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Abstract

We report petrography, and bulk rock, mineral and glass analyses of eruptive products of the
2012-13 eruption of Tolbachik volcano, Central Kamchatka Depression, Russia. Magmas are
shoshonitic in composition, with phenocrysts of olivine and plagioclase; clinopyroxene
phenocrysts are scarce. Samples collected as bombs from the active vent, from liquid lava at the
active lava front, and as naturally solidified “toothpaste” lava allow us to quantify changes in

porosity and crystallinity that took place during 5.25 km of lava flow and during solidification.
Olivine-hosted melt inclusions from rapidly-cooled, mm-size tephra have near-congs@nt H
contents (1.19+0.1 wt%) over a wide range of,Gfntents (<900 ppm), consistent with
degassingThe groundmass glassfrom tephras lie at the shallow end ofstdegassing trend

with 0.3 wt% HO and 50 ppm C@ The presence of small saturation, rather than shrinkage,
bubbles testifies to volatile saturation at the time of entrapment. Calculated saturation pressures
are 0.3 to 1.7 kbar, in agreement with the depths of earthquake swarms during November 2012
(0.6 to 7.5 km below the volcano). Melt inclusions from slowly-cooled and hot-collected lavas
have HO contents that are lower by an order of magnitude than tephras, despite compagable CO
contents. We ascribe this to diffusive®loss through olivine host crystals during cooling. The
absence of shrinkage bubbles in the inclusions accounts for the lack of reduction in dissolved
CO, (and S and CI). Melt inclusions from tephras experienced <3wt% post-entrapment
crystallisation. Melt inclusion entrapment temperatures are around 1080 °C. Compared to
magmas erupted elsewhere in the Kluchevskoy Group, the 2012-13 Tolbachik magmas appear to
derive from an unusually #-poor and KO-rich basaltic parent.



Highlights

Magma erupted from the 2012-13 eruption of Tolbachik is basaltic trachyandesite
Magmas are BO-rich and HO-poor compared to others from the Kluchevskoy Group

Changes in magma texture and chemistry during a 5-km lava flow have been quantified

Keywords. Tolbachik fissure eruption, basaltic volcanism, shoshonitic magmas, melt inclusions,

volatiles, degasing.

1. Introduction

Volcanic arcs above subduction zones rarely erupt primitive arc magmas whose compositions
are consistent with derivation directly from the mantle wedge without subsequent chemical
modification. Modern examples of primitive arc magmas are particularly rare, restricting our
ability to see through the crustal processing of magmas to mantle-melting processes in the wedge
itself. The 1975-76 Great Fissure Eruption of Tolbachik, Kamchatka, was one such example,
with Mg# of 0.68 and MgO content over 14 wt% (Fedotov, 1984). This eruption offered
petrologists a glimpse into the chemistry of the sub-Kamchatkan mantle wedge at a moment in
time, with implications for its thermal and physical state. At the onset of the 2012-13 Tolbachik
eruption there was interest in estabig the nature of the newly erupted magma, its pre-

eruptive storage conditions and its possible genetic relationship to the 1975-76 magmas.

2. Geological setting

Tolbachik is situated within the Central Kamchatka Depression (Figure la, inset), forming part
of the Kluchevskoy Group of volcanoes, the most active in the Kamchatkan arc. Tolbachik has
been dormant since the end of the Great Fissure Eruption eruption, although fumarolic activity
continued locally throughout this time. The Tolbachik 2012-13 eruption (nahed50"
anniversaryeruption” in honour of the Institute Volcanology and Seismology, Far Eastern
Branch of the Russian Academy of Sciences) started on Nov 27, 2012 and finished on Aug 21,
2013. The first description of lava flow morphology, extrusion rates and volumes, and other
volcanological features have already been published (Samoylenko et al., 2012; Edwards et al.,
2013; Dvigalo et al, 2014, Volynets et al., 2013) and here we provide only a summary.

Over the first four days of the 2012-13 eruption lava edifstom the Menyailov group of vents
(MGV, main cone located at N 55°47'9"”, E 160°19'39"”, 1900 m asl). After December 1, 2012,



and until its conclusion, the eruption continued from the Naboko group of vents (NGV, N
55°46'6", E 160°18'59", 1650 m asl). We visited the NGV during August 2013, shortly before

the eruption ended, and the associated lava fields (Figure 1a): the large Leningradskoe lava field
formed during late 2012- early 2013; the Toludskoe lava field, which was the last active lava
field from NGV and source of all samples studied here. The earlier Vodopadnoe lava field,
associated exclusively with MGV was not visited. Locations of the three lava fields and the
samples recovered are shown in Figlieeand listed in Table 1. Note that most samples were
taken in duplicate, with a Moscow State University sample numberl@Kand NK-13h) and

a University of Bristol number (KAMy). Field photographs of the eruption, including those
from sampled localities, are given in Figures 1b-d. There was an overall change from explosively
erupted material (bombs) from one of two small, ephemeral lava lakes at the vent (Figure 1b)
through subterranean lava flow (skylights, lava tubes; Figuréoleffusive lavalows (a’a and
pahoehoe flows‘toothpaste” lavas, andlobes; Figure 1 d)do the south-southeast. The western

branch of the Toludskoe lava field (Figure 1a) was completely solidified at the time of our visit.

3. Analytical techniques
3.1. Sample preparation

Olivine grains with naturally quenched primary melt inclusions were selected from four samples:
air-collected, tephra from NGV (NK-13/2, NK-13/3), very fresh solidified lava (PK-13/6) from

the Toludskoe lava field, and liquid-collected lava (PK-13/7) from the active lava front. Air-
collected tephra (ash) has particle sizes from 0.2 to several millimeters. Ash samples were sieved
to 0.5-1 mm without crushing, whereas lava samples were gently crushed and sieved to 0.25-0.5
mm. Then olivine grains were picked out manually. Almost all olivine grains in the size fraction
contain glassy melt inclusions (Ml). We selected only olivines containing larggu(asglassy

MI with small or no shrinkage bubbles. After picking, BD-bearing olivine grains from the
tephra were leached in HF for 10 min to dissolve the dark glassy rim around eadio grake

it transparent. We then conducted eight thermometric experiments hittkam-TS1500 stage

to determine optimum melt inclusion quenching temperatures. During thermometric experiments
MI devitrify during heating in the temperature range 540-610 °C, then melt in the 1020€1120 °

range. The last crystals dissolve at 1130-1200 C in different experiments.

The LinkamdS1500 stage lacks the capability for rapid quenching. For this reason selected Ml
were reheated and quenched at Moscow State University in a speciallyedegigmace

mounted inside a firebrick. The heater consists of an Alu@laylinder 20 mm in diameter and



50 mm long with 40 winds of 0.5 mm platinum wire. A fused quartz sample stage is placed in
the middle of the furnace. The work-space (thermo-camera) has a diameter of 18 mm, with a Pt
PtRh, thermocouple inserted 0.5 mm below the stage. Acid-leached olivine grains are placed
onto a rectangular platinum sample cell, and each grain covered with a graphite cap. The
platinum cell is inserted into the furnace, which is heated to a desired temperature in,advance
with temperature control by a MasTech HY-3020E DC power supply. When a sample is placed
into the cell, temperature usually drops byl® K and recovers in less than 2 min. For our
guenching experiments the furnace was set at the highest temperature obtained from
thermometric experiments or at 20 °C above calculated olivine-melt equilibrium temperature for
better kinetics. Samples are quenched by extracting the platinum cell from the furnace. The
sample is estimated to cool by 4800 °C within the first second. The thermocouples are
calibrated to th melting points of pure gold, bismuth, copper, silver, and cadmium. Typical
errors on experimental temperatures are <0.5%. Horizontal temperature gradient inside the
furnace is <3 °C for the full working diameter at tinelting point of gold. Duration of each

experiment did not exceed 8 min, to minimize diffusion of volatiles away from the inclusions.
3.2. Secondary ion mass spectrometry (SMS)

H,O and CQ contents of glassy melt inclusions, mounted in low-volatility resin, were analyzed
by secondary ion mass spectrometry (SIMS) using a Cameca IMS-4f instrument at the NERC
ion microprobe facility, University of Edinburgh, UK. Analyses were performed awtbminal

10 kV primary beam of Qons andabeam current of 5 nA giving a ~ 20 um diameter spot at the
sample surface. 40 was measured dsi* secondary ions at a nominal mass resolving power
(M/AM) of 300 and a 25 pum image field. FB6O,, measured a<C*, a higter mass resolution of
800-1000 was applied, to differentiate betwé#ng®* and**C*, and a 20 um image field used
Positive secondary ions were extracted at 4.5 kV with an offset of 50 V (for C) and 75 V (for H)
to reduce transmission of molecular ions. Pumping to a vacuum of < 10™° Torr minimized the
background to ~6 counts per second @ (=50 ppm CO,) and ~800 cps fotH (0.03 wt%

H,0). We calibrated KD and CQ against synthetic basaltic glass standards (Lesne et al., 2011)
containing 0 to 3 wt% bD and 0 to 2000 ppm GO Calibration working curves dH/*%Si vs

H,0 and*C/°Si vs CQ, used to calculate # and CQ content, gave straight lines witHf R

0.99.

3.3. Raman spectroscopy

Raman spectra were obtained at MSU using a JY Horiba XPIoRA Jobin confocal Raman

microscope attached to an Olympus BX41 polarizing microscope equipped with two lasers (532



and 785 nm). The operating temperature of the CCD (IVAC Andor CCD) detector is -51 °C,
cooled by Peltier elements. Spectra accumulation was performed at excitation 382 then
laserat a power of 25 mW, 100x magnification (spatial resolution ofifd, a spectrometer slit

of 100pm, and a confocal hole of 3Qm. Spectra were acquired in the range 100 to 4000 cm
using an 1800T spectral grating. The accumulation time of each apeaidow was 120
seconds (3 x 40 seconds). Initial processing of the spectra was carried out using LabSpec, ver.
5.78.24. We used a linear correlation between the content of water in the glass and the ratio of
the O-H and 800-1200 chvibrational band areas (Rw/Rs ratio) for measurement of water
content (Le Losq et al., 2012). Quantitative determination of water in glass relative to Rw/Rs is
correct if the standard glasses are similar in NBO/T to the measured samples. Glasses of melt
inclusions in olivine, which are described in this paper, have NBO/T in the range 0.07-0.1. We
used as primary standards synthetic glasses with NBO/T=0.2 and water contents of 0-6.7 wt. %
(Shishkina et al., 2010). @ contents of inclusions analysed by both Raman and SIMS are in
good agreement (Figure 2) except for the two largest inclusions where we speculate that the

difference is due to glass inhomogeneity.
3.4. Whole rock analyses

Twenty-one whole rock samples were analysed for major elements by X-ray fluorestiRRe (

at ETH-Zurich. The BCR-2 basaltic standard was used for quality control. Three of our samples
were also analyzed by XRF in IGEM RAS, Moscow, to compare with published data for the
2012-13 eruption from Volynets et al. (2013) and Zelenski et al. (2014) analyzed previously at
IGEM. Standard deviation of ETH analyses lies within 0.65 rel.% for all major elements except
MnO (4 rel. %). Standard deviations for same samples produced in IGEM exceed 1 rel.% for
Al,O;, FeG”, MgO, NaO and BOs but lie within 5 rel.%. We found significant systematic
differences between analytic results of the two laboratories in contentsf (Alrel.%), Fe®"

(0.4 rel.%), MgO (7.6 rel.%), CaO (0.8 rel.%), a (2.7 rel.%), KO (0.5 rel.%). We
recalculated previously published analyses for inter-laboratory difference for correct isompar

in plots.

3.5. Electron microprobe analyses (EPMA)

Melt inclusions were analysed for major elements usirt@ameca SX100 microprobe at the
University of Bristol. Major element composition was calibrated on oxide and silicate standards.
To minimize alkali loss during hydrous glass analysis we used 4 nA probe current and 10 um
spot size. Cl and S were analysed separately and calibrated on NaCl and baitevedgpWe
followed the method of Sobolev et al (2007) to obtain high-precision olivine analyses by using



JEOL JXA-8230 microprobat MSU. We used San-Carlos olivine USNM-111312/444 as a
primary standard for Si, Mg, Fe, oxides for Ti, Mn, Cr, Al, Ni, wollastonite for Ca and apatite for
P. Images of typical olivine-hosted melt inclusions are given in Figure 3.

Backscattered electron ) images were obtained on a JEOL JSM-6480 scanning electron
microscope (MbU). Rock porosity and crystallinity were calculated from BSE images and
ImageJ software. We used 10-15 BSE images with two different scalings for each gample.
different phases (olivine, plagioclase, titanomagnetite, glass and vapour) were determined by
BSE contrast. Shallow vapohbubbles (not filled by epoxy resin) were shadowed manué&by.
recalculation from volume to mass proportions we used the following densities)kojiine —

3300, plagioclase - 2690, titanomagnetite300, glass 2500, vesicles 0.

4. Petrology and geochemistry
4.1. Bulk rock geochemistry

Bulk rock major element compositions for all samplespesented in Tabl2. All Tolbachik
2012-13 lavas fall into the basaltic trachyandesite field (Figure 4a), which can deddiurther

into mugearites and shoshonites (Le Maitre et al., 2002). Both MGV and NGV lavas are well
above the discrimination line (Ma-2 = K;O) and should therefore be classified as shoshonites

in the UIGG classification scheme (Le Maitre et al., 2002). Tolbachik 2012-13liavas the
boundary between high-K and shoshonitic fields in the-BigD discrimination diagram (Figure

4b). Most classical Hawaiian mugearites have similar or high€ Bontent, suggesting that
SiO-K,0 alone cannot be used for discrimination between shoshonites and mugearites. Thus,
the Tolbachik 2012-13 eruption is the first known Holocene (or even Quaternary) evidence of

shoshonite lava in Kamchatka.

Lavas of MGV are characterized by higher silica content (up to 55.7 wt%) and alkalis, but less
MgO than NGV lavas (Figure 4). Lavas of NGV have very homogenous compositions at least
since January 2013 (see Table 1 and Figure NGV lavas from the Toludskoe and

Leningradskoe lava fields have the same composition (within analytica). error
4.2. Petrography and mineralogy of MGV and NGV vents

We studied the mineralogy and petrology of both MGV and NGV samples and melt inclusions in
olivine from NGV. All rocks are almost aphyric with very rare phenocrysts of olivine and
plagioclase. Representative mineral analyses are provide in Table 3.



4.2.1 Menyailov group of vents (MGV).

We have only one sample of lava fromGM (Tablel). These lava blocks were collected by
V.M. Okrugin close to the vent in December 2012. This sampla e/ heterogeneous texture
(Figure 5a) with three distinct components in terms of 1) porosity and bubble 23ize
groundmass crystallinity; and 3) transparency in thin section. BSE images of the macroscopic
textures of three different components of the MGV sample are shovagure 5a-c; their

groundmass textures in Figures 5d-f. Typical mineral textures are shown in Figure 6.

High-porosity areas (porosity about 35%) have sharp contacts against the surrounding rock
(Figure 5a,b). They contain numerous olivine and clinopyroxene microphenocrysts in equal
proportion set in a groundmass (Figure 5d) consisting of plagioclase microlitgsjfemd very

fine (much less than im) aggregates of minerals. Clinopyroxene shows very complex zoning
of both sectoral and oscillatory varieties (Figure 6a,b). Compositions of cores (sectoral and
oscillatory) lie in the narrow range of M# 89-90.5. The thin outermost rim of each grain has
Mg# of about 83. Olivine also shows oscillatory zoning in the cores of graigss{Faohereas

the outermost rim has much more Fe-rich composition,(F@vident as a bright rim in BSE

images (Figure 6b). There is no clear evidence of dissolution of these phenocrysts.

Porous areas (porosity about 10%) have more coarsely crystallized groundmass than high-
porosity areas (Figurbc,e). Rare plagioclase phenocrysts ¢Afs) aggregatanto small clots

with clinopyroxene (Mg# = 82 mol.%) (Figu6sl). Porous areas look darker in transmitted light
than the surrounding low-porosity area and contain relatively large bubbles (up to 1 mm).
Groundmass consists of plagioclase microlites s§Ad), clinopyroxene and oxides. Glass

patches are too small to analyze.

Low-porosity areas (Figure 5f) contain almost no bubbles (poresitgo). Only one group of
plagioclase phenocrysts (up to 1 mm in length) occurs in these areas. The large plagioclases have
both oscillatory and sectoral zoning (Figure 6c). Anorthite content varies in the range 67-77
mol.%. The outermost rim (AR shows skeletal growth forms. One of these crystals (uppermost

in Figure 6¢ appears crushed and then overgrown by a rim, suggestive of a xenocrystic origin.
Low-porosity areas are lighter than other components of the rock and contain about 15%
interstitial glass. Plagioclase microlites & grew up to 100 pum and form fluidal
microstructures (Figure 6c¢). Clinopyroxene and oxide mineral grains are much smaller and
occupy interstitial space. Olivine haskeletal morphologycores contain up to 76 mol.% Fo;

skeletal parts arBoss67.4 Skeletal olivine also contain up to 0.46 wt.%0P(Table 3).

! Mg# = 100* molar Mg/(Mg+F&)



We interpret this MGV rock as an autobreccia, where a crystallized and vesiculated crust was
crushed by and incorporated into subsequent portions of lava. Based upon inclusions
relationships the earliest portion is represented by the high-porosity areas, then the porous areas
solidified or almost solidified. The surrounding low-porosity component, containing significant
glass, is thought to represent the youngest, liquid part of the lava. These textural relationships
suggest incorporation of fragment of older magma into the present eruption. It is unclear whether
the older fragments pre-date significantly the 2012-13 eruption although their fluidal textures

and lack of reaction rims (Figure 5b) suggest that they are not vestiges of the 1975-76 eruption.
4.2.2 Naboko group of vents (NGV)

Three samples were selected for detailed petrographic study. The first is pieces of air-collected
tephra PK-13/4b; Figure 1b), the second comes from the moving lava front, hot-collected in the
liquid state and quenched (PK-13/7; Figure 1c), and the last is naturally solitifielbaste”

lava from the western branch of the Toludskoe lava field (PK-13/6). All three samples have very
similar bulk composition, within analytical error, but the structures of their groundmass are
markedly different (Figure 7). All three samples were collected within 2 days of eachrother
early August 2013 and we can assume that initial lava was identical for all of them.

Representative mineral analyses are given in Table 3.

Tephra pieces are very porous (average porosity is 53 vol. %). Bubbles, up to several millimeters
across, have complex elongated sha@@oundmass between bubbles consists of glass (69-77
vol. %) and microlites of plagioclase (&r4), olivine (Fa7.63) and titanomagnetite (Figure)7a

Lava from the active lava front (Figure )75 much less porous (average = 6 vol.. %)
Groundmass of hot-collected sample is glassy (71-77 vol. %), whereas groundmass in naturally
solidified sample is finely crystallized with dendritic crystals (Figure 7c). Plagiockasg &),

olivine (Fa7e9) and titanomagnetite are in the same proportions and have very similar
composition compared to tephra. Olivine phenocrysts have a high 75-69 mol. % of Fo. Large
plagioclase crystals in the slowly-cooled lava (sample PK-13/6) show zoning in the range of 67-
79 mol. % of An.

4.3. Mineral chemistry and evolution

Olivine and plagioclase are the dominant phases in all varieties of 2012-13 eruptive products.
Clinopyroxene phenocrysts are only found in MGV sample Tolb2012. The most magnesian
olivine (Fasss) and clinopyroxene (Mg#-89-90.5) compositions are typical for high-porosity



areas in lavas of MGV (Figure 8, Table 3). In this rock plagioclase is present onlyrakt@sic
together with olivine, clinopyroxene and Fe-Ti oxides. The phenocryst assemblage of low-
porosity areas of MGV lavas and NGV tephras and lasagmilar and consists of olivine
(For2.2-75.9, plagioclase (A7) and clinopyroxene (Mg# 80.3-83). The only difference is the
absence of clinopyroxene as separate phenocrysts in NGV eruptive products; it is present only a
mineral inclusion in olivine crystals and as microlites. Based on mineral chemistry all rock
varieties may be considered to be derived from the same magma without evidence of magma

mixing, other than incorporation of autobrecciated fragments, described above from MGV.
4.3.1 Clinopyroxene

Clinopyroxene is rare in our samples, occurring in 3 morphological types: 1) inclusions in
olivine, 2) phenocrysts-microphenocrysts and 3) microlites. Clinopyroxene phenocrysts, up to
0.5 mm, are foundn MGV lavas only (most abundantly in high-porosity areas). Phenocryst
cores have complex rhythmic zoning with Mg# varying from 89.1 to 90.5 mol.%. Phenocrysts
rims have Mg# about 83 mol.%. Low-porositareas contain rare clinopyroxene
microphenocrysts with size about 30thuThe Mg# of microphenocrysts is about 82 mol.%.
NGV lava and tephra contains clinopyroxene inclusions in olivine phenocrysta #ralfinely
crystallized groundmass. Included crystals are euhedral, up to 100 pm in size, and typically show
complex sectoral zoning. Their Mg# varies from 77.2 to 81.8 and is comparable with
clinopyroxene microphenocrysts of MGV low-porosity areas. The finely crystallized
groundmass assemblage in PK-13-6 contains dendritic clinopyroxene crystals up to 20-30 pum in
length withMg# of 74-78.5.

4.3.2 Plagioclase

We observed four plagioclase morphology types: 1) inclusions in olivine phenocrysts, 2)
phenocrysts, 3) microphenocrysts and 4) microlites. Plagioclase inclusions vary in size from 40
to 70 um. They have euhedral, lath-like shapes and are homogeneous in compositigg). (An
Host olivine varies from Fg to Fo4s (average Fgs). Plagioclase phenocrysts, up to 2 mm
across, occur in all NGV samples and in low-porosity areas of the MGV sample. The
phenocrysts have complex zoning and An content lies in range 56-78 rAak#6h phenocryst

cores correspond in composition to the olivine-hosted inclusions, suggesting that they grew at
the same time. Microphenocrysts (size less than 300 pm) show simple normal zoning, with
uniform composition coresAfis364), Whereas rims vary in the range Ag for the near-vent
sample (PK-13/4b) anfins,s7 for the lava front sample (PK-13/7). Rims of both phenocrysts
and microphenocrysts have very similar composition and texture. Microlite, up to 100 pum,



composiions in MGV lavas are different in different areas. High-porosity areas contain
microlites of Aro71, porous areasAnsgg: and low-porosity areasAnssss. Microlites in NGV

lavas and tephra afess.s,.
4.3.3 Spinel

Spinel showsa discontinuous change in composition from Cr-spinel to titanomagnetite (Figure
9). Cr-spinel was found only as small (5-10 pum) inclusions in olivine in high-porosity areas of
the MGV sample. Titanomagnetite occurs in a variety of forms: euhedral microphenocrysts (100-
300 pm), small individual grains (1-10 um) and as chains of 20-30 grains. The decrease of spinel
Al,0O3 abundance (Figure 9d) reflecshange of melt composition with progressing fractional
crystallization, however AD;vs TiO, shows a negative correlation (Figure 9e).

The mineral chemistry in different MGV textural varieties and NGV magmas is summarized in

Figure 10.
4.4, Groundmass glasses

We measured groundmass glass compositions in all types of samples (Table 4). In general
glasses have shoshonitic composition with Mg# 36-37 mol.%, hiGh(K.8-3.1 wt.%), high

TiO, (2.2-2.5 wt.%) and high,Ps (1.0-1.2 wt.%). Despite similar bulk compositions interstitial
glasses in near-vent tephra and hot-collected lava front samples are slightly different. Those from
the lava front are slightly depleted, compared to near-vent glasses, in MgO, FeOi@yahAl
enriched in Si@ KO, TiO, and other incompatible elements, consistent with small amounts of

crystallisation (see section 5).

5. Chemical and physical changes during lava flow

Our sampling strategy and petrological observations allow us to quantify changes that take place
along the flow path of the lava from the NGV vent (PK-13/4b) to the lava fields, as represented

by both the hot-collected lava sample (PK-13/7), and from older, solidified portions of the

Toludskoe lava field (PK-13/6). The associated changes in groundmass texture are shown in
Figure 7. For the purposes of comparison we will assume the same initial magma composition
for volcanic bombs sampled near the vent and lavas elsewhere on the Toludskoe lava field. This
assumption is justified on the basis of the chemical and petrologic data presented above. The

modal proportions and calculated physical properties of the three samples are given in Table 5.



The site of hot-collected lava lies 5.25 km from the vent (Figure 1la) down a slope of
approximately 7.5°. Thus, samples PK-13/4b and PK-13/7 are related to each other by time spent
in the lava flow, with little cooling en route. This is consistent with the flpivg mostly
beneath an insulating crust of solid lava (Figure 1c). ConverB&l 3/4b andPK-13/6 are

related by significant cooling and solidificatioRK-13/4b and PK-13/7 have almost identical
crystallinity and mineral proportions (within uncertainty) indicative of negligible crystallization
during flow. However, there is significant reduction in porosity during flow from 54% to 6% due

to degassing, consistent with extensive gas discharge through skylights and other cracks in the
crust of the flowing lava. Upon solidification the porosity increases slightly (to 8%), probably
due to exsolution of further volatiles from the melt as groundmass microlites form. On
solidification there is significant increase in crystallinity from 26 to 43%. There is a steady
reduction in the ratio of olivine to plagioclase crystallising, from more than 10 in the pyroclastic
sample; to 8 in the liquid lava front; to 4.5 in the naturally solidified lava. The amount of oxide
mineral also increased from 0.5 vol.% near the vent, through 0.8 vol.% at the liquid lava front, to
1.9 vol.% in the solidified lava. Interestingly the reduction in porosity, with little net change in
crystallinity or temperature, leads to a reduction in calculated effective viscosity by about 0.5
logio units during flow (Table 5).

We can calculate the amount and proportion of minerals crystallizing during the flow of the lava
from NGV to the hot-sampling site if, as proposed above, we assume that the composition of
crystallizing minerals does not change significantly during flow. In order to perform these
calculations microphenocryst compositions for olivine, plagioclase and magnetite in sample PK-
14/7 were averaged (Table 6). For each elemgatnass-balance equation for the proportion,

C, of eachmineral, with compositioiX, was written a€y * Xtepnra_gr — C1 * Xoy — Co % Xpy —

C3* Xiye = Xiava—gi- The amount of crystallizing mineralgas obtained by least squares for
differences between calculated and measured composition of glass in the lava-front sample
(Table 6). The best fit is achieved with crystallization of 1 wt.% of olivine, 5.3 wt.% of
plagioclase and 0.6 wt. % titanomagnetite during surface lava flow. The total anfount o
crystallization is estimated as 6.9 wt.% (6.5 vol.%). This value is slightly greater that the change
in crystallinity estimated from BSE images (Table 5) and may reflect the limitations of our
assumptions that vent tephra and hot-collected lava were initially identical. Regardless, it is clear
that very little crystallization occurred during flow from vent to lava front. We note that the
calculated amount of crystallized plagioclase is 5 times more than amount of olivine. A possible
explanation is the evident degassing of lava during flow (reduced porosity), which will expand

the plagioclase crystallization field. Interstitial groundmass glass compositions will be discussed



in comparison with Ml compositions in section 6. We were not able to perform similar mass
balance calculations for the naturally solidified lava (PK-13/6) because the interstitial glass pools

were too small to analyse.

6. Mdt Inclusions

Melt inclusion major element compositions were analysed in two rapidly-cooled s€plta

13/2 and NK-13/3), hot-collected lavBK-13/7) and slowly-cooled, solid lav®K-13/6), anda
reheated set of MI from NK-13/2. Volatile contents were analysed (by SIMS and Raman) in all
MI, with the exception of PK-13/7 (by Raman only). Groundmasssggawere analysed for
major elements in the different textural components of MGV sample, and in PK-13/4b and PK-
13/7. Groundmass glass volatile analysis was only possible in the tephras (Table 7). All original
melt inclusion glass analyses, including volatiles and host olivine Fo contents are given in Table
7. H,O contents range from 0.1 to 1.6 wt.%; £@nge from 88 to 883 ppm. Sulphur contents
are consistently low, 100-630 ppm S; chlorine lies in the range 220-870 ppm. Host olivines are

relatively homogeneous with Fo from %6 mol%.
6.1. Major Element Melt compositions

Melt inclusion compositions were reconstructed to remove the effects of any post-entrapment re-
equilibration using the method described in Supplementary Information. The reconstructed major
element compositions, used for all subsequent plots, are given in Table S1. Reconstructed
compositions lie remarkably close to bulk rocks (Figure 11). This indicates that (a) bulk rocks
are representative of true liquid compositions with negligible addition of xenocryst or antecrysts
and (b) that these magmas did not undergo significant crystal fractionation during magma ascent
and solidification. Moreover, Mivere not affected by any irreversible post-entrapment changes

in major element chemistry and can be used for magma condition reconstructions. However, as
we will show in section 6.3, there is evidence of volatile loss from the slowly-cooled inclusions

and this must be taken into account when attempting to reconstruct pre-eruptive volatile budgets.

As expected, the groundmass glasses from MGV samples are displaced from bulk rock and melt
trends (Figure 11). The displacement is relatively small for those samples from the high porosity

areas, but is significant for low porosity areas. This is consistent with our interpretation that the

high-porosity areas represent samples of rapidly cooled lava crust incorporated into low-porosity

lavas that have undergone significant groundmass crystallization during cooling. The

groundmass glasses from NGV samples are also displaced from the bulk rock and melt trends,



again due to subsequent crystallization of groundmass minerals. The displacement is slightly
greater for the hot-collected lava front samples in keeping with their higher crystallinity. For
some elements, e.g,®, CaO, the NGV groundmass glasses are collinear with the melts and the
MGV groundmass glasses, whereas for others A TDs) there is a marked inflexion between

the two, reflecting the onset of groundmass magnetite (with 1-14 wt % FiQure 9e) and

apatite crystallization, respectively, below Mg# = 33.
6.2 Geothermometry and oxybarometry

Magma crystallization temperature estimated by olivine-melt equilibrium accounting for the
measured dissolved water contents of the melts (Danyushevsky, 2001) is in the range 1040-
1080°C (TableS1). The same olivine-melt equilibrium equations using different coefficients
suggested for higher water content (Almeev et al., 2007)systiightly higher temperaturesf
1081-1115°C. Clinopyroxene-olivine equilibrium in high-porosity areas of MGV sample
Tolb2012 gives 1121+15°C (Loucks, 1996) and olivine-spinel equilibrium temperature in the
same sample is near 1080°C (Ballhaus et al., 1991). These temperatures correspond well to
direct field measurements of the lava flowl080°C (Edwards et al., 2014) and Ml
homogenization temperatures (section 3.1). We conclude that the pre-eruptive magma
temperature was 1080-1120°C and the temperature of lava at the moment of eveptadiout
1080°C.

Oxygen fugacity, estimated by olivine-spinel equilibrium (Ballhaus et al., 1991), for Tolb2012
sample lies between NNO and NNO+1 log units. Also we estimated oxygen fugacity in the
sample PK-13-4b by equilibrium between olivine and quenched glass (Ford et al., 1983) and it

also corresponds to NNO.
6.3 Volatile content of melt inclusions

Relatively few melt inclusions in olivine from tephra have gas bubbles and many inclusions lack
shrinkage bubbles. The size of gas bubbles in these inclusions is up to 4.3 vol.%. There is no
systematic difference in volatile content between inclusions with or without gas bubble. We
interpret this lack of difference to be due to heterogeneous entrapment of melt and bubble, rather
than post-entrapment vesiculation, which would modify the volatile contents of those inclusions.
The amount of correction required to account for post-entrapment crystallization is relatively
small: <3% for tephra and lava, 1-4% for heated inclusions, and 5-8% for slowly-cooled lava
(TableS1). These corrections primarily affect MgO and FeO contents; their effect on measured

volatile contents is small compared to the overall variability and to the analytical precision.



Consequently will discuss volatile contents in terms of the original measured values given in
Table 7.

Melt inclusions from tephras and re-heated olivines are remarkably similar in composition. They
define a ten-fold range in GQ90-900 ppm) at near constant(H(1.19£0.14 wt%, with the
exception of two low-HO outliers). This is consistent with a simple degassing trend with limited
concomitant crystallisation (Blundy and Cashman, 2008; Figurg E2a these MI there is a

crude positive correlation between S ang®HFigure 12b), with the lowest S contents at lowest

H,O (and CQ), consistent with sulphur degassing, although the three highesMCénd the

two highest sulphur MI are unexplained outliers to this trend. The sulphur contents of 2012-13
MI are considerably lower than those from other Kluchevskoy Group magmas (Figure 12b).
Chlorine does not correlate obviously with@H(or CG,) and lies at the lower end of MI from

other Kluchevskoy Group magmas (Figure 12c). Groundmass glasses from the tephra sample
have low HO (0.3 wt%) and CQ (50 ppm) consistent with continued degassing. These glasses
lie at the low pressure continuation of the degassing trend defined by the tephra and hot-collected
lava. One tephra MI with low ¥ (0.45 wt%) and low C®O(88 ppm) also lies on the same
degassing trend, possibly consistent with degassing and olivine crystallisation at the vent itself.
There isa slight negative correlation between@and CO, consistent with a small amount of
crystallization occurring during degassing. This relationship is explored quantitatively in section
6.4.

We have several reasons to believe that the measu@adhtent of MI from tephra represent
original magmatic values. Firstly, we used olivine-hosted MIs from ash-sized (0.5-1 mm) tephra
only for volatile content reconstructions. Effect of tephra particle size (Lloyd et al., 2013) for
these Mls should be negligible. Secondly, as melt inclusigh ldss leads to oxidation and
crystallization (e.g. Sobolev & Chaussidon, 1996; Danyushevsky et al., 2002; Portnyagin et al.,
2008; Lloyd et al., 2013), any significant water-loss processes should be followed by pressure
drop, bubble formation and host mineral crystallization. Most of the studied Mls lack shrinkage
bubble. A few inclusions have bubbles up to 4.3 vol.%, but there is no systematic difference in
volatile contents between inclusions with or without bubbles. Finally, estimated post-entrapment
crystallization in MlIs does not exceed 2-3 wt. % (equivalent of 20-40 °C cooling) consistent with
magma cooling during ascent and any brief residence in the small NGV lava lake prior to
eruption. Furthermore, we do not observe diffusion profiles in olivine around any Mis precluding
any significant re-equilibration via iron-loss. Consequently, the FeO content of Mls coffeected

host olivine crystallization corresponds to whole-rock values (Figure S1).



In contrastMI from the slowly-cooled lava sample (PK-13/6) show a similar range in(TID-

700 ppm), S and ClI, but much lowes®(0.13+0.03 wt%). The hot-collected lava sample (PK-
13/7) has HO contents below the Raman detection limit of ~0.1 wt%; we have no SEASH

CO, data for these MI. At first sight the low.8/high-CO, contents of Ml from PK-13/6 (and,

by inference, PK-13/7) are also reminiscent of a degassing trend starting at veldsQow
However, given the abundant evidence that the slowly-cooled lavas, hot-collected lava and
tephras originate from the same magma, it seems unlikely that a batch of this magma could have
had a ten-fold lower initial BO content. Instead it seems much more likely that during slow
cooling HO was lost from melt inclusions (e.g. Lloyd et al, 2013). This may occur via cracks
linking the MI to the matrix, or via diffusion across the host olivine. The similarity in contents of
other volatile elements (S, Cl) between the two populations suggests that diffusiorhthroug

olivine is the key process.

Several recent experimental studies (Portnyagin et al. 2008; Gaetani et al. 2012; Bucholz et al.,
2013) have shown that.,B loss by diffusion through olivine occurs on timescales of hours at
temperatures of 1100 °C. The driving force for diffusion in these experiments is the contrast in
H,O partial pressure (fugacity) between the inclusion and the atmosphere. Gaetani et al (2012)
proposed a novel mechanism fogQHloss that does not require oxidation of the melt inclusion,
consistent with our observation that Ml in theGHdepleted, slowly-cooled lava lack magnetite
microlites. The loss of ¥ from the hot-collected lava suggests that diffusion occurred during

the time taken for the lava to flow from the vent to the hot-collection site. This timescale is hard
to constrain from our field observations because the lava flow velocities across the entire
thickness of the flow are not easily estimated. Within the lava tube (Figure 1c) the surface flow
velocity was estimated in the field as 2-3 m/s. This gives a minimum travel time to the collection
site 5.25 km away as 40-60 minutes. This is likely a gross under-estimate because deeper portion
of the flow will flow more slowly. Gaetani et al (2012) and Bucholz et al (2013) show giat H

loss at 1100 °C, the same temperature as Tolbachik lavas, is around 50% after only 4 hours, thus
flow times of the order several hours are consistent with the gwfkdm MI in hot-collected

lava. A single tephra MI with low D (0.54 wt%), but elevated G@256 ppm) also appears to

have lost HO, as it is displaced from the degassing trend in Figure 13a. Perimpsl st

H,0 after spending a few hours at the surface of the small lava lakes at NGV prior to expulsion

as tephra. The rest of the tephra Ml do not appear to have l0sitHhis stage.

It is striking that there is no loss in @Or S from MI in the slowly-cooled lava. The experiments
of Bucholz et al. (2013) indicate that® CQO, and S are lost from MI at approximately the

same rate. However, Gdiffuses through olivine much more slowly thag(H regardless of the



exact mechanism, primarily because C solubility in olivine is so low (Bucholz et al, 2013). Thus
Bucholz et al (2013) propose that the mechanism foy @@uction in their experimental Ml is
through exsolution into a tiny vapour bubble, occasioned by the pressure drop resulting from
H,O loss. This explanation for the experimental data is entirely consistent with our own
observation that the Ml we have studied contain negligible or no shrinkage bubbles (Figure 3)
and reinforces our assertion (see below) that those bubbles that we do see were co-entrapped
with the melt. Our findings reiterate the perils of measurip@ Eontents of olivine-hosted M

in anything other than very rapidly cooled, small tephra (Lloyd et al, 28i@&)e slowly cooled

or larger samples are very likely to have suffere® tbss.
6.4. Pre-eruptive magma storage conditions

Having established that MI from tephras preserve their original volatile contents, we can
calculate trapping pressures using volatile solubility relationships. To do this requires that the
melt inclusions were volatile-saturated at the time of entrapment. There are two observations in
support of this. Firstly, we argue that rare, small vapour bubbles in some MI were co-entrapped
with melt. Secondly, the overall variation in MI chemistry, namely a wide range jraC@ear-
constant HO, is consistent with a degassing trend. In fact the degassing trend In Figure 13a is
refreshingly free from many of the complexities often seen in Ml from basaltic eruptions,
variously attributed to variable ;8 loss orCO,-rich volatile fluxing (Blundy & Cashman,
2008).

We have calculated volatile saturation press(fable 7) forMl with analyses of both # and

CO, at the olivine-melt temperatures given in TaBleusing the basalt algorithm of Newman &
Lowenstern (2002) with Siset at 49 wt%. The overall spread in pressure is from 1.94%o 0.

kbar (Figure 13a) Taking a mean density for the basaltic crust of Kamchatka of 2.69° g/cm
(Frolova et al., 2014) this pressure range corresponds to depths from 0.6 to 7.5 km below the
surface. These data compare favourably to the location of a swarm of magnitude 1 to 2.25
earthquakes that occurred beneath the south flank of Ploskii Tolbachik' dio2émber 2012 at
depths of 1 to 5 km below sea-level, or 3 to 7 km below the 2012-13 vents (Senyukov et al.,
2013. These events probably record activity along a dyke or conduit supplying magma to the

surface, and so represent depth estimates for the uppermost levels of the magma reservoir.

We can calculate the amount of degassing-driven crystallization that occurred duenghlgsc
taking the calculated volatile saturation pressure and tfeddntent of each Ml as an indicator
of the degree of crystallization, assuming that K is a completely incompatible element. To do this
we take as our starting composition the minimug® Kf the NGV bulk rock, 2.35 wt% (Table



2). Thus crystal fraction is given as- (2-35/K ON“)' Results of these calculations are given in
2

Figure 12d and indicate no more than 15 wt% crystallization occurred during ascent from 1.9 to
0.2 kbar. The groundmass glass from the tephra is consistent with a further 2-3% crystallization
during the final ascent. The relatively limited amount of crystallisation accompanying ascent
suggests that magmas ascended rapidly from a magma chamber, at around 7 km depth, to the
surface during eruption, pausing only briefly in vent lava lakes.

7. Petrogenetic relationships between products of the 2012-13 and 1975-76 eruptions
7.1 Compar ative petrology and geochemistry

It is instructive to draw some comparisons between the petrology and geochemistry of the 2012-
13 and 1975-76 lavas. The mineral chemistry of the 2012-13 lavas is summarised in Figure 10;
bulk-rock compositions from both eruptions are plotted in Figure 4. Petrologic data for the 1975-

76 eruption are taken from Fedotov (1984).

The 2012-13 eruption has some common features with 1975-76. Both eruptions had two stages: a
relatively short early stage from an upper vent and a longer stage from a lower elevation vent.
The bulk compositions are different for upper and lower vents for both eruptions. For the 1975-
76 eruption high-Mg basalts of the upper vent (North fissure) changed to high-Al trachybasalts
from the lower vent (South fissure). The bulk-rockOKcontent increased from 0.9-1.3 wt.% in

the early stage to 2-2.1 wt.% in the later stage of the eruption. For the 2012-13 eruption all bulk
rock compositions lie within basaltic trachyandesite (shoshonite) field, but the earliest rocks
(MGV) are less magnesian whereas the longer-duration, late-stage (NGV) rocks are more
magnesian. In general, all lavas of the 2012-13 eruption have lower MgO and CaO content than
any from the 1975-76 eruption. On the other hand 2012-13 lavas have systematically higher TiO
and alkalis (Figure 4).

During the 1975-76 eruption olivine-pyroxene phyric lavas changed to pyroxene-plagioclase-
olivine-phyric lavas (upper vent) and then to plagioclase-phyric lavas (lower vent) augptain
plagioclase megacrysts up to 20-25 mm across. The 2012-13 eruptive products lack plagioclase
megacrysts and only rarely (MGV) contain phenocrysts of clinopyroxene. Rare xenocrystic
plagioclase megacrysts were observed in the 2012-13 products. Olivine and plagioclase
compositions are very similar for both eruptions. For 1975-76 two populations of olivine were
observed (Figure 8): &g (North fissure) and Fazs (South fissure), whereas the main olivine

population of 2012-13 products is dg@s. Plagioclase compositions from 1975-76 products are



Anss.74, Whereas the main plagioclase population of the recent eruptions,A@r-spinel from

MGV is compositionally similar to Cr-spinel inclusions in olivine from 1975-76 (Figure 9).
7.2 Volatile contents

The fact that the Ml lie on a degassing trend from higher to lowerit@izates that the original

melt did not have higher J@ than the most }O-rich Ml analysed, i.e. 1.45 wt.%, even if
degassing began at much higher pressures (Blundy et al., 2010). For that reason we cannot,
however, rule our appreciably higher original £Qertainly the Tolbachik 2012-13 magmas are
unusually poor in bD relative to other arc basalts whergOHcontents of 2 to @t.% are more
typical (Plank et al. 2003The compilation of Plank et al. (2013) includes previously analysed
MI from other Kamchatkan volcanoes, which range from 2.9 to 7% Mdelt inclusions from

other Kluchevskoy volcanoes (Auer et al, 2009; Portnyagin et al, 2007; Mironov and Portnyagin
2017 have comparable CQontents, but HD contents up to 4 wt% (Figure 13a). We do not yet
have any measured,@ or CO, contents from melt inclusions in the 1975-76 olivines. However,
SIMS measurements of olivine-hosted MI from 1000-1500 yrs B.P. basaltic eruptions from
Tolbachik reveal KO contents of 2.42+0.51 wt% (Portnyagin et al, 2007) suggestive of a drop in

dissolved HO over that time period.

The low HO content of Tolbachik magmas is consistent with the relatively low An content of
their plagioclases (Anass) and the early appearance of plagioclase relative to olivine on the
liquidus, as evidenced by inclusions of plagioclase in olivine. It would appear that Tolbachik
basalts and their derivatives are unusual in having leg®, Hut high KO. The low HO content,
compared to other Kluchevskoy MI, cannot be attributed to further degassing of 2012-13
magma, because the range of ;G@ntents in both sets of Ml is similar (Figure 13a). The
unusual chemistry of Tolbachik 2012-13 magmas 4,0 space is evident in Figure 13b,
where it is seen that they haveHthat is lower by a factor 2-4 to other Kluchevskoy Group
magmas, but O contents that are higher by a factor 2.5 to 4. A four- to five-fold increase in
K>0, an incompatible element, would require 75-80% crystallization, which is hard to reconcile
with their basaltic trachyandesite composition. It is striking that other magmas erupted from the
Kluchevskoy Group have significantly highepr® despite being erupted only a few tens of
kilometres to the north. In the absence of any MI volatile data from the 1975-76 Tolbachik
eruption it is impossible to say when the apparent differences between Tolbachik and other
Kluchevskoy magmas arose, nor what changes in magma storage depths occurred between 1975-
76 and 2012-13. Further trace element and isotope geochemistry data, along with melt inclusions
from 1976-76, are required to further explore possible petrogenetic links between the two most

recent Tolbachik eruptions.
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Figure Captions

Figure 1. A - Schematic areal distribution of Tolbachik 2012-13 lava flows and sample locations.
Eruptive vents are marked by stars. MGWlenyailov group of vents, NGV Naboko group of
vents. The three lava fields described in the text are lalledxplosions in one of the NGV.

C — skylight into subterranean lava flow. Lava is flowing at approximately 1-2 m/s and
discharging significant quantities of gas-[bot-collecting of samples from the active lava front

E — morphology of NGV lava front, showing individual lobes.

Figure 2. Comparison of melt inclusion® analyses by Raman spectroscopy and SIMS. Solid

line (1:1) marked the equal amounts of water measured by two methods.

Figure 3. Photos of representative primary glassy melt inclusions in olivind.-a naturally
guenched melt inclusions in olivine grains from hot-collected lava front sample PK-13/7. c. Melt
inclusion from PK-13/7 prior to reheating experiment- §lelt inclusion from tephra sample
NK-13/3 prior to reheating experiment. Note presence in ¢ and d of a single large bubble, but
lack of any small, shrinkage bubbles around the inclusion maeginmelt inclusion from NK-

13/3 after reheating experiment. f. melt inclusion from tephra sample NK-13/2 after reheating

experiment showing ripple surface formed during heating.

Figure 4. Chemical classification diagrams for Tolbachik volcanic rocks from 2012-13 compared
to previous Tolbachik eruptions. A) Total alkalis-silicaA@) diagram for lavas. B) O vs SiQ

diagram. NGV lava analyses from Volynets et al. (2013); Zelensky et al. (2013); this study),
MGV lavas (Volynets et al., 2013), 1975-76 eruption and older Tolbachik lavas from Georoc

database. Discrimination fields are from Le Maitre et al. (2002).

Figure 5. Heterogeneity in MGV sample Tol-12/1 showing the distinct textures described in the
text. A - overview of thin section showing high-porosity area (outlines in yellow)C@&ntact of
high-porosity and low-porosity areds;- contact of porous and low-porosity areas. D - structure

of groundmass in high-porosity area (we show an area without phenocrysts and bubbles for this
photo); E — groundmass of porous area; Fgroundmass of low-porosity area. A is a
photomicrograph; B-F are BSE imagedlack areas are vesicles, dark grey plagioclase, mid-

grey interstitial glass, light grey olivine and white is oxides.

Figure 6. Complex zoning patterns of microphenocrysts in lava of MGV. A - Oscillatory and
sector zoning pattern of clinopyroxene in high-porosity areas; B - Oscillatory zoningiakoli

microphenocryst in high-porosity area; C - Sector zoning of plagioclase phenocrysts in low-



porosity area; D - Clot of plagioclase, clinopyroxene and oxide crystals from low-porosity area

close to boundary with porous area.

Figure 7. Groundmass BSE images from NGV lavas showing progressive textural evolution. Top
row - volcanic bomb; middle row - hot-collected lava from active lava front (see Fl@)re
bottom row - naturally solidified lava.

Figure 8. Composition of olivine phenocrysts and microlites for different types of eruptive
products of 2012-13 eruption in terms of MnO, NiO and CaO versus forsterite (Fo) content
Sample locations given in Table 1. “HP part8 corresponds to high-porosity areas containing the
most Mg mineral paragenesis (see description in the text). Olivines from 1975-76 eruption
(unpublished data Plechov) are shown for comparison

Figure 9. Composition of spinels from 2012-13 eruption. Spinels from 1975-76 eruption
(unpublished data Plechov) are shown for compari$sgnin ol” denotes spinel inclusions in

olivine.

Figure 10. Summary of mineral composition for different rock varieties of 2012-13 eruption. HP
and LP are high-porosity and low+psity varieties of MGV lavas. NGV samples are tephras
and lavas. Horizontal axis represent molar percent of forsterite and anorthite in olivine and

plagioclase, respectively, and Mg# of clinopyroxene.

Figure 11. Selected major elements versolar Mg# (100*Mg/(Mg+F&") for bulk rock, glass

and reconstructed melt compositions of 2012-13 eruption. NGV samples: 1- reconstructed
melts, 2— whole rocks, 3- groundmass glasrom PK-13/4b (NGV bomb) 4 groundmass
glasses from PK-13/7 (NGV liquid lava front); MGV samples: 5 - whole rocks, 6 - groundmass
glasses from high-porosity areas; groundmass glassfrom low-porosity areas.

Fig 12. Volatile contents of olivine-hosted melt inclusions analysed by SIMS and electron
microprobe. A.CO, versus HO in MI from naturally-quenched tephra, re-heated tephra, tephra
groundmass and solidified, slow-cooled lava. Solid lines are isobars calculated after Newman
and Lowenstern (2002). B Sulphur (as total S) versg@. KL Chlorine versus #. D CO,

versus KO (normalized to 100% volatile-free) for tephra melt inclusions showing extent of
crystallization in response to decompression. Upper horizontal axis shows wt% crystallization
relative to a parent melt with 2.44 wt%®, assuming K is a perfectly incompatible element;
right hand vertical axis shows calculated pressure at 1.1 w@4qfrbm A). Note that two melt

inclusions with less than 2 wt%,® are not shown on this plot. In B-D we also show Ml



analyses from Kluchevskoy Group volcanoes for comparison using data sources given in Figure
13.

Figure 13. Comparative chemical variations of melt inclusions (MI) from 2013-13 eruption of
Tolbachik and other Klyuchevskoy Group volcanoes. Data for 2012-13 tephra MI and
groundmass (gmass Iv) glass from this study (Table 7) and M&Mirbnov & Portnyagin
(2011); Auer,09- Auer et al (2009); and P et al. - Portnyagin et al (2007) (a) &@ HO.
Dashed trends show illustrative open system degasing calculated using VolatileCalc 2.0
(Newman & Lowenstern, 2002). Note that displacement of Kluchevskoy Ml from 2012-13 Ml
indicates different initial H20 contents that cannot be reconciles simply by degassingO(b) K
and HO. Note the two distinct two groups; high&and low-HO from the 2012-13 eruption

and low-K0O and high-HO (Kluchevskoy and 1975-76 Tolbachik eruption (Portnyagin et al.
2007). It is not possible to reconcile the differences between the two groups in terms of simple

degassing or crystallization processes.
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Table 1. Samples studied

MSU No. Bristol Lat. Long. Cone Lava field Date* Owner Short description
No.
Tolb2012 - - - MGV near cone 2012-Dec-26 V.M.Okrugi Lava breccia collected near ve
n

PK-13/12 KAM 17 N E NGV Leningradskoe 2013-Aug-18 P.Plechov  aalava
55°43°44.9° 160°17°44.7°

PK-13/7 KAM12 N E NGV Taludskoe 2013-Aug-17 P.Plechov liquid lava on the lava front
55°43°29.3>>  160°21°09.7”’

- KAM 20a N E NGV Taludskoe 2013-Aug-17 J.Blundy liquid lava on the lava front
55°43°29.3>  160°21°09.7”’

PK-13/6 KAM10 N E NGV Taludskoe 2013-Aug-17 P.Plechov  toothpaste lava
55°43°44.0>  160°19°56.4™

PK-13/4 KAM9 N E NGV cone 2013-Aug-16 P.Plechov  Hot lava bomb
55°46°03.2>>  160°19°03.3”’

PK-13/4 KAM 8 N E NGV cone 2013-Aug-16 P.Plechov  Hot lava bomb
55°46°03.2>>  160°19°03.3”’

PK-13/3 KAM 6 N E NGV Leningradskoe 2013-Aug-16 P.Plechov  Rope lavas
55°44°54.5 160°18°54.4”

PK-13/2 KAMS5 N E NGV Leningradskoe 2013-Aug-16 P.Plechov  toothpaste lava
55°44°40.9  160°18°55.6”’

PK-13/2 KAM 4 N E NGV Leningradskoe 2013-Aug-16 P.Plechov  toothpaste lava
55°44°40.9  160°18°55.6”’

NK-13/2 - N: 55° E: 160 NGV near cone 2013-Aug-20 N.Nekrylov  Fresh ash
45,954’ 19.318’

NK-13/3 - N: 55° E: 160 NGV cone 2013-Aug-20 N.Nekrylov  Fresh ash
46.017° 19.189°

* Date of collection




Table 2. Bulk rock analyses of major elements

Lab* ETH ETH ETH ETH ETH ETH ETH ETH ETH IGEM IGEM IGEM
Sample*| KAM KAM KAM KAM KAM9 KAM8 KAM6 KAM5 KAM4 PK-13-7 PK-13- PK-13-6
* 17 12 20a 10 4a
SiIO, 51.82 51.67 51.86 51.92 51.76 51.90 52.18 52.06 51.79 51.28 51.27 50.97
TiO; 1.96 1.95 1.95 1.97 1.95 1.96 1.97 1.96 1.96 1.94 1.95 1.94
Al,03 16.11 16.12 16.10 16.15 16.07 16.13 16.17 16.16 16.13 16.61 16.38 17.08
FeO 10.58 10.56 10.52 10.55 10.46 10.47 10.64 10.53 10.54 10.47 10.63 10.41
MnO 0.20 0.20 0.19 0.19 0.18 0.18 0.20 0.19 0.19 0.17 0.17 0.17
MgO 4.22 4.27 4.30 4.24 4.28 4.27 4.25 4.26 4.21 4.01 4.08 3.73
CaO 7.46 7.46 7.44 7.44 7.44 7.46 1.47 7.47 7.46 7.47 7.49 7.43
NaO 3.63 3.62 3.61 3.64 3.60 3.66 3.65 3.65 3.65 3.45 3.40 3.67
K20 2.45 2.43 2.43 2.46 2.44 2.44 2.47 2.47 2.45 2.40 2.44 241
P.Os 0.73 0.72 0.73 0.73 0.73 0.73 0.74 0.73 0.73 0.69 0.68 0.71
Total 99.16 99.00 99.14 99.29 98.90 99.18 99.74 99.47 99.12 98.49 98.49 98.52
Mog# 41.7 42.0 42.3 41.8 42.3 42.2 41.7 42.0 41.7 40.7 40.7 39.1
Alk 6.07 6.05 6.05 6.09 6.04 6.09 6.12 6.12 6.11 5.85 5.84 6.08

* Laboratory where analysis was poduced: ETH - ETH Zhurich, IGEM - IGAM RAS Moscow.
** Original sample name, see Tabl.1 for description.




Table 3. Representative mineral analyses
Averaged analyses of Olivine

Analysis No. 1 2 3 4 5 6 7
Sample No. Tolb2012 Tolb2012 Tolb2012 Tolb2012 NK-13-2, 13-3 PK-13-6 PK-13-7
N 4 1 1 3 29 6 12
Mg#, mol.% 86.70 73.03 76.62 67.70 73.22 72.92 73.64
Fo, mol.% 85.75 72.10 75.80 66.80 72.55 72.22 72.93
Sio, 39.31 37.36 37.62 36.30 37.62 37.73 37.69
TiO, 0.02 0.02 0.02 0.05 0.02 0.02 0.02
Al,O;3 - - - - 0.03 0.02 0.03
FeO 12.55 23.97 21.22 28.25 24.46 24.61 23.49
MnO 0.23 0.40 0.32 0.53 0.38 0.40 0.38
MgO 45.89 36.41 39.02 33.21 37.54 37.20 36.84
CaO 0.24 0.31 0.19 0.29 0.23 0.23 0.24
NiO 0.22 0.10 0.19 0.04 0.12 0.13 0.12
Cr,05 0.09 0.00 0.10 0.04 - - -
P,Os 0.03 0.07 0.23 0.26 0.04 0.05 0.03
Total 98.70 98.80 99.00 99.07 100.44 100.41 98.84
Analysis No 8 9 10 11 12 13
Sample No. NK-13-2 NK-13-2 PK-13/4b PK-13/7 PK-13/7 PK-13/7
N 11 9 8 1 1 7
Mg#, mol.% 73.48 73.54 68.75 75.22 72.05 68.79
Fo, mol.% 72.78 72.85 67.75 74.37 71.26 67.80
Sio, 37.19 37.44 36.83 38.22 37.72 36.80
TiO, - - 0.06 0.02 0.04 0.05
Al,O3 - - - - - -
FeO 23.46 23.58 26.65 21.83 24.35 26.67
MnO 0.37 0.37 0.52 0.37 0.45 0.50
MgO 36.47 36.78 32.89 37.17 35.22 32.99
CaO 0.22 0.22 0.32 0.23 0.24 0.32
NiO 0.11 0.10 0.07 0.10 0.01 0.06




C r203
P,Os
Total

97.90

98.56

0.22
97.70

0.09
98.18

0.10
98.25

0.20
97.75

1-2 Ol in high-porosity areas (1-cores, 2 - rims); 3-4 Ol in low-porosity areas (3 -com®nsd; 5-9 - Ol hosted Ml (5-7),
CPx (8) and PI(9); 10 - Ol microphenocrysts; 11-13 - Ol in quenched lava (11-cores, 12 - rimscrbphenocrysts)

Averaged analyses of Plagioclase

Analysis No 1 2 3 4 5 6 7
Sample NK-13-2 | Tolb2012 Tolb2012  Tolb2012 Tolb2012 Tolb2012 PK-13/4b
N 13 3 3 3 3 1 1
An., mol.% 78.23 54.14 59.10 70.27 77.04 57.32 63.79
Sio, 46.98 53.97 52.89 50.06 48.31 53.22 51.79
Al,03 32.14 27.63 28.85 30.30 32.15 28.35 30.33
FeO 1.24 1.02 0.94 1.25 0.72 0.93 0.73
MgO 0.09 - - - - - 0.17
CaO 15.64 11.07 12.29 14.43 15.70 11.83 13.15
Na,0O 2.26 4.75 4.42 3.20 2.47 4.58 3.78
K20 0.14 0.60 0.40 0.23 0.15 0.40 0.30
BaO - 0.16 0.13 0.09 0.09 0.14 0.08
Total 98.47 99.20 99.92 99.57 99.59 99.45 100.34
Analysis No 8 9 10 11 12 13
Sample PK-13/4b PK-13/7 PK-13/7 PK-13/6 PK-13/6 PK-13/6
N 7 2 7 2 1 2
An., mol.% 56.51 63.60 55.79 77.80 66.67 56.64
SiO, 53.85 52.27 54.12 47.61 50.05 52.67
Al,O3 28.79 30.33 28.84 31.71 29.67 27.85
FeO 1.10 0.87 1.05 0.80 0.88 0.95




MgO 0.17 0.19 0.18 - - -
CaO 11.58 13.22 11.51 15.73 13.32 11.49
NEXe) 4.39 3.80 4.47 2.36 3.47 4.48
K0 0.57 0.33 0.59 0.19 0.32 0.55
BaO 0.14 0.10 0.18 - . 0.21
Total 100.59 101.07 100.95 98.38 97.71 98.09

1 - Pl inclusions in olivine; 2-4 - Pl microlites in low porosity(2), porous(3) and high-porosity(4) areas;
5-6 - Pl phenocrysts in low-porosity areas (5 - cores, 6 - rims); 7 & 9 - Cores of Pl microphenocrysts;
8 & 10 - Pl microlites; 11-13 - PI from toothpaste lava (11 - cores, 12 - rims, 13 - microlites)

Averaged analyses of Clinopyroxenes

Analysis No 1 2 3 4 5
Sample NK-13-2 Tolb2012 Tolb2012 Tolb2012 PK-13/6
N 7 3 1 2 10
Mg # 80.28 89.64 82.94 81.72 76.42
SiO, 50.01 51.32 51.44 49.86 49.09
TiO; 1.00 0.58 0.60 1.21 1.41
Al,O3 3.47 3.05 2.53 3.37 3.29

FeO 9.02 6.10 8.44 8.81 10.69
MnO 0.22 0.20 0.26 0.22 0.27
MgO 14.90 16.64 16.49 14.35 14.23
CaO 20.15 21.48 19.55 21.25 19.15
Na,O 0.34 0.23 0.28 0.42 0.43
Cr,03 0.22 0.00
Total 99.15 99.82 99.59 99.50 98.55

1 - Cpx inclusions in olivine; 2-3 - CPx in high-porosity areas (2 - Cores, 3 - rims);
4 - Cpx cores in low-porosity areas; 5 - CPx microlites in NGV lava




Averaged analyses of oxide minerals

Analysis No 1 2 3 4 5 6 7 8
Sampe Tolb201 Tolb2012 | PK-13/4b PK-13/4b PK-13/7 PK-13/7 PK-13/6 PK-13/6
2
N 2 2 3 5 4 4 3 4
Cr# 58.00 2.89 10.35 0.76 7.73 0.94 8.95 0.81
Sio; 0.41 0.20 0.17 0.22 0.21 0.20 0.19 0.21
TiO, 0.92 12.61 9.72 12.87 12.04 12.94 12.31 13.59
Al,O3 12.21 4.45 7.27 4.44 4.34 4.22 4.27 3.81
Cr0s3 42.07 1.31 5.33 0.34 3.60 0.42 4.02 0.34
FeO 29.99 72.38 66.24 70.91 69.56 71.50 68.14 70.87
MnO 0.45 0.38 0.36 0.36 0.39 0.39 0.42 0.39
MgO 9.88 3.51 4.99 4.58 4.57 4.55 4.36 4.04
CaO 0.07 0.05 0.11 0.17 0.10 0.14 0.10 0.12
NiO 0.11 0.02 0.15 - - - - -
ZnO 0.30 0.31 - - - - - -
Total 96.40 95.23 94.16 93.85 94.67 94.33 93.74 93.34

1 - Cr-Sp inclusions in olivine of high-porosity areas; Pi-Mt from low-porosity areas; 3, 5 & 7 - Cores of Ti-Mt

microphenocrysts;
4, 6 & 8 - Rims of Ti-Mt microphenocrysts.




Table 4. Interstitial (groundmass) glass analyses

Sample | Tolb2012 Tolb2012 Tolb2012 PK-13/4b PK-13/7
Description LP P HP HLB LL
N 3 s.d 3 s.d 3 s.d 20 s.d 20 s.d
SIO, 58.21 0.4 54.31 0.2 54.26 0.1 52.22 0.3 53.19 0.3
TiO, 2.02 0.04 1.92 0.05 1.76 0.05 2.29 0.05 2.39 0.04
Al ;03 14.53 0.2 16.18 0.2 17.03 0.4 14.83 0.2 14.44 0.2
FeO 8.66 0.3 9.10 0.3 8.77 0.1 10.75 0.1 10.83 0.1
MnO 0.18 0.03 0.17 0.02 0.17 0.05 0.20 0.03 0.23 0.04
MgO 1.69 0.11 3.13 0.07 2.94 0.16 3.41 0.06 3.30 0.07
CaO 3.75 0.1 6.61 0.1 7.27 0.2 6.95 0.1 6.91 0.1
NaO 4.20 0.31 4.34 0.12 4.25 0.07 3.45 0.08 3.52 0.08
K.O 5.06 0.12 3.13 0.15 2.71 0.03 2.77 0.03 3.00 0.07
P,05 1.31 0.03 0.83 0.04 0.68 0.02 1.05 0.06 1.14 0.06
Cl 0.10 0.02 0.05 0.01 0.04 0.01 0.04 0.02 0.04 0.01
Total 99.70 0.6 99.77 0.6 99.88 0.2 97.96 0.5 98.98 0.5
Mg # 0.26 0.38 0.37 0.36 0.35
NaO+K>0 9.26 7.47 6.96 6.22 6.52
Na,O-2 2.20 2.34 2.25 1.45 1.52

* LP - Low porosity; P - porous; HP - high porosity; HLB - hot lava bomb; LL - liquid lava

Table 5. Modal proportions of different magma types

Sample PK-13/4b PK-13/7 PK-13/6***
N 12 sd 11 sd ~500
counts
Pl 10.4 2.2 20.8 2.2 30.7
Gl 34.8 8.6 69.8 56 52.4




Ore 0.3 0.1 0.7 0.2 1.8
Ol 1.0 0.4 2.7 0.9 6.8
Porosity 53.5 10.9 6.0 6.7 8.2
PI* 22.7 2.3 22.2 2.3 33.5
GI* 74.5 2.1 74.2 1.9 57.1
Ore* 0.5 0.2 0.8 0.3 1.9
ol 2.2 0.7 2.8 0.8 7.5
Crystallinity 25.5 2.1 25.8 19 42.9
PI/Ol proportion 10.2 7.8 4.5
Viscosity, poise** | 28249 9268 20039

* values without pores

** effective viscocity calculated after [Marsh, 1981] with melt viscosity calculated by [Bottinga & Weill, 1972] at@100
*** calculated by point counting method in thin section. Tiny cristallized groundmass was calculated as glass.

Table 6. Fractionation calculations

Sample PK-13/4b  PK-13/7 | PK-13/7 PK-13/7 PK-13/7 Calculated composition
Type of material Glass Glass Ol PI Mt -
SiO, 53.33 53.76 37.66 53.70 0.21 53.79
TiO, 2.34 2.42 0.06 0.00 13.77 2.42
Al,O3 15.15 14.59 0.16 28.62 4.50 14.61
FeO 10.97 10.95 27.30 1.04 76.11 10.97
MnO 0.21 0.23 0.51 0.00 0.42 0.21
MgO 3.49 3.34 33.77 0.18 4.84 3.34
CaO 7.10 6.98 0.33 11.42 0.15 6.97
NaO 3.52 3.55 0.00 4.44 0.00 3.53
K20 2.83 3.03 0.00 0.59 - 3.00
P,Os 1.07 1.15 0.21 0.00 - 1.15
Total 100.00 100.00 100.00 100.00 100.00 100.00
Crystallization, wt. % - - 1 5.3 0.6 -




| Crystallization, vol. % | - - | 07 5.4 0.3 -
*All data are normalized to 100%
Table 7. Glass compositions; melt inclusions and groundmass
Sample | NK-
13-2
Inclusio | 2-5- | 2-4-7| 2-4-6 | 2-3-4 | 2-3-3| 2-2- | 2-2- | 3-5-4a| 3-5- | 3-5-3| 3-4-1| 2-9- | 2-8-7 | 2-6- | 3-9-7| 2-5-3 | 2-8- | 2-6-
n 2-b 12a 12b 4b 8b 12 7* 12*
Length, | 160 |43 56 72 112 |91 148 | 144 103 |91 38 41 67 78 66 70 - -
um
Width, |95 27 51 50 102 |51 58 54 67 46 25 31 55 69 60 48 - -
um
Bubble |- - - - - - - - - - - - - - - 16 - -
diameter
, um
SiO, 50.1 | 52.2 |51.0 | 50.7 |50.9 |51.48 |51.0 {50.73 |50.6 |50.8 |51.0 |46.3 |50.2 |51.4 |52.1 |50.8 |50.6 |n.d
0 7 6 1 8 9 4 3 2 6 4 5 8 3 5
TiO, 198 {203 |190 |1.81 |195 /188 |2.04 |201 |182 |192 (185 |1.71 |[2.03 [1.94 |[191 |1.64 |2.96 |n.d
Al,O3 15.7 |16.9 | 15.8 | 16.0 | 15,5 |15.84 |15.7 | 15.60 | 16.1 | 15.7 |16.0 | 145 | 15.2 | 16.1 |15.8 |15.1 |14.3 | nd
5 4 5 4 0 0 6 4 4 9 5 0 9 9 0
FeO 11.0 |10.3 | 109 | 104 |10.6 |10.39 |10.4 |10.67 | 105 |104 |10.9 |11.0 |10.9 |10.3 |10.6 |11.1 |110 |nd
1 7 2 2 2 7 2 0 3 1 2 4 4 0 6
MnO 0.19 | 0.19 (0.14 |0.16 |0.19 |0.19 |0.20 (0.16 |0.17 [0.18 |0.16 |0.19 |0.12 | 0.18 | 0.19 | 0.20 | 0.20 | n.d
MgO 3.84 | 3.38 |3.96 |4.21 |4.03 |3.78 |3.88 |3.94 |359 |4.09 [3.92 {444 |[4.08 |3.83 |3.95 |4.16 |3.92 |nd
CaO 733 | 755 |7.16 |7.83 |7.19 |7.34 7.21 | 7.27 736 |7.25 | 743 |7.32 |7.28 |7.31 |7.29 |7.12 |6.95 | n.d
Na,O 3.78 | 3.48 | 359 |3.62 |[352 |3.56 |3.62 |3.61 |390 |3.48 |3.26 [4.34 |3.64 |3.48 |3.46 |3.72 |3.71 |nd
K,O 2.61 | 249 (238 [2.31 |242 (239 |237 (240 |2.73 |2.33 [2.29 |2.46 (232 |2.46 |2.33 |2.43 |2.75 | nd
P,0Os 0.63 | 0.80 |0.70 |0.66 |0.66 |0.71 |0.74 |0.84 |0.82 |0.75 |0.72 |0.86 |[0.73 |0.82 |0.75 | 1.20 | 0.93 | n.d
Cr,0Os3 0.02 |0.01 [0.00 |0.01 |0.01 |0.01 |0.01 [0.01 |0.01 [0.00 |0.00 |0.01 [0.01 |{0.01 |0.01 |0.01 |0.00 |n.d
NiO 0.03 | 0.03 [0.03 |0.02 |0.01 |0.01 |0.01 [0.03 |0.01 [0.01 |0.00 |0.02 |0.06 |0.00 |0.02 |0.01 |0.00 |n.d




S 0.01 | 0.03 | 0.03 |0.03 [|0.02 |0.047 | 0.02 | 0.030 |0.01 |0.03 0.02 | 0.02 | 0.03 |0.06 |0.01 |nd
3 4 5 9 5 8 5 7 5 7 3 3 0
Cl 0.05 | 0.06 [ 0.04 |0.04 |0.05 |0.047 |0.05 | 0.046 [0.05 |0.05 |{0.05 |0.06 |0.05 [0.04 |0.06 |0.06 |0.05 [nd
0 8 8 3 3 2 3 5 6 8 1 7 4 9 0
Total 97.3 [ 99.6 |97.7 |97.8 |97.1 |97.63 |97.3 | 97.33 [97.8 |97.0 |{97.6 |93.3 |96.7 [ 97.9 | 98.6 |97.6 |96.8 [ n.d
2 1 5 4 1 9 0 4 9 7 2 7 8 7 1
Ol-Host | 74.2 | 72.6 | 73.0 |74.7 |73.1 | 7285 |72.7 | 73.23 | 735 |73.9 |73.0 |73.0 |73.2 | 734 |726 |72.7 |nd n.d
Mg# 6 0 1 9 6 0 7 2 3 0 2 9 6 1
H,O 1.09 /048 (097 |1.14 {111 |111 |1.17 |1.05 |nd 1.06 [{1.07 [ 0.68 |[1.08 |1.12 [1.00 |1.09 | n.d n.d
Raman
H,0, 0.45 | nd 1.10 131 [1.26 |1.15 |[1.24 |{1.19 |nd 1.35 | nd n.d 1.03 |1.13 {1.32 |1.31 |0.31 | nd
wt%,
SIMS
sd 0.02 | nd 0.03 | 0.04 |0.04 |0.06 |0.03 |0.12 |nd 0.03 | nd n.d 0.03 | 0.09 | 0.05 |0.03 |0.01 [nd
CO;, 88 n.d 331 |411 | 396 |428 398 | 723 195 262 |nd n.d 414 | 204 |408 |154 |62 46
ppm
SIMS
sd 19 n.d 31 27 23 25 29 30 24 24 n.d n.d 25 21 29 24 21 17
P, 212 |- 833 | 1056 | 1010|1048 | 1009|1653 |- 753 | - - 990 |570 |1052 508 |145 |-
bars**
Sample | NK- NK-
13-2- 13-3
HF-
H
Inclusio | 2-5a | 2-5b | 10- | 3-1a | 5- 2-1la |2-1b | b 1-8- | 1-5-6|1-5-4|1-5-1| 1-2-8| 1-13-| 1-9- | 1-6- | 1-6- | 1-6-
n 13b 15a 12 4 10 12b | 6a 6b
Length, | 106 |75 56 59 114 |75 75 48 91 69 53 83 82 57 64 139 |65 64
um
Width, 70 45 43 41 73 51 51 31 76 46 51 37 55 45 48 92 34 59
um
Bubble |- - - - 21 18 18 11 - - - 17 - - - - 10 -
diameter

, pm




SiOo, 49.3 1 48.3 [50.0 |nd n.d n.d n.d n.d 515 |51.3 |51.0 |49.7 |51.1 |51.3 |50.1 |51.0 |515 |514
8 8 6 7 3 1 3 4 0 6 8 0 7
TiO, 194 | 2.12 {190 | nd n.d n.d n.d n.d 1.83 {187 |196 |1.86 [1.89 |199 186 [1.96 |1.76 |1.91
Al,0O3 13.6 | 13.6 | 14.7 | nd n.d n.d n.d n.d 15.8 | 15.7 | 158 |16.3 [159 |16.1 | 154 |16.3 | 159 | 15.8
0 3 7 3 8 2 1 2 2 7 5 3 7
FeO 12.7 | 13.7 |11.1 | nd n.d n.d n.d n.d 10.5 {10.3 |10.6 | 9.35 [11.0 |10.5 | 105 |10.4 |10.6 | 10.5
6 0 9 3 5 0 2 0 0 2 1 1
MnO 0.22 |0.27 |0.23 | nd n.d n.d n.d n.d 0.20 | 0.16 |0.26 |0.19 |0.17 [0.17 |0.15 |0.16 |0.19 | 0.17
MgO 5.79 | 5.63 [{4.93 | nd n.d n.d n.d n.d 403 [ 393 (4.13 [4.05 |3.88 |3.91 |4.16 |3.56 |3.77 | 3.84
CaOo 6.01 | 6.42 | 7.58 | n.d n.d n.d n.d n.d 732 | 7.35 |7.35 |8.25 | 742 |7.29 |7.33 | 759 |7.36 |7.19
Na,O 3.40 [ 3.32 {3.34 | nd n.d n.d n.d n.d 359 355 346 |3.67 |3.35 |3.46 |3.72 | 3.58 | 3.74 | 3.74
K-O 250 (231 [2.09 | nd n.d n.d n.d n.d 241 | 244 234 |2.18 |2.30 |2.39 [ 2.34 | 259 [2.34 (241
P,Osg 0.84 |0.85 |0.71 | nd n.d n.d n.d n.d 0.70 |0.65 |0.72 |0.64 |0.75 [0.81 |0.77 | 0.82 |0.78 | 0.79
Cr,03 0.01 |{0.01 |{0.01 |nd n.d n.d n.d n.d 0.01 |0.01 |0.02 |0.01 |0.01 |0.00 |0.01 |0.00 |0.01 |0.02
NiO 0.01 | 0.02 |0.03 | nd n.d n.d n.d n.d 0.01 | 0.03 |0.00 |0.02 |0.02 |0.03 |0.05 |0.02 |0.02 |0.00
S 0.01 | 0.02 {0.04 | nd n.d n.d n.d n.d 0.02 | 0.03 |0.03 |0.05 |0.02 |0.02 |0.02 |0.03 |0.03 |0.04
5 8 5 6 7 1 9 6 4 3 2 8 2
Cl 0.04 | 0.05 | 0.03 | nd n.d n.d n.d n.d 0.02 |0.05 |0.04 |0.05 |0.05 |0.04 |0.05 |0.04 |0.05 | 0.04
5 5 2 2 9 6 9 6 0 9 7 2 4
Total 96.5 | 96.7 | 96.8 | n.d n.d n.d n.d n.d 98.0 |97.5 | 97.7 | 96.3 | 97.9 | 98.0 | 96.5 | 98.1 | 98.0 |97.9
0 1 7 6 1 2 1 4 2 7 8 5 7
Ol-Host | 71.8 | 71.8 | 73.5 | nd n.d n.d n.d n.d 725 | 73.7 |73.7 | 758 | 729 |726 | 735 |72.8 |72.7 | 73.2
Mg# 4 1 7 7 5 4 9 3 1 5 7 6 7
H,O 1.19 {112 |1.64 | 1.41 |1.05 | 1.09 1.09 | 0.95 1.23 |1.15 |1.24 |1.17 |0.78 [1.09 [1.27 |0.91 |1.45 |nd
Raman
H,0, n.d n.d n.d 1.01 |1.14 | 1.19 1.00 | 0.95 1.28 | 1.15 | 1.45 | nd 0.90 [1.35 |1.34 |0.54 | nd 1.33
wit%,
SIMS
sd n.d n.d n.d 0.03 | 0.03 |0.06 |0.07 |0.02 |0.03 |0.04 |0.04 |nd 0.02 | 0.02 | 0.05 |0.01 [nd 0.06
CO;, 721 | 883 |426 |179 |445 | 139 96 331 308 | 365 | 249 | 223 (351 |438 | 376 |256 |nd 286
ppm
SIMS
sd 55 52 48 19 34 23 29 34 30 26 23 24 26 31 28 40 n.d 31




P, 1649 | 1944 | 1195 | 592 | 1080 | 444 306 | 800 831 |916 |755 |620 |832 |1123|991 |581 |- 798
bars**
Sample PK- PK-
13-6 13-7
Inclusio | 1-4- | 1-4- | 6- 13-7 | 136 | 12-14 {133 |822 |11 |12 |14 |15 |16 |17 |18 |19 |21 |22
n 9* 9a* | 17a
Length, |- - 63 118 |49 65 93 85 53 41 74 95 50 62 47 36 50 42
um
Width, - - 46 49 33 53 88 67 42 34 50 58 47 61 32 34 41 36
um
Bubble |- - 10 - 9 12 20 14 - 7 - 18 10 12 8 8 11 10
diameter
, um
SIO, 51.3 |51.3 |52.0 |51.1 |51.5 |52.76 |51.6 |52.89 |51.3 |52.6 |54.0 |52.6 [53.4 |51.8 |52.2 |51.2 |51.3 |51.7
5 5 7 9 1 1 1 0 8 1 9 1 2 0 7 8
TiO» 2.20 | 2.20 [2.34 |2.16 |2.06 |198 |188 |197 |2.02 (193 |2.24 |1.73 |1.88 |1.93 |2.18 |2.12 |1.99 |2.08
Al,O3 147 (14.7 | 169 |17.2 |17.6 |17.45 |16.9 | 17.66 |16.8 | 16.8 | 155 |16.9 | 158 (169 |17.0 |16.9 |17.1 |17.2
3 3 3 1 2 2 1 3 4 4 7 7 2 4 4 6
FeO 10.8 | 10.8 |9.95 | 8.98 [9.01 |9.69 |9.83 953 |10.6 |10.4 |10.4 |10.3 |10.9 |10.4 |10.3 |10.7 |10.4 |10.2
5 5 0 4 0 0 6 9 4 2 6 3
MnO 0.18 | 0.18 | 0.11 |0.16 [0.14 |0.15 |0.16 |0.15 |0.18 |0.17 |0.16 |0.17 [0.19 |0.18 |0.16 |0.19 |0.16 |0.19
MgO 3.84 [ 3.84 |259 |2.17 [2.03 |2.60 |[253 |2.13 [4.30 {4.31 |[3.88 |3.94 [3.78 | 4.15 |4.06 |4.34 |4.35 |3.91
CaO 7.07 | 7.07 [8.01 |8.70 |8.64 |8.29 |8.36 [842 |7.65 750 |6.28 |7.27 |6.26 |7.65 |7.53 |7.65 |7.87 |7.60
Na,O 3.84 |3.84 [3.92 |4.24 |4.04 |3.78 |3.89 |3.97 |3.61 [3.15 |3.75 |3.76 [3.78 |3.73 |3.04 |3.81 |3.64 |3.74
K->O 270 | 2.70 [ 259 | 290 |2.44 |251 |242 |[258 |2.62 [2.28 |2.69 |2.46 |2.86 |2.31 |2.47 |2.24 |2.18 |2.35
P,Os 0.88 |0.88 |0.92 {081 |0.78 |0.80 |0.83 |0.84 |0.84 [0.74 |092 |0.74 [0.86 |0.72 |0.91 |0.71 | 0.77 |0.80
Cr,03 0.01 |0.01 |0.00 |0.01 |0.02 |0.01 |0.02 |0.01 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d
NiO 0.00 | 0.00 | 0.01 |0.02 |0.00 |0.03 |0.02 |0.01 |nd n.d n.d n.d n.d n.d n.d n.d n.d n.d
S n.d n.d 0.03 | 0.01 | 0.05 | 0.027 | 0.04 | 0.040 | nd n.d n.d n.d n.d n.d n.d n.d n.d n.d
2 4 6 8
Cl 0.03 | 0.03 | 0.03 |0.04 | 0.07 |0.058 | 0.06 | 0.081 |0.04 |0.05 |[0.04 |0.07 |0.04 |0.05 |0.05 [0.08 |0.04 |0.04
7 7 7 9 4 8 1 6 7 1 8 7 9 7 8 8




Total 97.7 | 97.7 [ 99.4 | 98,5 |98.3 |100.1 |98.5 | 100.2 | 100 |100 |100 |100 |100 |100 |100 |100 |100 |100

0 0 8 9 7 0 3 4
Ol-Host | n.d n.d 73.0 | 73.6 |73.3 | 7260 |73.2 |71.73 |74.2 |74.1 | 73.7 |73.5 |70.2 |745 |74.3 |73.9 |74.3 | 74.7
Mg# 3 1 3 0 6 8 2 3 8 8 7 8 0 1
H,O n.d n.d 0.21 |{0.24 |0.19 |0.127 |0.11 |0.18 |nd n.d n.d n.d n.d n.d n.d n.d n.d n.d
Raman
H,0, 0.26 [{0.32 |{0.12 |0.11 {0.19 |nd 0.13 | 0.12 |nd n.d n.d n.d n.d n.d n.d n.d n.d n.d
wit%,
SIMS
sd 0.02 | 0.02 | 0.00 |0.00 [Nnd n.d 0.00 |0.01 |nd n.d n.d n.d n.d n.d n.d n.d n.d n.d
CO,, 69 53 732 | 284 | 133 | 166 130 | 109 nd (nd |nd |nd |nd |nd |nd |nd |nd |nd
ppm
SIMS
sd 21 22 32 29 26 27 28 26 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d
P, 158 | 126 |1529|614 |293 | 364 285 | 239
bars**

Sample

Inclusion 2-4 2-5 2-6 2-8

Length,um 80 53 42 62

Width, um 48 50 34 38
Bubble diametenum - 13 -

SiIO, 53.33 5146 5040 51.51

TiO, 212 2.08 2.49 2.04

Al,O3 1549 17.02 15.78 17.21

FeO 11.04 10.65 12.63 10.42

MnO 0.20 0.18 0.25 0.18

MgO 3.87 4.22 4.44 4.27

CaO 6.76  7.68 7.50 7.42

Na,O 3.69 3.47 3.26 3.81




K>0 258 2.36 2.03 2.34

P,Os 0.87 0.83 1.15 0.75
Cr,03 n.d n.d n.d n.d
NiO n.d n.d n.d n.d
S n.d n.d n.d n.d

Cl 0.046 0.060 0.059 0.053

Total 100 100 100 100

Ol-Host Mg# 7254 7516 7244 74.15
H,O Raman n.d n.d n.d n.d
H.O, wt%, SIMS n.d n.d n.d n.d
sd n.d n.d n.d n.d
CO;, ppm SIMS n.d n.d n.d n.d
sd n.d n.d n.d n.d

P, bars** | - - - -

* - groundmass glass, tephra; ** - Newman & Lowenstern, 2002; n.d - not determined
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