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In addition to the abundant andesite and dacite lavas of the Mt.
Shasta stratocone, primitive mafic lavas have erupted during the
Quaternary from the M. Shasta region. Two types of basic lavas
are the focus of this study: nearly anhydrous high-aluminium olivine
tholeuites, produced by decompression melting, and basaltic andesites,
produced by melting of a metasomatized mantle source (i.e. modified
by various amounts of H,O-rich components). Here we provide
Jurther insight into the origin and the coexistence of these two types
of magma based on a detailed study of the dissolved volatile contents
in melt inclusions trapped in magnesium-rich olivine crystals
Jrom both tholeiites and basaltic andesites. The melt inclusions fall
on the primitive extension of their respective host lava compositions:
(1) the tholeiite melt inclusions are nearly anhydrous melts with
low and clustered volatiles compositions; (2) the basaltic andesite
melt inclusions are ‘wet’ melts with higher and more variable vola-
tile contents (up to 26 wt% H,0, 820 ppm CO, 1270 ppm
Cl, 1220 ppm F and 6280 ppm S) than those of the tholeiite melt
inclusions. The basaltic andesite melt inclusions are enriched in
Sfluid-mobile elements and in incompatible trace elements: they dis-
play a stronger signature of slab-derived components than their
host lavas. The selective enrichment of the basaltic andesite melt in-
clusions in fluid-mobile elements such as K, I, Cl, Ba and B
as well as their contrasting 8B (from —10-2+1-5%0 to
—3240-9%0 for the meltl inclusions from sample 95-15 and from
—4:9+11%0 to +4-4E£11%0 for the melt inclusions from
samples 85-la and 85-47) show the imprints of two distinct
slab-derived components CI and C2. Using trace element ratios,
we modelled the compositions of these two HoO-rich components
(CI with CL/F of 1-1 s rich in both in high field strength elements

*Corresponding author. Present address: MC 100-23, California
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and incompatible trace elements, whereas C2 with Cl/F of 4:0 s
poorer in trace elements) and show that they represent mixing be-
tween sediment melts and dehydration fluids from the altered oceanic
crust.
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stons; volatile elements; boron isotopes; Cascades Arc; Mount Shasta

INTRODUCTION

The Cascades volcanic arc is characterized by subduction
of young (12-14 Ma beneath Mt. Shasta; Green & Harry,
1999) oceanic lithosphere of the Juan de Fuca and Gorda
plates beneath the North American plate (inset Fig. 1)
This subduction has one of the lowest subduction rates
observed (40 mm/year; Wilson, 1988). Consequently, the
slab undergoes extensive metamorphism and dehydration
before reaching sub-arc depths, where the slab-derived
flux is expected to be smaller than at typical cool subduc-
tion zones such as the Mariana arc (e.g. Leeman et al.,
2005). It has been proposed that the Cascades lavas are
generated not only by flux melting, as in typical cold sub-
duction zones, but also by decompression melting, resulting
thus in the formation of basalts with chemical similarities
to intra-plate basalts and a high temperature of melt segre-
gation (e.g. Conrey et al., 1997; Righter, 2000; Leeman
et al., 2004, 2005; Smith & Leeman, 2005; Schmidt et al.,
2008; Jicha et al., 2009).
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Fig. 1. Sample location map for Mt. Shasta and vicinity (modified from Baker et al., 1994). Contour elevations are given in feet. SR, Sargents
Ridge age (<250 to >130 ka Bp); MH, Misery Hill age (80-10 ka BP); (?), age unknown (Grove et al., 2002). Inset: schematic tectonic map of the

Cascades volcanic arc.

Various mafic lavas have erupted in the vicinity of
Mt. Shasta. They belong to three groups: high-aluminium
olivine tholeiites (HAO'T; also referred to as high-alumina
basalts, HAB), basaltic andesites (BA) and primitive mag-
nesium andesites (PMA; Baker et al., 1994; Grove et al.,
2002). According to previous studies (Bartels et al. 1991;
Sisson & Grove, 1993; Baker et al., 1994; Grove et al.,
2002), the HAOT derive from decompression melting of a
mantle source only insignificantly affected by slab-
derived fluids. The BA and the PMA, however, display
more variable compositions with a stronger fluid im-
print compared with the HAOT. They may represent
flux melting of a depleted mantle source with a variable
and high water content (3—5 wt% HyO for the BA, up to
6 wt% for the PMA; Baker et al., 1994; Gaetani el al.,
1998; Grove et al., 2002). The origin of the PMA is still
under debate: either they represent a nearly primary
magma (Grove et al., 2002; Barr et al., 2007, 2008) or they
derive and  dacitic
end-members with
magnesium-rich country rocks (Streck ez al., 2007, 2008).

from mixing between basic

combined with contamination

This study focuses on the origin of the HAOT and the BA
only.

The aims of this study are: (I) to identify the primary
magmas of the HAOT and the BA magmatic series at Mt.
Shasta using olivine-hosted melt inclusions; (2) to deter-
mine their pre-eruptive volatile contents; (3) to discuss the
role of the slab component(s) in their generation. lo this
end, we analyzed the major and trace element compos-
itions, the volatile element contents (H,O, CO,, F, CI and
S) and the boron isotope compositions of olivine-hosted
melt inclusions from a set of HAOT and BA samples. We
show that the melt inclusions from the two groups of
mafic lavas have distinct compositions and contrasting
pre-eruptive volatile contents: the HAOT melt inclusions
have low pre-eruptive volatile contents and represent
primitive melts of a volatile-poor mantle source, whereas
the BA melt inclusions indicate variable enrichment by
slab-derived components of their depleted mantle source.
The compositions of the BA melt inclusions allow us to
distinguish two HyO-rich components with contrasting
Cl/F and boron isotope concentrations.
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GEOLOGICAL SETTING AND
SAMPLING

Mt. Shasta (Fig. 1) is an extensively studied stratovolcano
located at the southern end of the Cascades chain (e.g.
Williams, 19324, 19325, 1934, 1949; Macdonald, 1966;
Christiansen e/ al., 1977; Baker, 1988; Baker et al., 1994;
Grove et al., 2002, 2003, 2005; inset Iig. 1). The Mt. Shasta
stratocone has erupted over 500km® of andesite and
dacite lavas during four episodes of cone building (the
oldest is Sargents Ridge, then Misery Hill, Shastina, and
finally Hotlum; e.g. Grove et al., 2002). Primitive mafic
lavas have also been erupted in the vicinity of Mt. Shasta
as cinder cones and lava flows from flank vents (Fig. 1).

We chose four mafic samples from these flank eruptions
that have previously been characterized in terms of
whole-rock geochemistry: one HAOT sample (85-38) and
three BA samples (85-la, 85-47 and 95-15; Fig. 1). Their
major and trace element compositions are reported in
Table 1 (for further details, see Baker et al., 1994; Grove
et al., 2002). We selected olivine-hosted primary melt inclu-
sions (inclusions randomly distributed in the crystals and
showing no sign of leakage; Roedder, 1984) for further
study because they represent drops of instantaneous melts
that have been formed in thermodynamic equilibrium
with their hosts (Schiano, 2003). The selected primary
melt inclusions were trapped in polyhedral olivine crystals
(i.e. grown at a slow cooling rate) with diameters ranging
from 0-4 to 1’5 mm. This olivine morphology prevents us
from dealing with melt inclusions affected by the incorpor-
ation of boundary layers that form at crystal-liquid inter-
faces during rapid growth (Faure & Schiano, 2005). The
melt inclusions display rounded or ovoid shapes and their
size ranges from 20 to 80 pm. Most of them are partially
crystallized: they contain various amounts of daughter
minerals in a glassy or devitrified matrix. They also en-
close (1) a rim of host olivine that crystallized on the inclu-
sion walls, (2) one or several gas bubble(s) formed during
thermal contraction, (3) some rare sulphide blebs
(Fig. 2a), and (4) a pre-existing spinel crystal included
during the inclusion formation (Fig. 2b). The pre-existing
character of the spinel is shown by the fact that it never
dissolves during experimental heating of the inclusions
(Fig. 2b) and it occurs as an isolated phase inside the host
olivine.

HEATING TECHNIQUE

Correct selection (unaltered, prismatic crystals, containing
well-preserved primary melt inclusions randomly distribu-
ted throughout the crystal and showing no cracks or links
to the outside) is the mandatory first step to ensure the
study of primary melt inclusions in equilibrium with the
host olivine. The heating of the melt inclusions at 1atm in
a Vernadsky-type microscope heating stage allows direct

MT. SHASTA MELT INCLUSIONS

Table I: Whole-rock major and trace element compositions

Lava: HAOT BA BA BA
Sample: 85-38 85-47 85-1a 95-15
Ref.: 1 2 1 1

Age: >MH SR ? SR
Si0, 49-14 5312 5152 50-93
TiO, 0-87 07 0-56 0-66
Al,05 16:95 1732 1555 15:54
FeO* 862 7-34 756 7-36
MnO 018 014 0-16 014
MgO 96 7-94 1058 1065
Ca0 10-61 947 9-92 9-94
Na,0 211 34 264 273
K,0 03 0-43 0-38 0-76
P,0s 0N 014 0-1 0-28
Total 98-49 100-00 9897 98-99
H,0" >1 37 45
Cr 472 375 384 NA

Sr 204 354 291 682

Y 25 17 16 16

zr 70 47 48 90
Nb 31 30 19 36
Ba 136 158 124 347
La 52 6:0 36 162

*All Fe reported as FeO.

tPrimitive water content estimated from melt inclusions
and high-pressure experimental studies and calculations
based on equilibrium phase assemblage (for details, see
Grove et al., 2002).

HAOT, high-aluminium olivine tholeiite; BA, basaltic andes-
ite; SR, Sargent Ridge age (<250 to >130 ka sp); MH,
Misery Hill age (80-10ka Bp); (?), age unknown (Grove
et al., 2002). Reference 1, Grove et al. (2002); reference
2, Baker et al. (1994). Major elements normalized to 100%
on an anhydrous basis.

visual observation of the melting phenomena during the
heating run (Fig. 3). During the experiments, the oxygen
fugacity was kept between 107 and 10~ atm with He pur-
ified with Zr at 700°C, to avoid oxidation of the host min-
eral and to ensure an efficient quench. Each heating
experiment lasted about 1h, and the melt inclusions
stayed at a temperature above 1100°C for less than 20 min
(Fig. 3). The classical procedure corresponds to successive
heating rates of 0-5°C/s for 20 min, 0-4°C/s for 20 min,
0-1°C/s until the last ‘daughter’ mineral has melted, and an
additional 10 min at high temperature before quenching
(Fig. 3). The persistence of the bubble inside the inclusions
during the heating experiments (Fig. 3), even at tempera-
tures as high as 1500°C, is likely to reflect the fact that
melt inclusions do not behave as ideal isochoric systems
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Fig. 2. Scanning electron microscope image (backscattered electron) of two Shasta olivine-hosted melt inclusions. (a) Partially crystallized

melt inclusion before heating, with several bubbles and daughter minerals (‘m

’, mostly clinopyroxene, orthopyroxene and olivine); (b) melt in-

clusion after heating and analysis: all the daughter minerals have melted to form a homogeneous glass, except for one pre-existing spinel (‘sp’).
Two analysis spots of the ion probe analyses are also visible (‘t’, trace element analysis; “v’, rastered area of the volatile element analysis).
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Fig. 3. Detail of the heating rates used during the heating procedure of the crystallized melt inclusions. Numbers 1-4 are transmitted light
photomicrographs of a melt inclusion (2El, from sample 85-38) during its heating: 1, the matrix of the melt inclusion is devitrified, hiding the
daughter minerals; 2, lightening of the inclusion showing the beginning of the melting of the daughter minerals; 3, the daughter minerals are
progressively melted; 4, all daughter minerals are melted, leaving only a bubble in a liquid matrix. 7, is the temperature of disappearance

of the last daughter mineral.

during heating (Massare et al., 2002; Schiano, 2003).
Because of the inelastic behaviour of the olivine, the differ-
ence between the initial pressure of trapping and the in-
ternal pressure of the inclusions at high temperature
(Schiano & Bourdon, 1999) prevents a complete homogen-
ization. Alternatively, the presence of bubbles with poten-
tially high COy contents may also prevent the complete
homogenization of the melt inclusions at latm. As the
melt inclusions have been heated only to the temperature
of disappearance of the last daughter mineral (referred to
as 7. subsequently), 7., represents a minimum esti-
mate of their homogenization temperature (Iig. 3).
Several studies have suggested that diffusive loss of
hydrogen and, possibly, hydroxyl can occur during 1 atm,

long-term, homogenization procedures (Sobolev &
Danyushevsky, 1994; Danyushevsky et al., 2002; Hauri,
2002; Portnyagin et al., 2007; Severs et al., 2007). Molecular
water may also be lost through dislocations that propagate
in the host olivine (Massare ez al., 2002). 1o ensure that no
volatile loss occurred during our heating procedure,
heating-test runs were performed using a set of melt inclu-
sions with known and clustered H,O, CO,, Cl, Fand S
compositions (Sommata melt inclusions from Vulcano,
Italy; see Le Voyer, 2009, for more details about this test
procedure). By comparing heated and non-heated samples,
we found that our heating procedure does not result in
significant loss of volatiles or in variations in the oxygen
fugacity (determined from the sulphur speciation by
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measuring the peak shift of the sulphur Ko radiation rela-
tive to a sulphide standard with the electron microprobe;
Jugo et al., 2005). Although hydrogen, for which diffusion
is very rapid (Hauri, 2002), may certainly have diffused
out of the inclusions during the heating, this did not seem
to affect significantly the HyO content or the oxygen
fugacity of the heated inclusions.

ANALYTICAL METHODS

Major element compositions of olivine crystals and melt in-
clusions were obtained at the Laboratoire Magmas et
Volcans (Clermont-Ferrand, France) using a Cameca SX
100 electron microprobe. We used a 15 kV accelerating volt-
age, an 8 nA current and a beam defocused to a size be-
tween 5 and 20 pm, depending on the diameter of the
inclusion. No effect of alkali loss was observed on repeated
analysis of the VG-A99 basaltic glass standard
(Jarosewich et al., 1979) under these conditions. Trace elem-
ent analyses were carried out at the Woods Hole
Oceanographic Institution (WHOI, MA, USA) using a
Cameca IMS 3f ion probe. We used a 10kV accelerating
voltage of an O™ primary beam with a 6 nA intensity, a
4:5kV secondary accelerating voltage, a =90V offset, a
mass resolving power of 300 and a projected beam size
ranging from 10 to 20 pm. Each analysis consisted of four
cycles starting from mass 'Li, "B, ?Si (reference mass),
2Cr, 88y, Y, !'Zr, PNb, ®Ba and "La. Each selected
mass was counted for 20s, except *°Si (5s). The data were
corrected for oxide interferences (e.g. Fahey et al., 1987).
We used the basaltic reference glasses KL2-G and
ML3B-G (Jochum et al., 2006) to control and correct the
instrumental drift and for the deconvolution procedure.
Typical error on the samples (1o error of mean; o//n,
where 7 is the number of cycles) is less than 15% for all
trace elements, except for B, Nb and La (<25%), which
have low concentrations.

Volatile element analyses were carried out at WHOI
using a CAMECA 1280 ion probe, following the procedure
described by Rose-Koga et al. (2008) and Shimizu et al.
(2009). As epoxy contains significant amounts of volatiles
that would increase the background signal, the grains
were removed from the epoxy mounts using a soldering
iron, then pressed into a high-purity indium substrate, sub-
jected to ultrasound in pure ethanol for 10 min followed
by 10min in distilled water, dried in a vacuum oven at
~120°C and ~107 torr for several hours and stored in a
turbo-pump-based outgasser at ~10"" torr for 4-12h
before gold coating. Prior to analysis, the sample was
stored in the airlock of the instrument at ~5 x 10~ torr
before introducing it into the sample chamber at
(2—4) x 10 torr. We used a Cs™ primary ion beam with a
current of ~15nA, rastered over an area of
30 pm x 30 um. The instrument was operated with the
contrast aperture at 400 um, the energy slit at 50 ¢V, the

MT. SHASTA MELT INCLUSIONS

entrance slit at 80-9 pm and the exit slit at 176-8 pm with
a mass resolving power of 5500, allowing the discrimin-
ation of interferences (34SIH over 2°ClL YO over '®O'H,
#Si'H over *°Si and *'P'H over **S). The field aperture
was set to analyze the centre of a 15 pm x 15 pm area of a
larger 30 pm x 30 pm sputter-cleaned area. After 3 min of
pre-sputtering, we collected signals for ?C (10s), "*O'H
(10s), F (5s), *°Si (55, reference mass), **S (5s) and *>Cl
(5s) (counting times in parenthesis), with a 2s waiting
time after each switch of the magnet. This cycle was re-
peated 10 times during one analysis. One measurement
lasted 12min per spot. The concentrations were deter-
mined using calibration curves obtained by measuring a
set of natural basaltic glasses during the same session and
under the same analytical conditions (D51-3, ALV519-4-1,
46D-2, 1649-3, D20-3, JDI7H, 1654-3, 6001 and D52-5;
Rose-Koga et al., 2008) with a large range of concentra-
tions of volatile elements overlapping most of our samples’
concentrations (HoO 0-05-2-49 wt%; CO4y 88237 ppm,
F 90-997 ppm, S 38-1640 ppm and Cl 452914 ppm). The
maximum errors, taking into account the reproducibility
over the 10 cycles of analyses and the errors on the regres-
sion of the calibration line, were less than 5% for H,O
and I 15% for COy, and 10% for Cl and S, except for the
melt inclusions from sample 85-38, which have low HyO
and Cl concentrations (errors of 25% and 50%,
respectively).

Boron contents and boron isotope analyses were ob-
tained at WHOI using a CAMECA 1280 ion probe follow-
ing the procedure of Le Voyer et al. (2008). A primary
beam of 13 nA of O; was delivered onto the sample
mounted in indium, with a nominal accelerating voltage
of 12:5kV. The secondary ion accelerating voltage was
10kV, and the final impact energy was thus 22-:5kV. The
mass resolution was set at 1974, high enough to separate
isobaric interferences (the interference of mass '"B'H on
mass ''B is resolved with a resolution power higher than
1416 and the interference of mass 'H’Be on mass "B is
resolved with a resolution power higher than 962). Kéhler
illumination was used. The size of the contrast aperture
was 400 pm and that of the field aperture was 5000 pm.
The energy window, which was initially centred on the
optimized position for the ions, was opened to allow ions
with a range of 50¢V into the mass spectrometer. No
energy filtering was used. The samples were first
pre-sputtered for 2min to remove surface contaminants
and then analyses were performed with a projected beam
size between 20 and 30 um. Each analysis was composed
of 50 cycles: 9-7 (background, 3 s waiting time, 5 s analysis),
"B (25 waiting time, 30s analysis), "B (2s waiting time,
155 analysis), "*Si*" (25 waiting time, 3s analysis) and
lasted for about 55 min. Typical '°B intensity measured on
the samples was 1 x10° c.p.s., down to rare minimum of
6 x10%c.p.s. For each analysis we monitored the peak
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intensity and the stability of the "B/'"B ratio. The instru-

o (IIB/IOB)

mental mass fractionation, Ojner = measwred - yq g

true

assessed by daily measurements of the GORI28-G and
GORI32-G  standards (8B of +13:55+011%0 and
+7-11 £0-48%o0; Jochum et al., 2006). Boron isotopes in
the samples are expressed in  8"B,  where

11 10
!B = [WT/“—l] x 1000, relative to NIST

SRM 951 ("B/""B =4-04558 % 0-00035; Palmer ¢t al., 1987).
We applied a signal drift correction scheme (data process-
ing after acquisition with a Matlab program, doubly inter-
polated ratios variable in time) to both standard and

sample analyses.

COMPOSITION OF MT. SHASTA

PRIMITIVE MAGMAS

The olivine phenocrysts hosting the HAOT melt inclusions
(sample  85-38)  have  Mg-number  [100 x MgO/
(MgO +FeO)] of 86:24£0-2% and CaO contents ranging
from 0-24 to 0-27 wt% ('Table 2). The olivine phenocrysts
from the three BA samples (85-1a, 85-47 and 95-15 samples)
have Mg-number ranging from 87:0 to 90-7% and CaO
contents ranging from 0-14 to 0-21 wt% (Table 2). Some of
the olivines show slight normal rim zonations. In both the
HAOT and the BA samples, the Mg-number of most oliv-
ines are close to those required for olivine-liquid equilib-
rium (Mg-number from 86:5% for sample 85-38 to
90-5% for sample 95-15, taking the bulk lava content as
representative for the liquid composition; Baker et al.,
1994). After heating, the compositions of some of the melt
inclusions were corrected for post-entrapment olivine over-
growth by adding olivine until the inclusion and host min-
eral are in Mg/Fe equilibrium. The equilibrium value for
the Mg/Fe exchange coefficient between olivine and
liquid, A, has been estimated using the model proposed
by Toplis (2005) and ranges from 0-28 to 0-33. In some
cases, the melt inclusions were slightly overheated and
required olivine subtraction (e.g. Sobolev & Chaussidon,
1996). The amount of added or subtracted olivine is lower
than 12% (average of 5%). The corrected compositions of
the Mt. Shasta melt inclusions are given in Table 2 for
major elements and Table 3 for volatiles and trace
elements.

Compositions of the HAOT melt inclusions
The HAOT melt inclusions (sample 85-38) are tholeiitic
basalts (normative hypersthene 8 to 16%; Table 2) with
clustered compositions. They have low SiOy (48:6-49-9
wt%) and low alkali contents (0-2 wt% KyO; 2:4 wt%
NayO). They are rich in MgO (8:4-101 wt%), FeO

(7-8-9-4 wt%), AlbOs (17-0-18:9 wt%), Nb (2-3 ppm)
and Y (21-28 ppm; Tables 2 and 3; Figs 4 and 5). Their
trace element patterns are very similar to normal
mid-ocean ridge basalt (N-MORB) (Fig. 5b), showing
only slight enrichment in B, Li, Sr and Ba and slight deple-
tion inY, Zr, Nb and La. They do not show the strong frac-
tionation between large ion lithophile elements (LILE)
and high field strength elements (HFSE) usually found in
arc magmas. In terms of volatile element compositions,
they are nearly anhydrous, with low and clustered contents
of all volatile elements (average contents of 0-04 wt%
H,0, 380 ppm COy, 130 ppm F, 32 ppm Cl and 960 ppm
S; Fig. 6; Table 3). Their volatile compositions are only
slightly enriched in halogens compared with primitive
Siqueiros MORB compositions (Saal et al., 2002), which is
unusual for typical arc magmas. They have lower volatile
contents compared with the composition of olivine-hosted
melt inclusions from other subduction zones (Fig. 6).

Composition of the BA melt inclusions

The BA melt inclusions (samples 85-la, 85-47 and 95-15)
have basalt to basaltic andesite compositions that are
much more variable than the HAOT melt inclusions
(Si0y 46:5-516 wt% and MgO 8:0-10-6 wt%; Table 2;
Fig. 4b). Their KyO contents vary from 0-3 to 11wt%,
ranging from the tholeiite series to the calc-alkaline series
(Fig. 4a). They also vary from hypersthene-normative com-
positions for the inclusions from samples 85-la and 85-47
to nepheline-normative compositions for the inclusions
from sample 95-15 (up to 6% of nepheline-normative;
Table 2). They are enriched in B, Ba, Sr and La (up to
47 ppm, 485 ppm, 910 ppm and 19 ppm, respectively;
Fig. 5) and depleted in Nb and Y (down to 0-2 and
9:6 ppm, respectively) compared with the HAOT melt in-
clusions (Table 3; Fig. 5). Their trace element patterns
(Fig. 5) show the typical features of arc lavas: they are
depleted in Nb and Ti (HFSE), enriched in Ba, K and Sr
(LILE), and in La (light REE; LREE) relative to
MORB. The melt inclusions from sample 95-15 are richer
in KyO, Na,O, PyOs, Sr, Ba and La compared with the
melt inclusions from samples 85-la and 85-47. In contrast,
the BA melt inclusions from samples 85-la and 85-47
show an intermediate enrichment in fluid-mobile elements
and in incompatible elements (Fig. 5). In terms of volatile
element contents, the BA melt inclusions have compos-
itions that range from nearly identical to the HAOT melt
inclusions (‘dry’ end-member), to an enriched end-member
with 2:6 wt% HyO, 820 ppm COs, 1270 ppm Cl, 1220 ppm
Fand 6280 ppm S (‘hydrous’ end-member; Table 3; Fig. 6).
Their CO,, HyO and Cl contents are included within the
worldwide variation in composition of olivine-hosted melt
inclusions from other arc settings (Fig. 6), having one of
the lowest HyO contents (Fig. 6a). In contrast, 95-15 BA
melt inclusions have one of the highest F and S
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MT. SHASTA MELT INCLUSIONS

Table 2: Major element compositions of the melt inclusions and thewr host olivines and T, values

Sample: 85-38 85-38 85-38 85-38 85-33 85-38 85-38 85-38 85-38 85-33 85-38 85-38 85-38 85-38 85-33 85-1a 85-1a
Inclusion: 2E1a 2E1b  1H2b  1H2c 1H2d 1H2e 1D7 1H3 1J7a  112b 4A3 115a 2F5 2G8a 2G8b 1Ad4a 1J9
Olivine

SiO, 40-77 4077 4060 4060 4060 40-60 40-19 3999 4021 4030 4043 4087 4037 4044 4044 4050 4075
FeO 1300 1300 1313 1313 1313 1313 1317 1310 1328 1313 13156 1303 1310 1308 13-:08 10-67 874
MnO 0-21 0-21 0-18 0-18 0-18 0-18 0-20 0-19 0-20 0-20 0-17 0-17 0-19 0-16 0-16 017 0-15
MgO 45561 4551 4626 4626 4626 4626 4685 4643 4596 4594 4545 4621 4675 4678 4678 4838 47-16
Ca0 0-25 0-25 0-26 0-26 0-26 0-26 0-24 0-26 0-25 0-25 0-27 0-25 0-26 0-26 026 020 0-18
NiO 0-05 0-05 0-04 0-04 0-04 0-04 0-06 0-06 0-01 0-05 0-07 0-04 0-02 0-06 006 022 0-28
Total 9978 9978 10048 100-48 100-48 100-48 100-71 100-02 9990 9986 99563 100-58 100-69 10077 100-77 10013  97-26
Mg-no. 8618 8618 8627 8627 8627 8627 8638 8633 8605 8618 8604 8634 8642 8644 8644 8899 9058
Inclusion

Timax 1345 1345 1276 1276 1276 1276 1342 1324 1349 1339 1438 1345 1321 1350 1350 — 1316
SiO, 49-19 4857 4911 4936 4894 4874 4923 4931 4884 4989 4891 4957 4859 4937 4865 5077 5005
TiO, 0-92 0-82 0-88 0-93 0-87 0-85 0-95 0-94 0-86 0-91 0-93 0-97 0-86 0-85 0-83 061 0-60
Al,O3 1864 1799 1866 1889 1802 1807 1812 1867 1851 1880 1847 1878 1820 1799 1803 1795 1670
FeO* 827 889 866 845 9N 9-37 869 819 854 817 831 7-82 9-42 887 911 639 6-10
MnO 0-12 0-11 0-15 0-22 0-25 022 0-21 023 0-17 0-09 0-14 0-10 0-14 0-29 020 012 0-18
MgO 882 9-38 8:82 841 9-45 9-61 9-09 856 862 8:60 897 854 1006 968 1003 836 9-37
Ca0 11-00 1082 10991 1114 1082 1094 1104 1133 1117 1096 1086 11-39 1056 1064 1063 11-16 10-19
Na,0O 2:33 2:33 2:50 2:37 219 2:24 254 2:53 2:49 2:53 2:39 270 2:29 217 217 269 229
K>,0 0-18 017 0-19 0-19 0-17 0-17 0-21 0-20 0-20 0-21 0-19 0-19 0-17 0-18 018 032 0-60
P,05 0-07 0-08 0-06 0-12 0-08 0-03 0-08 0-06 0-08 0-08 0-10 0-10 0-06 0-08 013 006 0-07
Total 9965 9915 9996 10008 9990 100-24 100-15 100-01 9947 10023 99-27 100-16 100-34 10004 99-96 9843 9604
ne 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 000 0-00
hy 1236 1184 836 1216 13-:06 917 881 9:32 919 1174 12:86 829 889 1569 12:07 1543 2153
Sample: 85-1a 85-la 85-1a 85-1a 85-1a 85-1a 8547 8547 8547 8547 9515 95-156 95-16 95-16 95-156 95-156 95-15
Inclusion: 3A6 3G6 3C4 3J6a 3J6b  1E5 1Kba  1Kbc  1A1 115 2A3b 2D3a 2D3b 215 1L8a 218 212
Olivine

SiO, 4163 4132 4132 4132 4132 4132 4078 4078 4125 4133 4147 4156 4156 4156 4065 4064 4058
FeO 1014 1036 1017 9-69 969 1150 961 961 1013 9-85 896 1015 1015 1059 1159 979 1071
MnO 0-16 0-18 0-14 0-15 0-15 0-13 0-13 0-13 0-14 0-15 0-15 0-20 0-20 0-14 0-21 017 0-14
MgO 48-:07 4830 4851 4831 4831 4688 4843 4843 4813 4767 4913 4817 4817 4728 48:08 4925 4879
CaO 0-18 0-19 0-21 0-18 0-18 0-17 0-17 0-17 0-14 0-16 0-17 0-16 0-16 014 0-20 0-19 0-14
NiO 0-28 0-27 0-30 0-31 0-31 0-27 0-40 0-40 0-37 0-38 0-42 0-18 0-18 0-30 0-23 0-32 0-26
Total 100-47 100-61 10063 9995 9995 10025 9951 9951 100-17 9953 100-30 100-41 100-41 100-01 100-96 100-35 100-62
Mg-no. 89-41 8926 8948 8988 8988 8790 8998 8998 8944 8961 9072 8943 8943 8884 8809 8997 8904
Inclusion

Timax 1239 1268 1211 1261 1261 1209 1283 1283 1307 1299 1296 1225 1225 1227 1263 1171 1188
Si0, 50-89 4986 4987 4983 4976 5158 4925 5025 50-13 4865 4764 4815 5116 4663 4814 4770 4657
TiO2 0-52 0-50 0-47 0-51 053 0-56 057 0-49 0-62 0-64 078 073 0-67 0-85 0-80 0-75 0-77
AlL,O3 1758 1807 1739 1799 1833 1763 169 1595 1920 1906 1699 1672 1567 1767 1867 1691 1586
FeO* 6-60 6-34 6-26 6-04 6-30 7-24 737 71 6-70 725 6-88 6-87 6-62 6-86 7-32 6-49 7-33
MnO 0-10 0-15 0-06 0-04 0-03 0-17 0-14 0-16 0-09 0-16 0-14 0-12 0-20 0-25 0-22 017 0-14
MgO 861 861 863 8:61 878 840 1065 10-28 875 957 1043 8:80 876 824 802 8:81 913
CaO 1080 1136 11116 1132 11-39 943 1017 1003 1061 109 1106 1116 1045 1167 1208 1128 10-96
Na,0 2:53 253 258 261 2:58 265 263 241 3:09 3:04 270 280 2:66 323 326 287 2:96
K,0 0-30 0-30 0-28 0-31 0-32 0-44 0-29 0-26 0-37 0-35 0-99 0-78 0-79 111 0-89 0-85 0-98
P,05 0-06 0-09 0-09 0-08 0-14 0-08 0-08 0-12 0-08 0-07 0-45 0-29 0-25 0-40 0-31 0-35 0-37
Total 9799 9780 9680 9732 9817 9818 9800 9707 9964 9971 9805 9642 9724 9681 9970 9617 95-08
ne 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 1-04 0-04 113 0-00 357 6-41 0-00 0-05
hy 1796 1540 1692 1462 898 2762 1201 2328 5-79 0-00 0-00 0-00 15-30 0-00 0-00 327 0-00
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Table 2: Continued

Sample: 95-15  95-15 95-156 95-15 95156 95-15 95-156  95-15

95-15  95-156  95-15 95156 95-15 95-156 95-15  95-15

Inclusion: 2J5 2H7 8A 1Aa 2A b5Aa 5Ab 14B 15B 16Ba 16Bb 20B 12Bb 5B 4Ba 3A
Olivine

SiO, 4168 4160 4071 4050 4087 4033 4033 4038 4090 4059 4059 4058 4013 4033 4014 4059
FeO 991 1048 939 1016  10-03 9-85 985 1037 10-36 9-43 9-43 987 1168 978 1243 9-52
MnO 0-15 0-14 0-13 0-15 0-14 0-17 0-17 0-15 0-19 0-1 0-11 0-15 0-18 0-17 0-19 0-17
MgO 4736 4772 4884 4360 4862 4881 4881 47778 4815 4874 4874 4851 4753 4869 4672  49:06
Ca0 0-15 0-17 0-19 0-15 0-17 0-17 0-17 0-16 0-19 0-19 0-17 0-17 0-17 0-18 0-18
NiO 0-33 0-37 0-33 0-26 0-356 0-30 0-30 0-28 0-27 0-32 0-32 0-30 0-17 0-34 0-15 0-32
Total 99-49 10031 9966 9986 100-16 9964 9964 9913 100-02 9938 9938 9968 9985 9949 9981 99:85
Mg-no. 8949 8903 9027 8950 8963 8983 8983 8915 8923 9021 9021 8976 8783 8987 8701 9018
Inclusion

Tnax 1208 1245 1230 1230 1230 1230 1230 1230 1230 1230 1230 1230 1230 1230 1230 1230
SiO, 50-88 47-03 4718 4769 4769 4819 4776 48:02 4872 4748 4730 4780 4840 4694 4779 5095
TiO, 0-58 0-62 0-78 0-71 0-78 0-78 0-76 077 077 0-74 072 0-69 072 0-82 075 0-62
AlLO3 1730 1717 1767 1706 1732 17117 1786 1720 1797 1681 1764 1704 1567 1737 1676 1590
FeO* 6-64 791 6-37 7-10 6-99 6-87 662 712 6-67 6-83 656 655 7-64 679 871 6-15
MnO 0-09 0-15 0-15 0-15 0-11 0-06 0-11 0-18 0-09 0-08 0-18 0-08 0-08 0-08 0-07 0-10
MgO 8-68 9-80 869 890 8:86 887 861 869 811 9-06 884 842 842 8-85 881 8-64
Ca0 973 1239 1190 1177 1143 1169 1214 1120 1157 1141 1193 1171 1061 1162 1062 1098
Na,O 293 264 313 302 3-:04 3-05 306 3-05 313 2:84 302 2:92 273 316 289 310
K20 0-70 1-05 0-92 0-85 0-83 0-85 0-82 0-86 091 0-75 0-86 077 0-75 0-88 0-84 0-84
P,05 o1 - 0-30 0-34 0-33 0-32 0-37 0-33 0-34 0-28 0-27 0-28 0-27 0-32 0-28 0-17
Total 9764 9868 9688 9758 9739 9784 9812 9742 9829 9629 9732 9626 9527 9682 9751 9745
ne 0-00 5-68 615 472 412 4-08 512 3-40 3-46 2:81 5-62 2:97 0-00 619 2:26 0-00
hy 16-89 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 0-00 329 0-00 0-00 2:47

*Total iron given as FeO.

The melt inclusion compositions have been corrected to be in Fe-Mg equilibrium with their host olivine. Major elements
are given in wt%. T.ax is the temperature of disappearance of the last daughter mineral during heating. Mg-number is the
molar ratio Mg/(Mg+ Fe) x 100 in the host olivine. a, b and ¢ at the end of the inclusion names distinguish several
inclusions from the same olivine grain. ne and hy are CIPW nepheline and hypersthene normative content, respectively,

calculated from Cross et a/. (1903), assuming all Fe as FeO.

concentrations for a given Cl concentration compared with
melt inclusions from arc settings (Fig. 6b and ¢). The vola-
tile contents of the BA melt inclusions do not seem to
correlate with refractory trace elements of similar incom-
patibility. The estimated HoO—CO, saturation pressures
of the BA melt inclusions range from 0-2 to 2:0kbar
(Table 3; Fig. 6a). This pressure range represents a min-
imum estimate of the entrapment pressure of the inclu-
sions, as COy loss into shrinkage bubbles, as a result of
the post-entrapment thermal contraction of the melt, and
inclusion crystallization are not taken into account.
To our knowledge, there are no seismic data to constrain
the depth of the magma chamber beneath Mount
Shasta. Based on geochemical and petrological data,
Grove et al. (2005) suggested that olivine fractionated
in two magma reservoirs at crustal depths (7-10 km and

15-25 km, corresponding to 2-8 kbar); that is, at higher
pressures than the estimated Hy,O-CO, saturation
pressures.

Boron isotope measurements have been performed on
two 85-47 melt inclusions, two 85-la melt inclusions and
four 95-15 melt inclusions (Table 4). The §"B from the
85-la and 85-47 melt inclusions ranges between
—49+11%0 and +4-4£11%0, whereas the 95-15 melt
inclusions have lower "B values (—10-24138%0 to
—32+£0-9%0), within the range of previously reported
8'"B variations for 95-15 melt inclusions (=213 £2-5%o to
—0-9427%0; Rose et al., 2001). The §"B variations in
the BA melt inclusions are larger than the variations
observed for the Cascade whole-rocks (—9:1 % 0-5%0 to
—0-4 4 0-5%o, Leeman et al., 2004), including positive "B
values that have not been reported for whole-rock lavas.
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MT. SHASTA MELT INCLUSIONS

Table 3: Representative trace and volatile element compositions of melt inclusions

Sample: 85-38 85-38 85-38 85-38 85-33 85-38 85-38 85-38 85-1a 85-la 85-1a 85-1a 85-1a 85-1a 85-la 85-47 8547

Inclusion: 2E1a 2E1b 1D7 TH3 1J7a 112b 4A3 115a

1A4a  1J9 3G6 3C4 3J6a 3J6b 1E5 1Kba  1Kbc

H,0 0-03 0-04 004 004 0-05

CO, — — 374 472 300

F 127 148 123 139 134

S 1156 941 874 917 915

Cl 29 33 31 33 32

Psat 0-8 10 06

Li 62 56 56 5-9 70 656 65
B 05 06 0-6 b.d.l. 13 18 28
Sr 186 177 194 201 185 191 153
Y 28 26 28 27 21 28 24
Zr 80 63 73 74 61 59 49
Nb b.d.l. 25 30 27 b.d.l. 24 23
Ba 85 100 97 101 85 99 84
La 19 23 46 38 27 43 32

0-65 0-03 2-:00 2-46 215 1-88 166 216
m 317 492 500 738 169 — —
217 16 135 138 159 159 171 169

- - 937 1075 878 769 807 744
619 450 633 642 655 508 618 624

0-3 07 14 17 20 07

6-3 39 4-8 6-0 51 36 41 36 7-8

35 30 b.d.l. 21 47 41 26 25 36
278 166 315 235 315 295 275 259 21

14 10 16 12 14 13 12 " 20
47 27 46 27 46 43 37 39 59

0-2 0-6 15 12 09 07 07 14 14
145 53 90 75 90 0 124 92 79

24 26 56 25 33 23 32 30 29

Sample: 85-47 8547 95-15 95-156  95-15  95-156 95-15  95-15

9-156  95-15 95156 95-16  95-15 95-16  95-15  95-15

Inclusion: 1A1 115 215 218 212 2J5 1 3 4 8 9 10 1" 12 16 17
H,0 060 0-10 2:02 1-96 245 182 0-93 1-09 141 119 114 1-96 213 260 1-27 1-25
CO, 533 m 714 381 658 251 483 372 825 222 503 570 570 141 459 153

F 17 170 1217 950 m"7n 454 833 682 993 850 875 833 800 821 934 821

S 517 512 3681 3398 4618 731 2436 4094 1775 1929 6285 2576 2313 2320 1903 1666
Cl 511 597 1268 1025 1143 849 806 722 897 955 858 968 942 923 1039 891
Peat 12 02 12 09 14 09 11 0-9 19 0-6 12 16 17 10 11 05
Li 41 - 85 37 49 64 25 24 22 50 4-8 5-1 50 5-1 47 54
B 32 0-2 28 28 26 - 18 18 20 27 23 23 25 26 25 25
Sr 291 304 911 712 835 476 830 628 833 767 789 727 719 669 851 766

Y 1" 12 14 14 13 12 18 13 17 17 17 19 19 16 18 17
Zr 45 52 — 84 87 72 101 59 95 101 97 98 102 94 108 98
Nb 11 24 33 26 37 18 4-8 29 4-4 4-4 4-4 45 51 39 4-4 43
Ba 125 110 485 402 446 253 448 312 433 41 427 416 395 369 451 408
La 3-8 17 19-1 16-2 15-1 99

H,O concentrations are given in wt%. CO,, Cl, F, S, and trace element concentrations are given in ppm. Pg,, is H,0-CO,
saturation pressure, in kbar, calculated using VolatilCalc (Newman & Lowenstern, 2002) and average values of 49 wt%

SiO, and 1230°C. b.d.l., below detection limit.

Do the volatile contents of the Mt. Shasta
melt inclusions represent the composition
of the primary melt?

Melt inclusions trapped in early formed minerals are po-
tentially undegassed and therefore hold clues to the primi-
tive volatile composition of the magmas (e.g. Métrich &
Wallace, 2008). However, even if there has not been any
volatile loss during our heating procedure, it does not
mean that the measured volatile contents are the primary

volatile contents. Natural processes may have altered the
primary volatile content of the Shasta melt inclusions: (1)
carly degassing of the magma prior to the entrapment
of the melt inclusions (e.g. Métrich & Wallace, 2008); (2)
diffusion  of hydrogen during natural cooling
(Danyushevsky et al., 2002); (3) crystallization of sul-
phides in the melt inclusions. As a consequence of the low
solubility of CO, in basaltic magmas, most of them are
saturated with COy-rich vapour at mantle pressures
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Fig. 4. SiO, variations as a function of (a) KO, (b) MgO, (c) FeO, (d) CaO, (e) NayO and (f) Al,Oj3 in the melt inclusions trapped in olivine
phenocrysts from Mt. Shasta basic lavas. Classification boundaries in (a) are from Peccerillo & Taylor (1976). Also shown for comparison are
the compositions of the whole-rock lavas from Mt. Shasta (black, grey and white fields; Baker et al., 1994; Grove et al., 2002, 2005). All major
element compositions have been recalculated to 100% on a volatile-free basis. Error bars (£206) represent average analytical errors on the
melt inclusion compositions.
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Fig. 5. (a—e) Trace element compositions of Shasta melt inclusions normalized to the average N-MORB composition (Hofmann, 1988; except
for Cl and F, Saal et al., 2002; B, Chaussidon & Marty, 1995; Li, Elliott ez al., 2004). Also shown for comparison in (b—e) are the whole-rock com-
positions of lavas from Mt. Shasta (grey fields; Baker et al., 1994; Grove et al., 2002, 2005). Although the trace element patterns of the HAOT
melt inclusions are relatively flat compared with MORB, they still have characteristics of arc lavas, with, for example, a negative Nb anomaly.
The BA melt inclusion patterns show more pronounced features typical of arc lavas: they are depleted in Nb and Ti (HFSE), enriched in Ba,

K and Sr (LILE), and in La (LREE) relative to MORB.

(Métrich & Wallace, 2008). As the Mt. Shasta melt
inclusions have been trapped at relatively shallow depths
(0-2-2-0 kbar; Table 3; Fig. 6a), their parental melts may
have already lost part of their COy content. Second, even
though there has not been any significant water loss
during experimental heating, we cannot exclude hydrogen
diffusion out of the olivine during natural cooling of the
samples. In the case of the BA melt inclusions, their HoO
contents (0-1-2:6 wt%) are lower than the estimated HyO
contents of the BA lavas (3-5 wt% H,O; Baker et al.,
1994; Grove et al., 2002). In the case of the HAOT melt in-
clusions, although their mobile trace elements and their
ClI (29-33 ppm) contents are higher than those of primitive
MORB (Hofmann, 1989; 1-21 ppm Cl; Saal et al., 2002),
they are depleted in HoO (0-03-0:05 wt%) compared
with primitive MORB (0-04-0-12 wt%; Saal et al., 2002,
Fig. 6a). They may have lost part of their original HyO by
diffusion through the olivine host during slow cooling of
the lava flows as a result of their high eruptive

temperatures. Third, if the melt is supersaturated in S,
then the formation of sulphides in some of the HAOT
and BA melt inclusions may have lowered their S
contents. The S content of the 95-15 melt inclusions
shows a strong decrease with respect to Cl (Fig. 6¢). This
decrease is related to either degassing or removal by
sulphide upon crystallization and cooling of the entrapped
melts. However, two melt inclusions from sample 95-15
(inclusions 9 and 212, with 6285 and 4618 ppm S, respect-
ively; Table 3; Fig. 6¢) show extremely high S contents
and therefore may have retained their initial S contents.
With this range of observations, we suggest that the
H,0O, CO, and S pre-eruptive contents of the Mt. Shasta
melt inclusions are mostly underestimations of the
primitive contents of the magma. This minimum estima-
tion is nevertheless still a useful parameter, as it pro-
vides more constraints on the volatile composition of
the primary magma than the composition of the
degassed matrix glass or the bulk lava. In contrast,
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Fig. 6. Volatile concentrations in Shasta melt inclusions: (a, ¢) HoO vs COg; (b) Clvs F; (d) ClI vs S. The volatile compositions of the HAOT
melt inclusions are clustered and close to the primitive MORB composition. In contrast, the BA melt inclusions range in composition from the
HAOT melt inclusions to a hydrous end-member enriched in volatile elements. Primitive MORB compositions (black star; Saal et al., 2002), as
well as the compositions of olivine-hosted melt inclusions from other arc lavas (grey shaded and stippled fields, compiled from the GEOROC
database; Andaman arc: Luhr e al., 2006; Antilles arc: Bouvier et al., 2008; Central America arc: Roggensack et al., 1997; Walker et al., 2003;
Wade et al., 2006; Benjamin et al., 2007; Aeolian arc: Métrich et al., 1993, 2001; Gioncada et al., 1998; Bertagnini et al., 2003; Spilliaert et al.,
2006) are shown for comparison. In (a), HyO—~COy saturation curves have been calculated using VolatileCalc (Newman & Lowenstern, 2002)
with average values of 49 wt% SiO, and 1230°C. Error bars (£16) represent maximum analytical errors on one of the most volatile-rich melt

inclusions. If not shown, errors are smaller than the symbols.

Cl and F do not show any sign of degassing. This is consist-
ent with (1) the highest solubility of these volatile species
in mafic melts compared with COy or HyO (Webster,
2004), and (2) their late degassing during magma ascent

(Spilliaert et al., 2006). Therefore, we consider in the
following discussion that the F and Cl contents of the
Mt. Shasta melt inclusions represent the contents of the
primary magma prior to any degassing processes, but that
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Table 4: B contents and B isotopic compositions of the BA

melt inclusions

Sample: 85-1a 85-1a 85-47 85-47 95-156 95-15 95-15 95-15
Inclusion:  3C4 1E5 1Kba 115 215 218 212 2H7

B 20 16 20 25 24 21 23 010
3"'B +42 —-49 -41 +44 -102 -98 -32 -52
Om 10 11 1-4 11 13 11 09 0-6

8''B is given in %o. G, is 15 error of mean (G/,/n, where n
is the number of analytical cycles).

the HyO, COy and S are minimum estimations of its pri-
mary volatile content.

DISCUSSION

Iron loss

Several studies have demonstrated that Fe-Mg post-
entrapment re-equilibration between the inclusion and the
host olivine can lead to modification of the FeO content of
the inclusion (e.g. Danyushevsky et al., 2000, 2002). The
main evidence commonly used to detect Fe loss in melt in-
clusions is the lower FeO contents of the melt inclusions
compared with the whole-rock compositions, associated
with a high Fe-Mg partition coefficient A, between the
melt inclusions and the host olivine (Danyushevsky et al.,
2000). In the case of the HAOT melt inclusions, their FeO
contents (7-:8-9-4 wt%) are either within the range of the
FeO content of the HAOT lavas (6-5-8:5 wt%; Baker
et al., 1994; Grove et al., 2002) or slightly higher. Therefore
they do not seem to have suffered from Fe loss. However,
some of the BA melt inclusions show FeO contents
(down to 6:0 wt%) lower than those of the BA lavas (56—
79 wt%; Baker et al., 1994; Grove et al., 2002) associated
with high A7, values (up to 0-46). Correction for Fe loss
(Danyushevsky et al., 2000) requires an arbitrary estima-
tion of the initial FeO content in the inclusion, generally
by using the FeO content of the host lava. Here the large
variation in FeO content of the BA lavas complicates the
choice of the initial FeO value. Moreover, the case of the
HAOT melt inclusions demonstrates that the initial IeO
value may be higher that the IFeO content of the host
lavas. 1o assess the information given by the major-element
compositions of the melt inclusions without correcting
them for post-entrapment re-equilibration, we have recal-
culated the melt inclusion compositions into equivalent
CaO-MgO-Al,O5-5105 (CMAS) and then projected
from olivine onto the diopside—nepheline-quartz face of
the basalt tetrahedron (Fig. 7; Falloon & Green, 1988).
Such a projection circumvents the possible effect of (1)

MT. SHASTA MELT INCLUSIONS

host olivine crystallization on the walls of the melt inclu-
sions, (2) overheating (and thus melting) of the host olivine
and (3) re-equilibration between the host olivine and the
melt inclusions (Laubier et al., 2007). It should be noted
that incompatible trace elements remain relatively un-
affected by olivine-inclusion re-equilibration (Cottrell
et al., 2002); therefore they can be used, combined with
volatile elements, to model the source of the Shasta melt
inclusions.

Consistency of the melt inclusion results
with lava compositions and petrological
models

Case of the HAOT melt inclusions

The HAOT melt inclusion compositions were compared
with experimental melts of lherzolite obtained at 10 and
15 kbar in a CMAS model system (Fig. 7a). The HAOT
melt inclusions (diamonds in Fig. 7a) plot in the tholeiite
field, close to the HAOT lavas (Baker et al., 1994; Grove
et al., 2002). Their compositions are consistent with the
compositional range of experimental dry lherzolite melts
(hatched area in Fig. 7a; Hirose & Kushiro, 1993; Baker &
Stolper, 1994; Baker et al., 1995; Kushiro, 1996, Laporte
et al., 2004). Either a variation in composition (i.e. chem-
ical heterogeneity of the source) and/or a variation of melt-
ing degree (black arrow in Fig. 7a) may cause the small
variations observed in the major element compositions of
the HAOT melt inclusions. Based on melting experiments
and previous studies of HAOT lavas (Baker et al., 1994;
Grove et al., 2002), we simply propose that the HAOT
melt inclusions derive from the melting of a relatively dry
lherzolitic mantle source. To account for the trace element
patterns of the HAOT melt inclusions (in particular the
slight enrichment in B and Ba compared with MORB,
Fig. 5b), this lherzolitic mantle may have previously been
slightly enriched by a slab-derived component. This
source is similar to that proposed for the HAOT
whole-rocks by Baker et al. (1994). This interpretation is
supported by the close match in major and trace element
compositions between the HAOT lavas and the HAOT
melt inclusions (Figs 4 and 5) and by the nearly anhydrous,
low volatile contents of the HAOT melt inclusions (Fig. 6).
Their Nb/Y, HoO/Y, Cl/Y ratios (respective averages of
0-1, 20 and 13) are consistent with those of a depleted
MORB mantle source (~0-1, <100 and <2, respectively;
Meétrich & Wallace, 2008). Moreover, the temperatures of
disappearance of the last daughter minerals during the
heating of the HAOT melt inclusions (average of 1320°C
for the melt inclusions from sample 85-38) are consistent
with estimates of the temperature of last equilibration
with the upper mantle inferred from HAOT lavas compos-
itions (1300°C, Bartels et al., 1991; Baker e/ al., 1994; Elkins
& Grove, 2001). Therefore, the information given by the
melt inclusions is consistent with previous studies of the
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Fig. 7. Major element compositions of the HAOT melt inclusions (a) and BA melt inclusions (b). Data have been recalculated as CMAS com-
ponents (O’Hara, 1968) using the following procedure: C=(CaO—-10/3 PyO54+2 NayO+2 K,0O); M= (MgO +FeO* +MnO);
A = (AlyO54+NayO +KyO); S=(Si0y—2 NayO 2 KyO); then projected from olivine (MyS) onto the Di-Ne-Qz (CMS,—CA-S) face of
the ‘basalt tetrahedron’ (Falloon & Green, 1988). Whole-rock compositions are from Baker et al. (1994) and Grove et al. (2002). Diagonally
shaded area indicates experimental data for dry lherzolite melts at 10 and 15 kbar (MMS3 from Baker & Stolper, 1994; Baker et al., 1995;
PHNI611 from Kushiro, 1996; HK66 from Hirose & Kushiro, 1993; Depma from Laporte et al., 2004). The arrow represents an increase in the
degree of melting. The HAOT melt inclusions (a) plot in the tholeiite field and fall in the compositional range of lherzolite melts. The BA
melt inclusions (b) span a wider range of compositions, ranging from tholeiitic compositions close to the HAOT and BA lava compositions to
alkali basalt-like compositions that are very different from the BA lava compositions.

Shasta lavas. Additional new information is given by the Dalou et al., 2009) and a degree of melting of ~10% [esti-
Cl and F contents of the melt inclusions. Assuming simple mated following Grove et al. (2002), using average TiOg
batch melting (using global partition coefficients during contents of the HAOT melt inclusions, a TiOy content of
dry mantle melting of 0-0015 for Cl and 0-032 for F; the mantle source of 0-12, and a bulk partition coefficient
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forT1 of 0-062], the average Cl and F contents of the source
mantle of the HAOT melt inclusions are 14 £ 4 ppm of I
and 3 &1ppm of Cl These values are close to modelled
values for the depleted source of primitive MORB
(16 =3 ppm of IFand 0-9 £ 0-63 ppm of CI; Saal et al., 2002).

Case of the BA melt inclusions

The BA melt inclusions are enriched in volatiles, alkalis
and incompatible trace elements compared with the
HAOT melt inclusions (Figs 4—6). These characteristics
are typical of arc basalts. However, when recast into the
CMAS system and projected from olivine onto the diop-
side—nepheline—quartz plane, the BA melt inclusions span
a wider range of compositions than the HAOT melt inclu-
sions (Fig. 7b), ranging from tholeiitic compositions close
to the HAOT and the BA whole-rock compositions (Baker
et al., 1994; Grove el al., 2002), to silica-undersaturated,
alkali-rich compositions very different from the BA
whole-rock compositions. The 85-la and 85-47 melt inclu-
sions (hypersthene-normative compositions) are closer to
the tholeiitic end-member, whereas the 95-15 melt inclu-
sions (nepheline-normative compositions) plot within the
alkali basalt field. The silica-undersaturated, alkali-rich
nature of many of the BA melt inclusions is atypical of arc
magmas that often are silica-saturated. Although some
ultracalcic, nepheline-normative liquids have been
described in arc settings (Schiano et al., 2000; Médard
et al., 2006), here the BA melt inclusions do not have ultra-
calcic compositions (i.e. CaO >13% and CaO/Al;O5 >1;
Schiano et al., 2000). This alkalic end-member is not ex-
pressed within the bulk-rock compositions of the host
lavas, which are more evolved silica-saturated basaltic
andesites, typical of convergent continental margins.

The BA lavas are thought to represent hydrous melts of a
mantle source previously depleted by a melting episode
and enriched with various amounts of slab-derived compo-
nents (Baker et al.,1994; Grove et al., 2002). A similar petro-
genesis can be inferred for the BA melt inclusions. The
addition of slab-derived components enriched in water, al-
kalis and mobile elements to the source of the BA melt in-
clusions can account for their silica-undersaturated, alkali
character. Mantle metasomatism results in the formation
of hydrous minerals such as chlorite, amphibole or phlogo-
pite in the mantle (Sen & Dunn, 1994; Ertan & Leeman,
1996). Several studies have shown that melting mantle
enriched in amphibole or phlogopite can create silica-
undersaturated, alkali-rich liquids (e.g. Holloway, 1973;
Elkins-Tanton & Grove, 2003; Médard et al., 2006). The
trace element compositions of the BA melt inclusions sup-
port the hypothesis of a variable extent of metasomatism
of the source. The 95-15 melt inclusions show a stronger en-
richment in Cl, Ba, K, La, Sr, Fand P than the 85-1a and
85-47 melt inclusions. Moreover, the temperatures of dis-
appearance of the last daughter mineral in the BA melt in-
clusions (average of 1220°C for the melt inclusions from

MT. SHASTA MELT INCLUSIONS

sample 95-15) are 100°C lower than those of the HAOT
melt inclusions (1320°C on average), which is consistent
with the lowering of the liquidus temperature of olivine in
a basaltic melt by addition of 3 wt% water (Médard et al.,
2008). This temperature difference (100°C) is in good
agreement with petrological estimations of the tempera-
ture of last equilibration with the upper mantle inferred
from Shasta whole-rock compositions (1200°C for BA
lavas, and 1300°C for HAOT lavas, Baker et al., 1994).
Based on these observations, the range of compositions
observed in the BA melt inclusions may represent either
mixing between melts from an nearly anhydrous mantle
source (such as the 85-la and 85-47 melt inclusions with
low volatile contents) and melts from a metasomatized
mantle source (such as the 95-15 silica-undersaturated,
alkali- and volatile-rich melt inclusions), or melting of
a  hetrogeneous mantle after various degrees of
metasomatism.

Alternative hypotheses for the origin of the composition-
al variation in the BA melt inclusions are: crustal contam-
ination, magmatic processes such as the variation of
degree of melting or crystallization, and finally binary
mixing between primitive tholeiitic basalt, such as the
HAOT melt inclusions, and evolved, dacite magmas
(Streck et al., 2007). First, as already shown for the bulk
lava compositions (Fuis et al., 1987; Baker et al., 1991, 1994;
Grove et al., 2002), in the BA melt inclusions, the positive
correlation of Ba with Sr (up to values of 740 and
880 ppm, respectively) is inconsistent with assimilation of
a granitic crustal component. The assimilation of the
Trinity ultramafic complex is expected to produce higher
MgO and Cr contents than those measured in the BA
lavas and melt inclusions (Baker et al., 1994). Second, both
variation in the degree of batch melting (of a depleted
mantle) and variations in the degree of fractional crystal-
lization (with an olivine—plagioclase—spinel-augite resi-
due, Baker et al, 1994; Grove et al., 2002) fail to reproduce
the variation in fluid-mobile element compositions found
in the BA lavas and melt inclusions. Third, it was postu-
lated that the PMA lavas could represent mixing between
the basaltic and the dacitic end-members of the Shasta
lavas, combined with contamination with high-Mg coun-
try rocks (Streck et al., 2007, 2008). A similar mixing
origin could also be put forward for the origin of the en-
richment of the BA melt inclusions. Unlike the PMA, we
found that the major and trace element compositions of
the BA melt inclusions intersect almost perpendicularly
the mixing lines between a basaltic end-member and a da-
citic end-member (inset in Fig. 8a). Therefore our preferred
hypothesis remains that the BA melt inclusions represent
hydrous melts from a mantle source containing various
amounts of hydrous minerals (such as amphibole or
phlogopite veins) formed by interaction with a
slab-derived H,O-rich component.
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Fig. 8. Variations in (a) Ba/Y vs Sr/Y, (b) Ba/Y vs K,O/Y, (¢) Cl/Y vs F/Yand (d) Sr/Y vs B/Y for the Shasta melt inclusions. Error bars repre-
sent maximum errors on each ratio. Also shown in (a) and (b) are fields for the whole-rock Shasta lavas (Baker ez al., 1994; Grove et al., 2002,
2005). In all four diagrams, the BA melt inclusion compositions can be reproduced by mixing between a depleted mantle source or melt
(black star, Grove et al., 2002) and one of the two HyO-rich components (Cl for the 95-15 melt inclusions and C2 for the 85-la and 85-47 melt
inclusions). Inset in (a) shows Sr/Y vs SiO, variations in the Shasta melt inclusions (this study) and Shasta lavas (Baker ¢ al., 1994; Grove
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variation of our inclusions cannot be explained by mixing between a basalt and a dacite.
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The link between the BA melt inclusions and the lavas
seems complex. The compositions of the BA lavas cannot
be modelled using a simple crystallization model, starting
from the compositions of the BA lavas. The aim of this dis-
cussion is to constrain the nature and origin of the BA
melt inclusions. The relationship between the bulk-rock
lavas and the inclusions certainly involves a complex com-
bination of mixing, crystallization and crustal contamin-
ation, and is beyond the focus of this study. The following
discussion focuses on the composition and the nature of
the slab components that are responsible for the compos-
itional variation of the BA melt inclusions.

Identification of the trace and volatile
element compositions of the slab-derived
H;0-rich components using the melt
inclusions

A characterization of the slab-derived components, in par-
ticular their volatile element compositions, can be directly
obtained from the BA melt inclusion compositions. To this
end, we investigated the variations of concentration ratios
of incompatible elements, where the fluid-mobile element
(KyO, F, Cl, Li, B, Sr and Ba) is the numerator and the
fluid-immobile element (Y, Zr, and Nb) is the denomin-
ator. According to the incompatibility of the two elements,
such ratios minimize the effect of melting—crystallization
processes and disclose the fluid effect in the mantle source
of the inclusions. Although the variations of degree of melt-
ing and crystallization are probably responsible for some
of the scatter within each group of Shasta melt inclusions,
they cannot be solely responsible for the compositional
variations of the trace element ratios between each group
of melt inclusions. For instance, in Fig. 8, the variations in
melt composition caused by varying the degree of melting
of a depleted mantle source from 5 to 20% are always
smaller than the error bars. We have systematically studied
the correlations between all pairs of fluid-mobile element
over immobile element ratios. In the following, we restrict
the discussion to ratios involving Y because (1) the errors
on Y contents (10%) are smaller than those on Nb contents
(25%, because of the low Nb contents of the Shasta melt
inclusions), and (2) the two groups of BA melt inclusions
have the same range in Y contents (9-19 ppm), whereas
they have different Zr contents (20-254ppm for the
95-15 melt inclusions, and 25-57 ppm for the 85-la and
85-47 melt inclusions). However, the main conclusions are
still valid if Nb or Zr is considered instead of Y.

Key results of the trace element ratio correlation study
are compiled in Fig. 8. The BA melt inclusion compositions
can be divided into two groups, which plot on two mixing
lines between the depleted source (black star at the
bottom left corner of each graph) and one HyO-rich com-
ponent, Cl (for the 95-15 melt inclusion group) and C2
(for the 85-la and 85-47 melt inclusion group), respectively.

MT. SHASTA MELT INCLUSIONS

Although CI and C2 show close Sr/Ba and K,O/Ba ratios
(Fig. 8a and b), their Cl/F and B/Sr ratios are clearly dis-
tinct (Fig. 8¢ and d), thus allowing the characterization of
two distinct HoO-rich components.

To determine the composition of these two HyO-rich
components, we used two different methods, one for trace
elements and one for major and volatile elements. First,
the trace element (Li, Sr,Y, Zr, Nb, Ba and La) concentra-
tions of the HyO-rich components were calculated using
the flux melting model of Grove et al. (2002). This model
comprises a mass-balance calculation, assuming that each
trace element in the melt inclusions comes from two
sources: (1) a silicate melt produced during batch melting
of a mantle source that has been previously depleted by ex-
traction of 6% melt, and (2) an HyO-rich component
derived from the subducted slab [see Grove et al. (2002)
for more information about the source composition and
the model parameters]. As explained above, the HyO con-
tent of the BA melt inclusions is likely to be an underesti-
mation of the primitive H,O content of the melts because
of early degassing. Therefore we decided to consider the
water content of the primary BA magmas as that esti-
mated experimentally (37 wt% for the 85-la lava and
4:5 wt% for the 95-15 lava; Grove et al., 2002) instead of
the maximum melt inclusion HoO contents of 24 wt%
and 2:6 wt%, respectively. It should be noted, however,
that this choice does not change our conclusions and by
considering the maximum melt inclusion HyO contents,
the determination of the trace element concentrations in
the Cl and G2 components would vary by only 10-20%.
To estimate how enriched the HoO-rich components are
and to bracket the compositions of Cl and C2, we used
both the most trace element poor and rich melt inclusions
from each group of BA melt inclusions (i.e. melt inclusions
95-15 2J5 and 95-15 17 for Cl, and melt inclusions
85-1a 1J9 and 85-la 3G6 for (i2). The minimum and max-
imum trace element compositions of the two components
are reported in'Table 5 and plotted in Fig. 9. Cl is enriched
in Sr (6090-10950 ppm) and Ba (3300-5070 ppm) but
also Zr and La (600—-1230 ppm and 130—250 ppm, respect-
ively). Compared with Cl, C2 is 2-4 times poorer in
trace elements (Sr 2680-5160 ppm, Ba 890-1500 ppm, Zr
350—660 ppm, La 40-90 ppm). For each component, the
maximum estimated composition of each element is ap-
proximately two times higher than the minimum esti-
mated composition.

Second, we used a different approach to estimate the
volatile and major element contents. As little is known
about the halogen and B contents of the mantle wedge be-
neath Mt. Shasta, we used the correlations observed for
cach group of BA melt inclusions between volatile element
and trace element concentration ratios (always using
ratios normalized to Y, with estimated Y contents of
the HyO-rich components from Table 5; Fig. 8b—d).
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Table 5: Minimum and maximum estimated compositions
of the two H,0-rich components C1 and C2

Clmin Clmax C2min C2ax Unit  Method
Inclusion: 95-156 2J5 95-15 17 85-1a 1J9 85-1a 3G6
X: 770 770 6-00 6-00
f: 0-2 0-18 0-14 0-08
Li 80 58 61 76 ppm 1
Sr 6086 10952 2681 5162 ppm 1
Y 62 121 63 166 ppm 1
Zr 831 1266 350 664 ppm 1
Nb 23 57 10 24 ppm 1
Ba 3297 5871 892 1500 ppm 1
La 127 246 43 91 ppm 1
B 19 34 35 64 ppm 2
F 077 137 0-13 0-22 wt% 2
Cl 0-83 1-48 0-50 0-89 wt% 2
K20 7-87 14-02 318 5-06 wt% 2
Na,O 20-21 36-77 23-16 39-98 wt% 2
H,0 69-26 44-50 72-62 53-08 wt% 3
CI/F 107 1-08 3-80 4-10

The trace element compositions have been calculated using
the flux melting model of Grove et al. (2002). This model
consists of a mass-balance calculation, assuming that each
trace element in the melt inclusions is contributed from two
sources: (1) a silicate melt produced during batch melting
of a mantle source that has been previously depleted by
extraction of 6 wt% of melt, and (2) a H,O-rich component
derived from the slab (for more information about the
model parameters, see Grove et al., 2002). The melt inclu-
sion composition is the silicate melt. Source compositions,
partition coefficients and amount of fluid (x) are from
Grove et al. (2002). Degree of melting (f) is estimated
from TiO, contents of the melt inclusions, following
Grove et al. (2002).

The B, F, Cl, K;O and Na,O compositions have been cal-
culated using the equations of the regression lines from the
correlations between the two groups of BA melt inclusions
and the depleted mantle source and the Ba, Sr and Y
contents of the H,0O-rich components calculated with
method 1 (correlations of K,O/Y vs Ba/Y, F/Y vs Ba/Y,
Cl/Y vs Ba/Y and B/Y vs Sr/Y; regression coefficients
for C1 are 0-99, 0-97, 094 and 0-90, respectively, and for
C2 092, 0-77, 0-87 and 0-76, respectively).

H,O contents are estimated by difference to 100%.

We calculated regression lines (1) between the depleted
mantle source composition and the 95-15 melt inclusion
compositions, and (2) between the depleted mantle source
composition and the 85-la and 85-47 melt inclusion com-
positions, respectively. Using the equations of the regres-
sion lines and the trace element contents of the two
HyO-rich components (previously determined by mass
balance), we were able to calculate their Cl, F, B, K;,O

and NayO contents (Table 5; Fig. 9). For example, we used
the regression between Ba/Y and F/Y, together with the Ba
and Y contents of each component to calculate their re-
spective I contents. The regression coefficients were
always better than 0-90 for Cl and 0-76 for C2, and for
each element we obtained a range of concentrations corres-
ponding to the spread of the inclusions along the Cl and
C2 trends (Fig. 8). We found that Cl contains 20-37 wt%
Na,yO, 8-14 wt% Ky0O, 0-8-14 wt% I and 0-6-15 wt%
Cl, whereas C2 contains 23—40 wt% NayO, 3-5 wt%
K50, 0-1-0-2 wt% Fand 0-5-0-9 wt% CI (Table 5, Fig. 9).
The water content (4569 wt% for Cl, and 53-13 wt%
for C2, Table 5) has been estimated by difference to 100%.
Although they have not been estimated by the classical
mass-balance approach, the major and volatile element
compositions of Cl and C2 are within the same order of
magnitude as the estimated HyO-rich component reported
for the Mariana subduction zone (441 wt% H,O, 42-6
wt% NayO, 85 wt% Ky,O and 12 wt% CI; Stolper &
Newman, 1994) and central Mexico subduction zone
47-7-495 wt% Hy0O, 23-2-357 wt% NayO, 10-2-15-0
wt% KO and 10-16 wt% CI; Cervantes & Wallace,
2003; Fig. 9).

Our model involves two slab-derived components (Cl
and (2), with variable compositions (from Cl,;, to Cl,,.«
and from C2 ;, to C2,,,,,; Table 5). Two variations of this
model can be considered. First, if we consider Cl and C2
with fixed compositions (equal to their most enriched
end-members, Cl,,, and C2,,,y), then the variations in
the trace element compositions of the BA melt inclusions
can be accounted for by a variation in the amount of each
slab component added into the mantle source of the inclu-
sions. In this case, a decrease of 50% in the amount of
slab components added to the mantle source can reproduce
the compositions of the melt inclusions with the lowest
trace element contents. Second, using fixed Cl and C2
compositions, variation in the degree of melting may also
result in the production of melts with variable trace elem-
ent compositions. However, as stated above, small vari-
ations in the degree of melting within each group of the
BA melt inclusions will account for only less than 10% of
the variations in their trace element compositions.

Nature and source of the two H;O-rich
components

The contrasting compositions of the two groups of BA melt
inclusions and their respective slab-derived components in-
dicate several different sources and/or transport processes
of these components. First, the three main fluxes that can
carry volatile- and trace element-enriched phases are de-
hydration fluids, silicate melts and supercritical fluids.
Our HyO-rich components have estimated compositions
that are enriched in HyO (45-73 wt%) and fluid-mobile
elements (B, Sr, K, etc.), as expected for a slab dehydration
fluid. They are also enriched in fluid-immobile elements
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Fig. 9. Trace element compositions of the modelled HyO-rich components Cl (triangles) and C2 (circles). Cl have variable compositions, espe-
cially rich in Cl, Ba and F, whereas C2 have lower trace element contents compared with Cl. Also shown for comparison are the trace element
compositions of the slab components estimated from Mt. Shasta lavas (shaded grey area, Grove et al., 2002), from Mariana lavas (Stolper &
Newman, 1994) and from central Mexico melt inclusions (Cervantes & Wallace, 2003). Fluid compositions are normalized to the average
N-MORB composition (Hofmann, 1988; except for Cl and F, Saal et al., 2002; B, Chaussidon & Marty, 1995; Li, Elliott et al., 2004).

such as Nb, Yor Zr. This implies that the HyO-rich compo-
nents are different from typical ‘cold’ fluids formed during
the dehydration of the slab reservoir, because such fluids
are expected to be solute-poor (Brenan et al., 1995).
Moreover, both HyO-rich components have low CIl/F
ratios (Cl 11; C2 4-0), hinting at a process such as melting,
which does not significantly fractionate CI relative to F,
rather than dehydration that would fractionate these elem-
ents more strongly (Straub & Layne, 2003). The tempera-
ture of the slab beneath the volcanic arc for the young
lithosphere subducted at 125 km depth beneath Mt. Shasta
is likely to be warmer than 800°C (Peacock, 2004) which
therefore favours melting of the subducted crust. However,
the sediment and/or oceanic crust melts are thought to be
silica-rich (Rapp & Watson, 1995; Johnson & Plank, 1999).
Our model does not require a high SiOy content in the
metasomatic components. Therefore Cl and G2 do not re-
semble pure slab melts either. The third possibility is a
supercritical fluid component, which can carry both
fluid-mobile and -immobile elements but has a lower SiO»
content than slab melts (Johnson et al., 1999; Kessel et al.,
2005). The slab beneath Mt. Shasta does not reach a
depth corresponding to the high pressure required for the
formation of such a supercritical fluid phase (6 GPa;
Kessel et al., 2005). Therefore, the best way to reproduce
the chemical characteristics of our two HoO components
involves mixing between dehydration fluids and silicate
melts. The result of this mixing could be a ‘dense hydrous
vapour’ likely to be highly mobile in the mantle wedge

(Stolper & Newman, 1994). Mixing is consistent with the
results of a number of previous studies of the nature of
slab-derived components in subduction zones (Johnson &
Plank, 1999; Elliott, 2003; Le Voyer et al., 2008; Johnson
et al., 2009).

The two main sources of HoO-rich components in sub-
duction zones are the subducted sediments and the altered
oceanic crust (basalt). The two components carry different
trace element, volatile element and 8"B signatures; there-
fore they should come from reservoirs with contrasting
compositions. Modelling of the boron isotopic variations
during dehydration of the subducted slab allows us to con-
strain the origin of the HyO-rich components (Fig. 10a).
The sediments and altered oceanic crust are rich in boron
(0160 ppm for sediments, Ishikawa & Nakamura, 1993;
9-69 ppm for the altered oceanic crust, Spivack &
Edmond, 1987) whereas the upper mantle is characterized
by low boron concentrations (0-05 ppm; Chaussidon &
Marty, 1995). The contrasting boron isotope compositions
of altered oceanic crust (8B from +2:2401%0 to
4106 £0-2%0, Ishikawa & Nakamura, 1992) and sedi-
ments (8"B from —6:6+01% to +4-8+01% for
non-carbonate lithologies; Ishikawa & Nakamura, 1993)
allow us to discriminate between the relative contributions
of these two reservoirs in the source of arc lavas. §''B can
also trace slab transfer mechanisms because ''B fractionates
preferentially into aqueous fluids, whereas no fractionation
occurs during partial melting (e.g. Palmer et al., 1992).
Melting of an unmetasomatized depleted MORB mantle
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Fig. 10. (a) B content vs 8"B for the BA melt inclusions. Error bars indicate the analytical errors associated with each §"B measurement
(£ 104). Also shown for comparison is the range for the basic lavas of the Cascades arc (diagonally shaded area; Leeman et al., 2004) and the
compositions of the main reservoirs (SED: sediments, 75 ppm B, 8"B —1%o; AOC: altered oceanic crust, 26 ppm B, "B 455%0; Leeman ef al.,
2004; DMM: depleted MORB mantle, 0-05 ppm B, 8'"B —1%o; Chaussidon & Marty, 1995). The dehydration model is after Rose ez al. (2001)
and Le Voyer et al. (2008) and corresponds to a Rayleigh distillation model. Arrows starting from the SED and AOC reservoirs are theoretical
trajectories of the residues during dehydration. Dotted arrows are the corresponding released fluids. Arrows are marked with the per cent of B
loss during dehydration. We used a B partition coefficient between fluid and solid of 0-015 (You et al., 1996) and a B isotopic fractionation between
fluid and solid of +7%o at 800°C. (Williams et al., 2001). Thin vertical arrows represent the theoretical evolution during melting of the corres-
ponding reservoir (no isotopic fractionation; Palmer et al., 1992). Bold dashed curves represent the mixing between the mantle and the two
HyO-rich components (Cl, dehydrated sediment melts; C2, dehydration fluids from the oceanic crust). (b) Variations in 8"B and CI/F of the

BA melt inclusions. Estimated 8B for Cl and (2 are from (a); estimated Cl/Fare from Table 5.

(DMM)-like mantle source (8"B  of —4-0=16%;
Chaussidon & Marty, 1995) fails to reproduce the wide
range of 3"B recorded in the BA melt inclusions
(Fig. 10a). During progressive dehydration, the downgoing
slab becomes less and less enriched in boron with an asso-
ciated decrease in its 8'"B isotopic composition (Fig. 10a).
At the same time, the released fluids are enriched in B
compared with the residue (Fig. 10a). The first fluids
released are extremely enriched in B as a result of the
high mobility of B. The 95-15 melt inclusions (8"B from
—10-2413%0 to —3-240-9%0) have 3"B values that are
closer to those reported for the sediments that are sub-
ducted beneath the Cascades arc (—1%o; Leeman et al.,
2004); whereas the 85-la and 85-47 melt inclusions (3'B
from —4-9 £11%o to +4-4 &11%o) have 8"B values closer
to those of the Juan de Fuca altered oceanic crust (4-5-5%o;

Leeman ef al., 2004; Fig. 10a). The range of 8''B recorded
in the BA melt inclusions is best reproduced by the melting
of a mantle source that has been metasomatized by a mix-
ture of sediment melts (corresponding to the Cl compo-
nent) and dehydration fluids from the oceanic crust
(corresponding to the (2 component; mixing lines in
Fig. 10a). The required B contents of these two components
are higher than those estimated using trace element correl-
ations, showing that the primitive slab components may
have been diluted by reaction with the surrounding
mantle during the ascent (Grove et al., 2002). The trace
and volatile element compositions of the melt inclusions
and of the slab-derived components also support this inter-
pretation of the nature of the two HyO-rich components:
Cl is enriched in Ba, La, Cl, F and K,O relative to C2,
and, similarly, the sediments are enriched in these same
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elements compared with the basaltic altered oceanic crust
(Plank & Langmuir, 1998; Elliott, 2003; Straub & Layne,
2003). Our results emphasize that halogens in the melt in-
clusions may fingerprint the origin of the slab-derived
components: our HyO-rich components have CI/T ratios
(111 and 4-0) that are lower than estimated values for dehy-
dration fluids (Cl/F of 9-5; Straub & Layne, 2003), because
Cl/F in fluid is strongly fractionated (for example, seawater
Cl/F ~15000). The CI/F values of the two HyO-rich com-
ponents are also higher than MORB values (0-1; Saal
et al., 2002) or pure slab melts (estimated CI/F of 0-9;
Straub & Layne, 2003). Moreover, our results show that
sediment-derived components (Cl; Cl/F of 1-1) have lower
ClI/F than oceanic-crust-derived components (C2; CIl/F
of 4-0).

Flux melting vs decompression melting of
hydrous mineral-bearing mantle?

We have shown that at least two HyO-rich components are
needed to account for the range in volatile and trace elem-
ent compositions of the two groups of BA melt inclusions.
However, it is unlikely that these two components are dir-
ectly transferred from the slab to the mantle sources of
Mt. Shasta magmas without any modification. In fact,
the estimated range in composition of the two slab-derived
components points towards a more complex origin. A key
question is whether these components rise directly from
the slab or if they are temporarily stored within hydrous
minerals. For example, the addition of H,O-rich compo-
nents could have been significantly separated in time from
the melting event leading to the generation of the Shasta
basic magmas. This scenario was postulated by Leeman
et al. (2005), to account for the variations in trace elements
recorded in the Cascades lavas: the enrichment in mobile
elements could reflect a ‘stored’ slab-derived component in-
herited from earlier stages of the Cascades subduction
(Leeman et al., 2005). However, lithium isotopic variations
in the Mt. Shasta and Medicine Lake lavas (Magna et al.,
2006), as well as the 8''B values of Shasta melt inclusions
(this study), rather indicate the input of a ‘modern’
HyO-rich component. The presence of a free fluid phase
during mantle melting beneath Mt. Shasta has also been
demonstrated by previous melting experiments and model-
ling (Baker et al., 1994; Gaetani & Grove, 1998; Grove
et al., 2002). Conversely, the silica undersaturation of the
BA melt inclusions suggests the involvement of hydrous
minerals such as amphibole or phlogopite. Ultimately the
two sources of volatiles (hydrous minerals and slab-derived
fluid) are linked in that metasomatic minerals probably
formed as a consequence of infiltrations of fluids from the
subducted slab. Although the presence of HyO-rich com-
ponents during mantle melting beneath Mt. Shasta seems
likely, there may have been an intermediate stage during
which the slab components were stored within the mantle
in hydrous minerals. Vigouroux et al. (2008) argued that

MT. SHASTA MELT INCLUSIONS

the high-K lavas (3-8 wt% KyO) from the Western
Trans-Mexican Volcanic Belt result from the melting of a
phlogopite-bearing mantle source. The K,O contents of
the Shasta BA melt inclusions are much lower (<11 wt%).
Therefore, assuming the presence of hydrous minerals in
the source of the BA melt inclusions, amphibole would be
more likely than phlogopite. In the case of an
amphibole-bearing mantle source, several melting scen-
arios are possible: (1) flux melting of amphibole-bearing
mantle by a continuous input of slab-derived components;
(2) down-dragging of the amphibole-bearing mantle at
the interface with the slab and melting as a result of amphi-
bole breakdown; (3) upwelling and decompression melting
of amphibole-bearing mantle. In the last scenario, amphi-
bole would be one of the first minerals to melt. The result-
ant hydrous melts would carry the slab signature and
enhance melting of the surrounding mantle.

CONCLUSIONS

The study of olivine-hosted primary melt inclusions pro-
vides new information about the petrogenesis of the pri-
mary magmas of Mt Shasta. The melt inclusion
compositions fall on the primitive extension of the trend
of the lavas’ compositions: they have lower SiO, contents
and higher MgO contents compared with the basic lavas.
The BA melt inclusions are enriched in incompatible elem-
ents and fluid-mobile elements. They display a stronger sig-
nature of slab-derived components than the basic lavas, in
which the HyO-rich component signature is diluted.
Previous experimental studies on the Mt. Shasta lavas
have provided evidence for the formation of both dry
(HAOT lavas) and wet (BA lavas) melts (Baker et al.,
1994; Grove et al., 2002). Our new results from the Mt.
Shasta melt inclusions support this interpretation: the
HAOT melt inclusions have low and clustered volatile
compositions, whereas the BA melt inclusions have higher
and more variable volatile compositions. The trace elem-
ent enrichment of the BA melt inclusions cannot be repro-
duced by magmatic processes, crustal contamination or
mixing with the dacitic magma end-member of Mt.
Shasta and requires the addition of slab-derived compo-
nents to a depleted mantle source. The selective enrich-
ment in fluid-mobile elements such as K, F, Cl, Ba and B
shows the imprints of two slab-derived components. These
two components are rich in fluid-mobile elements but also
in incompatible trace elements. Their Cl/F and the 8"B of
the melt inclusions indicate that they represent mixing
between sediment melts and dehydration fluids from
the altered oceanic crust.
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