + 18X 3™ + 44.1X 7,

+2.2In(X73%) — 17.7[AIP*]* + 97.3(Xphiz))? + 30.7 (X2’

— 27.6(Xpiuq)” (6.8)
P(kbar),ps = Peqic  SEE = 260 MPa (6.9)

The X terms are calculated as described in Putirka (2008) and represent (in order
of appearance in the equation): the number of 6 co-ordinated Al atoms per formula
unit; the proportion of the jadeite end-member in the natural clinopyroxene; the
proportion of diopside/hedenbergite end member, the number of Fe atoms per
formula unit in the M2 site, the number of Mg atoms per formula unit in the M2 site.
The partitioning of Fe and Mg between M1 and M2 sites is calculated as described
in Nimis (1995). Terms such as [Fe®] are atoms per formula unit. An amphibole
pressure estimate can also be made using a barometer from Ridolfi and Renzulli
(2012) and regression of the two datasets after Putirka (2016):

P (MPa) = 26106 — 1991.9[Si¥™Ph] — 3035[Ti%™P"] — 1472.2[Al14™Ph]
— 2454 8[Fe¥™Ph] — 2125.8[Mg*"Ph] — 830.64[Ca®™P"]
+ 2708.8[Na®"P"] + 2204.1[K¥™Ph] (10)

P(MPa),ps = 0.65P,4, + 200 SEE = 360 MPa (6.11)
P(MPa),ps = 0.64P,y, + 380 SEE = 430 MPa (6.12)

Pressure ranges from equations 6.9, 6.11 and 6.12 (using the propagated
uncertainties of T and H»O for clinopyroxene) can be used to constrain the likely
range of pressure conditions (Fig. 6.4c). This range utilises the range from
clinopyroxene as well as one of the amphibole error ranges- whichever is closer to

the clinopyroxene estimate. This gives two independent constraints at 16 and
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therefore a 90% confidence in this range. A best estimate of pressure can be made
by taking the weighted mean from Eqgs 6.9, 6.11 and 6.12 (Fig. 6.4c), where the
weighting is inversely proportional to the error on Eqgs 6.9, 6.11 and 6.12, plus

propagated errors in the case of clinopyroxene.

This pressure range can then be used to provide additional constraints on
temperature (Fig. 6.4d), using the maximum and minimum pressures already

calculated for the following amphibole based equations (Putirka, 2016):

T(°C) = 1687 — 118.7[Si*™P"] + 131.56[Ti¥™P"] — 71.41[Fe®mPh]
+ 86.13[Na“™P"] + 22.44P(GPa) (6.13)

T(°C)pps = 0.89T.q;c + 97 SEE = 52°C (6.14)
As well as:

T(°C) = 1201.4 — 97.93[Si*"P"] + 201.82[Ti%™P"] + 72.85[Mg*mPh]
+ 88.9[Na“"""] + 40.65P(GPa) (6.15)

T(°C)ops = 0.96T,4;. +40 SEE = 47°C (6.16)
And the following clinopyroxene based equation:

T(°K) =

93100+544P(kbar)
61.1+36.6[TiPX]+10.9[FeP*]-0.95([ALEPX]+[CrCPX]—[NacP¥] - [KPX])+0.395(In(a b ))?

(6.17)

T(°C)pps = 0.82(Toqe(°K) — 273.15) + 61 SEE = 87°C (6.18)

These equations can then be used to calculate a final weighted mean temperature
estimate in the same manner as for pressure (Fig. 6.4d). The final temperature range
is taken from Eq. 6.18, as this encompasses the temperatures from clinopyroxene
and amphibole. A smaller range is also shown in Fig. 6.5 (labelled A), which is the
range from amphibole alone. These average P-T conditions are consistent with the
experimental range of amphibole stability (Fig. 6.5; Ridolfi et al., 2010; Ridolfi and
Renzulli, 2012). The variation in calculated P-T conditions for each sample is very
small, suggesting they all formed under similar conditions, from a magma with a
consistent composition. The calculated pressures and temperatures with upper and

lower bounds are given in Table 6.2.
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Figure 6.5 P-T estimates for southern Lesser Caucasus volcanic rocks

Pressures and temperatures (the horizontal (red) lines in Fig. 6.4) are plotted for all the samples in
Figs 6.2 and 6.3. For those samples without clinopyroxene analyses, the pressure and temperature
estimates and ranges are derived from amphibole alone. Horizontal error bar is 1o error for the
clinopyroxene estimate (full range) and the amphibole estimate (labelled A). Vertical error bar is the
combined 1o errors from both the amphibole and clinopyroxene estimates. These ranges are
explained in more detail in Fig. 6.4 and section 6.5. All samples plot within the amphibole stability
field and the P-T range of the experimental dataset used for model calibration (Ridolfi and Renzulli,
2012). Symbols for each sample are as in Fig. 6.2.

6.6 Discussion

The substantial errors on estimates of pressure (Figs 6.4 and 6.5) limit the
meaningful conclusions one can draw with regard to the absolute depths of crystal
fractionation. Estimates of crustal thickness from Sr/Y and La/Yb ratios (see
Chapter 3; Hu et al., 2017) suggest the crust below the study area is around 60 km
thick. The upper pressure limit in Table 6.2 varies from 1110-1260 MPa, equating to
40-45 km depth, showing that all magmas must stall and fractionate in the crust,
rather than stalling below the Moho and fractionating before rapid ascent to the
surface. This is unsurprising given that the southern Lesser Caucasus are host to
both mafic and felsic igneous rocks. Magmas would not be able to evolve to felsic
compositions in the mantle as buoyancy forces would cause magma to ascend into

the crust before such a felsic composition was produced (Cox, 1993), or else the
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Table 6.2 Calculated pressures (and equivalent depths), temperatures and melt H,O contents of
clinopyroxene and amphibole crystallisation

Pressure  Pressure Temperature Temperature Depth Depth H2Omer
o (wt
(MPa) range (°C) range (km)  range 0%)*
Amphibole and clinopyroxene
2-5-08 244- 7.2
core 811 1194 992 895-1132 29 9-43
2508 g5y 247 995 s8s-1128 31 945 o0
rim 1242
2.6.08 810 213- 1005 912-1152 29 843 o7
core 1203
2-6-08 855 219- 1002 919-1164 31 845 2
rim 1261
8-3-15 754 183- 1005 914-1152 27 7-41 6.4
core 1137
8-3-15 758 135- 1002 896-1139 27 542 O
rim 1169
11-3-15 852 352- 1009 924-1154 31 13-43 6.5
core 1198
11;5’;5 725  60-1161 998 8741120 26 242 92
S m ee1199 1013 016-1164 28 343 O3
9-2-15 723 153- 1004 902-1140 26 640  ©°3
core 1109
Amphibole only
2-7-08 core 873 gg’é 1005 929-1095 31 1650 O
) 448- 7.0
2-7-08 rim 887 1409 999 926-1087 32  16-51
7-4-15 core 782 fggé 981 911-1067 28 1247 O
7515coe 776 o0 998 930-1084 28 1247 °F

*+ 14.4% (1o)

magma would stall and crystallise completely under batch processes.

The minimum pressure estimates are 50-350 MPa, equating to 2-13 km
depth. This means that the geobarometry techniques presented here do little more
than constrain the depth of magma storage to somewhere within the crust. However,
the pressure estimates shown in Fig. 6.5 give the most likely depths of crystal
fractionation- probably somewhere in the mid-crust (15-40 km). While it is difficult
to constrain the absolute pressures, given that all samples are treated the same, it is
worth looking at the relative pressure differences between samples. The difference
in pressure estimates between all samples is only around 130 MPa, or around 5 km.

This suggests that magma storage occurs in a relatively narrow lens in the mid-crust.
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The mean temperature of crystallisation is within error, but slightly lower
(~100°C) than the upper stability limit of amphibole in the mantle (Mandler and
Grove, 2016). Given magma generation is occurring in the lithosphere (Neill et al.,
2015; Sugden et al., 2019), the magmas may only have to travel a few 10s of km
from the mantle source to the location of magma storage. Samples 11-3-15 and 9-2-
15 (Tables 6.1 and 6.2) have some of the most mafic bulk rock compositions of any
volcanic rocks in the region, with SiO, of 47 wt % and MgO of 6 wt %. Such
magmas can only have experienced limited fractionation since their formation in the
mantle. Magmas ascending from the mantle source will cool adiabatically, and
possibly suffer contamination by cool mantle lithosphere domains (Kavanagh and
Sparks, 2009), which could explain the small discrepancy between the temperatures
calculated here and the amphibole dehydration solidus in the mantle. The
temperatures calculated for even the most mafic magmas are sufficiently hot to be

consistent with amphibole breakdown melting in the mantle.

As an analogue example, the ascent of kimberlite magmas over 200-400 km may
only give a temperature decrease of ~100°C, even with additional cooling
mechanisms such as gas exsolution (Kavanagh and Sparks, 2009). As such the
temperatures calculated here for mafic magmas are too low to be explained by melt
extraction from the convecting mantle at temperatures of 1300-1400°C (Priestley et
al., 2006). Thus, the P-T conditions are consistent with the magma petrogenesis

model presented in Chapter 3, whereby magmas are formed within the lithosphere.

The estimated melt H2O contents (Table 6.2) are 6-8 wt %, which puts them
at the upper end of the range typical for arcs (3.5-9 wt %; Ridolfi et al., 2010). This
is consistent with the widely observed arc-like bulk-rock geochemistry of Lesser
Caucasus volcanic rocks (Neill et al., 2013; Neill et al., 2015; Sugden et al., 2019).
That the estimate is towards the upper end of arc rocks may be testament to the low
degree of melting modelled for these rocks (see Chapter 3). This is because H20 is
likely to act as an incompatible element (with a similar bulk partition coefficient
during mantle melting to Ce; Dixon et al., 2002), such that it will increase in
concentration at lower degrees of melting. H.O/Ce ratios of 300-800 are above the
range for MORB (100-300; Dixon et al., 2002), confirming that water was added to
the mantle source during a metasomatic event. These H>O contents are in good
agreement with the H2O content used for the basalt geothermobarometry

calculations in Chapter 3 (7 wt %).



- 144 -

The H20 estimates are substantially higher that the < 2 wt % H>O contents of
olivine-hosted melt inclusions from the Gegham highland (Savov, personal
communication). This discrepancy could in part be due to the lower partial melt
fraction in the southern Lesser Caucasus, as revealed by the higher concentration of
immobile incompatible trace elements such as Nb (Chapter 3). It might also be
related to additional metasomatism in the thicker lithosphere below the southern
Lesser Caucasus. Geochemical traces of metasomatic apatite in the mantle source
are only seen in the south (Chapter 3), and this metasomatism could have added
more H,O (apatite contains OH groups in its structure). It is also possible that the
melt inclusions have lost volatiles post-entrapment as can occur even for texturally

pristine inclusions (e.g. Wallace et al., 2015).

Five of the samples for which amphibole and clinopyroxene data have been
collected, have also had Ar-Ar ages determined (see Chapter 5). A reduced magma
flux could reduce the temperature of magmas if any thermal anomaly in the crust
derived from magmatism becomes weaker. If there are fewer melt lenses in the
crust, magma may ascend more rapidly and stall in different places, giving some
pressure variations. A reduced degree of melting might be expected to increase H2.0O
in the youngest magmas. As can be seen in Fig. 6.6, none of this is observed,
suggesting a constant supply rate of hydrous magma throughout the period,
consistent with the interpretations in Chapter 5.

6.6.1 Magmatic oxygen fugacity (fO.) and Fe**/XFe
Ridolfi and Renzulli (2012) also calibrated an oxybarometer dependent on
amphibole components alone:
ANNO = 214.39 — 17.042[Si*™P"] — 26.08[Ti%™Ph] — 16.389[A14™Ph]
— 18.397[Fe®™Ph] — 15.152[Mg*™Ph] + 0.2162[Ca®™P"]
+ 6.1987[Na®™Ph] + 14.389[K“™P"]  SEE
= 0.37logunits (6.19)

Oxygen fugacities calculated from this equation range from +1.7 to +3.6 ANNO.
The bulk of amphibole-based oxygen fugacity estimates from subduction zone
volcanoes are between 0 and +2 ANNO (Ridolfi et al., 2010). Southern Lesser
Caucasus volcanic rocks appear to be highly oxidised, even when compared to arc

rocks.
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Figure 6.6 Pressure temperature and melt H,O content vs age

5 of the samples in Tables 6.1 and 6.2 also had ages determined, which from left to right are 11-3-15,
9-2-15, 9-1-15, 2-7-08 and 8-3-15. Where age error bars are not visible, they are smaller than the
symbol. Values and errors for T, P and H2Ome; are from Table 6.2.

The calculated P-T conditions (Table 6.2; Fig. 6.5) give fO2 between 6.4 x10
%and 4.7 x107 bars. The higher ANNO estimates give fO, values higher than those
for the most oxidised experiment used in calibration of Eq. 6.19. The P-T conditions
given in Table 6.2 are outside the calibration range of the experimental data used for
Eq. 6.19, with the data presented here indicating pressures above the maximum
pressure. These two issues mean that the ANNO estimates for the southern Lesser
Caucasus volcanic rocks are an extrapolation of the calibration of Eg. 6.19 and in the
words of Ridolfi and Renzulli (2012) “uncertainties of the equations may be higher
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(to an unpredictable degree) and we therefore recommend caution in the
interpretation of the amphibole crystallisation data.” For these reasons the

oxybarometry results are not presented in detail.

In Chapter 3, when calculating the P-T conditions of magma generation in
the mantle, the Fe**/=Fe ratio was assumed to be 0.25. It is possible to calculate the
likely Fe%*/>Fe ratio from the output of Eq. 6.19 using the formulations of Kress and
Carmichael (1991). This requires an estimate of the melt composition in equilibrium
with the amphibole. Using an equation which relates amphibole composition and
magma temperature to SiO> content (Putirka, 2016) provides an initial constraint.
Harker diagrams of southern Lesser Caucasus volcanic rocks are used to constrain
the other major elements, in a similar manner to that in Appendix B, but for a
specific SiO> rather than MgO content. This rough melt composition estimate

introduces further uncertainties into the Fe3*/XFe calculation.

This calculation suggests Fe*/XFe could range from 0.36 to 0.56. The 0.25
estimate used in Chapter 3 is likely to have been an underestimate. If a value of 0.46
Is taken, calculated P-T conditions of magma generation (see Chapter 3; Plank and
Forsyth, 2016) are 1.9 GPa (~70 km depth) and 1155°C. The underestimate of
Fe3*/XFe only effects the depth of melting estimate by 5-10 km. The temperature is
close to the upper stability limit of amphibole in the mantle (Mandler and Grove,
2016). The slightly shallow depth of melting is still within ~ 5 km of the spinel-
garnet transition (Robinson and Wood, 1998), consistent with trace element

evidence.

Highly oxidised magmas are consistent with the subduction-modified mantle
source clearly identified in Chapters 3 and 4 (Brounce et al., 2014). The high oxygen
fugacity is comparable to low volume alkaline magmas from the Western Mexico
volcanic belt and may be a result of the metasomatic phases which contribute to
magma generation (Carmichael et al., 1996). Both Western Mexico and the Southern
Lesser Caucasus have an unusually wide range of fO2, perhaps reflective of small-

scale heterogeneity in the mantle source.
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6.7 Conclusions

The depth of magma fractionation is relatively poorly explained but is most likely to
occur in the mid-crust (15-40 km) depth. The homogeneity of amphibole and
clinopyroxene phenocrysts between samples suggests that melt lenses will have
occupied a narrow depth interval of perhaps only 5 km somewhere in this range.
Temperatures are much better constrained as being close to 1000°C, which is
consistent with the model presented in Chapter 3 of amphibole dehydration melting
in the lithosphere forming these magmas. Melt H>O contents are consistent with a
subduction-modified mantle source, and also potentially with the low degree of
melting suggested by non-modal batch melting modelling. The very high oxygen
fugacity suggests an oxidised mantle source which is consistent with subduction
modification and the presence of metasomatic minerals such as amphibole in the

source.
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7. Discussion and Conclusions

7.1 A holistic model of volcanism in the southern Lesser
Caucasus

The southern Lesser Caucasus is a region which has not seen subduction of an
oceanic slab since at least 25 Ma (Okay et al., 2010; Rolland et al., 2012). In the
introduction to this thesis a central question was posed: why are there such
numerous volcanoes in the southern Lesser Caucasus? Synthesising the results and
interpretations presented in Chapters 3 to 6 makes it possible to answer that
question. The holistic model of volcanism presented here (Figs 7.1 and 7.2) threads
a geological history from mantle metasomatism to the volcanic eruptions at the
surface. As well as explaining how magma is generated, the model explores why the
volcanoes are so numerous- why do we observe lots of monogenetic centres (183 in
Syunik volcanic highland alone) rather than a few polygenetic ones? Figures 7.1 and
7.2 present the model in two stages. The first stage (Fig. 7.1) shows how a
subduction signature is imparted during oceanic subduction and then stored in
metasomatic amphibole in the lithosphere. The second stage (Fig. 7.2) is the
currently operating post-collision episode and concerns how and where magma is
generated, how it evolves during storage in the crust, and how it interacts with
tectonic forces and structures in the upper crust to produce the southern Lesser

Caucasus volcanic phenomena.

The 6-8 wt % water in magmas- calculated using amphibole hygrometry
(Chapter 6), show that the post-collisional mantle source is hydrated and must have
been metasomatised. The volcanic rocks have an arc-type geochemistry, with
enrichments in large-ion lithophile elements (LILE) and light rare earth elements
(LREE) and depletions in high field strength elements (HFSE) giving positive spikes
in Ba, K, Pb and Sr, and negative Nb-Ta and Ti anomalies on MORB normalised
incompatible trace element diagrams (Fig. 3.5). These geochemical signatures
suggest the metasomatising agent was a subduction component. The heavier 5!'B
signature when compared to ultra-potassic volcanic rocks from Western Anatolia
(Fig. 4.5), as well as the similar Sr-Nd-B isotope composition of post-collisional
volcanic rocks and 41 Ma samples from the nearby Tezhsar alkaline complex (Fig.
4.6), suggests that this subduction component is inherited from previous subduction

which occurred at least 40 Myr ago. There is no evidence for a stalled slab releasing
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Figure 7.1 First stage of the holistic model for volcanism in the southern Lesser Caucasus (pre-
collision)

The first stage is pre-collision (subduction) when the mantle source is metasomatised to reduce its
melting temperature. Blue arrows show the transfer of aqueous fluid from altered oceanic crust and
sediments to serpentinites and then arc magmas. The brown diapirs (labelled sediment melts or
supercritical fluids) are the second slab component, some of which enter arc magmas, and some of
which metasomatise the lithosphere of the overriding plate. The sediment melts/supercritical fluids
are incorporated into metasomatic amphibole as shown by the black arrows and green crystals.

increasingly refractory components to the mantle source after the end of subduction,
as has been suggested in Western Anatolia, resulting in the very light 5B observed
there (Tonarini et al., 2005; Agostini et al., 2008).

Prior to the continent-continent collision between Arabia and Eurasia, the
two continents were separated by the Neotethys Ocean (Rolland, 2017). The
Neotethys oceanic lithosphere and accompanying sediments constituted a
subduction package that was consumed along a series of trenches that delineated
(mostly north dipping) subduction zones (see Chapter 2). The presence of Mesozoic
and Paleogene arc-related volcanic rocks confirms that the Lesser Caucasus itself
was previously a region of active subduction (Mederer et al., 2013). Figure 7.1

shows how Tethyan subduction imparted a slab signature which is inherited by post-
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Figure 7.2 Second stage of the holistic model for volcanism in the southern Lesser Caucasus (post-
collision)

The second stage is post-collision and involves magma generation, crystal fractionation and volcanic
eruptions. Amphibole dehydration melting occurs in the lithosphere and is represented here by the
green crystals with pockets of melt forming. This melting occurs in response to heating of the
lithosphere either by convective removal of its base or in hot zones in the interior of the lithosphere
generated by relaxation of non-linear geothermal gradients (Sugden et al., 2019; see also Chapter 3).
Magmas then ascend into the crust until they stall at a regular horizon, which is probably a
lithological boundary somewhere in the mid-crust (as shown by amphibole/clinopyroxene
barometry). Here the mafic minerals amphibole, clinopyroxene and probably olivine fractionate. On
the left the polygenetic case of volcanism is shown with magmas ascending from the mid-crust and
dyke coalescence and upper crustal magma storage. The monogenetic volcanoes on the right are fed
by vertical dykes, as well as dykes which follow normal faults. These faults can form clusters of
volcanoes by focussing magma close to the fault’s surface outcrop. Some monogenetic magmas
probably stall in the upper crust to further fractionate and eventually evolve to more felsic
compositions. Here, plagioclase feldspar also fractionates.
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collisional volcanoes.

For the subduction component to be stored for millions of years after the end
of subduction, it must have resided in the mantle lithosphere below the Lesser
Caucasus, which at that time was part of the overriding plate of this convergent
margin (Fig. 7.1). The higher temperatures of the convecting mantle would have led
to melting and removal of this subduction component (Pearce, 1982; Pearce and
Peate, 1995; Grove et al., 2012). The lower temperatures in the lithospheric mantle
stabilise metasomatic minerals which can store the subduction component. Given the
high water contents of southern Lesser Caucasus magmas, this mineral is likely to be
hydrous with possibilities including amphibole, apatite and phlogopite. An inherited
subduction component in some of the Western Mexico volcanoes is predominantly

stored in phlogopite for example (Carmichael et al., 1996).

In the southern Lesser Caucasus this mineral appears to be predominantly
amphibole, on the basis of the low Rb/Sr (Fig. 3.18) and Dy/Dy* (Fig. 4.7) in post-
collisional volcanic rocks. The heavy §'!B signature of both arc magmas and
aqueous fluids in subduction zones are not observed in the post-collisional volcanic
rocks (see Chapter 4). Aqueous fluids (blue arrows in Fig. 7.1) are transitory and do
not contribute to the subduction component of the post-collisional mantle source.
Southern Lesser Caucasus samples are marked by low **3Nd/**Nd, despite Nd being
a relatively immobile element- evidence of a melt or supercritical fluid transporting

the subduction component from a radiogenic source (i.e. sediment).

To summarise this first stage of the model, sediment melts (or supercritical
fluids) react with the mantle lithosphere precipitating metasomatic amphibole which
is able to store a subduction component. This all occurred at least 40 Myr ago - at
some point during the Mesozoic-Paleogene subduction of the Neotethys Ocean

along a volcanic arc in the Lesser Caucasus.

Following continent-continent collision, heating-induced amphibole
breakdown leads to dehydration melting in the mantle lithosphere (Fig. 7.2). Trace
element modelling is consistent with amphibole being a residual phase during
magma generation (Chapter 3). Magmatic amphibole crystallisation temperatures
are just 100°C below the amphibole stability limit for some of the most mafic
samples (see Chapter 6). The mechanism of heating is thought to be small-scale

convective removal at the lithosphere-asthenosphere boundary and/or relaxation of
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non-linear geothermal gradients in the interior of the mantle lithosphere (Sugden et
al., 2019). In Chapter 3, it was argued that the non-linear geothermal gradient
resulted from underthrusting of the Arabian lithosphere. However, as Chapter 4 and
Fig. 7.1 illustrate, the subduction component must have been stored in the Eurasian
mantle lithosphere. We are likely looking at a section of Eurasian lithosphere which
during convergence and thickening has developed a complex geotherm. It could also
be a simpler case that initial collision buried colder lithospheric mantle to greater
depths, where heating to amphibole breakdown temperatures releases water and
triggers melting. 1% partial melting of a mixed spinel-garnet peridotite source
occurs at around 75 km depth. It is unclear whether this depth represents polybaric
magma-mantle separation between the base of the lithosphere and the Moho, or

whether it represents the final mantle-melt equilibration depth.

Low degrees of melting may mean that it takes a substantial amount of time
for small pockets of magma to coalesce into a body of sufficient volume to be
buoyant and eventually ascend through the crust (Fig. 7.2). The low frequency of
eruptions (in Syunik there is one eruption roughly every 5500 years, see Chapter 5)
suggests that there is unlikely to be continuous magma connectivity between the
surface and the zone of mantle melting (Fedotov, 1981; Smith and Németh, 2017).
Instead magma is likely to ascend through the crust as discrete batches (Fig. 7.2).
The small volume of these magma batches is probably consistent with the Sr-Nd
isotope evidence for the lack of assimilation of continental crust (Chapter 3). It is
also possible that other post-collisional magmas which solidified at depth have
provided an “armour” for newly ascending magmas, such that they do not come into

contact with crustal rocks of distinct isotope compositions.

During their ascent, the magmas stall and fractionate mafic minerals
including amphibole and clinopyroxene (Fig. 7.2). The very similar pressures
calculated for amphibole and clinopyroxene crystallisation in different samples
suggests that all magmas stall at a similar depth interval (see Chapter 6). This
interval could be controlled by a density or rheological interface due to a change in
lithology, which initially prevents magmas ascending further. Unfortunately, due to
the large errors involved in the amphibole and clinopyroxene geobarometry it is not
possible to constrain this depth accurately, but it is most likely to be in the mid-crust
(10-40 km).
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The ascent of magmas from this storage depth to the surface has varied
during the Quaternary evolution of the southern Lesser Caucasus. In Syunik prior to
1 Ma, volcanic eruptions produced large polygenetic edifices. Magmas did not
ascend vertically, such that dykes coalesced, probably forming an upper crustal hot
zone (Annen et al., 2015) and a stable magma plumbing system (Fig. 7.2). Ar-Ar
ages show that in Vardenis and Syunik volcanic highlands after 1 Ma, volcanism
was exclusively monogenetic. In Chapter 5, it was argued that this is a result of local
extension of the crust. Extension is likely to lead to dykes forming vertically, all else
being equal (Takada, 1994a; Takada, 1994b). Some magmas encounter normal
faults and ascend along these planes instead. This latter ascent path will cluster
volcanoes close to the surface expression of faults, as seen by the association of

monogenetic volcanoes with pull-apart basins.

Many magmas ascend rapidly to the surface, erupting mafic compositions.
Some of the monogenetic volcanoes also have felsic compositions, which probably
requires further magma fractionation given the lack of Sr-Nd isotope evidence for
crustal contamination. It is assumed that the magmas which supplied those
volcanoes must have stalled in the upper crust and fractionated further (Fig. 7.2).
Such fractionation would produce a very large volume of cumulates. The presence
of granitic xenoliths in one of the scoria cones (see Chapter 3) shows there is a
plutonic complement to volcanism, and that a substantial amount of storage and
fractionation of magma is occurring in the crust below the Lesser Caucasus. It is
also possible that these rhyolites represent partial melts of basalts and andesites

which previously froze before erupting in the crust.

To summarise, the southern Lesser Caucasus magma source was
metasomatised at >40 Ma during oceanic subduction which preceded the Arabia-
Eurasia collision. Sediment melts or supercritical fluids were the metasomatic agent
which reacted with peridotite in the mantle lithosphere to form zones enriched in
amphibole. These amphiboles stored a subduction component until heating of the
lithosphere after continental collision led to amphibole dehydration, and as a
consequence low degree (~1%) partial melting at ~ 75 km depth. The magmas
generated then accumulated into bodies which were able to ascend into the crust,
where they stalled at a lithological barrier. Fractionation of olivine, clinopyroxene

and amphibole was followed by further magma ascent and eruption at the surface.
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Volcanism has predominantly taken the form of large numbers of monogenetic
volcanoes (n=183 in Syunik) because localised extension has prevented dyke

coalescence and allowed each eruption to form a new vent.

7.2 Comparison with magmatism elsewhere in the Arabia-
Eurasia collision zone

This section will explore how the holistic model of volcanism in the southern Lesser
Caucasus fits into the overall picture of magmatism across the Turkish-Iranian
Plateau. As described in the Introduction, to the west of the Lesser Caucasus are the
volcanoes of eastern Anatolia, which formed above a thin lithospheric lid (Sengér et
al., 2003; Al-Lazki, 2003). To the south-east are the Zagros mountains and NW lIran,
a region of more sporadic volcanism over a very thick lithosphere (Priestley et al.,
2012).

Evidence for crustal contamination of mantle-derived magmas shows an
east-west split across the plateau. The mantle-like radiogenic isotope ratios of Sr and
Nd reported in this thesis (Chapter 3) match the compositions observed in the
northern Lesser Caucasus and NW Iran (Neill et al., 2013; Allen et al., 2013; Neill et
al., 2015). However, to the west in eastern Anatolia, there is widespread isotopic
evidence for crustal contamination playing a major role in petrogenesis (Pearce et
al., 1990; Buket and Temel, 1998; Sen et al., 2004; Keskin et al., 2006). Eastern
Anatolia is also distinct as the only region which hosts OIB-type alkaline igneous
rocks, with no subduction signature. Such rocks are largely found in south-eastern
Anatolia in the Lake Van region (Pearce et al., 1990; Keskin, 2003; Di Giuseppe et
al., 2017).

Both the OIB-type magmas and the increased role for crustal contamination
in eastern Anatolia can be explained by the region’s thin lithosphere. The East
Anatolian Accretionary Complex crust sits almost directly on convecting mantle
(Keskin, 2003; Keskin, 2007), and can be expected to have a higher heat flow and
steeper geotherm. The higher temperatures expected will help ascending magmas to
melt and assimilate portions of the crust during their ascent. With regard to the
subduction signatures observed in the southern Lesser Caucasus and elsewhere in
the collision zone (Pearce et al., 1990; Keskin et al., 1998; Allen et al., 2013; Neill et
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al., 2013; Neill et al., 2015; Ghalamghash et al., 2016), they might only be found in
magmas derived from the lithospheric mantle. Here, lower temperatures stabilise
metasomatic phases such as amphibole, which are able to store a component from
earlier oceanic subduction that is inherited by the post-collisional magmas.
Continuous convection and high temperatures will make such long term storage
impossible in the asthenosphere. In the Lake Van region, where the mantle
lithosphere is thought to be very thin, the convecting mantle may be able to upwell
to sufficiently shallow depths that it can undergo low degree decompression melting,
producing OIB-type magmas. Where the lithosphere is thicker, this is not possible,
and magmas are derived from the lithosphere instead, producing magmas containing

a subduction signature.

In some cases where the lithosphere is thin, but a mantle lithosphere is still
retained, magmas may originate in both the asthenosphere and the lithosphere.
Initial magmas generated by decompression melting may be contaminated by
lithospheric melts on their ascent to the crust. This might be the case for some lavas
to the north of Lake Van, which have muted slab signatures (Oyan et al., 2017).

The predominantly monogenetic character of recent volcanism in the
southern Lesser Caucasus contrasts with the large polygenetic volcanoes of Nemrut,
Suphan, Tendurek and Ararat in eastern Anatolia. This difference in style of
volcanic activity appears to have more to do with a greater degree of localised
extension in the Lesser Caucasus than a lower magma supply. That said,
monogenetic volcanism in NW Iran is not associated with any local pull-apart
structures (Allen et al., 2013). In this region of thickest lithosphere (>200 km;
Priestley et al., 2012), magma supply is probably the limiting factor. In the Lesser
Caucasus, a decrease in the degree of melting accompanies an increase in
lithospheric thickness from north to south (Chapter 3; Sugden et al., 2019). As such,
although a low shear wave velocity is observed at ~ 100 km depth across the Plateau
(Maggi and Priestley, 2005), the volumes of magma produced are likely to reduce as

lithosphere thickness increases.

The Arabia-Eurasia collision zone provides a unique opportunity to
investigate post-collisional magmatism. Their Quaternary age allows volcanic rocks
to be contextualised in terms of the lithosphere structure in the region of magma

genesis. Thinner lithosphere in the west results in a greater amount of crustal
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contamination, a higher rate of magma production, more OIB-type, and less arc-type

volcanic rocks.

7.3 Suggestions for further study

Interpretations of where magma was generated in Chapter 3 were hampered by the
resolution of the geophysical observations. Previous geophysical studies show a
relatively low density of seismic stations in the vicinity of the southern Lesser
Caucasus (e.g. Gok et al., 2011). Future studies of magma generation processes in
the Lesser Caucasus would be helped by a higher spatial resolution tomography
and/or receiver function study of the local crustal and lithospheric structure using a
denser seismic station array. The Armenian National Academy of Sciences has
already deployed such an array. The results of that study will provide important
constraints to test the melting model as presented in Chapter 3. If the depths of the
lithosphere-asthenosphere boundary, Moho, and melt generation can all be
constrained more precisely than has hitherto been achieved, then it would be
possible to say with more confidence whether magma formed at the base of the
lithosphere, in the middle of the mantle lithosphere or at the base of the crust. Such
geophysical constraints would also help to better constrain the meaning of the
melting depth calculated from basalt geothermobarometry. Does it represent the

average depth of polybaric melting, or the final depth of mantle-melt equilibration?

The understanding of the boron isotope composition of post-collisional
volcanic rocks (Chapter 4) would be improved by analysing Mesozoic-Paleogene
arc rocks as a comparison. If there is only a fluid component in the arc rocks, and
not the post-collisional samples, then it might be expected we would see a heavier

5'1B signature and higher [B] in the arc samples.

A good check on the argument presented in this thesis that the subduction
component in the southern Lesser Caucasus is inherited from oceanic subduction
would be to measure the activity ratios of U-Th series isotopes. Any deviation from
secular equilibrium (activity ratios of 1), as has been observed in volcanic arcs
(Turner et al., 2000), would suggest the subduction component is much younger and

cannot have been inherited from oceanic subduction > 40 Myr ago.
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As discussed in Section 7.2, this subduction component is likely to be
inherited widely across the collision zone. An exception is likely to be the Lake Van
region where OIB-type alkaline lavas are erupted. If alkaline magmas have really
not been influenced by subduction processes they should have 5B similar to
MORB or OIB (-10 to -7%.; Marschall et al., 2017; Walowski et al., 2019). It would
also be interesting to select samples of various ages from the region and look at the
evolution of boron isotopes over time as evidence of slab break-off. Would the very
light 5B seen in Western Anatolia volcanic rocks (Tonarini et al., 2005) be

observed in the Lake Van region?

In Chapter 5, the transition from polygenetic to monogenetic volcanism in
the Syunik volcanic highland was argued to be the result of increased rates of crustal
extension. A key point of the discussion was that the magma supply appears to have
been consistent across the transition. This argument could be strengthened by
estimating the volumes of lava flows in Syunik over time using the geological map
shown in Chapters 2 and 5 and a high resolution digital elevation model. This would

show whether the eruptive flux, and thus the magma supply has changed with time.

The Holocene volcanoes in Syunik are being investigated as a site with
geothermal energy potential. A better understanding of the subsurface structure of
the southern Lesser Caucasus volcanic field would help us to understand more about
magma plumbing systems in this region. Understanding magma storage in the
Lesser Caucasus could help determine whether this and other young volcanoes in the
region offer potential as geothermal energy sites, and how best to exploit this
potential. Geothermobarometry using amphibole, clinopyroxene and plagioclase
could be used to establish how hot the magma was and the depths at which it was
stored. Diffusion modelling could also be used to look at the timescales of magma
storage. A longer period of magma storage of several years might be more likely to
have a cumulate or plutonic reservoir associated with it, which is still supplying heat

to the surrounding crust today.

The diverse range of young and well preserved volcanic structures, and high-
quality geochemical data have made the southern Lesser Caucasus an exceptional
natural laboratory for improving our understanding of volcanism in post-collisional
settings. This thesis has provided a foundational understanding of various aspects of

magmatism, from evolution of the magma source, to the formation of monogenetic
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volcanoes. Even so, the southern Lesser Caucasus remain exceptionally fertile
ground for future research into many aspects of contemporary magma petrogenesis

and volcanology in an active continent-continent collision.

The case for further research is not merely scientific; there is also a strong
impetus with regards to the socio-economic impacts of any future eruption. Over 1
million people living in the city of Yerevan, just 50 km from the southern Lesser
Caucasus. The road to Armenia’s southern border with Iran represents a vital trade
link for the country, but it passes right through both the Syunik and Vardenis
highlands, within a few kilometres of Holocene lava flows. Were this road to be
blocked by lava flows, or closed due to a nearby eruption, the impact on the
Armenian economy could be substantial. It is vital that researchers continue to
improve our understanding of post-collisional volcanism in the region, so that the
risk it poses to both the local population and economy can be assessed as well as

possible.
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List of Abbreviations

#Mg- Mg number (molar ratio MgO/(MgO+FeO)
AFT- Apatite fission track dating
Amph- amphibole

Ap- apatite

BSE- Back-scattered electron
BP- years before present

Cpx- Clinopyroxene

DMM- Depleted MORB mantle
EKP- Erzurum-Kars Plateau
FAS- fore-arc serpentinite

FME- fluid-mobile element

Fo- Forsterite (Mg end-member in olivine solid solution) content of olivine
phenocryst

HFSE- High field strength elements

HREE- Heavy rare earth elements

ICP-OES- Inductively coupled plasma optical emission spectroscopy
ICP-MS- Inductively coupled plasma mass spectrometry
ka- age in thousands of years

LCC- Lower Continental Crust

LILE- Large lon Lithophile Elements

LOI- Loss on Ignition

LREE- Light Rare Earth elements

Ma- age in millions of years

Myr- time interval in million years

NLC- Northern Lesser Caucasus

N-MORB- “Normal” Mid-ocean ridge basalt

NW- north-west

OIB- Ocean Island Basalt
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Ol- Olivine

Plag- Plagioclase feldspar

ppm- parts per million

REE- Rare earth element

RH- Royal Holloway University
SAB- South Armenian Block
SC- Subduction Component

SE- south-east

SLC- Southern Lesser Caucasus
TAC- Tezhsar alkaline complex
TIMS- Thermal lonisation Mass Spectrometry
TIP- Turkish-Iranian Plateau

Tp- Mantle potential temperature

wt %- Weight per cent concentration
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A. Major and Trace elements

This Appendix gives the full data tables for major and trace element concentrations

used in this thesis, as well as providing details on the analyses of standard materials.

A.1 Bulk rock geochemical data

Location and geochemical data for collision related volcanic rocks from the southern
Lesser Caucasus.

Table A.1 Full major and trace element dataset for Syunik volcanic highland

a-
b-

Sample 1-4B-08 is a granitic crustal xenolith

Samples analysed at Royal Holloway report Fe as FeO (tot); Samples analysed at ACME
labs, Vancouver report Fe as Fe,Os (tot)

Major elements analysed by x-ray fluorescence (XRF) at Royal Holloway or inductively
coupled plasma atomic emission spectra (ICP-AES) at ACME labs, Vancouver

Samples listed in order of date of collection

Trace elements run by ICP-AES after HF digestions at Royal Holloway or by ICP- mass
spectrometry (ICP-MS) at ACME labs, VVancouver

Trace elements run by ICP-AES after fusions at Royal Holloway or by ICP-MS at ACME
labs

Run by ICP-MS

Obsidian samples, where major elements were analysed by electron probe microanalysis
Lab where sample was run- Royal Holloway (RH) or ACME labs, Vancouver
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Table A.1
Sample? 1.1.08 1.2.08 1.3.08 1.4A08 1.4B.08* 25.08 2.6.08 2.7.08
Latitude 39.59280 39.61808 39.55255 39.04413 39.04413 39.43065 39.48285 39.45870
Longitude 46.06533 46.07458 46.08887 46.08888 46.08888 46.31612 46.26930 46.24037
Lab RH RH RH RH RH RH RH RH
SiO® 56.15 56.19 52.28 50.52 76.29 49.69 53.23 50.44
TiO2 1.02 1.02 1.10 143 0.07 1.34 1.12 1.32
Al03 16.70 16.87 15.89 16.31 13.24 16.65 17.11 16.82
Fe20s3 (tot)°
FeO (tot)® 7.32 7.44 7.71 8.97 0.72 8.51 7.78 8.38
Cr203 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
MnO 0.12 0.12 0.13 0.14 0.01 0.14 0.13 0.14
MgO 3.62 3.72 3.91 5.20 0.09 4.87 4.15 4.44
Cao 6.62 6.77 8.25 8.74 0.89 8.47 6.87 8.16
Na.O 4.60 4.56 4.77 4.36 3.62 4.57 5.03 5.12
K20 2.82 2.81 2.94 2.73 5.23 2.82 3.20 3.25
P20s 0.71 0.72 0.96 1.02 0.01 0.99 0.96 1.12
LOI
Total 99.68 100.22 97.93 99.40 100.17 98.05 99.59 99.20
Mg# 0.47 0.47 0.47 0.51 0.18 0.50 0.49 0.49
Lie 16.8 16.3 18.7 13.0 2.9 13.0 16.8 14.2
Bed 2.1 2.1 2.0 2.0 11 2.1 2.9 2.3
Sce 12.6 13.2 12.0 15.5 0.0 13.0 10.6 11.0
\& 140.5 143.4 137.6 185.9 6.9 155.9 141.4 158.4
Co® 194 19.6 19.8 26.5 11 24.8 20.6 23.7
Nie 28.4 29.2 28.4 49.9 0.3 51.8 52.4 45.0
Cue 55.8 59.1 52.7 80.4 3.2 53.2 46.5 64.2
znf 90.8 107.0 100.0 1445 57.4 105.4 1245 111.0
Gad
Rb9
Srf 1125 1131 1689 2003 591 2070 1722 2531
Yf 23.1 22.6 225 23.3 4.1 24.0 23.4 24.1
zrf 213 221 179 199 49 212 234 224
Nb9
Mo?
Cs9 0.7 0.8 0.9 0.6 0.8 0.7 0.9 0.8
Baf 968 958 1123 1109 809 1051 1057 1220
Lad 67.6 68.8 72.4 88.9 21.7 80.7 95.4 98.7
Ced 1175 119.0 129.4 169.7 29.8 152.5 172.2 193.2
Pro 12.4 12.4 13.8 18.8 3.0 16.9 18.0 21.4
Nd¢ 46.0 47.3 53.2 73.3 9.2 65.8 66.5 83.6
Smé 7.6 7.6 8.2 11.3 1.2 105 10.3 12.7
Eud 2.1 2.1 2.3 2.9 0.5 2.8 2.7 3.3
Gd9 5.6 5.7 6.3 8.0 1.0 7.4 7.5 8.7
The 0.9 0.9 0.9 11 0.2 11 1.0 1.2
Dy¢ 3.8 3.8 3.8 4.3 0.8 4.3 4.0 4.3
Hod 0.7 0.7 0.7 0.8 0.2 0.8 0.7 0.8
Erd 19 1.9 19 2.0 0.6 2.0 2.0 2.0
Tmd 0.3 0.3 0.3 0.3 0.1 0.3 0.3 0.3
Yhd 2.0 1.9 2.0 2.0 0.5 2.0 2.0 2.0
Lud 0.3 0.3 0.3 0.3 0.1 0.3 0.3 0.3
Hf9 4.8 49 4.0 4.5 1.9 4.6 5.1 49
Tald 12 1.2 13 1.6 1.2 15 1.8 1.7
TI9 0.0 0.1 0.0 0.1 0.2 0.0 0.0 0.0
Pb9 16.0 15.2 14.1 15.2 19.9 144 18.0 16.7
Tho 7.2 7.0 7.2 6.5 43.1 5.7 8.2 6.8
U9 1.6 1.6 2.0 14 5.9 1.3 1.7 15
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Table A.1 continued

Sample? 2.8.08 2.9.08 2.10.08 2.11A.08

2.11B.08

3.12A.08 3.12B.08 3.12C.08

Latitude 39.46010 39.48452 39.46787 39.50280
Longitude 46.26768 46.21770 46.25762 46.18945

39.50280 39.77477 39.77477 39.77477
46.18945 45.79218 45.79218 45.79218

Lab RH RH RH RH RH RH RH RH
SiO° 51.74 51.58 47.08 60.38 52.74 77.95 58.80 77.91
TiO2 1.14 1.07 1.31 0.61 1.27 0.10 0.98 0.09
Al203 16.26 16.49 14.39 16.61 16.29 12.73 16.61 12.73
Fe20s (tot)P

FeO (tot)P 7.87 7.61 10.31 4.20 7.13 0.73 6.77 0.76
Cr203 0.01 0.02 0.07 0.00 0.01 0.00 0.01 0.00
MnO 0.13 0.13 0.15 0.08 0.12 0.06 0.11 0.06
MgO 4.77 471 11.65 1.65 3.80 0.06 3.35 0.06
CaO 8.61 7.03 9.83 3.18 7.04 0.51 5.87 0.51
Na20 4.76 4.90 3.29 521 4.75 411 4.59 4.20
K20 2.89 3.33 1.19 4.38 3.90 4.65 2.97 4.69
P20s 1.00 0.93 0.53 0.38 1.07 0.01 0.55 0.01
LOI

Total 99.17 97.78 99.74 96.68 98.11 100.90 100.61 101.02
Mg# 0.52 0.52 0.67 0.41 0.49 0.13 0.47 0.12
Li¢ 15.0 16.9 8.1 24.6 16.7 56.4 19.8 58.5
Be? 25 2.6 12 3.7 2.8 4.2 21 4.3
Sct 141 10.8 24.2 4.3 9.7 14 11.6 11
A& 145.8 130.2 154.6 76.3 158.9 1.6 111.9 13
Co® 22.3 21.2 39.7 10.3 21.7 1.0 17.8 0.9
Ni® 56.7 85.1 275.5 111 45.5 0.3 28.4 0.3
Cue 61.2 56.0 64.9 20.1 73.2 1.6 33.6 0.8
Znf 102.3 107.3 98.0 79.9 111.7 32.0 106.2 40.8
Ga?

Rbe

Srf 1998 2050 1073 1084 2378 21 981 21
Yf 20.6 205 22.2 14.3 174 11.8 21.4 11.7
Zrf 246 220 126 308 233 98 184 94
Nb?

Mo?

Cs? 0.7 0.9 0.5 2.0 1.0 4.3 0.8 4.7
Baf 1107 1192 430 1007 1254 62 779 58
Lad 93.0 88.8 31.9 68.2 88.8 34.3 55.7 334
Cet 174.5 158.8 65.6 117.4 170.2 52.8 95.2 51.7
Pr¢ 18.7 16.8 8.3 11.9 18.7 4.9 10.3 4.8
Nd¢ 72.1 62.7 34.3 42.2 70.1 14.2 38.5 134
Sm? 111 9.5 6.5 6.0 104 18 6.5 1.7
Eu? 2.9 2.6 1.8 15 2.6 0.2 1.7 0.2
Gd¢ 7.7 7.0 4.9 4.3 6.9 1.7 5.0 1.7
The 1.1 1.0 0.9 0.6 0.9 0.3 0.8 0.3
Dy9 4.0 3.7 4.0 24 3.3 14 3.6 13
Ho¢ 0.7 0.7 0.8 0.4 0.6 0.3 0.7 0.3
Er9 1.9 1.8 21 1.3 15 11 19 11
Tmd 0.3 0.3 0.4 0.2 0.2 0.3 0.3 0.2
Yhbe 1.9 1.9 2.2 14 14 1.6 2.0 14
Lud 0.3 0.3 0.4 0.3 0.3 0.3 0.3 0.3
Hf9 54 4.7 3.0 7.1 55 5.0 4.4 4.0
Tad 1.7 1.6 0.7 2.2 1.7 2.7 1.3 2.7
TIe 0.0 0.0 0.1 0.2 0.0 0.5 0.0 0.6
Ph? 175 19.9 9.0 26.8 22.2 29.4 18.0 30.1
The 8.4 7.8 2.6 17.8 8.3 36.9 115 37.6
U 1.5 1.7 0.7 3.9 1.8 9.3 2.6 9.7
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Sampled 3.13.08 3.14A.08 3.14B.08 4.15A.08" 4.15B.08 4.16.08 4.17.08 4.18A.08"
Latitude 39.76002 39.59143 39.59143  39.81777 39.81777 39.81867 39.81867  39.79052
Longitude 45.77190 45.93635 4593635 45.81843 4581843 45.81397 45.81397  45.82100
Lab RH RH RH RH RH RH RH RH
SiO* 57.88 54.28 54.16 76.25 75.46 65.62 59.61 76.91
TiO2 0.97 1.00 1.00 0.08 0.08 0.55 0.86 0.08
Al203 16.37 16.62 16.46 12.63 12.74 16.10 16.36 12.55
Fe20s (tot)®

FeO (tot)® 6.71 7.56 7.53 0.47 0.70 4.13 6.03 0.48
Cr203 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00
MnO 0.11 0.12 0.12 0.05 0.06 0.06 0.10 0.06
MgO 3.30 4.32 4.22 0.02 0.05 144 291 0.03
CaO 6.04 7.65 7.55 0.40 0.45 3.92 5.27 0.47
Na:O 4.48 452 4.58 4.17 4.06 4.16 4.61 3.90
K20 2.85 2.83 2.80 4.63 4.50 3.33 3.22 4.81
P20s 0.53 0.87 0.87 0.00 0.01 0.23 0.49 0.00
LOI

Total 99.25 99.79 99.30 100.00 98.11 99.54 99.48 100.00
Mo# 0.47 0.50 0.50 0.07 0.11 0.38 0.46 0.11
Li¢ 19.6 14.6 14.2 71.7 66.4 20.0 16.5 61.2
Bed 2.3 2.2 2.0 4.9 4.9 2.0 2.1 4.2
Sct 11.3 14.0 13.7 11 2.2 7.1 10.1 0.3
A\ 106.6 138.9 145.6 1.0 1.2 74.7 98.7 1.2
Co® 18.0 20.1 20.2 0.8 1.0 11.2 15.9 0.8
Nié 28.1 38.9 384 0.3 0.3 23.6 24.9 0.3
Cue 39.8 48.7 437 1.0 0.8 31.0 325 1.9
znf 80.3 98.9 111.7 32.9 38.6 64.5 84.5 118.4
Ga¥

Rb9

Srf 964 1430 1450 10 10 592 992 20
Yf 20.3 20.6 21.9 111 10.8 15.0 20.1 11.8
Zrf 176 204 207 92 87 176 213 91
Nb?

Mo?

Cs9 1.2 0.6 0.7 54 5.3 1.8 0.7 4.5
Baf 720 993 1015 26 27 769 980 50
Lad 51.9 75.9 76.3 27.3 26.9 47.1 63.5 33.2
Ced 90.6 134.1 136.1 424 42.2 66.6 105.6 50.5
Prd 9.8 14.3 144 4.0 4.0 7.5 111 4.8
Nd¢ 36.8 535 54.4 10.7 10.9 27.1 40.0 135
Smd 6.3 8.6 8.6 14 1.3 4.3 6.6 1.7
Eud 1.7 2.3 2.3 0.1 0.1 1.3 1.8 0.2
Gd? 4.9 6.4 6.5 13 1.3 3.5 5.2 1.7
The 0.8 0.9 0.9 0.3 0.3 0.6 0.8 0.3
Dy¢ 3.5 3.8 3.8 1.2 1.2 2.4 34 13
Ho¢? 0.6 0.7 0.7 0.3 0.3 0.5 0.6 0.3
Er9 1.8 1.8 1.8 1.0 1.0 1.4 1.7 1.0
Tme 0.3 0.3 0.3 0.2 0.2 0.2 0.3 0.2
Yh? 2.0 1.8 1.9 1.6 1.6 1.4 1.9 1.6
Lud 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Hf9 4.3 4.4 4.4 4.1 4.1 4.5 4.9 4.0
Tad 1.3 14 1.4 2.9 3.3 15 1.3 2.7
TI9 0.0 0.0 0.0 0.7 0.7 0.1 0.1 0.6
Pb? 17.2 17.9 17.6 177.0 33.0 18.9 79.3 234
The 114 7.6 7.8 415 39.6 194 12.2 374
U9 2.6 1.6 1.6 11.2 10.7 4.8 2.4 9.7
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Table A.1 continued.

Sample? 4.18B.08  4.19.08 5.20A.08 5.20B.08 5.21.08 5.22.08 5.23.08 6.24.08
Latitude 39.79052 39.79098 39.75548 39.75548 39.75548 39.74215 39.68235 39.68745
Longitude 45.82100 45.82100 45.82830 45.85745 45.85745 45.84407 45.88542 45.91403
Lab RH RH RH RH RH RH RH RH
SiOz* 74.78 54.35 77.78 76.30 53.46 56.07 53.73 48.97
TiO2 0.10 1.19 0.07 0.06 1.05 1.06 1.23 1.56
Al203 13.51 17.20 12.81 12.57 16.41 16.95 17.13 16.28
Fe20s (tot)P

FeO (tot)P 0.77 7.91 0.65 0.68 7.75 7.46 8.16 9.06
Cr203 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
MnO 0.06 0.12 0.07 0.07 0.13 0.12 0.12 0.14
MgO 0.06 3.66 0.04 0.05 4.84 3.55 3.54 4.77
CaO 0.48 6.66 0.49 0.50 7.12 6.10 6.78 8.63
Na20 3.88 4.63 451 4.17 4.45 4.41 4.61 4.47
K20 4.30 2.92 4.46 4.36 3.02 2.87 3.14 3.03
P20s 0.00 0.84 0.00 0.00 0.92 0.68 0.89 1.30
LOI

Total 97.95 99.48 100.89 98.76 99.15 99.27 99.33 98.19
Mg# 0.12 0.45 0.11 0.12 0.53 0.46 0.44 0.48
Li¢ 65.0 151 69.0 64.8 16.1 17.8 15.2 135
Be? 4.9 2.1 5.3 51 19 2.2 2.3 2.3
Sc® 0.7 10.7 15 2.0 134 11.9 9.8 141
Ve 1.5 144.6 0.5 0.6 1435 144.2 169.8 202.2
Co® 1.2 213 0.8 0.7 224 20.5 22.1 27.2
Ni® 0.3 26.0 0.3 0.3 66.9 34.4 13.6 38.3
Cue 1.7 34.8 0.9 0.8 395 53.0 32.1 71.9
Znf 42.9 106.5 41.0 394 103.4 94.5 102.7 110.0
Ga?

Rbe

Srf 57 1374 7 9 1585 1098 1973 2358
Yf 114 225 8.5 8.3 23.0 21.3 219 24.3
Zrf 99 223 94 84 192 204 209 197
Nb?

Mo?

Cs? 4.7 0.7 5.3 51 0.3 0.8 0.7 0.6
Baf 41 961 15 14 1102 864 1119 1176
La% 315 75.6 18.3 17.9 85.3 63.5 94.3 97.1
Cet 50.8 138.1 28.6 27.7 149.9 111.3 172.9 193.6
Pro 4.7 15.2 2.8 2.7 15.9 12.0 19.0 21.8
Nd¢ 13.2 58.3 7.2 6.9 59.5 44.8 714 86.0
Sm9 1.6 9.6 0.7 0.8 9.4 7.4 11.0 13.2
Eu? 0.2 2.5 0.1 0.1 24 2.0 2.8 3.3
Gd¢ 1.6 6.9 0.8 0.9 7.0 5.7 7.5 8.9
The 0.3 1.1 0.2 0.2 11 0.9 11 1.2
Dy9 1.3 4.2 0.9 0.9 41 3.8 4.0 4.5
Ho? 0.3 0.8 0.2 0.2 0.8 0.7 0.7 0.8
Er9 1.1 2.0 0.9 0.9 2.0 2.0 1.9 2.1
Tmd 0.2 0.3 0.2 0.2 0.3 0.3 0.3 0.3
Yhbe 1.6 2.0 14 14 21 2.1 1.8 1.9
Lud 0.3 0.3 0.3 0.3 0.4 0.3 0.3 0.3
Hf9 4.1 4.9 4.4 4.0 4.3 4.5 4.8 4.7
Tad 3.0 1.6 2.9 2.8 1.3 13 1.6 1.7
TIe 0.6 0.1 0.6 0.6 0.1 0.0 0.0 0.1
Pbe 31.0 15.7 32.7 32.6 15.7 16.2 16.6 17.2
The 41.0 74 39.7 38.1 8.3 8.1 7.6 6.1
U9 10.1 1.7 11.0 10.6 14 1.8 1.6 14
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Table A.1 continued

Sampled 6.25.08 6.26.08 2.3.10 2.4.10 2.5.10 2.6.10 2.7.10 2.8.10

Latitude 39.68745 39.68872 39.78705 39.78315 39.77372 39.77243 39.82953 39.83390
Longitude 45.91403 4591847 45.94045 4594143 45.94703 4594713 45.97773 45.99253

Lab RH RH RH RH RH RH RH RH
SiOz* 48.91 55.45 69.07 54.21 55.06 54.25 54.65 54.10
TiO2 1.60 1.08 0.45 1.22 0.88 1.19 1.10 1.00
Al203 16.37 16.97 16.11 17.08 17.52 17.09 17.08 16.77
Fe20s3 (tot)°

FeO (tot)? 9.13 7.43 2.74 8.03 7.43 8.17 7.84 7.16
Cr20s 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01
MnO 0.14 0.12 0.02 0.12 0.11 0.12 0.11 0.11
MgO 4.66 3.62 0.67 4.16 3.38 4.13 3.27 3.85
CaOo 8.81 6.68 0.69 7.27 7.31 7.07 7.39 8.06
Na:O 4.02 4.70 491 4.80 4.23 4.72 4.40 4.46
K20 3.07 3.12 4.39 281 2.52 2.73 2.88 3.33
P20s 1.36 0.91 0.06 0.75 0.64 0.71 0.74 0.91
LOI

Total 98.05 100.07 99.09 100.44 99.07 100.18 99.47 99.76
Mgt 0.48 0.46 0.30 0.48 0.45 0.47 0.43 0.49
Li¢ 16.6 14.3 8.7 12.9 24.7 12.8 121
Be? 2.2 2.0

Sce 145 11.6 6.2 13.9 13.6 135 121
\% 157.0 146.8 62.6 151.6 176.2 148.8 137.4
Co® 274 19.6 7.2 24.1 20.5 234 19.9
Nie 38.6 25.7 19.1 36.6 40.9 413 36.0
Cue 68.2 45.5 151 47.3 28.1 41.1 72.5
zZnf 1135 102.1 56.8 104.3 105.7 88.7 91.3 96.7
Gal

Rb? 103.4 38.1 41.1 39.2 44.7 47.2
Srf 2576 1589 356 1472 1343 1254 1311 1931
Yf 235 20.3 24.9 23.8 20.1 253 24.1 22.2
Zrf 198 221 168 191 152 205 200 197
Nb? 214 23.2 214 253 29.6 274
Mo¢ 0.7 11 0.9 1.0 1.2 0.8
Cs? 0.6 0.6 0.6 0.3 0.6 0.3 0.6 0.4
Baf 1211 1147 802 914 852 864 936 1189
Lad 98.4 82.6 58.7 71.6 68.6 68.5 77.0 90.3
Ced 198.0 149.8 91.3 131.7 1234 1235 141.6 167.5
Pro 22.1 16.0 9.5 13.9 12.7 12.9 151 17.6
Nd? 86.8 60.2 34.4 52.1 46.4 48.3 56.4 65.0
Sm? 135 9.5 6.1 8.3 7.2 7.7 8.8 9.6
Eud 34 25 1.8 2.2 2.0 2.2 2.3 25
Gd? 9.3 6.9 5.4 6.1 5.2 6.0 6.6 6.7
Thd 1.3 1.0 0.8 0.8 0.7 0.9 0.9 0.8
Dy? 4.7 3.8 4.0 4.1 34 4.3 4.0 3.8
Ho? 0.8 0.7 0.8 0.8 0.7 0.9 0.8 0.7
Er9 2.1 18 2.0 2.2 18 24 2.1 2.0
Tme 0.3 0.3 0.3 0.3 0.2 0.3 0.3 0.2
Yh? 2.0 1.7 1.6 17 1.6 2.0 1.7 15
Lud 0.3 0.3 0.2 0.3 0.2 0.3 0.2 0.2
Hf9 4.6 4.8 4.2 4.1 3.5 4.5 4.3 4.4
Tad 1.8 14 15 0.9 0.8 11 1.2 11
TIe 0.1 0.0 0.5 0.2 0.2 0.2 0.1 0.2
Phd 23.2 28.7

The 6.0 7.3 20.1 5.8 7.7 6.7 7.2 7.1

U 1.3 1.6 6.5 1.3 1.7 15 1.3 14




-192 -

Table A.1 continued.

Sampled 2.9.10 3.10.10 3.11.10 3.12.10 3.13.10 3.14.10 3.15.10 4.16.10

Latitude 39.83062 39.79367 39.78590 39.78258 39.77927 39.58312 39.58832 39.56577
Longitude 45.98512 46.02328 46.01777 46.01837 46.00793 46.21038 46.21135 46.21687

Lab RH RH RH RH RH RH RH RH
SiO2° 58.69 62.73 55.73 58.03 54.92 57.06 55.65 53.53
TiO2 0.87 0.56 0.99 0.94 1.12 0.85 0.98 1.13
Al203 16.83 16.61 16.36 16.74 17.11 17.33 17.50 17.08
Fe20s (tot)P

FeO (tot)° 6.63 4.57 6.95 6.60 7.48 6.25 7.03 7.63
Cr203 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01
MnO 0.10 0.08 0.12 0.11 0.12 0.11 0.12 0.12
MgO 3.22 1.90 3.38 3.21 3.54 3.21 3.21 4.02
CaO 5.96 4.64 6.74 6.04 6.90 5.89 6.42 7.71
Na2O 4.35 4.44 491 4.38 4.77 5.22 5.09 4.75
K20 3.17 3.44 3.80 3.07 331 351 3.51 3.20
P20s 0.57 0.34 1.07 0.59 0.93 0.58 0.72 0.93
LOI

Total 100.39 99.31 100.06 99.72 100.20 100.01 100.23 100.10
Mg# 0.46 0.43 0.46 0.46 0.46 0.48 0.45 0.48
Li® 17.0 15.7 20.0 16.7 12.0 15.8 13.7 12.5
Be?

Sct 11.2 7.7 10.6 12.0 12.0 10.0 121 14.2
\A 122.4 93.9 125.0 125.2 142.7 115.7 123.7 162.0
Co® 17.8 11.3 18.0 18.1 20.7 16.2 17.9 22.3
Nie 274 18.2 27.3 27.6 28.2 37.6 28.3 375
Cu® 521 31.1 37.2 42.3 58.6 44.2 48.4 56.1
znf 71.0 63.6 79.2 74.0 83.4 75.2 85.2 81.8
Gald

Rbd 57.6 68.6 58.9 53.7 44.6 48.9 454 37.0
Srf 962 903 1908 1022 1728 1395 1350 1827
Yf 224 16.7 24.4 225 22.8 20.8 23.1 23.6
zrf 201 171 189 210 218 244 242 201
Nb¢ 254 20.6 29.6 23.2 30.5 33.3 28.9 245
Mo¢ 2.0 0.9 0.3 2.0 12 0.9 0.7 0.4
Cst 0.8 1.0 0.6 0.8 0.5 0.4 0.2 0.2
Baf 883 846 1379 903 1194 1022 1017 1152
Lad 69.8 55.3 97.5 64.6 85.1 77.1 76.9 82.1
Ced 120.5 96.0 169.9 1133 158.1 136.2 1375 151.9
Prd 121 9.7 17.2 115 16.6 13.7 14.0 16.0
Nd? 433 34.3 62.3 41.9 60.9 48.3 50.1 60.2
Sm¢ 6.9 5.2 8.9 6.6 9.2 7.1 7.8 9.0
Eu? 2.2 14 25 1.9 24 1.9 21 24
Gdd 5.3 4.0 6.8 5.1 6.7 5.3 5.8 6.5
The 0.8 0.5 0.9 0.7 0.8 0.7 0.8 0.8
Dy® 3.7 24 3.9 3.6 3.9 3.2 3.6 3.9
Ho? 0.8 0.5 0.8 0.7 0.8 0.7 0.7 0.8
Er9 2.1 1.5 2.2 21 2.0 19 21 21
Tm? 0.3 0.2 0.3 0.3 0.3 0.2 0.3 0.3
Yhbe 1.9 1.2 1.8 1.7 16 15 1.7 1.6
Lud 0.3 0.2 0.3 0.3 0.2 0.2 0.2 0.2
Hf9 6.5 4.1 4.2 4.6 4.5 54 51 4.3
Tad 11 1.0 1.3 1.0 1.2 14 1.3 0.9
TI9 0.3 0.4 0.2 0.3 0.1 0.2 0.1 0.1
Pbe

The 9.6 121 11.4 8.9 6.4 9.7 8.1 55

e 2.2 3.0 2.7 1.9 14 1.9 15 1.0
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Sampled 4.17.10 4.18.10 4.19.10 5.1.12 5.2.12 5.3.12 54.12A 54.12B
Latitude 39.55612 39.58467 39.59172 39.68375 39.68428 39.68867 39.68077 39.68077
Longitude 46.21807 46.22022 46.24905 46.04950 46.04902 46.05203 46.04030 46.04030
Lab RH RH RH ACME ACME ACME ACME ACME
SiO* 58.73 56.29 60.46 57.44 55.30 54,57 56.34 55.81
TiO2 0.79 0.99 0.59 0.86 1.03 1.04 1.01 0.97
Al03 17.54 17.40 17.14 17.74 17.25 17.03 18.86 17.08
Fe2Os3 (tot)° 5.76 7.48 7.41 4.69 7.03
FeO (tot)® 5.52 6.89 4.44

Cr20s 0.00 0.00 0.00 <0.01 <0.01 <0.01 <0.01 <0.01
MnO 0.10 0.11 0.08 0.10 0.13 0.13 0.09 0.11
MgO 2.35 3.31 1.99 2.39 3.73 3.77 1.90 3.57
CaO 4.98 6.68 5.04 4.45 6.90 7.12 4.86 6.80
Na20 5.59 4.89 5.29 5.27 4.59 4.64 4,92 4.57
K20 4.08 3.17 3.38 4.61 2.85 2.78 4.76 2.80
P20s 0.62 0.65 0.44 0.64 0.73 0.77 0.56 0.72
LOI

Total 100.29 100.39 98.85 100.28 100.30 99.69 99.58 100.21
Mgt 0.43 0.46 0.44 0.45 0.50 0.50 0.45 0.50
Lie 204 14.8 16.7

Bes 5.0 2.0 2.0 4.0 3.0
Sct 7.5 11.9 6.1

Ve 102.1 135.3 70.1 126.0 155.0 151.0 239.0 145.0
Co® 144 17.9 10.7 16.7 22.6 23.2 12.0 20.7
Nie 23.0 26.5 17.1 14.0 23.2 15.7 4.7 28.8
Cue 229 36.8 43.9 45.0 49.3 14.0 95.2 48.1
znf 83.2 77.2 63.8 57.0 54.0 42.0 75.0 71.0
Ga’ 18.6 17.9 17.9 17.8 16.7
Rbd 62.7 435 50.3 96.3 49.9 51.4 100.0 49.9
Srf 1396 1226 1107 1561 1185 1284 1972 1207
Yf 20.2 21.9 15.6 24.3 20.5 20.3 15.8 19.0
Zrf 287 219 219 342 232 239 334 203
Nbd¢ 39.9 25.9 26.6 40.2 22.6 21.4 43.0 235
Mo¢ 0.9 1.0 2.3 0.3 0.7 0.2 0.1 0.7
Cs9 0.8 0.3 1.0 1.6 0.5 0.4 2.0 0.8
Baf 973 973 992 1143 1052 1070 1198 894
Lad 84.7 66.5 66.1 99.3 74.2 72.6 91.1 69.7
Ced 150.7 118.6 112.8 179.4 126.4 123.6 160.3 118.5
Pr9 15.0 12.1 111 20.6 134 13.2 17.6 12.9
Nd9¢ 52.5 44.0 38.2 70.3 45.3 44.9 59.4 44.4
Sm¢ 7.4 7.1 5.6 10.2 7.2 7.0 7.6 6.4
Eud 2.0 1.9 15 25 1.9 1.9 1.9 1.8
Gdd 5.6 5.3 4.1 1.7 5.6 5.8 5.0 5.3
The 0.7 0.8 0.5 0.9 0.7 0.7 0.6 0.6
Dy¢ 3.3 3.6 2.3 4.6 4.0 3.8 3.1 3.6
Hod 0.7 0.7 0.4 0.8 0.7 0.7 0.5 0.6
Er9 1.9 2.1 14 2.1 2.0 2.0 14 1.8
Tme 0.2 0.3 0.1 0.3 0.3 0.3 0.2 0.3
Yho 1.7 1.8 1.1 2.2 1.7 1.8 14 15
Lud 0.2 0.2 0.1 0.3 0.3 0.3 0.2 0.2
Hf9 6.5 4.8 5.4 6.9 5.2 4.7 6.8 4.4
Tad 1.9 1.0 1.2 1.8 1.0 11 1.8 1.0
TI9 0.2 0.2 0.2 <0.1 <0.1 <0.1 <0.1 <0.1
Pb?

The 13.9 7.6 10.0 17.7 7.9 6.8 20.1 85
U9 3.1 1.4 2.2 4.2 1.7 1.6 4.6 1.8
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Sample? 5.5.12 5.6.12 8.2.15 8.3.15 8.4.15 8.5.15 8.6.15 8.7.15b
Latitude 39.66542 39.63242 39.42896 39.41410 39.49615 39.49431 39.50412 39.50771
Longitude 46.06113 46.05875 46.27307 46.28308 46.24583 46.24621 46.20926 46.20948
Lab ACME ACME ACME ACME ACME ACME ACME ACME
SiOz* 55.27 57.91 49.16 51.58 52.01 45.80 50.11 49.06
TiO2 1.02 0.95 143 121 1.12 1.58 1.14 1.33
Al20s 17.22 16.61 16.91 16.65 16.68 14.92 15.92 16.25
Fe203

(tot)P 7.14 6.42 9.03 7.66 7.26 9.56 7.28 7.94
FeO (tot)°

Cr20s <0.01 <0.01 <0.01 <0.01 0.01 0.02 0.01 <0.01
MnO 0.12 0.11 0.14 0.13 0.13 0.16 0.13 0.13
MgO 3.60 3.14 5.37 4.29 4,54 7.77 4.44 4.48
CaO 6.74 5.89 8.66 8.01 7.23 10.02 8.60 8.70
Na20 4.79 4.52 4.23 4.48 431 4.30 4.78 4.75
K20 2.98 3.12 2.54 3.14 3.24 2.64 3.75 3.78
P20s 0.71 0.62 124 1.06 0.98 1.27 1.18 1.24
LOI 0.98 141 1.92 0.73 0.88 1.07
Total 100.06 100.24 99.83 99.76 99.60 98.90 98.42 98.91
Mg# 0.50 0.49 0.54 0.53 0.55 0.62 0.55 0.53
Lie

Bed <1 3.0 2.0 3.0 2.0 1.0 2.0 4.0
Sc®

Ve 145.0 128.0 212.0 177.0 147.0 220.0 171.0 194.0
Co® 19.6 17.8 28.7 23.1 23.1 36.1 22.2 24.8
Nie 23.9 12.0 66.3 25.0 66.3 117.1 19.9 28.4
Cue 44.2 225 143.3 66.0 55.7 34.3 41.2 49.4
Znf 34.0 51.0 92.0 75.0 82.0 81.0 58.0 65.0
Ga’ 16.1 16.6 18.6 18.2 18.1 15.7 17.9 184
Rb9¢ 52.0 56.9 34.9 43.0 46.7 31.3 53.3 46.7
Srf 1229 1026 2150 2161 2198 2325 2812 2814
Yf 19.6 18.5 21.7 195 20.0 234 21.1 21.2
zZrf 227 209 204 217 244 166 236 214
Nb? 26.0 22.2 37.8 28.4 31.1 24.1 31.8 29.0
Mo? 0.9 0.1 0.8 0.7 0.7 11 14 0.9
Cst 0.5 0.9 0.4 0.5 0.8 0.4 0.6 0.8
Baf 888 881 1181 1180 1363 1093 1705 1496
Lal 67.9 64.4 101.3 93.9 944 74.6 102.9 100.4
Ced 120.9 111.9 197.3 174.6 177.1 158.1 190.1 191.8
Pro 13.2 12.1 23.1 20.0 19.6 19.6 21.3 22.8
Nd¢ 44.8 41.0 80.8 70.7 67.5 74.8 75.7 80.1
Smd 6.5 6.4 11.7 9.7 9.5 11.0 104 11.2
Eu 1.7 1.7 3.1 2.6 25 3.0 2.8 3.0
Gd? 5.0 5.0 8.0 6.8 6.6 7.6 7.4 7.7
The 0.7 0.7 0.9 0.8 0.7 0.9 0.9 0.9
DyY 35 35 4.6 4.0 3.8 4.7 4.3 4.4
Ho? 0.7 0.6 0.7 0.7 0.7 0.8 0.7 0.7
Erd 1.8 1.8 19 1.7 1.8 2.1 1.9 18
Tm¢d 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2
Yh? 1.7 1.7 1.7 1.7 16 19 1.7 1.7
Lud 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.2
Hf9 49 4.5 4.5 4.5 4.6 3.7 4.7 4.5
Tal 1.2 1.2 14 1.2 14 0.9 14 1.3
TIe <0.1 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1
Ph9

The 10.6 9.4 6.6 6.6 7.9 3.6 7.8 5.8
(L 2.6 2.4 14 1.2 15 0.8 1.9 1.4
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Table A.1 continued.

Sampled 8.7.15s 9.1.15 9.2.15 9.3.15 10.1.15 10.2.15 10.3.15 10.4.15
Latitude 39.50771 39.53042 39.51419 39.50737 39.64401 39.64359 39.64130 39.65483
Longitude 46.20948 46.22106 46.23795 46.24666 46.10200 46.10184 46.10138 46.11162
Lab ACME ACME ACME ACME ACME ACME ACME ACME
SiO* 49.81 51.60 47.68 52.66 47.89 51.35 51.44 54.32
TiO2 1.37 1.22 1.78 1.19 1.26 1.48 1.46 1.01
Al203 16.80 17.40 15.80 17.58 15.58 16.93 16.91 16.97
Fe203

(tot)b 8.15 8.20 10.07 7.25 8.14 8.96 8.92 7.31
FeO (tot)®

Crz0s <001 <001 001 <001 <001 <001 <001 <001
MnO 0.13 0.13 0.15 0.13 0.14 0.14 0.14 0.12
MgO 4.55 4.42 6.28 3.25 4.45 4,78 4.79 4.28
CaO 8.29 7.51 9.54 7.25 9.64 8.23 8.07 7.60
Na20 4.62 4.50 4.24 4.68 4.47 4.85 4.81 4.60
K20 3.50 3.06 2.10 3.48 3.87 211 2.13 2.63
P20s 1.17 1.26 1.14 0.90 1.54 0.81 0.82 0.74
LOI 1.32 0.49 0.77 1.26 0.55 0.18 0.29 0.77
Total 99.87 99.94 99.68 99.77 97.74 99.93 99.90 100.45
Mot 0.53 0.52 0.55 0.47 0.52 0.51 0.52 0.54
Li®

Be? 4.0 2.0 3.0 30 <1 3.0 4.0 3.0
Sct

Ve 190.0 204.0 247.0 138.0 117.0 177.0 184.0 156.0
Co® 25.2 24.5 34.8 195 24.3 28.6 29.0 22.4
Nie 29.6 416 60.8 5.1 12.1 34.0 35.8 35.7
Cu® 87.5 454 71.9 19.0 28.2 48.8 31.9 41.7
Znf 80.0 88.0 82.0 27.0 57.0 71.0 59.0 65.0
Gad 19.0 18.9 175 19.8 16.6 18.6 17.9 18.1
Rbd 44.2 415 26.9 46.9 51.2 34.0 33.7 42.3
Srf 2504 2032 2128 2556 2889 1413 1363 1374
Yf 20.3 22.3 24.0 21.4 25.0 26.6 26.3 20.2
Zrf 210 218 177 267 202 240 235 202
Nbd¢ 28.8 31.3 21.9 39.5 28.7 194 20.5 21.2
Mo? 0.8 0.5 1.0 0.2 15 11 0.4 0.3
Cs9 0.6 0.3 0.3 0.6 0.8 0.3 0.3 0.3
Baf 1446 1201 1022 1287 1795 924 915 990
Lal 97.6 103.6 75.1 1135 102.4 61.3 63.6 67.5
Ced 192.8 189.0 150.9 221.6 195.2 1154 114.0 120.2
Pr9 22.7 21.2 18.0 25.8 22.9 129 13.0 129
Nd¢ 81.9 72.2 67.8 90.8 81.1 47.7 46.7 455
Smé 11.7 10.1 104 125 11.6 8.0 7.6 6.8
Eu? 3.0 2.7 2.9 3.1 3.1 2.3 2.4 2.0
Gdd 7.6 7.7 8.1 8.2 8.6 6.9 7.1 5.8
The 0.9 0.9 0.9 0.9 0.9 0.8 0.9 0.7
Dy9 4.6 4.8 49 4.4 4.8 5.0 49 3.8
Ho? 0.7 0.7 0.8 0.7 0.8 0.9 0.9 0.7
Erd 19 2.1 2.0 19 2.1 2.6 25 1.9
Tme 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.3
Yhe 17 1.8 2.0 1.7 2.0 2.4 2.3 1.6
Lud 0.2 0.3 0.3 0.3 0.3 0.4 0.4 0.3
Hf9 4.6 4.3 4.0 5.6 4.5 5.1 4.8 4.3
Tald 12 1.2 0.9 1.8 1.1 0.8 0.8 0.9
TI9 <0.1 <0.1 <0.1 <0.1 0.5 <0.1 <0.1 <0.1
Pb¢

Tho 5.1 6.0 3.2 8.8 7.1 4.8 49 6.5
(WL 1.1 1.1 1.0 1.6 1.1 1.0 1.1 1.6
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Table A.1 continued.

Sample? 10.5.15 10.6.15 11.1.15 11.2.15 11.3.15 11.4.15 115.15

Latitude 39.65203 39.63462 39.57705 39.62041 39.63605 39.63671 39.63842
Longitude 46.11353 46.11344 45.99658 46.02615 46.03841 46.04296 46.06461

Lab ACME ACME ACME ACME ACME ACME ACME

SiO2* 54.30 54.65 55.65 49.60 47.27 48.67 57.53
TiO2 1.09 1.12 1.08 1.25 1.80 1.73 0.95
Al2O3 16.89 16.64 17.52 16.87 15.49 15.86 16.60
Fe203

(tot)b 7.44 7.35 7.38 8.49 10.07 9.77 6.50
FeO (tot)P

Cr203 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01
MnO 0.12 0.12 0.12 0.14 0.15 0.14 0.11
MgO 4.04 3.96 3.21 5.09 5.97 5.65 3.23
CaO 7.58 7.08 6.07 8.48 9.87 9.69 5.95
Na20O 4.47 4.54 4.90 4.87 4.50 4.37 4.62
K20 2.73 2.52 3.12 2.75 2.52 2.49 3.01
P20s 0.81 0.68 0.82 1.27 1.17 1.12 0.65
LOI 0.76 112 0.02 0.22 0.08 0.44 0.55
Total 100.35 99.89 100.01 99.19 99.04 100.06 99.83
Mg# 0.52 0.52 0.46 0.54 0.54 0.53 0.50
Li¢

Bed <1 3.0 2.0 2.0 5.0 3.0 1.0
Sct

Ve 176.0 149.0 142.0 167.0 266.0 240.0 135.0
Co® 22.0 23.8 19.1 26.9 335 31.6 18.3
Nie 195 21.7 10.1 49.0 41.7 35.0 114
Cu® 36.6 12.3 24.9 52.6 70.4 7.7 28.6
Znf 62.0 26.0 39.0 84.0 79.0 88.0 28.0
Ga’ 18.4 17.6 18.3 17.8 17.6 175 17.3
Rbe 44.0 48.3 515 33.2 33.8 34.1 59.7
Srf 1456 1206 1333 2185 2348 2131 1063
Yf 22.3 22.0 20.8 21.6 22.0 22.3 20.3
Zrf 220 244 239 169 190 186 224
Nb¢ 22.8 19.8 25.6 23.2 33.4 32.6 22.1
Mo¢ 0.3 0.3 0.3 1.3 0.9 1.2 <0.1
Cs9 0.4 0.6 0.4 0.6 0.3 0.4 1.0
Baf 1112 967 1125 1301 1151 1105 954
Lad 77.9 65.3 79.9 94.6 88.4 86.3 65.4
Ced 140.9 114.1 138.4 175.4 187.1 174.6 116.2
Pro 153 12.8 15.7 20.3 22.3 20.9 125
Nd¢ 52.0 46.0 55.8 70.7 81.5 76.4 44.2
Smd 8.2 7.1 7.8 10.0 11.7 10.7 6.6
Eud 2.3 2.0 2.2 2.7 3.1 2.9 1.8
Gd¢ 6.4 6.0 6.2 7.1 8.6 7.8 5.3
The 0.8 0.7 0.7 0.8 0.9 0.9 0.7
Dys® 4.1 4.3 4.0 4.4 4.8 4.6 3.8
Ho¢ 0.7 0.8 0.7 0.7 0.7 0.8 0.6
Erd 2.0 2.1 2.1 1.8 2.0 1.9 19
Tm9 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Yhb¢ 18 2.0 1.9 1.7 1.7 1.7 1.8
Lu9 0.3 0.3 0.3 0.2 0.2 0.3 0.3
Hf9 4.7 5.3 5.1 3.9 3.9 4.0 4.7
Tad 1.0 0.9 1.3 1.0 1.3 1.2 1.1
TI9 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Pbe

The 7.0 7.5 7.8 55 55 5.8 10.8

e 1.4 1.8 1.5 1.0 13 1.2 2.5
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Table A.2 Full Major and trace element dataset for Vardenis volcanic highland

a- Samples analysed at Royal Holloway report Fe as FeO (tot); Samples analysed at ACME
labs, Vancouver report Fe as Fe,Os (tot)

b- Major elements analysed by x-ray fluorescence (XRF) at Royal Holloway or inductively
coupled plasma atomic emission spectra (ICP-AES) at ACME labs, Vancouver

c- Samples listed in order of date of collection

d- Trace elements run by ICP-AES after HF digestions at Royal Holloway or by ICP- mass
spectrometry (ICP-MS) at ACME labs, Vancouver

e- Trace elements run by ICP-AES after fusions at Royal Holloway or by ICP-MS at ACME
labs

f- Runby ICP-MS

g- Lab where sample was run- Royal Holloway (RH) or ACME labs, Vancouver
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Table A.2

Sample® 6.27.08 7.28B.08 7.29.08 7.31.08 7.32.08 8.33.08 8.34.08 7.30.08
Latitude 40.09045 40.06415 40.14205 40.07710 40.07712 40.10300 40.11353 40.07680
Longitude 45.41402 45.63003 45.61920 4552558 45.52560 45.50550 45.55378 45.51587
Lab9d RH RH RH RH RH RH RH ACME
SiO2P 51.62 76.02 50.94 68.48 52.87 58.53 54.85 53.96
TiO2 1.20 0.10 1.34 0.34 1.23 1.13 1.03 1.01
Al203 16.31 12.38 16.37 14.73 16.93 16.65 16.47 16.47
Fe20s (tot)? 6.82
FeO (tot)? 8.65 0.72 8.72 2.87 8.54 7.23 7.48

Cr203 0.02 0.00 0.01 0.00 0.01 0.01 0.01 0.01
MnO 0.13 0.05 0.14 0.07 0.14 0.12 0.12 0.12
MgO 6.23 0.12 6.36 1.15 4.40 3.85 5.04 4.08
CaO 8.54 0.55 8.43 2.44 7.93 6.28 7.08 7.97
Na2O 3.93 3.66 4.54 4.00 4.61 4.35 4.24 4.36
K20 2.27 4.79 2.00 419 2.13 1.93 2.45 3.37
P2Os 0.52 0.01 0.72 0.19 0.77 0.39 0.58 0.61
LOI 0.59
Total 99.41 98.40 99.56 98.44 99.56 100.46 99.34 99.49
Mg# 0.56 0.23 0.57 0.42 0.48 0.49 0.55 0.54
Lid 12.2 52.3 12.1 35.7 14.3 155 11.9

Bef 15 3.1 15 2.6 1.6 15 1.9 1.0
Scd 17.7 0.0 17.8 3.9 15.7 13.9 15.0

v 163.4 15 130.2 49.4 1515 107.5 123.4 112.0
Cod 27.5 1.2 27.6 6.1 24.0 21.3 22.9 194
Nid 77.6 1.6 86.8 7.2 45.9 34.0 79.1 18.8
Cud 54.9 1.8 47.7 6.8 447 25.6 419 12.9
zZnt 86.3 36.4 915 50.6 107.3 73.9 81.3 33.0
Gaf 14.8
RDbf 67.7
Sre 1161 17 1217 468 1142 680 1036 845
Ye 194 125 24.9 13.2 26.8 235 20.9 19.9
Zrt 141 81 188 151 187 178 194 187
Nbf 18.9
Mof 0.2
Csf 0.8 5.2 0.5 4.4 0.4 1.2 0.7 1.1
Ba® 778 43 754 650 707 511 816 768
Laf 39.2 27.8 56.9 45.4 57.5 39.5 55.6 52.0
Cef 75.8 46.3 98.6 70.7 102.0 65.9 95.4 90.6
Prf 9.0 49 10.8 7.1 11.0 7.6 10.3 9.9
Ndf 36.9 15.8 41.1 235 42.4 29.7 38.2 33.7
Smf 6.6 2.5 7.3 3.4 7.6 55 6.5 55
Euf 1.9 0.3 2.1 0.9 2.1 1.6 1.9 15
Gdf 5.0 2.1 5.8 2.8 5.9 4.5 5.1 4.5
Thbf 0.8 0.4 1.0 0.5 1.0 0.9 0.9 0.6
Dyf 3.6 19 4.3 2.1 4.7 4.1 3.6 3.7
Hof 0.7 0.4 0.8 0.4 0.9 0.8 0.7 0.7
Erf 1.9 1.2 2.2 1.2 2.3 2.1 1.8 2.0
Tmf 0.3 0.2 0.4 0.2 0.4 0.4 0.3 0.3
Ybf 2.0 15 2.5 15 2.4 2.3 1.9 1.9
Luf 0.3 0.3 0.4 0.3 0.4 0.4 0.3 0.3
Hff 3.4 3.4 4.1 4.4 4.1 4.4 4.4 4.4
Taf 11 2.5 1.1 1.9 1.0 1.0 1.1 0.9
TIf 0.0 0.7 <0.1 0.4 <0.1 0.0 0.1 <0.1
Pbf 159 31.3 18.2 23.6 14.4 13.2 16.4

Thf 6.3 42.9 5.7 27.2 5.9 10.3 1.7 11.8
uf 15 11.2 15 1.7 1.2 2.7 1.7 3.3
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Table A.2 continued.

Sample® Porak Suratan 1.1.12 1.3.12 2.1.12 22A12 2.2B.12 2.3.12
Latitude 40.03073 40.11460 39.99902 40.02615 40.10283 40.03612 40.03612 40.09402
Longitude 45.71282 45.68688 45.45092 45.45323 45.39072 45.42975 45.42975 45.46670
Lab? RH RH ACME ACME ACME ACME ACME ACME
SiOz° 58.15 73.24 75.12 59.38 52.17 54.81 62.41 58.78
TiO2 0.94 0.14 0.13 0.80 1.11 0.94 0.66 0.79
Al203 16.10 12.79 13.16 16.53 17.40 16.86 16.62 16.33
Fe203

(tot)? 6.44 0.94 0.90 5.94 7.77 6.78 4.68 5.88
FeO (tot)?

Cr203 0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01
MnO 0.12 0.04 0.05 0.10 0.13 0.12 0.08 0.10
MgO 3.79 0.38 0.10 3.05 4.60 3.81 2.22 2.99
CaO 6.29 0.75 0.41 5.59 8.27 7.43 4.64 5.47
Na20 4.28 2.86 3.99 4.38 4.62 4.77 4.49 4.23
K20 2.94 5.44 4.82 3.35 2.76 3.18 3.37 3.35
P20s 0.55 0.04 0.02 0.58 0.95 0.70 0.38 0.58
LOI 0.68 3.54 1.20 0.49 0.35 0.68 0.33 0.90
Total 100.38 100.22 99.93 100.31 100.25 100.22 99.99 99.52
Mg# 0.54 0.44 0.18 0.50 0.54 0.53 0.48 0.50
Lid

Bef <1 4.0 3.0 4.0 2.0 9.0 4.0 3.0
Scd

vd <8 107.0 <8 135.0 177.0 160.0 87.0 128.0
Cod 0.6 22.8 0.7 17.3 25.7 21.2 13.1 17.3
Nid 34 17.0 0.5 12.9 328 334 9.6 10.9
cud 51 19.3 2.0 49.1 52.5 64.5 19.2 16.4
Zne 10.0 24.0 18.0 48.0 72.0 61.0 14.0 36.0
Gaf 10.9 15.7 14.2 19.0 19.4 19.3 19.1 19.0
Rbf 85.8 54.5 146.2 729 411 60.4 82.8 73.4
Sre 91 1171 57 1048 1890 1523 949 1043
Ye 7.3 19.6 12.8 18.3 18.9 16.9 144 17.8
Zre 119 200 128 218 195 205 186 213
Nbf 15.9 253 331 23.3 28.3 26.5 19.0 226
Mof 0.1 0.1 0.3 0.4 1.2 0.9 0.2 0.2
Csf 1.9 1.0 3.3 1.2 0.8 1.2 13 15
Ba® 366 882 219 998 1098 1101 1057 1006
Laf 431 65.6 38.1 67.7 83.6 715 56.6 67.2
Cef 66.5 117.9 67.4 114.3 148.3 124.7 94.3 114.1
Prf 6.1 13.2 6.8 12.1 16.3 13.7 10.2 121
Ndf 174 46.4 20.0 404 56.6 46.1 35.2 40.2
Smf 24 7.0 2.9 6.1 8.0 6.7 5.0 5.8
Euf 0.3 18 0.4 1.6 2.2 1.9 1.4 1.6
Gd' 1.5 53 2.2 4.8 6.1 5.2 4.2 4.8
Thf 0.2 0.7 0.3 0.6 0.7 0.6 0.5 0.6
Dyf 1.3 3.7 2.0 3.4 3.8 3.4 2.6 34
Hof 0.3 0.7 0.4 0.6 0.7 0.6 0.5 0.6
Erf 0.7 19 1.3 1.7 1.7 1.6 13 17
Tmf 0.1 0.3 0.2 0.3 0.3 0.2 0.2 0.3
Ybf 0.8 1.7 1.3 1.6 1.6 1.6 1.3 1.6
Luf 0.2 0.3 0.2 0.2 0.3 0.3 0.2 0.3
Hff 34 4.5 4.5 4.6 4.3 4.7 4.8 4.7
Taf 1.0 13 1.8 1.2 1.2 11 11 11
TIf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Pbf

Thf 19.9 9.9 294 11.8 9.4 12.5 16.3 11.8
uf 3.7 1.9 6.4 3.2 1.9 3.2 4.6 34




Table A.2 continued.
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Sample® 2.4.12 3.1.12 3.3B.12 3.3D.12 3.4.12 3.5.12 4,112 1.1.13
Latitude 40.08937 40.03443 40.01627 40.01622 40.12277 40.11190 40.18002 40.02458
Longitude 45.46282 4560598 45.60892 4559918 45.60407 45.59078 4564320 45.83628
Lab9 ACME ACME ACME ACME ACME ACME ACME ACME
SiO2P 65.38 55.93 64.57 63.57 59.95 54.77 74.48 51.71
TiO2 0.49 0.93 0.53 0.55 0.75 1.03 0.10 1.39
Al2O3 15.44 16.87 16.18 16.25 16.02 17.09 12.57 17.31
Fe203

(tot)? 3.45 6.86 4.17 4.32 5.68 7.33 0.57 8.34
FeO (tot)?

Cr203 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
MnO 0.07 0.13 0.07 0.08 0.10 0.12 0.04 0.13
MgO 1.56 3.99 1.96 2.22 3.55 3.96 0.06 4.15
CaOo 3.45 6.73 4.17 4.46 5.72 7.16 0.65 7.34
Na20 4.23 4.39 4.35 4.28 4.29 4.74 3.64 4.52
K20 3.95 3.17 3.09 2.99 3.34 2.78 4.89 3.08
P20s 0.31 0.74 0.27 0.28 0.55 0.84 <0.01 1.23
LOI 1.35 0.34 0.26 1.06 0.04 0.44 2.96 0.75
Total 99.76 100.20 99.71 100.14 100.12 100.39 99.98 100.09
Mg# 0.47 0.54 0.48 0.50 0.55 0.52 0.17 0.50
Lid

Bef 3.0 3.0 4.0 2.0 2.0 4.0 4.0 3.0
Scd

v 66.0 148.0 102.0 77.0 129.0 146.0 <8 128.0
Cod 9.0 23.1 12.0 13.1 19.0 21.0 0.6 17.8
Nid 5.9 315 6.9 5.0 17.9 22.5 0.5 12.0
Cud 5.2 49.9 195 125 14.2 27.6 2.4 22.5
zZn® 28.0 63.0 23.0 10.0 42.0 55.0 3.0 51.0
Gaf 16.4 174 17.0 16.3 17.8 17.3 13.3 16.6
Rbf 92.6 59.4 76.1 69.7 80.1 44.1 183.4 56.9
Sre 725 1196 734 767 971 1375 52 1026
Ye 13.1 215 14.6 13.8 17.6 20.7 1.7 18.5
Zrt 177 215 154 155 203 216 70 209
Nbf 20.8 23.1 154 15.3 215 26.9 24.4 22.2
Mof <0.1 0.7 0.5 <0.1 1.1 0.6 1.3 0.1
Csf 3.0 0.4 1.8 2.0 1.0 0.4 6.5 0.9
Bat 877 1016 801 794 1001 952 106 881
Laf 52.8 70.9 45.1 44.0 63.6 75.5 30.5 64.4
Cef 84.5 125.3 12.7 73.1 108.3 135.3 46.2 111.9
Prf 8.7 13.6 7.6 7.4 11.4 14.6 4.1 12.1
Ndf 27.6 46.1 26.3 25.9 38.8 51.1 111 41.0
Smf 4.1 6.9 3.9 3.7 5.6 7.1 1.2 6.4
Euf 1.0 1.9 1.1 1.1 1.6 2.0 0.2 1.7
Gdf 3.3 5.6 3.3 3.4 4.8 6.1 11 5.0
Thbf 0.4 0.7 0.4 0.4 0.6 0.7 0.2 0.7
Dyf 2.4 3.8 2.6 2.5 3.4 4.0 1.0 35
Hof 0.4 0.7 0.5 0.5 0.6 0.8 0.2 0.6
Erf 1.2 1.8 1.4 1.3 1.7 2.0 0.7 1.8
Tmf 0.2 0.3 0.2 0.2 0.2 0.3 0.1 0.3
Ybf 1.3 1.7 1.3 1.3 1.8 1.8 1.0 1.7
Luf 0.2 0.3 0.2 0.2 0.3 0.3 0.2 0.3
Hff 4.2 4.8 3.7 3.7 4.8 45 2.7 45
Taf 1.3 11 1.0 1.0 1.0 1.1 1.8 1.2
TIf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Pbf

Thf 194 10.0 14.3 13.7 12.3 7.8 38.5 9.4
uf 5.7 2.2 4.7 4.0 4.0 1.6 14.0 2.4
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Sample® 1.2.13 3.1.13 3.2.13 3.3.13 4.1.13 4213 5.1.13 5.2.13
Latitude 40.08497 40.04498 40.05927 40.07163 40.02044 40.00945 39.91519 39.74482
Longitude 45.83638 45.78986 45.79923 4578805 45.29230 45.29599 45.39214 45.54521
Lab? ACME ACME ACME ACME ACME ACME ACME ACME
SiOP 51.93 61.52 52.81 51.60 58.08 58.33 57.50 59.00
TiO2 1.38 0.46 1.29 1.37 0.98 0.96 0.88 0.93
Al203 17.39 15.64 16.42 17.23 17.22 17.19 16.91 16.34
Fe203

(tot)? 8.39 4.61 7.87 8.25 6.75 6.68 6.57 6.50
FeO (tot)?

Cr20; <001 <001 <001 <001 <001 <001 <001 0.02
MnO 0.13 0.10 0.14 0.13 0.11 0.11 0.11 0.11
MgO 4.12 2.08 4.03 4.12 3.35 3.31 3.44 4.57
CaO 7.32 5.23 7.49 7.34 6.02 6.01 6.21 6.57
Na.O 461 3.35 4.65 4.85 4.58 4.57 441 3.86
K20 3.08 2.57 3.11 3.13 2.65 2.70 3.05 2.49
P20s 1.23 0.18 0.97 1.21 0.58 0.58 0.61 0.27
LOI 0.61 4.34 0.70 0.27 -0.07 -0.03 0.16 -0.10
Total 10034  100.14 99.62 99.66 10035  100.52 99.98  100.62
Mo# 0.49 0.47 0.50 0.50 0.50 0.50 0.51 0.58
Lid

Bef 4.0 3.0 3.0 5.0 1.0 2.0 3.0 3.0
Scd

\& 188.0 187.0 117.0 135.0 186.0 138.0 137.0 134.0
Cod 23.1 24.3 11.8 22.0 24.8 19.0 20.0 20.9
Njd 32.0 30.8 7.1 23.1 33.0 12.2 21.8 13.6
Cud 38.8 53.8 20.2 46.8 61.5 26.7 4.2 38.6
Znt 76.0 76.0 40.0 79.0 83.0 25.0 23.0 40.0
Gaf 16.5 17.0 13.7 16.2 17.7 17.6 18.3 18.1
Rbf 354 38.2 57.3 425 40.7 57.2 59.5 67.3
Sre 2084 2150 495 1932 2186 978 976 1135
Ye 21.2 21.6 125 23.6 21.8 20.1 20.1 20.2
Zr 213 219 114 210 222 237 237 225
Nbf 316 33.2 8.2 27.6 33.7 20.4 20.2 24.2
Mof 0.4 0.5 0.5 0.4 1.4 0.2 <0.1 0.2
Csf 0.4 0.5 1.6 0.4 0.5 0.8 0.9 0.9
Ba® 1184 1199 563 1162 1214 901 910 1041
Laf 95.7 97.7 20.9 79.2 100.1 60.8 60.7 69.4
Cef 179.5 184.2 34.9 151.2 193.3 104.9 105.9 125.8
Prf 20.6 20.8 3.7 16.8 22.1 11.6 11.6 13.3
Ndf 72.5 73.6 13.1 59.4 77.9 39.3 40.3 46.6
Smf 10.0 10.8 2.5 8.9 10.7 6.0 6.4 6.8
Euf 2.6 2.7 0.8 2.4 2.9 1.8 1.8 2.0
Gdf 7.4 7.6 2.5 6.7 8.1 55 5.8 6.0
Thf 0.8 0.9 0.4 0.8 0.9 0.7 0.7 0.7
Dyf 45 4.4 2.1 4.5 4.7 4.0 4.0 4.1
Hof 0.7 0.7 0.4 0.8 0.8 0.7 0.7 0.7
Erf 1.9 2.0 1.3 2.3 2.0 2.0 2.1 2.1
Tmf 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.3
Ybf 1.7 1.9 1.2 2.1 1.9 1.9 1.9 1.8
Luf 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.3
Hff 4.6 4.7 2.8 4.4 5.1 5.3 5.5 5.3
Taf 15 1.3 0.6 1.2 1.4 1.1 1.0 1.2
TIf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Pbf

Thf 5.9 5.9 6.6 6.9 6.5 8.6 8.9 114
Uf 1.4 1.2 1.6 1.7 1.3 2.1 2.5 3.2
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Table A.2 continued.

Sample® 6.1.13 6.2b.13 4.2.15 5.2.15 5.3.15 5.4.15 5.05.15 5.6.15
Latitude 39.84915 39.80887 40.17904 40.11460 40.03073 39.97251 39.96966 39.96908
Longitude 45.69122 45.69716 45.61860 45.68688 45.69655 45.69520 45.68228 45.68293
Lab¢ ACME ACME ACME ACME ACME ACME ACME ACME
SiO2P 55.59 54.15 51.51 57.71 56.98 56.76 77.12 51.47
TiO2 111 117 1.33 0.96 0.91 0.88 0.14 1.52
Al203 17.50 17.75 16.77 16.41 15.71 16.53 12.53 16.47
Fe203

(tot)? 7.38 7.63 8.57 6.58 6.30 6.32 0.93 8.60
FeO (tot)?

Cr203 <0.01 <0.01 0.02 <0.01 0.01 <0.01 <0.01 <0.01
MnO 0.12 0.12 0.14 0.11 0.11 0.12 0.06 0.14
MgO 3.22 3.36 6.15 3.55 3.72 3.34 0.10 4.56
CaO 6.23 6.60 8.33 6.15 6.84 6.47 0.48 8.59
Na20 4.80 4.80 4.66 4.40 4.19 4.26 3.98 4.20
K20 2.96 3.18 2.04 3.12 2.88 3.19 4.69 2.26
P20s 0.78 0.93 0.73 0.66 0.52 0.66 0.02 0.93
LOI 0.13 0.49 0.06 0.46 1.25 1.20 0.30 0.62
Total 99.93 100.33 100.41 100.24 99.53 99.85 100.37 99.46
Mg# 0.46 0.47 0.59 0.52 0.54 0.51 0.18 0.51
Lid

Bef 2.0 <1 <1 1.0 1.0 1.0 5.0 <1
Scd

\& 134.0 154.0 160.0 139.0 127.0 1320 <8 165.0
Cod 259 20.9 21.9 20.6 20.7 19.8 0.9 28.3
Nid 25.7 15.8 16.3 20.6 18.4 19.7 2.4 18.8
cud 26.3 55.9 25.9 235 20.8 21.3 4.0 18.8
zne 25.0 67.0 73.0 54.0 37.0 48.0 25.0 28.0
Ga' 16.8 18.3 194 16.8 15.9 16.9 14.4 16.8
RDbf 75.4 50.0 47.9 80.1 72.2 71.3 180.2 37.4
Sr¢ 546 1390 1899 1216 955 1278 55 1537
Ye 215 22.4 21.9 19.7 21.2 19.0 9.9 25.0
Zr¢ 170 244 245 201 208 205 112 202
Nbf 14.0 254 28.3 23.1 21.0 22.6 32.8 20.0
Mof 1.1 0.3 0.3 0.3 0.3 0.2 0.6 0.3
Csf 15 0.6 0.4 1.7 1.3 1.3 6.4 0.3
Ba® 568 1001 1171 968 819 1024 91 947
Laf 36.8 74.6 88.6 67.8 56.6 69.9 48.2 75.4
Cef 64.6 135.7 166.6 124.1 99.5 122.9 68.3 137.8
Prf 7.1 15.0 194 13.6 10.8 134 5.8 15.7
Ndf 25.1 52.7 67.7 46.0 37.4 46.2 15.2 575
Smf 4.5 8.0 9.9 7.1 6.0 6.8 1.8 8.6
Euf 14 2.2 2.7 19 1.6 1.9 0.2 2.4
Gdf 4.8 6.9 1.7 5.8 5.3 5.6 1.6 7.1
Thbf 0.7 0.8 0.9 0.7 0.7 0.7 0.2 0.8
Dyf 4.0 4.5 4.6 3.8 4.3 3.9 1.3 4.6
Hof 0.8 0.8 0.7 0.7 0.8 0.7 0.3 0.9
Erf 2.4 2.1 2.1 19 2.3 1.9 11 2.4
Tmf 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.3
Ybf 2.3 2.0 2.0 19 2.1 1.7 1.4 2.1
Luf 04 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Hff 4.4 5.4 55 4.9 4.7 4.6 4.0 4.5
Taf 1.0 12 1.2 1.3 1.0 1.2 2.4 1.0
TIf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Pbf

Thf 14.4 9.4 7.1 13.1 12.6 12.0 39.3 6.9
uf 4.3 2.2 1.6 4.3 4.0 3.5 12.1 15
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Sample® 5.7.15 5.8.15 5.9.15 6.2.15 6.3.15 6.4.15 7.1.15 7.2.15
Latitude 39.97775 39.98943 40.01611 39.98949 39.98746 40.00154 39.93198 39.93311
Longitude 45.67582 45.67303 45.69622 45.62366 45.61326 45.63467 45.50536 45.50792
Lab? ACME ACME ACME ACME ACME ACME ACME ACME
SiOP 66.10 69.96 65.99 67.66 53.73 55.14 55.46 73.92
TiO2 0.39 0.30 0.37 0.41 1.08 1.02 1.01 0.20
Al203 15.47 15.51 17.21 15.61 17.09 16.92 17.17 13.98
Fe203

(tot)? 2.88 2.19 2.65 3.05 7.60 7.30 7.20 0.99
FeO (tot)?

Cr203 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01
MnO 0.06 0.05 0.09 0.07 0.13 0.12 0.12 0.01
MgO 1.20 0.74 0.56 1.32 4.06 4.60 3.74 0.17
CaO 3.00 2.92 1.72 3.04 7.24 6.73 6.66 0.83
Na.O 4.32 4.39 5.63 4.45 4.79 4.62 4.56 3.66
K20 3.78 3.26 5.05 3.76 2.75 2.76 2.88 4.80
P20s 0.23 0.12 0.14 0.22 0.90 0.67 0.74 0.07
Lol 2.24 0.45 0.57 0.35 0.27 0.03 0.15 1.27
Total 99.78 99.99 100.15 100.04 99.78 100.02 99.82 99.95
Mo# 0.45 0.40 0.30 0.46 0.51 0.56 0.51 0.25
Lid

Bef 3.0 2.0 5.0 4.0 1.0 2.0 1.0 <1
Scd

\& 67.0 35.0 30.0 48.0 162.0 153.0 161.0 31.0
Cod 6.3 4.1 2.6 7.2 21.4 23.6 20.4 1.9
Njd 4.2 1.0 55 2.6 23.7 48.7 21.9 0.9
Cud 9.6 5.0 2.3 6.2 27.8 52.8 25.6 4.3
Znt 18.0 6.0 17.0 11.0 69.0 53.0 66.0 24.0
Gaf 16.3 17.1 17.0 15.3 17.3 174 16.9 14.7
Rbf 94.7 85.0 108.4 954 43.4 47.7 43.3 160.1
Sre 691 522 506 643 1411 1106 1238 254
Ye 11.3 11.7 16.9 125 21.4 18.7 215 12.0
Zr 153 159 294 151 215 214 195 177
Nbf 174 134 324 175 25.8 22.1 23.1 27.7
Mof 0.3 <0.1 0.1 0.2 0.3 0.9 0.7 0.3
Csf 3.0 15 2.0 2.6 0.3 0.3 0.5 4.9
Ba® 869 872 1271 837 962 885 967 458
Laf 44.0 37.1 77.1 43.7 75.4 64.5 66.2 51.2
Cef 73.1 61.7 128.3 70.4 132.1 109.9 117.3 78.4
Prf 7.3 6.1 13.0 7.4 145 12.0 13.1 7.6
Ndf 23.8 19.4 40.5 23.9 50.0 41.7 44.3 22.8
Smf 3.4 3.2 5.6 3.4 8.0 6.3 6.9 2.9
Euf 0.9 0.7 11 0.9 2.0 1.8 1.8 0.5
Gdf 2.6 2.4 4.0 2.7 5.8 5.1 5.3 2.3
Thf 0.4 0.3 0.5 0.4 0.7 0.6 0.7 0.3
Dyf 2.0 1.9 3.0 1.9 3.8 3.6 3.8 1.8
Hof 0.4 0.4 0.6 0.4 0.7 0.6 0.7 0.3
Erf 1.2 1.1 1.8 1.3 2.0 1.8 2.0 1.1
Tmf 0.2 0.2 0.3 0.2 0.3 0.3 0.3 0.2
Ybf 1.1 1.2 1.8 1.3 1.8 1.7 1.8 1.3
Luf 0.2 0.2 0.3 0.2 0.3 0.2 0.3 0.2
Hff 3.9 4.1 6.4 3.6 4.3 4.3 4.4 4.6
Taf 1.2 0.9 1.7 1.2 1.0 1.0 1.0 2.0
TIf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Pbf

Thf 17.8 14.7 21.0 185 7.1 7.8 8.7 31.6
Uf 5.3 3.7 6.2 5.8 1.4 1.6 2.3 8.3




Table A.2 continued.

Sample® 7.3.15 7.4.15 7.5.15
Latitude 39.91637 39.91637 39.92848
Longitude 45.50962 45.50962 45.51638
Lab¢ ACME ACME ACME
SiO2P 57.53 57.44 54.64
TiO2 0.80 0.79 1.09
Al2O3 16.30 16.20 16.72
Fe203

(tot) 6.01 5.99 7.32
FeO (tot)?

Cr203 <0.01 0.01 <0.01
MnO 0.10 0.10 0.12
MgO 3.66 3.67 4.33
CaO 6.28 6.25 7.30
Na20O 4.50 431 4.61
K20 2.96 3.06 2.94
P20s 0.61 0.61 0.76
LOI 0.21 1.01 0.11
Total 99.07 99.53 100.08
Mg# 0.55 0.55 0.54
Lid

Bef 3.0 2.0 3.0
Scd

\& 126.0 135.0 159.0
Cod 19.3 17.9 23.3
Nid 7.3 214 314
Cud 8.3 21.9 33.3
zZn¢ 13.0 50.0 71.0
Ga' 17.2 16.4 17.4
RDbf 62.8 64.2 51.3
Sr¢ 1161 1113 1493
Ye 16.6 17.6 19.7
Zre 186 186 191
Nbf 20.0 20.1 19.9
Mof 0.5 0.1 0.7
Csf 1.0 11 0.6
Ba® 966 972 1039
Laf 63.9 63.1 65.1
Cef 107.0 108.4 120.1
Prf 11.7 114 135
Ndf 41.0 394 46.4
Smf 5.8 5.6 7.3
Euf 1.6 1.7 2.0
Gdf 4.7 4.7 5.7
Thbf 0.6 0.6 0.7
Dyf 3.2 3.1 3.9
Hof 0.6 0.6 0.7
Erf 1.6 1.6 1.9
Tmf 0.2 0.2 0.3
Ybf 15 1.4 1.8
Luf 0.2 0.2 0.3
Hff 4.1 4.1 4.2
Taf 0.8 1.0 0.9
TIf <0.1 <0.1 <0.1
Pbf

Thf 9.9 10.1 8.7
uf 2.2 2.5 2.0
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A.2 Standard data

This section shows the monitoring of data quality through the analysis of major and
trace element standards. Tables A.3 and A.4 deal with the ACME lab standards for
major and trace elements respectively. Tables A.5 and A.6 deal with the Royal
Holloway standards.

Table A.3 Major element composition of standard materials at ACME labs

Expected Expected
STD OREAS72B value STD SY-4(D) value

SiO 51.64 5135 5133 51.18 51.17 50.04 4998 49.78 49.9 49.90
TiO2 035 035 034 035 0.36 0.29 0.28 0.29 0.29 0.29
Al203 9.03 8.99 8.96 8.97 897 20.77 20.76 20.67 20.77 20.69
Fe203 9.8 974 974 974 9.72 6.18 6.17 6.13 6.16 6.21
Cr203 015 014 015 0.15 0.15 <0.01 <0.01 <0.01 <0.01 0.00
MnO 013 013 013 0.13 0.13 0.1 0.11 0.1 0.11 0.11
MgO 16.1 16.04 16.11 16.08 16.22 0.53 0.52 0.52 0.52 0.54
CaO 3.95 394 393 3.94 3.96 7.97 7.96 7.95 7.96 8.05
Na20 1.32 1.28 1.3 13 1.29 7.26 7.27 7.27 7.32 7.10
K20 1.35 1.33 1.34 1.34 1.33 1.68 1.69 1.69 1.67 1.68
P20s 0.05 006 0.06 0.06 0.06 0.12 0.13 0.13 0.13 0.13
LOI 521 5.32 5.32 53 5.14 4.56 4.56 4.56 4.56 4.56

Total 99.13 98.71 98.74 98.58 98.49 9956 99.48 99.13 99.43 99.26
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Table A.4 Trace element composition of standard materials at ACME labs

Expected Expected
STD SO-18 value STD SO-19 Value
Be 2 1 <1 <1 2 1 19 15 20 21 19 20
\Y 207 200 208 204 202 200 179 164 176 174 163 165
Co 277 267 274 27  26.2 262 254 227 242 25 237 24
Ga 18.5 17 174 18 175 176 181 16 167 185 167 175
Rb 296 287 286 281 274 287 212 197 209 215 194 19.5
Sr 416.8 410.8 401.9 418 410 407.4 3403 3235 337.1 3541 336.2 317.1
Y 326 312 319 309 296 29 397 344 377 376 357 355
Zr 311.2 3154 3023 2984 289.2 290 114.6 112 116.8 115.7 111 112
Nb 208 203 201 202 197 193 734 706 746 729 694 68.5
Cs 7.1 6.9 7.1 7.3 6.7 7.1 45 4.2 4.6 4.4 4.5 45
Ba 544 546 535 539 529 514 516 500 519 506 499 486
La 127 127 123 122 125 123 694 689 729 712 6738 713
Ce 283 269 266 256 265 27.1 161.9 155 164.1 1583 1524 161
Pr 3.49 34 346 34 321 3.45 20.03 19.16 20.77 20.14 18.62 19.4
Nd 147 138 139 137 132 14 794 75 804 781 729 75.7
Sm 316 275 295 291 279 3 1376 1256 1421 1296 12.99 13.7
Eu 089 0.88 09 088 082 089 394 356 391 3.7 354 3.81
Gd 323 311 33 308 296 293 11.09 102 114 1136 10.07 10.53
Tb 048 048 047 048 045 053 135 128 139 137 1.33 1.41
Dy 306 306 314 292 293 3 761 72 783 739 7.06 75
Ho 0.63 06 061 059 059 062 135 133 133 134 132 1.39
Er 176 182 185 191 173 1.84 388 365 37 375 355 3.78
Tm 027 026 027 027 0.28 0.27 051 05 054 055 051 0.55
Yb 1.78 17 166 168 165 1.79 347 311 348 34 335 3.55
Lu 028 027 027 027 0.27 027 056 049 052 052 048 0.53
Hf 9.5 94 9.8 9.7 9.1 9.8 3.2 3 3.2 3.1 3 3.1
Ta 6.8 7.1 6.8 6.8 6.3 7.4 4.6 4.4 5 5.2 5 4.9
Th 11.2 9.9 10 101 9.7 99 141 131 139 135 122 13
U 166 163 16 163 16.6 16.4 195 198 205 198 209 19.4
STD DS-10 STD OREAS4EA

Ni 723 751 76 758 746 3646 363.1 4019 3959 381
Cu 1525 161.1 1551 1515 1546 666.9 6765 7211 6924 709
Zn 374 360 370 380 370 31 30 32 33 314
Mo 115 123 148 125 13.6 15 1.7 15 1.6 1.6
Pb 1441 150.3 154.1 153.6 15055 133 137 158 153 14.3
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Table A.5 Analyses of the major element composition of standard materials at Royal Holloway

2 sets of standard analyses (both internal and external) accompany the unknown samples. One
accompanies the samples whose number ends -10, the other accompanies samples whose humber
ends -08

Internal standards 2010

KC-10 KC-11 KC-12 KC-14

Measured Expected Measured Expected Measured Expected Measured Expected
SiO2 48.01 48.00 55.00 55.55 69.40 69.00 77.48 77.20
TiO2 0.83 0.84 111 1.10 0.34 0.35 0.12 0.13
Al203 17.94 17.40 16.39 16.51 15.27 15.20 11.63 11.60
FeO 9.94 9.90 8.57 8.71 3.60 3.99 1.86 1.68
Crz203 0.05 0.05 0.02 0.02 0.00 0.00 0.00 <0.0015
MnO 0.13 0.13 0.14 0.14 0.04 0.05 0.03 0.02
MgO 7.79 7.70 3.95 3.99 1.25 1.20 0.02 0.01
CaO 11.80 11.90 6.89 6.86 1.87 1.80 0.23 0.21
Na20 2.55 2.40 3.31 3.30 411 4.20 3.80 3.78
K20 0.23 0.20 2.20 2.15 4.16 4.30 4.87 4,78
P20s 0.05 0.09 0.35 0.32 0.11 0.12 0.00 0.00
Total 99.27 98.56 97.90 98.63 100.16 100.21 100.03 99.41

Table A.5 continued.

Internal standards

2010 External standards 2010

RH-21 NIM-G NIM-L BHVO-1

Measured Expected Measured Expected Measured Expected Measured Expected
SiO: 53.53 53.70 76.28 75.70 51.85 52.40 50.09 49.94
TiO2 1.13 1.14 0.09 0.09 0.49 0.48 2.69 2.71
Al203 17.89 17.90 12.12 12.08 13.52 13.64 13.92 13.80
FeO 9.63 9.70 2.03 1.90 9.82 9.91 11.83 11.40
Cr20s 0.03 0.03 0.00 0.00 0.00 0.00 0.04 0.04
MnO 0.16 0.16 0.02 0.02 0.75 0.77 0.17 0.17
MgO 4.00 4.06 0.09 0.06 0.25 0.28 7.37 7.23
CaOo 5.68 5.65 0.79 0.78 3.14 3.22 11.38 11.40
Na2O 2.37 2.33 3.30 3.36 8.72 8.37 2.23 2.26
K20 3.16 3.18 521 4.99 6.08 5.51 0.28 0.52
P20s 0.43 0.40 0.00 0.01 0.03 0.06 0.29 0.27
Total 97.98 98.22 99.9 99.0 94.7 94.6 100.2 99.7

Table A.5 continued.

External standards 2010

RGM-1 STM-1 AGV-1 PCC-1

Measured Expected Measured Expected Measured Expected Measured Expected
SiO2 73.68 73.45 59.75 59.64 59.04 59.25 41.94 41.88
TiO2 0.28 0.27 0.13 0.14 1.10 1.06 0.00 0.01
AlO3 13.78 13.72 18.46 18.39 17.24 17.15 0.57 0.74
FeO 1.87 1.77 5.19 4.96 6.87 6.76 8.11 8.26
Cr20s 0.00 0.00 0.00 0.00
MnO 0.04 0.04 0.21 0.22 0.10 0.10 0.12 0.12
MgO 0.28 0.28 0.11 0.10 151 1.53 43.52 43.23
CaOo 1.20 1.15 1.15 1.09 4.99 4.94 0.51 0.52
Na20 4.28 4.07 8.60 8.94 431 4.25 0.02 0.03
K20 4.58 4.30 4.35 4.28 2.99 2.90 0.00 0.01
P20s 0.04 0.05 0.15 0.16 0.49 0.48 0.00 0.00

Total 100.0 99.1 98.1 97.9 98.6 98.4 94.8 94.8
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Table A.5 continued.

Internal standards 2008

KC-10 KC-11 KC-12 KC-14

Measured Expected Measured Expected Measured Expected Measured Expected
SiO: 48.14 48.00 55.86 55.55 70.09 69.00 78.67 77.20
TiO2 0.84 0.84 1.09 1.10 0.35 0.35 0.13 0.13
AlzO3 17.75 17.40 16.35 16.51 15.06 15.20 11.52 11.60
FeO 10.04 9.90 8.65 8.71 3.08 3.99 1.89 1.68
Cr203 0.05 0.05 0.01 0.02 0.00 0.00 0.00 <0.0015
MnO 0.14 0.13 0.14 0.14 0.04 0.05 0.03 0.02
MgO 7.82 7.70 3.96 3.99 1.24 1.20 0.01 0.01
CaO 11.42 11.90 6.79 6.86 1.82 1.80 0.22 0.21
Na20O 2.52 2.40 3.28 3.30 4.04 4.20 3.80 3.78
K20 0.23 0.20 2.13 2.15 4.05 4.30 4.76 4.78
P20s 0.05 0.09 0.31 0.32 0.12 0.12 0.01 0.00
Total 98.95 98.56 98.56 98.63 99.90 100.21 101.04 99.41

Table A.5 continued.

Internal standards

2008 External standards 2008

RH-21 NIM-G NIM-L BHVO-1

Measured Expected Measured Expected Measured Expected Measured Expected
SiO: 54.21 53.70 76.90 75.70 52.80 52.40 50.52 49.94
TiO2 1.13 1.14 0.09 0.46 0.48 2.67 271
Al203 17.73 17.90 12.08 12.08 13.40 13.64 13.60 13.80
FeO 9.56 9.70 2.00 1.90 10.03 9.91 12.25 11.40
Cr203 0.03 0.03 0.00 0.00 0.00 0.00 0.04 0.04
MnO 0.16 0.16 0.02 0.02 0.70 0.77 0.17 0.17
MgO 4.06 4.06 0.04 0.06 0.25 0.28 7.24 7.23
CaOo 5.61 5.65 0.78 0.78 3.08 3.22 11.05 11.40
Na20 2.34 2.33 3.32 3.36 8.01 8.37 2.23 2.26
K20 3.11 3.18 5.01 4.99 5.18 5.51 0.55 0.52
P20s 0.46 0.40 0.00 0.01 0.04 0.06 0.25 0.27
Total 98.37 98.22 100.24 98.90 93.95 94.64 100.52 99.70

Table A.5 continued.

External standards 2008

RGM-1 STM-1

Measured Expected Measured Expected
SiO: 74.30 73.45 60.63 59.64
TiO2 0.26 0.27 0.13 0.14
Alz03 13.71 13.72 18.33 18.39
FeO 1.87 1.77 5.30 4.96
Cr203 0.00 0.00 0.00 0.00
MnO 0.03 0.04 0.22 0.22
MgO 0.28 0.28 0.10 0.10
CaO 1.18 1.15 1.13 1.09
Na2O 4.06 4.07 8.81 8.94
K20 4.33 4.30 4.24 4.28
P20s 0.04 0.05 0.15 0.16

Total 100.07 99.09 99.04 97.91
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Table A.6 Trace element composition of standard materials at Royal Holloway

2 sets of standard analyses (both internal and external) accompany the unknown samples. One
accompanies the samples whose number ends -10, the other accompanies samples whose number
ends -08

Internal standards 2010

KC-10 KC-11 KC-12 KC-14

Measured Expected Measured Expected Measured Expected Measured Expected
Li 4.1 6.0 391.3 380.0 6.7 8.0 31.2 38.0
Be
Sc 349 33.0 24.0 24.0 4.3 4.0 0.6 <1
\Y 219.2 220.0 211.4 210.0 35.9 30.0 2.0 <5
Co 38.6 45.0 27.8 27.0 7.8 8.0 4.0 <2
Ni 101.1 104.0 280.7 280.0 14.4 15.0 4.5 <5
Cu 163.2 170.0 108.0 108.0 24.3 27.0 4.4 2.0
Zn 64.5 60.0 122.7 119.0 429 42.0 108.7 90.0
Rb 3.6 4.0 61.1 61.0 299.1 292.0
Sr 364.9 360.0 373.7 370.0 457.7 460.0 6.8 8.0
Y 13.4 13.0 27.3 28.0 6.2 6.0 121.9 120.0
Zr 37.7 38.0 143.9 145.0 160.6 160.0 452.4 420.0
Nb 1.8 2.3 25 35 33.8 30.0
Mo 0.0 bd 0.0 bd 1.4 bd
Cs 0.1 0.2 0.3 0.4 7.0 7.0
Ba 134.2 126.0 498.5 491.0 16224 1600.0 80.5 112.0
La 3.8 4.3 36.7 37.0 56.5 59.0
Ce 9.0 9.2 66.8 70.0 120.2 120.0
Pr 1.2 1.6 6.9 7.2 13.0 13.0
Nd 6.1 6.8 24.9 27.0 53.0 58.0
Sm 1.7 1.7 3.6 3.3 12.9 14.0
Eu 0.8 0.8 13 11 0.4 0.6
Gd 1.6 19 2.4 2.1 12.6 15.0
Tb 0.3 bd 0.3 bd 2.8 bd
Dy 2.0 2.0 11 1.2 18.3 18.0
Ho 0.5 0.4 0.2 0.3 4.4 4.0
Er 1.3 1.3 0.7 0.8 11.6 11.8
Tm 0.2 bd 0.1 bd 2.0 bd
Yb 1.0 11 0.4 0.5 12.9 11.2
Lu 0.1 0.2 0.1 0.1 1.7 15
Hf 11 14 34 35 18.8 19.0
Ta 0.0 <0.1 0.0 <0.1 3.5 3.3
TI 0.1 0.2 0.4 0.5 14 16
Pb
Th 0.2 <0.1 17.1 14.0 26.1 26.0

U 0.1 0.2 0.2 0.3 6.7 6.6




Table A.6 continued.
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Internal standards

2010 External standards 2010
RH-21 NIM-G NIM-L BHVO-1

Measured Expected Measured Expected Measured Expected Measured Expected
Li 33.8 40.0 11.8 12.0 42.8 48.0 33 4.6
Be
Sc 244 24.0 0.8 0.9 0.6 0.3 30.4 318
\ 192.5 187.0 24 2.0 88.1 81.0 303.5 317.0
Co 274 26.0 0.6 0.4 4.5 8.0 48.6 45.0
Ni 579.2 578.0 4.6 8.0 8.9 11.0 115.6 121.0
Cu 77.0 75.0 11.9 12.0 26.4 13.0 137.6 136.0
Zn 101.4 98.0 52.6 50.0 403.2 400.0 101.9 105.0
Rb 105.4 105.0 111 11.0
Sr 301.0 303.0 11.7 10.0 4662.9 4600.0 394.0 403.0
Y 30.7 30.0 1335 143.0 23.7 22.0 29.0 27.6
Zr 147.7 144.0 285.3 300.0 11563.7  11000.0 176.4 179.0
Nb 12.6 12.0 18.9 19.0
Mo 0.4 bd 1.1 1.0
Cs 3.9 3.7 0.1 0.1
Ba 753.2 754.0 113.6 120.0 423.2 450.0 131.9 139.0
La 14.3 13.0 15.8 15.8
Ce 38.3 33.0 38.9 39.0
Pr 4.0 3.6 53 5.7
Nd 175 18.0 25.4 252
Sm 3.8 3.3 6.4 6.2
Eu 1.2 1.6 2.1 2.1
Gd 34 3.2 5.8 6.4
Tb 0.6 bd 1.0 1.0
Dy 4.4 4.6 5.4 5.2
Ho 1.2 1.0 11 1.0
Er 34 25 2.7 24
Tm 0.5 bd 0.3 0.3
Yb 34 3.3 2.0 2.0
Lu 0.5 0.4 0.3 0.3
Hf 35 2.3 4.2 4.4
Ta 0.7 0.6 1.2 1.2
TI 0.8 0.9 0.1 0.1
Pb
Th 10.5 9.5 1.2 1.1
U 2.3 2.2 0.7 0.4
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External standards 2010

RGM-1 STM-1 AGV-1 PCC-1
Measured Expected Measured Expected Measured Expected Measured Expected
Li 66.0 57.0 37.7 32.0
Be
Sc 4.5 4.4 0.9 0.6
Vv 12.2 13.0 7.9 8.7
Co 33 2.0 1.3 0.9
Ni 5.9 4.4 3.2 3.0
Cu 11.8 11.6 6.2 4.6
Zn 322 32.0 226.6 235.0 845 88.0 48.4 42.0
Rb 149.7 149.0 115.7 118.0
Sr 113.1 108.0 667.2 700.0 689.7 662.0 0.6 0.4
Y 24.6 25.0 434 46.0 214 21.0 0.0 bd
Zr 231.1 219.0 1173.2 1210.0 228.6 225.0 0.9 0.3
Nb 8.9 8.9 265.9 268.0
Mo 2.5 2.3 4.8 5.2
Cs 9.9 9.6 15 15
Ba 941.9 807.0 552.4 560.0 1265.7 1221.0 0.8 1.2
La 24.0 24.0 151.0 150.0
Ce 47.2 47.0 267.6 259.0
Pr 5.2 4.7 24.7 19.0
Nd 19.7 19.0 81.4 79.0
Sm 4.2 4.3 12.6 12.6
Eu 0.7 0.7 35 3.6
Gd 3.6 3.7 10.2 9.5
Tb 0.7 0.7 1.5 1.6
Dy 3.8 4.1 8.1 8.1
Ho 0.9 1.0 1.7 1.9
Er 2.5 2.6 4.4 4.2
Tm 0.4 0.4 0.7 0.7
Yb 2.6 2.6 4.3 44
Lu 0.4 0.4 0.6 0.6
Hf 6.3 6.2 28.2 28.0
Ta 0.9 1.0 19.8 18.6
TI 1.0 0.9 0.3 0.3
Pb
Th 14.3 15.1 30.2 31.0
U 5.6 5.8 8.1 9.1
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Internal standards 2008

KC-10 KC-11 KC-12 KC-14

Measured Expected Measured Expected Measured Expected Measured Expected
Li 6.9 6.0 433.9 380.0 8.2 8.0 34.6 38.0
Be 0.5 7.4 1.2 8.8
Sc 345 33.0 23.2 24.0 4.3 4.0 0.0 <1
\ 238.2 220.0 2124 210.0 36.4 30.0 1.6 <5
Co 40.8 45.0 26.9 27.0 7.4 8.0 4.3 <2
Ni 106.7 104.0 282.7 280.0 12.1 15.0 1.0 <5
Cu 180.1 170.0 108.3 108.0 235 27.0 4.7 2.0
Zn 73.7 60.0 120.9 119.0 51.7 42.0 112.2 90.0
Rb 3.2 4.0 235.0 270.0 49.9 61.0 246.7 292.0
Sr 345.0 360.0 370.0 370.0 441.8 460.0 7.8 8.0
Y 12.9 13.0 27.2 28.0 55 6.0 128.6 120.0
Zr 34.1 38.0 149.0 145.0 153.9 160.0 531.2 420.0
Nb 0.8 2.3 8.3 12.0 0.8 35 29.4 30.0
Mo
Cs 0.3 0.2 47.4 47.0 0.5 0.4 7.2 7.0
Ba 146.9 126.0 501.7 491.0 1633.0 1600.0 90.9 112.0
La 5.5 4.3 245 23.0 36.9 37.0 55.3 59.0
Ce 9.7 9.2 49.3 49.0 64.6 70.0 117.9 120.0
Pr 1.7 1.6 6.3 5.9 7.2 7.2 131 13.0
Nd 7.4 6.8 26.7 26.5 26.0 27.0 53.3 58.0
Sm 1.7 1.7 55 5.2 3.6 3.3 14.0 14.0
Eu 0.8 0.8 15 1.4 1.3 11 0.5 0.6
Gd 1.6 1.9 4.7 5.0 2.7 2.1 125 15.0
Tb 0.4 - 0.9 - 0.4 - 31 -
Dy 2.0 2.0 44 45 1.2 1.2 175 18.0
Ho 0.4 0.4 0.9 1.0 0.2 0.3 3.7 4.0
Er 1.2 1.3 2.3 2.7 0.7 0.8 10.6 11.8
Tm 0.2 - 0.4 - 0.1 - 20 -
Yb 1.2 11 25 2.2 0.5 0.5 14.3 11.2
Lu 0.2 0.2 0.4 0.3 0.1 0.1 2.0 15
Hf 11 1.4 4.0 3.3 4.3 35 218 19.0
Ta 0.0 <0.1 7.5 5.0 0.1 <0.1 4.0 33
TI -0.1 0.2 1.2 1.5 0.2 0.5 11 1.6
Pb 53 1.0 12.4 8.0 14.8 10.0 32.2 26.0
Th 0.0 <0.1 2.9 2.4 24.6 14.0 317 26.0
u 0.2 0.2 21 1.8 0.5 0.3 7.4 6.6
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Table A.6 continued.

Internal standards

2008 External standards 2008
RH-21 NIM-G NIM-L BHVO-1

Measured Expected Measured Expected Measured Expected Measured Expected
Li 38.1 40.0 13.4 12.0 499 48.0 6.5 4.6
Be 1.8 7.6 7.8 29.1 29.5 0.8 1.1
Sc 239 24.0 0.5 0.9 0.4 0.5 31.7 31.8
\YJ 190.8 187.0 1.3 2.0 96.4 81.0 307.0 317.0
Co 255 26.0 1.0 0.4 4.7 2.4 45.0 45.0
Ni 571.3 578.0 25 8.0 0.3 2.2 111.8 121.0
Cu 779 75.0 10.0 12.0 23.7 13.0 133.7 136.0
Zn 106.0 98.0 49.3 50.0 3724 395.0 104.0 105.0
Rb 83.4 105.0 242.7 325.0 139.2 190.0 6.8 11.0
Sr 300.3 303.0 13.2 10.0 4392.1 4600.0 386.3 403.0
Y 30.9 30.0 145.7 143.0 229 22.0 28.2 27.6
Zr 150.9 144.0 281.6 300.0 10498.1  11000.0 217.3 179.0
Nb 8.2 12.0 41.2 53.0 814.4 960.0 19.7 19.0
Mo
Cs 3.9 3.7 1.0 1.1 2.6 2.8 0.2 0.2
Ba 735.7 754.0 122.1 120.0 395.3 450.0 134.9 139.0
La 15.1 13.0 104.7 109.0 206.4 250.0 16.0 15.8
Ce 36.1 33.0 188.8 195.0 262.8 240.0 355 39.0
Pr 44 3.6 19.6 19.5 18.4 16.4 5.3 5.7
Nd 18.6 8.0 71.9 72.0 47.0 48.0 25.1 25.2
Sm 3.9 33 15.8 15.8 43 5.0 6.3 6.2
Eu 1.2 1.6 0.3 0.4 1.1 1.2 21 21
Gd 3.2 3.2 13.9 14.0 5.4 3.6 5.4 6.4
Tb 0.8 - 31 31 0.7 0.7 1.1 1.0
Dy 4.3 4.6 17.3 17.0 2.9 31 5.0 5.2
Ho 1.0 1.0 3.7 3.6 0.7 0.9 0.9 1.0
Er 2.9 25 10.8 10.5 2.1 2.6 2.2 2.4
Tm 0.5 - 21 2.0 0.4 - 0.4 0.3
Yb 3.6 3.3 15.2 14.2 2.8 3.0 2.3 2.0
Lu 0.5 0.4 2.2 2.0 0.5 0.4 0.3 0.3
Hf 4.1 2.3 12.9 12.4 222.0 231.0 51 4.4
Ta 1.0 0.6 5.8 49 26.0 25.2 1.4 1.2
Tl 0.5 0.9 0.7 0.9 0.1 0.1 -0.1 0.1
Pb 17.8 - 39.5 40.0 48.4 43.0 6.9 2.6
Th 11.9 9.5 56.2 51.0 715 66.0 1.1 1.1
U 2.6 2.2 16.8 15.0 16.1 14.0 0.7 0.4

a- Nband Rb loss occurred for the 2008 standard analyses. Unknown sample Nb and Rb data
for samples ending -08 was not used.
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Table A.6 continued.

External standards 2008

RGM-1 STM-1

Measured Expected Measured Expected
Li 70.7 57.0 40.1 32.0
Be 2.3 24 9.4 9.6
Sc 4.4 4.4 0.6 0.6
\ 11.6 13.0 5.5 8.7
Co 33 2.0 1.6 0.9
Ni 2.1 4.4 1.4 3.0
Cu 10.9 11.6 8.4 4.6
Zn 334 32.0 228.2 235.0
Rb 112.9 149.0 84.4 118.0
Sr 102.4 108.0 683.4 700.0
Y 26.1 25.0 428 46.0
Zr 222.6 219.0 1234.6 1210.0
Nb 8.9 8.9 204.0 268.0
Mo
Cs 9.7 9.6 1.6 15
Ba 818.7 807.0 572.4 560.0
La 23.0 24.0 139.0 150.0
Ce 43.2 47.0 247.1 247.0
Pr 53 4.7 23.1 19.0
Nd 20.0 19.0 79.7 79.0
Sm 4.2 4.3 12.8 12.6
Eu 0.8 0.7 35 4.2
Gd 34 3.7 10.1 9.5
Tb 0.7 0.7 1.7 1.6
Dy 3.6 4.1 7.6 8.0
Ho 0.8 1.0 1.4 1.9
Er 2.2 2.6 3.8 4.2
Tm 0.4 0.4 0.7 0.7
Yb 2.7 2.6 4.7 44
Lu 0.4 0.4 0.7 0.6
Hf 6.5 6.2 29.3 28.0
Ta 11 1.0 21.6 18.6
TI 0.6 0.9 0.1 0.3
Pb 26.3 24.0 233 17.7
Th 13.8 15.1 343 31.0

U 5.5 5.8 8.4 9.1
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B. Correction of major element composition to 8.5
wt % MgO
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Figure B.1 Extrapolation of major element composition of magmas from Syunik volcanic highland
to MgO = 8.5 wt%

Green box with black star represents value used for basalt geothermobarometry in Chapter 3. Green
circles are all Syunik major element data. (a) SiO.. (b) Al2Os. (c) Fe20s3 (tot). (d) CaO. (e) Naz0. (f)
K20. (g) MnO. (h) TiOs. (i) P20s. (j) Cr,0s.
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Figure B.2 Extrapolation of major element composition of magmas from Shirak and Lori highland to

MgO = 8.5 wt%

Yellow box with black star represents value used for basalt geothermobarometry in Chapter 3.
Yellow triangles are the Shirak and Lori highland major element data (Neill et al., 2013, 2015). (a)
SiO;. (b) Al>Os. (€) Fe203 (tot). (d) CaO. (e) NazO. (f) K20. (g) MnO. (h) TiOa. (i) P20s. (j) Cr20s.
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C. Literature ages of Lesser Caucasus volcanic
rocks

Table C.1 Ages of Lesser Caucasus volcanic rocks from both this thesis and the literature

Samples shown in bold also have major and trace element data listed in Appendix A.

Eruptive Age  Error

Sample Region Rock Type Type (Ma) (20) Technique Source
2.10.08 Syunik Basalt cone 0.861 0.015 Ar-Ar This study
11.3.15 Syunik Tephrite cone 0.048 0.018 Ar-Ar This study

Trachybasaltic
11.1.15 Syunik andesite lava 0.37 0.008 Ar-Ar This study

Trachybasaltic

10.2.15 Syunik andesite lava 0.167 0.005 Ar-Ar This study
2.7.08 Syunik Phonotephrite  cone 0.893 0.012 Ar-Ar This study
4.15A.08 Syunik Rhyolite lava 0.672 0.009 Ar-Ar This study

Trachybasaltic
6.3.15 Vardenis  andesite lava 1301 0.014 Ar-Ar This study

Trachybasaltic
8.3.15 Syunik andesite cone 0.957 0.012 Ar-Ar This study

Trachybasaltic

9.1.15 Syunik andesite lava 0.817 0.011 Ar-Ar This study
9.2.15 Syunik Trachybasalt cone 0.571 0.012 Ar-Ar This study
5.5.12 Syunik Trachyandesite lava 1.316 0.014 Ar-Ar This study
Joannin et
T5 Syunik tuff 124 0.03 Ar-Ar al., 2010
Joannin et
T7 Syunik tuff 116 0.02 Ar-Ar al., 2010
Ollivier et
V0-02 Syunik lava 0.993 0.022 K-Ar al., 2010
Ollivier et
PR-5 Syunik lava 0942 0.02 K-Ar al., 2010
Ollivier et

V0-01 Syunik lava 0939 0.02 K-Ar al., 2010
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Eruptive Age  Error
Sample Region Rock Type Type (Ma) (20) Technique Source
Ollivier et
PR-7 Syunik lava 0934 0.02 K-Ar al., 2010
Ollivier et
PR-4 Syunik lava 0934 0.02 K-Ar al., 2010
SHAMB- Ollivier et
22 Syunik lava 0.819 0.018 K-Ar al., 2010
Ollivier et
uY-04 Syunik lava 0.475 0.011 K-Ar al., 2010
Ollivier et
PR-6 Syunik lava 0.126 0.003 K-Ar al., 2010
Ollivier et
PR-2 Syunik lava 0.122 0.003 K-Ar al., 2010
Ollivier et
PR-1 Syunik lava 0.111 0.004 K-Ar al., 2010
Trachybasaltic Ollivier et
PR-3 Syunik andesite cone 0 K-Ar al., 2010
Archeo- Karakhanian
6.26.08 Syunik Trachyandesite lava 0.005 0 logical et al., 2002
Archeo- Karakhanian
5.3.15 Vardenis Trachyandesite lava 0.003 0 logical et al., 2002
Trachybasaltic Philip et al.,
7.29.08 Vardenis  andesite cone 1.4 0.03 K-Ar 2001
Lebedev et
G-43/03  Gegham  Trachybasalt lava 0.98 0.08 K-Ar al., 2013
Lebedev et
G-44/03  Gegham  Trachybasalt lava 095 0.06 K-Ar al., 2013
Lebedev et
13G/01 Gegham  Rhyolite lava 0.66 0.04 K-Ar al., 2013
Lebedev et
14G/01 Gegham  Rhyolite lava 0.74 025 K-Ar al., 2013
Lebedev et
24G/01 Gegham  Rhyolite lava 0.7 0.03 K-Ar al., 2013
Lebedev et
25G/01 Gegham  Rhyolite lava 0.77 012 K-Ar al., 2013
Lebedev et
28G/01 Gegham  Rhyolite lava 12 05 K-Ar al., 2013
Lebedev et
G-108/03 Gegham  Trachyte lava 0.72 0.06 K-Ar al., 2013
Lebedev et
G117/03  Gegham  Rhyolite lava 0.9 0.3 K-Ar al., 2013
Trachybasaltic Lebedev et
17G/01 Gegham  andesite lava 056 0.04 K-Ar al., 2013
Trachybasaltic Lebedev et
18G/01 Gegham  andesite lava 058 0.05 K-Ar al., 2013
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Eruptive Age  Error
Sample Region Rock Type Type (Ma) (20) Technique Source
Trachybasaltic Lebedev et
23G/01 Gegham  andesite lava 056 0.04 K-Ar al., 2013
Lebedev et
33G/01 Gegham  Trachyandesite lava 053 0.04 K-Ar al., 2013
Trachybasaltic Lebedev et
34G/01 Gegham  andesite lava 056 0.04 K-Ar al., 2013
Lebedev et
G73-03 Gegham  Trachyte lava 054 0.02 K-Ar al., 2013
Trachybasaltic Lebedev et
G-74/03  Gegham  andesite lava 053 0.03 K-Ar al., 2013
Lebedev et
15G/01 Gegham  Rhyolite lava 048 0.05 K-Ar al., 2013
Lebedev et
19G/01 Gegham  Rhyolite lava 0.38 0.06 K-Ar al., 2013
Lebedev et
26G/01 Gegham  Rhyolite lava 048 0.04 K-Ar al., 2013
Lebedev et
29G/01 Gegham  Rhyolite dome 048 0.05 K-Ar al., 2013
Lebedev et
G-110/03 Gegham  Rhyolite lava 047 0.03 K-Ar al., 2013
Trachybasaltic Lebedev et
3G/01 Gegham  andesite lava 0.18 0.04 K-Ar al., 2013
Lebedev et
4G/01 Gegham  Trachyandesite lava 0.16 0.04 K-Ar al., 2013
Lebedev et
6G/01 Gegham  Trachyandesite lava 0.16 0.04 K-Ar al., 2013
Lebedev et
7G/01 Gegham  Andesite lava 0.15 0.04 K-Ar al., 2013
Lebedev et
8G/01 Gegham  Trachyandesite lava 0.16 0.03 K-Ar al., 2013
Lebedev et
30G/01 Gegham  Trachyandesite lava 0.18 0.04 K-Ar al., 2013
Lebedev et
31G/01 Gegham  Trachyandesite lava 0.15 0.03 K-Ar al., 2013
Lebedev et
32G/01 Gegham  Trachyandesite lava 0.16 0.03 K-Ar al., 2013
Lebedev et
G-5/03 Gegham  Trachyandesite lava 0.15 0.03 K-Ar al., 2013
Lebedev et
G-39/03  Gegham  Trachyandesite lava 0.16 0.03 K-Ar al., 2013
Trachybasaltic Lebedev et
G70/03 Gegham  andesite lava 025 0.07 K-Ar al., 2013
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Eruptive Age  Error

Sample Region Rock Type Type (Ma) (20) Technique Source
Lebedev et

G93/03 Gegham  Rhyolite lava 0.2 0.02 K-Ar al., 2013
Trachybasaltic Lebedev et

2G/01 Gegham  andesite lava 0.07 0.04 K-Ar al., 2013
Trachybasaltic Lebedev et

9G/01 Gegham  andesite lava 0.08 0.04 K-Ar al., 2013
Lebedev et

G-47/03  Gegham  Trachyandesite lava 0.07 0.03 K-Ar al., 2013
Trachybasaltic Lebedev et

G-50/03  Gegham  andesite lava 0.11 0.05 K-Ar al., 2013
Lebedev et

G-51/03  Gegham  Trachybasalt lava 0.1 006 K-Ar al., 2013
Lebedev et

G-83/03  Gegham  Rhyolite lava 0.13 0.08 K-Ar al., 2013
Lebedev et

G-84/03  Gegham  Rhyolite lava 0.1 0.02 K-Ar al., 2013
Trachybasaltic Lebedev et

GaG/01 Gegham  andesite cone 0.06 0.04 K-Ar al., 2013
Lebedev et

5bG/01 Gegham  Trachyandesite lava 0.02 0.02 K-Ar al., 2013
Karapetian
4.15A.08 Syunik Rhyolite lava 0.61 0.2 AFT et al., 2001
Karapetian
5.20A.08 Syunik Rhyolite lava 0.3 0.2 AFT etal., 2001
Karapetian
4.18A.08 Syunik Rhyolite lava 0.9 0.2 K-Ar etal., 2001
Karapetian
4.18A.08 Syunik Rhyolite lava 0.64 0.2 AFT etal., 2001
Karapetian
4.19.10 Syunik Trachyte lava 0.7 0.2 K-Ar etal., 2001
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D. ““Ar-3*Ar ages experimental data

This appendix summaries the results of Ar-Ar dating at the Scottish Universities
Environmental Research Centre. Table D.1 provides a full summary of the key age
data for each sample. Table D.2 summarises the results of the step heating
experiments, with abundances of each argon isotope reported for each step. Table
D.3 reports the results of total fusions of sanidine phenocrysts from sample 5.1.15.
Table D.4 shows the assumed isotope ratios, decay constants and nucleogenic

production ratios used in age calculations.
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Table D.1 Summary of “°Ar-3°Ar ages including the J parameter, integrated ages, plateau ages
and isochron ages

sample 2-10-08 11-3-15 11-1-15
Instrument MAP215-50 MAP215-50 ARGUS-V
material Groundmass Groundmass Groundmass
Experiment 1 2 composite 1 2 composite 1
J 0.000490 0.000494 0.000054
+20 0.000002 0.000002 0.000003
int. 40Ar*/
39ArK 1.001 0.969 0.356 0.045 0.075 0.064 0.356
+ 20 0.014 0.012 0.010 0.027 0.045 0.044 0.010
int. age
(Ma) 0.886 0.857 0.348 0.040 0.067 0.057 0.348
+20 0.024 0.022 0.020 0.049 0.080 0.078 0.020
%rad. 371 38.9 9.0 0.7 1.0 0.9 9.0
plateau
Ca/K 14.37 20.81 2.530 449 486 4.78 2.530
+ 20 0.13 0.08 0.002 0.04 0.03 0.02 0.002
Plat. Age 0.878 0.853 0.370 0.042 0.055 0.048 0.370
+2cw/oJ 0.024 0.016 0.008 0.024 0.025 0.018 0.008
+20 w/l 0.025 0.018 0.008 0.024 0.025 0.018 0.008
MSWD 1.0 1.3 1.0 0.8 1.0 0.9 1.0
Prob. 0.42 0.25 0.47 0.70 0.44 0.63 0.47
Steps C-M CM E-P A-M  AQ A-Q E-P
N 11 11 12 13 17 30 12
N-total 14 14 15 13 17 30 15
%gas 81 81 94 100 100 100 94
Isochron
age (Ma) 0.913 0.878 0.383 0.057 0.026 0.041 0.383
+26w/o]J 0.071 0.035 0.010 0.033 0.013 0.015 0.010
+26 w/J 0.071 0.036 0.011 0.034 0.013 0.015 0.011
n 11 11 13 13 17 30 13
MSWD 1.02 1.09 0.75 0.81 1.01 0.92 0.75
p 0.42 0.37 0.70 0.64 0.44 0.59 0.70
“OArPSArG 289.6 289.9 296.0 297.7 300.4 299.0 296.0

+20 172 1038 1.3 3.9 3.7 2.7 1.3
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Table D.1 continued.

sample 10-2-15 2-7-08
Instrument ARGUS-V ARGUS-V
Material Groundmass Groundmass
Experiment 1 2 composite 1 2 composite
J 0.000528 0.000541
*+20 0.000003 0.000003
int. “Ar*/
BAr(K) 0.154 0.147 0.161 0.907 0.903 0.915
+20 0.004 0.008 0.005 0.015 0.016 0.015
int. age
(Ma) 0.147 0.140 0.154 0.887 0.883 0.895
*+20 0.008 0.016 0.009 0.029 0.032 0.030
%rad. 20.1 9.9 18.0 2.9 2.9 3.0
plateau
Ca/K 10.64 9.327 9.571 1.9933 2.0261  2.0070
*+20 0.02 0.007 0.006 0.0003  0.0004  0.0003
Plat. Age 0.164 0.175 0.167 0.894 0.892 0.893
+2o0w/oJ 0.006 0.010 0.005 0.010 0.012 0.007
+2o0w/)  0.006 0.010 0.005 0.014 0.015 0.012
MSWD 15 1.6 1.6 0.8 1.0 0.9
Prob. 0.17 0.09 0.04 0.65 0.41 0.62
Steps H-O D-P D-P C-p B-P B-P
N 8 13 21 14 15 29
N-total 15 15 21 16 15 29
%gas 76 86 100 99 100 100
Isochron
age (Ma) 0.173 0.157 0.164 0.896 0.901 0.898
+2cw/oJ 0.011 0.022 0.011 0.012 0.015 0.010
20 w/J  0.011 0.022 0.011 0.016 0.018 0.014
n 8 13 21 14 15 29
MSWD 1.06 1.45 1.68 0.85 0.86 0.83
p 0.39 0.14 0.03 0.60 0.59 0.71
OArSArG  292.0 304.6 300.3 298.5 298.4 298.5
20 6.4 7.1 5.2 0.2 0.2 0.1
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Table D.1 continued.

sample 4-15A-08 6-3-15 8-3-15b 9-1-15
Instrument ARGUS-V ARGUS-V  ARGUS-V  ARGUS-V
material Obsidian Groundmass Groundmass Groundmass
Experiment 1 2 composite 1 1 1
J 0.000532 0.000542 0.000536 0.000535
+ 20 0.000003 0.000003 0.000003 0.000003
int. 40Ar*/
39ArK 0.712 0.695 0.699 1.325 0.967 0.787
+ 20 0.006 0.007 0.006 0.004 0.004 0.006
int. age
(Ma) 0.685 0.669 0.672 1.299 0.937 0.761
+ 20 0.011 0.013 0.011 0.008 0.008 0.011
%rad. 14.7 13.8 14.3 69.6 46.4 63.2
plateau
Ca/K 0.0845 0.0847 0.0846 2.5963 0.9611 3.569
+ 20 0.0001 0.0001 0.0001 0.0010 0.0003 0.003
Plat. Age 0.674 0.670 0.672 1.301 0.957 0.817
+2cw/oJ 0.006 0.007 0.005 0.004 0.006 0.006
+2cw/J  0.010 0.010 0.009 0.014 0.012 0.011
MSWD 1.3 15 14 1.0 1.7 1.1
Prob. 0.24 0.11 0.10 0.44 0.09 0.39
Steps E-O D-P D-P B-P A-l E-M
N 11 13 24 15 9 9
N-total 15 15 24 15 16 15
%gas 95 99 100 100.0 89 82
Isochron
age (Ma)  0.807 0.780 0.780 1.307 0.973 0.820
+2cw/oJ 0.322 0.221 0.140 0.016 0.047 0.019
+2cw/  0.322 0.221 0.140 0.032 0.048 0.021
n 11 13 24 15 9 9
MSWD 1.37 1.56 1.34 0.84 1.84 1.20
p 0.20 0.11 0.13 0.61 0.08 0.30
“OArfsArG 288.4 290.5 290.5 293.3 293.7 294.8

+ 20 30.2 19.3 12.0 5.8 14.2 21.8




Table D.1 continued.

-225 -

sample 9-2-15 5-5-12 5-1-15
Instrument ARGUS-V  ARGUS-V  MAP215-50
material Groundmass Groundmass Feldspar
Experiment 1 1
J 0.000543 0.000537 0.000543
+ 20 0.000003 0.000003 0.000003
int. 40Ar*/
39ArK 0.571 1.341 -
+ 20 0.007 0.004 -
int. age
(Ma) 0.561 1.303 -
+ 20 0.014 0.007 -
%rad. 36.0 63.3 -
Single grain
plateau population
Ca/K 15.62 0.9674 age
+ 20 0.01 0.0002
Plat. Age 0.571 1.316 6.014
+2cw/oJ 0.010 0.005 0.018
+2o0w/J  0.012 0.014 0.067
MSWD 15 1.2 13
Prob. 0.10 0.31 0.08
Steps A-P E-L -
N 16 8 43
N-total 16 15 50
%gas 100 90 -
Isochron
age (Ma)  0.569 1.311 6.017
+2cw/oJ 0.022 0.015 0.071
+2cw/]  0.023 0.020 0.030
n 16 8 43
MSWD 1.59 1.27 1.34
p 0.08 0.27 0.07
OArSArg  299.4 302.5 294.0
+ 20 6.9 11.0 32
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Table D.2 Results of step-heating experiments

Errors are 20

Sample 10.2.15

Run 1

Step a b c d e f g

Age(Ma) 4260.003 -1.707016  -0.287321  -0.270684 0.1078302  0.1405373 0.1326228
error 82350.61 0.7689077  0.2464183  0.1051251 0.0314107 0.0136264 0.0089188
% 40Ar* 464.9502 -22.76526  -7.638549 -13.75514 10.98236 23.10304 27.69485
Ca/K -63.82515 1.727209 1.636152 1.645358 1.560644 1.326563 1.119817
ClI/K -52.7417  -0.000348  0.0174706  0.0124096 0.0020187 -0.000629  -0.001015
40Ar 0.0024414 0.0336033 0.0880558  0.1300949 0.1622144  0.1931449 0.2171633
error 0.0001415 0.0001564 0.0001985  0.0002062 0.0002642  0.0002642  0.000222
39Ar 6.13E-07 0.0042783  0.0223372  0.0630691  0.157538  0.3026021 0.4320292
error 0.0000309 0.0000677  0.0001707  0.0003004 0.0004103  0.0006502 0.0007402
38Ar -0.000017 0.0000778  0.0004672  0.0011337  0.002125  0.0037238 0.0052237
error 0.0000125 0.0000189 0.0000394  0.0000533 0.0000424  0.0000345 0.0000276
37Ar -5.73E-06  0.0010573  0.0052211  0.0148191 0.0350544  0.0571487 0.0687734
error 0.0000136 0.0000219  0.0000425  0.0000713 0.0000912  0.0001202 0.0001202
36Ar -2.99E-05 0.0001392 0.0003224  0.0005096 0.0005166  0.0005512  0.0005906
error 9.90E-06  0.0000115 0.0000193  0.0000232 0.0000173  0.0000144 0.0000134
Sample 10.2.15

Run 1

Step h i j k | m n

Age(Ma) 0.1774579 0.1694759  0.1698076  0.1557447 0.1668223  0.1444905 0.153775
error 0.0088063 0.0065506  0.0057736  0.0053571 0.0074305 0.0107837 0.0306411
% 40Ar* 40.78227 38.56948 35.5988 27.44791 22.46382 12.37731 7.033835
Ca/K 0.9858537  0.9225727  0.9433973 1.071335 1.467461 2.492631 7.815812
CIIK -0.001179 -0.00133  -0.001275  -0.001283 -0.000972  0.0003397 0.0024272
40Ar 0.2294302  0.2152399  0.2901545  0.4042509 0.4082767  0.3779346 0.2477574
error 0.000247  0.000222 0.0002555  0.0003734 0.0003922  0.0004016  0.0003362
39Ar 0.502207 0.4665655 0.5794537  0.6788598 0.5240856  0.3088375  0.108342
error 0.0008301 0.0007501 0.0008401  0.0009901 0.0008401  0.0005302 0.0002405
38Ar 0.006014 0.0055665 0.0069388  0.0081747 0.0064252  0.0040191 0.0015631
error 0.0000257 0.0000228 0.0000247  0.0000276 0.0000286  0.0000228 0.0000199
37Ar 0.0702739 0.0610002 0.0773426  0.1027219 0.1084209 0.108297  0.118693
error 0.0001202 0.0000942 0.0001202  0.0001501 0.0001701  0.0001801 0.0002101
36Ar 0.0005213 0.0005004  0.0006989  0.0010795 0.0011633  0.0012126 0.0008855
error 0.0000154  0.0000106  0.0000115  0.0000125 0.0000134  0.0000115 0.0000115
Sample 10.2.15 10.2.15

Run 1 2

Step 0 p b c d e f
Age(Ma) 0.1511019  0.3881712 -0.1060279  0.0650656  0.1864228  0.1673567  0.1619059
error 0.0977394  0.0936372  0.1424302  0.0166271  0.0067361 0.010145  0.0155922
% 40Ar* 5.1472 14.17586 -4.957916 1.662019 13.18189 36.87758 23.96091
Ca/K 18.47928 18.37559 1.66635 1472411  0.9869875  0.8998634 1.055224
CIIK 0.001877  0.0044681  0.0026635 -0.0015215 -0.0013742 -0.0012209  -0.001079
40Ar 0.1471519 0.1178178 0.1044099 1.816655 1.434914 0.3364914 0.2871985
error 0.0001985 0.000214  0.0010479  0.0010921  0.0010809  0.0010409 0.001041
39Ar 0.0481062  0.0412876 0.04658  0.4427411  0.9675457  0.7063122  0.4051064
error 0.000111  0.0001209  0.0001001  0.0000861  0.0001601 0.00025 0.00052
38Ar 0.0007113  0.0006353  0.0006809  0.0063029  0.0121419  0.0084605  0.0049337
error 0.0000189  0.0000171  0.0000154  0.0000183  0.0000262  0.0000233  0.0000174
37Ar 0.1239329 0.105731 0.0134726 0.1129792 0.1654881 0.1099711 0.0738347
error 0.0002201  0.0002101  0.0000311  0.0000411  0.0000331  0.0000511 0.000096
36Ar 0.0005869  0.0004406  0.0003774  0.0060706  0.0042996  0.0007962  0.0007885
error 0.0000164  0.0000134 0.000023  0.0000249  0.0000219  0.0000248  0.0000218
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Sample 10.2.15

Run 2

Step g h i j k [ m
Age(Ma) 0.1310503  0.1387977  0.1372305 0.1181921  0.1673066 -0.0785207 -0.3155192
error 0.027179 0.0389586 0.0493116 0.0574928 0.0871777 0.1532904 0.2922802
% 40Ar* 19.87437 18.29003 15.58445 10.28823 8.226057 -2.844687 -8.446575
Ca/K 1.30263 1.58056 1.863452 2.30861 3.827544 10.58889 20.55771
ClI/K -0.0017042  -0.0004089  -0.0007545 0.0009877 0.0028505  -0.0001091 0.002413
40Ar 0.1764083 0.1416803 0.1302539 0.1964417 0.2090163 0.1313416 0.0964164
error 0.0010282  0.0010192 0.001016  0.0010293 0.001023  0.0010249  0.0010328
39Ar 0.2550065 0.178  0.1410616  0.1631223  0.0981135  0.0455438  0.0247951
error 0.0000991  0.0001101  0.0000832  0.0001401  0.0000552  0.0000752  0.0000542
38Ar 0.0030535 0.002222  0.0017558  0.0021598 0.001417  0.0006422 0.000392
error 0.0000243 0.0000193 0.0000233 0.0000154 0.0000164 0.0000125 0.0000104
37Ar 0.057272 0.0484203 0.0451604 0.0645807 0.0642565 0.0821812 0.0864158
error 0.0000501 0.0000301 0.0000281 0.0000561 0.0000421 0.0001 0.00015
36Ar 0.0005178  0.0004254  0.0004035  0.0006408 0.000693  0.0005173  0.0004186
error 0.0000241  0.0000241  0.0000242  0.0000327  0.0000298  0.0000242 0.000025
Sample 10.2.15 11.1.15

Run 2 1

Step n 0 p a b c d

Age(Ma) -0.6025459  0.5509779  0.8056492 -2.983162 -0.8746091 -0.0661219  0.1995192
error 0.4553515  0.6449094  0.6899106 1.709728  0.4044424  0.1402458 0.045874
% 40Ar* -18.48709 16.16007 22.35833 -5.279627 -1.795483  -0.2227676 1.357257
Ca/K 20.51932 20.68885 18.7903  0.6037398 0.684867 0.802238  0.8692629
CIIK 0.0082968 -0.0080906  -0.0038457  0.0047684  0.0033884  0.0012582  -0.0011004
40Ar 0.0514842  0.0367609  0.0406539  0.2798001 1.04573 3.6563 4545623
error 0.0010341  0.0010437  0.0010462  0.0012393  0.0015164  0.0012873  0.0023323
39Ar 0.015175  0.0103553 0.010828  0.0048416  0.0209776  0.1203468  0.3020818
error 0.0000403  0.0000344  0.0000373  0.0000792  0.0001071  0.0000909  0.0002886
38Ar 0.0002686  0.0001184 0.000139  0.0002531  0.0009529  0.0038356  0.0064051
error 0.0000125  0.0000103  0.0000154  0.0000301  0.0000322  0.0000406 0.000032
37Ar 0.0527042  0.0362026  0.0343903  0.0005405  0.0026552  0.0178114 0.048421
error 0.000084 0.000068 0.00007  0.0000357  0.0000369  0.0000416  0.0000571
36Ar 0.0002461 0.000132 0.000133 0.000987  0.0035674  0.0122865  0.0150533
error 0.0000238 0.000023  0.0000258  0.0000279  0.0000273  0.0000493 0.000029
Sample 11.1.15

Run 1

Step e f g h i j k

Age(Ma) 0.3274332  0.3731713  0.3748629  0.3836016  0.3733237  0.3660182  0.3671587
error 0.0225364  0.0143197  0.0107018  0.0093546  0.0093914  0.0074573  0.0112009
% 40Ar* 4.706493 11.06446 21.00447 32.0739 35.75676 28.47632 17.1808
Ca/K 0.8632797  0.8338383  0.8087852  0.8011034  0.8113473  0.8380892  0.9237709
CIIK -0.0015274  -0.0015122  -0.0013253 -0.0014012 -0.0014368 -0.0011746 -0.0013244
40Ar 3.635186 2.346483 1471921 1.072129 0.9354577 1.438246 1.732103
error 0.0012419  0.0016169  0.0013775  0.0012955  0.0012786  0.0013501 1.44E-03
39Ar 0.510405  0.6795095  0.8053673  0.8751865 0.874669 1.092501  0.7915518
error 0.0001063  0.0006239  0.0007533  0.0008728  0.0008828  0.0010024  0.0007234
38Ar 0.0081503  0.0092595  0.0101987  0.0107219  0.0106248  0.0135453  0.0102087
error 0.0000347  0.0000302  0.0000313  0.0000294  0.0000317  0.0000331  0.0000313
37Ar 0.0811178 0.104144  0.1195339  0.1284552  0.1298089 0.167205  0.1333036
error 0.0000433  0.0000927  0.0001049  0.0001338  0.0001436  0.0001533  0.0001145
36Ar 0.011661  0.0070648 0.003981  0.0025325  0.0021074  0.0035673 0.004902
error 0.0000266  0.0000275  0.0000269  0.0000263  0.0000267  0.0000251  0.0000269
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Table D.2 continued.

Sample 11.1.15 2.7.08

Run 1 1

Step | m n 0 p a b

Age(Ma) 0.3644909  0.2985577  0.3649536  0.4359167 0.618011 -2.437842  0.5508247
error 0.0195949 0.0374877 0.0751132 0.196732 0.4828942 0.6481959 0.1018956
% 40Ar* 7.997203 4.011258 4.140002 4.397768 5.404784 -1.002411 0.6767521
Ca/K 1.28077 2.528435 4.159584 5.095046 5.949055 0.6201099 0.6080637
ClI/K -0.0008432 -3.96E-06 0.0006767 0.000322 -0.000941 0.002482 0.003213
40Ar 2.336007 1.882351 0.9854682 0.4178774 0.1933215 2.342065 4.027745
error 0.0012449 0.001556  0.0014596  0.0013101  0.0012353 0.000472  0.0005048
39Ar 0.5006955  0.2471878  0.1093274 0.041242  0.0165439  0.0094276  0.0484035
error 0.000114  0.0002596  0.0001746  0.0001078  0.0000822  0.0000376  0.0000436
38Ar 0.0073258  0.0041609  0.0019589  0.0007614  0.0003126 0.001617  0.0031709
error 0.0000326 0.0000296 0.0000272 0.0000275 0.0000277 0.0000266 0.0000169
37Ar 0.1166879 0.1134722 0.0823766 0.0379889 0.0177805 0.0009661 0.004862
error 0.0000445 0.000105 0.0001051 0.0000736 0.0000487 0.0000164 0.0000233
36Ar 0.0072841  0.0061357  0.0032253  0.0013664  0.0006258  0.0079239  0.0134031
error 0.0000279  0.0000275  0.0000265  0.0000272 0.000027  0.0000205  0.0000157
Sample 2.7.08

Run 1

Step c d e f g h i

Age(Ma) 0.8586492  0.8893569  0.9426358  0.8852194 0.920381  0.8909577  0.8717973
error 0.0478916  0.0227482  0.0340899  0.0194324  0.0413392  0.0900827  0.0442464
% 40Ar* 1.120598 2.910774 2.78941 3.750291 3.548244 2.560656 1.542188
Ca/K 0.7200139  0.7719848  0.8149249  0.9255916 1.019741 1.088202 1.160669
CIIK -0.0000627  0.0014903  0.0010781  0.0018423  0.0022487  0.0016963  0.0010898
40Ar 18.58007 10.23009 10.51735 6.655026 6.562036 8.108064 12.45117
error 0.0019205  0.0011351  0.0011351  0.0006621  0.0008099  0.0008006  0.0012322
39Ar 0.2371701  0.3274828  0.3044053  0.2757788 0.247453  0.2279484  0.2154637
error 0.0000654  0.0000515  0.0000495  0.0000455  0.0000534  0.0000495  0.0000327
38Ar 0.0144924  0.0104389  0.0102863  0.0075875  0.0072103 0.007906  0.0104538
error 0.0000198  0.0000236  0.0000246 ~ 0.0000178  0.0000178  0.0000188  0.0000198
37Ar 0.0281588  0.0416687  0.0408181  0.0419289  0.0413776 0.040607  0.0408704
error 0.0000223  0.0000203  0.0000243  0.0000233  0.0000252  0.0000262  0.0000193
36Ar 0.0615574  0.0333008  0.0342771  0.0214883  0.0212326  0.0264948  0.0410942
error 0.0000264  0.0000195  0.0000313  0.0000147  0.0000333  0.0000692  0.0000264
Sample 2.7.08

Run 1

Step j k | m n 0 p

Age(Ma) 0.9234394  0.9019209 0.875578  0.9112781  0.8992652  0.8986194  0.8933911
error 0.0720425  0.0349565  0.0107366  0.0114154 0.015574 0.014292  0.0183202
% 40Ar* 0.6666121 1.367718 5.584269 15.81826 64.85324 68.44344 67.62453
Ca/K 1.451737 1.909536 2.267362 2.395474 2.492951 2.672287 2.820378
CI/K -0.002686  0.0010617 0.003731  0.0042811  0.0044129  0.0046791  0.0052272
40Ar 38.88503 33.08548 16.18684 5.411502 0.797768 0.433435  0.2357378
error 0.0063062 0.00391  0.0021186  0.0005906  0.0003688 0.00035  0.0003225
39Ar 0.2746191  0.4909295 1.010253 0.919186  0.5627878  0.3229379  0.1745644
error 0.0000654  0.0000554  0.0000943  0.0000703  0.0002301  0.0001801  0.0001302
38Ar 0.0274922  0.0267847  0.0232933 0.015464  0.0079097  0.0045534 0.002496
error 0.0000217  0.0000246  0.0000236  0.0000178  0.0000188  0.0000227  0.0000217
37Ar 0.0650372 0.1526452 0.3723149 0.3572927 0.2272821 0.1395637 0.0795851
error 0.0000233  0.0000372  0.0000421  0.0000561  0.0000651  0.0000741  0.0000701
36Ar 0.1294269  0.1094267  0.0514961 0.015554  0.0011283  0.0005745  0.0003221

error 0.0000274  0.0000284  0.0000225  0.0000313  0.0000284  0.0000147  0.0000105
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Sample 2.7.08

Run 2

Step a b c d e f g

Age(Ma) 103.2237 1.010908  0.8597018  0.8716694  0.8348266  0.9178356  0.9146961
error 36.06217 0.1778298 0.0360816 0.0316549 0.0236411 0.0600886 0.0433662
% 40Ar* 1.599669 0.69356 1.7664 3.049251 2.770843 1.657875 1.346179
Ca/K -2.183537 0.5861316 0.6978797 0.7870868 0.9063843 1.057279 1.264787
ClI/K -0.336272  -0.0012974 0.0013022 0.0012778 0.0013135 -0.0000308 0.0000946
40Ar 1.202278 5.959376 21.4362 16.16967 14.53554 23.36071 26.86425
error 0.000947  0.0027226  0.0037165  0.0070087  0.0026235  0.0120051  0.0066093
39Ar 0.0001769  0.0399842  0.4307602  0.5532186 0.471872 04127318  0.3867487
error 0.0000519 0.0001 0.000146  0.0005017  0.0001038  0.0003624  0.0001081
38Ar 0.0007287  0.0042076  0.0187508  0.0168984  0.0149005  0.0195436  0.0214725
error 0.0000148 0.0000241 0.0000318 0.0000338 0.000027 0.0000347 0.0000279
37Ar -0.000054 0.003273 0.0419086 0.0606718 0.05949 0.0605909 0.0678002
error 0.0000142 0.0000198 0.0000374 0.0000633 0.0000364 0.0000553 0.0000335
36Ar 0.0039625 0.019825 0.07057 0.052565  0.0473932  0.0770054  0.0888333
error 0.0000122  0.0000202  0.0000377  0.0000475  0.0000279  0.0000634  0.0000289
Sample 2.7.08

Run 2

Step h i j k | m n

Age(Ma) 0.8295272  0.8939174  0.8664052  0.8979601  0.9030076  0.9054398  0.8879806
error 0.0362073  0.0226259  0.0407043  0.0200724  0.0158024  0.0138781  0.0177457
% 40Ar* 1.442088 2.698037 2.392095 5.380097 7.575121 16.1597 31.19772
Ca/K 1.608675 1.829921 1.981395 2.085546 2.150008 2.236946 2.299048
CIIK 0.0012491  0.0029474  0.0024107  0.0033886  0.0037442  0.0040833  0.0042316
40Ar 25.37798 18.33258 21.39995 9.505357 6.183763 2.454058  0.9686311
error 0.0038161  0.0026235  0.0110056  0.0041149  0.0008641  0.0009008 0.000488
39Ar 0.4316267  0.5413603  0.5781088  0.5572409  0.5075678  0.4285338  0.3329371
error 0.0001362  0.0000673  0.0005116  0.0004717  0.0000871  0.0001554  0.0001845
38Ar 0.0212533  0.0184281 0.020734  0.0131386  0.0104656  0.0071384  0.0049745
error 0.000025  0.0000241  0.0000328 0.000026 ~ 0.0000308  0.0000241 0.000027
37Ar 0.0960665  0.1368237  0.1579382  0.1599719  0.1499679  0.1315176  0.1048425
error 0.0000266 ~ 0.0000404  0.0001301  0.0001301  0.0000404  0.0000493  0.0000473
36Ar 0.0838683  0.0598793  0.0701161  0.0302803  0.0192894  0.0070201  0.0023351
error 0.0000308  0.0000269  0.0000614  0.0000308 0.000024  0.0000184  0.0000193
Sample 2.7.08 4.15A.08

Run 2 1

Step 0 p a b c d e

Age(Ma) 0.890853  0.9085945 49.87781 1.635703 1.04233  0.8411039  0.7079765
error 0.0307449 0.015642 30.69014  0.4307275  0.1334095 0.0500329  0.0310225
% 40Ar* 17.70546 35.43891 85.30218 10.57626 12.54475 14.1977 14.25478
Ca/K 2.372215 2.701598  0.5752754  0.0873715 0.087574  0.0870938  0.0854172
CIIK 0.0040641  0.0041127  0.3511023  0.0062618  0.0042654 0.004123  0.0030175
40Ar 1.338764 1.052637  0.0155833  0.2875635  0.6016789  0.8902496 1.197707
error 0.000481 0.000461  0.0001271  0.0002594  0.0003418  0.0006315  0.0003795
39Ar 0.260344  0.4017171  0.0002528  0.0178695  0.0696029  0.1444426  0.2317997
error 0.000089  0.0001364 0.000018  0.0000404  0.0000513  0.0001901  0.0000613
38Ar 0.0042416 ~ 0.0059079  0.0000351  0.0004191  0.0012843  0.0024508  0.0037191
error 0.000025 0.000027  0.0000106  0.0000135  0.0000154  0.0000145  0.0000174
37Ar 0.0844522  0.1483253  0.0000216  0.0002332 0.000909  0.0018753  0.0029469
error 0.0000335  0.0000513  0.0000103  0.0000124  0.0000193  0.0000144  0.0000212
36Ar 0.0037731  0.0024223  7.694E-06  0.0008615  0.0017631  0.0025599 0.003442
error 0.0000269  0.0000202  0.0000276  0.0000268  0.0000323  0.0000248  0.0000245
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Sample 4.15A.08 4.15A.08

Run 1 2

Step m n 0 p a b c

Age(Ma) 0.6814299  0.6858902  0.6728959  0.7785754 -9.37884 09884822  0.1576066
error 0.0121562 0.0137414 0.0226516 0.0272296 18.17353 0.3460573 0.1859313
% 40Ar* 15.02761 15.05872 14.84897 17.8866 -24.64034 5.685358 1.60739
Ca/K 0.0847043 0.0847831 0.0837406 0.0837723 0.0687305 0.1079988 0.094526
ClI/K 0.0025045 0.0026949 0.0026801 0.0022554  -0.3465719 0.0067467 0.005253
40Ar 3.454793 2.574674 1.682087 1.209131 0.0135072 0.3232747 0.3738915
error 0.000408  0.0004368 0.00037  0.0008584  0.0002691  0.0003714  0.0003324
39Ar 0.7323295  0.5433392  0.3567905  0.2669936  0.0003421  0.0178748  0.0366654
error 0.0001002  0.0000932  0.0000782  0.0003301  0.0000256  0.0000384  0.0000344
38Ar 0.0114251 0.008518  0.0055892  0.0040935 -0.0000261  0.0004523  0.0007462
error 0.0000223 0.0000223 0.0000223 0.0000154 0.0000124 0.0000124 0.0000183
37Ar 0.009114 0.0067573 0.0043759 0.0032745 4.717E-06 0.0003862 0.0006926
error 0.0000222 0.0000173 0.0000193 0.0000134 0.0000135 0.0000107 0.0000184
36Ar 0.0098395  0.0073302  0.0048007 0.003328  0.0000564  0.0010214  0.0012326
error 0.0000273  0.0000236  0.0000272  0.0000245  0.0000215  0.0000215  0.0000237
Sample 4.15A.08

Run 2

Step d e f g h i j

Age(Ma) 0.7531114  0.6991314  0.6618367  0.6563599  0.6739096  0.6537939  0.6476056
error 0.09872  0.0655207  0.0442252  0.0390809  0.0242062  0.0215976 0.019403
% 40Ar* 10.60564 12.21002 12.70386 13.09722 13.74375 13.57874 13.53221
Ca/K 0.0876357  0.0849696 0.085869  0.0856135  0.0854033  0.0860023  0.0854685
CI/K 0.0040883  0.0032417  0.0035969  0.0026656  0.0033825  0.0031146  0.0029565
40Ar 0.4621011  0.5889664  0.7336676  0.9137347 1.413908 1.834738 2.170882
error 0.0005661 0.000522  0.0006096  0.0003834  0.0008989  0.0004456  0.0004073
39Ar 0.0625596  0.0988834  0.1353812  0.1752788 0.2772  0.3663213  0.4360777
error 0.0001101  0.0001401  0.0001701  0.0000652  0.0002901  0.0000682  0.0000752
38Ar 0.0011126  0.0016439  0.0022246  0.0028018  0.0044766  0.0058655  0.0069521
error 0.0000154  0.0000163  0.0000115  0.0000213  0.0000232  0.0000213  0.0000242
37Ar 0.0010955  0.0016764  0.0023156  0.0029842  0.0047004  0.0062447 0.007376
error 0.0000154  0.0000126  0.0000116  0.0000203  0.0000145  0.0000203  0.0000194
36Ar 0.0013842  0.0017328  0.0021465  0.0026613  0.0040875  0.0053144  0.0062914
error 0.0000213  0.0000223  0.0000205  0.0000235  0.0000222  0.0000262  0.0000277
Sample 4.15A.08 5.5.12

Run 2 1
Step k | m n 0 p a

Age(Ma) 0.6528835  0.6504539  0.6603907  0.6823923  0.6820896  0.6834678 0.423648
error 0.0118676  0.0106587  0.0083856  0.0077178  0.0084652  0.0128227 0.784972
% 40Ar* 13.67305 13.59552 13.66917 14.39048 14.57593 14.81708 1.886607
Ca/K 0.0852369  0.0849453  0.0853252  0.0847961  0.0844855  0.0850708 1.645437
CI/K 0.0029409  0.0028794 0.00288  0.0029222  0.0026451  0.0027748  0.0194317
40Ar 3.39153 4.303413 7.181648 9.465508 8.467709 3.1488  0.1217896
error 0.001425  0.0019186  0.0007303  0.0009099  0.0007134 0.00046  0.0002163
39Ar 0.6828009  0.8646911 1.429004 1.918885 1.739497  0.6562227  0.0052698
error 0.00056 0.00073  0.0000712  0.0001201 0.00063  0.0000842  0.0000518
38Ar 0.0108747  0.0137599  0.0227748  0.0304701  0.0273844  0.0103307  0.0001751
error 0.0000163  0.0000203  0.0000272  0.0000262  0.0000322  0.0000203  0.0000225
37Ar 0.0114994  0.0144896  0.0240133  0.0319946 0.028851  0.0109546  0.0016429
error 0.0000116  0.0000164  0.0000223  0.0000223  0.0000213  0.0000233  0.0000226
36Ar 0.0098129  0.0124624  0.0207799  0.0271597  0.0242442  0.0089902  0.0004014
error 0.0000229  0.0000242  0.0000249  0.0000257  0.0000319  0.0000252  0.0000142
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Sample 5.5.12

Run 1

Step b c d e f g h

Age(Ma) 1.06106 1.032367 1.22182 1.301395 1.322749 1.319736 1.310013
error 0.459875 0.0704714 0.0201054 0.0140398 0.0080388 0.0092839 0.0081388
% 40Ar* 7.032848 16.20557 43.89068 66.87601 77.22496 81.9209 83.1689
Ca/K 1.388353 1.353458 1.26789 1.161068 1.061953 0.9796908 0.9187697
ClI/K 0.0346798 0.0081974 0.0013149 -0.0008858 -0.0011174 -0.0012592 -0.0012574
40Ar 0.2366362 0.5245109 0.6798976 0.8599658 1.049125 1.218392 1.305398
error 0.0002683  0.0007398  0.0008188  0.0005142  0.0008287  0.0003418  0.0006708
39Ar 0.0152356  0.0799728  0.2371746  0.4290701  0.5946392  0.7342044  0.8045214
error 0.0000815  0.0002502  0.0004901  0.0003101 0.0008  0.0002402 0.00081
38Ar 0.0005072  0.0014802  0.0032446  0.0052831  0.0071825  0.0087848  0.0096127
error 0.0000353 0.0000353 0.0000313 0.0000264 0.0000225 0.0000157 0.0000254
37Ar 0.0040065 0.0204688 0.0568463 0.0940282 0.1190031 0.1353413 0.1388633
error 0.0000334 0.0000622 0.0001201 0.0000722 0.0001501 0.0000552 0.0001301
36Ar 0.0007397  0.0014866  0.0013181  0.0010211  0.0008853  0.0008347  0.0008355
error 0.0000241  0.0000192  0.0000152  0.0000182 7.75E-06  0.0000162  0.0000123
Sample 5.5.12

Run 1

Step i j k | m n 0

Age(Ma) 1.314519 1.312569 1.332987 1.319085 1.195939 1.267716 1.328621
error 0.0096896  0.0085164  0.0134109  0.0196866  0.0214174  0.0484522  0.1088933
% 40Ar* 82.91689 77.56032 68.92378 53.33289 33.91502 22.24907 16.77882
Ca/K 0.8752504  0.8482613  0.8697692 1.176043 2.592333 6.349966 9.11604
CIIK -0.0011251  -0.0011556  -0.0007649 -0.000436  0.0007925  0.0018369  0.0012241
40Ar 1.361465 1.923726 1.751771 1.481126 0.8864073 0.4387995 0.2258832
error 0.00037  0.0003231  0.0003511  0.0003324  0.0003606 0.000389  0.0002683
39Ar 0.8336546 1103499  0.8793363  0.5814767  0.2442327  0.0749283  0.0277822
error 0.0001702  0.0001602  0.0001303  0.0000924  0.0001104  0.0001203  0.0000606
38Ar 0.0100017  0.0133056  0.0108478  0.0074494  0.0034209  0.0011799  0.0004709
error 0.0000215  0.0000264  0.0000235  0.0000313  0.0000166  0.0000119  0.0000176
37Ar 0.13686 0.1752943 0.1429924 0.1276151 0.1178775 0.0883137 0.0468863
error 0.0000255  0.0000542  0.0000413  0.0000383  0.0000642  0.0001101  0.0000722
36Ar 0.0008773  0.0015718  0.0019261  0.0024069  0.0020472  0.0012068  0.0006637
error 0.0000202  0.0000202  0.0000351  0.0000371  0.0000172  0.0000123  0.0000103
Sample 5.5.12 6.3.15

Run 1 1

Step p a b c d e f

Age(Ma) 0.5812951 175.9083 1.564101 1.265927 1.291006 1.299438 1.306557
error 0.1688981 753.3331  0.8381649  0.0201183  0.0093049  0.0084168  0.0078958
% 40Ar* 4.944053 -107.2796 8.725755 43.2323 71.00573 80.06863 83.85415
Ca/K 8.961716 7.63273 1.4117 1.310959 1.141407 1.062025 1.06532
CIIK 0.0038798 -1.388485  0.0616045  0.0007588 -0.0012359 -0.0012087 -0.0011816
40Ar 0.1681257 0.0029032 0.1953454 1.014585 1.829248 2.229771 2.035124
error 0.0002594  0.0011071 0.001111  0.0011638  0.0011753  0.0011593  0.0011126
39Ar 0.013929 -0.0000166  0.0106816  0.3395586  0.9857579 1.346063 1.279608
error 0.0000518  0.0000685  0.0000955  0.0001995  0.0002186 0.00019 0.000238
38Ar 0.0002902  0.0000115 0.00047  0.0045996 0.011953  0.0161573  0.0153123
error 0.0000119  0.0000246  0.0000266  0.0000394  0.0000217  0.0000188  0.0000236
37Ar 0.0231012 -0.0000172  0.0020521  0.0605334  0.1529587  0.1940342  0.1847264
error 0.0000522  0.0000207  0.0000275  0.0000463  0.0000592  0.0000573  0.0000384
36Ar 0.0005521  0.0000201  0.0005992  0.0019888  0.0019278  0.0016811  0.0012843
error 8.03E-06  0.0000147  0.0000304  0.0000215  0.0000205  0.0000215  0.0000157
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Table D.2 continued.

Sample 6.3.15

Run 1

Step g h i j k | m

Age(Ma) 1.302808 1.282947 1.297978 1.3137 1.393052 1.269417 1.214011
error 0.0079309 0.0170544 0.0212264 0.0416067 0.0960014 0.0942424 0.2354122
% 40Ar* 82.56162 75.02837 61.95656 47.41872 40.32839 34.70885 30.17397
Ca/K 1.103679 1.204637 1.611872 2.637194 4.215441 5.208562 5.900705
ClI/K -0.0009173  -0.0003904 0.0004487 0.0011843 0.0037637 0.0010925 0.0042134
40Ar 1.442057 0.8433003 0.4749012 0.3069348 0.2247898 0.1352455 0.1065018
error 0.0011023 0.001201  0.0010927  0.0010832  0.0010767 0.00109  0.0010863
39Ar 0.8953211  0.4832038  0.2221513  0.1086218 0.06384  0.0362914  0.0259856
error 0.0001618 0.000306  0.0001343  0.0001051  0.0000833  0.0000822  0.0000753
38Ar 0.0108092  0.0059691 0.002862  0.0014737  0.0009482  0.0005134  0.0004027
error 0.0000246 0.0000246 0.0000236 0.0000207 0.0000217 0.0000104 0.0000236
37Ar 0.1336832 0.0786154 0.0482717 0.0385358 0.0361216 0.0253213 0.0205015
error 0.0000374 0.0000622 0.0000344 0.0000423 0.0000334 0.0000483 0.0000236
36Ar 0.0009755  0.0007837  0.0006533  0.0005791  0.0004855  0.0003212  0.0002697
error 0.000011  0.0000254  0.0000147  0.0000147  0.0000205 0.000011  0.0000205
Sample 6.3.15 8.3.15

Run 1 1

Step n 0 p a b c d

Age(Ma) 1.422381 1.623376 1.253372  0.8860785  0.9732782 0.948073  0.9505563
error 0.1517402  0.2204549  0.1099794  0.0482213  0.0150868  0.0080483  0.0091151
% 40Ar* 34.25552 37.55219 27.88299 27.88011 39.78999 46.08365 51.3897
Ca/K 6.523261 7.06539 7.784943 0.5115471 0.5120427 0.6150617 0.8463523
CIIK -0.0018194  0.0012348  0.0022493  0.0086323  0.0066272  0.0051488  0.0038351
40Ar 0.1096097  0.0946075  0.1640838  0.3026951  0.9540711 2.852746 2.690973
error 0.0010922  0.0011016  0.0011087  0.0003625  0.0006671  0.0002267 0.00025
39Ar 0.025918  0.0214903  0.0358577  0.0922219  0.3776456 1.342548 1.4086
error 0.0000724  0.0000681  0.0000744  0.0001401 0.00031 0.00025 0.00026
38Ar 0.0003466  0.0003096  0.0005417  0.0015382 0.005836  0.0197453  0.0198872
error 0.0000114  0.0000114  0.0000178  0.0000183  0.0000302  0.0000741  0.0000901
37Ar 0.0225639  0.0202272  0.0371627  0.0079965  0.0327638  0.1396569 0.201492
error 0.0000295  0.0000256  0.0000423  0.0000311  0.0000491  0.0000521 0.000094
36Ar 0.0002641  0.0002183  0.0004339  0.0007374  0.0019497  0.0052618 0.004541
error 0.0000129  0.0000157  0.0000129  0.0000152  0.0000182  0.0000281  0.0000361
Sample 8.3.15

Run 1

Step e f g h i j k

Age(Ma) 0.9632441  0.9674129  0.9883264  0.8879145  0.9251609  0.7337947  0.6868592
error 0.0073984  0.0127685 0.021379  0.0436044 0.073966 ~ 0.0431855  0.0416848
% 40Ar* 52.84308 50.95317 49.60676 41.68247 41.21407 30.65662 28.09957
Ca/K 1.061544 1.256654 1.436463 1.595955 1.785207 2.839686 4.911066
CIIK 0.0018594  0.0014808  0.0017242  0.0019722  0.0041933  0.0057304  0.0077376
40Ar 1.758117 0.997677 0.5557219 0.3266727 0.2105767 0.2218237 0.2345543
error 0.0005894  0.0006282 0.000446 0.000522 0.000283  0.0003354  0.0003089
39Ar 0.9339179  0.5088555  0.2701318  0.1485317  0.0908645  0.0898063  0.0930575
error 0.00043 0.00045 0.00035  0.0002001  0.0000931  0.0002001  0.0001701
38Ar 0.0125261  0.0067828  0.0036365  0.0020354  0.0013194 0.001372  0.0014928
error 0.0000292  0.0000223  0.0000252  0.0000252  0.0000233  0.0000164  0.0000135
37Ar 0.1672541 0.1076906 0.0652359 0.0397844 0.0271775 0.042638 0.0762244
error 0.000067 0.000088 0.0001  0.0000571  0.0000551 0.000087 0.00013
36Ar 0.0029099  0.0017248  0.0009901  0.0006699  0.0004364  0.0005495  0.0006264

error 0.0000162  0.0000202  0.0000192  0.0000222  0.0000232  0.0000133  0.0000133
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Sample 8.3.15 9.1.15

Run 1 1

Step | m n 0 p a b

Age(Ma) 0.7645058  0.9281299  0.7875724  0.8427004  0.9369979  -98.87807 -2.653485
error 0.0223139 0.0650826 0.0432485 0.0906054 0.0909684 58.95488 0.5996133
% 40Ar* 33.20745 45.15058 37.37372 40.64415 41.20036 261.2003 -44.52832
Ca/K 6.481966 7.168562 7.748772 8.311905 8.746556 1.604346 1.481586
ClI/K 0.0072422 0.0084648 0.0076273 0.0104499 0.0100035 0.3139079 0.0889608
40Ar 0.3602102 0.2664955 0.1664663 0.1246716 0.0849054 0.005539 0.1485186
error 0.0003716 0.000283  0.0002267  0.0001803  0.0001921  0.0001938  0.0006485
39Ar 0.1518136  0.1258097  0.0766798  0.0583779  0.0362512 -0.0001454  0.0241146
error 0.0002401  0.0001101  0.0001501  0.0000532  0.0000861 0.000072  0.0007528
38Ar 0.0023887  0.0019993  0.0012062  0.0009718  0.0006005 -0.0000231  0.0011696
error 0.0000154 0.0000223 0.0000154 0.0000164 0.0000125 0.0000162 0.0001801
37Ar 0.1637679 0.1498112 0.0985181 0.0803081 0.0524477  -0.0000453 0.0069395
error 0.00023 0.00014 0.00015 0.0000571 0.000087 0.0000251 0.0001714
36Ar 0.0009384  0.0006111  0.0004292  0.0003132  0.0002099 -0.0000299  0.0007238
error 0.0000113  0.0000281  0.0000113  0.0000182  0.0000113  0.0000137  0.0000494
Sample 9.1.15

Run 1

Step c d e f g h i

Age(Ma) 0.0430977  0.4806364  0.8131024  0.7980142  0.8145501 0.816657  0.8265599
error 0.0576029  0.0630696 0.014862  0.0106951  0.0077958  0.0074395  0.0096989
% 40Ar* 1.710808 32.75138 71.5977 77.24025 80.48715 80.45666 79.89532
Ca/K 1.100803  0.8151028  0.6320218  0.5301696  0.4905568 0.491485  0.5346896
CIIK 0.0409017  0.0100836 -0.0000629  -0.0008321 -0.0008086 -0.0008483  -0.0005865
40Ar 0.3518532  0.5799081  0.7843058  0.8211475  0.8003452  0.6848316  0.5409977
error 0.0006964  0.0007834  0.0006198  0.0006008  0.0007834  0.0007446  0.0007157
39Ar 0.1350004  0.3817813  0.6670408  0.7675851 0.763737 0.651575  0.5050236
error 0.0005638  0.0019011  0.0006532  0.0006135  0.0012018  0.0011019  0.0009323
38Ar 0.0037707  0.0062348  0.0082692  0.0092678  0.0092085  0.0078476  0.0061315
error 0.0002101 0.0004  0.0000504  0.0000257  0.0000415  0.0000296  0.0000296
37Ar 0.0288243  0.0603491  0.0816418  0.0786934 0.072337 0.06173  0.0519628
error 0.0001516  0.0003806  0.0000897  0.0000801 0.000122  0.0001122  0.0001014
36Ar 0.0011783  0.0013478  0.0008027  0.0006806  0.0005734  0.0004913  0.0004006
error 0.0000268  0.0000833  0.0000327  0.0000259  0.0000164  0.0000128  0.0000146
Sample 9.1.15

Run 1

Step j k | m n 0 p

Age(Ma) 0.8259995  0.8188458  0.8188969  0.7934865  0.7675519 0.803835  0.8732847
error 0.0081671  0.0108127  0.0108761  0.0202803  0.0172606  0.0213492  0.0343954
% 40Ar* 77.18999 73.37044 65.28399 56.8589 53.64338 54.00955 54.55919
Ca/K 0.6532529  0.9164217 1.975964 4.370763 5.340892 5.100247 4.895878
CIIK -0.0007405  -0.0005548  -0.0005183  -0.0001803  -0.000596  -0.0002711 -0.0002978
40Ar 05851249  0.5059694  0.5305055  0.5056616  0.4452924  0.2753786  0.1931727
error 0.0006676 0.000658  0.0006294  0.0003895  0.0003302 0.000314  0.0002907
39Ar 0.528113 0.4379185 0.4087055 0.3504757 0.3011272 0.1790181 0.1167604
error 0.0008824  0.0008126  0.0006931  0.0002198  0.0001727  0.0002972  0.0002294
38Ar 0.0063965 0.005348  0.0050357  0.0044019  0.0037527  0.0022532  0.0014717
error 0.0000267  0.0000219  0.0000248  0.0000257  0.0000277 0.00002  0.0000219
37Ar 0.0662675  0.0769399  0.1544804  0.2922623  0.3062385  0.1735872  0.1086461
error 0.000122  0.0001417  0.0002609  0.0001813  0.0001714 0.000241  0.0001813
36Ar 0.0004934  0.0005053  0.0007257  0.0009372  0.0009082  0.0005473  0.0003711
error 0.000012  0.0000146  0.0000137  0.0000239  0.0000173  0.0000128  0.0000137
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Table D.2 continued.

Sample 9.2.15

Run 1

Step a b c d e f g

Age(Ma) -0.001507  0.3995155  0.5604758  0.5492108  0.5903884  0.5852194  0.5458707
error 0.4076944 0.122305 0.0144841 0.0122017 0.0113686 0.0176064 0.0208344
% 40Ar* -0.0334316 16.74822 45.77584 55.13118 57.03262 50.93558 46.90047
Ca/K 1.187665 0.9564469 0.8953066 0.8947949 0.8933842 0.9717511 1.088801
ClI/K 0.0176749 0.017628 0.0035536 0.0014884 -0.0017736 -0.0014809 -0.0009641
40Ar 0.1084071 0.2698985 0.7444452 0.8720396 0.6316913 0.4657157 0.3683551
error 0.0009119  0.0011022  0.0010634  0.0010186  0.0009935  0.0010673 0.00092
39Ar 0.023624  0.1111073  0.5968521  0.8591954  0.5989551  0.3978959  0.3106892
error 0.0001106 0.000485  0.0007532  0.0007432 0.000604  0.0006138  0.0003466
38Ar 0.0005009 0.002174  0.0082738  0.0111788  0.0071182  0.0047995  0.0038141
error 0.0000477 0.00009 0.0001436 0.0001339 0.0000461 0.0000439 0.0000416
37Ar 0.0045187 0.0171108 0.0859051 0.1235439 0.0858172 0.061906 0.054068
error 0.0000368 0.0000915 0.0001225 0.0001422 0.0001031 0.0001127 0.0000807
36Ar 0.000367  0.0007668  0.0014236  0.0014136  0.0009808  0.0008171  0.0007005
error 0.0000327  0.0000462  0.0000285  0.0000344  0.0000219  0.0000231  0.0000216
Sample 9.2.15

Run 1

Step h i j k | m n

Age(Ma) 0.5638513  0.5903357  0.5880107  0.5963811  0.5617224  0.5072614  0.8092482
error 0.0218064  0.0275715  0.0181706  0.0241058  0.0275801  0.0611045  0.1425909
% 40Ar* 45.96818 41.30402 30.08526 23.10429 17.71199 15.07739 22.13178
Ca/K 1.241387 1.48213 2.115547 3.98784 8.957653 16.05244 22.52415
CI/K -0.0013699  -0.0015887  0.0000707  0.0016109  0.0030598  0.0021566  0.0051444
40Ar 0.3459038  0.3663349  0.7224881  0.7889157 0.712758  0.4050702  0.2237976
error 0.000937  0.0008731  0.0009041  0.0010309  0.0009487  0.0008956  0.0008696
39Ar 0.2768566 ~ 0.2516795  0.3631045  0.3004397  0.2213276 0.11887  0.0605617
error 0.0003268  0.0002295 0.000356  0.0001914  0.0003561  0.0001116  0.0000816
38Ar 0.0033682  0.0030717  0.0047638  0.0042234  0.0033157  0.0017667  0.0009635
error 0.0000381  0.0000373 0.000035  0.0000409  0.0000348  0.0000359 0.000037
37Ar 0.0548376  0.0594133  0.1221135  0.1900071  0.3133354  0.3003247  0.2138585
error 0.0000816  0.0000626 ~ 0.0000901  0.0001321  0.0004307  0.0001618  0.0001618
36Ar 0.0006721  0.0007703  0.0017951  0.0021932  0.0022314  0.0014086  0.0007666
error 0.0000201  0.0000233  0.0000218  0.0000241  0.0000202  0.0000243 0.000029
Sample 9.2.15 11.3.15

Run 1 1

Step 0 p a b c d e

Age(Ma) 0.5589822  -0.0264852  0.0547509 0.059541  0.0319139  0.0729988  0.0917934
error 0.2344003  0.3809428  0.0762187 0.039261  0.0630411  0.0331481  0.0434933
% 40Ar* 15.36829  -0.7220001 1.25313  0.6027506  0.7781339  0.7349286  0.8342301
Ca/K 25.5454 26.67637  0.6270128  0.7005388  0.9894307  0.9219205 1.330167
CIIK 0.0054782  0.0059428 -0.0001658  0.0032487  0.0051302  0.0053546  0.0096331
40Ar 0.1096549  0.0584629 1.0566 3.986142 2.673323 3.363984 2.148535
error 0.0008603  0.0008521  0.0026173  0.0054083  0.0040112  0.0046098  0.0040112
39Ar 0.0298645  0.0157963  0.1608244  0.6306534  0.3228222  0.7357614  0.3981839
error 0.0000802  0.0000801  0.0003809  0.0022002  0.0016002  0.0024001  0.0017002
38Ar 0.0004833  0.0002644  0.0026168  0.0109036  0.0061975 0.012437  0.0075213
error 0.0000374  0.0000336  0.0002505  0.0002904  0.0002705  0.0004003  0.0003004
37Ar 0.1192834  0.0658336  0.0016306  0.0071374  0.0051542  0.0109232  0.0085193
error 0.0001126  0.0001223  0.0001756  0.0002736  0.0002048 0.000244  0.0004124
36Ar 0.000413  0.0002537  0.0035192  0.0132687 0.008958  0.0111561  0.0071302

error 0.0000235  0.0000201  0.0000434  0.0000782  0.0000682  0.0000812  0.0000583
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Sample 11.3.15

Run 1

Step f g h i j k [

Age(Ma) 0.0730979  -0.0491248  0.0898748  0.0180669  0.0360371  0.0322268 0.07417
error 0.0508624 0.0436307 0.0762544 0.0432472 0.0280061 0.0349606 0.0564207
% 40Ar* 0.614156 0.4566718 0.5137088 0.4716932 0.6248265 0.9807357 1.13105
Ca/K 1.808209 2.5248 3.158423 3.761942 4.821878 5.299554 6.075207
ClI/K 0.0017223 0.0068041 0.0050066 0.0069738 0.0086776 0.0040857 0.0024635
40Ar 3.497231 5.491642 8.29182 7.229322 4.615683 1.983583 1.446391
error 0.0044102  0.0058078  0.0070064  0.0069065 0.005009  0.0037121 0.002816
39Ar 0.4334936  0.6491704  0.6035039  0.8787043 1.056187  0.5283783  0.2712843
error 0.0016002  0.0022002  0.0021002  0.0027001  0.0029001  0.0020002  0.0011003
38Ar 0.0077431  0.0129529  0.0136224  0.0174188  0.0189767  0.0084544  0.0044524
error 0.0002006 0.0003504 0.0003703 0.0004203 0.0005402 0.0002605 0.0002805
37Ar 0.0125866 0.0262873 0.0304988 0.0528324 0.081289 0.044592 0.0262157
error 0.0003032 0.0008412 0.0013007 0.0021005 0.0013007 0.000951 0.0009111
36Ar 0.0116998 0.018734  0.0278258  0.0245998  0.0160037  0.0069573  0.0049912
error 0.0000702  0.0000812  0.0001401  0.0001101  0.0000942  0.0000633  0.0000533
Sample 11.3.15

Run 2

Step a b c d e f g

Age(Ma) -0.0208241  0.0305339 0.027286  0.0549298  0.1044774  0.0731953  0.1411529
error 0.0820234  0.1084132  0.0309828 0.035456  0.0658979  0.0481525  0.0783088
% 40Ar* 2.073751  0.6776361  0.4398422  0.5459653  0.3523065  0.4547574 0.343365
Ca/K 5.748855  0.6599073  0.7990146  0.9172866 1.567559 2.556721 3.196678
CIIK 0.0108731  0.0004785  0.0031804  0.0035688  0.0041733  0.0055964 0.013851
40Ar 0.5788916 4.459213 6.941541 6.195086 12.22871 9.429569 16.83529
error 0.0021213 0.00563 0.00563 0.007323  0.0094179 0.008021  0.0100168
39Ar 0.1326823  0.3338171 1.496601 1.268336 1.157726 1.322932 1.333435
error 0.0004408  0.0016003  0.0031001  0.0034001  0.0028002  0.0030001  0.0031001
38Ar 0.0024896  0.0069427  0.0242849  0.0209241  0.0234557  0.0246186  0.0331796
error 0.0002106 0.00035 0.00046 0.00024 0.00063 0.00052 0.00046
37Ar 0.0121165  0.0034915  0.0189335  0.0184023  0.0286315  0.0532909  0.0670421
error 0.000323  0.0002507  0.0004604  0.0005303  0.0010002  0.0015001  0.0009902
36Ar 0.0020522  0.0149265  0.0232554  0.0206431  0.0407481  0.0316751  0.0562571
error 0.0000394  0.0000992  0.0001002  0.0001102  0.0001402  0.0001402  0.0001901
Sample 11.3.15

Run 2

Step h i j k | m n

Age(Ma) 0.088347  0.0175059  0.0793497  0.1151992  0.1510921 0.02608  -0.0430356
error 0.0547754  0.0493276  0.0423821  0.0487456  0.0523461  0.0630312  0.0788677
% 40Ar* 0.395117  0.4612782 0.979849 1.204427 1.452934 1.680239 2.222597
Ca/lK 3.560826 3.867912 4.391445 458054 472216 5.311475 6.059174
CIIK 0.0052069  0.0033216  0.0041362  0.0087035  0.0070783  0.0050788  0.0035965
40Ar 9.4676 6.682595 2.14714 1.428708 0.9429802 0.774769 0.4929883
error 0.0085198  0.0065258  0.0033506  0.0032521  0.0026639  0.0026639  0.0022752
39Ar 1115632  0.9252975  0.5209302  0.3522746  0.2526008  0.1963716  0.1289239
error 0.0029001  0.0028002  0.0022002  0.0017002  0.0008505  0.0005008 0.000401
38Ar 0.0215619  0.0165909  0.0084454  0.0062425 0.004277  0.0032339  0.0020542
error 0.0006 0.00023 0.00017 0.00017 0.00021 0.00016  0.0000421
37Ar 0.0624172  0.0561047  0.0358223 0.025244  0.0186208  0.0162643  0.0121605
error 0.0021001  0.0009602  0.0004005  0.0002707  0.0006703 0.000181  0.0003905
36Ar 0.0318761  0.0228039  0.0073448  0.0048507  0.0031761  0.0027164  0.0017773
error 0.0001202  0.0001002  0.0000693  0.0000564  0.0000445  0.0000425  0.0000356
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Table D.2 continued.

Sample 11.3.15 2.10.08

Run 2 1

Step 0 p q a b c d

Age(Ma) -0.0284236  -0.0387611  0.1062169 -0.0133552 1.092168  0.9806702  0.9053371
error 0.0815296 0.0613094 0.0540595 0.0611017 0.0700631 0.0346392 0.0231201
% 40Ar* 2437418 1.705168 1.461939 1.846075 1.321293 1.715673 1.074344
Ca/K 6.212212 6.283971 6.197995 5.107979 3.059337 2.465599 1.569605
ClI/K 0.0005894 0.0049397 0.0028144 0.0002988 0.0598966  -0.0007988  -0.0015465
40Ar 0.4117699 0.7637652 0.9540468 0.8242546 1.233684 0.7022665 1.446299
error 0.0020824  0.0024691  0.0028594 0.0024691  0.0043702  0.0030031  0.0034883
39Ar 0.113525  0.2021015  0.2494116 0.2345917  0.2075663  0.3117284  0.6089885
error 0.000431  0.0005008  0.0005907 0.0007905  0.0011005  0.0016003  0.0021003
38Ar 0.001676  0.0033076  0.0038808 0.0034192  0.0074438  0.0039514  0.0076387
error 0.0000831 0.00012 0.00017 0.00013 0.0003915 0.000292 0.0003417
37Ar 0.0109686 0.0197105 0.0239722 0.0185702 0.0108688 0.0131452 0.0163408
error 0.0002906 0.0004504 0.0003106 0.0009702 0.0004539 0.0004439 0.0012014
36Ar 0.0014863  0.0027587  0.0033045 0.0029339  0.0033609  0.0012984  0.0028848
error 0.0000327  0.0000425  0.0000455 0.0000495  0.0000522  0.0000385  0.0000494
Sample 2.10.08

Run 1

Step e f g h i j k

Age(Ma) 0.8638675  0.9051424  0.8654575 0.900314  0.8843413  0.9002346  0.7639219
error 0.0234144  0.0310803  0.0373607  0.0443122  0.0573053 0.0708  0.0754889
% 40Ar* 1.445089 1.683421 1.670209 1.893341 2.313981 2.72285 2.775713
Ca/K 2.473705 4.44799 6.678092 9.447433 11.35911 12.44456 14.40606
CI/K -0.0028455  -0.0029687  -0.0009698  0.0015804 0.005762  0.0102327  0.0015849
40Ar 0.8576538  0.7993056  0.6872571  0.6453376  0.4628374  0.4174741  0.4256832
error 0.002508  0.0027857  0.0023514  0.0023514  0.0021291  0.0022233  0.0021291
39Ar 0.477681 0.388333  0.2750281  0.2459944  0.1661852  0.1426826  0.1393334
error 0.0018011  0.0017012  0.0013023  0.0008435  0.0004743  0.0003952  0.0004347
38Ar 0.0056196  0.0046098  0.0035423  0.0034015  0.0025575 0.002427  0.0019823
error 0.000283  0.0001749  0.0001558  0.0001751  0.0001346  0.0001736  0.0001154
37Ar 0.0201492  0.0294056  0.0311968  0.0394007  0.0319139  0.0299819 0.033841
error 0.0013008  0.0005718  0.0005319  0.0015007  0.0006908  0.0010006  0.0017003
36Ar 0.0014695  0.0015803  0.0016498  0.0016384 0.00125 0.001153  0.0012947
error 0.0000389  0.0000435  0.0000371 0.000038  0.0000345  0.0000362  0.0000362
Sample 2.10.08 2.10.08

Run 1 2

Step | m n a b c d

Age(Ma) 0.9012017  0.7029241  0.8391897  0.6972421 1.040189  0.9436376  0.8691728
error 0.10263  0.0882795  0.0733779  0.0708751  0.1646117  0.0214117 0.013193
% 40Ar* 3.527981 2.906203 2.44816 2.200214 1.789409  0.9096828 0.843692
Ca/K 19.06697 18.5351 18.74244 19.18022 2.648971 2.480788 2.140854
CI/K 0.0095937  0.0059849  0.0005268  0.0025281  0.1161381 -0.0003463  -0.0020766
40Ar 0.3087144  0.3612048 0.357197  0.3981905  0.9170008 1.790425 1.459647
error 0.0017933  0.0022508  0.0020655  0.0023444  0.0040997  0.0041857  0.0036257
39Ar 0.0945337  0.1058864  0.1061551  0.1101285  0.0894198  0.7046798  0.8894274
error 0.0003321 0.000352  0.0003419  0.0002229  0.0004719  0.0013007  0.0027003
38Ar 0.0016104  0.0016971  0.0014894  0.0016495  0.0051885  0.0091894  0.0106079
error 0.0002012  0.0001516  0.0001526  0.0001526  0.0003109  0.0003209  0.0001321
37Ar 0.0302755  0.0329438  0.0333471 0.035368  0.0036559  0.0269603  0.0293447
error 0.001202  0.0007433  0.0006035  0.0004349  0.0002716  0.0005155  0.0004284
36Ar 0.0009557  0.0011935  0.0011285  0.0013286  0.0027523  0.0037149  0.0022181

error 0.0000345  0.0000336  0.0000278  0.0000278 0.000053 0.000052  0.0000383
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Sample 2.10.08

Run 2

Step e f g h j k
Age(Ma) 0.8365637  0.8784527  0.8364222  0.8737623  0.7601505  0.8729312  0.8170345
error 0.0163086 0.0208561 0.0281849 0.03726 0.0550905 0.0746278 0.0657784
% 40Ar* 1.035065 1.135313 1.315213 1.542956 2.034561 2.624855 2.130529
Ca/K 2.621575 3.935443 6.524961 10.11299 13.21208 16.68724 20.72616
ClI/K -0.0021609  -0.0028096 0.0014797 0.0009451 0.0042213 -0.0007516 0.0043504
40Ar 1.154904 1.015719 0.9131805 0.7578782 0.59637 0.4769192 0.5661185
error 0.0032481  0.0031528  0.0030552  0.0025349  0.0026932  0.0026058  0.0025201
39Ar 0.6827155  0.5100124  0.3886528 0.283995  0.1973471  0.1498999 0.164688
error 0.0025003  0.0021004  0.0018004  0.0012006  0.0004715  0.0004416  0.0004117
38Ar 0.0081623  0.0060689  0.0053048  0.0038796  0.0029816  0.0020147  0.0025386
error 0.0002809 0.0001715 0.0002112 0.0001024 0.0000907 0.0000936 0.0001023
37Ar 0.0275185 0.0308175 0.0388443 0.0438977 0.0397224 0.0380289 0.0517753
error 0.0007301 0.0004948 0.0004944 0.0007888 0.000455 0.0008083 0.0002308
36Ar 0.0019471  0.0019773  0.0021717  0.0019886  0.0017828  0.0014409  0.0018486
error 0.0000373  0.0000363  0.0000382  0.0000372  0.0000391  0.0000401  0.0000391
Sample 2.10.08

Run 2

Step | m n 0

Age(Ma) 0.7269971  0.9377069  0.7980912  0.5723412

error 0.0807839  0.1019018 0.095426  0.1359993

% 40Ar* 2.465996 3.088362 2.822366 4.36441

Ca/K 28.0198 23.67405 23.55483 22.64504

CIIK 0.006001  0.0091665 -0.0049735 -0.0038694

40Ar 0.4234006  0.3633514  0.3978832  0.2231134

error 0.0025192  0.0024375  0.0025238  0.0022058

39Ar 0.1161659  0.0984764  0.1053796  0.0639199

error 0.0003918  0.0003321  0.0003421  0.0002825

38Ar 0.0018832  0.0016891  0.0013134  0.0008192

error 0.0001219  0.0001417  0.0000877 0.00006

37Ar 0.0491432 0.0352225 0.0374502 0.0218274

error 0.0004838  0.0004547  0.0004065  0.0003875

36Ar 0.0015375 0.001183  0.0013497 0.000804

error 0.0000333  0.0000362  0.0000362  0.0000314
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Table D.3 Results of total fusion experiments on sanidine phenocrysts from sample 5.1.15

Crystal 1 2 3 4 5 6 7
Age(Ma) 6.066832  5.974484 6.011923 6.039755  6.039046 6.023179  5.941588
error 0.0507752 0.0666493  0.0535723  0.0596648 0.0661087  0.0876555  0.051211

% 40Ar* 99.19546  87.13902 91.27459 99.45987  97.99086 98.00257 94.8452
Ca/K 0.0288327 0.0234496 0.0259984  0.0143724 0.0343858  0.0195976  0.0199098
CI/K 0.0026928 -0.002768  -0.001442 -0.001707  -0.002783 -0.004189 0.0018093
40Ar 1.426961 1.154773 1.593223 1.016037  0.9217995 0.566045 1.487099
error 0.002601 0.0017015 0.0028009  0.0014018 0.0013019  0.0012021 0.0019013
39Ar 0.2285777 0.1650123  0.2369815  0.1639193 0.1465377  0.0902314 0.2325724
error 0.00056  0.0003701 0.0007 0.0004 0.00039  0.0002501 0.00069
38Ar 0.0030106 0.0019509  0.0028633  0.0019083 0.0016602  0.0009784  0.0030333
error 0.0000842 0.0000802  0.0000523  0.0000464 0.0000792  0.0000355 0.0000623

37 Ar 0.0003653  0.0002148 0.000341 0.000132  0.000277  0.0000979  0.0002562
error 0.0000425 0.000024 0.0000268  0.0000366 0.0000268  0.0000192 0.0000259
36Ar 0.0000394 0.0004979  0.0004664  0.0000187 0.0000627  0.0000381 0.0002574
error 0.0000262 0.0000311 0.0000291  0.0000262 0.0000272  0.0000242 0.0000272
Crystal 8 9 10 11 12 13 14
Age(Ma) 6.115057  5.938254 6.044483 6.047332 6.262717 5.956153 6.08484
error 0.0520732  0.0681603  0.0645153  0.0545946  0.1078489  0.0556023  0.0563614

% 40Ar* 94.64547  97.91578 96.96687 98.68353 98.43688 98.03642 96.54499
Ca/K 0.0261589 0.0161899  0.0202945  0.0321427  0.0376089  0.0175643  0.0345836
CI/K 0.0015767  -0.001044  0.0009359  0.0015632  0.0046943 -0.0033855  0.0012402
40Ar 1.589303 0.7795417  0.9309821 1430347  0.4622055 1.054026 1.451962
error 0.0016016 0.0013019  0.0012021  0.0027009  0.0015017  0.0015017  0.0019013
39Ar 0.2409866  0.1259321  0.1463181 0.228673  0.0711704  0.1699704  0.2256966
error 0.00042 0.00038 0.00039 0.0006  0.0001401 0.00042 0.00059
38Ar 0.0031273  0.0015025 0.0018516  0.0029273  0.0009883  0.0018898 0.002884
error 0.0001002 0.0000474  0.0000474  0.0000633  0.0000345  0.0000782  0.0000583

37 Ar 0.0003463  0.000113 0.0001636  0.0004011  0.0001456  0.0001644 0.000424
error 0.0000259 0.0000366  0.0000211  0.0000259 0.000022 0.000022  0.0000455
36Ar 0.0002859  0.0000547 0.000095  0.0000641  0.0000246  0.0000697  0.0001691
error 0.0000311  0.0000242  0.0000262  0.0000301  0.0000242  0.0000242  0.0000321
Crystal 15 16 17 18 19 20 21
Age(Ma) 6.115854 6.08901 6.058329 5.9179 6.065429 5.904314 6.018215
error 0.0739114  0.0804833  0.1005025  0.0583458  0.0644074  0.0850387  0.0709867
% 40Ar* 97.76811 99.8644 98.80447 94.78043 98.09562 84.04371 96.87461
Ca/K 0.0249189  0.0297301  0.0246697 0.019753  0.0185964  0.0095514 0.029469
CI/K -0.0002264  0.0015483  -0.0082261  0.0002774  -0.002455  0.0021315 -0.0049958
40Ar 0.7224436  0.6687209  0.4762101 1035115  0.9334141 0.791041  0.8169327
error 0.0012021  0.0019013  0.0017015  0.0016016  0.0020013  0.0017015  0.0014018
39Ar 0.113143  0.1074472  0.0760872  0.1624223  0.1478938  0.1103179  0.1288318
error 0.0003301  0.0003301  0.0002901 0.00038  0.0003301  0.0003301  0.0003701
38Ar 0.0013828  0.0013699  0.0007166  0.0020328  0.0016917  0.0015078 0.001367
error 0.0000494  0.0000375  0.0000553  0.0000513  0.0000892  0.0000474  0.0000782
37 Ar 0.0001537  0.0001735  0.0001021 0.000175  0.0001501  0.0000587  0.0002049
error 0.000022 0.000024  0.0000259 0.000022  0.0000347  0.0000259  0.0000268
36Ar 0.0000544 3.48E-06  0.0000193  0.0001814  0.0000599  0.0004229 0.000086
error 0.0000242  0.0000252  0.0000232  0.0000252  0.0000262  0.0000281  0.0000262
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Crystal 22 23 24 25 26 27 28
Age(Ma) 5913361  6.066613  6.048823 613284  6.044472 5004326  5.903864
error 00611051  0.1066405  0.0568691  0.072799  0.1273645  0.0707767  0.0613601
% 40Ar* 9549651  96.69916  99.09459 99.5814  94.33973  99.88838  97.73507
calK 00268838  0.0182393  0.0283685  0.0122393  0.0195186  0.0288152  0.0267113
ClIK 00015027 -0.0055161 -0.0022285  0.0016553  -0.004217 -0.0001405 -0.0007047
40Ar 0.8808968  0.5021857  1.141198  0.7049064 038952 0750044  0.8776473
error 00014018 00011023 0002501  0.0012021  0.0017015  0.0019013  0.0021012
39Ar 0139375  0.0784202  0.1831595  0.1121309  0.0595602  0.1224492  0.1423441
error 0.0003401  0.0003001 0.00043  0.0001801  0.0001401 0.00038  0.0003601
38Ar 00017991  0.0008187 0002102  0.001435  0.0006545  0.0014897  0.001716
error 00000593  0.0000712  0.0000982  0.0000444  0.0000663  0.0000404  0.0000523
37 Ar 0.0002024  0.0000777  0.0002796  0.0000753  0.0000628  0.0001891  0.0002039
error 0000022  0.000023  0.0000425  0.0000249  0.0000347  0.0000356  0.0000366
36Ar 00001334  0.0000557  0.0000353  0.0000101  0.000074  3.28E-06  0.0000671
error 00000232  0.0000262  0.0000262  0.0000242  0.0000242  0.0000242  0.0000232
Crystal 29 30 31 32 33 34 35
Age(Ma) 6.173397 60551 5996044 5832015 50993363  6.156695 5.91949
error 00768081  0.0826089  0.061801  0.0776477  0.0570136  0.0930986  0.0946382
% 40Ar* 99.96552  99.08583  97.52318  91.38504 96.3828  96.04081  92.37831
CalK 00081358  0.0216244  0.0385544  0.0290237  0.0160315  0.0150654  0.0004487
ClK -0.0082206  0.0012833 -0.0037994 -0.0028598 -0.0014497  0.000922  -0.000665
40Ar 06270216 0584599  0.9371773 07093929  1.083251  0.6310783  0.6545591
error 00016016  0.0011023  0.0014018  0.0012021  0.0015017  0.0019013  0.0017015
39Ar 00994671  0.0937205  0.1493348  0.1089079  0.1706677  0.096442  0.1000773
error 0.0002501  0.0002901  0.0003701  0.0003201 000043  0.0002901  0.0003101
38Ar 00009324  0.0011892  0.0016422  0.0012609  0.0020232  0.001224  0.0012305
error 0.0000643  0.0000385  0.0000663  0.0000673  0.0000474  0.0000355  0.0000603
37 Ar 00000449  0.0001088  0.0003061  0.0001684  0.0001473  0.0000783  4.64E-06
error 0.0000386  0.0000249  0.0000259  0.000022  0.0000192  0.0000249  0.0000337
36Ar 7.80E-07  0.0000182  0.0000785 0.0002051  0.0001316  0.0000839  0.0001671
error 00000222  0.0000232  0.0000252  0.0000252  0.0000252  0.0000272  0.0000291
Crystal 36 37 38 39 40 4 4
Age(Ma) 5.888683 610365 5851213  6.003279 5831989  6.047948 5735213
error 00919647 00774391  0.0686722  0.0838412  0.1682102  0.1514637  0.0895714
% 40Ar* 97.00117  99.25191  96.30558  99.77193  96.22703  97.78261 95.2278
calK 00459669  0.0217761  0.0240871  0.0184759  0.025489 -0.0002043  0.0330865
ClIK -0.0000146  0.0012508 -0.0008724  0.000981 -0.0005154  0.0024787  0.0001847
40Ar 0536107  0.6492759  0.7499811  0.6181848  0.2748416  0.3093604  0.4838309
error 00018014  0.0018014  0.0020013  0.0016016  0.0014018  0.0014018  0.0016016
39Ar 00865205  0.1034328  0.1209387  0.1006533  0.0444298  0.0490005  0.0787103
error 00002501  0.0002801  0.0003301  0.0003101  0.0002301  0.0001202  0.0002701
38Ar 00010661  0.0013106  0.0014578  0.0012639  0.0005411  0.0006445  0.0009807
error 0.0000394  0.0000424  0.0000742  0.0000702  0.0000316  0.0000365  0.0000404
37 Ar 0.0002096  0.0001199  0.0001545  0.0000991  0.0000599  5.97E-07  0.0001368
error 0.0000386  0.0000268  0.000023  0.0000455  0.0000211  0.0000201  0.0000327
36Ar 0.0000544  0.0000166  0.0000932  4.98E-06  0.0000349  0.000023  0.0000777
error 00000242  0.0000232  0.0000232  0.0000252  0.0000242  0.0000242  0.0000212
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Crystal 43 44 45 46 A7 48 49
Age(Ma) 5.991977 5.858055 5.983673 5.890393 5.923344 6.06463 7.01139
error 0.0661769  0.1280127  0.1211422  0.0843982 0.104114  0.0807588  0.9055906
% 40Ar* 96.72263 94.52522 98.85839 94.26284 97.27056 99.75619 98.01735
Ca/lK 0.022187  0.0243764  0.0236856 0.036934  0.0393302  0.0083404 1.78314
CI/K 0.0001934  0.0011646  0.0014869  0.0012008 0.002167  0.0029929  -0.0415365
40Ar 0.8815572  0.3740373  0.4173614  0.6343069  0.4873844  0.5585395  0.0502722
error 0.0013019  0.0014018  0.0015017  0.0018014  0.0017015 0.0017015  0.0003866
39Ar 0.1394123  0.0591313  0.0675538  0.0994495  0.0784129  0.0900055  0.0068877
error 0.0003301  0.0002201  0.0001901  0.0002701  0.0002901  0.0002601  0.0000802
38Ar 0.0017298  0.0007587  0.0008625  0.0012785  0.0010245  0.0011928 -0.0000139
error 0.0000513  0.0000404  0.0000553  0.0000394  0.0000444  0.0000663  0.0000355
37 Ar 0.0001634  0.0000759  0.0000842  0.0001918  0.0001607  0.0000407  0.0006314
error 0.000024 0.000023  0.0000356 0.000023 0.000022  0.0000396  0.0000514
36Ar 0.0000972  0.0000688  0.0000162  0.0001224 0.000045 4.68E-06 4.98E-06
error 0.0000262  0.0000242  0.0000262  0.0000252  0.0000252  0.0000212  0.0000212
Crystal 50
Age(Ma) 5.958228
error 0.0971492
% 40Ar* 98.54926
Ca/K 0.0220482
CI/K 0.0015935
40Ar 0.5231611
error 0.0017015
39Ar 0.0847738
error 0.0002901
38Ar 0.0010865
error 0.0000454
37 Ar 0.0000955
error 0.0000201
36Ar 0.0000257

error

0.0000252




- 241 -

Table D.4 Nucleogenic production ratios, decay constants, and constant isotope ratios used in age

calculations

Nucleogenic production ratios:

Isotopic constants and decay rates:

(*8Ar/fAr)Ca
(*ArfAr)Ca
(BArF7ArCa
(PAr/PANK

(BArPPANK

(35Ar/BAnNCI
STAr/P°Ar to
Ca/K
BAr/P°Ar to
CI/IK

2.64x107*

6.5x 10
0.196 + 0.0082 x
10—4

8.5x 1073

1.220 + 0.0027 x
102

2.629 £ 0.011 x 102
1.96

2.9

MK yr
M*PKp)lyr
ME'AN/M
M°Ar)/d

A3echid
(°Ar/*CAr) atm

(°Ar/28Ar) am

40 K/ KTotaI

5.757 £ 0.016 x
10711

4.955 + 0.013 %
10710

1.983 £ 0.0045 x
1072

7.068 = 0.0788 x
10°¢

6.308+0x 10°°
298.56 + 0.31

15835+25

0.1167 00002
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E. Major element composition of amphibole and
clinopyroxenes- standards and unknowns

Table E1- Kakanui hornblende standard- p. 242
Table E2- GEO2 diopside standard
Table E3- Amphibole spot analyses raw data

Table E4- Clinopyroxene spot analyses raw data

Table E.1 Spot analyses of Kakanui Hornblende secondary standard. The sub-headings denote the
unknown samples which were analysed in the same EPMA session.

Si0;  TiO, AlLO; FeO MnO MgO CaO0O NaO K, Total

@)
With samples 2-5-08, 2-6-08 and 2-7-08
S1 40.35 4.84 1336 1035 0.06 1245 10.16 279 212 96.47
S2 39.80 4.88 1346 1047 0.08 1259 1025 289 214 96.65
S3 40.07 461 1350 1052 0.12 1243 1013 273 213 96.25
S4 3991 471 1358 1021 0.09 1228 10.19 284 214 9595
S5 40.04 469 1352 1044 013 1249 1024 282 211 96.49
S6 39.30 4.85 1358 1054 0.06 1258 10.13 271 215 9590
S7 39.44 432 1337 1078 0.09 1227 1024 269 217 9538
S8 39.54 436 1343 1062 0.08 1229 1019 281 213 9544
S9 39.22 479 1346 9.97 0.12 1209 10.22 287 216 94.90
S10 39.26 475 1350 1029 0.12 1196 10.17 270 216 9490
S11 38.88 4.61 1322 1026 010 1185 1034 270 216 94.11
S12 39.26 493 1332 1030 0.09 1209 9.99 282 214 9495
S13 39.58 470 1333 10.39 0.09 1237 1025 277 217 9565
S14 39.37 474 1322 1034 012 1182 1019 279 219 9478
S15 39.87 461 1322 1033 0.09 1236 1025 293 218 9584
With samples 7-4-15 and 9-2-15
S1 4063 459 13.64 1049 010 1249 1022 264 2.07 96.87
S2 4045 474 1355 10.24 0.09 1251 10.29 2.68 2.06 96.61
S3 40.62 459 1341 1028 0.09 1245 1025 262 2.05 96.36
S4 40.63 471 1363 1050 0.08 1259 1033 270 2.05 97.23
S5 40.85 4.62 1340 1037 011 1236 1031 281 2.09 96.92
S6 39.65 4.72 1317 1046 0.09 1240 1032 260 2.01 9543
S7 3931 471 1339 1040 011 953 1030 268 2.00 9242
S8 39.74 469 1336 1056 0.08 1220 1023 2.68 2.03 95.56
S9 3997 476 1333 1037 0.09 1236 1019 265 201 9573
S10 39.72 477 1308 1036 0.10 1218 1034 261 203 9519
S11 39.74 465 1324 1043 0.07 1231 1028 2.64 2.03 95.39
Average 39.82 469 1340 1039 0.09 1220 1023 274 210 9567
Ref. 40.37 472 1490 1092 0.09 1280 1030 260 2.05 98.75
values
SD? 051 013 014 0.15 002 057 008 009 0.06

SEMP 0.10 0.03 0.03 0.03 000 011 0.02 002 0.01

a- Standard deviation for all spot analyses
b- Standard error of the mean
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Table E.2 Spot analyses of GEO2 Diopside secondary standard. The sub-headings denote the
unknown samples which were analysed in the same EPMA session.

Si0, TiO; AlLO; FeO MnO MgO Ca0 NaO K,O Total

With 9-2-15 and 8-3-15 clinopyroxene
S1 55.75 0.04 0.03 071 007 1796 2546 0.07 0.00 100.10
S2 55.77 0.04 0.03 0.73 007 1798 2545 0.05 0.00 100.10
S3 55.81 0.04 0.00 0.78 0.08 17.90 2589 0.08 0.00 100.57
S4 55.67 0.03 0.02 0.73 007 1829 2555 0.07 0.00 100.42
S5 5592 0.04 0.00 086 0.08 18.13 2565 0.06 0.00 100.74
S6 55.42 0.05 0.00 0.77 008 17.68 25.61 0.07 0.00 99.68
S7 5552 0.04 -001 076 008 1769 2564 0.06 0.00 99.78
S8 55.63 0.04 0.03 075 008 1792 2548 0.05 0.00 99.98
S9 55.72 0.04 0.04 0.76 009 1784 2537 0.06 0.00 99.92
S10 55.67 0.04 0.00 0.78 008 1766 2567 0.06 0.00 99.93
With 8-3-15, 9-1-15 and 11-3-15 amphibole
S1 5591 0.08 0.03 0.75 006 1857 2549 0.03 0.01 100.96
S2 55.83 0.10 0.02 0.77 007 18.77 2537 0.07 0.00 101.00
S3 5534 0.09 0.04 070 008 1849 2546 0.04 0.02 100.24
S4 5521 0.09 0.02 072 005 1849 2553 0.04 0.01 100.15
S5 55,54 0.09 0.04 0.68 008 1843 2537 0.07 0.01 100.28
S6 55.70 0.10 0.03 0.72 006 18.77 2545 0.06 0.01 100.89
S7 55,57 0.06 0.01 0.77 006 1862 2566 0.07 0.00 100.84
With 2-5-08, 2-6-08 and 2-7-08 amphibole
S1 55.64 - 0.05 082 007 17.77 2586 0.07 0.00 100.31

0.01
S2 55.30 0.04 0.04 0.74 006 1805 2579 0.05 0.02 99.99
S3 55.28 0.08 0.02 078 012 1797 2579 0.07 0.01 99.99
S4 5532 0.01 0.03 0.75 007 18.27 2570 0.07 0.02  100.19
S5 55.15 - 0.04 079 005 18.05 25.76 0.08 0.00 99.79

0.01
S6 55.76 - 0.01 078 006 1841 2596 0.13 0.00 100.96

0.08
S7 55.18 0.06 0.04 076 011 1843 2578 0.07 0.02 10041
S8 5491 0.05 0.04 074 007 1829 2579 0.05 0.01 99.88
S9 5419 0.01 0.04 082 010 1820 2575 0.13 0.00 99.24
S10 5468 0.06 0.04 081 008 1812 2576 0.06 -0.01 99.53
S11 5547 0.05 0.03 0.74 007 18.15 2547 0.08 0.01 9953
S12 55.12 0.05 0.05 066 010 1822 2567 0.08 0.01 99.53
S13 5499 0.09 0.02 073 006 1803 2564 010 0.01 99.53
S14 5468 0.06 0.05 077 005 1799 2563 013 0.01 99.53
S15 5436 0.02 0.05 0.77 006 1773 2559 0.07 0.01 99.53
With 9-2-15 and 7-4-15 amphibole
S1 55.28 0.04 0.06 082 006 1821 26.05 0.05 0.00 100.57
S2 55.44 0.00 0.02 079 008 18.03 2591 0.04 0.02 100.33
S3 5520 0.01 0.02 081 007 18.08 2592 0.05 0.01 100.15
sS4 5497 0.04 0.04 0.83 007 1759 26.01 0.04 0.01 99.59
S5 55.04 0.04 0.02 0.76 008 1755 26.09 0.06 0.01 99.64
S6 5521 0.05 0.00 073 009 1759 26.07 0.03 001 99.75
S7 55.12 0.10 0.04 0.77 007 1810 2592 0.03 0.01 100.17
S8 55.04 0.07 0.06 0.78 007 17.89 2587 0.09 0.02 99.88
S9 55.72 0.07 0.02 0.78 008 18.07 2589 0.0 0.01 100.74
With 7-5-15 amphibole
S1 55.67 0.04 0.06 0.77 008 17.98 2590 0.09 0.01 100.49
S2 5547 0.02 0.05 0.76 007 1785 2596 0.05 0.01 100.14
S3 5499 0.12 0.02 081 007 1767 2584 0.04 001 99.46
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Table E.2 continued.

SiO, TiO, AlO3s FeO MnO MgO Ca0 Na,0O KyO Total

With 11-3-15 clinopyroxene

S1 5597 0.04 -004 074 009 1824 2581 0.04 0.00 100.87
S2 55.83 0.03 -006 083 009 1799 2587 0.04 0.00 100.63
S3 5588 0.04 -002 074 008 1819 2565 0.02 0.00 100.58
S4 5631 0.05 -001 081 008 18.02 2556 0.07 0.00 100.86
S5 5589 0.04 -001 079 008 17.79 2537 0.06 0.00 100.02
S6 56.54 0.05 -002 079 007 1792 2559 0.08 0.00 101.00

Average 5542 0.05 0.02 0.77  0.07 18.07 2571 0.06 0.01 100.37

Ref. 55.36 0.90 18.13 25.72 100.11
values
sSD? 0.59 0.03 0.03 0.04 0.01 0.32 0.21 0.02 0.01

SEMP 0.08 0.00 0.00 001 000 004 0.03 000 0.00

a- Standard deviation for all spot analyses
b- Standard error of the mean

Table E.3 Major element composition of spot analyses in amphibole phenocrysts with averages used
in Chapter 6 and the applied correction based on the measurements of Kakanui hornblende

Spot Si0; TiO, AlLO3 FeO MnO MgO CaO NaO KO Total
2-5-08 cores
amphl c1 39.72 348 1253 1060 0.08 1324 1185 267 140 9557
amphl_c2 3986 353 1250 1041 041 1329 1178 2.68 134 9549
amphl_c3 40.06 343 1243 990 012 1362 12.02 259 143 9559
amphl_c4 40.16 365 1219 994 0.08 1368 1187 245 139 9541
amph2_cl 3920 332 1229 1562 033 0974 11.77 237 2.00 96.65
amph2 c2 3939 319 1228 1502 0.29 1014 1163 241 203 96.36
amph3 ¢l 39.77 353 1211 963 012 1381 1182 251 170 95.00
amph3 c2 39.78 375 1237 975 012 1386 11.73 261 170 9567
amph3_c3 40.07 375 1223 10.07 0.09 1366 11.68 270 155 9581
Average 39.78 351 1233 1122 0.15 1278 1179 255 162 9573
Corrected® 40.33 354 1383 11.74 0.15 1338 1186 242 156 9881

SD 0.30 0.18 0.13 2.22 0.09 154 0.11 0.12 0.25
SEM 0.10 0.06 0.04 0.74 0.03 0.51 0.04 0.04 0.08
2-5-08 rims

amphl_rl 3919 343 1269 1116 0.13 1280 1184 272 135 95.32
amphl_r2 4029 324 1189 1116 0.15 1290 1186 2.68 1.40 95.57
amphl_r3 4029 331 1181 1126 0.15 1299 1184 2.63 136 95.65
amphl_r4 40.22 290 1193 1177 019 1274 1181 279 1.33 95.67
amphl_r5 40.30 344 1215 1123 018 1284 1175 270 1.40 96.00
amphl_r6 4057 325 1235 1181 014 1298 1172 281 1.39 97.02
amphl_r7 40.06 357 1198 11.08 0.13 1268 1182 270 1.40 95.43
amphl_r8 4049 337 1246 955 012 1376 1192 282 143 95.92
amphl_r9 4010 321 1284 1168 0.11 1264 1194 256 131 96.38
amphl_r10 39.73 312 1275 1191 0.14 1243 1184 274 134 96.00
amph3_rl 39.62 372 1185 10.74 0.07 1267 1177 275 1.63 94.82
amph3_r2 39.26 378 1237 1136 011 1278 11.63 2.78 152 95.58
amph3_r3 3991 353 1218 1052 011 1351 1188 2.79 1.49 95.92
amph3_r4 39.52 346 1264 1100 0.12 1267 11.77 2.63 1.65 95.45
amph3_r5 3997 346 1208 9.71 0.09 1383 1162 275 1.73 95.24
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Spot Si0;  TiO, Al,O3 FeO MnO MgO Ca0O Na,O KO Total
amph3_r6 3960 334 1268 1135 0.15 1248 1194 260 1.65 95.79
amph3_r7 39.73 319 1235 1116 0.14 1282 1177 2.67 1.67 9551
Average 39.93 337 1229 1108 013 1291 1181 271 147 95.72
Corrected® 40.48 340 1380 11.61 0.13 1351 1188 257 142 98.80
SD 040 021 033 064 0.03 040 0.09 007 0.14
SEM 0.10 005 008 015 0.01 o0.10 0.02 0.02 0.03
2-6-08 cores
amphl c¢1 4044 396 1220 10.80 0.12 1352 11.63 273 114 096.54
amphl c2 40.20 4.00 1229 966 0.08 1416 1190 272 1.16 96.18
amphl_c¢3 4044 387 1218 10.16 0.05 1351 11.71 286 1.21 95.99
amph2_cl1 4048 3.61 1189 1089 0.15 1324 1156 277 1.13 95.73
amph2_c2 4028 355 1189 1070 0.17 1352 1164 288 1.15 95.78
amph2_c3 4033 330 1168 10.77 0.20 1353 1159 291 1.10 9543
amph3 c1 4030 294 1259 1129 0.9 1342 1135 289 1.14 096.11
amph3 c2 40.03 265 12.02 11.05 0.15 13.61 11.32  2.77 1.17 94.78
amph3_c3 3992 348 1241 1158 0.16 13.08 1157 273 117 096.10
amph4_¢1 3990 354 1264 923 012 1368 11.62 272 117 9461
amph4_c2 40.05 410 1246 964 010 1361 1162 272 121 9552
amph4_c¢3 3963 337 1295 1038 0.09 1291 1133 2.68 1.34 94.69
amph5 ¢c1 39.86 350 1220 1099 0.17 1321 1161 273 112 95.38
amph5 c2 4025 353 1210 1128 0.21 1343 1149 277 115 96.22
amph5 ¢c3 4020 348 1149 11.14 019 1346 1156 287 1.09 9550
amph5 ¢4 39.72 3.07 1188 11.68 0.16 13.48 11.45 2.83 115 95.42
Average 40.13 350 1218 10.70 0.15 1346 1156 279 116 95.62
Corrected® 40.68 353 13.69 1123 0.14 1406 11.63 265 1.11 098.71
SD 026 038 036 069 004 0.27 0.14 007 0.05
SEM 006 009 009 017 0.01 o0.07 0.04 002 0.01
2-6-08 rims
amphl r1 4056 2.63 1204 1282 0.22 1260 11.20 276 1.25 96.09
amphl r2 39.38 278 1358 12.62 0.23 1222 1111 298 114 096.04
amphl r3 4005 365 1291 1156 0.12 1301 11.32 290 1.20 96.72
amphl r4 3936 3.63 1272 1151 0.17 1258 1132 2.67 1.20 95.15
amphl r5 40.18 256 12.16 1231 0.24 1255 1117 280 126 9524
amphl r6 3952 275 1311 1259 0.23 1200 1117 297 121 09554
amphl r7 3952 312 1306 1159 0.13 1255 1122 275 1.13 95.07
amphl r8 4031 352 1257 1094 0.11 12.74 11.25 2.88 122 9554
amph2_rl 4018 3.46 1197 1096 0.19 13.23 11.47 2.84 1.17 95.48
amph2 r2  40.22 3.77 1254 1023 0.09 1356 1158 277 119 9594
amph2 r3 4029 354 1250 1071 0.17 1361 1158 281 1.11 96.33
amph2_r4 4021 3.68 1255 1015 0.1 1362 1158 2.68 1.18 95.77
amph2_r5 4040 371 1201 1090 0.14 1331 1158 273 1.20 95.99
amph2_r6 40.01 3.05 1222 11.06 014 1320 1154 288 1.10 95.20
amph2_r7 4046 3.18 1249 1160 0.10 1345 1154 274 1.09 96.65
amph3 r1  40.33 341 1259 1055 0.18 1360 11.44 277 1.16 96.03
amph3 r2 39.82 314 1220 1056 0.16 1359 1141 282 114 09484
amph3 r3 39.88 3.07 1252 1097 0.19 1335 11.44 286 1.18 95.46
amph3 r4 39.82 3.05 1219 1095 0.13 13.69 11.40 2381 111 95.15
amph3 r5 3946 372 1264 997 015 1383 1153 269 1.18 95.17
amph3_ r6 3955 373 1252 1001 041 1375 1159 272 1.16 95.15
amph3_r7 40.26 3.20 1207 1055 0.13 1371 1137 273 110 95.12
amph4 r1  40.78 277 1175 1256 0.30 1252 11.10 2.85 1.29 95.92
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Spot Si0;  TiO; Al,O3 FeO MnO MgO Ca0O NaO KO Total
amph4_r2 4054 257 12.00 1253 029 1260 1117 3.07 128 96.07
amph4_r3 4024 251 12.04 1283 031 1223 1110 293 131 9550
amph4_r4 3935 3.07 1211 1179 023 1262 1124 293 124 9457
amph4 r5 4023 291 1224 1150 026 1261 1130 3.02 1.18 9524
amph4 r6 3997 266 1222 1192 030 1281 1124 3.01 127 9541
amph4 r7 3942 288 1254 1185 0.8 1265 1125 279 122 9477
amph5 rl1 3974 316 1190 1181 019 1324 1148 296 114 9562
amph5_r2  39.62 313 1192 1194 022 1315 1141 282 113 9533
amph5_r3 4042 323 1192 1178 017 1327 1146 282 121 96.28
amph5_r4 3999 293 12.07 1213 016 1301 1144 278 114 9565
amph5_r5 3975 3.08 1182 1237 021 1291 1139 272 115 9540
amph5 r6 39.74 350 1185 1218 0.9 13.06 1147 272 112 9582
amph5 r7 39.88 332 1153 12.08 0.20 13.08 1148 283 115 9555
Average 39.98 3.17 1231 1151 0.19 13.04 1137 283 118 9558
Corrected® 4054 3.20 13.81 12.04 0.18 1364 1144 269 113 98.66
SD 039 037 042 083 006 0.49 0.15 0.10 0.06
SEM 0.06 006 007 014 001 o0.08 0.03 002 0.01
2-7-08 cores
amphl_cl 39.89 348 1244 1133 041 1328 1182 262 123 96.20
amphl c2 39.71 348 1261 1156 0.14 13.16 11.80 2.56 131 96.33
amphl c3 40.17 337 1265 11.03 0.08 1298 1186 2.60 128 96.04
amphl c4 3948 358 1263 1125 041 1291 1189 259 135 9578
amph2 c1 3991 361 1224 925 010 1429 1178 268 139 9525
amph2_c2 4057 385 1248 924 014 1414 1181 262 140 96.26
amph2_c4 4026 3.76 12.07 928 0.06 1427 1160 2.61 138 9529
amph3_cl 3957 4.00 1259 929 011 1404 1181 259 131 9531
amph3_c2 3980 391 1264 936 010 1399 1178 265 132 9555
amph3 c3 39.79 387 1266 931 010 1398 11.77 257 134 9539
amph3 c4 3991 394 1234 946 0.09 1410 1166 264 132 9545
amph4 ¢c1 39.77 382 1225 948 010 1409 12.05 266 140 95.64
amph4 c2 3992 372 1194 955 011 1401 1223 254 136 9538
amph4_c3 39.62 399 1213 1021 0.07 1374 1195 265 137 9573
amph4_c4 4039 384 1179 943 0.09 1434 1199 256 141 9584
amph4_c5 3986 363 1168 956 0.08 1433 1211 255 142 9523
amph5_cl 39.64 313 1224 1157 047 1272 1178 279 131 9534
amph5 c2 40.18 323 1265 11.89 020 1261 1169 268 133 96.47
amph5 ¢3 3957 367 1206 11.09 010 13.03 1155 270 1.16 9495
amph5 ¢4 39.73 3.47 1215 1142 0.14 12.66 11.93 2381 129 95.58
amph5 ¢56 39.81 352 1234 1054 042 1356 11.77 273 129 9568
Average 39.88 3.66 1231 1024 0.11 13,63 11.84 264 133 95.65
Corrected® 40.44 3.69 13.82 10.77 0.11 1423 1191 250 128 98.74
SD 028 024 029 09 0.03 0.60 0.16 0.07 0.06
SEM 006 005 006 021 001 013 0.03 002 0.01
2-7-08 rims
amphl rl1 39.16 322 1265 1255 018 1203 1180 261 133 9552
amphl r2 3895 322 1262 1256 012 1248 1174 278 127 9574
amphl r3 3890 363 1263 12.00 013 1230 11.67 278 122 9526
amphl r4 39.04 325 1252 1222 0417 1229 1180 265 127 9519
amph2_rl1 4056 355 1166 928 0.09 1462 12.00 2.67 123 9567
amph2_r2 3996 347 1223 1092 041 1295 1173 284 127 9549
amph2_r3 39.82 349 1235 10.84 0.6 1318 11.74 265 131 9555
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Spot Si0;  TiO, Alb,Os3 FeO MnO MgO Ca0O Na,O KO Total
amph2_r4 39.99 345 1258 1146 0.15 1285 1149 281 125 96.04
amph2_r5 39.70 345 1232 11.14 0.08 1323 1175 264 132 9562
amph2_r6 39.66 3.34 1223 1091 0.11 1331 1177 274 128 95.36
amph2_r7 40.06 3.63 1198 1067 0.11 13.18 11.71 285 1.27 95.46
amph3 r1 4027 371 1227 937 010 1413 1175 261 142 09564
amph3 r2 4063 351 1221 934 0.06 1430 11.80 259 136 9581
amph3 r3 4043 366 1204 930 011 1435 1177 250 1.37 9552
amph3_r4 40.69 348 1223 933 0.09 1410 1175 263 136 95.66
amph3_r5 4048 3.84 1226 935 0.11 1442 1168 266 138 96.18
amph3_r6 4058 3.68 1206 922 0.06 1427 1168 263 137 9555
amph3_r7 4055 3.87 1235 925 0.09 1405 1176 273 131 9595
amph4 r1 3964 374 1219 1137 013 1264 1196 263 140 95.69
amph4 r2 3958 360 1223 1153 0.14 1288 1195 268 1.36 95.95
amph4 r3 3993 344 1215 1133 0.14 1274 1200 256 1.36 95.65
amph4 r4 3934 355 1224 1113 0.14 1263 12.02 257 1.36 94.99
amph4_r5 3946 351 1224 11.01 0.16 1303 1195 254 137 9528
amph4_r6 39.63 352 1211 10.86 0.15 1292 12.01 259 142 9522
amph4_r7  40.07 3.73 1227 1095 0.15 1300 12.01 257 138 96.12
amph5_r1 4059 3.74 1202 962 012 1408 1171 270 136 9592
amph5 r4 39.89 3.67 1235 1098 0.13 1328 11.75 262 127 9594
amph5 r5 3952 350 1188 1138 0.18 1273 11.72 2.62 1.30 94.83
amph5 r6 3899 328 1267 13.15 020 1226 11.68 284 1.24 96.32
amph5 r7 39.01 3.07 1285 1257 0.19 1243 11.62 273 1.28 95.75
Average 39.84 353 1228 1085 0.13 1322 11.79 267 132 95.63
Corrected® 40.39 356 13.78 1138 0.12 1382 1186 253 127 98.71
SD 056 019 025 115 0.04 0.5 0.13 0.09 0.06
SEM 010 004 005 025 0.01 0.6 0.03 002 0.01
7-4-15 cores
amphl ¢c1 4239 321 1123 1015 011 1439 1145 258 0.86 96.37
amphl c2 4111 331 1187 1048 0.12 13.79 11.61 2.64 0.86 95.80
amphl ¢c3 4209 321 1171 1023 0.12 1436 11.46 283 0.84 96.85
amphl_c4 4140 327 1244 1046 0.12 1373 1161 295 0.86 96.84
amphl_c5 4137 337 1211 1044 0.12 1406 1163 273 0.88 96.70
amphl c6 41.06 3.31 1223 1045 0.12 1379 1160 268 091 96.13
amph2_cl 4153 327 1197 1030 0.11 1412 1140 284 0.85 96.37
amph2 c2 4169 331 1204 1030 0.11 1434 1152 272 0.91 96.95
amph2 c3 4246 324 1127 983 010 1434 1146 275 0.85 96.29
amph2 c4 4205 328 1170 10.00 0.10 1430 1148 292 0.87 96.70
amph2 ¢c56 4160 326 1185 1046 0.11 1405 1145 291 0.88 96.58
amph3_cl 4134 329 1214 1046 0.11 1388 1162 279 0.87 96.51
amph3_c2 4117 329 1203 1051 0.12 1400 1163 273 087 96.37
amph3_c3 4132 324 1192 1047 0.12 1415 1141 287 0.87 96.38
amph3_c4 4075 3.34 1232 1050 0.12 1387 1152 288 0.87 96.17
amph3_c5 40.86 3.28 1223 10.80 0.14 1364 1164 285 091 96.35
amph4 ¢c1 4237 3.02 1191 1022 0.2 1435 11.24 264 0.85 96.73
amph4 c2 4141 311 1188 1057 0.14 13.99 11.24 2.89 0.87 96.09
amph4 ¢c3 4178 286 1210 1019 0.12 1426 11.17 285 0.84 96.18
amph4_c4 41.04 316 1264 1078 0.14 1391 1139 281 0.89 96.76
amph4_c5 4167 311 11.73 10.02 0.13 1452 1115 290 081 96.03
amph4_c6 4039 3.28 1205 1036 0.12 1391 1133 294 088 9527
amph5_c1 41.00 3.19 1213 10.11 0.11 1435 1146 269 0.88 95093
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Spot Si0;  TiO; Al,O3 FeO MnO MgO CaO NaO KO Total
amph5 c2 4123 319 1220 10.08 0.12 1432 1139 263 0.90 96.06
amph5 ¢3 4090 332 1196 9.66 0.11 1431 1158 2.65 0.89 95.38
amph5 ¢4 4147 322 12.09 9.98 0.12 1431 1145 282 0.88 96.33
amph5 ¢6 40.77 3.09 12.18 1035 0.12 1426 1143 2.69 0.91 95.80
amph6 ¢l 40.86 2.76 12.00 9.92 0.11 14.09 1146 2.60 0.88 94.68
amph6_c2 4092 283 1231 10.00 0.13 1427 1141 2.66 0.88 95.40
amph6_c3 4092 278 1198 1025 0.13 1396 1154 279 0.89 95.24
amph6_c4 4178 2.80 12.00 9.85 0.11 1440 1146 2.66 0.88 95.94
amph6 ¢5 4186 281 1195 9.87 0.10 1443 1152 256 0.87 95.97
Average 4139 316 12.01 1025 0.12 1414 1146 276 0.87 96.16
Corrected® 4194 319 1351 1078 0.11 1474 1153 2.63 0.82 99.24
SD 051 018 0.28 0.27 0.01 0.23 0.13 0.11 0.02
SEM 0.10 0.04 0.06 0.06 0.00 0.05 0.03 0.02 0.00
7-5-15 cores
amphl ¢1 4015 4.00 1178 11.02 0.14 13.17 11.34 2.58 1.03 95.21
amphl c2 4124 400 11.81 1087 0.14 1327 11.08 256 1.06 96.04
amphl ¢c3 4071 3.83 11.81 10.86 0.16 1328 1122 252 1.08 95.47
amphl ¢4 4019 421 11.74 11.06 0.12 1318 1099 250 1.05 95.04
amphl ¢5 4031 4.12 1199 1127 0.13 1298 1117 2.60 1.05 95.61
amphl ¢6 4055 385 11.67 1115 0.13 1346 11.18 2.71 1.08 95.78
amph2 ¢l 4159 382 1210 1081 0.13 1348 1133 2.8 1.08 96.91
amph2_c2 4029 3.87 1227 1110 0.12 13.18 11.25 2.55 1.07 95.71
amph2_¢3 4112 373 1177 1137 0.15 1351 11.35 2.70 1.08 96.79
amph2_c4 4093 325 1148 1147 017 1342 1121 279 1.01 95.73
amph2_¢5 4076 374 1176 11.05 0.11 1335 1130 259 1.09 95.75
amph2_c6 4042 383 11.79 11.18 0.12 1351 1132 2.67 1.07 95.90
amph3 ¢l 4047 423 1212 1027 0.12 1361 1143 2.78 1.07 96.10
amph3 c2 39.76 4.06 1231 1050 0.11 1318 1133 2.68 1.04 94.97
amph3 _¢3 40.27 4.09 1210 1045 0.11 1347 11.31 2.64 1.12 95.57
amph3 ¢4 4073 396 12.00 1048 0.10 1334 1138 2.69 1.08 95.76
amph4 ¢1 4059 427 1135 1135 0.15 1348 11.08 2.62 1.01 95.89
amph4 c2 4011 410 1136 1111 0.16 1330 1112 2.66 1.03 94.96
amph4 c3 40.04 414 1135 1119 0.14 1329 11.05 2.68 1.01 94.89
amph5 ¢1 3873 398 1154 11.70 0.12 1233 1119 267 1.07 93.32
amph5 c2 3898 4.12 1164 1176 012 1235 1119 250 1.08 93.74
amph5 ¢3 3992 383 1184 11.70 0.14 1264 1099 2.66 1.05 94.77
amph5 ¢4 4016 4.12 1192 1182 0.13 1256 1124 261 1.06 95.62
amph5 ¢5 3892 373 1195 1199 0.14 1255 11.01 253 1.01 93.82
Average 40.29 395 11.81 11.15 0.13 13.16 11.21 2.63 1.06 95.39
Corrected® 40.84 398 1332 1167 0.13 13.76 11.28 2.49 1.00 98.47
SD 0.68 022 0.27 0.45 0.02 0.38 0.13 0.08 0.03
SEM 0.13 0.05 0.06 0.10 0.00 0.08 0.03 0.02 0.01
8-3-15 cores
amphl ¢1 3974 362 1226 1140 024 1338 11.72 2.80 1.18 96.35
amphl c2 3995 355 1225 1142 0.14 1328 11.68 276 1.12 96.16
amph2_c1 4037 375 12.00 9.90 0.11 14.04 11.75 2.66 1.13 95.72
amph2_c2 3979 377 1253 1033 0.09 1382 11.80 2.63 1.19 95.96
amph3_cl 3966 356 1192 1177 0.6 1321 11.75 270 1.26 95.98
amph3_c2 4042 371 1218 11.15 045 1373 1180 2.70 1.18 97.01
Average 39.99 366 1219 1099 0.15 1358 11.75 271 1.18 96.20
Corrected® 4054 3.69 13.70 1152 0.14 1418 11.82 257 1.12 99.28
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Spot Si0;  TiO, Alb,Os3 FeO MnO MgO Ca0O Na,O KO Total
SD 0.30 0.09 0.20 0.66 0.05 0.30 0.04 0.06 0.05
SEM 0.12 0.04 0.08 0.27 0.02 0.12 0.02 0.02 0.02
8-3-15 rims
amphl r1 39.72 365 12.06 9.93 0.10 1385 11.68 2.69 1.27 94.95
amphl r2 3998 370 1213 10.06 0.12 1386 11.69 277 1.28 95.58
amphl r3 4021 357 1216 1044 011 1394 1169 261 1.21 95.95
amphl r4 4022 3.67 1226 9.73 0.10 1415 1185 251 1.24 95.72
amphl r5 40.02 3.11 1254 11.79 0.16 1286 1156 2.66 1.26 95.97
amphl r6 39,57 3.00 12.15 1211 0.17 1252 1147 277 1.27 95.04
amph2_rl 3955 337 1264 11.63 0.14 1288 11.62 2.77 1.19 95.79
amph2 r2 3970 355 1292 1134 014 1285 1156 2.87 1.18 96.11
amph2 r3 3994 362 1229 1094 0.14 1305 11.72 2091 1.23 95.85
amph2_ r4 4031 228 1161 1428 0.33 1151 1112 288 1.54 95.86
amph2 r5 39.76 3.61 1246 1094 0.16 1329 11.67 267 1.32 95.88
amph2 r6 39.63 355 1271 1069 0.12 1334 1164 271 1.30 95.69
amph2_r7  40.05 3.67 1238 10.26 0.11 1362 11.71 292 1.23 95.96
amph3 rl  40.70 3.69 1164 9.67 0.11 1498 11.89 2.66 1.13 96.47
amph3 r2 4030 399 1145 9.78 0.09 1449 1195 2.66 1.05 95.77
amph3 r3 4018 3.84 11.70 10.21 0.12 1367 11.77 275 1.17 95.41
amph3 r4 4094 3.60 1163 9.43 0.13 14.01 1147 269 1.47 95.36
amph3 r5 40.63 3.76 1153 9.76 0.09 1464 12.07 260 1.11 96.18
amph3 r6 4043 3.74 1138 9.86 0.08 1465 12.09 264 1.10 95.96
Average 40.10 352 12.09 1068 0.13 1359 1170 272 1.24 95.76
Corrected® 40.65 356 1359 11.20 0.13 1418 11.77 258 1.18 98.85
SD 0.39 037 045 1.14 0.05 0.83 0.22 0.11 0.12
SEM 0.09 0.08 0.10 0.26 0.01 0.19 0.05 0.03 0.03
9-1-15 cores
amphl ¢c1 39.89 354 1209 1132 0.14 1360 1140 267 1.15 95.80
amphl c2 3997 371 1204 1101 013 1373 1161 288 1.15 96.22
amphl c3 4020 3.63 1201 1093 0.14 1360 1144 286 1.19 95.99
amph2 ¢c1 3996 374 1247 1022 0.09 1387 11.73 286 1.20 96.13
amph2 c2 3992 378 1231 10.06 0.12 1407 1157 294 1.18 95.94
amph2 ¢3 3919 392 12.89 1187 0.13 1279 1160 281 1.17 96.36
amph2 c¢3 40.18 3.67 1236 10.38 0.12 1406 1157 2.82 1.20 96.36
amph2 c4 4026 3.73 1225 1046 0.15 1411 1163 2.76 1.18 96.53
amph3 ¢c1 4035 3.73 1197 1032 0.13 1392 1158 287 1.22 96.08
amph3 c2 40.22 3.67 12.05 10.07 0.11 1404 1160 272 1.20 95.67
amph3 ¢3 4053 351 1183 10.72 0.14 14.25 1155 2.84 1.20 96.57
amph3 ¢4 4054 341 1201 1056 0.12 14.14 1156 2.81 1.18 96.32
Average 40.10 3.67 12.19 1066 0.13 13.85 1157 2.82 1.18 96.16
Corrected® 40.65 3.70 13.69 11.18 0.12 1445 11.64 2.68 1.13 99.25
SD 035 0.13 0.28 0.52 0.02 0.38 0.08 0.07 0.02
SEM 0.10 0.03 0.06 0.12 0.00 0.09 0.02 0.02 0.00
9-2-15 cores
amphl c1 40.37 391 1218 9.37 0.09 1420 1186 271 0.99 95.68
amphl c2 3954 385 1287 1192 0.11 1270 11.72 264 1.03 96.37
amphl ¢c3 4031 381 1241 1035 0.11 1380 11.80 270 1.01 96.29
amphl ¢4 3921 395 1297 1182 0.12 1260 1157 281 1.01 96.06
amphl ¢5 4046 392 1210 9.60 0.08 1438 11.86 2.79 1.01 96.20
amphl c6 40.19 3.83 1223 1035 0.09 1366 11.66 2.60 0.94 95.54
amph2_cl1 4080 3.28 1181 10.70 0.12 1378 1147 272 0.99 95.68
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Spot Si0;  TiO; Al,O3 FeO MnO MgO CaO NaO KO Total
amph2_c2 3959 355 12.09 10.78 0.2 1342 1154 276 0.99 9484
amph2_c3 40.80 343 12.18 10.86 0.12 1345 1175 2.69 0.99 96.28
amph2_c4 40.10 3.64 1234 10.74 011 1362 1161 277 101 9594
amph2_c5 4754 154 631 777 014 1318 2144 0.72 0.01 98.65
amph2_c6 4023 365 1188 1065 0.12 1380 1149 293 091 9567
amph3_cl 4055 3.63 1227 10.74 010 1373 1161 282 0.98 96.44
amph3_c2 40.06 3.62 1231 1062 0.1 1353 1162 275 101 9563
amph3_c3 4035 361 1231 1059 041 1366 11.73 266 101 96.04
amph3_c4 4030 393 1246 10.71 010 1363 11.64 265 1.03 96.45
amph3_c5 4043 396 1261 1024 010 1368 1166 271  0.98 96.38
amph3_c6 40.05 372 1232 1119 014 1311 1171 263 101 95.88
amph4 c1 4065 353 12.06 10.71 041 1359 1167 275 0.95 96.01
amph4 c2 4133 353 1211 1039 041 1398 1164 274 097 96.80
amph4 ¢c3 4036 390 1226 10.17 041 1390 1174 275 096 96.16
amph4 c4 39.80 3.87 12.17 10.18 0.09 1366 11.76 264 1.02 9518
amph4_c5 39.66 316 12.64 1229 016 1239 1164 272 094 9561
amph4_c6 4036 375 11.89 1043 012 1379 1156 2.82 0.98 95.69
amph5_cl1 40.03 382 1263 1031 010 1384 1131 271 098 9573
amph5_c2 3986 361 1271 1046 011 1369 1152 270 0.99 95.66
amph5 ¢3 3992 379 1249 1028 0.1 1393 1152 273 098 9575
amph5 r1  40.01 384 1262 1021 010 1390 1166 279 098 96.12
amph5 r3 3995 375 1275 10.71 041 1338 1158 257 0.99 9579
amph5 r2 4050 3.77 1271 1047 010 1364 1166 265 0.99 96.49
amph5_r4 4005 356 1284 1151 042 1286 1151 278 098 96.21
amph5_c4 4087 384 1269 1039 012 1399 1129 280 0.97 96.96
amph5_c5 4090 382 1266 1033 011 1377 1143 280 094 96.77
amph5_c6 4029 381 1248 1034 041 1379 1134 260 0.98 95.76
Average 4045 365 1222 1053 0.11 1359 1190 267 096 96.08
Corrected® 41.01 3.68 13.72 11.06 0.11 1419 11.97 253 090 99.16
SD 1.30 041 107 075 0.02 043 167 035 017
SEM 022 007 018 013 0.00 0.07 029 0.06 0.03
11-3-15 cores
amphl_cl 3989 299 1270 1050 0.08 1389 11.71 261 140 95.78
amphl_c3 39.75 3.08 1272 1043 013 1403 1158 261 139 9572
amph2_cl 4098 369 1148 1130 0.7 1349 1088 276 149 96.24
amph2 c2 4097 380 1150 1160 0.13 1353 11.00 277 154 96.85
amph3 c1 3930 4.00 12.07 976 0.06 1395 11.70 273 129 94.87
amph3 c2 3944 381 1246 993 0.08 1405 1169 270 126 9543
amph4 c2 39.26 365 1216 11.78 0.14 1305 1169 269 1.17 9559
Average 39.94 358 1216 10.76 0.11 13.71 1146 270 136 95.78
Corrected® 4050 3.61 13.66 11.28 0.11 1431 1153 256 131 98.86
SD 069 036 048 075 004 0.35 034 006 0.12
SEM 026 014 018 028 001 0.13 0.13 0.02 0.05
11-3-15 rims
amph2 r1  40.12 4.03 1184 1181 0.6 1286 1097 262 160 96.01
amph2 r2 4044 396 1193 1127 0413 1320 1098 255 157 96.02
amph2_ r3 4057 366 1162 1127 0418 1337 1079 270 155 9570
amph2_r4 4027 386 12.01 1213 0.7 1259 10.82 260 167 96.13
amph2_r5 4044 370 1197 1249 017 1270 1092 258 162 96.58
amph2_r6 40.16 3.62 12.07 1249 019 1257 1086 258 160 96.15
amph3_rl 3921 359 1276 14.89 016 1127 1149 273 121 97.30
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Spot Si0;  TiO, Alb,Os3 FeO MnO MgO Ca0O Na,O KO Total
amph3_r2  40.04 376 1199 982 0.10 1427 1168 263 126 9555
amph3_r3 40.25 374 1192 993 0.10 1429 1166 276 125 95.90
amph4_r1 4014 3.60 1195 11.12 0.12 1351 1157 267 118 95.87
amph4 r2 4083 359 1176 1084 0.13 1374 11.78 261 1.20 96.48
amph4 r3 4026 354 1138 1060 0.11 1385 11.70 2.78 1.24 95.46
amph4 r4 39.14 382 1210 1081 0.2 1330 11.78 271 1.27 95.06
amph4 r5 3897 383 1215 1082 0.11 1342 11.70 2.68 1.23 94.91
amph4_r6 39.62 3.69 1254 11.79 0.14 1281 1163 271 115 96.07
Average 40.03 373 12.00 1147 014 1318 11.35 266 137 9595
Corrected® 4058 3.76 1350 12.00 0.13 13.78 1142 252 132 99.03
SD 053 014 032 121 0.03 0.74 039 007 0.19
SEM 014 004 0.08 031 001 0.19 0.10 0.02 0.05

a- Average composition corrected to the Kakanui Hornblende composition
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Table E.4 Major element composition of spot analyses in clinopyroxene phenocrysts with averages
used in Chapter 6. Only those spot analyses with totals between 99 and 101 wt% were accepted.

Spot Si0; TiO, AlbO3; FeO MnO MgO CaO NaO Cr,0; Total
2-5-08 cores

cpxl cl 5016 033 491 842 028 1288 2099 105 0.17 99.19
cpxl c2 5081 026 440 820 025 1329 21.17 104 0.15 99.58
cpxl c3 5110 0.28 387 805 0.26 1351 2159 093 0.18 99.76
cpx2_c2 4889 114 555 631 0.12 1384 2297 055 0.04 99.42
cpx2_c3 50.66 084 408 595 0.13 1467 22838 057 014 99.92
cpx2_c4 5038 084 393 588 011 1477 2270 058 0.11 99.30
cpx3_cl 5329 023 104 7.40 054 1413 2287 064 0.00 100.15
cpx3_c2 5272 037 131 837 062 1372 2213 090 0.01 100.16
cpx3_ c3 5310 033 133 824 058 1352 2257 090 0.01 100.59
cpx3_c4 5329 037 135 827 056 1370 2226 091 0.00 100.71
Average 51.23 051 338 751 032 1381 2221 080 0.09 99.87
SD 147 030 1.64 100 0.20 056 069 019 0.07

SEM 047 010 052 032 0.06 018 022 0.06 0.02

2-5-08 rims

cpxl rl 4675 175 697 7.86 014 1275 2233 053 0.02 99.09
cpxl r2 4770 155 591 761 015 1333 2215 045 0.02 98.87
cpxl r3 4712 162 622 7.65 013 1319 2230 050 0.01 9875
cpx2_rl 4945 101 498 651 011 1419 22.07 063 0.04 9899
cpx2_r2 4879 127 580 620 0.08 1386 2259 060 0.12 99.31
cpx2_r3 4960 117 535 6.09 010 1403 2255 059 0.07 99.56
cpx2_r4 4926 118 545 6.16 010 1395 2261 064 0.09 99.45
cpx2_r5 4999 114 522 6.07 011 1413 2255 062 0.08 99.91
cpx3_rl 5142 061 313 821 023 1368 2216 071 0.01 100.15
cpx3_r2 5139 066 304 801 024 1374 2219 069 0.02 99.98
cpx3_r3 4850 098 488 9.79 028 1191 2187 0.88 0.01 99.09
cpx3_r5 5296 029 136 822 065 1343 2268 091 0.00 100.49
cpx3_r6 4956 098 460 855 0.21 1277 22.04 079 0.03 99.53
cpx4 r3 4786 134 764 7.04 013 1401 2023 091 0.06 99.21
Average 4931 111 5.04 743 019 1350 2216 0.67 0.04 99.46
SD 168 039 158 108 014 063 059 014 0.04

SEM 045 010 042 029 0.04 017 016 0.04 0.01

2-6-08 cores

cpxl cl 5061 096 486 6.62 015 1469 21.68 062 0.09 100.28
cpxl c2 5080 090 473 653 014 1474 2154 065 0.14 100.19
cpx3_c3 49.65 088 4.65 6.30 0.14 1458 2158 0.63 061 99.01
Average 49.89 093 495 659 0.15 1456 2141 066 033 99.46
SD 064 008 036 018 0.01 021 021 0.03 0.18

SEM 021 0.03 012 0.06 0.00 0.07 007 0.01 0.06

2-6-08 rims

cpxl rl 5199 069 361 6.83 0.18 1539 2094 058 0.19 10041
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Spot Si0; TiO, AlO; FeO MnO MgO CaO NaO Cr,0; Total
cpxl r2 5203 070 360 694 019 1533 2081 060 019 100.40
cpx1 r3 5241 068 349 675 016 1535 2114 057 019 100.74
cpxl r4 5191 059 339 684 0415 1549 2096 059 0.17  100.09
cpx1 r5 4948 109 535 730 0.17 1392 21.19 0.70 027 99.47
cpxl r6 4923 1.08 544 721 015 1406 2112 0.64 025 99.18
cpx2_rl 49.72 094 516 727 017 1415 21.02 0.70 0.17 99.30
cpx3_r2 4814 133 548 825 021 1326 21.77 057 0.03 99.04
cpx3 r3 5215 0.64 323 6.86 020 1554 2082 057 0.18 100.19
cpx3_r4 5217 057 328 659 017 1544 2114 0.61 025 100.22
cpx3_r5 5190 065 325 6.62 0.18 1550 20.96 0.56 024  99.87
cpx3_r6 5155 0.60 326 6.46 0.17 1537 21.16 059 030 99.46
Average 51.06 080 4.05 699 0.18 1490 21.09 061 020 99.86
SD 141 024 094 046 002 077 024 0.05 0.07
SEM 041 007 027 013 001 022 0.07 0.01 0.02
8-3-15 cores
cpxl cl 5130 0.60 363 639 014 1535 2116 0.61 0.17 99.35
cpxl c2 5065 070 433 658 014 1499 2105 0.67 020 99.33
cpx2_cl 4926 1.17 519 713 013 1404 2185 058 0.14 99.49
cpx2_c2 50.11 099 428 657 012 1444 2206 053 014 99.24
cpx3_cl 5149 054 343 611 012 1549 2130 0.63 027 99.39
cpx3 _c2 49.87 0.76 520 6.33 0.12 1456 2120 0.76 0.47 99.28
cpx4_cl 5068 0.76 432 611 013 1493 2163 0.63 0.12 99.31
cpx4 c2 5089 074 432 626 012 1492 2139 0.67 0.07 99.38
Average 5053 0.78 434 644 013 1484 2145 0.64 020 99.35
SD 070 019 059 031 001 045 034 0.07 012
SEM 025 007 021 011 000 0.16 0.12 0.02 0.04
8-3-15 rims
cpx1 rl 4784 163 579 814 016 1362 2156 051 0.08 99.35
cpxl r2 4746 170 6.07 838 0.16 1325 2147 054 0.05 99.10
cpx1l r3 4725 172 623 849 0.17 1318 2157 053 005 99.21
cpxl r5 4856 140 517 771 016 1399 2159 048 0.13 99.20
cpxl r6 4958 0.97 451 737 016 1448 2158 045 0.14 99.26
cpx3_r5 49.73 093 462 639 013 1476 2165 053 027 99.02
cpx4 r1 4911 124 521 751 016 1390 2126 051 023 99.15
cpx4_r2 49.63 108 496 677 014 1432 2135 054 032 99.11
cpx4 r3  49.88 099 474 664 013 1451 2131 058 032 99.11
cpx4_r4 4814 151 627 797 015 1353 20.78 059 0.06 99.02
cpx4 6 4844 143 6.01 805 0.17 1344 20.80 0.63 0.07 99.05
cpx4 r7 5037 082 467 638 012 1466 2150 0.61 027 99.40
cpx4 r8 4997 082 499 657 014 1446 2143 0.67 020 99.26
Average 4892 125 533 741 015 1401 21.37 055 0.17 99.17
SD 099 032 063 075 002 054 027 0.06 0.10
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Spot Si0, TiO2 Alb,O3 FeO MnO MgO CaO NaO Cr:0s Total
SEM 028 0.09 017 0.21 0.00 0.15 0.08 0.02 0.03

9-1-15 cores

cpxl cl 5249 029 197 807 032 1668 18.80 0.44 0.08 99.13
cpx2_cl 5086 071 358 7.04 0.17 1519 2098 052 011 99.15
cpx3_c2 51.13 065 328 6.86 0.17 1561 20.77 050 0.12 99.09
cpx4 c2 48.80 1.17 527 7.02 012 14.07 21.75 060 030 99.08
Average 50.82 070 352 725 020 1538 2057 051 015 99.11
SD 132 032 1.17 048 0.07 093 109 005 0.09

SEM 066 016 059 024 0.04 047 054 0.03 0.04

9-1-15 rims

cpxl rl 4892 121 553 746 016 13.86 2125 058 0.18 99.15
cpxl r2 4861 126 549 761 017 1387 2138 056 014 99.11
cpx1 r5 5153 065 314 6.93 0.18 1552 2093 0.47 011 99.47
cpxl r6 5153 079 260 7.26 024 1522 2164 040 0.00 99.68
cpx2_r3 4957 097 485 6.88 015 1436 2156 057 030 99.23
cpx2_r6  49.17 101 503 7.06 015 1433 2143 058 023 99.00
cpx2_r6 4934 099 503 7.02 016 1430 2141 057 024 99.07
cpx4 r2 4874 115 542 760 017 1395 2121 060 0.15 98.99
cpx5.rl 4993 088 455 696 015 1459 2141 055 016 99.19
cpx5_r6 4958 099 487 7.05 015 1419 2158 057 0.18 99.16
Average 49.69 0.99 4.65 7.18 0.17 1442 2138 054 0.17 99.20
SD 043 010 031 026 0.01 023 013 0.02 0.04

SEM 022 005 016 013 0.00 011 006 0.01 0.02

9-2-15 cores

cpx2_cl 5268 034 157 791 055 1346 2251 099 0.00 100.02
cpx2_c2 5246 039 163 810 051 1326 2253 096 -0.01 99.84
cpx3_cl 5096 083 357 6.88 014 1547 2090 048 0.16 99.40
cpx3_c2 5113 077 339 710 015 1523 2123 050 0.05 99.53
cpx4 cl 4986 103 479 658 011 1463 21.15 059 045 99.18
cpx4 c2 49.04 118 555 7.08 0.13 13.90 2147 0.62 030 99.28
Average 51.02 0.76 342 7.27 0.27 1432 2163 069 0.16 99.54
SD 1.30 031 147 054 019 084 065 021 0.17

SEM 053 013 060 0.22 0.08 034 027 0.09 0.07

9-2-15 rims

cpx1l rl 4832 198 519 7.64 020 1396 2175 0.92 0.00 100.02
cpxl r2 46.96 213 577 864 019 13.06 21.74 0.66 0.00 99.18
cpxl r4 47.64 193 522 836 019 1343 2183 0.63 0.00 99.25
cpx2_rl 50.90 095 314 7.05 0.17 1490 2220 0.37 0.00 99.68
cpx2_r2 5050 104 329 723 0.15 1458 2218 0.36 0.00 99.34
cpx2_r3 4929 113 485 7.67 015 13.78 21.78 056 0.03 99.25
cpx2_r4 49.04 117 503 7.63 0.15 1371 21.70 058 0.03 99.04
cpx2_r5 4949 102 479 781 016 1375 2163 059 0.03 99.26
cpx3 rl 4844 167 4.62 7.92 015 1392 2195 0.38 0.00 99.05




Table E.4 continued.
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Spot Si0; TiO2 AlbO3 FeO MnO MgO CaO NaO Cr0s Total
cpx3_r4  49.15 149 407 713 016 1428 2233 050 0.00 gg913
cpx3_r5 47.76 175 532 810 015 1336 2218 043 0.00 gg03
cpx3_r6 4757 185 581 778 015 1322 2224 055 0.00 gg9g
cpx4_rl 49.00 140 524 758 012 13.66 2191 051 0.05 ggqg
cpx4_r4 4830 148 545 792 014 1325 2215 048 0.01 gg19
Average 4874 150 484 775 016 1378 2197 054 0.01 ggog
SD 107 038 079 043 0.02 051 023 014 0.02

SEM 029 010 021 011 0.01 014 0.06 0.04 0.00

11-3-15 cores

cpxl cl 5053 077 440 656 014 1490 2066 095 0.23 99.16
cpxl_c2 5148 0.66 350 6.81 0.15 1565 20.13 0.84 0.20 99.42
cpxl c3 5122 062 372 678 015 1574 1986 0.88 020 99.18
cpxl_c4 5120 0.72 363 6.65 0.14 1548 20.71 0.78 0.14 99.47
cpxl_i2 4915 108 630 7.04 0.13 1381 21.06 1.08 0.34 100.04
cpx2_cl 52.00 1.07 238 7.74 0.16 1498 2087 0.75 0.02 100.01
cpx2_c2 50,72 112 342 754 015 1466 2117 073 0.05 99.63
cpx3_cl 5193 0.63 392 6.70 0.15 1546 2020 1.01 0.22 100.25
cpx3_c2 5143 062 371 673 015 1568 1994 094 025 99.48
cpx3_il 4934 1.02 631 7.06 0.14 1387 20.28 129 0.27 99.60
Opx + 4975 103 597 761 016 14.03 2027 128 0.09 100.18
cpxl il

Opx + 49.69 105 560 7.16 014 1416 2052 117 0.17 99.67
cpxl _i2

cpx4_cl 5089 103 411 655 011 1484 2196 065 0.12 100.29
cpx4d_c2 49.77 110 506 6.96 0.14 1450 2123 092 0.11 99.82
cpx5_cl 5138 072 443 699 014 1495 20.13 113 0.16 100.03
cpx5_c2 50.76 0.93 508 6.78 0.12 1446 21.15 101 0.18 100.52
Average 50.70 0.88 4.47 698 0.14 1482 20.63 096 0.17 99.77
SD 088 019 111 036 001 063 056 019 0.08

SEM 022 005 028 009 000 016 014 0.05 0.02

11-3-15 rims

cpxl_rl 50.39 1.18 328 7.03 0.15 1470 2232 0.38 0.00 99.46
cpxl r3 4748 172 569 7.84 011 13.00 2268 055 0.01 99.10
cpxl_r4 48.07 163 570 7.74 0.12 1313 2249 054 0.02 9945
cpxl r5 4812 144 534 750 0.11 1352 2234 059 0.04 99.03
cpx2_r2 47.06 1.78 596 8.07 0.11 1319 2221 061 0.03 99.07
cpx2_r4 5143 089 324 733 016 1489 2137 0.73 003 100.14
cpx2_r5 50.69 1.01 351 731 014 1451 2149 0.72 0.03 99.46
cpx3_rl 48.01 177 549 745 011 1332 2265 058 0.05 99.45
cpx3_r3 4860 163 520 737 0.12 1355 2258 056 0.08 99.69
cpx3_r4 48.05 164 523 736 0.12 1360 2250 056 0.06 99.14
cpx3_r5 4891 124 571 7.09 0.13 1406 2140 095 0.17 99.69
cpx3_r7 4896 158 427 821 015 14.04 2223 044 001 99.93
Opx + 4945 122 4.02 6.82 012 1430 2250 051 0.11 99.06

cpx1l rl
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Spot Si0; TiO, AlbO3; FeO MnO MgO CaO NaO Cr,0; Total
Opx + 48.13 159 512 725 0.13 1359 2259 054 0.08 99.05
cpxl_r2

Opx + 4789 181 542 7.75 014 1349 2263 0.66 0.00 99.81
cpx1_r3

Opx + 4921 125 473 7.05 013 14.02 2192 0.68 0.08 99.08
cpx1_r4

Opx + 4934 132 434 698 012 1411 2274 059 021 99.76
cpx1_r5

Opx + 49.65 130 417 746 015 1425 2198 056 0.03 99.56
cpxl_r6

Opx + 5040 113 377 6.81 013 1460 2261 051 014 100.12
cpxl_r7

cpx4_rl 4623 238 6.19 832 016 1270 2227 081 0.00 99.08
cpx4_r6 47.70 196 576 7.94 012 1322 2219 0.60 0.01 99.54
cpx4_r7 4843 159 508 730 0.12 1357 2235 054 0.08 99.07
cpx5_rl  49.09 131 508 737 013 1379 2195 0.72 0.07 99.53
cpx5_r2 5080 097 376 681 015 1483 2162 060 0.05 99.59
cpx5_r3 4959 110 573 6.89 0.12 14.07 21.15 1.07 0.23 99.98
cpx5_r4 4989 137 468 694 012 1401 2255 061 0.18 100.38
cpx5_r5 49.67 117 535 6.88 0.13 14.01 2124 092 019 99.58
cpx5_r6 5052 121 4.67 6.82 0.13 1441 2222 0.67 0.15 100.83
cpx5_r7 5062 101 410 6.65 013 1487 2156 0.73 0.11 99.80
Average 49.05 142 485 732 013 1391 2215 064 0.08 99.55
SD 124 033 083 045 0.02 058 048 015 0.07

SEM 023 006 015 008 0.00 011 0.09 003 0.01




