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Abstract

In order to investigate the first melts of the mantle wedge in subduction zones and their
relationship to primitive magmas erupted at arcs, the compositions of low degree melts of
hydrous garnet Iherzolite have been experimentally-determined at 3.2 GPa over the temperature
range of 925 to 1150'C. Two starting compositions with variable H,O contents were studied; a
subduction-enriched peridotite containing 0.61 % Na,O, 0.16 K,0 % (wt. %) with 4.2 wt. % H,0
added (Mitchell and Grove, 2015) and an undepleted mantle peridotite (Hart and Zindler, 1986)
with 14.5 % H,0 added (Till et al., 2012). Saturating phases include olivine, orthopyroxene,
clinopyroxene, garnet and rutile. Melting extent is tracked from near solidus (~ 5 wt. %) to 25
wt. %, which is close to or beyond the point where clinopyroxene and garnet are exhausted. The
beginning of melting is a peritectic reaction where 0.54 orthopyroxene + 0.17 clinopyroxene +
0.13 garnet react to produce 1.0 liquid + 0.88 olivine. The melt production rate near the solidus is
0.1 wt. % °C™ and increases to 0.3 wt. % °C™ over the experimentally studied interval. These
values are significantly lower than that observed for anhydrous lherzolite (~1 wt. % °C™). When
melting through this reaction is calculated for a metasomatized Iherzolite source, the rare earth
element characteristics of the melt are similar to melts of an eclogite, as well as those observed in
many subduction zone magmas. Moreover, since rutile is stable up to ~8 wt. % melting, the first
melts of a hydrous lherzolite source could also show strong high field strength element depletions
as is observed in many subduction zone lavas. The silicate melts measured at the lowest
temperatures and melting extents (< 10 wt. %) are high silica andesites (56-60 wt. % SiO,) and
contain very low Ca/Al and high alkalis. These deep low degree andesitic melts, if added to
experimentally-produced hydrous liquids from melting (20 — 25 wt. %) of harzburgite residues at
shallow pressures (1.0 to 1.2 GPa, Mitchell and Grove, 2015), can match the compositional
characteristics of primitive natural basaltic andesite and magnesian andesite lavas found globally

in arcs.
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In addition to a silicate melt phase, there is a small amount of silicate dissolved in the H,0O
supercritical fluid that coexists with the silicate liquid and solids in our experiments. The
composition of this fluid is in equilibrium with the Mg-rich minerals and it is granitic. The
results presented here are used to develop a model for producing hydrous arc magmas. We
hypothesize that mantle wedge melting produced by the flux of hydrous fluid from the slab
occurs over a range of depths that begins at the base of the mantle wedge and ends at shallow
mantle depths. These melts ascend and remain isolated until they mix in the shallow, hottest part
of the mantle wedge. In this melting scenario, the metasomatic “slab melt” contributions to arc
magmas is small (~ 5 wt. %), but its effect on the alkali, REE and incompatible trace element
budget of the derivative magmas is large, and able to reproduce the trace elemental characteristics
of the primitive andesites. Higher proportions of slab or sediment melt do not resemble primitive
high magnesian arc andesites and basaltic andesites.

Introduction

It is generally accepted that partial melting of peridotite in subduction zones is initiated
by an influx of volatiles from the subducted ocean lithosphere (e.g., Gill, 1981; Tatsumi et al.,
1986; Davies and Stevenson, 1992). However, the specifics of the mantle melting process, as
well as the composition of the hydrous partial melts generated, have been the subject of
experimental investigations and scientific debate for more than 45 years. Much of our
understanding about these melts comes from the early experimental work of Kushiro and co-
workers, that focused on using simplified compositional systems, such as Mg,Si0,;-SiO,-H,0
(Kushiro et al., 1968; Kushiro 1968, 1972). This pioneering work suggested hydrous peridotite
melting produces SiOy-rich melt; consistent with the hypothesis that andesite magmas erupted at
arc volcanoes are the descendants of partial melts of hydrous mantle peridotite (Poldervaart,
1955; Kushiro, 1972). Later experimental studies on natural peridotite compositions indeed
produced hydrous glasses high in SiO,and low in FeO and MgO (Kushiro, 1972; Mysen and
Boettcher, 1975a,b; Nehru and Wyllie, 1975) but raised questions regarding the modification of
melt composition via growth of amphibole and pyroxene upon quench (e.g., Green, 1973; 1976).
Careful experimental studies by Gaetani and Grove (1998, 2003) at 1100-1345°C and 1.2-2 GPa
demonstrated that the addition of 3-6 wt.% H,O in spinel Iherzolite melts increases SiO, by ~1
wt.% and decreases FeO + MgO by ~2 wt.% relative to analogous anhydrous peridotite melts
because of the lower temperature of melting in the presence of H,O. These results also supported

the interpretation that parental arc magmas with high pre-eruptive H,O contents form when fluid-
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saturated peridotite partial melts percolate upward in the mantle wedge and maintain equilibrium
with the hotter overlying peridotite (i.e., reactive porous flow).

Within the last decade, new petrologic evidence has arisen that resolves the long-standing
discrepancy in the solidus temperature of the H,O-saturated mantle and demonstrates that mantle
peridotite melts at extremely low temperatures when in the presence of excess water. The long-
duration high-pressure mantle melting experiments by Grove et al. (2006) and Till et al. (2012)
indicate that the H,O-saturated peridotite solidus is located between 800° and 820°C at 3-6 GPa.
Likewise, studies of a peridotite massif exposed in the Japanese Sanbagawa belt (Hattori et al.,
2009; Till et al., 2009) find evidence for hydrous melting processes at ~800°C and ~3 GPa in a
paleo-mantle wedge. The work presented here focuses on the analysis of the compositions of
these near solidus hydrous Iherzolite melts. We have performed a series of experiments at 3.2
GPa using a metasomatized Iherzolite bulk composition containing 4.2 wt. % H,0O, as well as
present new analyses of the silicate melt and quenched supercritical fluid from the 3.2 GPa
experiments of Till et al. (2012) that used an undepleted Iherzolite bulk composition containing
14.5 wt. % H,0. These experiments and analyses shed new light on the composition of hydrous
partial melts and the specifics of hydrous melting behavior deep in the mantle wedge at
subduction zones. We will also compare these melt compositions to those produced in the work
of Green et al. (2010, 2014), the classic study of Mysen and Boettcher (1975a,b), other H,O-
bering lherzolite melts produced at similar pressure — temperature conditions (Tenner et al., 2012;
Mallik et al., 2015; Gaetani and Grove, 1998) and anhydrous lherzolite melts produced at similar
pressures (Grove et al., 2013; Brown et al., 2019).

Experimental and Analytical Methods

Starting materials

Two different starting materials were used in this study. The first is the primitive upper
mantle composition of Hart and Zindler (1986) (H&Z+H,0) that was synthesized by combining
high-purity synthetic oxides or metasilicates in the appropriate proportions with Brucite,
Mg(OH),, added to the synthetic oxide mixture instead of MgO, which provided the starting
composition with ~14.5 wt.% H,0O. This is the composition used by Grove et al. (2006) and Till
et al. (2012).

The second composition is the synthetic oxide Mix D of Mitchell and Grove (2015) (hereafter
referred to as wet H&Z+SM), which is a combination of 29% of the first hydrous starting mix
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(H&Z+H,0) used by Grove et al. (2006) and Till et al. (2012), and 71% an anhydrous version of
the Hart & Zindler (1986) primitive mantle composition with a metasomatic slab component
added (dry H&Z+SM) (Table 1). The dry H&Z+SM starting mix includes additional alkalis (~ 5
wt. % of the total) to simulate the addition of these components from a melt of a subducted slab

based on the Grove et al. (2002) estimate of a slab component.

Piston cylinder experiments

The details of the experiments that used the H&Z+H,0O composition are reported in full
in Till et al. (2012). These experiments were reanalyzed to obtain the composition of the melt
phase in this study. The melting experiments on H&Z+SM were carried out at 3.2 GPa over the
temperature range from 925 — 1150°C using a 0.5” end-loaded solid medium piston cylinder
(Boyd and England, 1960) in the MIT Experimental Petrology Laboratory. For each experiment,
starting material was packed into an Au capsule, which was then triple crimped and welded and
placed inside an Al,Os ring. The capsule and Al,Os ring were sandwiched between MgO spacers
in the midpoint of a cylindrical graphite furnace. Surrounding the graphite furnace was a sintered,
cylindrical BaCO; pressure cell.

The experiments were conducted using the hot piston-in technique (Johannes et al., 1971).
At the beginning of each run, the assembly was pressurized at room temperature to 1.0 GPa.
Temperature was raised at a rate of 100°C/ minute until 865°C, where it was held for six minutes.
Then, pressure was raised to the final pressure, and temperature was increased at 50°C/minute to
the final temperature of the run. Experiments were held at their final run conditions for 48 to 292
hours. The experiment was terminated by turning off the power.

Pressure was previously calibrated using the breakdown of Ca-tschermak pyroxene to
anorthite + gehlenite + corundum (1,350 °C, 1.3 GPa) and using the spinel (sp) to garnet
transition in the CMAS peridotite analog system (1,500 °C, 2.5 GPa) (Hays, 1966; Longhi, 2005).
This calibration showed that pressure was accurate to +0.05 GPa, and that no pressure correction
was necessary.

Temperature was monitored and controlled using Wg;Res/W;sRe,s thermocouples without
correction for the effect of pressure on thermocouple emf. The vertical thermal gradient across
the charge has been determined by direct measurement of offset thermocouples as well as
temperature mapping using the reaction kinetics of MgO + Al,O; = MgAl,O, (Watson et al.

2002; Médard and Grove, 2008). Results from these methods indicated a vertical temperature

difference of ~10°C across the capsule (hot end on top) in addition to a ~20°C difference between
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the location of the hotspot in the graphite furnace and the location of the thermocouple 1.5 mm

above the capsule. Temperature corrections for this ~20°C difference were applied.

Electron microprobe analysis

The major element concentrations of all experimental products were analyzed by
wavelength dispersive spectrometry on the 5-spectrometer JEOL 8200 electron microprobe
(EMP) at the Massachusetts Institute of Technology. All analyses of minerals were conducted
with a 15 kV accelerating voltage, a 10 nA beam current and a 1 um spot size. Quench-modified
melt analyses were conducted with a range of beam currents (3 to 10 nA), and spot sizes (1-10
um) and measurement times (5-40 sec), depending on the size and fragility of the quench product.
Online data reduction utilized the CITZAF correction package (Armstrong, 1995) and the atomic
number correction, the absorption coefficients, and the fluorescence correction available in
CITZAF.

Experimental Results

Mineral and Melt Textures

The temperature conditions and mineral phase assemblages of the experiments reported
in this paper are shown in Figure 1. Experimental durations, phase proportions are reported in
Table 2 and the compositions of phases are reported in Tables 3 and 4. For the wet H&Z+SM
composition (4.2 wt. % H,O bulk) all of the experiments contained olivine (oliv) + orthopyroxene
(opx) + clinopyroxene (cpx) + garnet + liquid. Below 950°C rutile becomes a saturating phase.
Experiments on the H&Z+H,0 composition (14.5 wt. % H,O bulk) from Till et al. (2012) were
chosen that contained analyzable patches of glass. In these, experiments above 1100°C contain
oliv + opx + spinel + liquid. The three lower temperature experiments analyzed here contained
cpx + garnet in addition to oliv + opx + melt.

During the experimental studies of Grove et al. (2006) and Till et al. (2012), the
experimental charges were cut in half, impregnated with epoxy, and then polished on diamond
impregnated mylar film using polishing oil. This sample preparation technique preserves the
guench-modified melt phase that is present in between the mineral grains in the experiment.
Occasionally larger pools of quench-modified glass were encountered and these are shown in
Figure 2a, b. Even in the lower temperature experiments (e.g., Fig. 2c, 1000°C, 9 % melt), the
guench-modified melt pockets could be hundreds of microns in size. In the higher temperature
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experiments, the melt phase would collect in mm-sized layers across the top of the charge (Fig. 2a,
1150°C, 27.5 % melt). These quench-modified melt pockets were always near the top, higher
temperature end of the capsule. Melt would also pool in horizontal Au septa that formed when
the capsule was flattened after welding (e.g., Fig. 2c). As our sample preparation techniques
evolved, we developed several techniques that allowed us to maximize the possibility of finding
melt pools. One was to slice the charge into four pieces with a diamond wire saw, visually
inspect each side of the slice and mount up surfaces that looked promising for revealing a melt
segregation pool. Another was to polish very carefully on the diamond lapping paper to keep the
guench-modified melt from plucking out.

In the higher temperature experiment that contained higher melt fractions (>1075°C), the
melt quenched to a mat of crystals + glass (Fig. 3 a, Fig. 2a, b). In the lower temperature
experiments (<1050°C), the quench-modified melt occurred as microns-thick sheets that formed
in voids created by the decompression during quenching. These sheets were preserved when the
sample was impregnated with epoxy (Fig. 3b,d) or preserved as partly plucked out unpolished
regions (Fig. 3c) where multiple layers of thin sheets could be observed curving over and around
underlying crystals. Also present were isolated spheres of melt (Fig. 3b,d) that were distinctly
different in composition. As shown in Figure 4, the two melts were easily distinguished by shape
and occurrence in the quenched sample. The Backscattered Electron Image (Fig. 4a) shows the
compositional contrast between the crystals and the melt phases impregnated in epoxy and
present in plucked out regions and the Secondary Electron Image (Fig.4b) shows the spatial
relationships among the crystals and melt phases. The thin melt sheets along the lower edge of
Fig. 4b were preserved during impregnation by epoxy. In the upper right of Fig. 4b to the right of
the olivine crystal (oliv), plucking of crystals during polishing reveals the 3-D complexity of the
thin melt sheets. Also present are vesicles presumed to have been filled with H,O-rich
supercritical fluid during the experiment. Upon quenching, the fluid is thought to have
precipitated the spheres in the vesicles. In Fig. 4a, a vesicle near the center of the image is
surrounded by the melt phase, which can be seen as folded over sheets to the right of the vesicle.
Below and to the right of the exposed sphere-lined vesicle are two irregular holes (Fig. 4b) that
expose vesicles lower in the charge that expanded upon quenching and became surrounded with
the thin melt sheets that wrap around them and then were preserved in the epoxy. The chemical
composition of the spheres and melt sheets, further discussed below, are also diagnostic and
always correlated with the morphology (Table 3, 4).

Textures of the minerals in the experimental run products in this study were very similar
to those produced in our previous studies (Grove et al., 2006; Till et al., 2012). Olivine crystals
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are euhedral to subhedral (25 — 100 microns) and orthopyroxene and clinopyroxene are equant to
subhedral to elongate and varied in size depending on temperature from ~20 to 40 microns.
Garnet was always the largest mineral in the charge (100 to 200 microns) and it poikilitically
encloses the other minerals. Garnet and clinopyroxene are commonly present on the bottom
(colder end) of the capsule. Rutile was present as isolated 20 — 50 microns crystals. See

Supplementary Figure 1 for images of all H&Z+SM experiments discussed in this paper.

Mineral and melt compositions approach to equilibrium and oxygen fugacity

For the solid mineral phases, 10 to 20 analyses of each phase were made throughout the
charge and the low standard deviations of these analyses (Table 3) demonstrates that the minerals
were unzoned and compositionally homogenous in each experiment. The quench-modified melt
was analyzed using two different approaches. For the higher temperature experiments (>1075°C:
D287, D284 and D279), the large quench-modified melt regions consisted of glass and quench-
grown minerals inferred to be amphibole and clinopyroxene, and were analyzed as a grid of 100’s
of points set up at > 10-micron intervals. This grid of points was then averaged and was assumed
to be representative of the composition of the melt phase. In the lower temperature experiments
containing the thin melt sheets and spheres (<1050°C: D255, D250, D252, D260, and D266),
electron microprobe analysis points were set up individually on the quench-modified melt and
analyzed using a 2 — 3 micron spot. These thin melt sheets were challenging to analyze. The
microprobe beam often fell on quench- grown minerals. Also, the micron-thick sheet was often
draped over larger equilibrium minerals that were just under the quench melt sheet and these
minerals were within the excitation volume of the electron beam, resulting in a mixed analysis.

In contrast, the granitic melt spheres were easier to analyze. They did not contain quench crystals,
larger spheres could be found an analyzed, and the analyses were more homogeneous.

Collectively, the “melt” analyses consist of a mixture of quench-modified melt, quench-
grown crystals, and melt with mixed with underlying crystals. As such many melt analyses have
high MgO and high Mg# analyses contaminated by minerals. The data was filtered to remove
these over-represented analyses (> 24 wt. % MgO and attendant high Mg# > 84) and < 42 % SiO,.
All of the low-temperature quench-modified melt and quench-mineral analyses were arranged in
order of decreasing MgO content and Mg#. The analyses with the highest % MgO and attendant
highest Mg# (Mg# > 84) were deleted in order of decreasing values until the overall average of
guench-modified melt and high MgO quench crystals was equivalent to the Mg# values of the
super-critical-derived fluid spheres analyzed in the same experiment. The justification for doing

this is that the two phases, H,O-rich silicate melt and the dominantly H,O silicate-bearing
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supercritical fluid are both in equilibrium with the same silicate mineral assemblage. The errors
on the melt phases are presented in Tables 3 and 4, as the standard deviation of the mean. For all
other phases the raw sample standard deviation is reported..

The long experimental durations of these experiments were essential for the achievement
of equilibrium, which was evidenced by the following: 1) within mineral grains, there was no
chemical zoning and the compositions were constant, 2) the compositions of mineral phases
across the entire charge were constant with and textures were consistent with equilibrium growth,
and 3) the changes in mineral and melt compositions with changing temperature were systematic
and predictable. This third criterion is evident in the partitioning of Fe and Mg among the
coexisting olivine, orthopyroxene, clinopyroxene, garnet and melt phase similar to that
demonstrated by Till et al. (2012). The olivine/silicate melt Fe/Mg exchange coefficient (Ko™
Feo.iv_uq) can provide evidence of the attainment of equilibrium between mineral phases and
coexisting melt. In the two highest temperature experiments, the Kp Mg'Feo“V_Liq was 0.330 to
0.345. In the lower temperature experiments, the Kp Mg-Fe oliv-Liq ranged between 0.345 and 0.388
with an average value of 0.360 +/- 0.015. Partitioning of Fe and Mg between the coexisting
solids was also regular and well behaved. The Kp "™ ojiv.0px » Kb ™™ oriv-cox and Ko " ojiv-carmet
were 1.09 + 0.02, 1.26 + 0.04, and 0.443 £ 0.04, respectively (reported as one standard deviation).
The value of Kp Mo oliv-Liq Originally measured by Roeder and Emslie (1970) was found to be
constant at a value of 0.30. As more experimental data on olivine/melt partitioning has
accumulated, the value for KDMg’Feo.iv_Liq in experiments has been found to be variable and to
range from between ~0.17-0.45 (Toplis, 2005). Pressure, temperature, olivine composition, melt
composition, and water content are potential sources of variation in KDMQ'Feo.iV.Liq (e.g., Mysen
1975, Ulmer, 1989; Kushiro and Walter, 1998; Toplis, 2005). Toplis (2005) developed a model
that predicts the effects of these variables on the Ko ™op.iq. This expression (Equation 10 in
Toplis, 2005) was used to predict the KDMQ'F‘*O“V_Uq for these experiments. Using an estimate of
H,O content (~ 30 wt. %), the predicted value of KDMg'Feo.iv_Liq is 0.315. This is lower than the
values measured here, but the experiments reported here fall well outside the calibration range of
the Toplis (2005) model in terms of temperature, pressure, and water content. Experiments by
Gaetani and Grove (1998) and Ulmer (1989) suggest that H,O likely increases the value of the
KDMg'Feo.iv_uq relative to anhydrous melting experiments (Toplis, 2005), so the mismatch between
the Toplis model and the measured values reported here may result from these differences.

Iron loss/gain in our experiments was less than +/- 5 % for all of the experiments reported
here (Table 2), indicating little to no interaction between the Au capsule and the silicate charge.

Oxygen fugacity was not specifically measured in these experiments, but in similar run
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assemblies used in Grove et al. (2006) and Mandler and Grove (2016), it was estimated from
mineral equilbria to be between QFM +1 and QFM-2.

Discussion

Compositions of near solidus melts of hydrous Iherzolite

In Figure 5 the compositions of analyzed melts from the H&Z+SM and H&Z+H,0
experiments are plotted vs. temperature along with those from Mysen and Boettcher (1975a,b)
(M&B’75). The M&B’75 experiments were carried out on a lherzolite composition containing 5
wt. % H,O and are therefore the most analogous experiments to compare to our results. The
M&B’75 liquids are from experiments conducted at 1.5 GPa, opposed to our 3.2 GPa conditions.
Both the H&Z+H,0 and H&Z+SM melt compositions show similar variations with changing
temperature. Both the H&Z+H,0 and the H&Z+SM melts start out with high SiO, (58 — 60
wt. %, Fig. 5a) that drops with increasing temperature to ~ 50 — 52 wt. % SiO,. In contrast the
M&B’75 melts are all high SiO, (55 — 65 wt. % SiO;). The most striking characteristic of the
H&Z+H,0 and the H&Z+SM melts is the variation in CaO with increasing temperature. Over
the temperature range of 950 — 1050°C, the CaO content of the melts is 1 — 2 wt.% CaO (Fig. 5b),
which rises rapidly as temperature increases. The changes in CaO with melting results from
changes in the proportion of clinopyroxene and garnet consumed during melting. At low
temperatures, clinopyroxene is only a small fraction of the melting assemblage. Above 1075 °C,
the melting reaction changes and clinopyroxene consumption increases rapidly (see Hydrous
Iherzolite melting reactions and melt production). In contrast, CaO remains at 10 wt.% across all
temperatures in the M&B’75 experiments. Over the comparable temperature interval (950 — 1050
°C), the H&Z+H,0 and H&Z+SM melts have Al,O; contents of ~ 15 wt. % (Fig. 5¢), while the
M&B’75 experiments are characterized by high Al,O3 contents of ~ 20 - 25 wt. %, which then
drop to ~15 wt. % with increasing temperature. The differences between the M&B’75 1.5 GPa
melt compositions and the 3.2 GPa melts are a result of the effects of H,O and pressure on melt
composition and on differences in the residual phases and differences in the melting reaction.
The phase assemblage in the M&B’75 experiments is olivine, orthopyroxene, clinopyroxene, and
amphibole, and the melting reaction consumes amphibole and clinopyroxene in greater
proportions early on, resulting in higher CaO in the melt. As temperature increases the MgO and
FeO contents of melt in the H&Z+H,0 and H&Z+SM experiments increase from low values of 7
wt. % MgO and 5 wt. % FeO to values of 16 % and 8 % respectively (Fig.5d, 4e). In contrast the
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lower pressure experiments of M&B’75 remain low in both MgO (2-5 wt. %) and FeO (~1 -2
wt. %). The Na,O content of melts from the H&Z+H,0 experiments that contained 14.5 wt.%
H,O are significantly lower (~1 wt. %Na,0) than the H&Z+SM experiments that contained 4
wt. % H,O (~2-4 wt. % Na,0). This is because the significant solubility of Na,O in the fluid
phase as noted by Green et al. (2010) and Mandler and Grove (2016). It is also probable that
Na,O was lost during the electron microprobe analysis by Na migration in the glass.

Spheres found in the voids between quenched melt wisps in experiments at 1075°C and
below (Fig. 4) produce compositions with >70 wt.% SiO, at <2 wt.% MgO (Table 3). As
discussed in the prior section (Mineral and melt textures) we interpret the spheres as quench
products that exsolved from the supercritical vapor phase that was present with the melt phase,
similar to the interpretation of White and Wyllie (1992). The absence of these spheres in the
three highest temperature H&Z+SM experiments with the lower H,O content (4 wt. % H,O bulk)
is most likely due to the change from vapor-saturated to vapor-undersaturated melting at these
conditions. In contrast, granitic spheres are present in experiments on the H&Z+H20
composition (14.5 wt. % H,0 bulk) at the highest temperatures run by Till et al. (2012, see their
Fig.6).

The melting experiments on hydrous Iherzolite compositions are also shown plotted in
pseudoternary subprojections in the pseudoquaternary system Olivine — Clinopyroxene — Garnet
— Quartz (Qtz) in Figure 6 (the recalculation scheme is presented in Supplementary Tablel). In
the Olivine — Garnet — Quartz and Olivine — Clinopyroxene — Quartz subprojections, the low
temperature H&Z+H,0 and the H&Z+SM melts start out with at Quartz-normative compositions
that move toward the Garnet and Clinopyroxene corner of each pseudoternary and into silica
undersaturated space (i.e., negative Quartz values) as melting proceeds. The M&B’75 melts do
not plot in this pseudoquaternary space, but plot to the right of the Garnet — Clinopyroxene —
Quartz face at high negative values of the Olivine component. This is a reflection of their high

normative plagioclase and SiO, values. The granitic spheres plot close to the Quartz apex.
Comparisons with previous experimental studies on hydrous Iherzolite melting

The oxide vs. SiO, variation diagrams in Figure 7 compare the experimental hydrous
melts of garnet Iherzolite with a suite of other relevant prior experimental observations. Tenner et
al. (2012) carried out experiments at 3.5 GPa and produced a liquid saturated with olivine,
orthopyroxene, clinopyroxene and garnet and three liquids containing olivine, orthopyroxene, and
garnet between 1275 and 1375°C. The H,O content of these liquids varies between 6 and 11

wt. % H,0. In contrast to our lower temperature melts, the Tenner et al. (2012) melts are high in

10
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MgO (18 — 23 wt. %), low in SiO, (42- 48 wt. %) and very low in Na,O and K,0 (<< 1 wt. %).
These liquids are ultramafic and silica-undersaturated. When projected into pseudoquaternary
subprojections (Fig. 8), they plot at negative Quartz values. At these higher pressures of 3.5 GPa
melting of hydrated lherzolite rapidly exhausts clinopyroxene at low melt fractions (F = 0.20-
0.23), in a manner similar to our 3.2 GPa experiments.

At similar pressures to our experiments, Mallik et al. (2015) report liquids saturated with
olivine, orthopyroxene, clinopyroxene, garnet and phlogopite between 1150 and 1300°C at 3 GPa.
The Mallik et al. (2015) experiments were performed using a starting composition that was a
mixture of 25 % rhyolite and 75 % peridotite which significantly increases the bulk K,O content
and leads to very high K,O, and strongly silica-undersaturated melts (Fig. 7f). When the Mallik
et al.(2015) experimental melts are projected into pseudoquaternary subprojections (Fig. 8), they
also plot at negative Qtz values. The H,O content of these liquids varied between 6 and 8 wt. %
H,O. In contrast to our lower temperature melts, the Mallik et al. (2015) melts contain 13 — 14
wt. % MgO, with 49 — 50 wt. % SiO, and very high Na,O and K,0 (2.5 % Na,O and > 7 % K,0).
The amount of melt present is these experiments (F = 0.20-0.25) is consistent with their high
temperatures.

As illustrated in Figure 1, Green et al. (2010; 2014) put the hydrous Iherzolite solidus at
1075 —1100°C (Fig. 1) at 3 GPa. The Green et al. (2010, 2014) experiments also used H&Z
primitive mantle as a starting composition. In both our experiments and those of M&B’75,
analyzable melt pools are present at temperatures 200°C lower than the Green et al. (2010; 2014)
solidus. The two melt compositions reported by Green et al. (2014) at 2.5 GPa, 1050°C with 1.45
wt.% H,O stand out from other hydrous garnet-saturated melts in having much higher Na,O and
lower FeO (Fig. 5).

Five hydrous garnet Iherzolite + basalt melting experiments at 1.6 and 2 GPa from
Gaetani and Grove (1998) are transitional to silica-undersaturated basaltic melts with higher SiO,
(47-48 wt. %) and lower MgO (12 — 14 wt. %) (Fig. 7, 8). These liquids contained 6 — 11 wt. %
H,O. As discussed by Gaetani and Grove (1998) these melt compositions contain higher
SiO,/(FeO + MgO) in comparison to anhydrous lherzolite melts produced at similar pressures.

Also shown for comparison in Figures 7 and 8 are 3.2 GPa anhydrous batch (1 to 15
wt %) melts of the H&Z bulk composition calculated using the garnet lherzolite melting model of
Grove et al. (2013) as updated by Brown et al. (2019) (Supplementary Table 2). These melts
form at considerably higher temperatures (1 wt. % melt @1549°C) than the H,O-undersaturated
garnet Iherzolite melts and the experiments presented in this paper (e.g., 5 wt. % melt in the wet
H&Z+SM experiments at 950°C). In Figure 7, the low degree anhydrous melts plot at the lowest
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SiO; values and SiO, increases as melt % increases. In Figure 8, the 1 wt. % melt is the most
silica-undersaturated and continued melting increases the Quartz component, followed by
increasing Garnet and Clinopyroxene components. Interestingly, these anhydrous low-degree
melts resemble the higher degree H,O undersaturated melts. They are low in silica, high in FeO

and MgO, and have similar CaO and Al,O; abundances to the hydrous higher degree melts.

Comparison to Natural Primitive Basaltic Andesites & Magnesian Andesites

Also shown in Figures 7 and 8 are the compositions of primitive arc basaltic andesites
and magnesian andesites. The compositions of hydrous experimentally produced mantle melts
tend to surround these primitive natural lavas with few or none explicitly matching their
compositional characteristics. Most of the basaltic experimental melts plot at lower silica relative
to the natural arc andesitic lavas (Fig. 7) and in silica-undersaturated composition space in the
pseudoternary diagrams (Fig. 8). Interestingly, the experimental data sets of H,O-saturated
Iherzolite melting from M&B’75 at 1.5 GPa and the 3.2 GPa wet H&Z+SM and H&Z+H,0
experimental data both span the same range of SiO, values as the natural lavas. In SiO, vs. Al,Os,
FeO and MgO, the wet H&Z+SM and H&Z+H,0 melts overlap the range of natural lavas and
trend toward higher MgO while the M&B’75 liquids have lower MgO. In CaO vs. SiO,, the wet
H&Z+SM and H&Z+H,0 melts have very low CaO at low melt fractions and CaO increases as
more clinopyroxene is melted out of the solid residual mineral assemblage. The M&B’75 liquids
plot at higher values of ~10 wt. % CaO. In Al,O3 vs. SiO, the 3.2 GPa melts overlap in Al,O3
with the natural lavas and the M&B’75 liquids have very high Al,O5 of 20 — 25 wt. %. Only in
the FeO vs. SiO, plot do the compositions of the 3.2 GPa garnet-saturated hydrous melts overlap
with the natural primitive andesites and the M&B75 melts are very low at 2 wt. % FeO. The
differences in the natural primitive lavas, the H&Z+SM and H&Z+H,0 hydrous melts, and the
1.5 GPa M&B’75 liquids also show up in the pseudoquaternary space (Fig. 8). As a consequence
of the very high Al,O5 the M&B’75 liquids plot far away from the natural primitive liquids.

Mitchell and Grove (2015) find that they can match many of the compositional
characteristics (e.g., MgO, Al,O3, SiO,, FeO, Na,O, [Fig. 9a-c, 9¢]) of the primitive natural
basaltic andesite and magnesian andesite lavas with experimentally produced hydrous liquids
containing 4 — 6 wt. % H,0 from melting (20 — 25 wt. %) of harzburgite residues at pressures of
1.0to 1.2 GPa. The compositions of a subset of the primitive basaltic andesite and magnesian
andesite lavas shown in Figures 7 and 8 are shown again in Figure 9 along with the
experimentally-produced hydrous liquids from melting of harzburgite residues at pressures of 1.0
to 1.2 GPa from Mitchell and Grove (2015) and the low-temperature, low-degree (5 to 10 wt. %)
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hydrous 3.2 GPa lherzolite melts reported in this paper. The natural primitive lavas are
subdivided according to subduction zone with lavas from the Cascades, Kamchatka and the
Setouchi belt highlighted. The natural lavas all are consistent with experimentally-determined
multiple saturation with olivine + orthopyroxene residual mantle assemblages at these shallow
pressures (Mitchell and Grove, 2015; Grove et al., 2012; Gaetani and Grove, 2003). However,
they could not match the natural lavas in terms of abundances of CaO and K,O (Fig. 9d, f). The
abundances of CaO, in particular, were variable from arc to arc and lower than the abundances
found in the low pressure, hydrous high % harzburgite liquids. In addition, the K,O abundances
in these natural primitive lavas are higher than found in the low pressure, hydrous high %
harzburgite liquids. A mass balance on CaO using the high degree harzburgite melts and the
hydrous, low degree 3.2 GPa melts shows that a combination of ~45 wt. % of a 3.2 GPa low-
degree melt component and 55 wt. % harzburgite melt could match the CaO abundances in the
Setouchi primitive lavas, and 40:60 wt. % for Kamchatka. To mass balance CaO in the most
primitive basaltic andesites at Mt. Shasta requires a contribution of ~12 wt. % of the hydrous 3.2
GPa melt with the remainder harzburgitic, but other primitive magnesian andesite lavas at Mt.
Shasta require higher amounts (30 — 45 wt. %).

Another compositional characteristic of the natural primitive basaltic andesite and
magnesian andesite is the strong garnet signature in their rare earth element abundance patterns
(Grove et al., 2002). We propose in the next section that the elemental characteristic of the melts
produced during deep, hydrous, low-degree melting of a metasomatized lherzolite near the slab —

wedge interface contribute this component.

Hydrous Iherzolite melting reactions and melt production at 3.2 GPa

The changes in mineral and melt proportions obtained from mass balance of the 4 wt. %
H,O H&Z+SM composition are tabulated in Table 2. At the lowest temperatures where melt
could be analyzed (950°C), olivine is the most abundant mineral phase and orthopyroxene, high-
Ca clinopyroxene and garnet are present at about 10 — 12 weight % each. Over the temperature
interval from 950° to 1050°C, the melting reaction and melting rate have been determined using
the method of Kinzler (1997, see her Table 4) to determine the stoichiometric coefficients of the
melt reaction. Experiments D252 and D260 yield the melting reaction:

0.54 opx + 0.17 cpx + 0.13 garnet = 1.0 melt + 0.88 oliv
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The melting reaction is peritectic and orthopyroxene, high-Ca clinopyroxene and garnet melt
incongruently to olivine and liquid. The calculated melting rate is 0.1 % melt/°C. At the high
temperature end of the experiments on the wet H&Z+SM composition (1075 — 1125 °C), the
melting rate increases significantly and the melting reaction changes. Experiments D287 and

D279 yield the melting reaction:

0.09 oliv + 0.49 cpx + 0.64 garnet = 1.0 melt + 0.13 opx

The calculated melting rate rises to 0.27 % melt/°C. This melting reaction is similar to the one
found for dry lherzolite melting in the garnet stability field (Walter, 1998; Grove et al, 2013) in
that they both have orthopyroxene on the melt side of the reaction. The change in the melt
reaction is caused by the melt changing from silica-saturated at low temperatures, to silica-
undersaturated at high temperatures. At the low temperatures of hydrous melting, the melt
composition is very low in CaO (> 1 wt. % ) and this is because the low temperature melting
reaction is mostly consuming orthopyroxene and only small sub-equal amounts of clinopyroxene
and garnet. When the melt changes to silica-undersaturated compositions and the melting rate
increases, CaO increases rapidly as clinopyroxene and garnet now dominate the melting reaction.
Figure 10 illustrates these two contrasting low- and high-temperature melting reactions, with the
switch in the peritectic mineral occurring because of the change in melt composition. Olivine,
orthopyroxene, clinopyroxene and garnet are nearly pure end member phases, and so they plot at
the apices of the pseudoquaternary system. The movement of the melt creates the switch from
olivine to orthopyroxene as the peritectic mineral.

Gaetani and Grove (1998) also calculate (dF/dT), = ~0.05%/°C at 2% partial melt for a
peridotite with 0.15 wt.% H,0O at 1.5 GPa and find the productivity increases continuously to
0.80%/°C at 20% partial melt. Studies of anhydrous peridotite melting determine an average melt
productivity of ~0.30%/°C for ~20-40% partial melt at both 1 and 3 GPa (Baker and Stolper,
1994; Walter, 1998; Falloon and Danyushevsky, 2000) and values of 0.8-1.27%/°C for fertile
peridotite at ~2 GPa (Kinzler, 1997). These observations indicate the concentration of dissolved
H,O in the melt exerts an important control on melt productivity. The extremely low melt
production rate determined here for the H,O-saturated 20-30% melts of Till et al. (2012) and the
H,O-saturated 2% partial melts of Gaetani and Grove (1998), suggest that a melt production rate
of ~0.05-0.13%/°C may be a minimum bound on peridotite melting rates common to H,O-

saturated melts. These low rates of melt production suggest a significantly longer melting
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column is required to produce the same amount of partial melt generated in anhydrous partial

melting environments.

Trace element characteristics of low-degree mantle melts

These experimental results on the compositions low degree melts and the melting
reactions that take place near the base of the mantle through the addition of an H,O-bearing
metasomatic component allow us to test models for interpreting the trace element characteristics
of hydrous melts. To infer the trace element composition of a melt of metasomatized garnet
Iherzolite, we combine the rare earth and incompatible trace element abundances of 90%
primitive lherzolite (Hart and Zindler, 1986 with trace element abundances from Hoffman ,1988),
with 10% “fluid-rich slab component,” as estimated by removing a harzburgitic mantle melt from
primitive Mt. Shasta basaltic andesites and assigning the remaining elements to the H,O
component in the lava (see Grove et al. 2002, Table 5). This mixture was then melted using the
melting reaction determined from the low-temperature wet H&Z+SM experiments. The rare
earth element (REE) abundances of these calculated batch melts of the resulting metasomatized
garnet Iherzolite (open squares) are shown for 6, 10, 12 and 15 wt. % melting (Fig. 11), which are
melting extents are similar to those measured in our near solidus experiments at temperatures
below 1050°C at 3.2 GPa. Batch melting was modeled using the appropriate equations from
Shaw (2006) and partition coefficients from Halliday et al. (1995).

For comparison, the REE compositions (solid black symbols) of primitive Mount Shasta
region basaltic andesites and primitive magnesian andesites (Grove et al., 2002) are also shown
on Figure 11, along with the calculated composition of an added fluid-rich subduction zone
silicate melt component (grey symbols) from Grove et al. (2002). Grove et al. (2002) calculated
this “fluid-rich” melt component by estimating the trace and REE that could be contributed from
20-30% melt of depleted harzburgite residue and then used the pre-eruptive H,O content of the
primitive lavas to estimate the abundances of the trace elements added from whatever component
conveyed the H,O from the slab to the metasomatized mantle wedge.

Note the strong resemblance between the calculated REE abundances in the hydrous
melts of metasomatized garnet Iherzolite and the Grove et al. (2002) fluid-rich components. Both
are depleted in heavy REE in the classic strongly sloping REE patterns from Gd to Yb. From
these similarities in REE, we infer that one component of the primitive Mt. Shasta lavas is a
hydrous silicate melt of metasomatized mantle formed in the presence of garnet that comes from

deep in the mantle wedge, just above the slab — wedge interface.
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In their discussion of the elemental characteristics of the fluid-rich melt component that
was added to the primitive lavas from Mt. Shasta, Grove et al. (2002) also noted that the primitive
magnesian andesites from Kamchatka and Setouchi also share REE characteristics with the Mt.
Shasta region lavas. The chondrite normalized abundances of the primitive lavas from these two
arcs are shown in Figure 12 along with the range of REE abundances found in the Mt. Shasta
primitive lavas. While it is beyond the scope of this paper to infer the deep, fluid-rich
contribution at these two arcs, it is clear that the REE abundances in these other arcs show the
contribution of a low-degree partial melt which we suggest is also from melting of hydrous,
metasomatized garnet lherzolite near the slab-wedge interface.

It is interesting to note that there also appears to be a spectrum of REE abundances in the
fluid-rich melt component of the Shasta primitive lavas, which might be explained by mixing the
deeper garnet-saturated lherzolite melts with shallower spinel-saturated Iherzolite melts. To fully
describe the major and trace element compositions of the Shasta primitive lavas, these hydrous
melt components must be mixed with melts derived from depleted harzburgite source regions,
presumably melted at shallower depths near the Moho. This shallow depth is consistent with all
the phase equilibrium data that we have on the depths of last equilibration of primitive, hydrous
subduction zone lavas (Mitchell and Grove, 2015; Grove et al., 2012; Gaetani and Grove, 2003),
and suggest that trace elements preserve the processes of both initial deep melting as well as
continued melting throughout pressure-temperature range of the mantle wedge, whereas the major
elements dominantly record the last stage of melting and/or they partly re-equilibrate at the

shallow depths of final melt segregation.

Conclusions

The first melts of hydrous lherzolite at pressures equivalent to those near the slab —
wedge interface produce compositionally distinctive melts that are andesitic (58 — 60 wt. % SiO,),
but with low CaO contents (~1 wt. %). If these deep, hydrous melts are blended with hydrous
mantle melts produced by shallow, high degree hydrous harzburgite melting, these
experimentally-produced melts bracket the major element compositional variability observed in
primitive high magnesian arc andesites and basaltic andesites. This process is schematically
illustrated in Figure 13. Therefore, we suggest that these hydrous arc magmas form over a range
of depths that begins at the base of the mantle wedge and ends at shallow mantle depths. The
starting mantle that produces this match contains a metasomatic component (Grove et al., 2002)
that one can think of as a “slab melt”, but this component is a small proportion (~ 5 wt. %) and
shows up as elevated alkalis (Na,O + K,0) in terms of their effect on the starting major element
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composition of the mantle that undergoes melting. However, the contribution of this slab
component to the REE and incompatible trace element budget is large, and we have shown that
we can reproduce the trace elemental characteristics of the primitive andesites by adding a deep,
low-degree hydrous melt. When we examine experiments that contain higher amounts a slab
component (e.g. Mallik et al., 2015, with 25 wt. % slab melt), they do not resemble primitive high
magnesian arc andesites and basaltic andesites. Models that invoke large components of added
sediment or sediment melt will need to be calibrated by experiments performed at the appropriate
conditions on appropriate bulk compositions such that they can reproduce both the major and
trace element composition of primitive arc magmas, which has not been done to date. While we
discuss only two sets of experiments and there are lots of pressure — temperature — mantle — slab
component mixes that have been proposed to lead to the generation of arc andesites in subduction
zone environments (e.g. Behn et al., 2011; Hacker et al., 2011; Kelemen and Behn, 2016), based
on what we know now to date, it appears that melts mixes that consist of an alkali-and SiO,-rich
component (slab melt, sediment melt, sediment, etc.) to a mantle bulk composition will lead to
the generation of alkali basalts, not magnesian andesite. Finally, we propose that the trace
elements concentrations of primitive arc magmas preserve the processes of both initial deep,

low % melts and extensive shallow hydrous melting. The major elements dominantly record the
last stage of shallow melting (with the exception of CaO and K,0), while the trace elements
record evidence of the initial melting at depth in the mantle wedge. These shallow melts must be
produced by a supply of H,O with its slab component from deep (Fig. 13). At the same time
early initial deep hydrous melts with their low CaO and elevated K,O abundances must rise
through the wedge without re-equilibrating and mixing at the shallow depths of final melt
segregation, supporting at least some evidence of channelized flow in the mantle wedge at

subduction zones.
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Figure Captions

Figure 1. Temperature and phase assemblages in the 3.2 GPa experiments discussed in this paper.
Left hand side shows the experiments performed on the H&Z + SM compositions (4 wt. % H,0)
from Mitchell and Grove (2015). All experiments contained olivine + orthopyroxene +
clinopyroxene + garnet + melt. Additionally, experiments at temperatures below 950 °C
contained rutile. The right hand side shows the H&Z + H20 composition experiments reported

in Till et al. (2012) (14.5 wt. % H,0). Mineral phase compositions are presented in Till et al.
(2012). Liquid compositions were reanalyzed and are reported in this study. Experiments at

1125 and 1150 °C contained olivine + orthopyroxene + spinel + melt. All others contained

olivine + orthopyroxene + clinopyroxene + garnet + melt. On the right are the hydrous solidus
temperatures at 3.2 GPa reported by other studies.

Figure 2. Backscattered Electron (BSE) images of selected experiments showing the textural
relationships and melt distribution (see supplementary Figure 1 for BSE images of all the H&Z
+SM experiments). In all images the bright white is the enclosing Au capsule and a scale bar
equal to 100 microns is shown for each image. A.) Experiment D287, 1150 °C, 3.2 GPa. The top
(hot end) of the experimental charge is toward the top of the figure. Quench-modified melt phase
is evident on the left side of the image. B.) Experiment D276, 1075 °C, 3.2 GPa. The top (hot
end) of the experimental charge is toward the left of the figure. Quench-modified melt phase is
evident on the left side of the image. C.) Experiment D287, 1000 °C, 3.2 GPa. The top (hot end)
of the experimental charge is toward the top of the figure. Regions of quench-modified melt
phase are just below and above the tongue of Au that was folded into the capsule when it was
shortened during preparation. The larger mineral grains in each charge (50 to 200 microns in
diameter) are garnet crystals that poikilitcally enclose finer grained (10 — 20 micron) olivine,
orthopyroxene and clinopyroxene crystals.

Figure 3. Changes in texture and distribution of the quench-modified melt phase of selected
experiments in Backscattered Electron (BSE) image mode (see supplementary materials for
similar BSE images of all the H&Z +SM experiments). A.) Experiment D287, 1150 °C, 3.2 GPa.
Note sheet-like habit of quench-modified melt (dark) and intergrown quench crystals (light
patches). B.) Experiment D255, 1050 °C, 3.2 GPa, Upper corner of charge has been filled with
epoxy (dark background surrounded by Au capsule). Within epoxy micron-thick sheets of
guench-modified andesitic glass have been preserved. Also present are light colored 2-3 micron
spheres of granitic melt phase. 10-30 micron wide crystals are present on right side of image. C.)
Experiment D250, 1000 °C, 3.2 GPa. In this corner of the charge the melt phase has been partly
plucked out, and is preserved as thin sheets that blanket the 10 — 30 micron enclosing crystals.
Micron-sized spheres of granite are also present. D.) Experiment D260, 950 °C, 3.2 GPa. As in
B), the upper corner of charge has been filled with epoxy and preserves micron-thick sheets of
guench-modified andesitic glass and light colored 2-3 micron spheres of granitic component.

Figure 4. Close up view of the quench-modified andesitic melt sheets and spheres of granitic
melts in D255 (Fig. 2B) in Backscattered Electron image mode (A, COMP) and Secondary
Electron Image (B, SEI) mode. White region on left in the COMP image is the Au capsule. The
area to the right has been partly filled by epoxy and preserves the delicate andesitic melt sheets
that form when H,O exsolves from the melt phase on quench. The expansion of the melt
separates the crystals (oliv, and top of charge) and the presence of a super-critical fluid is
evidenced by the presence of vesicles in the melt (B, comp). The fluid in these vesicles
precipitates a spherical silicate component upon quench that is granitic in composition. The
vesicle is surrounded by the andesitic melt sheets and the 3-dimensional nature of the melt sheets
can be seen in the SEI image where the sheets fold up and over at the edge of the granite-sphere
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lined vesicle. Tot the right of the labeled oliv crystal in both COMP and SEI images a tangle of
the andesitic melt sheets is visible. Three other holes are visible in the SEI image and these are
the broken tops of andesitic melt that surrounded the fluid-phase.

Figure 5. Compositions of experimentally-produced liquids from hydrous Iherzolite melting
experiments plotted as oxide wt. % vs. temperature (in °C). Liquids produced from the H&Z +
SM composition (4 wt. % H,0) are shown as black squares with the coexisting high silica spheres
shown as open squares. Liquids produced from the H&Z + H20 composition (14.5 wt. % H,0)
are shown as black circles. Experiments reported by Mysen and Boettcher (1975) (5 wt. % H,0)
at 1.5 GPa are shown as light grey diamonds, and the two experimental liquids reported in Green
et al. (2014) are shown s dark grey diamonds. A). SiO, vs. T. B) Al,O3vs. T. C.) MgO vs. T. D.)
FeOvs. T. E)CaOvs. T. F.) Na,Ovs. T.

Figure 6. Pseudoternary subprojections for the pseudoquaternary system Olivine —
Clinopyroxene — Garnet — Quartz in oxygen units (see supplementary Table 1 for calculation
scheme) showing compositions of experimentally produced liquids from hydrous Iherzolite
melting experiments in Fig. 5.

Figure 7. Oxide — oxide variation diagrams of experimentally produced liquids from hydrous
Iherzolite melting experiments and calculated 3.2 GPa anhydrous garnet lherzolite melts from
Grove et al. (20-13) and Brown et al., 2019). See figure 5 for symbol explanation. Additional
experimental data included here are from Gaetani et al. (1998) (dark grey triangles), Tenner et al.
(2012) (open triangles), Mallik et al. (2015) (light grey triangles) and natural primitive lavas
reported in Mitchell and Grove (2015) (light grey stars). A). MgO vs. SiO,. B) FeO vs. SiO,. C.)
Al,O3 vs. Si0,. D.) CaO vs. SiO,. E.) Na,Ovs. Si0,. F.) K,0 vs. SiO,. Calculated garnet
Iherzolite batch melts cover the range from 1 to 10 wt. %. Compositions are presented in
supplementary Table 6.

Figure 8. Pseudoternary subprojections for the pseudoquaternary system Olivine — Clinopyroxene
— Garnet — Quartz in oxygen units showing compositions of experimentally produced liquids
from hydrous Iherzolite melting experiments and calculated anhydrous garnet Iherzolite melts
shown in Fig. 7. Note that one Green point and two Mallik points plot at highly negative Qtz
values on Oliv — Garnet — Qtz, so they are not shown.

Figure 9. Oxide — oxide variation diagrams of experimentally produced liquids from hydrous
Iherzolite melting experiments. Along with the first melts of hydrous lherzolite reported in this
study are experimentally produced high extent melts in equilibrium with harzburgite residues
from Mitchell and Grove (2015). These are compared with the natural primitive lavas reported
in Mitchell and Grove (2015) and shown in Figures 7 and 8 as grey stars. Here they are separated
by arc. The blue diamonds labeled Cascades are Mt. Shasta primitive basaltic andesites and
magnesian andesites from Grove et al. (2002). Red diamonds are lavas from Setouchi, Japan
(Tatsumi and Ishikawa, 1982). Orange diamonds are samples from Kamchatka (Bryant et al.,
2010). A). MgO vs. SiO,. B) FeO vs. SiO,. C.) Al,O3 vs. SiO,. D.) CaO vs. SiO,. E.) Na,O vs.
S|02 F) Kzo VS. S|02

Figure 10. Change in melt producing reaction illustrated in the Olivine — Garnet — Quartz
subprojection of the pseudoquaternary Olivine — Clinopyroxene — Garnet — Quartz in oxygen

units (see supplementary Table 5). At low temperature end the melt is quartz- and corundum-
normative and the melt reaction is peritectic with garnet + opx + cps meting to olivine + liquid.

23

© 2019 Springer-Verlag GmbH Germany, part of Springer Nature.



At the high temperature end the hydrous melts become silica-undersaturated and the peritectic
reaction changes to garnet + oliv + cpx = liquid + opx.

Figure 11. Chondrite normalized rare earth element (REE) abundances of low degree melts of
hydrous metasomatized garnet Iherzolite using the melting reaction obtained from the H&Z + SM
experiments and a starting composition composed of 90 % primitive Iherzolite (Hoffman ,1988)
plus 10 % of an eclogite slab component (Grove et al., 2002) at 6 and 10 wt. % melting (open
squares). These model melt compositions are compared with REE compositions (solid black
symbols) of primitive Mount Shasta region basaltic andesites and primitive magnesian andesites
(Grove et al., 2002, see text for symbol explanations) and the composition of the predicted fluid-
rich silicate melt component estimated by Grove et al. (2002).

Figure 12. Chondrite normalized rare earth element (REE) abundances of primitive magnesian
andesites from the Setouchi, Japan arc (Tatsumi and Ishikawa, 1982) and Kamchatka arc (Bryant
et al., 2010) are compared with the range of REE abundance variations shown in the primitive Mt.
Shasta lavas shown in Fig. 11 (light grey field).

Figure 13. Schematic model of the hydrous mantle melting processes that occur in the subduction
zone setting. Melting begins at depths and temperatures just above the vapor-saturated solidus of
a metasomatized garnet lherzolite source. The compositions of these deep, hydrous low-degree
melts are provided by the hydrous 3.2 GPa experiments discussed in this paper. The melts are
broadly andesitic (58 — 60 wt. % SiO,) with very low CaO (~1 wt. %) and elevated K,O (4-5

wt. %). These melts ascend into shallow, hot mantle, where they mix with high-extent hydrous
melts of a harzburgite also produced by hydrous melting fluxed by a fluid-rich component
transported from near the slab — wedge interface to form the primitive basaltic andesites and
magnesian andesites found globally in arcs.
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Table 1. Compositions used as starting material for the experiments. H&Z+H20O is from Til et al. (2011) ¢
(2015).
H20 denotes the amount of H20 added as Mg(OH)2.

SiO2 TiO2 Al203 Cr203 FeO MnC
H&Z+H20 46.20 0.18 4.06 0.40 7.56 0.1(
dry H&Z+SM 46.34 0.18 4.25 0.40 7.45 0.1(
wet H&Z+SM 46.3 0.18 4.21 0.40 7.48 0.1(

Table 2. Experimental run conditions and phases present. Mass calculati

Expt. P T Duration H20 Phases

(GPa) °C (hrs) present? ol CpX opX gt
3 wt. % H20 Experiments (H&Z +SM starting material)
D287 | 3.2 | 1150 68.5 yes 47.0 (0.4) 0.1(0.1) 26.0 (0.7) 0.2 (
D284 | 3.2 | 1128 65.5 yes 45.1 (0.8) 0.1(0.1) 28.6 (1.3) 3.7
D279 | 3.2 | 1100 196.6 yes 48.2 (0.6) 6.7 (0.6) 24.2 (0.9) 8.8
D276 | 3.2 | 1075 193.2 yes 54.9 (1.3) 9.8 (0.5) 16.9 (2.1) 10.6
D255 | 3.2 | 1050 138.0 yes 55.2 (4.2) 12.5 (1.5) 12.2 (6.8) 5.9 (
D250 | 3.2 | 1000 143.8 yes 51.9 (3.3) 10.8 (0.9) 17.8 (5.1) 10.8
D252 | 3.2 975 336.7 yes 55.6 (1.9) 11.8 (5.2) 15.0 (3.2) 10.3
D260 | 3.2 950 242.7 yes 57.7 (4.1) 11.4 (0.8) 13.7 (0.6) 11.6
D266 | 3.2 925 292.1 yes 56.0 (5.4) 10.9 (0.8) 14.7 (7.4) 10.0
14.5 wt. % H20 Experiments (H&Z +H20)
D200 | 3.2 | 1150 64.5 yes 57.7 (3.6) 0 15.0 (5.3) (
D207 | 3.2 | 1125 52.5 yes 53.5 (0.9) 0 21.2 (1.4) (
D205 | 3.2 | 1100 114.5 yes 54.3 (3.0) 2.5(3.9) 21.8 (2.4) 5.3
D206 | 3.2 | 1060 48.2 yes 57.1 (4.9) 10.1 (1.6) 12.2 (8.9) 9.1 (
D165 | 3.2 | 1020 95.8 yes 56.8 (10.0) 10.2 (2.1) 17.9 (14.8) 11.5
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Table 3. Analyses of selected experiments. Number below each oxide is one standard deviation of mean for glass and sample stz
phases. KdFeMg is for oliv/lig, oliv/opx, oliv/cpx and oliv/garnet, respectively.

# of anals Si02 Ti02 AI203 Cr203 FeO MnO  MgO Ca0O Na20 K20 NiO
D287
oliv 13 40.8 0.02 0.01 8.47 0.08 50.2 0.06 0.09
0.35 0.01 0.01 0.06 0.02 0.50 0.02 0.02
opx 18  56.63 0.04 2.29 0.61 5.32 0.10 33.97 0.90 0.03
0.30 0.02 0.18 0.16 0.12 0.01 0.22 0.04 0.03
cpx 14 53.88 0.05 2.39 037 272 0.08 19.06 20.68 0.56
0.33 0.02 0.29 0.11 0.14 0.02 0.32 0.23 0.06
garnet 13 42.18 0.14 21.52 2.72 6.88 0.24 19.61 7.25
0.32 0.04 0.47 0.68 0.11 0.02 0.39 0.47
glass 309 4771 0.74 13.03 0.28 8.21 0.14 16.10 11.33 1.96 0.44
0.19 0.02 0.07 0.01 0.06 0.00 0.26 0.31 0.05 0.02
D284
oliv 15 40.7 0.01 0.02 8.80 0.08 49.7 0.03 0.18
0.29 0.01 0.01 0.11 0.02 0.60 0.02 0.08
opx 14 56.09 0.06 2.18 0.42° 561 0.10 34.09 0.78 0.04
0.79 0.02 0.38 0.11 0.13 0.01 0.27 0.04 0.01
cpX 15 54.29 0.07 1.98 057 251 0.07 18.19 21.17 0.50
0.36 0.01 0.11 0.09 0.10 0.01 0.24 0.23 0.03
garnet 18 42.39 0.14 22.27 252 7.01 0.25 20.08 6.83
0.20 0.04 0.39 0.40 0.12 0.02 0.32 0.44
glass 225  46.82 0.95 12.59 014 8.12 0.16 1591 1259 1.97 043
0.23 0.03 0.32 0.00 0.06 0.00 0.20 0.32 0.04 0.02
D279
oliv 13 4041 0.02 0.02 9.09 0.078 49.59 0.06 0.16
0.14 0.02 0.02 0.07 0.011 0.37 0.02 0.02
opx 15 56.54 0.07 2.02 0.45 5.85 33.83 0.71 0.04 0.05
0.53 0.02 0.82 0.16 0.10 0.42 0.05 0.02 0.01
cpX 20 54.85 0.15 1.95 0.47 2.65 18.41  20.85 0.59
0.21 0.02 0.18 0.14 0.11 0.29 0.30 0.07
garnet 21 4172 0.22 22.83 1.66 8.09 0.28 19.34 6.25
0.18 0.06 0.52 0.60 0.10 0.02 0.47 0.52
glass 350 48.72 1.34 13.48 0.12 7.38 012 1444 9.14 395 126
0.20 0.02 0.06 0.00 0.05 0.00 0.16 0.21 0.04 0.03
D276
oliv 10 40.45 0.03 0.00 9.23 0.08  50.08 0.05 0.17
0.23 0.01 0.01 0.08 0.01 0.45 0.02 0.05
opx 16 57.21 0.11 1.78 0.32 5.67 0.11 33.62 0.69 0.13
0.59 0.02 0.55 0.13 0.11 0.01 0.42 0.05 0.05
cpX 18 54.12 0.18 1.92 0.56 2.64 0.06 18.03 21.50 0.70
0.50 0.05 0.20 0.13 0.17 0.01 0.87 0.63 0.08
# of anals Si02 Ti02 AI203 Cr203 FeO MnO  MgO Ca0 Na20 K20 NiO
garnet 20 42.27 0.27 22.30 162 775 0.28 19.20 6.81 0.08
0.70 0.08 1.17 0.43 0.29 0.01 0.52 0.86 0.07
glass 92 5473 1.00 15.45 0.07 7.11 0.05 13.54 3.10 340 1.48

1.14 0.08 0.19 0.01 0.39 0.00 0.79 0.25 0.17 0.09
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spheres 55  73.93 0.06 16.86 0.03 0.54 0.02 1.01 0.95 439 215
0.22 0.01 0.12 0.01 0.06 0.00 0.10 0.08 0.20 0.06
D255
oliv 12 40.74 0.02 0.03 9.36 0.07 49.30 0.04 0.23
0.19 0.01 0.02 0.11 0.03 0.48 0.02 0.07
opXx 12 56.4 0.12 1.28 0.17 5.82 0.09 34.2 0.60 0.06
0.28 0.03 0.19 0.03 0.09 0.02 0.32 0.07 0.01
cpx 11 54.0 0.26 2.03 0.38 2.63 0.08 17.6 20.9 0.84
0.23 0.04 0.38 0.07 0.12 0.01 0.41 0.30 0.14
garnet 10 40.94 0.28 23.10 0.97 8.25 0.25 19.15 5.83 0.03
0.40 0.09 0.42 041 0.11 0.02 0.39 0.54 0.02
glass 198  52.59 1.79 16.92 012 7.54 0.07 = 13.83 0.73 1.61 4.78
0.31 0.04 0.09 0.01 0.10 0.00 0.19 0.06 0.09 0.08
spheres 24 72,77 0.17 17.34 0.61 0.01 1.24 0.29 424 3.15
0.57 0.05 0.32 0.14 0.00 0.28 0.06 0.28 0.13
D250
oliv 9 40.18 0.05 0.01 9.63 0.09 4981 0.05 0.31
0.12 0.01 0.01 0.10 0.01 0.37 0.02 0.04
opx 13 56.12 0.10 2.11 0.39 5.86 0.09 3391 0.52 0.04
0.53 0.04 0.83 0.22 0.13 0.01 0.54 0.06 0.02
cpx 13  53.89 0.26 242 0.72 2.52 0.07 1714 2141 0.97
0.38 0.03 0.53 0.16 0.15 0.02 0.23 0.51 0.12
garnet 9 4215 0.31 22.88 136 8.72 0.29 19.35 5.82
0.22 0.08 0.43 0.35 0.09 0.02 0.41 0.52
glass 40  57.87 1.23 15.28 6.52 0.07 11.93 1.93 195 3.18
1.02 0.11 0.46 0.27 0.01 0.56 0.18 023 0.25
spheres 7 76.57 0.49 11.15 2.67 0.03 2.40 1.43 1.87 3.36
1.17 0.12 0.99 1.50 0.01 0.51 0.49 0.73 0.54
D252
oliv 12 40.56 0.04 0.01 9.34 0.08 49.33 0.03 0.26
0.42 0.02 0.01 0.17 0.02 0.46 0.02 0.06
opx 12 56.82 0.11 1.66 032 594 0.09 34.14 0.47 0.06
0.51 0.04 0.33 0.12 0.09 0.02 0.40 0.11 0.04
cpx 10 54.73 0.29 2.50 081 2.48 0.06 16.96 21.14 1.28
0.37 0.03 0.21 0.08 0.09 0.01 0.32 0.23 0.13
garnet 9 4214 0.30 23.10 1.06 8.73 0.31 19.06 5.89
0.42 0.15 0.44 0.17 0.15 0.01 0.44 0.68
glass 85 54.86 1.56 15.09 6.60 0.34 1354 0.62 132 518
0.43 0.09 0.10 0.10 0.05 0.16 0.11 0.03 0.07
D260 # of anals Si02 Ti02 AI203 Cr203 FeO MnO  MgO Ca0 Na20 K20 NiO
oliv 7 40.39 0.02 0.03 9.27 0.06  49.07 0.09 0.33
0.75 0.01 0.03 0.18 0.02 0.58 0.08 0.06
opXx 17 56.83 0.10 1.59 0.30 5.97 0.09 34.02 0.38 0.11
0.56 0.02 0.40 0.13 0.09 0.01 0.32 0.04 0.03
cpX 13 54.66 0.19 2.30 051 261 0.06 16.80 21.49 1.12
1.00 0.05 0.33 0.18 0.32 0.01 0.53 0.93 0.32
garnet 15 4163 0.25 23.69 0.34 9.45 0.29 18.73 5.44
0.29 0.11 0.30 0.14 0.11 0.02 0.47 0.55
glass 58  58.27 1.57 15.15 5.25 0.04 1043 1.10 270 531
0.85 0.38 0.25 0.33 0.01 0.60 0.17 0.19 0.18
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spheres 40 72.01 0.22 16.28 0.69 0.04 1.42 0.75 322 517

0.38 0.02 0.30 0.12 0.01 0.24 0.20 0.22 0.15
rutile 5 0.21 96.17 0.54 1.04 0.26 0.06
0.46 0.58 0.11 0.06 0.08 0.02
D266
oliv 10 40.64 0.02 0.01 9.40 0.06  48.95 0.04 0.36
0.32 0.02 0.02 0.12 0.02 0.58 0.03 0.07
opx 18  57.52 0.07 1.50 0.26 5.99 0.07 34.77 0.01 0.04
0.43 0.03 0.32 0.06 0.09 0.01 0.23 0.01 0.04
cpx 22 5457 0.15 121 031 2.38 17.76  23.00 0.36
0.38 0.03 0.41 0.08 0.19 0.41 0.60 0.09
garnet 20 41.50 0.16 23.58 0.45 9.46 0.34 = 18.95 5.50
0.33 0.06 0.35 012 0.12 0.02 0.31 0.43
glass estimated 58.33 1.93 16.80 0.19 453 0.09 8.68 1.89 1.89 5.66

Table 4. Analyses of glass in Till et al. (2012) experiments. Number below each oxide is one standard devi

# of anals SiO2 TiO2 Al203 Cr203 FeO

D200
glass 299 49.38 0.61 16.37 0.20 7.37
0.26 0.02 0.12 0.01 0.08

D207
glass 516 48.71 0.67 13.84 0.16 7.95
0.24 0.01 0.08 0.01 0.07

D205
glass 46 49.91 1.50 17.18 571
0.35 0.04 0.19 0.06
spheres 25 77.10 0.28 15.39 0.36
0.39 0.05 0.40 0.07

D206
glass 53 56.54 1.75 16.04 0.26 6.80
0.85 0.28 0.38 0.06 0.21

D165
glass 65 60.20 0.87 19.18 5.02
1.50 0.13 0.91 0.62
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