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Abstract. Here we present results from monitoring of the composition of rocks produced
during the 2012-2013 fissure eruption at Tolbachik volcano (FTE). Major and trace element
concentrations in 75 samples are reported. Products of this eruption are represented by high
alumina basaltic trachyandesites with higher alkalis and titanium contents than in all previously
studied rocks of the Tolbachik monogenetic volcanic field. Rocks erupted during the first three
days (27-30 November) from the northern (also called Menyailov) group of vents are the most
silica- and alkali-rich (SiO, concentrations up to 55.35 wt. percent and K,O up to 2.67 wt.
percent). From December onwards, when the eruptive activity switched from the Menyailov
vents to the southern (Naboko) group of vents, silica content dropped by 2 wt. percent,
concentrations of MgO, FeO, TiO, and Mg# increased, and K,O, Na,O concentrations and
K,O/MgO ratio decreased. For the rest of the eruption the compositions of rocks remained
constant and homogeneous; no systematic compositional differences between lava, bombs and
scoria samples are evident. Trace element distributions in the rocks of the Menyailov and
Naboko vent lavas are relatively uniform; Menyailov lavas have slightly higher Th, Nb, Hf, Y,
and HREE concentrations than the Naboko vent lavas at more or less constant element ratios.
We explain the initial change in geochemistry by tapping of a slightly cooler and fractionated
(~3 % Mt and 8 % Cpx) upper part of the magma storage zone before the main storage area
began to feed the eruption. Thermodynamic constraints show that apparent liquidus temperatures
varied from 1142 °C to 1151 °C, and thermodynamic modeling shows that variations in
compositions are consistent with a high degree of low pressure (100-300 MPa), nominally
anhydrous fractionation of a parent melt compositionally similar to the 1975 Northern
Breakthrough basalt. Geochemistry, petrological observations and modeling are in agreement
with the newly erupted material being derived from remnant high-Al magma from the 1975-76
eruption with only slight amounts of cooling (less than 1 °C per year) during the intervening 36
years.
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Highlights
We present a set of lava compositions spanning 2012-13 Tolbachik fissure eruption
We document a major compositional change after the first three days of eruption
From the mid December until the end of eruption lava compositions remained constant
High alumina basaltic trachyandesites with high alkalis and Ti content were erupted
Petrological modeling shows that high-Al 1975-6 and new lavas are genetically related
1. Introduction.
1.1. Geological background.

Tolbachinsky Dol (TD) is the southern part of the largest zone of monogenetic volcanism
in Kamchatka, which is superimposed on the Klyuchevskoy group of composite volcanoes at the
northern end of the Kamchatka volcanic arc (Fig. 1). At its northern end, TD intersects the
edifice of the Plosky Tolbachik stratovolcano. TD has formed by numerous eruptions of high-
alumina, sub-alkaline basalt and basaltic andesite throughout the Holocene, and since 2 ka also
by eruptions of high-Mg, medium-K basalt (Fedotov et al., 1983, 1984). The most recent prior
activity took place here during an eruption in 1975-76 that is known as the Great Fissure
Tolbachik Eruption (GFTE). The extensive research on the GFTE produced a series of papers
and a monograph on the volcanology and petrology of the eruption (Fedotov et al., 1983, 1984;
Fedotov et al., 1991; Volynets et al., 1978 and many others). The DRE volume of the erupted
products was 1.44 km®, and the area covered by lava flows was ~45 km?”. This event started in
July 1975 with a highly explosive eruption of high-Mg basalts from the ‘Northern Breakthrough’
and lasted about 2 months. Then the center of activity moved to the south and the eruption
continued from the ‘Southern Breakthrough’ by the effusion of high-alumina, sub-alkaline
basalts and basaltic andesites until its end in December 1976. Volcanic rocks with compositions
intermediate between the high-Mg and high-Al basalts were erupted during the short period at
the end of the Northern Breakthrough and beginning of the Southern Breakthrough activity
(Volynets et al., 1978). After almost 36 years of quiescence a new fissure eruption began on 27
November 2012 in the TD approximately 5 km north of the Northern Breakthrough. It lasted 9

months and was named the “IVS 50" anniversary Fissure Tolbachik eruption” (here — 2012-2013



fissure eruption of Tolbachik volcano; FTE). Geophysical observations of the Tolbachik volcano
unrest in 2012 and the precursors of the eruption are described in detail in other papers of this
special issue (Kugaenko et al., this issue; Senyukov et al., this issue; Belousov et al., 2015).
Seismic and GPS data are consistent with a magma storage zone located under Plosky Tolbachik
and rapid southward migration of magma to the eruption site several hours before the eruption

began.
1.2. Chronology of the 2012-2013 eruption.

The new eruption started from a fissure that opened at 05:15 UTC on 27 November and
formed the Igor Menyailov group of vents, which are located at N 55°47'9"/E 160°19'39" at an
elevation of 1900 m a.s.l. on the upper south slopes of Plosky Tolbachik stratovolcano (Fig. 1).
About 18 hours later (Volynets, Melnikov, 2013; Melnikov, Volynets, this issue) a second
fissure opened further down the slope that eventually formed the Sofia Naboko group of vents at
N 55°46'6"/E 160°18'59" at an elevation of 1650 m a.s.l. The Menyailov vents were active
during the first three days of the eruption (27-30 November). After that the focus of the eruptive
activity shifted exclusively to the Naboko vents and continued from there until the end of
eruption in early September 2013. The intensity of the eruption was highest during the first two
days when the average lava discharge rate was 440 m’/sec (Dvigalo et al., 2014). During the next
two weeks the rate of lava discharge decreased to ~140 m3/sec, and from mid-December 2012
onwards it was practically constant at about 18-19 m’/sec (Dvigalo et al., 2014). Although the
eruption was mostly effusive, numerous small scoria cones up to 15 m high as well as a group of
scoria cones up to 123 m high (Naboko vent area) were formed around the mouth of the fissure;
their estimated volume is ~0.02 km’. The volume of pyroclastic deposits at a distance up to 1.5
km from the fissure zone did not exceed 0.1 km?>. However, the total estimated volume of lava
erupted between November 2012 and June 2013 is 0.52 km®, which covered an area of 35.23
km? (Dvigalo et al., 2014). The total volume of material erupted during 2012-2013 episode is
about 0.65-0.7 km® (Dvigalo et al., 2014).

While Volynets et al. (2013) published the first rock compositions documenting the initial
period of eruption from its beginning until late January 2013, here we present first full set of data
on the compositions of rocks that span the duration of the eruption. We also discuss the
petrological evolution from the beginning until the end of eruption, and show that most of the
variation can be explained by relatively simple fractionation processes from a parental magma

similar in composition to that erupted from the Northern Breakthrough in 1975-6.

2. Sampling and analytical methods



The erupted material was sampled systematically throughout the eruption. When
possible, samples were collected from the active lava channels (Fig. 2) and from fresh bombs
and scoria. Therefore, all rock samples in this collection are strictly time-bounded and document
the evolution of the lava composition from the beginning until the end of the eruption.
Concentrations of the major and selected trace elements (V, Cr, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr,
Nb, Ba, Pb) were analyzed in 75 samples by X-ray fluorescence spectroscopy (XRF) using an
Axios MAX vacuum sequential spectrometer (wavelength dispersive) made by PANalytical at
the Institute of Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry, Russian
Academy of Sciences (IGEM RAS). For determination of the major elements, glass disks were
prepared by the induction melting of the annealed sample powders mixed with lithium borates at
1200 °C. For the determination of the trace elements, samples were prepared by cold pressing the
dry powders with plastic filler in a tablet 32 mm in diameter. Analytical errors were 1-5 percent
for the elements with concentrations >0.5 weight percent and up to 12 percent for the elements
with concentrations < 0.5 weight percent. Additional trace elements were analyzed in 18 samples
by inductively coupled plasma mass spectrometry (ICP-MS) at the Institute of Microelectronics,
Technology, and High Purity Materials RAS (IMT RAS). Powdered samples were digested in an
acid mixture following standard procedures described by Karandashev et al. (2008). The
accuracy of the measurements was monitored by analyzing USGS standards BHVO-2 and AGV-
2 and in-house reference materials. The accuracy for most trace elements was ~ 7 percent. Five
more samples were analyzed for trace elements concentrations by ICP-MS at
Geowissenschaftliches  Zentrum at the Georg-August Universitdt, Gottingen (Abteilung
Geochemie; ICPMS by: Perkin Elmer, type: DRC II). Digestion of 100 mg of rock powder
(<63um) was performed in a mixture of HF+HCIO4+HNOj in a closed teflon beaker at 180°C
for 18 hours. The dissolvable residue was digested in 100 ml 2 percent HNO; adding 4 internal
standard elements (Be, Rh, In, Re). Concentrations of about 50 elements were determined in
solutions by comparison to matrix matched calibration points covering the concentration range in
geological samples. Internal reproducibility is better than 2 percent, and external accuracy
checked by GJA-2 (jap. andesite) is better than 10 to 20 percent. Results were drift corrected by
monitoring one calibration point through the course of the run, and also corrected for the major

oxide interferences (BaO, REEO, etc).
3. Results

3.1. Petrography and mineralogy.



All products of the eruption are black to dark-grey, sub-aphyric basaltic trachyandesites
(Fig. 2). Although detailed analysis of the lava microstructures and mineral phase compositions
is still in progress, here we report some principal observations of the petrography that are

pertinent to understanding the rocks’ genesis.
3.1.1.Phenocrysts

Volcanic rocks produced during the first three days of the 2012-2013 Tolbachik eruption
are practically aphyric; only sporadic large phenocrysts of plagioclase are present. Starting on 1
December the mode of phenocrysts in lavas increased (up to 5-7 volume percent) and remained
at this level until the end of the eruption. Plagioclase (P1) is the dominant phenocryst phase and it
is represented by two distinct populations of crystals. The 1* generation (Fig. 3A) comprises
large (up to 1-1.5 cm on elongated axis) megacrysts, which in most cases are heavily corroded
with abundant melt inclusions; starting from 1 December crystal lapilli (1-2 cm in diameter)
were also erupted from the Naboko group of vents. The 2" generation (Fig. 3B) comprises
mainly microphenocrysts (<500 pum), usually with euhedral boundaries and fewer melt
inclusions. Compositionally crystals of the 1** and 2" generation range from An48-84, with
distribution maximums at An62 in the Menyailov vent lavas, and An70-72 and 80-82 in the
Naboko vent lavas (Volynets et al., 2014a, 2015). Isolated phenocrysts typically show patchy,
normal and reversed zoning, while the glomerocrysts erupted as lapilli have oscillatory and

patchy zoning.

Olivine (Ol) is found mainly as microphenocrysts. A typical feature of Ol in the 2012-
2013 lavas is the skeletal shape of the crystals, possibly indicating very fast growth rates (Fig.
3C, D). Swallow-tale Ol microphenocrysts (common in MORB pillow lavas but rather rare in the
terrestrial eruption products) also are evidence of rapid cooling. Compositionally Ol ranges from
Fo64-76, with Fo70-75 most prevalent (Volynets et al., 2014b). Lava from the Menyailov vents
contains partly dissolved Ol crystals with higher Fo contents in the core (Fo~80) and lower at the
rim (Fo74). The first lavas erupted from the Naboko vents contain reversely zoned Ol

microphenocrysts (Fo73 in the core and Fo75-77 at the rim).

Clinopyroxene (Cpx) ranging in composition from augite to salite (Mg# 66-73) occurs in
small glomerocrysts with Ol, Pl and Magnetite (Mt) (Volynets et al., 2014b, 2015). Menyailov
vent lavas contain large zoned clinopyroxene phenocrysts. The average Ti/Alcyx ratio increases

from 0.22 to 0.3 between the Menyailov and Naboko vent lavas respectively.

3.1.2. Groundmass



The groundmass has hyalopilitic, hyaline, pylotaxitic and intersertal textures (Fig. 4). The
main groundmass-forming mineral is Pl ranging in composition from An41-65 (Volynets et al.,
2014a, 2014b, 2015). Frequently two types of groundmass (for example, light-brown semi-
transparent hyaline or hyalopilitic and non-transparent black hyalopilitic or pilotaxitic) are
present in thin sections; where observed the contacts between the two types demarcate high- and
low-porosity areas. Lavas from the initial stage of eruption (Menyailov vents and early-erupted
parts of the Naboko vents) frequently show a very sharp contact between the two types of the
groundmass (Fig. 4D), demarcated by a thin (less than 1 um) belt of Mt crystals; similar “Mt-
belts” encircle partly melted Fo crystals in Menyailov vent lava (see above) and occur in
microscopic fissures and cracks in the groundmass of these samples. The contact separates a
coarser-grained groundmass made of Pl (up to 10 x 80-100 um size), Cpx and Mt (both about 5-
10 um across; also some bigger microphenocrysts of Mt are more frequent here) from a finer-

grained groundmass formed by thin Pl lathes (1-3 x 5-10 um) and abundant sub-pm sized Mt.
3.2. Geochemistry

Compositionally, all of the volcanic rocks produced during the 2012-13 eruption are
basaltic trachyandesites. Those produced during the first three days of the eruption at the
Menyailov vents have SiO, concentrations up to 55.35 weight percent and K,O up to 2.67 weight
percent (Fig. 5, Table 1); they are more acid and alkali-rich than any previously studied rocks
from the Tolbachik zone of monogenetic cones. At the beginning of December, when the
eruptive activity moved to the Naboko group of vents, SiO, concentrations dropped by 2 weight
percent and remained at this level until the end of eruption. Concentrations of MgO, FeO and
TiO; increased, while concentrations of K,O and Na,O decreased (Fig. 5, 6). The earliest erupted
lavas from the Naboko vents (December 2“d—7th) have a composition intermediate between the
Menyailov lavas and later lavas of the Naboko vents (mid December — end of the eruption) with
respect to the concentrations of SiO,, MgO, alkalis and K,O/MgO ratio (Fig. 6). From the middle
of December onwards, the composition of rocks remained homogeneous and constant. We did

not observe any systematical compositional differences between lava, bombs and scoria samples.

Normalized concentrations for trace elements in 2012-2013 FTE basaltic trachyandesites
demonstrate only subtle differences between samples from the Menyailov and Naboko vents
(Fig. 7, Table 2). The Menyailov samples have slightly higher Th, Nb, Hf, Y, and HREE
concentrations than the Naboko samples at more or less constant element ratios (Fig. 7A, B). All
trace element patterns have typical arc signatures; relatively depleted in HFSE and enriched in

LILE and LREE (Fig. 7A), with elevated fluid-mobile/HFSE ratios (Ba/Nb, Th/Ta, U/Nb). They



are also enriched in HREE relative to NMORB (average Ybgample/Ybnmorg=1.42 in the
Menyailov samples and 1.38 in the Naboko samples). However, Nb, Ta, Zr, Hf, and Y
concentrations are higher than in typical arc-front lavas (Fig. 7A) compared to the high-Mg
basalts of the 1975-76 Tolbachik fissure eruption, which have concentrations of incompatible
elements similar to those of the Kamchatka arc front volcanoes (Churikova et al., 2001), possibly
reflecting variable enrichment of the source by these elements. Sr and Eu, on the contrary, form
prominent minima at the PM-normalized trace-element distribution patterns. Ratios of the
source-indicative incompatible elements with the similar distribution coefficients (such as Y-Tb,
La-Ta, La-Nb, Dy-Yb, Ba-Nb, Ta-Th, Zr-Hf-Sm, U-Nb-Ta) are practically constant in samples
from the Menyailov and Naboko vents. However, some of the fractionation-sensitive element
pairs, like Ni-Sc, V-Cr, Zr-Cr, and Ni-Mg, show significant variability: Zr/Cr, V/Cr, Zt/Ti
strongly increase in the Menyailov vent lavas, while Ni/Mg, Ni/Sc decrease. Rb/Sr and Ba/Sr
remain almost constant independently of the silica content, but are much higher than in the 1975-

76 Southern Breakthrough lavas.

Thermodynamic characterization using MELTS (Ghiorso and Sack, 1995; Gualda et al.,
2012) of the most primitive bulk rock samples from the Menyailov and Naboko vents shows that
predicted liquidus eruption temperatures vary only slightly between the two (Tiiq ~1148 °C for
Menyailov and 1145 °C for Naboko; fO, fixed at QFM) and are somewhat higher than lava
temperatures measured by thermal probes in the field (1080 °C; Edwards et al., 2014). The
predicted liquidus phase for both vents is Pl with liquidus compositions of An59-62 for
Menyailov and An62-65 for Naboko samples, followed sequentially by crystallization of Ol, Mt,
and Cpx. Non-vesiculated densities for liquidus melt compositions show that the Menyailov

lavas are slightly less dense (2580 kg/m3) than those for the Naboko lavas (2630 kg/m3).

The 2012-2013 FTE lavas have lower Mg#, higher FeO, TiO, and alkali concentrations
and higher K,O/MgO ratios than lavas produced by all of the large stratovolcanoes located in the
Central Kamchatka Depression (Klyuchevskoy, Bezymianny, Kamen, Shiveluch: Churikova et
al., 2013; Churikova et al., 2001; Ermakov, Vazheevskaya, 1973; Fedotov et al., 1984;
Portnyagin et al., 2007; Volynets et al., 1978; Fig. 8). Similar evolution trends are observed in
the Ploskye Sopki volcanic massif (Churikova, Sokolov, 1993; Churikova, 1993), although the
2012-2013 FTE products still have higher alkali and Ti concentrations for the same silica
contents; several samples of basaltic trachyandesites and trachyandesites from this massif have
trace element distribution patterns equal to the newly erupted Tolbachik rocks, but are higher in
silica (54.8-57.8 weight percent; Fig. 7A). New data on the major and trace element
compositions of rocks produced by Plosky and Ostry Tolbachik stratovolcanoes (Churikova et
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al., this issue; Churikova et al., 2014) demonstrate the similarity in composition of the Naboko
group rocks to the lavas of the late stage of stratovolcano activity (Churikova et al., 2014;
samples from >2100 m a.s.l. on the stratocone’s flank), and most of the cinder cones of the
monogenetic zone, including the Southern Breakthrough of the GFTE. However, rock
compositions of the 2012-13 eruption are more evolved then those of rocks from the 1975-76
Tolbachik fissure eruption and they have systematically lower Mg# then Southern Breakthrough
lava at similar Ca/Al ratios (Fig. 8). Trace element distribution patterns in the 2012-2013
Tolbachik fissure eruption rocks are sub-parallel to patterns for the Southern Breakthrough
samples (Fig. 7A) and enriched in all incompatible elements, except Sr (Fig. 7B). Therefore, they

could be produced by fractionation of Pl from the same parent magma.
4. Discussion

The petrological and geochemical diversity recorded by the 2012-13 Tolbachik eruptive
products is subtle after the first three days of the eruption. However, data sets that document the
compositional homogeneity throughout 9 months of eruptive activity are important for
constraining the range of feasible processes occurring over the timescale of the eruption, the
magmatic processes that formed the TD and other monogenetic volcanic fields over time-scales
of k.y., and for investigating possible genetic relationships between the Holocene fissure activity
of Tolbachinsky Dol and the Plosky Tolbachik stratovolcano. The two principal geochemical
questions that have been raised by the 2012-2013 eruption, are: 1) what is the nature of
connection between Menyailov and Naboko vent rocks; and 2) what is the nature of the
connection (if any) between newly erupted rocks and 1975-76 magmas (high-Mg of the Northern
Breakthrough and high-Al of the Southern Breakthrough)? Using major and trace element data
together with petrographical and mineralogical observations and thermodynamic modeling, we

address these questions below.
4.1. Origins of syn-eruption petrological diversity

Petrographic and geochemical evidence shows that over the course of the eruption a
relatively homogeneous batch of magma was erupted. The short-duration chemical diversity at
the onset of the eruption could reflect eruption of magma from the boundary zones of the magma
storage area, where slight contamination and/or fractionation due to wall rock heat loss is most
likely to occur. Liquidus temperatures predicted from bulk rock compositions increase slightly
over the duration of the eruption from 1142 °C to 1151 °C, which is consistent with progress
tapping of more thermally insulated magma over time. The observed Pl compositions range to
much higher An-contents (An80) than those predicted for liquidus conditions (An65), while the
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groundmass Pl falls within the predicted range (An41-65). This is consistent with the low
volume Pl megacrysts having been inherited from a less fractionated magma like that erupted
from the Southern Breakthrough in 1975-76 (Volynets et al., 1978; Churikova et al., 2001).
Shapes and textures of the microphenocrysts, however, are consistent with equilibrium
crystallization from the host magma. Their compositions (e.g. high An content, Fe-Mg zoning),
though, might be influenced by the temperature variations caused by self-mixing processes in the

magma chamber (Volynets et al., 2015).

The differences in groundmass textures may record changes in the magmatic fO,, with
the fine-grained groundmass having formed when the melt had lower fO,. If the fO, increased
just prior to eruption, possibly in the feeder dyke, it could have led to the observed increase in
Mt crystallization and larger Mt grains. Other mineralogical data, reported by Volynets et al.
(2015), includes documentation of Fe-Mg-An zonation in Pl and compositions of Cpx
phenocrysts, which also could result from variations in the oxidation state of the erupting
magma. Higher oxygen fugacity prior the eruption is consistent with the increase of Fe at
constant Mg concentrations at the edges of P1 microphenocrysts and phenocrysts and lower Ti/Al
ratios in Cpx from Menyailov vent lavas compared to the Naboko vent. Hammer (2006) and Del
Moro et al. (2013) have suggested that a decrease in Ti/Al in Cpx may signal an fO, increase.
High-Fo olivines, found in the lavas of the initial stage of the eruption by Izbekov et al. (2014),
might also be formed as a response to the sharp increase of the oxygen activity from QFM to
NNO and even higher during the fissure opening, in manner analogous to that proposed for the
origin of lapilli tuff ejecta at Stromboli volcano, reported by Cortes et al. (2006) and Del Moro et
al. (2013).

4.2. Relationship between the Menyailov and Naboko vent samples

Taking into account the similarity of the trace element concentrations in the Menyailov
and Naboko groups of vents and the constant elemental ratios, we hypothesize that lavas of these
two groups of vents are produced from the same parent magma, fractionated to a different extent.
Any other process, such as assimilation of the host rock or involvement of a different magma
batch, would cause changes in source-sensitive incompatible element ratios, which is not
observed. Furthermore, reported data on the isotopic compositions of the 2012-2013 eruption
rocks exclude the possibility of crustal assimilation (Portnyagin et al., this issue; Eremina et al.,
2014). Therefore, we argue that the lavas from the Menyailov vents resulted from draining of the
upper part of the magma storage zone, which was higher in silica and alkalis and slightly lower

in density. The Naboko vent lavas and tephra (located downslope from the Menyailov vent)



formed as the less fractionated, inner part of the magma storage area started to erupt.
Involvement of the deeper portions of the magma storage area in the eruption of the Naboko
vents is also consistent with the geophysical data (Gordeev et al., 2014). However, involvement
of different magma batches at the initial stage of eruption cannot be excluded, as this could be
consistent with some petrographic observations of mineral disequilibrium (e.g. Pl with sieve
textures). If these batches were more or less similar in composition, differing only in temperature
and/or oxygen fugacity, it would not change the chemical composition of products, but might
remain imprinted in the microstructure of the rocks (Fig.4D). Otherwise the observed differences
in the groundmass textures could be generated directly in the crater area of the vents via
recycling of the erupted material through many cycles of ejection and fall/drain-back, although it
is unlikely that this process would cause massive Mt crystallization. Furthermore, these two
types of groundmass are observed mainly in the rocks of the initial stage of the eruption, before

the crater lava pond had formed, so extensive recycling would be less likely.

Simple mass-balance calculations (Fig. 9) show that removal of less than 3 weight
percent Mt and ~8 weight percent Cpx produces the observed gap in silica content and change in
other major element concentrations reported for Menyailov vent lavas. This hypothesis is
supported by the trace element ratio plots (Fig. 9, 10): the only element ratios differing between
the Menyailov and Naboko vents rocks are those affected by Mt crystallization — Zr/Ti, Zr/Cr,
V/Cr. Decreases in Ni/Sc and Ni/Mg ratios could also be produced by Cpx and Ol crystallization,
but here it is caused by Ni depletion in Menyailov magma at almost constant Mg and Sc values.
Therefore, fractionation of Mt-Cpx from the magma supplied to the Menyailov vents is the
simplest explanation for the chemical variability observed during the first three days of the
eruption. The subtle chemical variation during the course of the eruption, including the slight
overall increase in Mg#, is consistent with a magma storage zone wherein magma is not strongly

chemically zoned but also is not being thoroughly chemically homogenized.
4.3.  Constraints on the magma storage area

Estimates of liquidus conditions suggest that between the 1975-76 and the 2012-13
eruptions, the temperature of the accessible high Al basaltic magma within the storage area
decreased by ~35° C. Fedotov et al. (2011) developed a model for the magma storage area
underneath Plosky Tolbachik and its dimensions: they estimated that is has a transverse
dimension of ~5 km, a depth of ~3 km, and a volume of 40-60 km”. Assuming a roughly
cylindrical shape to the storage zone with a radius of 2.5 km and a depth of 3 km gives a volume

of ~60 km’. Following the methods outlined for solutions to the Stefan Problem by Turcotte and
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Schubert (2002), we have estimated the thickness of a boundary layer of magma that experienced
35° of cooling based on the following assumptions for the magma: latent heat of crystallization
of 160 kJ/kg (~50 percent crystallization), heat capacity of 1.2 kJ/kg K, and a value of thermal
diffusivity of 0.7 x 10°. After 36 years, a layer of magma ~20 m thick would have cooled ~35°;
given the assumed cylindrical geometry of the storage area, that would generate approximately
0.4 km® of magma within the temperature range estimated by our calculations, which is close to
the 0.55 km® volume estimated for the 2012-13 eruption (Belousov et al., 2015). While these
approximations are only order of magnitude calculations, they show that our hypothesized
relationship of closed system fractionation between residual magma from the 1975-76 eruption

and the 2012-13 basaltic trachyandesite is feasible from a physical perspective.
4.4.  Petrogenetic processes in monogenetic volcanic fields

Many fields of monogenetic volcanic cones and flows show evidence for polymagmatic
origins, including: Tolbachik, Kamchatka (Volynets et al., 1978; Flerov et al., 1984 and others);
the Sredinny Range, Kamchatka (Volynets and Churikova, 2004; Volynets et al., 2010); Jeju
Isand, Korea (Brenna et al., 2010; Brenna et al., 2012); Auckland volcanic field, New Zealand
(McGee et al., 2012; McGee et al., 2013); Lathrop Wells, Nevada (Perry et al., 1998; Valentine
et al., 2007). Chemical variability could be caused by the participation of separate magma
batches, which in turn experience a diversity of processes within the source and the conduit
systems including varying degrees of melting, different compositions of the source(s), and
fractionation of parent melts and assimilation of crust. Practically all parental partial melts are
able to exist in an unstable state for some time and subsequently lead to the eruption of
chemically different material within a small area and a small time span (McGee et al., 2012).
Coexistence of two principally different types of magma (high-Mg, low- to medium-K and high-
Al sub-alkaline) in time and space, as it is reported for Klyuchevskoy (e.g., Kersting and
Arculus, 1994; Ariskin et al.,, 1995; Ozerov et al.,, 1996) and Tolbachik volcanoes and
surrounding monogenetic zones (Volynets et al., 1978; Flerov et al., 1984; Hochstaedter et al.,
1996; Ermakov and Ermakov, 2006), is interpreted either as a result of fractionation of one
parent high-Mg melt to produce the high-Al derivate, or as a result of ascent and/or mixing of
two distinct parent magma batches: one generated at greater depth (high-Mg) and the other at
lower levels (high-Al).

The chemical variations observed between the 1975-76 and 2012-2013 lavas can be at
least partly explained by closed system fractionation of a parent melt with a composition similar

to that of the high-Mg magma of the 1975-76 eruption (sample Fed 07, which has the highest
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Mg# of Northern Breakthrough samples; Fedotov, 1983). Liquid lines of descent (LLD)
calculated using rhyolite-MELTS (Ghiorso and Sack, 1995; Gualda et al., 2012) at low pressures
(100-300 MPa , corresponding to a shallow magma storage area between ~3 and 10 km), a fixed
fO, (QFM), and relatively dry conditions (0-1 weight percent H,O) are able to reproduce most of
the chemical variation seen within the 2012-13 data (Fig. 11). Most of the variations within the
high-Mg samples cluster around the starting liquid composition Fed-07. The early part of the
crystallization sequence is dominated by Cpx, which depletes the liquid in CaO and MgO, but
produces increases in Al,O3, K>O, TiO,, P,0s, all of which are characteristic differences between
the high-Mg and high-Al samples from the 1975-76 GTFE. With the exception of Al,O3 and
K,0, the modeled LLD’s also explain reasonably well both the Menyailov and Naboko sample
compositions. While these first cut models do not produce exact matches to the entire data set,
they are close enough to be consistent with derivation of all samples erupted in the 1975-76 and
2012-13 from a common ancestral parent melt, with little need for complex models involving

multiple sources or significant open-system contamination.

Predicted liquidus temperatures for two of the samples with the highest MgO
concentrations from the 1975-6 Southern Breakthrough are 20 °C higher than those predicted for
the 2012-13 samples, and have predicted liquidus compositions for Pl of An69-74. This is
consistent with the newly erupted material being derived from remnant high-Al magma from the
1975-6 eruption with only slight amounts of cooling (less than 1 °C per year) during the
intervening 36 years. This scenario implies that within a single field of monogenetic cones,
eruptions that produce spatially separate vents and flows over the time-scale of at least decades
can either sample related magmas from different storage depths (e.g., Northern versus Southern
Breakthroughs), or be repeat samples from the same magma storage area (e.g., 1975-6 Southern

Breakthrough and 2012-13 lavas).
5. Conclusions

Our data document the 9-month long eruption of a compositionally homogeneous batch
of magma, represented by high alumina basaltic trachyandesites with higher alkalis and titanium
concentrations than any previously studied volcanic rocks from Tolbachinsky Dol, on the
southern flank of Plosky Tolbachik volcano. The only subtle change of geochemical composition
occurred during the first week of the eruption, when the center of activity migrated from the
northern (Menyailov) to the southern (Naboko) vents. This process was marked by a drop in
Si0,, K,0, and Na,O concentrations as well as the K,O/MgO ratio, and by increases in MgO,

FeO and TiO, concentrations. The only trace element ratios affected by this compositional
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change are those influenced by Mt crystallization (Zr/Ti, Zr/Cr, V/Cr). We provide evidence that
this initial change in geochemistry may be explained by tapping of a slightly cooler and
fractionated (approximately 3 % Mt and 8 % Cpx) upper part of the magma storage zone before

the main storage area began to feed the eruption.

Chemical variations between the 1975-76 and 2012-2013 eruption products and the
predicted liquidus compositions and temperatures for the Southern Breakthrough and 2012-13
samples are consistent with the newly erupted material been derived from the remnant high-Al
magma from the 1975-76 eruption with only slight amounts of cooling (less than 1 °C per year)
during the intervening 36 years. Estimates from thermal modeling are permissive for the
hypothesized relationship of closed system fractionation between residual magma from the 1975-
76 eruption and the 2012-13 basaltic trachyandesite from a physical perspective.
Thermodynamic modeling shows that overall variations in 1975-76 and 2012-13 compositions
are consistent with a high degree of low pressure (100-300 MPa), relatively dry fractionation of a

parent melt compositionally similar to the Northern Breakthrough high-Mg basalts.

The preliminary study of the mineral compositions and groundmass textures of the rocks
produced over the course of the eruption uncovered a number of processes that might take place
in the magma storage zone prior to and during the eruption (fractionation, self-mixing, oxygen
fugacity changes). A detailed study of the mineral zoning, including Fe-Mg diffusion profiling,
will provide timescales of crystals’ capture and residence, and we consider it to be a very

promising direction for future research.
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FIGURE and TABLE CAPTIONS

Table 1. Major and trace element concentrations in samples from the 2012-2013 Tolbachik
fissure eruption (results of XRF analyses). Concentrations of major oxides in weight percent and
of minor and trace elements in ppm. L — lava, B — bomb, S — scoria. Samples from the
Menyailov vents are marked by italics in the “Sample No” column.

Table 2. Concentrations of trace elements in the rocks of the 2012-2013 Tolbachik fissure
eruption (in ppm). Samples analyzed in GZG, Georg-August Universitit Gottingen, are marked
by bold type in the “Sample No” column; Menyailov vent lava samples are marked by italics. L
—lava, B —bomb, S —scoria.

Fig. 1. Schematic map showing the distribution of the 2012-2013 Tolbachik eruption lava flows
and location of the adjacent volcanoes. Legend: 1 — Menyailov vents and lava flows; 2 — Naboko
vents and lava flows; 3 — Menyailov lava flows that were later mostly buried by the Naboko
lavas; 4 — sampling sites; 5 — location of centers of activity. This map is derived from TERRA,
ASTER (NASA, JPL), and EO-1 ALI (NASA) satellite image interpretations and field
observations. The topographic base is a DEM-derived from SRTM X-band (DLR). Details of
sampling with coordinates in WGS84 geographic projection can be found in the supplementary
material. Full page width.

Fig. 2. Photographs of typical hand samples from the 2012-2013 Tolbachik eruption. Sample
Tolb1201 is from a lava flow erupted from the Menyailov vents on November 27", 2012; sample
Tolb1315 was erupted on April 26™ 2013, and was collected from the inner part of a lava flow
from the Naboko vents. Full page width.

Fig. 3. Backscatter secondary electron (BSE) images of phenocryst phases in samples from the
Naboko vents: A) Pl megacryst fragment; B) microphenocrysts of Pl; C) and D)
microphenocrysts of Ol. Images are from samples To-17 (A, B) and To-19 (D), which were
collected on February gth , and Tolb-1317/2 (C), which was collected on August 16th, 2013. Full
page width.

Fig. 4. BSE images of the groundmass in samples from the Naboko vent lavas: A) Intersertal
texture in sample TOLB-1315 collected on 26" April, 2013 from the massive internal part of the
lava flow; B) and C) hyaline and hyalopilitic textures in sample To-17 collected on February 9,
2013 from outer part of the lava flow, sampled from a flowing lava channel; D) sharp contact
between groundmass with two textures in sample Tm5 collected on December 2“d, 2012, from
the front of a distal lava flow from the source main vent. One and a half column width.
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Fig. 5. Harker diagrams showing the compositional variation in samples from the 2012-2013 and
1975-76 Tolbachik fissure eruption rocks. Legend: 1-2 - 2012-2013 Tolbachik fissure eruption
rocks: 1 — samples from Menyailov vents, 2 — samples from Naboko vents; 3-4 — samples from
1975-76 Tolbachik fissure eruption: 3 — Southern Breakthrough, 4 — Northern Breakthrough.
Compositions of 1975-76 volcanic rocks are from Churikova et al. (2001), Fedotov (1983),
Fedotov et al. (1984), Portnyagin et al. (2007), Volynets et al. (1978), Volynets et al. (2000), and
Tatsumi et al. (1995). Discrimination lines on the K,O - SiO; and K0 + Na,O - SiO, diagrams
are from Le Maitre (1989). One and a half column width.

Fig. 6. Temporal variations in sample compositions over the course of the eruption. The
horizontal axis represents time. Black symbols are samples from the Menyailov vents, white
symbols are samples from the Naboko vent. Full page width.

Fig. 7. Variations in normalized trace element concentrations. A) Trace element concentrations
for the volcanic rocks of the 2012-2013 Tolbachik fissure eruption, 1975-76 Tolbachik fissure
eruption and high-K andesites of Ploskye Sopki volcanic massif, normalized to primitive mantle
(normalization values from Sun and McDonough, 1989); 1-2 - 2012-2013 Tolbachik fissure
eruption: 1 — samples from Menyailov vents, 2 — samples from Naboko vents; 3-4 - 1975-76
Tolbachik fissure eruption rocks: 3 — Southern Breakthrough, 4 — Northern Breakthrough; 5 —
high-K andesites of Ploskye Sopki volcanic massif. B) Trace element concentrations in the
volcanic rocks of the 2012-2013 Tolbachik fissure eruption, normalized to a Southern
Breakthrough basalt (sample 22-8, Mg#=45.62; concentrations of trace elements reported in
Churikova et al., 2001); 1 — samples from Menyailov vents, 2 — most silica-rich sample Tm-8
(810, = 55.35 wt. %); 3 — samples from Naboko vents. Single column width.

Fig. 8. K;O vs. SiO,, molar Ca/Al vs. Mg#, and K,O/MgO vs. TiO; diagrams for the 2012-2013
Tolbachik fissure eruption rocks compared to the rocks from the Klyuchevskoy volcano group
and Ploskye Sopki massif. Legend: 1-2 - 2012-2013 Tolbachik fissure eruption rocks: 1 —
samples from Menyailov vents, 2 — samples from Naboko vents; 3 — 6 — samples from CKD
volcanoes: 3 — samples from Shiveluch, 4 — samples from Klyuchevskoy, 5 - samples from
Kamen, 6 — samples from Bezymianny; fields: 7 - Mg basalts of Tolbachinsky Dol, including
1975-76 fissure eruption; 8 - Al-basalts and basaltic andesites of Tolbachinsky Dol, including
1975-76 fissure eruption; 9 - Plosky and Ostry Tolbachik stratovolcanoes; 10 - Ploskye Sopki
volcanic massif. Compositions of TD volcanic rocks from Churikova et al. (2001), Fedotov,
(1983), Fedotov et al. (1984), Portnyagin et al. (2007), Volynets et al. (2000), Volynets et al.
(1978); Plosky and Ostry Tolbachik from Portnyagin et al. (2007), Ermakov, Vazheevskaya,
(1973), Ploskye Sopki from Churikova (1993), Churikova, Sokolov (1993); Klyuchevskoy,
Kamen, Bezymianny, Shiveluch from Churikova et al. (2013); Churikova et al. (2001),
Portnyagin et al. (2007). Discrimination lines on K,O - SiO, diagram from Le Maitre (1989).
Single column width.

Fig. 9. Petrogenetic relationships between Menyailov and Naboko vent samples. Variations in
St/Ni for samples from the Menyailov and Naboko vents compared to a simple fractionation
model line (F - fractionation degree). Symbols as in Fig. 5. A ratio of Cpx:Mt of 3:1 was used for
the fractionation model based on mass ratios of these two phases predicted to crystallize from
rhyolite-MELTS over the temperature range encompassed by Menyailov and Naboko samples,
and which is approximately the proportions for best fit mass balance models for major elements
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(inset; based on mass balance model from Russell and Hauksdottir, 2000). Ellipses represent 1, 2
and 3 sigma errors (inner, intermediate and outer ellipses respectively) for the calculations based
on the indicated samples: Tolb1201 and TMOS8 are lava samples from the Menyailov group of
vents, TMOS is a lava sample from the Naboko groups of vents, erupted at the first week of
December, D1307 is a representative sample of the Naboko group of vents, Naboko average is
an averaged composition from 64 samples of lava, erupted from the middle December until the
end of the event. One and a half column width.

Fig. 10. Trace element ratios in samples from the 2012-2013 and 1975-76 Tolbachik fissure
eruptions rocks. Note that for the Zr/Cr and V/Cr vs. SiO; plots a logarithmic scale for the
ordinate axis is used for better presentation of the data. Symbols as in Figure 5. One and a half
column width.

Fig. 11. Harker diagrams for the samples from the 2012-2013 and the 1975-76 Tolbachik fissure
eruptions, comparing model LLDs from rhyolite-MELTS with the observed compositions; all
LLDs were calculated at a pressure of 100 MPa. Legend: 1 — fractional crystallization (1 %
H,0); 2 — fractional crystallization (anhydrous); 3 — equilibrium crystallization (1 % H,O). Other
symbols as in Figure 5. See text for discussion. One and a half column width.
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Table 1. Major and trace element concentrations in the FTE volcanic rocks (results of XRF analyses).

Concentrations of major elements in wt.%, minor and trace elements in ppm. L — lava, B — bomb, S —

scoria. Samples from the Menyailov vents are marked by italics in the “Sample No” column.

Date 27- 2N70 12\170 2N70 12\170 12\170 2N70 12\180 2Nii) E) - =2 2 7 T
Nov Dec Dec Dec Dec Dec Dec
v v v v \ v \
Sam | Tolb Tol Tol Tm- Tm- Tol Tol Tol Tol Tm Tm Tm Tm Tol Tol
ple - b- b- 08 09 b- b- b- b- -1 -2 -3 -5 b- b-
No 1201 120 120 (L) (L) 130 130 280 280 (L) (L) (L) (@L) 131 280
/1 2 3 1 2 8-1 82 8 8-3
(L) (L) (L) (L) (B) (L) (L) B) @B
537 54. 54. 54. 54. 53. 54. 53...53. 52. 52. 52. 52. 51. 51
Si0, | 6 02 07 68 52 64 46 18 39 41 22 23 53 50 58
17 17 17 17 17 1.7 18 17 20 19 19 20 19 138
TiO, | 1.82 6 7 0 0 9 1 1 9 0 8 9 2 2 9
AlLO | 163 16. 16. 16. 16. 16. 16. 16. 16. 15. 15. 15. 15. 15. 16.
3 2 42 48 50 52 30 38 26 18 76 78 79 59 37 47
90 89 86 87 93 88 94 93 10. 10. 10. 10. 11. 10.
FeO |9.20 7 8 5 7 5 1 7 0 32 36 31 26 36 26
601 o1 01 01 01 01 01 01 01 01 01 01 0.1 0.1
MnO | 0.17 6 6 7 6 6 6 7 7 7 7 7 7 7 7
32 32 29 30 33 30 34 35 38 38 37 37 43 38
MgO | 3.37 9 9 8 6 2 3 5 7 1 7 6 3 6 5
71 71 66 68 7.1 68 74 73 75 75 75 175 74 76
CaO | 726 6 4 7 2 8 0 2 8 6 5 1 0 6 4
Na, 40 39 38 40 37 37 35 36 36 37 33 37
(0] 381 38 38 4 4 1 2 8 7 2 5 9 2 6 2
2.4 26 25 24 26 24 24 24 24 24 24 23 23
KO 245 7 25 4 4 6 5 4 6 8 4 7 6 1 4
06 06 07 07 06 07 07 07 06 06 07 06 06 06
P,Os | 0.69 9 9 7 2 9 5 1 1 0 3 0 8 6 8
08.8 98. 98. 98. 98. 98. 98. 98 98. 98. 98. 98. 98. 98. 98.
Total | 4 84 88 79 75 70 77 69 72 63 65 62 66 47 60
\% 264 267 244 214 231 289 228 275 270 260 279 264 269 292 303
Cr 11 17 16 8 13 8 15 9 7 20 23 22 12 34 32
Co |29 25 17 24 23 24 23 26 24 20 26 21 29 40 36
Ni 15 13 12 11 12 17 11 18 15 30 36 32 34 41 36
Zn | 106 105 103 112 110 113 114 110 109 108 113 110 106 121 119
Rb | 64 63 65 65 65 66 69 68 66 62 66 64 67 64 66
Sr 312 312 310 322 329 320 330 324 327 312 296 295 304 322 323
Y 52 51 48 50 50 49 50 47 48 39 43 42 39 48 47
Zr 257 253 245 262 256 249 269 266 272 227 240 236 236 258 268
Nb |9 9 10 9 8 8 7 9 7 8 10 11 11 8 8
Ba | 571 599 592 604 593 591 649 568 559 557 559 581 514 499 561
Pb |5 10 10 <10 <10 <10 <10 11 <10 <10 <10
Cu 357 334 316 231 256 340 233 358 295 366 381 374 385 374 356
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10-Dec  22-Dec  24-Dec  31-Dec  15-Jan 15-Jan  21-Jan  21-Jan  23-Jan 23-Jan  25-Jan 25-Jan 31-Jan 31-Jan 1-Feb
Tm-6 Tm-10 7630- Tolb- Tm-11 Tm-12 Tm-13 Tm-14  Tolb- To-01 Tolb- To-03 To-04 To-05 To-09
L) L) 03 (L) 1204 (S) (L) L) L) L) 1303 (L) 1304 L) L) L) L)
(L) (L)
52.06 51.74 51.83 50.45 51.80 51.90 51.91 51.75 51.79 51.48 51.88 51.60 51.34 51.54 51.41
2.00 1.92 1.95 1.87 1.96 1.93 1.94 1.96 1.93 1.89 1.96 1.91 1.96 1.97 1.96
15.74 16.07 16.11 15.63 16.21 16.19 16.18 16.20 16.19 16.48 16.15 16.39 15.64 15.65 15.78
10.51 10.56 10.38 12.57 10.44 10.39 10.49 10.49 10.46 10.31 10.42 10.41 10.86 10.68 10.68
0.17 0.17 0.16 0.18 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17
4.02 4.10 4.11 4.18 4.11 4.08 4.10 4.13 4.10 3.89 4.13 3.97 4.34 4.33 421
7.48 7.37 7.32 7.02 7.32 7.35 7.27 7.32 7.33 7.67 7.32 7.61 7.25 7.24 7.29
3.56 3.58 3.64 3.48 3.61 3.61 3.56 3.61 3.62 3.68 3.60 3.51 343 3.39 3.49
2.41 2.37 2.38 2.31 2.39 2.38 2.40 2.38 2.39 2.33 2.37 2.34 2.30 2.33 2.33
0.66 0.70 0.71 0.68 0.71 0.70 0.70 0.70 0.71 0.68 0.70 0.67 0.69 0.70 0.68
98.61 98.59 98.60 98.37 98.72 98.70 98.72 98.71 98.70 98.58 98.70 98.58 97.98 98.00 98.00
306 302 296 286 287 271 285 286 281 301 309 291 292 290 290
20 30 25 79 30 25 29 33 44 33 31 27 51 31 36
27 31 31 41 24 31 33 33 25 32 39 25 34 33 35
40 36 38 71 35 36 44 32 42 37 38 36 39 38 40
113 122 118 137 115 106 114 109 113 119 128 116 116 115 118
64 60 60 56 62 61 62 62 61 63 62 68 67 64 66
307 311 311 274 308 305 308 304 301 329 318 325 328 327 329
43 48 49 44 49 47 46 50 51 48 54 45 47 48 46
245 252 245 226 260 250 258 252 243 266 272 266 226 228 228
11 8.1 9 8.1 9 9 11 8.0 8 8 7 8 9 8 9
553 566 588 504 587 566 546 554 526 528 589 520 516 517 498
<10 <10 10 <10 6 6 9 10 9 10 10 5 13
382 360 356 386 356 337 348 338 360 359 389 363 367 356 361
3-Feb 7-Feb 7-Feb 7-Feb 8-Feb 8-Feb 9-Feb 9-Feb 13-Feb 14-Feb  16-Feb  20-Feb  22-Feb 25-Feb 25-Feb
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To-10 To-12 To-13 To-16 To-14  To-18 To-17 To-19 To-21 To-23 D-1304 D-1306 D-1307 D-1309 D-1310
@) L) (9) @) (9) @) L) L) L) (L) L) (D) @) (9) @)
51.57 51.90 51.94 51.48 51.71 51.47 51.18 51.79 51.70 51.47 51.45 51.61 51.34 51.41 51.68
1.94 1.90 1.81 1.93 1.95 1.92 1.93 1.89 1.94 1.92 1.93 2.10 1.93 1.95 1.93
16.21 16.15 16.97 15.99 16.02 15.99 16.12 16.71 16.04 16.01 15.84 15.58 15.88 16.17 16.07
10.58 10.35 9.74 10.50 10.60 10.38 10.69 10.12 10.55 10.46 10.75 10.98 10.63 10.67 10.58
0.17 0.17 0.16 0.17 0.17 0.17 0.18 0.17 0.17 0.17 0.17 0.18 0.17 0.18 0.17
4.04 3.89 3.50 4.05 3.95 4.24 4.17 3.55 4.00 4.15 4.11 4.35 4.25 4.04 3.90
7.58 7.28 7.64 7.28 7.23 7.27 7.67 7.53 7.31 7.28 7.23 7.61 7.23 7.56 7.32
3.42 3.66 3.85 3.57 3.65 3.61 3.59 3.77 3.61 3.58 3.47 3.23 3.57 3.49 3.68
2.34 2.36 2.35 2.33 2.35 2.30 2.34 2.37 2.34 2.30 2.33 2.30 2.30 2.37 2.33
0.70 0.73 0.70 0.70 0.73 0.68 0.68 0.71 0.72 0.69 0.68 0.57 0.69 0.70 0.70
98.55 98.38 98.66 98.00 98.33 98.03 98.55 98.61 98.35 98.02 97.97 98.51 97.99 98.54 98.35
287 282 295 298 286 292 286 301 285 292 275 293 300 285 292
37 35 23 40 50 36 43 20 34 22 39 34 19 32 41
28 29 29 27 37 28 30 28 30 33 33 33 32 34 33
38 37 36 37 43 36 38 38 45 35 53 39 86 36 54
116 110 114 115 114 117 118 116 115 118 113 117 119 117 114
63 66 62 63 67 67 65 64 62 63 64 65 67 62 63
326 330 327 329 325 327 325 324 329 328 327 323 326 325 330
47 46 45 48 47 48 46 46 47 48 46 49 46 48 46
261 239 259 234 228 236 266 266 235 235 228 271 230 264 234
9 8 8 9 9 9 8 8 7 9 8 8 8 8 9
514 542 559 549 521 530 485 544 547 541 531 527 521 529 534
<5 <5 <5 <5 <5 6 <5 6 <5
358 367 353 357 352 357 358 348 407 361 407 363 504 364 405
28-Feb  4-Mar 4-Mar 5-Mar 5-Mar 8-Mar 19-Mar 25-Mar 1-Apr 1-Apr 2-Apr 4-Apr 5-Apr 8-Apr 13-Apr
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D-1312 D-1313 To-24 D-1314 D-1317 D-1316 TI- TI- To-25 TI- TI- Tl- T1-2013- TI1-2013-  Tolb-
(L) (L) @L) (L) @L) (L) 2013- 2013- (L) 2013- 2013-L9 2013- L15 L19 1313 (L)
L3 L5 L7 L13
51.23 51.37 51.48 51.71 51.50 51.49 52.10 51.42 51.62 52.05 52.02 51.95 51.87 51.95 51.50
1.93 1.96 1.94 2.05 1.94 1.97 1.93 1.97 1.93 1.91 1.92 1.94 1.91 1.94 1.92
15.80 15.77 16.11 15.76 16.17 15.63 15.89 16.06 15.76 16.08 16.30 15.85 16.03 16.02 16.42
10.74 10.51 10.61 10.79 10.50 10.70 10.73 10.68 10.60 10.57 10.55 10.81 10.61 10.77 10.36
0.17 0.17 0.18 0.17 0.18 0.17 0.17 0.18 0.17 0.17 0.17 0.17 0.17 0.17 0.17
4.35 4.48 4.11 4.35 4.17 4.32 4.26 4.10 4.24 4.17 391 4.33 4.42 4.11 4.06
7.25 7.26 7.63 7.62 7.64 7.23 6.95 7.57 7.21 7.01 6.98 6.99 6.95 6.99 7.60
3.54 3.52 3.49 3.24 3.46 3.45 3.40 3.50 3.44 3.49 3.62 3.37 353 3.48 3.55
2.29 2.29 2.33 2.27 2.32 2.33 2.35 2.37 2.32 2.34 2.34 2.36 2.32 2.35 2.34
0.68 0.69 0.69 0.56 0.69 0.70 0.71 0.70 0.70 0.71 0.70 0.70 0.70 0.71 0.67
97.98 98.02 98.56 98.52 98.57 97.99 98.49 98.55 97.99 98.50 98.51 98.47 98.51 98.49 98.59
297 292 298 294 298 288 285 291 292 289 280 285 287 295 297
26 33 30 24 32 44 35 28 32 33 38 35 28 31 33
27 34 30 30 30 32 35 25 31 30 27 32 30 30 34
41 40 35 38 40 37 40 37 38 36 38 43 37 39 36
116 120 117 120 118 117 114 116 118 117 114 115 117 114 119
67 65 63 64 66 61 68 62 64 64 63 61 65 65 66
327 328 324 325 324 327 326 326 328 326 325 325 326 325 325
48 49 49 49 48 49 47 46 46 48 48 50 49 47 48
228 232 263 264 265 228 264 269 231 268 260 266 262 263 265
8 8 8 8 8 9 8 8 8 7 8 8 8 8 8
560 545 503 530 519 523 521 503 545 561 513 522 506 478 535
<5 6 <5 5
370 365 361 363 355 362 350 364 367 364 357 362 360 356 364
20-Apr  26-Apr 23-May 28-May 28-May 17-Jul 18-Jul 19-Jul 20-Jul 21-Jul 24-Jul 15-Aug  16-Aug  29-Aug  29-Aug
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Tolb-  Tolb-  TI- TI- TI- TI- TI- TI- TI- Tl TI- Tolb-  Tolb- Tolb- Tolb-
1314 1315 2013-  2013-  2013-  2013-  2013-  2013-  2013-  2013- 2013- 1316 13172 2908-1  2908-2
(L) (L) B13 L36 L37 L41 L44 B17 L45 B22 L47 (B) (L) (B) (B)
5212 51.18 5144 5137 5162 5154 5153 5153 5175 5184 5068  51.58  51.64 51.65 51.70
1.93 1.95 1.92 1.95 1.92 1.89 1.95 1.94 1.88 1.88 1.93 1.90 1.88 1.89 1.87
1621 1604 1613 1615 1636 1665 1615 1604 1622 1698 1595 1625 1641 16.29 16.34
1054  11.09 1058 1064 1027 1028 1056 1064 1034  9.90 1063 1032  10.17 10.28 10.25
0.17 0.18 0.18 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.18 0.17 0.17 0.17 0.17
4.12 4.10 4.16 4.13 4.12 3.79 4.09 4.13 4.22 3.27 4.22 4.17 4.13 4.15 4.17
6.90 7.52 7.62 7.57 7.53 7.65 7.59 7.58 7.63 7.67 7.82 7.59 7.57 7.55 7.56
3.48 3.42 3.51 3,51 3.54 3.57 3.48 3.45 3.40 3.87 3.99 3.59 3.58 3.57 3.53
2.35 2.33 2.34 2.35 2.36 2.36 2.35 2.37 2.30 2.39 2.48 2.33 2.37 2.35 2.32
0.70 0.69 0.68 0.69 0.71 0.68 0.69 0.70 0.67 0.69 0.68 0.69 0.69 0.69 0.69
9851 9849 9856 9854 9859 9859 9856 9855 9858  98.65 9856 9859  98.61 98.59 98.60
282 289 294 305 293 290 301 301 296 297 278 290 295 293 293
42 57 35 66 45 29 36 42 50 28 38 34 30 60 36

30 36 31 29 31 27 29 33 35 26 33 31 35 34 34

35 44 37 38 40 38 39 40 39 35 37 42 39 43 43
114 119 121 121 115 119 118 121 119 114 116 120 118 121 116
62 63 68 60 67 62 66 65 64 66 67 66 66 65 65
324 322 324 325 326 326 325 325 318 325 323 324 323 326 326
47 50 46 48 46 46 46 48 49 46 48 49 46 46 47
266 265 269 264 269 266 265 265 272 266 265 265 265 266 266

7 8 9 8 8 8 9 8 9 8 8 8 9 8 8

490 544 514 539 540 516 521 550 504 516 502 506 540 540 535
356 360 364 355 371 363 360 354 351 353 349 356 355 363 359
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Table 2. Concentrations of trace elements in the rocks of the 2012-2013 Tolbachik fissure eruption (in ppm). Samples analyzed in GZG, Georg-August Universitét

Gottingen, are marked by bold type in the “Sample No” column; Menyailov vent lava samples are marked by italics. L — lava, B — bomb, S — scoria.

Tolb Tol Tol Tm Tm Tm Tm Tm Tol To- D- D- Tl- Tol Tol TI- TI- TI- TI- TI- TI- Tol Tol

1201 b b 8 1 6 10 14 b 17 130 131 201 b- b- 201 201 201 201 201 201 b- b-
/1 120 120 (L) (L) (@ (@ @ 120 @) 7 4 3- 131 131 3- 3- 3- 3- 3- 3- 131 290
(L) 2 3 4 L)y (L) L5 3 5 L41 144 B17 145 B22 L47 7-2 82
(L) (L) S L @O @O @B
216 21.0 208 20.8 184 17.8 18.1 184 195 179 18.6 208 184 20.8 181 209 183 184 179 21.0 206 182 179

Li 9 3 6 7 6 8 8 0 7 0 4 4 6 6 7 1 4 2 9 2 1 0 4
Be | 204 207 202 205 1.87 183 188 192 192 208 2.15 2.12 2.06 2.09 2.16 2.11 2.11 2.13
273 272 264 258 303 293 282 269 275 252 249 272 248 275 248 278 250 248 24.6 280 278 24.6 245

Sc 1 6 6 2 2 3 7 3 1 1 9 5 0 2 0 2 7 3 8 9 9 5 0
259 257 259 23.6 315 327 346 350 382 333 337 324 325 325 329 329 331 329 327 328 332 325 328

Co 1 9 8 1 6 1 5 2 7 5 5 2 6 9 9 8 2 4 8 1 7 7 4
11.1  10.0 316 591 183 256 294 300 624 415 817 376 38.6 378 435 386 41.1 399 394 365 392 39.0 385

Ni 1 3 ' ) 9 9 6 0 2 1 1 6 1 4 3 5 4 2 6 6 8 4 2
Cu| 325 295 284 185 290 270 289 299 327 315 445 214 323 214 322 214 308 317 313 215 218 305 294
7n 149 125 120 108 109 106 121 118 138 118 122 128 122 129 123 129 126 131 129 130 132 126 119
19.8 19.6 20.8 21.3 21.0 21.0 20.8 204 21.0 204 20.1 209 202 212 200 209 198 200 20.1 21.1 21.1 19.8 199

Ga 3 2 3 3 7 9 9 6 5 3 0 7 0 4 6 4 9 4 5 7 6 2 2
477 473 489 49.1 455 458 459 446 446 424 419 428 423 43.1 421 42.8 425 431 42.0 43.6 43.0 41.8 422

Y 0 6 2 5 4 5 7 9 9 2 6 1 1 6 1 3 8 3 5 7 9 6 3
Zr | 295 291 301 308 277 282 283 276 275 311 308 278 310 278 307 280 310 312 311 283 282 306 309
Nb 898 860 887 883 809 810 811 8.01 811 7.59 7.50 7.52 730 7.59 729 753 743 780 741 7.63 749 721 7.27
79.9 79.1 839 92.1 81.1 809 80.0 782 835 719 72.0 685 718 683 723 681 732 733 728 684 683 722 729

Rb 7 4 2 0 6 6 4 0 5 6 0 4 5 5 6 6 2 7 9 5 5 5 0
Sr | 345 352 360 377 351 348 361 357 359 326 327 328 330 327 329 329 332 334 332 326 330 329 321
Cs 234 230 243 266 237 226 226 222 231 224 226 218 224 221 221 218 231 226 223 219 214 224 224
Ba| 640 645 652 705 619 596 619 614 617 580 594 566 588 565 575 562 570 576 569 563 566 559 550
223 220 229 237 216 215 212 206 21.1 219 21.7 229 21.7 229 216 228 219 220 21.8 229 230 214 214
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La

Ce
Pr

Nd

Eu

Gd

Tb

Lu

Hf

Ta
Tl

Pb

Th

2
56.5

7.81
35.7

8.36
222
8.60

1.30

7.78

1.56
4.64

0.65

4.36
0.66

7.27

0.63
0.10
8.44

3.67
1.82

1
55.6

7.55
344

8.24
2.15
8.49

1.27

7.59

1.53
4.56

0.65

4.20
0.64

7.02

0.59
0.11
8.18

3.51
1.78

6
57.8

7.88
35.7

8.54
2.25
8.69

1.34

8.02

1.59
4.75

0.67

4.43
0.68

7.27

0.60
0.12
8.19

3.69
1.88

1
63.6

8.19
37.7

9.03
2.35
8.96

1.37

7.92

1.65
4.83

0.69

4.51
0.69

7.31

0.54
0.12
9.67

3.18
2.27

6
57.7

7.60
344

8.28
2.15
8.14

1.25

7.34

1.53
4.49

0.63

4.09
0.63

6.67

0.55
0.09
8.39

2.72
1.97

0
54.9

7.56
34.7

8.41
2.22
8.30

1.26

7.41

1.53
4.46

0.63

4.08
0.61

6.68

0.51
0.07
8.36

2.76
1.97

2
55.2

7.44
345

8.24
2.18
8.19

1.20

7.34

1.53
4.54

0.63

4.06
0.63

6.66

0.51
0.07
8.25

2.74
1.94

2
54.1

7.30
33.8

8.22
2.10
8.17

1.22

7.25

1.51
4.39

0.61

4.00
0.60

6.45

0.48
0.08
7.86

2.67
1.92

7
543

7.48
33.7

8.13
2.07
8.14

1.24

7.25

1.51
4.39

0.62

3.98
0.62

6.43

0.46
0.10
8.18

2.87
2.00

1
54.5

7.88
35.0

8.45
222
8.65

1.33

7.70

1.53
4.51

0.63

4.29
0.64

6.76

0.69
0.09
7.43

2.88
1.64

9
54.4

7.64
35.0

8.42
2.21
8.58

1.33

7.69

1.55
4.56

0.64

4.18
0.63

6.73

0.71
0.08
7.78

2.77
1.64

1
55.2

8.19
374

8.83
241
7.74

1.35

7.94

1.64
4.61

0.64

4.39
0.63

6.83

0.45
0.08
6.38

2.87
1.66

8
54.0

7.69
345

8.39
2.19
8.54

1.31

7.59

1.54
4.47

0.64

4.19
0.64

6.65

0.68
0.07
7.51

2.76
1.64

3
55.0

8.23
37.5

8.81
2.39
7.74

1.34

8.02

1.64
4.57

0.65

4.39
0.64

6.85

0.46
0.08
6.39

2.86
1.66

2
54.0

7.65
345

8.35
2.17
8.48

1.32

7.57

1.53
4.51

0.62

4.18
0.63

6.71

0.55
0.07
7.46

2.79
1.66

6
54.9

8.22
37.3

8.73
2.41
7.82

1.35

7.95

1.63
4.54

0.65

4.40
0.63

6.82

0.45
0.08
6.25

2.82
1.64

3
54.9

7.76
35.1

8.36
2.19
8.44

1.29

7.70

1.57
4.54

0.64

4.27
0.64

6.78

0.69
0.07
7.50

2.83
1.68

3
55.1

7.76
35.1

8.49
2.21
8.67

1.34

7.69

1.55
4.54

0.64

4.27
0.65

6.77

0.58
0.10
8.04

3.32
1.72

7
54.6

7.73
34.8

8.43
222
8.58

1.33

7.73

1.53
451

0.64

4.20
0.64

6.75

0.67
0.10
8.02

2.86
1.67

8
55.0

8.24
37.5

8.71
2.41
7.85

1.34

7.95

1.64
4.58

0.65

4.42
0.63

6.95

0.46
0.07
6.38

2.88
1.68

3
55.1

8.26
37.5

8.67
2.37
7.81

1.35

7.94

1.62
4.56

0.65

4.36
0.62

6.88

0.46
0.07
6.31

2.84
1.66

7
53.7

7.58
34.4

8.38
2.19
8.47

1.32

7.55

1.55
4.50

0.64

4.22
0.63

6.73

0.65
0.07
7.31

279
1.64

9
54.0

7.78
34.5

8.37
2.20
8.50

1.31

7.65

1.55
4.50

0.63

4.23
0.64

6.73

0.57
0.07
7.51

2.78
1.68
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