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Abstract

Mafic enclaves preserve a record of deep differentiation of primitive magmas in arc settings. We analyze the petrology and
geochemistry of mafic enclaves from Shiveluch volcano in the Kamchatka peninsula to determine the differentiation histo-
ries of primitive magmas and to estimate their pressures, temperatures, and water contents. Amphibole inclusions in high
forsterite olivine suggest that the primitive melt was superhydrous (i.e., > 8 wt% H,0) and was fractionating amphibole and
olivine early on its liquid line of descent. We find that the hydrous primitive melt had liquidus temperatures of 1062 +48 °C
and crystallized high Mg# amphibole at depths of 23.6-28.8 km and water contents of 10-14 wt% H,O. The major and
trace element whole-rock chemistry of enclaves and of published analyses of andesites suggest that they are related through
fractionation of amphibole-bearing assemblages. Quantitative models fractionating olivine, clinopyroxene, and amphibole
reproduce geochemical trends defined by enclaves and andesites in variation diagrams. These models estimate 0.2-12.2%
amphibole fractionated from the melt to reproduce the full range of enclave compositions, which overlaps with estimates
of the amount of amphibole fractionated from parental melts based on whole-rock dysprosium contents. This contribution
extends the published model of shallow processes at Shiveluch to greater depths. It provides evidence that primitive magmas
feeding arc volcanoes may be more hydrous than estimated from other methods, and that amphibole is an important early
fractionating phase on the liquid line of descent of superhydrous, primitive mantle-derived melts.

Keywords Subduction zone volcanism - Shiveluch volcano - Kamchatka - Petrology - Superhydrous magma - Mafic
enclaves

Introduction

Mafic enclaves are often intermixed with andesites at arc

Communicated by Othmar Miintener. .
volcanoes and record magmatic processes that are largely
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article (https://doi.org/10.1007/s00410-020-01746-5) contains processes affecting the host andesite (e.g., Eichelberger
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59 Andrea E. Goltz et al. 2006; Plail et al. 2014, 2018). The presence of mafic

agoltz@wustl.edu enclaves in an andesite is a physical piece of evidence that

mafic magma was involved in magma mixing (e.g., Eichel-
berger 1975; Bacon 1986). Studies of mafic enclaves them-
selves have revealed details about both shallow and deep
mixing processes (e.g., Browne et al. 2006; Ruprecht et al.
2012; Plail et al. 2014), the role of mafic recharge in erup-
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Davydova et al. 2017), thus complementing the information
from host magmas. In this study, we examine the petrology
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and geochemistry of mafic enclaves recently erupted from
Shiveluch volcano in Kamchatka. We use a combination of
mineral chemistry and bulk rock major and trace element
analyses to estimate the pressures, temperatures, and mag-
matic water contents of primitive Shiveluch magmas.

Holocene Shiveluch eruptions are dominated by
andesites, and amphibole phenocrysts in the erupted
andesites preserve a complex history of recharge by partially
crystalline basaltic magmas in a shallow magma reservoir
(e.g., Volynets et al. 1997; Dirksen et al. 2006; Humphreys
et al. 2006, 2008; Ponomareva et al. 2007b; Ferlito 2011;
Gorbach and Portnyagin, 2011; Gorbach et al. 2013, 2016).
Shiveluch is of particular interest because its magmas are
thought to be extremely hydrous (e.g., Portnyagin et al.
2007), with some estimates of water content as high as 6
wt% H,0 (Gavrilenko et al. 2016a), making it one of the
most hydrous volcanoes in the world, comparable to Mt.
Shasta in the Cascade Arc. (e.g., Baker et al. 1994; Grove
et al. 2003, 2005). In this study, we present a model of lower
crustal magmatism at Shiveluch before magmatic differen-
tiation to andesite and show that fractional crystallization
of olivine, clinopyroxene, and amphibole from a basal-
tic andesite parental melt reproduces the composition of
enclaves and andesites erupted from Shiveluch. We conclude
that high magmatic water contents are required to produce
the mafic enclaves and their mineralogy. We estimate that
differentiation processes occurring in the mid to lower crust
require water contents of 10—14 wt%.

Geologic background

Shiveluch volcano is an eruptive center in the Kamchatka
peninsula in Far Eastern Russia. The Kamchatka arc is
located at the junction of the North American, Okhotsk,
and Pacific plates (e.g., Bird 2003). Shiveluch is part of the
northernmost segment of the arc called the Central Kam-
chatka Depression (CKD; e.g., Portnyagin et al. 2007).
Volcanoes in the CKD are some of the most productive arc
volcanoes on Earth (Fedotov 1991). Volcanic rocks along
the CKD compositionally range from high-Mg basalts to
dacites or rhyolites, although rhyolites are rare and basalts
and andesites are the most frequently erupted in the CKD
(e.g., Volynets 1991; Ponomareva et al. 2007a; Portnyagin
et al. 2007; Churikova et al. 2013).

Shiveluch is the northernmost active volcano in the
CKD. It is composed of two overlapping eruptive centers:
Old Shiveluch (3283 m a.s.1; Ponomareva et al. 2007b) and
Young Shiveluch (2800 m a.s.l; Ponomareva et al. 2007b;
Fig. 1). Old Shiveluch is a Pleistocene-age stratovolcano
inferred to have collapsed in a catastrophic eruption in the
Late Pleistocene (Gorbach et al. 2013). The Young Shive-
luch volcanic center is located within the crater formed by
the catastrophic collapse of Old Shiveluch. Young Shiveluch

@ Springer

has been active since the early Holocene (e.g., Volynets et al.
1997; Belousov et al. 1999; Gorbach and Portnyagin 2011;
Ponomareva et al. 2015). Volcanism at Young Shiveluch
includes 60 large Plinian eruptions throughout its history and
frequent dome collapses followed by periods of regrowth
(e.g., Belousov et al. 1999; Ponomareva et al. 2007a, 2015).
The volcano normally erupts andesite, but throughout its
history, there have been at least two instances of Mg-rich
basaltic to basaltic-andesite eruptions identified in tephra
deposits dated to 3959 (basaltic) and 8363 (basaltic andesite)
BP (e.g., Volynets 1991; Volynets et al. 1997; Ponomareva
et al. 2007a, 2015).

Our enclaves were collected from pyroclastic flows that
occurred in 2005, 2010, and 2016 (coordinates of sam-
ple locations are reported in Supplementary Table 1 and
shown graphically in Fig. 1) from the Young Shiveluch
eruptive center. The pyroclastic flows are mostly composed
of andesite from collapsed exogenous domes; whole rock
and mineral geochemistry of the andesites in these flows
is described in Gorbach et al. (2016). To summarize, the
andesite is plagioclase and hornblende phyric. The plagio-
clase in andesites is on average Any, s, and the amphibole
is mostly 7-9 wt% Al,O;, but amphibole from pyroclastic
deposits from 2007-2008 extends up to 14 wt% Al,0O5. Gor-
bach et al. (2016) estimate an average eruption temperature
of 847+ 18 °C and a maximum temperature of 970 °C using
the hornblende thermometer of Ridolfi et al. (2010) and the
amphibole-plagioclase thermometer of Holland and Blundy
(1994). The enclaves range in size from nearly single crys-
tals up to 0.4 m in their diameter, but only enclaves > 10 cm
in size were collected. Most enclaves are elliptical and have
crenulated margins, while some have sharper, more angular
brecciated boundaries.

Analytical methods
Whole-rock chemical analysis

Fourteen samples were prepared for whole-rock analyses
first by crushing. Crushed fragments were then boiled in
deionized water for ~20 min and dried. Fragments of the
enclave were hand-selected to avoid hammer marks, saw
cuts, and any fragments of host andesite. Whole-rock major
element compositions of 14 samples were determined by
X-ray Fluorescence spectrometry (XRF) using the Thermo-
ARL automated spectrometer at Washington State Univer-
sity following methods of Johnson et al. (1999); one sam-
ple, 17-02B, was analyzed in duplicate to assess precision
and sample homogeneity. Glass beads for XRF analysis
were prepared from~ 3.5 g of crushed rock sample with
7 g of Li,B,O; flux. Trace elements were analyzed using
inductively coupled plasma mass spectrometry (ICP-MS)
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Fig. 1 aImage of Old and
Young Shiveluch. b Map of
regional geology, including

of the Central Kamchatkan
Depression (CKD) which
includes the Klyuchevskoy
Group Volcanoes (KGV) and
Shiveluch in the north. ¢ Aerial
view of Shiveluch outlining the
2005 and 2010 flows from the
Young Shiveluch center. Sam-
pling points of enclaves pre-
sented in this study (also found
in Supplementary Table 1) are
shown. The 2016 flow from the
Young Shiveluch center covers
areas of the 2005 flow
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at Washington State University on an Agilent model 4500
ICP-MS following the method of Knaack et al. (1994).

Electron microprobe composition microanalysis

Microprobe analysis was performed on a JEOL JXA-8200
electron microprobe equipped with 5 wavelength-dispersive
spectrometers. Analyses were acquired using the Probe for
EPMA software (Donovan et al. 2012); background correc-
tion was performed using a mean atomic number (MAN)
correction (Donovan and Tingle 1996); and corrections for
atomic number, X-ray absorption, and secondary fluores-
cence (ZAF, collectively) were performed using the CITZAF
software (Armstrong et al. 2013). Analytical conditions for
mineral analyses were: 15 kV accelerating potential, 1-5 pm
beam diameter, and 25 nA probe current (see Electronic
Supplementary Material for more details). The instrument

PACIFIC 2
PLATE

;1,4"»%
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was standardized for the analysis of Si, Ti, Mg, Al, Mn, Fe,
Cr, Ni, Ca, Na, and K before the run using primary standards
and other secondary standards for the MAN correction (e.g.,
Donovan et al. 2012). The accuracy of the standardization
was corrected for drift by periodic analyses of the secondary
standard Kakanui Hornblende (Smithsonian standard USNM
143956; Jarosewich et al. 1980) throughout the analytical
session.

Measurements of trace Al in olivine were acquired using
a 150 nA probe current and a 3 pm beam diameter. Al was
measured simultaneously on two spectrometers (both using
the TAP crystal) using 100 s on-peak count times; reported
aluminum is the amalgamated value from both spectrom-
eters. The Mg, Si, Fe, Mn, P, Ni, Ti, and Cr content of oli-
vine grains used in Al-in-olivine thermometry were also
measured with the 150 nA probe current and had a MAN
background correction applied. Background corrections for

@ Springer
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Al in olivine were performed using a conventional poly-
nomial background method because of the low concentra-
tion of Al in olivine (as shown by Batanova et al. (2015) to
be a successful approach). The modeled background was
based on wavescans on both spectrometers of a synthetic
forsterite standard, which has no aluminum. The limit of
detection of Al,O;, determined by background levels of Al
in synthetic forsterite, was 30 ppm. Several grains of San
Carlos olivine (Smithsonian standard NMNH 111312-44)
were measured as unknowns to assess the accuracy of our
measurements. We closely reproduced the reported Al,O;
content of San Carlos olivine (320 ppm) in 8§ measurements
of several grains of San Carlos olivine (on average 302 ppm
with 0.5 to 15% deviation from the standard; Electronic Sup-
plementary Material).

Fig.2 BSE images of olivine phenocrysts. a Olivine grain from
enclave 17-09. This grain lacks a reaction rim of orthopyroxene. It
has an amphibole reaction rim. Scale bar is 200 pm. b Olivine grains
from enclave 17-02B. The grain on the left (with a red square) has a
thin orthopyroxene reaction rim; both grains pictured have an amphi-
bole reaction rim. Scale bar is 200 pm. ¢ Symplectite-rimmed olivine
from enclave 17-04B. The grain is rimmed by amphibole. Scale bar

@ Springer

Results

Petrography and mineral chemistry of mafic
enclaves

Enclave petrography

Enclaves have a micro-vesicular, aphyric to porphyritic
texture. Modal mineral abundances were estimated from
inspection of hand samples and thin sections. Most enclaves
are dominated by amphibole and plagioclase, and zoning in
these microphenocrysts is discussed in more detail in the
following sections.

Enclaves are porphyritic to sparsely phyric with a phe-
nocryst assemblage of olivine + amphibole + clinopy-
roxene + orthopyroxene + plagioclase (Supplementary
Fig. 1c—f). The matrix consists of glass and microcrystalline
to fine-grained (100-200 pm) plagioclase and amphibole.
Olivine is a common phenocryst and tends to have an outer

is 200 pm. d Simplified line sketch of the olivine phenocryst in the
red box in b. The grain is about 700 pm across in its long dimen-
sion. High magnesium amphibole inclusions (reddish brown), inner
orthopyroxene reaction rim (yellow), and outer, lower Mg# amphi-
bole reaction rim (brown) are highlighted. Lighter green color repre-
sents higher Fo olivine; darker green represents lower Fo olivine
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reaction rim of high-Mg clinopyroxene and/or amphibole;
some grains also have a thin inner reaction rim of high-
Mg orthopyroxene or a thicker reaction rim of intergrown
orthopyroxene and titanomagnetite (symplectite; Fig. 2).
High forsterite olivine grains (i.e., Fo > 88) contain inclu-
sions of chromite and high-Mg amphibole (i.e., Mg# > 74;
Supplementary Table 2, Supplementary Fig. 2).

In addition, two enclaves are classified as cognate xeno-
liths that are cumulate rocks (Supplementary Fig. 1a, b),
with an assemblage of clinopyroxene + amphibole + pla-
gioclase + orthopyroxene. The two cumulate enclaves pre-
sented here are texturally and geochemically distinct. The
more magnesian cumulate, 17-16B, is richer in cpx than
17-04L. Some amphibole grains in the cumulates have
inclusions of clinopyroxene in their cores, and plagioclase

occurs interstitially. The mineralogy of sample 17-04L was
determined by mass balance (Electronic Supplementary
Material), and is 59% amphibole, 20% Angs, 14% Ang;,
4% titanomagnetite, 2% clinopyroxene, and 0.9% apatite.
The distribution of these minerals is heterogeneous in the
sample; some areas are nearly 100% amphibole with minor
clinopyroxene and titanomagnetite, and those are surrounded
by a matrix dominated by plagioclase.

Olivine

Olivine chemistry differs among enclave samples (Sup-
plementary Table 3). Olivine grains in some enclaves are
normally zoned, with high magnesium cores (Fogs-Foy,)
and lower magnesium rims (Fo,;-Fog,) (Figs. 2a, b, 3a). In

Fig. 3. a Forsterite content (a) (b) Core
of microprobe analyses of 0.41
olivine from quenched enclaves. 0.51
Lighter green indicates nor- 0.31
mally zoned olivine (n = 79);
darker green are analyses of 041 0.2
olivine with symplectite rim £
(n = 24). b Histograms of 3 £ 0.1
forsterite content of olivine (-E,) 031 3
cores (above; n = 46) and rims g g 0.01
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some samples, olivine is significantly less zoned with cores
and rims compositionally clustered at Fo,y-Fog; (Figs. 2c,
3a). These olivines are lower in CaO and higher in NiO
than zoned olivine (Supplementary Table 3; Fig. 3). They
also characteristically have an inner reaction rim of a sym-
plectite intergrowth of orthopyroxene and titanomagnetite
(Fig. 2¢). We interpret them as xenocrystic in the enclaves
based on the similar composition of these unzoned olivines
and olivines in xenoliths erupted at Shiveluch (in particular,
the low calcium content of 0.03 wt% on average in the xeno-
liths and the enclaves; e.g., Bryant et al. 2007; Gavrilenko
et al. 2016a; Gorbach pers. comm.). In zoned olivine, NiO
content in olivine analyzed across all samples decreases with
decreasing forsterite content up to Fogs, at which point NiO
in olivine plateaus at NiO 0.1-0.2 wt% (Fig. 3b).

Amphibole

All analyzed amphiboles are in the edenite to pargasite range
by the calculation and nomenclature of Leake et al. (1997).
For simplicity, we will use the term amphibole regard-
less of classification. Amphibole occurs as a phenocryst
phase (Fig. 4), as a reaction rim around olivine phenocrysts
(Fig. 2), and as inclusions in olivine phenocrysts that span
the range of reported Fo content (Supplementary Table 2)
and plagioclase xenocrysts.

Amphibole phenocrysts range in Mg# from 56-82. In
this study, we report Mg# assuming that all Fe is Fe?*. This
assumption is flawed, especially because Fe** should readily
partition into amphibole (e.g., Dalpé and Baker 2000; King
et al. 2000). However, we do not use EMPA data to estimate
Fe’* because measured values of Fe’* using Mossbauer or
micro-XANES techniques do not correlate with calculated
values of Fe** from microprobe analyses, especially given
unknown occupancy of the O3 site (i.e., without precise
hydrogen and halogen analyses; e.g., Dyar et al. 1992, 1993,

Fig.4 BSE images of amphibole phenocrysts. Labels in ¢ and d
correspond to compositions reported in Supplementary Table 4. a
Normally zoned phenocryst. The rim of this grain is host to many
clinopyroxene inclusions. Scale bar is 100 pm. b Reversely zoned
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phenocryst. Scale bar is 200 pm. ¢ Patchy zoned phenocryst. Scale
bar is 100 pm. d Multiply zoned phenocryst. The core is host to pla-
gioclase (black in this image) and titanomagnetite (brighter grains)
inclusions. Scale bar is 200 pm
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Fig.5 a BSE image of heavily
reacted symplectite grain. b
Line diagram of outer amphi-
bole reaction rim (brown/
orange) and inner orthopyrox-
ene reaction rim from area out-
lined in red in a. ¢ BSE image
of the area depicted in b

2016; Delaney et al. 1998; King et al. 1999, 2000). We chose
not to consider Fe** in our reported amphibole Mg# to avoid
the unconstrained uncertainty associated with estimating
Fe* from our microprobe analyses.

There are three categories of Mg-Fe amphibole zoning in
enclave phenocrysts: normal, reverse, and complex (Fig. 4;
representative analyses may be found in Supplementary
Table 4). Complex zoning in this context refers either to
patchy zoning or “multiple zoning” meaning that the amphi-
bole has thick, irregularly spaced bands of variable magne-
sium and/or aluminum content. All enclaves have a higher
abundance of reversely or complexly zoned amphiboles than
normally zoned amphibole phenocrysts, which are rare but
do occur. Amphibole reaction rims around olivine are often
polycrystalline and normally zoned with high Mg# amphi-
bole in grain cores, ranging from 63-81. Some amphibole

reaction rims around low forsterite olivine grains have Mg#
up to 80 (Fig. 5).

Amphibole ranges in Al,O4 from 5 to 17 wt% (Fig. 6).
In general, the aluminum content of an amphibole increases
with decreasing amphibole Mg#. This is most pronounced
for amphiboles with Mg# < 74. Enclaves have amphibole
phenocrysts and amphibole with high magnesium number
inclusions in olivine (i.e., Mg#>74), and high magnesium
amphiboles have highly variable aluminum content (> 10
wt% range; Fig. 6).

Amphibole is included with plagioclase, titanomagnet-
ite, orthopyroxene, clinopyroxene, and rarely apatite. Apa-
tite and plagioclase inclusions occur in amphibole with
Mg# < 74, and typically in the cores of those amphiboles.
The chemistry of plagioclase inclusions in amphibole is dis-
cussed further in the following sections.

@ Springer
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Fig.6. Amphibole phenocryst variation diagram in Al,05. Open tri-
angles represent analyses of inclusions of amphibole in olivine and
open squares represent analyses of inclusions of amphibole in plagio-
clase. Dashed line is placed at Mg# = 74; analyses to the right of the
line were those used in amphibole barometry

Pyroxene

Clinopyroxene occurs as a phenocryst phase, a reaction rim
around olivine phenocrysts in some enclaves, and as inclu-
sions in amphibole and plagioclase. Clinopyroxene phe-
nocrysts are rare, but those that are present are relatively
small (~400 pm) and normally zoned from core to rim.
Clinopyroxene phenocryst cores range from Ens; Wo;4 to
En,,Wo,, (Mg# 62-89) (Supplementary Fig. 3; Supplemen-
tary Table 5). Rims range from En,sWo,, to Eny,Wo,s (Mg#
66-80). All clinopyroxene inclusions in other phenocryst
phases closely resemble compositions of clinopyroxene phe-
nocryst rims.

Orthopyroxene is rare or absent as a phenocryst phase.
Analyzed phenocrysts are unzoned, but crystal-to-crystal
variation spans in Mg# from 64 to 75 (Eny; ;_79 W0, _; 5)-
More magnesian orthopyroxene occurs as a component of
symplectite reaction rims around lower magnesium olivine
grains (Enyg g3 sW0( 5 » 1; Mg# 79-84).

Plagioclase

Plagioclase in all enclaves either has sieve-textured cores
(>75% of all grains) and/or is oscillatory zoned (Supple-
mentary Fig. 4). Sieve-textured plagioclase grains have
calcium-poor (Ans;;-Ans,) cores. Rims around the sieve-
textured cores are normally zoned from Ans,-An,g near the
core to Ansg-Any, near the rim (Supplementary Fig. 4a, ¢, d;
Supplementary Fig. 5; Supplementary Table 6). Oscillatory
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zoned plagioclase grains have cores of ~ An,s and have vari-
ations in An content of <20 mol% along a core-rim transect
(Supplementary Fig. 4b; Supplementary Fig. 6). Oscillatory
zoned plagioclase is rare in the enclaves, and we interpret
it to be xenocrystic because of its rarity and because its An
content is lower than the An content of the cores of ground-
mass plagioclase. Plagioclase is also the major groundmass
phase in all non-cumulate enclaves. Groundmass plagio-
clase is normally zoned with cores of Ans,-Angg and rims of
An,;-Any,. The composition of the groundmass plagioclase
is similar to the rims of sieve-textured plagioclase, suggest-
ing co-crystallization.

Plagioclase inclusions are found in the cores of complex
or reverse zoned amphiboles (Fig. 4d). On average, the
plagioclase inclusions in amphibole are Ans,, and plagio-
clase including amphibole is on average Ans,. The average
composition of plagioclase inclusions in amphibole closely
approximates the composition of the cores of groundmass
plagioclase, the inner rim of patchy plagioclase, and oscil-
latory-zoned plagioclase in the host andesite.

Whole-rock chemical analysis

The major element compositions of the enclaves range from
6.74 to 10.68 wt% in MgO, 51.96 to 56.31 wt% in SiO,,
and from 15.01 to 16.03 wt% in Al,O; (Fig. 7; Supplemen-
tary Table 7). The enclaves are high-Mg# basaltic andesites.
Non-cumulate enclaves range in magnesium number from
60 to 69.1 (using data normalized to 100% and considering
Fe as FeO,.,) (Supplementary Table 7; Electronic Supple-
mentary Material). The compositions are some of the most
magnesian reported from Young Shiveluch; other high
magnesium materials are the basaltic to basaltic-andesite
tephras, which both have Mg# 69 (MgO=9.51, 10.76 wt%
for the 8363 and 3959 BP tephras, respectively; e.g., Voly-
nets et al. 1997; Ponomareva et al. 2007b) and a phlogopite-
bearing basalt found in the Western crest of the main caldera
(Gorbach and Portnyagin 2011; sample 7550-1, Mg#="71.7,
MgO=11.82 wt%).

Together, the enclaves define crystallization-dominated
trends in most bivariate plots (Fig. 7). The enclave data
extend trends defined by published analyses of andesites
erupted at Young Shiveluch (Hochstaedter et al. 1996; Ishi-
kawa et al. 2001; Ferlito 2011; Gorbach and Portnyagin
2011) to more magnesian compositions without a com-
positional gap. The dataset (i.e., enclaves and andesites)
increases in SiO,, K,O, Al,O;, Na,O, Sr, Ga, Rb, Ba, and
Zr with decreasing MgO (Fig. 7; Supplementary Fig. 7). The
trends in FeO, CaO, TiO,, Cr, Ni, and V are decreasing with
decreasing MgO. There is no distinguishable trend in Zn, or
Y. P,O5 increases to MgO ~ 5 wt% and then decreases.
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Trace element (ICP-MS) analysis

This study is the first comprehensive report of trace element
compositions of Shiveluch mafic enclaves. The normalized
REE patterns of the mafic enclaves are relatively flat in the
LREE (Fig. 8a, b); the ratio of (La/Nd)y has a narrow range
of 1-1.3 in all enclaves except for amphibole cumulate sam-
ple 17-04L, where (La/Nd)y =0.8 (Supplementary Table 7).
There is a weak negative correlation of (La/Nd)y with MgO
(Supplementary Fig. 8).

Overall, the REE patterns of the mafic enclaves are
concave up. In this study, we quantify the curvature of the

normalized REE pattern using the Dy/Dy" index proposed
by Davidson et al. (2013) as opposed to the La/Yb index
(although those values are also reported in Supplementary
Table 7). Dy" is defined as the interpolated value of Dy from
a line with endpoints at La and Yb. A Dy/Dy" value < 1
indicates a concave up curve. The mafic enclaves range in
Dy/Dy" from 0.88 to 1 (+0.04) except for cumulate sam-
ple 17-04L which has a Dy/Dy" value of 1.27. There is a
weak positive correlation of Dy/Dy” with enclave whole-
rock magnesium content (Fig. 8c). We also determined the
Eu/Eu” values of these enclaves (Supplementary Table 7;
Supplementary Fig. 8). Values range from 0.96-1.1 (+0.04)
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Fig.8 Rare earth element abundances of analyzed enclaves. Ele-
ment abundance has been normalized to Primitive Mantle (Sun
and McDonough 1989) (a) and enclave 17-04K (b). ¢ Dysprosium
anomaly versus MgO of analyzed enclaves and of published analysis
of andesite from Davidson et al. (2013). Solid black lines or points
are analyses of cumulate samples, green lines or points are analyses
of enclaves, and dashed black line or open squares from the ICP-MS
analysis of Shiveluch andesite from Davidson et al. (2013). All analy-

across all enclaves, and there is no correlation of Europium
anomaly with whole rock magnesium content.
Discussion

Intensive parameters of primitive magma
crystallization

Temperature
Temperature is a key intrinsic condition in magmatic sys-

tems. In the absence of two oxide pairs or co-existing clino-
pyroxene and glass, the temperature of primitive arc magmas

@ Springer

ses from this study have a precision of 5% relative standard devia-
tion (RSD). Uncertainty in the dysprosium anomaly was calculated
by propagating uncertainty from ICP-MS analysis of trace elements
through the calculation of Dy/Dy*. Published data were reported
without uncertainty, and thus the data are reported here without prop-
agated uncertainty. There is a weak positive correlation between Dys-
prosium anomaly and MgO

is difficult to determine. The temperature of magmas in
equilibrium with high forsterite olivine was determined by
employing the Aluminum-in-olivine thermometer of Coogan
et al. (2014). The thermometer uses the chromium number
of chromite in equilibrium with olivine and the aluminum
partitioning between chromite and olivine pairs; this par-
titioning is sensitive to the temperature of crystallization.
Although the thermometer of Coogan et al. (2014) (and an
earlier calibration; Wan et al. 2008) was not calibrated for
hydrous magmas, it has been applied to hydrous systems,
including Shiveluch (e.g., Mironov et al. 2015; Gavrilenko
et al. 2016b; Golowin et al. 2017; Gordeychik et al. 2018;
Asafov et al. 2018).
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Fig.9 Average temperatures of
25 olivine and chromite pairs
from Al-in-olivine thermom-
etry. Dashed line shows the
approximate upper thermal
stability limit of amphibole.
Gold-colored point shows aver-
age temperature from all pairs
(1062 + 48 °C). All error bars
show 1 sigma uncertainty. There
is a minor correlation of tem-
perature with forsterite content,
but such minor variation is not
considered further
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Chromite inclusions in forsterite-rich olivine (i.e.,
Fo >86) were analyzed to determine the temperature of near-
liquidus magmas at Shiveluch. For every chromite inclusion
analyzed, three to five analyses of olivine were collected.
Uncertainties were determined using a Monte Carlo tech-
nique, performing the calculation of temperature for each
olivine analysis 10,000 times with a Gaussian distribution
of values for Cr in chromite, Al in chromite, Al in olivine,
and the coefficients in the equation of the thermometer of
Coogan et al. (2014) within their uncertainties and finding
the standard deviation of the repetitive calculation. Tem-
peratures from chromite-olivine pairs were excluded from
consideration if: (1) the 3-5 analyses of olivine for one chro-
mite inclusion had a standard deviation >25 °C (the limiting
precision of the Coogan et al. (2014) thermometer, not tak-
ing into account any uncertainties from EPMA) or (2) if the
analytical precision of aluminum in olivine by EPMA was
low. Points with low analytical precision had a percent error
in temperature from uncertainty in EPMA measurements
greater than the percent error of the thermometer (4%, as
calculated by our Monte Carlo simulation; Supplementary
Fig. 9). Of a starting dataset of 58 pairs, condition 1 filtered
28 pairs out, and condition 2 filtered out another five pairs.
In total, 25 olivine-chromium pairs were considered robust
estimates of temperature; analyses of olivine and chromite
in those pairs are presented in the Electronic Supplemen-
tary Material and are graphically summarized in Fig. 9. The
25 pairs have an average temperature of 1062 +48 °C, and
have minor variation with forsterite content (Fig. 9); this
small variation is not further considered. The temperatures

88 90 92
Fo

are mostly within the error of or below the upper thermal
stability limit of amphibole, which is about 1100 °C (e.g.,
Helz, 1973; Blatter and Carmichael, 2000; Alonso-Perez
et al. 2008; Krawczynski et al. 2012; Blatter et al. 2017).
These low temperatures would thus be conducive to near-lig-
uidus amphibole crystallization. As will be further discussed
in the following section, near or at liquidus crystallization
of amphibole requires high water contents to depress the
liquidus temperature of primitive magmas.

Water content

We estimated the water content of primitive melts crystalliz-
ing amphibole by applying an amphibole Mg# geobarome-
ter-hygrometer to amphiboles with Mg# > 74 (assuming all
iron is ferrous) for which the geobarometer-hygrometer is
calibrated (Krawczynski et al. 2012; Table 1). Experimental
studies have shown that amphibole crystallization occurs
at near-liquidus temperatures in H,O-saturated magmas
because water lowers the liquidus temperatures, making
them closer to the maximum temperatures of amphibole
stability (e.g., Helz 1973). Grove et al. (2003, 2005) pro-
posed a linear relationship between high Mg# amphibole and
water content at a given fq, , and applied their hygrometer to
high Mg# amphibole erupted at Mount Shasta. The experi-
mental study of Krawczynski et al. (2012), based on and
applied to high Mg# rocks from Mount Shasta, refined the
empirical, nonlinear relationship between amphibole Mg#
and water content at high pressures; we apply the equation
from Krawczynski et al. (2012) to high Mg# amphiboles in
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Table 1 Analyses of high Mg# amphibole and results from amphibole Mg# geobarometer-hygrometer, calculations of water content, and calcu-
lation of temperature applied to the 8 highest Mg# amphibole analyses

Sample 17-02B  17-02B 17-02B 17-02B 17-04K 17-04K 17-04K 17-04K 17-04K 17-05 17-05 17-05  17-05
Sio, 4485 4133 4673 4285 46.81 45.53 4526  43.96 47.60 43.20 46.60 46.87  46.72
TiO, 1.38 1.98 1.69 1.80 1.23 0.67 1.02 1.87 1.17 1.10 1.90 0.19 0.23
Al O4 11.71 1674  8.83 13.58  9.69 11.27 1122 11.57 8.84 13.18 8.94 1031 9.96
FeO 8.60 5.96 9.72 7.06 7.21 9.34 9.49 9.24 8.51 9.93 9.72 8.90 9.69
MnO 0.15 0.08 0.24 0.06 0.08 0.18 0.15 0.09 0.19 0.11 0.21 0.18 0.19
MgO 16.58 1638 1725 1662 17.67 1641 16.30  16.13 13.95 15.99 16.71 17.78  17.37
CaO 10.66  11.56  9.98 11.82  11.69  11.70 11.33  11.60 15.92 11.48 11.32 1096  11.05
Na,O 2.57 3.08 2.29 3.00 2.11 2.29 2.24 251 1.31 2.64 1.95 2.17 2.04
K,0O 0.24 0.29 0.21 0.27 0.19 0.22 0.21 0.22 0.07 0.34 0.44 0.22 0.20
P,0; 0.04 0.04 0.16 0.03 <0.01 0.04 0.01 0.04 <0.01 001 0.03 0.06 0.07
Cr,0, 0.15 <0.01 0.05 0.02 0.43 0.10 0.04 0.03 0.07 0.01 0.01 0.07 0.03
NiO 0.05 0.09 0.04 0.03 0.10 <0.03  0.05 <003 <003 <003 <0.03 0.03 <0.03
Total 96.97 9754 9719 9715 9720 9775 97.33  97.26 97.60 97.99 97.85 97.74  97.54
Mg# 774 83.0 76.0 80.9 81.4 75.8 75.4 75.7 74.5 74.1 75.4 78.1 76.2
Pioo MPa) 252 738 189 490 540 181 166 176 139 129 167 285 195
H,0 (wt%) 14.2 10.3 10.9
Cm0 1.7 1.3 1.4
Sample 17-05  17-05 17-05 17-05 17-05  17-05 17-05 17-05  17-05 17-05 17-04B  17-04B  17-04B
SiO, 4448 4875  49.07 4219 4220 4216  43.00 4258 43.67 4239 4829 46.66  45.66
TiO, 0.64 0.38 0.40 1.77 1.73 1.89 1.87 1.94 2.01 1.84 1.33 1.31 1.74
Al O, 1343 1736 7.10 12.93 1293 13.02 12.18 12.68  11.79 13.09  7.30 8.93 9.41
FeO 8.44 10.31 9.97 9.61 9.63 9.33 9.77 9.47 9.97 9.71 8.93 8.65 9.30
MnO 0.13 0.22 0.22 0.10 0.11 0.12 0.14 0.13 0.12 0.10 0.23 0.17 0.14
MgO 16.98  16.61 16.95 15.91 1591 1580 15.93 16.02  16.05 15.80 17.56  17.38 16.75
CaO 10.89  11.66 11.67 11.81 11.75  11.86 11.56 11.77  11.20 11.78 1112 11.25 11.33
Na,O 2.52 1.46 1.44 2.62 2.59 2.58 2.57 2.63 2.54 2.64 1.85 2.43 222
K,0 0.36 0.27 0.32 0.34 0.33 0.31 0.31 0.32 0.30 0.33 0.29 0.34 0.42
P,0; 0.06 0.05 <0.01  0.01 0.01 <001 <0.01 0.02 0.02 0.01 0.01 <0.01 <0.01
Cr,0, 0.02 0.50 0.46 <0.01 0.04 <0.01  0.02 0.01 0.04 0.03 0.01 0.01 0.03
NiO 0.04 <003 <0.03 <003 0.04 <003 <0.03 0.03 <003 <0.02 0.02 0.02 0.03
Total 97.99 97.60  97.63 9730 9727 97.09 9735 97.62 97776  97.72 9695 97.16  97.04
Mg# 78.2 74.2 75.2 74.7 74.6 75.1 74.4 75.1 74.1 74.4 71.8 78.3 76.2
Puso 292 129 160 144 143 157 135 156 129 135 270 298 196
(MPa)
H,0 (wt%)
SH20
Sample 17-04B  17-04B 17-04B 17-04B 17-04B  17-06A 17-06A 17-06A 17-06A 17-06A 17-06A 17-06A 17-06A
SiO, 4748  46.67 4739 4446  48.01 4999 4372 4365 4351 4549  50.19 4539 4594
TiO, 1.32 0.18 0.22 1.55 1.33 1.15 0.74 0.80 1.34 1.21 0.99 1.40 1.20
Al,O, 8.02 9.93 9.14 10.85 7.66 5.09 12.07 11.96 12.10 10.07  5.04 9.42 9.16
FeO 8.54 7.89 7.92 9.50 8.68 9.60 9.81 9.64 9.43 9.78 9.88 10.28  7.79
MnO 0.19 0.20 0.20 0.15 0.17 0.24 0.23 0.22 0.22 0.23 0.27 0.25 0.12
MgO 17.93 18.36 18.67 16.04 17.43 17.35 16.30 16.56 16.80 1672 17.49 16.46  18.21
CaO 11.15 11.17 11.04 11.59 11.63 11.36 11.15 10.82 10.71 11.12 11.15 11.02  11.26
Na,O 2.27 2.28 2.14 2.87 2.36 1.25 241 2.34 2.49 2.16 1.27 2.01 2.17
K,0 0.32 0.40 0.31 0.48 0.35 0.21 0.41 0.35 0.33 0.37 0.20 0.37 0.15
P,0; <001 <0.01 0.15 0.03 <0.01 0.01 0.06 0.04 0.04 0.05 <0.01 0.02 0.03
Cr,0; <0.01  0.02 <001 <0.01 0.03 0.01 <001 <0.01 <0.01 001 0.02 0.10 0.03
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Table 1 (continued)

Sample 17-04B  17-04B  17-04B  17-04B 17-04B 17-06A 17-06A 17-06A 17-06A 17-06A 17-06A 17-06A 17-06A
NiO 004 005 005 002 003 <002 <002 002 <002 002 <002 004 009
Total 9725 9717 9722 9755 97.67 9626 9691 9638 9697 9722 9651 9675  96.05
Mg# 790 806 807 750 781 764 748 755 761 752 759 741 806
Pyo (MPa) 339 465 480 154 286 203 147 170 192 161 185 126 470
H,O (Wt%) 100 102 10.2
10 13 13 13
Sample 17-06A 17-06A 17-06A 17-06A 17-06A
Si0, 47.65 46.62 47.30 46.67 4931
TiO, 1.16 1.34 1.25 143 1.20
ALO, 8.94 9.34 9.07 9.37 5.76
FeO 7.12 8.34 7.61 8.55 10.18
MnO 0.09 0.12 0.12 0.11 0.27
MgO 18.52 17.52 18.30 17.61 17.22
CaO 11.57 11.52 11.51 11.15 11.34
Na,O 2.12 211 2.12 2.28 137
K,0 0.18 0.16 0.17 0.15 0.22
P,05 0.03 0.01 0.03 0.01 0.01
Cr,0, 0.17 <0.01 0.02 0.01 0.01
NiO 0.10 0.05 0.07 0.04 0.03
Total 97.65 97.14 97.56 97.40 96.93
Mg# 823 78.9 81.1 78.6 75.1
Pyp0 (MPa) 638 337 511 315 156
H,O (Wt%) 12.6 10.7

10 15 13

Gmoo 18 an average of ¢, and o, the difference between water content calculated at P+ Gpyyq (respectively) and the maximum water content of

the equilibrium melt

25+

20+

8
10+
16 km 26km
. 10 wt% H.,O 14 wt% H,O
o * - =
200 400 600 800
PH,O (MPa)

Fig. 10 Results from the Mg# geobarometer-hygrometer applied to
amphibole analyses Mg# > 74. We focus on results from the eight
highest Mg# amphibole analyses (Py,q > 400 MPa; highest and low-
est extents are emphasized here by arrows) for our estimates of water
content and minimum depth

enclaves from Shiveluch. The enclaves lack an equilibrium
two oxide assemblage, so in our calculations, we assumed an
oxygen fugacity of NNO + 2, reflecting the previously pub-
lished estimates of oxygen fugacity of Shiveluch andesites
(e.g., Humphreys et al. 2006). Calculated Py, ranged from
125-738 MPa (Fig. 10). Our assumption that the oxygen
fugacity of a more evolved andesite is applicable to the oxy-
gen fugacity of primitive melts is informed by studies show-
ing that the oxygen fugacity of a melt does not appreciably
change with differentiation (e.g., Kelley and Cottrell 2012;
Brounce et al. 2014; Waters and Lange 2016), although
melts may become oxidized by assimilation of crustal
material or may become either more oxidized or reduced
during significant degassing (especially of sulfur) in a shal-
low magma chamber (e.g., Mathez 1984; Holloway 2004;
Kelley and Cottrell 2012; Humphreys et al. 2015; Waters
and Lange 2016; Moussallam et al. 2016). Furthermore,
the Py, calculated at NNO +3 and NNO + 1 (one log unit
above and below our estimate of NNO + 2, respectively) are
within error of our original estimates except for the highest
Mg# amphibole analysis, so the uncertainty in the oxygen
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fugacity of the melt is relatively insignificant in our esti-
mates of water content.

We focus the rest of our discussion on the highest Mg#
amphibole analyses (all Mg# > 80) because, while amphi-
boles with lower Mg# can be crystallized from both deep
super-hydrous and drier shallower melts, the highest Mg#
amphiboles crystallized require the most liquidus depres-
sion, and thus inform our understanding of the most primi-
tive, hydrous melts from which amphibole crystallized.
The eight highest Mg# amphibole analyses give Py,q from
464-738 MPa with an average of 551 MPa (Fig. 10). These
values of Py, correspond to minimum pressures and depths
of primitive amphibole crystallization because they reflect
the minimum water content of magmas in equilibrium with
these amphiboles. The results of the geobarometer-hygrom-
eter applied to the eight highest Mg# amphibole analyses
correspond to amphibole crystallization at depths of at least
16.4-25.8 km with an average of 18.9 km (depths calcu-
lated using the density from the anhydrous CIPW norm of
Shiveluch andesite sample 7491 (2.8665 g/cm®; Gorbach and
Portnyagin 2011) and the results from the Mg# geobarom-
eter-hygrometer in MPa, reported in Table 1). These results
show that amphibole crystallization began within 10 km of
the Moho (estimated to be at 30—40 km depth under Shive-
luch; e.g., Iwasaki et al. 2013, and references therein) at deep
crustal levels. The crystallization of amphibole in the lower
crust is consistent with geochemical studies of suprasubduc-
tion zone ophiolites and geophysical studies of the conti-
nental crust, which both show evidence for early amphibole
crystallization at arc settings (e.g., Bloomer et al. 1995; Par-
lak et al. 2000; Kocak et al. 2005; Bonev and Stampfli 2009;
Jagoutz et al. 2011).

Although the amphiboles that we use to determine Py,
are uniformly high in Mg#, they have a significant range in
Al,O5 (> 10 wt% range for all high Mg# amphiboles and
a~7 wt% range among the amphiboles with Mg# > 80;
Fig. 6, Table 1). The aluminum content of amphibole has
been shown to be somewhat controlled by pressure; the
pressure-dependent Al-Tschermak’s exchange is the basis
of the Al-in-hornblende barometer of Holland and Blundy
(1994) for evolved melts and the empirical octahedrally
coordinated aluminum barometers of Larocque and Canil
(2010) and Krawczynski et al. (2012) for less evolved melts.
However, a survey of amphiboles synthesized at relatively
high pressure (i.e., >450 MPa) shows that, although higher
pressure experiments yield amphiboles with a maximum
Al,O; greater than those synthesized at lower pressures,
Al,O5 in amphibole has a stronger correlation with melt
Al,O; than with pressure (Supplementary Fig. 10). The
wide range in amphibole Al,O5 observed in our samples
is thus likely attributable to crystallization from primitive
melts with differences in Al,O, caused by variability in the
mineralogy of mantle sources (though some variability in
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amphibole Al,O; may be attributable to polybaric crystalli-
zation). Seismic receiver function studies (e.g., Nikulin et al.
2010, 2012) and studies of xenoliths at this volcano (Bryant
et al. 2007) suggest that primitive melts in this region are
produced from at least two distinct mantle sources. The first
is a hydrous, enriched pyroxenite source, also proposed by
Pornyagin et al. (2007) to be a source of Shiveluch magma.
This enriched mantle source is hypothesized to have been
enriched by metasomatism during an earlier episode of
subduction that produced the Sredinny Range (now, mostly
extinct) volcanoes to the west of the CKD (Auer et al. 2009).
Melts from this source would be relatively high in Al,O; and
would crystallize relatively aluminous amphiboles. The sec-
ond source is a depleted peridotite mantle source character-
istic of shallow subarc mantle. Partial melts of the depleted
peridotite source would be less aluminous than the enriched
pyroxenite and would be in equilibrium with amphiboles
lower in Al,O;. Early mixing of these two endmember
primitive melts may have produced melts with intermediate
Al,O;, thus producing the full range of aluminum contents
in high Mg# amphibole, but trace element analyses would be
needed to confirm this hypothesis more definitively.

The results from the geobarometer-hygrometer can be
translated to H,O content of primitive melts using the H,O
solubility model of Papale et al. (2006). The model allows us
to calculate H,O solubility in melts accounting for magmatic
temperature, pressure, and composition. There are several
models of water solubility in basaltic melts (e.g., Dixon et al.
1995; Moore et al. 1998; Shishkina et al. 2010; Ghiorso and
Gualda, 2015), but none that are experimentally calibrated
above 500 MPa, mostly due to issues during quenching (e.g.,
Gavrilenko et al. 2019). We choose the Papale et al. (2006)
model because its prediction of H,O solubility at high pres-
sures best agrees with the experimentally determined H,O
solubility in basaltic melts at 1 GPa (Mitchell et al. 2017).
We use the Py, calculated for the eight highest Mg# amphi-
bole analyses (Fig. 10) as magmatic pressure. This calcula-
tion yields the H,O content of amphibole-crystallizing melts,
assuming that the melt is saturated at the entered pressure
(Pypo)- We reiterate that Py, may be less than the total
pressure of crystallization (undersaturated), and that these
melts also likely contain significant amounts of CO, (see
discussion below). For the compositional parameter required
for the Papale et al. (2006) model, we use the whole-rock
composition of the enclave in which the amphibole was ana-
lyzed. We assume a temperature of 1100 °C (see next section
for discussion). We find that the melts had water contents
ranging from 10.0+ 1.3 to 14.2+1.7 wt% (Table 1).

Py, calculated from the amphibole Mg# geobarometer-
hygrometer are minimum pressures of amphibole crystal-
lization based on the amount of water needed to crystallize
amphibole from a near-primary melt. Because CO, does not
depress the liquidus temperature as much as water (Eggler
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1976, 1978; Wyllie and Huang 1976a, b; Adam 1988), we do
not consider it in our estimates of the water content inferred
from the amphibole Mg# geobarometer-hygrometer, but it
is an important volatile species at arc settings. Indirect esti-
mates of CO, at arc settings suggest that there is at least
3000 ppm and up to 1.2 wt% CO, in arc magmas at depth
(e.g., Wallace 2005; Shinohara et al. 2013; Plank and Man-
ning 2019). In contrast, direct measurements of CO, from
melt inclusions at arc settings have <3000 ppm CO,, due,
in part, to the rarity of melt inclusions entrapped at lower
crustal depths and, in part, to the technical difficulty of
estimating CO, trapped in melt inclusion vapor bubbles or
rehomogenizing and redissolving the CO, in the melt inclu-
sion experimentally (e.g., Mironov et al. 2015; Moore et al.
2015; Wallace et al. 2015). Analyses of melt inclusions from
Mount Etna in Italy (Kamenetsky et al. 2007), the Colima
volcanic complex in Mexico (Vigouroux et al. 2008), Mount
Saint Helens in Washington (USA) (Blundy et al. 2010), and
Klyuchevskoy Volcano in Kamchatka (Mironov et al. 2015)
corroborate the higher estimates from indirect methods.
We integrate CO, into our study by assuming that high
Mg# amphiboles crystallized from a magma with a dis-
solved water content equivalent to Py, estimates from the

amphibole Mg# geobarometer-hygrometer and with CO,
contents of ~3800 ppm, equivalent to the amount of CO,
analyzed in melt inclusions from Klyuchevskoy Volcano
(Mironov et al. 2015). In the absence of measurements of
CO, from Shiveluch melt inclusions, we take the measured
CO, of Klyuchevskoy as an estimate for Shiveluch. Kly-
uchevskoy is an arc volcano in the CKD south of Shiveluch
that is also thought to have particularly hydrous primitive
magmas. By including 3800 ppm CO, with water contents
equivalent to the Py, of the eight highest Mg# amphiboles
analyzed, the minimum pressures of amphibole crystal-
lization increase to 678—825 MPa (23.6-28.8 km depth;
Fig. 11). The resulting range of water content in the volatile
content (Xy,) is 0.77-0.91, which is within reason based
on estimates from Klyuchevskoy melt inclusions (Mironov
et al. 2015).

Water is an incompatible element and thus, for water-
undersaturated melts, any fractional crystallization will
increase its concentration from parental melts. To calcu-
late the water content of deeper parental melts in equilib-
rium with the mantle, the composition of enclaves is cor-
rected for fractionation of primitive crystallizing phases
olivine, amphibole, and clinopyroxene until the calculated

1.254

1.00+

0.754

CO, (Wi%)

0.50+

0.254

x
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Fig. 11 H,O and CO, solubility using the model of Papale et al.
(2006) using the composition of enclave 17-06A and a temperature of
1100 °C at a variety of pressures (400-1000 MPa) and fluid composi-
tions (XH,0). Dashed line is at 3800 ppm CO,, the estimated CO,
content of Klyuchevskoy from melt inclusions (Mironov et al. 2015).
Grey dots represent the range of estimated water content from Py,
and black dots represent minimum pressure estimates of amphibole

crystallization given a magma with water contents based on Py, and
with 3800 ppm CO,. The minimum pressure estimates (black dots)
are at reasonable XH,O based on Klyuchevskoy melt inclusions. Esti-
mates of minimum pressures of crystallization at higher Py, are not
as sensitive to CO, content as estimates at lower Py, because of the
steep slope of the mixed volatile solubility model
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composition is in equilibrium with Fog, olivine. The H,O
contents are tracked during this calculation as components
of the enclaves’ initial compositions. The composition of
olivine cores in enclaves with zoned olivine is mostly Fog,
(Fig. 3b), meaning that the parental melt was in equilib-
rium with olivine of approximately that composition. Fogy,
also falls in the middle of the range of olivine magnesium
number reported from ultramafic xenoliths collected at
Shiveluch (Bryant et al. 2007), so Foy, is representative
of the mantle with which the Shiveluch parental melt was
in equilibrium. We only corrected and used the composi-
tions of enclaves with high forsterite olivine because they
are higher in MgO than other enclaves, requiring the least
amount of assumptions on what phases and what amounts
are being crystallized. We corrected the compositions
of enclaves by adding equilibrium composition olivine
(Mg/Fe mineral-melt K, of 0.32, appropriate based on
the NBO/T [nonbridging oxygen (NBO) per tetrahedrally
coordinated cation (T)] of hydrous, primitive arc melts
[~ 1.5; Kushiro and Mysen 2002]), equilibrium compo-
sition clinopyroxene (Mg/Fe mineral-melt K, of 0.27;
Putirka 2008), and a static composition of amphibole back
to whole-rock compositions in 1 wt% total increments. The
composition of amphibole that was added back was the
second highest Mg# amphibole we analyzed (Mg#=82.3).
We chose this amphibole composition because it is the
highest Mg# amphibole closest to the median Al,O5 con-
tent of high Mg# amphiboles (8.94 wt% Al,O5; Fig. 6).
The ratio of olivine, clinopyroxene, and amphibole added
to the enclave compositions was adjusted until the cor-
rected compositions were comparable to the compositions
of the 3959 and 8363 BP basaltic to basaltic andesitic
tephra, which we hypothesize are petrogenetically related
to more evolved magmas at Shiveluch; care was taken to
match the calcium content of the corrected compositions
to that of the tephra (~8 wt%) since the calcium content
cannot be reproduced by olivine addition alone and is sen-
sitive to the ratio of clinopyroxene to amphibole added
to the enclave compositions. A 6:3:1 ratio of olivine to
clinopyroxene to amphibole added back to enclave com-
positions satisfies our requirements, with 14.9-23.2 total
percent crystals added back to enclave compositions (Sup-
plementary Table 8).

We calculated the water content of deep parental melts
using the two enclaves that contained both high forsterite
olivine and analyses of one or more of the eight highest Mg#
amphiboles (samples 17-02B and 17-04 K). Enclave 17-02B
contained two very high Mg# analyses of amphibole, so we
used the highest magnesium amphibole in our calculation.
Based on this calculation, the melts in equilibrium with Foy,
(parental melts in equilibrium with the mantle) had water
contents ranging from 8.9 to 10.8 wt%.

Uncertainty in water content (6yy,n) ranges from 1.3—-1.7
wt%. Uncertainty was estimated by calculating H,O solubil-
ity using the Papale et al. (2006) equation at Py, +93 MPa
(the uncertainty associated with the geobarometer-hygrom-
eter). Because the Papale et al. (2006) solubility model is
nonlinear, our errors are asymmetric, but the asymmetry
(using the mathematical definition given in Barlow, 2006)
is low compared to the total uncertainty (no greater than
0.07), so we approximate the errors as symmetric. The
quoted uncertainties in Table 1 are the average of ¢, and
o_ for each point.

Pressure

We calculated the minimum pressures required for generat-
ing the primitive enclave magma compositions using the
thermobarometer of Lee et al. (2009). The model calculates
minimum depths of multiple saturation with mantle olivine
and orthopyroxene and magmatic temperature using the
primitive magma’s composition (especially its MgO, SiO,,
and H,O content). We used the compositions of enclaves
corrected to be in equilibrium with Foy, by addition of oli-
vine, clinopyroxene, and amphibole described in the pre-
vious section as inputs to the thermobarometer. For these
calculations, we assumed a Fe**/Fe,,, of 0.32, which is
the calculated Fe’*/Fe,,, using the equations in Kress and
Carmichael (1991) at NNO + 2. The calculations were per-
formed assuming 9-16.7 wt% added water. Temperatures
calculated from the Lee et al. (2009) thermobarometer
overlap with the uncertainty of our estimates of magmatic
temperatures from Al-in-olivine thermometry for water con-
tents > 14 wt%. Temperatures approaching the average tem-
perature from independent Al-in-olivine thermometry meth-
ods (1062 °C) are only calculated by the Lee et al. (2009)

Table 2 Calculated pressure

- 9 wt% H,0 10.7 wt% H,0 13.8 wt% H,0 16.7 wt% H,0

and temperature from Lee et al.

(2009) thermobarometer for T (°C) P (GPa) T (°C) P (GPa) T (°C) P (GPa) T (°C) P (GPa)

the compositions of enclaves

corrected to be in equilibrium 17-04K 1146 1.1 1128 1.1 1099 1.2 1078 1.3

with Fog, 17-05 1190 1.5 1167 1.5 1130 1.6 1103 1.7
17-09A 1169 1.3 1149 1.3 1115 14 1090 1.5
17-02B 1162 1.2 1142 1.3 1109 1.3 1085 1.4
17-04F 1148 1.1 1130 1.1 1100 1.2 1078 1.3
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thermometer at water contents greater than or equal to 16.7
wt% H,O, consistent with the fact that water contents cal-
culated from amphibole Mg# hygrometry must be minima.
The minimum depths of primitive magma equilibration with
the mantle ranged from 1.1-1.7 GPa (26 uncertainty is 0.2
GPa); higher water content magmas had higher calculated
pressures (Table 2). This range of pressure corresponds to
depths of 36.7-56.8 km, calculated assuming a simple lith-
ospheric column of 2/3 andesite and 1/3 harzburgite with a
total density of 2.9947 g/cm’. That density was calculated
from the density from the anhydrous CIPW norm of andesite
used to calculate depth in the previous section and from the
density from the anhydrous CIPW norm of harzburgite sam-
ple SHX-03-01 erupted at Shiveluch reported in Bryant et al.
(2007). This range in depth overlaps with the deeper limits
of estimates of the seismologic Moho depth under Shiveluch
(30—40 km; e.g., Iwasaki et al. 2013, and references therein).
The overlap of Moho depth and calculated depth suggests
that the calculated depths reflect minimum depths of mul-
tiple saturation with olivine and orthopyroxene, rather than
average pressures of partial melting.

Evidence for Co-crystallization of high Mg#
amphibole and olivine support quantitative
evidence for very high magmatic water contents

Maximum estimates of water contents from melt inclusion
analyses (e.g., Humphreys et al. 2008; Tolstykh et al. 2015)
and a Ca-in-olivine geohygrometer (Gavrilenko et al. 2016a)

range from 5.1 to 7.2 wt% H,O in Shiveluch basalts and
andesites. These melt inclusion analyses are from plagio-
clase-hosted inclusions and are useful for determining the
minimum water content of the host andesite, but they do
not record the water content of mid to lower crustal primi-
tive magmas. The Ca-in-olivine geohygrometer applied to
primitive basaltic melts, however, estimates 6.4 wt% H,O
(Gavrilenko et al. 2016a). In this section, we support our
quantitative estimates for a deep, superhydrous (10-14
wt% H,0) primitive melt with evidence of early amphibole
crystallization.

High magnesium (i.e., Mg# > 74) pargasitic amphibole
inclusions in high forsterite (i.e., Fo>90) olivine are evi-
dence that amphibole joined olivine as a liquidus phase and
the two co-crystallized from a primitive, magnesian melt.
Experimental studies of the liquid line of descent of hydrous
basalts show that early co-precipitation of amphibole and
olivine requires magma with at least 8 wt% H,O (e.g., Helz
1973). In addition, experimental studies of Mount Shasta,
CA, another superhydrous eruptive center, showed that
comparably high-magnesium amphibole co-crystallized
with high-Fo olivine at water contents of up to 14 wt% at
lower-crustal temperatures and pressures (Krawczynski et al.
2012). The preservation of amphibole in olivine grains at
Shiveluch suggests a magma of similar hydrous nature.

Table 3 Starting, amphibole,

: . Starting compositions ~ Amphibole Plagioclase
and plagioclase compositions
used in fractional crystallization 3959-year- 8363-year- High Mg Lower Mg  Co-crystal- Lowest Mg Groundmass Core
models old tephra  old tephra lized with
Fog,
Sample 05 Sample 04K Sample 04D Sample 04B Sample 06A

Si0, 53.17 54.12 44.48 42.11 46.43 42.77 48.19

TiO, 0.82 0.74 0.64 2.29 1.19 2.00 0.02

Al,O; 13.40 15.64 13.42 12.73 8.28 12.20 32.67

FeO 8.85 7.52 8.44 10.85 10.52 11.89 0.39

MnO 0.16 0.14 0.13 0.13 0.24 0.20 0.0

MgO 13.85 9.51 16.98 14.83 16.42 13.70 0.0

CaO 8.20 7.99 10.89 11.33 11.24 11.24 15.08

Na,O 2.65 3.23 2.52 3.26 2.32 2.37 2.83

K,0 1.56 0.92 0.36 0.26 0.36 0.49 0.04

P,05 O 0.17 0.06 0.01 <0.01 0.03 0.02

Cr,0; — - 0.02 0.02 0.03 <0.01 0.11

NiO - - 0.06 0.06 <0.02 <0.02 0.02

Total 100 100 98.0 97.9 97.0 97.1 99.23

Mg# 69 69 78.2 70.9 73.6 67.2 -

An - - - - - - 74.5

Tephra compositions are from Ponomareva et al. (2007a)
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Table 4 Conditions for models shown in Fig. 12

&

Ol+Cpx+ Amph + Plag

8363-year-old tephra
Ol+ Amph + Plag

Ol+Cpx +Plag

Ol+Cpx+ Amph +Plag

Ol+ Amph + Plag

3959-year-old tephra
Ol+Cpx +Plag

Starting compo-

sition
Model type

Springer

Stage no

0.05
0.2

05 03 03

0.05

005 05 03 03
0.9

0.3

0.8 03 03 0.05 0.5
0.2

0.05

005 08 03 03
0.9

0.3

0.8

Xol

0.1

0.7

0.5

0.1

0.7

0.2

chx

0.5

0.5

0.2

0.2

X, amphl

0.7

0.7

0.7

0.7

X, amph2

0.6

0.7

0.6

0.7

Xamph3

0.7

0.9

0.7

0.9

X, amph4

0.05

0.05

11

0.05

11

0.05
26

0.05

26

0.05
26

Xplag

11

10
9.2

10
9.2

19

11

11

18

No. Steps

19.3

13.6

21.7 29

14.4

2.9

57 121 284 12 57 11.7 239

1.2

Cumulative X, 0

“Amph 17 is the high Al, high Mg amphibole composition; “Amph 2" is the lower Mg amphibole composition; “Amph 3” co-crystallized with Fog, olivine; and “Amph 4” is the lowest Mg

composition and co-crystallized with plagioclase. Each “stage” of the model corresponds to a different fractionating assemblage or to a different proportion of phases being fractionated. The

cumulative amount of amphibole fractionated throughout the model is calculated by multiplying the proportion of amphibole by the number of 1 wt% fractionation steps and adding the amount

of amphibole fractionated in the last step

Fractional crystallization of amphibole-bearing
assemblages relates enclaves and andesites
at Shiveluch volcano

Decreasing trends in whole-rock CaO and TiO, and
increasing Al,O; with decreasing MgO (Fig. 7) defined
by the compositions of enclaves and andesites can only be
reproduced by fractionation of amphibole-bearing assem-
blages from the melt. Feasibly, crystallization and frac-
tionation of Ti-bearing oxides and clinopyroxene could
also replicate these trends. However, there is no petro-
graphic evidence for early crystallization of titanium-rich
oxides from the magnesian melts at Shiveluch, and such
Ti-rich oxides would not be expected to crystallize from
hydrous melts with such high MgO (i.e., > 7wt%; e.g., Sis-
son and Grove 1993). Magnesian clinopyroxene in coex-
istence with high forsterite olivine in the enclaves and in
cumulate samples is evidence that clinopyroxene was an
early crystallizing (and potentially fractionating) phase.
However, the clinopyroxene in these samples is too low
in TiO, (Supplementary Table 5) for its fractionation to
cause the observed decrease in TiO, in the enclaves and
andesites. In the absence of Ti-bearing oxides, amphi-
bole is the dominant Ti-bearing phase; its fractionation
is essential to drive the decrease in TiO, with decreasing
MgO. Thus, although clinopyroxene may have been frac-
tionated from the melt, trends in TiO, with decreasing
MgO require that amphibole was an abundant fractionating
phase. The fractionation of amphibole from magnesian
melts is also consistent with the petrologic evidence of
the phase’s co-crystallization with magnesian olivine, as
discussed in the previous section. Increasing Al,O; and Sr
of the basaltic andesite enclaves as a function of MgO and
the lack of a europium anomaly in these samples suggests
that plagioclase was not a significant fractionating phase
from the melt. As MgO decreases, Al,O; and Sr increase
monotonically in the enclaves; if plagioclase had been a
significant fractionating phase, both elements in the melt
would have decreased. Additionally, had plagioclase been
a significant fractionating phase, enclaves would have a
notable Eu anomaly, which they do not. The lack of pla-
gioclase fractionation may be due to its suppression due
to high water contents, as has been observed experimen-
tally (e.g., Yoder and Tilley 1962; Sisson and Grove 1993;
Danyushevsky 2001; Parman et al. 2011; Grove et al.
2012; Krawczynski et al. 2012).

To quantitatively determine the amount of fractional
crystallization needed to relate enclaves and andesites, we
made models of liquid lines of descent starting from the
compositions of the 8363 and 3959 BP tephra units that
are the most magnesian magmas erupted from Shiveluch
(Mg# 69 for both tephras; Table 3). The dominant phe-
nocryst assemblage in the tephra informed our choice of
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fractionating phases in our model. In all models, solids in
equilibrium with the melt are fractionated in 1 wt% steps.

Olivine is a dominant phenocryst phase in the tephra (up
to 10 vol%) with compositions ranging up to Fog; (Volynets
1997). Our enclaves also contain olivine in a continuous
range from Fo,, to Foy,. The range of olivine composition in
the enclaves suggests that the phase was continuously crys-
tallizing from an evolving melt. In our model, equilibrium
olivine compositions were calculated and fractionated from
the melt using a fixed Ky, of 0.32 (Kushiro and Mysen 2002).
In our models, the proportion of olivine being fractionated
from the melt relative to other phases decreased with pro-
gressive crystallization steps, reflecting the relatively low
abundance of olivine in andesites erupted at Shiveluch (e.g.,
Gorbach et al. 2016).

Clinopyroxene was included in our model because it is a
phenocryst phase in the tephra (e.g., Volynets 1997) and in
the enclaves. In our models, we adjusted the clinopyroxene
composition using a fixed KM€ of 0.27 (Putirka 2008).
We used a clinopyroxene composition that did not include
any minor elements such as Al,0;, MnO, TiO,, or Na,O
for simplicity, but note that the titanium content of natu-
ral clinopyroxene in the enclaves is low relative to amphi-
bole in these rocks (Supplementary Table 5). For models
fractionating clinopyroxene from the melt, clinopyroxene
fractionation began when the melt approached the Mg/Fe
ratio in equilibrium with the Mg/Fe ratio of the most mag-
nesian clinopyroxene compositions analyzed in the enclaves,
and the relative proportion of clinopyroxene fractionated
increased as the model progressed.

Amphibole is the final major phenocryst phase included
in our model. It is also a major phase in the tephra (up to 20
vol%; Volynets 1997). We chose to fractionate compositions
of actual amphiboles from the enclaves because of the lack
of a good predictive model for amphibole compositions and
the compositional complexity of amphibole. We fraction-
ated four different compositions of amphibole throughout
the model (Tables 3, 4) that represent the gamut of amphi-
bole compositions in Mg# and Al,O; in the enclaves (as
represented in Fig. 6). Overall, we utilized the petrographic
context of amphiboles to infer their crystallization sequence,
which is consistent with generally decreasing Mg# as crys-
tallization progresses.

The first composition of amphibole fractionated from the
melt is in equilibrium with high forsterite (Foy) olivine and
was analyzed in the most magnesian enclave we sampled
(17-05). This first fractionating amphibole is high in both
Mg# (Mg# 78; Table 3) and Al,O; consistent with crystal-
lization starting at the depth required for water solubility to
be high enough to co-crystallize high magnesium olivine
and amphibole (e.g., Krawczynski et al. 2012). The second
amphibole composition is from the core of a normally zoned
groundmass amphibole in a glassy enclave that contained

high forsterite (i.e., Fo > 88) olivine (17-04 K). It is lower in
Mg# (Mg# 71) and Al,Oj; than the first fractionating amphi-
bole and is higher in TiO,. The third amphibole compo-
sition fractionated in the model is from an amphibole rim
around a low forsterite (i.e., Fog,) olivine with a symplectite
reaction rim. The textural relationship with low forsterite
olivine suggests crystallization from a more evolved melt.
The third amphibole composition is lower in TiO, than the
second amphibole composition, which could be an effect of
locally low TiO, due to the crystallization of iron oxides in
the nearby olivine symplectite rim. Finally, the last composi-
tion of amphibole that is fractionated in the model is lowest
in Mg# (Mg# 67), reflecting its crystallization from an even
more evolved melt. Inclusions of plagioclase in amphibole
show that amphibole similar in composition to our final
fractionating composition is in equilibrium with high An
(i.e., ~Any,) plagioclase, which reflects crystallization from
a melt similar to the host andesite in composition and likely
similar H,O contents of 7 wt% (e.g., Humphreys et al. 2008).

We also used the enclaves’ dysprosium anomaly (Dy/
Dy") to estimate the amount of amphibole fractionated
from primitive melts independently from the enclaves’
major element compositions. We assume that a bulk rock
Dy/Dy" <1 is generated by the fractionation of amphi-
bole from a melt and that the parental melt initially has
Dy/Dy” = 1. Amphibole has a Dy/Dy" > 1 because it is
enriched in MREE relative to other REE. We calculated a
representative Dy/Dy" of amphibole in our samples using
the whole rock La, Yb, and Dy and mineral proportions
of cumulate sample 17-04L and mineral-melt partition
coefficients of La, Yb, and Dy for amphibole, plagioclase,
clinopyroxene, and apatite (the partition coefficients used
for amphibole, plagioclase, and clinopyroxene are identi-
cal to the partition coefficients used by Davidson et al.
(2013) in their formulation of the dysprosium anomaly
from Fujimaki et al. (1984), Johnson (1994), Botazzi et al.
(1999); the partition coefficients for La and Dy for apa-
tite are from the experimental study of Watson and Green
(1981) and the apatite-melt partition coefficient for Yb was
determined from natural samples by Paster et al. (1974))
and found that the amphibole Dy/Dy” was 1.52, higher
than the bulk rock Dy/Dy” of 1.27 of sample 17-04L (Elec-
tronic Supplementary Material).

D _ D D .
y/ DY ample ~ Ip Vi v/ Dyy; _oar (Xamph)’

where Dy/Dy? is equal to 1 to calculate X, the propor-
tion of amphibole fractionated from the melt with a given
Dy/Dy", in all of our samples. We found the uncertainty
in Dy/Dy" by propagating error from ICP-MS analysis of
Lay, Yby, and Dyy (5% of their value) through the calcu-

lation of Dy/Dy". The samples range in calculated Xamph
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Fig. 12 Results of fractional
crystallization modeling.
Orange diamonds are 3959 and
8363-year-old tephra composi- 09
tions from Ponomareva et al.

(2007a). Lines are modeled

1.0

liquid lines of descent from the 3 08
3959 and 8363-year-old tephra. <
Dark blue lines are models from =
the 3959-year-old tephra parent 8 0.7

starting composition and light

blue lines are models from the

8363-year-old tephra starting 0.6
composition. Solid blue lines

are models that fractionate

amphibole, olivine, and plagio- 0.5
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clase. Double dashed lines are
models that fractionate olivine,
clinopyroxene, amphibole, and
plagioclase. Finally, dashed
lines are models that fraction-
ate olivine, clinopyroxene, and
plagioclase (amphibole absent).
Only amphibole-present models
reproduce the trends defined

by natural samples. For results
of models for other major ele-
ments, the reader is directed to
Supplementary Fig. 11. Propor-
tions of mineral phases fraction- 6
ated to produce these models is

given in Table 4

CaO (wt%)

o \

5.0 7.5
MgO (wt%)

from 0 (sample 17-05) to 0.08 (sample 17-04D). Consid-
ering the uncertainty in Dy/Dy", the maximum percent of
amphibole fractionated from a primitive melt to generate an
enclave melt composition is ~ 13%. Using this calculation,
the one published ICP-MS analysis of andesite from Shive-
luch (Davidson et al. 2013) would have had 19% amphibole
fractionation.

In our model, we also fractionated minor amounts of
plagioclase as the calculated residual melt composition
approached the MgO content of most published analyses
of andesite because plagioclase has been found to be in
equilibrium with Shiveluch andesitic melts and is abun-
dant in the mafic enclaves (e.g., Humphreys et al. 2000).
Early fractionating plagioclase is not considered in these
models because it would decrease the aluminum con-
tent of the residual liquid with differentiation, which is
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inconsistent with the trend defined by mafic enclaves and
andesites at Shiveluch (Al,0O; increases with decreasing
MgO:; Fig. 7). Furthermore, the high inferred H,O con-
tent suppresses plagioclase crystallization. For simplic-
ity, the plagioclase composition fractionated in the model
was held constant. The composition was a representative
analysis of the calcium-rich core of groundmass plagio-
clase in enclave 17-06A (An,,; Table 3). Orthopyroxene
and accessory Ti-bearing oxide phases were not included
in this model because they are volumetrically insignificant
(i.e., < <1%) in the enclave samples themselves.

Only amphibole-present models satisfactorily reproduce
the trends defined by enclaves and andesites. Our models,
while quantitative in nature, are not meant to represent a
unique liquid line of descent that is followed by Shive-
luch magmas. Instead, the models shown in Fig. 12 and
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Fig. 13 Model of Shiveluch plumbing system and sequence of crys-
tallization. Water contents on y-axis are water solubility in a basal-
tic melt from Papale et al. (2006) in a CO,-free system. Constraints
on the shallow magma storage region are from Dirksen et al. (2006).
Purple box represents a range of Moho estimates in this region (30—
40 km) from Iwasaki et al. (2013). Pink box represents the upper
range of pressure estimates from the Lee et al. (2009) barometer,
which extend beyond the scale of this diagram (37-57 km). Yellow
amphiboles represent the results from the application of the Mg# geo-
barometer-hygrometer to the eight highest Mg# amphibole analyses
+ 93 MPa, and show minimum depths of amphibole crystallization,
assuming a CO,-free system. Including 3800 ppm CO,, the range
of minimum depths of amphibole crystallization is shifted deeper
to 24-29.5 km but are not pictured here. Approximate sequence of

Supplementary Fig. 11 compositionally bracket the enclave
and andesite compositions. The exact composition of any
given enclave or andesite could be reproduced by crystalliz-
ing the melts at different P, T, fy,(, thus altering the propor-
tions and chemistry of minerals being fractionated from the
melt. Our models also show that the early fractionation of

Extent of Moho estimates (30-40km;
Iwaskaki et al., 2013)

Pressure estimates from Lee et al.
(2009) barometer (37-57km)
__J

>20 wt% @ 40 km
— — C

45 km
|

crystallization shows the effects of magmatic differentiation on crys-
tal chemistry. The first amphiboles to crystallize at depth will have
high Mg#, but variable Al,O;. These high Mg# amphiboles are in
equilibrium with high forsterite olivine and magnesian clinopyrox-
ene. Because of their high dissolved water contents, magmas in equi-
librium with high Mg# olivine, amphibole, and clinopyroxene are
relatively low-temperature; the average temperature from the appli-
cation of the aluminum in olivine thermometer to relatively magne-
sian olivines in the enclaves is 1062 + 48 °C. We show symplectite-
rimmed olivine in the more evolved assemblage because they are
present in the enclaves, but we do not constrain the cause or timing of
the symplectite-forming reaction, which may occur in more primitive
melts

amphibole is necessary to approximate enclave and andesite
bulk compositions. In our models, 0.2-12% amphibole is
fractionated to reproduce the full range of enclave composi-
tions (Table 4). The range of amphibole fractionated in our
model agrees with the 0-13% amphibole fractionation inde-
pendently calculated using the dysprosium anomaly.
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Interestingly, none of our models predict the K,O con-
tents of enclaves and andesites. The potassium content of
enclaves seems to decrease even from the lowest potassium
starting composition (the 8363-year-old tephra). Two pos-
sibilities might explain this observation. The first is that nei-
ther tephra composition is representative of the true parental
magma to the enclaves. Although our models composition-
ally bound the enclaves in most variation diagrams, they do
not exactly reproduce the compositions of all of the enclaves.
A parental melt lower in calcium, titanium, and potassium
and higher in aluminum than the tephra compositions but yet
unsampled might better reproduce the compositions of the
enclaves. Another possibility is that late-stage fluid loss (i.e.,
volatile-induced differentiation; e.g., Ferlito and Lanzafame
2010) from the enclaves decreased their bulk K,O. At lower
pressures, the enclave melts would be water-saturated and
begin to degas. The degassed fluid would leach fluid mobile
elements like potassium, thereby decreasing its concentra-
tion in the melt. Rubidium, another fluid-mobile element,
shows similar behavior as K,O as MgO decreases (Supple-
mentary Fig. 7).

We also evaluated the hypothesis that the whole rock
major element geochemical trends defined by enclaves
and andesites could be explained by mixing processes.
One suggestion is that mixing andesite melt with primitive
basaltic melts can reproduce the gamut of enclaves inter-
mediate in composition between the two mixing endmem-
bers (e.g., Bacon 1986; Eichelberger et al. 2000, 2006;
Plail et al. 2014, 2018). Rare earth element abundances of
enclaves and andesites support fractionation rather than
mixing as the dominant process producing the interme-
diate melts. Enclaves with major element compositions
between the most magnesian enclave analyzed (sample
17-05, against which REE are normalized in Fig. 8b) and
Shiveluch andesites (“intermediate” enclaves) have higher
REE abundances than the more magnesian enclaves.
Shiveluch andesite has lower MREE and HREE abun-
dances than these “intermediate” enclaves (Fig. 8a, b).
Mixing of andesite and very magnesian enclaves could
thus not produce relatively higher MREE and HREE
abundances of the “intermediate” enclaves. The increas-
ing abundance in most REE from more to less magnesian
enclaves can be easily explained with fractional crystal-
lization. The rare earth elements are generally incompat-
ible, so their relative abundance is increased with melt
differentiation. The deficit of MREE in the andesite can
be explained by fractional crystallization of amphibole.
Although mixing could feasibly explain the major element
compositions of enclaves, it is incapable of explaining
their rare earth element compositions.

While the whole-rock composition of enclaves and
andesites suggests that mixing is not the dominant process
in their generation, petrologic evidence in the enclaves
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suggests that some open system mixing did occur. For
example, low Mg# amphibole cores with low-An plagio-
clase and apatite inclusions were inherited from a more
evolved source saturated in apatite; based on trends in
whole-rock P,0s, the source had at most 5 wt% MgO.
Similarly, larger sodic and oscillatory zoned plagio-
clase crystals in the enclaves were inherited from a more
evolved source, either by crustal assimilation or by mixing
with a more evolved crystalline mush in a shallow crus-
tal chamber. Differentiating between the effects of crus-
tal assimilation and other open system processes would
require isotopic analyses of these samples, and is beyond
the scope of this study.

Conclusions

Our model for the formation of the Shiveluch enclaves is
summarized in Fig. 13 and involves the differentiation of
a primitive, superhydrous magma to produce the erupted
andesites at Shiveluch. Primitive magmas had water contents
of 8.9 to 10.8 wt% H,O and temperatures of 1062 +48 °C.
The melt crystallized high Mg# olivine, amphibole, and
clinopyroxene, increasing the water content to 10-14 wt%.
Our estimates for the water content of these primitive melts
are the highest ever found. Ultimately, fractionation of these
phases from the melt produced the andesite that was stored
in a shallow magma chamber at a temperature of ~ 860 °C
and pressures of ~ 160—180 MPa (Dirksen et al. 2006). The
andesite was in equilibrium with amphibole and plagioclase.
Recharge of the andesite with primitive magmas generated
the enclaves.

This study extends the model of the magma plumbing
system under this volcano to a greater depth. It shows that
the andesitic liquid can be produced by fractional crystalliza-
tion. Our proposal that amphibole and olivine were major,
early crystallizing and fractionating phases are comparable
to proposed liquid lines of descent for other very hydrous
arc volcanoes such as Mount Shasta in the Cascades (e.g.,
Grove et al. 2012). Ultimately, this study shows that care-
ful petrographic analysis of mafic enclaves can expand our
understanding of deep magmatic processes including dif-
ferentiation and recharge in arc systems.
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