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Hydrous origin of the continental cratonic mantle
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Abstract

We performed melting experiments of hydrous pyrolite at pressures from 3 to 8 GPa and temperatures from
1,100°C to 1,800°C to identify the origin of chemical variation in cratonic garnet peridotites with high contents of
magnesian orthopyroxene. In hydrous conditions, the stability field of residual orthopyroxene expands relative to
olivine above solidus, and the harzburgitic residue contains large amounts of Mg-rich (Mg# > 0.92) orthopyroxene at
4.5 to 6 GPa. The residual chemistry obtained from our experiments indicates that the chemical variation of the
cratonic garnet peridotites possibly reflects formation by melt depletion under various water contents from almost
anhydrous to a maximum of approximately 1% to 2% in the upper mantle at depths of about 100 to 200 km.
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Findings

Introduction

Partial melting and melt extraction in the upper mantle
is a well-known process that causes radial and lateral
variations in the chemistry. Abyssal mantle peridotites
are a good example of simple residues. The chemical
variation shows good agreement with results of experi-
mental and theoretical studies of partial melting and
melt extraction processes from a primitive lherzolite at
depths of <80 km (P = 2.5 GPa) (e.g., Dick et al. 1984; Arai
1994; Matsukage and Kubo 2003). Based on the chemical
composition of the residual oceanic peridotites, Ringwood
(1966) proposed a hypothetical primitive mantle termed
pyrolite. For many years, pyrolite has been regarded as a
common model for Earth’s primitive mantle. Peridotite
xenoliths, which were transported by kimberlite magma
from the deep upper mantle (approximately 250 km)
under Archean continental cratons, differ greatly in chem-
istry from shallow oceanic mantle (e.g., Boyd 1989). The
cratonic mantle peridotites are characterized by a large
amount of SiO, in combination with a high Mg/(Mg + Fe)
ratio. Despite the considerable number of studies con-
ducted to explore the origin of the unusual cratonic peri-
dotites, their origin remains controversial (e.g., Pearson
and Wittig 2013). Based on the melting experiments of
the pyrolite-H,O system at high pressure, we demonstrate

* Correspondence: kmatsu@gaia.h.kyoto-u.acjp

'Graduate School of Human and Environmental Studies, Kyoto University,
Yoshida-Nihonmatsu-cho, Sakyo-ku, Kyoto 606-8501, Japan

Full list of author information is available at the end of the article

@ Springer

the possibility that the Si- and Mg-rich cratonic perido-
tites originated as simple melting residues under hydrous
conditions at depths of approximately 100 to 200 km.

Chemical and modal variations of continental cratonic
peridotites

Figure 1 presents chemical variations of abyssal perido-
tites and continental cratonic peridotites. The abyssal
mantle peridotites are characterized by a monotonous
chemical and modal trend, which are depleted in SiO,,
Al;O3, and CaO, but have increased MgO (Figure la,b).
The abyssal peridotites show a wide lithological variation,
from lherzolite with more than 15% of clinopyroxene to
harzburgite without clinopyroxene. The amount of olivine
increases from 60% to 85% with the lithological change
from lherzolite to harzburgite (e.g., Dick et al. 1984). In
addition, the amount of compatible elements increases
concomitantly with increasing modal proportion of olivine
(Figure 1d). If the pyrolitic lherzolite partially melts
within the plagioclase or spinel stability fields, clinopyr-
oxene is preferentially molten relative to olivine and
orthopyroxene, and the residual rock type changes from
lherzolite to harzburgite with increasing degrees of par-
tial melting (Baker and Stolper 1994; Matsukage and
Kubo 2003). At the same time, the residual minerals
are depleted in incompatible elements. The trends of
chemical variation in abyssal peridotites are consistent
with the theoretical and experimental observations of
the residues obtained by partial melting of pyrolitic
lherzolite at shallow upper mantle depths.

© 2014 Matsukage and Kawasaki; licensee Springer. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited.
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Figure 1 Bulk chemistry (a,b,c) and relation between Mg/(Mg + Fe) (atomic percent) and modal compositions of olivine (d). They are in
abyssal and continental cratonic peridotites. Data for abyssal peridotites are after Michael and Bonatti (1985), Dick (1989), Dick and Natland (1996),
Arai and Matsukage (1996), and Matsukage et al. (2005). Data for the Kaapvaal and Siberian cratons are after Nixon and Boyd (1973), Cox et al.
(1973), Carswell et al. (1979), Boyd et al. (1993), Boyd et al. (1997), Gibson et al. (2008), Katayama et al. (2009), Goncharov et al. (2012), and Doucet
et al. (2013). CI chondrite, geochemical fractionation trend, and cosmochemical fractionation trend are referred from Jagoutz et al. (1979).
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Both garnet and spinel peridotites are found frequently
in continental regions (e.g., Hervig et al. 1980; Boyd
et al. 1997). In off-craton continental regions, chemical
and modal variations of most spinel peridotites show a
trend similar to that of abyssal peridotites. This similar-
ity is interpreted as being due to the partial melting and
melt extraction processes of pyrolitic lherzolite. In con-
trast, some of the cratonic garnet and spinel peridotites
have widely scattered chemical variations (e.g., Boyd
1989; Doucet et al. 2012). Figure 1 shows the bulk chem-
istries of garnet-bearing peridotites from the Kaapvaal
craton and the Siberian craton. The peridotites in the
Kaapvaal craton contain a large amount of orthopyrox-
ene (e.g., Boyd 1989). It is especially remarkable that
some peridotites with Mg# of more than 0.92 contain up
to 45 vol.% of orthopyroxene (Nixon and Boyd 1973).
The Siberian craton also shows slight enrichments in
SiO, (=orthopyroxene) in garnet peridotites (e.g., Boyd
et al. 1997; Doucet et al. 2013). Another important fea-
ture of the cratonic garnet peridotite is that the olivine

fraction has no clear correlation with Mg#, whereas the
abyssal peridotite indicates a clear positive correlation
between the amount of olivine and the Mg# (Figure 1d).
Walter (1998) pointed out that the composition of
cratonic peridotites cannot be explained by partial melt-
ing of pyrolitic lherzolite alone in any depth of the upper
mantle. Some process of adding an orthopyroxene com-
ponent to the system is needed. The high Mg# implies
a high degree of partial melting and melt extraction.
Melting experiments of pyrolitic lherzolite from surface
pressures to 7 GPa, however, have demonstrated that the
SiO, content of the residue should always be lower than
pyrolite (Walter 1998).

Four models have been proposed to explain the high
orthopyroxene concentration. The first model suggests
that the high degree of melting at higher pressure pro-
duced the high Mg# and intermediate amount of ortho-
pyroxene (about 25 vol.%) residue. Then metamorphic
differentiation or sorting during cumulate formation un-
mixed the orthopyroxene-rich (more than 40 vol.%) and
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orthopyroxene-poor segregations (Boyd et al. 1997). The
second model proposes that the cratonic peridotites are
mixtures of residues of high degrees of partial melting
and melt extraction from pyrolitic lherzolite with high
Mg# and low orthopyroxene content and higher pres-
sure igneous cumulates with high opx/olivine ratios
(Herzberg 1999). The third model is similar to the second,
but the mechanism of SiO, addition (orthopyroxene
addition) differs. In this model, the cratonic peridotites are
regarded as being produced by the reaction between pre-
viously highly depleted low orthopyroxene residue and
SiO,-rich liquid that is generated mainly by partial melting
of eclogitic basalt and sediment in a subduction zone
(Kelemen et al. 1998). In all three models, the formation
of the cratonic peridotites involves a process (or several
processes) of Si addition other than simple partial melting.
The fourth model proposes that the cratonic peridotites
are the residues of high degrees of partial melting of a
mantle enriched in SiO, related to pyrolite (Walter 1998).
CI chondrite mantle is one of the candidates for the Si-
rich primitive mantle.

We propose yet another model for the formation of the
SiO,- and MgO-rich cratonic peridotites, based on our
melting experiments of the pyrolitic lherzolite + H,O sys-
tem. Previous melting experiments in the simplified hy-
drous pyrolite systems, such as MgO-SiO,-H,O and
MgO-Si0,-Ca0O-Al,O3-H,O systems (e.g., Inoue 1994;
Mibe et al. 2002; Litasov and Ohtani 2002; Kawamoto
et al. 2004), have demonstrated that the chemical compos-
ition of partial melts (and aqueous fluids which coexist
with mantle minerals) changes rapidly from SiO,-rich to
MgO-rich with increasing pressure above 3 GPa. These
experimental observations suggest that the Si-rich cra-
tonic peridotites could have formed as melting residues
without the need for secondary Si addition. We report the
melting experiments of hydrous pyrolite with multiple
components and compare the chemical trends of the resi-
dues obtained in these experiments with those of natural
cratonic peridotites.

Experimental methods

Starting materials

We synthesized the hydrous pyrolite in the SiO,-Al,O3-
CaO-FeO-MgO-TiO,-CryO3-Na,O-K,O-NiO-H,O - sys-
tem. Table 1 lists the pyrolite composition (Ringwood
1966) and the starting materials for melting experiments
in this study. Powders of reagent grade SiO,, Al,Os,
CaCOg, Fe,Og, TiO,, Cry03, Na,CO3, K,CO3, and NiO
were mixed and decarbonated in a 1-atm electric fur-
nace at 1,000°C for 24 h in the air. After decarbonation,
the charge was fused at 1,500°C in the reducing furnace
under controlling oxygen fugacity to QFM (quartz-
fayalite-magnetite) buffer using the mixed gas (CO,
and H,) flow technique (Kawasaki 2001). We confirmed
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Table 1 Chemical compositions of pyrolite and starting
materials

Pyrolite® H0

2 wt.% 8 wt.%
Si0, 4516 4455 4182
TiO, 071 056 053
Al,O5 354 314 295
Cr0; 043 042 040
FeQ' 847 805 756
MnO 0.14
MgO 3748 36.82 34,56
Ca0 308 296 278
Na,O 057 119 111
K0 0.13 0.17 0.16
P,0s 0.06
NiO 020 0.14 013
H,0 2.00 800
Total 9997 100.00 100.00
Mg#® 0.887 0.891 0.891

2After Ringwood (1966); "Mg/(Mg + Fe) atomic ratio; FeO¥, total iron is listed
as FeO.

that the quenched glass was chemically homogeneous
from SEM-EDS (scanning electron microprobe analyzer
(JSR1000, JEOL, Tokyo, Japan) with energy dispersive
spectrometer (Oxford Instruments, Oxfordshire, UK))
observations. The amount of CO, remaining in the glass
was measured via Fourier transform infrared spectros-
copy. No CO, peaks were detected, which indicates that
CO, was not included in the glass. The glass was ground
again and mixed with a powder of periclase (MgO) and
brucite (Mg(OH),) to adjust the water contents of the
starting material to 2 and 8 wt.%, respectively.

Experiments at high pressure and high temperature

High-pressure and high-temperature experiments were
conducted using a Kawai-type multi-anvil apparatus in-
stalled at Ehime University, Japan, with an 18 M/11 cell
assembly (Figure 2) at pressures from 3 to 8 GPa, and
temperatures from 1,100°C to 1,800°C (Table 2). Pres-
sure was generated by eight 26-mm tungsten carbide an-
vils with an 11-mm truncated edge length. A Co-doped
semi-sintered MgO octahedron with an 18-mm edge
length was used as a pressure-transmitting medium. A
graphite sleeve was used as the heater. To reduce the
temperature gradient, a graphite heater was placed within
a LaCrOs; thermal insulation sleeve. We adopted the
double capsule technique. The starting materials were put
in an inner Re capsule which was inserted into the outer
Pt capsule (Matsukage and Kubo 2003). In some of the ex-
periments at low temperatures and long durations, we
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Figure 2 Schematic illustration of the cell assembly for our

melting experiments.

used an AuysPd,s5 single capsule as a sample container
(Hirose and Kawamoto 1995) (Table 2). Two edges of the
outer Pt capsule and the single AuysPdys capsule were
welded to provide mechanical sealing for hydrous melt.
Loss of Fe from the sample to the Re/Pt double capsule
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and Au;sPd,5 capsules is less than 2% in the experimental
conditions listed in Table 2, except for OD1084. The sam-
ple containers were insulated electrically from the furnace
by an enclosure in an MgO sleeve and were placed in the
central part of the furnace (Figure 2). High-pressure ex-
periments were carried out as follows: First, we compressed
the sample to the target pressure, then heated it to the
target temperature and kept it under constant oil pres-
sure for 30 to 420 min. After being kept at the desired
pressure and temperature for the desired duration, the
samples were quenched by cutting off the electric
power supply. The pressure was then released slowly, at
about 1 GPa/h, and the experiment products were recov-
ered. The run products were sectioned longitudinally
and polished for chemical analysis. The pressure and
temperature for each experiment were estimated through
pressure-load calibration and through a thermocouple
reading. Pressure-load relations were presented by
Matsukage et al. (2013). The temperature was measured
using a W3Re-WysRe thermocouple. The temperature
gradient in the capsule was estimated at about 60°C
using a two-pyroxene thermometer (Gasparik 1990).

Chemical analysis and calculation of bulk chemistry of residue
Chemical composition of residual minerals and quenched
partial melts were analyzed using SEM-EDS. The chemical

Table 2 Run conditions and results of experiments on hydrous pyrolite

Run no. Pressure Temperature Duration Run products

(GPa) 0 (min) 2 Wt9% H,0 8 Wt.% H,0
0D1085 30 1,200 180 Ol, MgPx, L Ol, MgPx, L
0D1083 30 1,400 180 Ol L L
0D1094 30 1,490 30 Ol L
0oD1084 30 1,600 60 L L
0D1022 45 1,200 180 Ol, MgPx, Gt, L Ol, MgPx, Gt, L
0D1053° 45 1,300 420 Ol, MgPx, Gt, L, FeTi Ol, MgPx, L, FeTi
0OD1050 45 1,400 120 Ol, MgPx, L Ol, MgPx, L
0D1045 45 1,490 30 Ol, MgPx, L ol L
0D1082 45 1,600 60 Ol L L
0oD1087 45 1,700 30 L
0D1080° 6.0 1,100 360 Ol, MgPx, Gt, CaPx, L, FeTi Ol, MgPx, Gt, L, FeTi
0OD1065° 6.0 1,400 420 Ol, MgPx, Gt, L, FeTi MgPx, Gt, L, FeTi
0D1079 6.0 1,500 120 Ol, MgPx, Gt, L MgPx, L
0OD1063 6.0 1,600 60 Ol, MgPx, Gt, L L
0OD1095 6.0 1,700 30 Ol L
0D1092 6.0 1,780 30 L
0oD1088 6.0 1,800 30 L
0OD1086 8.0 1,500 60 Ol, MgPx, CaPx, Gt, L MgPx, Gt, L
0D1058 8.0 1,600 48 Ol, MgPx, Gt, L L

0, olivine; MgPx, Mg-rich orthopyroxene; Gt, garnet; CaPx, clinopyroxene; FeTi, Fe- and Ti-bearing hydroxide; L, liquid; ?Using AuysPd,s capsule.
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Figure 3 Back-scattered electron images. (a) Pyrolite + 2 wt.% H,O and (b) pyrolite + 8 wt.% H,O at 6 GPa and 1,500°C (OD1079).

analyses were performed with a 15-kV accelerating volt-
age, 8.5-nA beam current, an integration counting time of
100 s, and a working distance of 20 mm with ZAF correc-
tion. Standards used were wollastonite for Si and Ca, rutile
for Ti, corundum for Al, chromian spinel for Cr, hematite
for Fe, periclase for Mg, and albite for Na. The quenched
melts show a mixture of quenched crystals and glasses.
We found that the melts segregated from the residual
minerals to form a melt pool in the capsule recovered
from high-pressure and high-temperature experiments.
Therefore, the mixtures of quenched glass and quenched
crystal were analyzed by beam scanning across 15 x 15 pm
to 200 x 200 um raster areas depending on the melt pool
size. A focused beam was chosen for the analysis of re-
sidual minerals because the residual minerals are chem-
ically homogeneous.

For the experiments with 2 wt.% H,O, the modal com-
position of residual minerals (A7) and the degree of
melting (M™% were determined through mass balance
calculation: ¥; [(X**™ — (M™" X> ™ty 5, M. X¥))* =
minimum, where X", X*™ and X"/ denote the weight
percentages of components i in the starting material,
partial melt, and residual minerals j in run products, re-
spectively. The bulk chemistry of the residue (X*") was
calculated using the following equation: Xi”:Zj NX",
where N is the weight ratio of minerals in residue, given
as N =M /(1 - M™°!Y). We assumed that water was dis-
tributed within the liquid phase in this calculation be-
cause the solubility of H,O in the residual minerals is
lower than approximately 0.1 wt.% in the experimental
conditions.

Results and discussion

We found that all run products included a liquid phase.
Residual minerals were homogeneous in chemistries,
and grew in a round shape. The average grain sizes were
larger than approximately 50 pm. The partial melts were
distributed in grain boundaries of the residual minerals
in addition to the segregated melt pool (Figures 3 and 4),
and the interstitial melts and segregation melts were

interconnected in all run products. The experiments
with 2 wt.% H,O showed that the residual mineral assem-
blage was olivine + orthopyroxene + garnet + clinopyrox-
ene at lower temperatures. The solid phases dissolved
to liquid in the following order, clinopyroxene, garnet,

s N

2000

Pyrolite + 2 wt% H,0

o .
o
4] -
—
2 CaPx out
E -
]
n- -]
5
At -
CaPx -
0l X Gt
gPx\| +Liquid
1

5 6 7 8 9 10

b Pressure (GPa)

2000

Pyrolite + 8 wt% H,0
1800 |- |
- _I -

G “E‘- out
S 1600(
o
é |
©
& 1400 -
g | Olivine out
£ ]
9

1000 L 1 L 1 1
3 4 5 6 7 8 9 10

Pressure (GPa)

Figure 4 Melting phase relations of pyrolite + 2 wt.% H,0 (a)
and pyrolite + 8 wt.% H,0 (b).




Matsukage and Kawasaki Earth, Planets and Space 2014, 66:29
http://www.earth-planets-space.com/66/1/29

orthopyroxene, and olivine below 6 GPa. Therefore, the
rock type corresponding to the residue changes from
garnet lherzolite to dunite through garnet-bearing and
garnet-free harzburgite with increasing temperature
(Figure 4a). The garnet-bearing harzburgite contains a
large amount of orthopyroxene with approximately 40%
of modal abundance in residue at pressures between 4.5
and 6 GPa (Figure 3a, Table 3). These garnet harzbur-
gites contain olivine and orthopyroxene with high Mg#
of more than 0.92 (Table 3). Our experiments demon-
strated that the amount of orthopyroxene in hydrous
conditions is always higher than that in dry conditions.
The partial melts are similar to komatiite, which is
characterized by a low SiO, (approximately 45 wt.%)
and high MgO content (>18 wt.%). In our experiments,
the Al,O3 content of the partial melts were systematic-
ally reduced with increasing pressure (Table 3). In the
experiments of 8 wt.% H,O, the stability field of olivine
shrinks with increasing pressure and the residual rock
type changes from harzburgite to orthopyroxenite
through garnet-bearing orthopyroxenite with increasing
temperatures above 6 GPa (Figures 3b and 4b). The
Mg# of residual olivine, orthopyroxene, and garnet is
comparable or slightly higher than that with 2 wt%
H,O (Table 4). In the recovered sample of the experi-
ment with 8 wt% H,O, the grain boundaries of
quenched crystals or quenched glasses opened, and loss
of much of the quenched crystals and quenched glasses
occurred when the samples were polished. Because of
this, the reliable composition of the partial melts could
not be measured. The expansion of the stability field
of orthopyroxene relative to olivine above solidus has
been reported in the simplified hydrous systems at
high pressures above 3 GPa (e.g., Inoue 1994; Ohtani
et al. 1996; Mibe et al. 2002; Litasov and Ohtani 2002;
Kawamoto et al. 2004). Our result shows that the results
of previous studies are also realized in the pyrolitic
lherzolite with multiple components.

Figure 5 shows the calculated bulk chemistry of resi-
dues with 2 wt.% H,O, which is compared with those
in anhydrous conditions obtained in previous studies
(Walter 1998; Matsukage and Kubo 2003). Under anhyd-
rous conditions, the Al/Si and Ca/Si ratios of residues
increase with increasing pressure because the stability
field of garnet expands at higher pressure. At lower pres-
sures (<2.5 GPa), the stable aluminous phase in perido-
tites is spinel, which reacts with orthopyroxene and
clinopyroxene to form a garnet + olivine assemblage at
higher pressures. The residue in the garnet stability field
is characterized by higher amounts of Al-bearing min-
erals, such as garnet and aluminous pyroxenes (Baker
and Stolper 1994; Walter 1998). The residual trends in
hydrous conditions differ from those in anhydrous con-
ditions (Figure 5). They show a lower Mg/Si ratio and a
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higher Mg#. From 3 to 6 GPa, the Mg/Si ratio decreases
and Mg# increases systematically. It is remarkable that
the SiO, content of the residual garnet-bearing harz-
burgite is higher than that of pyrolitic lherzolite (Walter
1998) at 4.5 to 6 GPa. These harzburgite residues con-
tain high amounts of orthopyroxene of up to 58% in
modal abundance. Moreover, the bulk Mg#s are higher
than 0.92. Figure 5 shows that the residual trends ob-
tained in our experiments are consistent with the chem-
ical variations of SiO,-rich and MgO-rich cratonic
peridotites. Consequently, we propose that the chemical
difference between the abyssal and the SiO,-rich cra-
tonic peridotites are due to different water contents and
the depth of melting during their melt depletion his-
tories. The compositions of SiO,-rich cratonic garnet
peridotites can be explained as having been formed
under hydrous conditions in the upper mantle at
depths of more than about 100 km (>3 GPa), whereas
the most abyssal peridotites have likely formed under
anhydrous conditions in the shallower upper mantle at
depths of less than approximately 80 km within the
spinel stability field.

If our model is correct, the Earth’s mantle can be
regarded as having spatial heterogeneity in water content
at an early stage of the Earth’s history. When comparing
with the garnet peridotites in the Kaapvaal craton, those
of the Siberian craton generally have higher Mg/Si and
lower Mg# (Figure 1) (e.g., Boyd et al. 1997; Doucet et al.
2013). The equilibrium pressure of garnet peridotite xeno-
liths calculated using the olivine-garnet-orthopyroxene
geothermobarometer shows that Siberian garnet peri-
dotite xenoliths were derived from up to about 7 GPa
(e.g., Goncharov et al. 2012; Doucet et al. 2013), which
is almost identical to those of southern Africa (e.g.,
Kawasaki 1987). Therefore, the chemical difference be-
tween the Kaapvaal craton and the Siberian craton
could not be originated by a difference of the depth of
melting. We infer that the almost water-free or lower
water content during partial melting might be a major
cause of higher Mg/Si and lower Mg# of Siberian gar-
net peridotites. In the Kaapvaal craton, the Mg/Si ratio
and Mg# are highly scattered, and not all harzburgites
are high in SiO, content (Figure 1la,c). Consequently,
the water contents might be scattered from almost an-
hydrous to a maximum of approximately 1% to 2% in this
area. It is difficult to identify a geological environment for
the formation of Si-rich and Mg-rich cratonic residues; a
subduction zone would be a candidate for the geological
environment because there needs to be a continuous sup-
ply of water in order to attain such a high degree of melt-
ing in hydrous conditions. We also speculate that the
orthopyroxene-rich mantle may be formed at deep mantle
wedges in the present Earth because water is being
dragged into the deep mantle wedge by subducting slabs.
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Table 3 Modal and chemical compositions of experimental liquid and residual mineral phases in pyrolite + 2 wt.% H,0

Run no. Mode (wt.%)  SiO, (Wt.%) TiO, AlLO; Cr,0; FeO® MgO CaO Na,0 K,0 Total Mg#
3.0 GPa
0D1085 ol 32 403 0.0 0.0 0.1 80 50.0 0.1 0.7 0.0 994 0917
MgPx 21 56.1 0.0 14 09 5.1 351 03 038 0.0 99.7 0.925
L (100%) 48 437 1.1 78 0.5 9.9 288 6.6 1.3 03 100.0 0.838
0D1083 ol 31 40.6 0.0 0.0 0.2 6.1 523 0.1 0.7 0.0 100.1 0.938
L (100%) 69 47.1 038 56 05 89 309 46 13 04 1000 0861
oD10%94 Ol 29 42.1 0.0 0.0 0.1 59 533 0.1 0.0 0.0 1015 0.942
L (100%) 71 46.9 0.7 56 0.5 93 31.6 4.6 04 03 100.0 0.858
OD1084 L (100%) 100 46.1 06 55 04 46 374 38 14 03 1000 0935
4.5 GPa
0oD1022 Ol 39 403 0.0 0.0 0.1 84 489 0.0 02 0.0 979 0912
MgPx 30 56.9 0.1 1.1 04 52 34.7 038 02 0.0 99.3 0.923
Gt 9 41.1 0.7 19.8 20 8.1 206 52 0.1 0.0 976 0818
L (100%) 22 386 35 59 04 13.8 253 1.1 05 09 100.0 0.766
oD1053 Ol 36 411 0.0 0.0 0.1 74 496 0.0 0.0 0.0 983 0.922
MgPx 31 553 0.0 2.2 04 50 33.0 0.6 0.1 0.0 96.8 0.921
Gt 4 423 03 195 29 7.1 23.0 3.6 0.0 0.1 98.8 0.852
L (100%) 29 38.1 18 6.5 04 12.7 270 1 14 10 1000 0792
oD1050 Ol 29 414 0.0 0.0 0.1 7.1 50.3 0.1 0.1 0.0 99.1 0.927
MgPx 19 579 0.0 13 0.6 4.0 353 04 0.1 0.0 99.6 0.941
L (100%) 52 432 09 6.2 06 1 31 57 0.7 04 1000 0833
0D1045 Ol 28 42.1 0.0 0.0 0.2 5.7 52.3 0.0 0.2 0.0 100.6 0.943
MgPx 2 586 0.1 1.1 0.5 34 36.5 04 0.2 0.0 100.8 0.950
L(100%) 70 46.8 0.7 45 06 95 317 46 13 02 1000  0.856
oD1082 Ol 29 40.8 0.0 0.0 0.2 53 519 0.1 0.7 0.0 99.0 0.946
L (100%) 71 46.3 0.8 55 0.6 9.0 315 45 1.6 03 100.0 0.862
OD1087 L (100%) 100 435 0.7 55 04 96 357 3.7 06 02 1000  0.869
6.0 GPa
0oD1080 Ol 424 0.1 0.0 0.0 6.4 524 0.0 0.7 0.0 1021 0936
MgPx 587 0.1 02 0.1 45 36.7 05 038 0.1 1015 0936
Gt 424 04 18.1 1.2 10.7 20.7 6.4 0.7 00 100.6 0.775
CaPx 554 0.2 12 03 45 18.1 19.0 24 0.0 101.2 0.879
FeTi 1.2 153 08 22 62.0 38 0.2 04 0.0 86.0
L <5
0OD1065 ol 21 40.7 0.0 0.2 0.1 7.2 50.6 0.0 0.7 0.0 99.5 0.926
MgPx 41 57.0 0.0 1.0 02 47 36.0 05 038 0.0 1003 0932
Gt 9 422 03 18.7 23 8.1 249 2.1 0.7 0.0 99.2 0.847
L (100%) 29 33.0 14 38 03 14.5 343 9.7 22 09 100.0 0.808
0oD1079 Ol 21 410 0.0 0.0 0.1 6.7 510 0.0 0.7 0.0 99.5 0932
MgPx 26 579 0.1 09 03 4.1 364 0.5 0.8 0.0 100.9 0.941
Gt 2 431 03 19.7 2.7 54 254 19 0.7 0.0 99.2 0.893
L (100%) 52 413 12 52 05 1.2 332 57 14 02 1000 0841
0D1063 Ol 28 409 0.0 0.0 0.0 6.7 51.2 0.1 0.6 0.0 99.6 0.932
MgPx 21 57.7 0.0 1.0 03 3.7 36.0 0.6 08 0.0 100.2 0.946
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Table 3 Modal and chemical compositions of experimental liquid and residual mineral phases in pyrolite + 2 wt.% H,0

(Continued)
Gt 1 434 0.5 19.3 2.7 59 246 32 0.6 0.0 100.2 0.881
L (100%) 50 432 09 5.1 0.5 1.1 30.6 7.0 12 0.3 100.0 0.831
0oD10%5 Ol 16 421 0.0 0.0 0.1 47 53.7 0.0 0.0 0.0 100.7 0953
L (100%) 84 455 0.5 47 06 8.7 346 4.0 13 0.2 1000 0877
0D1092 L (100%) 100 417 0.7 49 0.6 9.1 375 3.6 1.6 02 100.0 0.880
0D1088 L (100%) 100 473 04 4.0 0.5 80 354 2.7 1.6 0.1 1000 0887
8.0 GPa
0OD1086 ol 40.8 0.1 0.0 0.1 8.6 499 0.0 0.7 0.0 100.2 0912
MgPx 56.5 0.0 0.7 02 5.1 333 1.6 1.1 0.1 98.6 0.920
Gt 43.7 1.3 173 19 74 233 46 0.7 0.0 100.2 0.848
CaPx 56.1 0.1 16 04 53 236 11.2 19 0.1 100.2 0.889
L <5
0OD1058 ol 14 424 0.0 0.0 0.1 49 528 0.1 0.1 0.0 1004 0.950
MgPx 6 59.2 0.0 0.7 02 3.1 36.8 0.5 0.1 0.0 100.6 0.955
Gt 4 455 0.6 169 19 57 26.5 23 0.1 0.0 99.5 0.892
L (100%) 76 455 0.6 33 04 9.5 359 39 0.6 0.2 100.0 0.871

0|, olivine; MgPx, Mg-rich orthopyroxene; Gt, garnet; CaPx, clinopyroxene; FeTi, Fe- and Ti-bearing hydroxide; L, liquid; (100%), 100% normalized chemical composition.

FeO*, total iron is listed as FeO.

Table 4 Chemical compositions of experimental and residual mineral phases in pyrolite + 8 wt.% H,0

Run no. SiO, (wt.%) TiO, Al,O5 Cr,03 FeO" MgO Ca0 Na,O K>,O Total Mg#
3.0 GPa
0D1085 ol 403 0.0 0.0 0.1 7.8 50.0 0.1 0.7 0.0 99.1 0.920
MgPx 56.1 0.0 14 09 49 35.1 03 0.8 0.0 99.6 0.927
4.5 GPa
0D1022 Ol 409 0.0 0.0 0.1 84 50.0 0.0 0.2 0.0 99.6 0914
MagPx 56.9 0.1 0.8 03 49 354 04 03 0.0 99.0 0.928
Gt 412 05 204 2.2 79 219 38 0.1 0.0 98.6 0.832
0OD1053 Ol 412 0.0 0.0 0.1 58 509 0.0 0.0 0.0 98.1 0.940
MgPx 556 0.1 14 08 4.1 354 03 0.0 0.0 97.5 0.939
0D1050 ol 4.7 0.14 00 0.2 5.1 516 0.0 0.1 0.0 98.8 0.948
MgPx 583 0.0 0.5 04 32 36.1 0.2 0.1 0.0 99.0 0.952
0OD1045 ol 418 0.0 0.0 0.1 49 522 0.1 0.1 0.0 99.3 0.950
6 GPa
0D1080 ol 4154 0.0 0.0 0.0 6.0 522 0.0 0.7 0.0 100.5 0.939
MgPx 57.7 00 0.7 0.0 42 36.5 04 08 00 100.5 0.940
Gt 416 05 179 13 104 214 49 0.7 0.0 98.6 0.786
FeTi 23 129 16 25 614 35 0.5 03 0.0 85.0
0OD1065 MagPx 56.7 0.1 1.0 02 32 36.8 04 0.9 0.0 99.2 0.954
Gt 435 0.2 19.2 24 58 26.3 20 0.7 0.0 100.0 0.891
0D1079 MgPx 578 0.1 0.7 03 30 369 0.2 0.8 0.0 99.9 0.956
8 GPa
0D1086 MgPx 586 0.1 0.5 03 30 371 03 0.8 0.0 100.6 0.957
Gt 450 0.2 179 24 49 274 1.1 0.6 0.0 994 0910

0|, olivine; MgPx, Mg-rich orthopyroxene; Gt, garnet; FeTi, Fe- and Ti-bearing hydroxide. FeO*, total iron is listed as FeO.
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Seismological observations have revealed a high-velocity
structure with a maximum Vs anomaly of about 8% in the
root of the Archean cratons (Jordan 1981; Yoshizawa and
Kennett 2004; Begg et al. 2009). Electrical conductivity
in depth ranges of 100 to 250 km is markedly lower for
the continental root than it is in oceanic regions (Hirth
et al. 2000). As discussed by Hirth et al. (2000), these
geophysical results indicate that the Archean litho-
spheric mantle contains less water than the oceanic
mantle at depths of about 100 to 250 km. We speculate
that the Archean mantle had spatial (or both spatial
and temporal) heterogeneity in its water content (Jung
and Karato 2001) and that the extensive partial melting
occurred in areas with higher water content to form an
SiO;-rich and MgO-rich cratonic mantle. H,O would
be highly partitioned into the liquid phase if extensive
hydrous partial melting and melt extraction had oc-
curred in the upper mantle. Consequently, a nearly dry
mantle residue would be left behind to form the dry
cratonic peridotites. This model seems to provide a rea-
sonable explanation for the high Vs and low conduc-
tivity of the old continental roots. The dry cratonic
mantle might be stabilized against convective instability
for a long time because of its high viscosity (e.g., Eaton
and Perry 2013).
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