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 ABSTRACT

Miocene submarine basaltic hyaloclastites, lapillistones, and breccias drilled at Sites 953 and 956 contain relicts of olivine
and fresh clinopyroxene phenocrysts with abundant primary melt, fluid, and crystal inclusions. Primary melt inclusions are rep-
resented by glassy (quenched glass ± gas bubble/s) and multiphase (glass + daughter crystals ± gas bubble/s) types. Fluid inclu-
sions are composed of gas and liquid phases and are nearly pure CO2 in composition, as shown by low-temperature
microthermometric studies. Melt and crystal inclusions and their host minerals were analyzed for major elements by electron
microprobe and large (>60 µm in size) representative melt inclusions by ion microprobe for trace elements and H2O. Olivine
phenocrysts from two basalt fragments are Fo80−89 and correspond to the entire range of olivine compositions known for the
Miocene shield basalts on Gran Canaria. Clinopyroxene phenocrysts from basalt fragments and hyaloclastite matrix are charac-
terized by a wide compositional spectrum of Mg/(Mg+Fetot) = 0.74−0.90, Wo37−47, En41−52, Fs6−15. Crystal inclusions are repre-
sented by olivine (Fo80−82), clinopyroxene (Mg/(Mg+Fetot) = 0.79−0.82, Wo41−45, En44−48, Fs11), plagioclase (An68−83), high-Ti
chrome spinel and titanomagnetite (2.5−18.7 wt% TiO2, Mg/(Mg+Fe2+) = 0.21−0.58, and Cr/(Cr+Al) = 0.17−0.74), and
ilmenite. Major element compositions of melt inclusions corrected for post-entrapment crystallization of olivine and clinopy-
roxene show a broad compositional spectrum ranging from quartz-normative tholeiitic to transitional basalts (46.3−54.4 wt%
SiO2, 5.1−10.7 wt% MgO, 1.3−3.5 wt% Na2O, and 0.7−1.9 wt% K2O) and are enriched in incompatible trace and rare earth ele-
ments. We interpret this large compositional range as representing that of parental magmas, rather than being caused by crystal-
lization of a single magma. Melt inclusions are enriched by light rare earth elements [(La/Sm)n = 1.7−3.0] and depleted in
heavy rare earth [(Sm/Yb)n = 4.4−10.2] and high field strength elements [(Zr/Y)n = 4.1−5.5]. Because shallow level magma
crystallization is unlikely to significantly change trace element ratios in the melt, we think that the observed discrepancy in (La/
Sm)n and (Sm/Yb)n ratios, and high (Zr/Y)n ratios resulted from the melting of a garnet-bearing mantle source.

Calculated parental magmas equilibrated with Fo90 represent a range from transitional to tholeiitic compositions (46.7−52.0
wt% SiO2) and are similar to olivine basalt–picrite (11.2−18.0 wt% MgO). They crystallized over the range of temperatures
from 1450° to 1120°C and pressures from <0.5 to 8 kbar. Oxygen fugacity varied from the conditions corresponding to FMQ-1
or WM-1 buffers during the early crystallization stage of parental magmas, to late-stage conditions of FMQ - NNO+1. Crystal-
lization of magmas occurred in the presence of fluid of essentially CO2 composition.
era
INTRODUCTION

The volcaniclastic apron around Gran Canaria consists of sedi-
ments resulting from submarine volcanic activity during the sea-
mount stage, explosive volcanic activity in shallow water, entry of
lava flows, and pyroclastic flows generated on land into the sea, and
products of erosion (Schmincke et al., 1995a; Schmincke, Weaver,
Firth, et al., 1995b). The compositional evolution, growth, and mass
wasting of Gran Canaria is reflected in sediments of the adjacent
apron drilled at Sites 953 through 956.

The Miocene basaltic hyaloclastites, lapillistones, and breccias
are described in detail by Schmincke and Segschneider (Chap. 12,
this volume). All hyaloclastites are strongly altered but contain phe-
nocrysts of clinopyroxene and, more rarely, olivine with abundant
primary melt, crystal and fluid inclusions. Because of the strong post-
eruptive alteration, study of phenocryst-hosted inclusions is a prom-
ising approach to reconstruct the geochemical evolution of magmas
formed during the Miocene seamount stage. We report here the first
results of mineralogical and geochemical studies of glass, crystal, and
fluid inclusions in olivine and clinopyroxene phenocrysts from the
most primitive Miocene volcaniclastic rocks drilled at Sites 953 and
956. Low-temperature microthermometry of fluid inclusions, and
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electron and ion microprobe analyses of melt, crystal inclusions, and
their host minerals were used to reconstruct: (1) the composition of
magma during the stage of phenocryst crystallization (major and
trace elements, and H2O concentrations); (2) temperature, pressure,
and redox conditions of phenocryst crystallization; and (3) composi-
tion of fluid that coexisted with the crystallizing magma. These data
provide a quantitative basis for a discussion of the petrogenesis of the
magmas parental to the volcaniclastic deposits of the seamount stage
of Gran Canaria.

STRATIGRAPHY, LITHOLOGY, AND SAMPLE 
SELECTION

Drilling at Sites 953 through 956 concentrated on the volcanic
apron north and south of Gran Canaria (Schmincke et al., 1995a,
Schmincke, Weaver, Firth, et al., 1995b; Fig. 1). Site 953 is located
68 km northeast of Gran Canaria, 90 km west of Fuerteventura, and
98 km east of Tenerife. Drilling at Site 953 recovered a practically
complete Quaternary to mid-Miocene 1159-m-thick section, in
which the volcaniclastic rocks correspond closely to the lithostrati-
graphic subdivision of the volcanics exposed on Gran Canaria. The
oldest volcaniclastic sediments of mid-Miocene age (Unit VII, Sec-
tions 157-953C-83R-4 through 103R-7, 969−1159 meters below sea
floor [mbsf]; Fig. 2A) consist entirely of dark green hyaloclastite tuff,
lapillistone, and breccia interbedded with fine-grained biogenic sed-
iment (Shipboard Scientific Party, 1995a; Schmincke and Seg-
l
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schneider, Chap. 12, this volume). Altered basaltic glass clasts, ta-
chylite, fragments of crystalline basalt, crystals mostly represented
by clinopyroxene, opaque minerals, rare plagioclase, and pseudo-
morphs of altered olivine are the dominant components. Lithic clasts
of picrite basalts and basalt lapillistones usually contain phenocrysts
of slightly altered olivine (Samples 157-953C-90R-5, 49−55 cm,
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Figure 1. Schematic map showing locations of Site 953 through 956 in rela-
tion to the Canary Islands (after Funck, 1996). Shaded fields are seismically
defined volcaniclastic aprons of Fuerteventura, Gran Canaria, and Tenerife.
376
93R-4, 20−22 cm, 93R-5, 13−27 cm, 93R-6, 45−55 cm, and 101R-5,
116−123 cm). Unit VI (Sections 157-953C-75R-1 through 157-
953C-83R-3, 889−969 mbsf) consists mostly of thick to very thick
bedded basaltic sandstone, lapillistone, and breccia interbedded with
minor calcareous claystone and nannofossil mixed sedimentary rocks
(Shipboard Scientific Party, 1995a). Dark green hyaloclastite tuffs
occur in Cores 157-953C-77R through 83R and make up beds of sev-
eral meters thickness (Schmincke and Segschneider, Chap. 12, this
volume). They are composed mostly of angular vesicle-free to pumi-
ceous mafic shards completely replaced by smectite.

At Site 956, drilled sedimentary succession ranges from Holocene
to mid-Miocene age (Shipboard Scientific Party, 1995b). The oldest
volcaniclastic sediments of mid-Miocene age (Unit V, Sections 157-
956B-43R-3 through 57R-1, 564−704 mbsf) consist mostly of mas-
sive to bedded epiclastic basaltic sandstone, lapillistone, breccia, and
fine-grained hyaloclastite tuff with minor interbeds of nannofossil
claystone with foraminifers (Fig. 2B). Fresh clinopyroxene pheno-
crysts and olivine pseudomorphs are common throughout the entire
succession of volcaniclastic sediments drilled at Unit V. Relicts of
fresh olivine are rare (Samples 157-956B-48R-2, 25−42 cm, and
56R-2, 89−103 cm), trace plagioclase phenocrysts were found in
Samples 157-956B-44R-4, 110−124 cm, and 56R-3, 69−77 cm
(Schmincke and Segschneider, Chap. 12, this volume).

We studied 10 samples of hyaloclastite tuffs containing basalt
fragments lapillistones from Site 953 (Unit VI and VII) and three
samples of hyaloclastite tuff with basaltic fragments from Site 956
(upper part of Unit V; Fig. 2A, B; Table 1). The main criterion for
sample selection was the presence of olivine and clinopyroxene phe-
nocrysts containing abundant primary melt, crystal, and fluid inclu-
sions. Although clinopyroxene is present throughout all studied sam-
ples, fresh olivine was found only in Samples 157-953C-93R-5, 13−
27 cm, and 93R-6, 45−55 cm. Trace plagioclase phenocrysts are doc-
umented in Samples 157-956B-45R-3, 120−132 cm, and 45R-CC, 7−
17 cm.
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Figure 2. Summary diagrams for Sites 953 and 956, showing lithology, units, age, relationship to Gran Canaria volcanic history, and position of the selected
samples. 
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ANALYTICAL METHODS

Electron Microprobe

Major element analyses of minerals and glasses were carried out
using a Cameca SX-50 electron probe at the GEOMAR Research
Center (Kiel, Germany). Analytical conditions were accelerating
voltage of 15 kV, beam current 10−20 nA, and peak counting time 10
s. Analysis of minerals was performed with a beam size of 1−2 µm,
and in scanning mode with a raster of 10 µm × 12 µm for glasses
Cameca synthetic oxides (NiO, Cr2O3), basalt glass USNM 111240
52, clinopyroxene USNM 122142, plagioclase USNM 115900, a
tite USNM 104021, microcline USNM 143966 (Jarosewich et 
1980), olivine Ch-1, and spinel Yb-126 (Lavrentev et al., 1974) w
used as standards for calibration.

Ion Microprobe

Primary melt inclusions in olivine and clinopyroxene phenocr
were analyzed for trace elements and H2O with a Cameca IMS 3f ion
microprobe at the CRPG-CNRS (Nancy, France). A set of
synthetic and natural basaltic, andesitic, and rhyolitic glasses
used as standards for calibration (Table 2).

Table 1. Selected samples. 

Note: Ol = olivine, and Cpx = clinopyroxene.

Core, section, 
interval (cm) 

Depth (mbsf)

Rock typeTop Bottom

157-953C-
82R-1, 52-62 956.92 957.02 Hyaloclastite tuff
82R-1, 94-103 957.34 957.43 Hyaloclastite tuff
83R-7, 0-12 973.64 973.76 Hyaloclastite tuff
89R-1, 0-13 1017.20 1017.33 Hyaloclastite tuff
90R-1, 82-101 1024.52 1024.71 Hyaloclastite tuff with basalt fragmants
93R-5, 13-27 1058.29 1058.43 Ol-Cpx basalt fragmant
93R-6, 45-55 1060.08 1060.18 Ol-Cpx basalt fragment 
97R-2, 0-16 1092.47 1092.59 Hyaloclastite tuff
98R-1, 0-12 1100.90 1101.02 Hyaloclastite tuff
102R-1, 8-28 1139.48 1139.68 Hyaloclastite tuff with basalt fragmants

157-956B-
44R-3, 57-71 574.27 574.41 Hyaloclastite tuff with basalt fragments
45R-3, 120-132 584.09 584.21 Hyaloclastite tuff
45R-CC, 7-17 585.15 585.25 Hyaloclastite tuff
a-
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Trace Elements

The technique used for trace element analyses was similar to t
described by Gurenko and Chaussidon (1995). Analytical conditio
were 10 kV accelerating voltage of O− ions, and 15−30 nA of primary
beam current. Positive secondary ions were analyzed at a mass r
lution of ≈500 with energy filtering of –80 ± 10 V. Remaining oxide
interferences were eliminated by deconvolution techniques by t
measurement of 31 atomic masses in the range from 138 to 180 
lowing Fahey et al. (1987). Secondary ion yields, defined for each 
ement as a ratio of element total ionic intensity relative to 30Si+ over
the element atomic concentration relative to Si, were determined 
Ti, V, Sr, Y, Zr, Nb, Ba, La, Ce, Nd, Sm, Eu, Dy, Er, and Yb on th
basis of 12 standard glasses (20-1, 29-3, 30-2, 40-2, 519-4-1, 529
TRD-65, TRDS-56, TRDS-27, TRDS-15, 316, and 350; Table 2
Trace element concentrations in melt inclusions were calculated fro
the determined ion yields and SiO2 contents measured by electron mi-
croprobe. The precision is better than ±10% relative for Ti, V, Sr, Y,
Zr, Ba, La, Ce, Nd, Sm, Eu, Yb, and varies between ±10 and ±17%
relative for Nb, Dy, and Er (see 1σ of ion yields in Table 2).

H2O Concentrations

H2O concentrations in melt inclusions were measured at 10 kV 
accelerating voltage and 15−30 nA of primary beam current with the
beam size of 10 µm, using a technique described by Sobolev a
Chaussidon (1996). Positive secondary 1H+ and 30Si+ ions were ana-
lyzed at a mass resolution of ≈1200 with an energy filtering of –100
± 10 V. To minimize the H2O background, the ion probe was repeat
edly baked at 120°C overnight. We then started measurements w
the 1H+/30Si+ ratio measured on the host olivine was lower than th
value corresponding to the H2O content of 0.03 wt% (Sobolev and
Chaussidon, 1996), and carried the analyses out using a liquid nit
gen cold trap in the source (Deloule et al., 1991). A calibration cur
between wt% H2O relative to wt% SiO2 and measured 1H+/30Si+ ratios
was established on the basis of nine glass standards (JV1, 40-2, 3
20-1, 29-3, TRDS-27, TRDS-15, and two GRPG glass standards; T
ble 2) as a linear regression:

H2O/SiO2 = 0.04447 × 1H+/30Si+ + 0.00044, r = 0.99.

The slope of the calibration curve (coefficient at 1H+/30Si+) deter-
mined during this work is very close to this previously reported b
 (1995).
Table 2. Intervals of concentrations in standard glasses used for calibration, and determined ion yields of elements analyzed. 

Notes: Concentrations of H (wt% H2O) and trace elements (ppm) in standard glasses. Standards used for calibration are synthetic and fresh natural glasses, including JV1 obsidian
glass from Macusani, southeast Peru (Pichavant et al., 1987), MORB glasses dredged from the Mid-Atlantic Ridge, from the Siqueriros Transform Fault (20-1), East Pacific Rise
(29-3, 30-2, 40-2; A.V. Sobolev, pers. comm., 1993), FAMOUS area (519-4-1, 529-4; Langmuir et al., 1977) glasses from the Troodos Upper Pillow Lavas, Cyprus (TRD-65,
TRDS-56, TRDS-27, and TRDS-15; Rautenschlein et al., 1985), and two CRPG standard glasses with 1.82 and 2.96 wt% H2O, and 70.65 and 70.42 wt% SiO2, respectively (M.
Chaussidon, pers. comm., 1994) Ion yields are given at ± 1 σ. Ref. = references: 1 = Sobolev and Chaussidon (1996), 2 = Hinton (1990), and 3 = Gurenko and Chaussidon

Element Mass of isotopes Interval of Ion yields normalized to Si

analyzed concentrations This study Literature Ref. 

H 1 0.11-2.96 0.0115 ± 0.0009 0.0169 1
Ti 47 1242-9984 2.25 ± 0.17 1.64-2.56 2, 3
V 51 213-299 1.57 ± 0.11 1.70-1.71 2, 3
Sr 88  31.0-255.3 2.09 ± 0.07 2.54-2.90 2, 3
Y 89  5.7-39.3 2.78 ± 0.26 3.47-3.56 2, 3
Zr 90    7.6-111.6 2.13 ± 0.10 2.23-2.49 2, 3
Nb 93  0.48-19.20 1.15 ± 0.12 1.22-1.39 2, 3
Ba 138    1.3-179.4 1.22 ± 0.12 1.67-2.04 2, 3
La 139  0.62-11.51 1.76 ± 0.14 2.27-2.48 2, 3
Ce 140, 142  1.09-25.12 1.70 ± 0.14 2.21-2.35 2, 3
Nd 142, 143, 145, 146  0.46-14.34 1.83 ± 0.17 2.59-2.82 2, 3
Sm 147, 148, 152, 154 0.28-4.22 2.03 ± 0.16 2.59-2.78 2, 3
Eu 151, 153 0.17-1.47 2.41 ± 0.12 2.80-2.92 2, 3
Dy 161, 162, 163 0.82-7.04 1.91 ± 0.21 2.50-3.07 2, 3
Er 166, 167, 168 0.59-4.93 1.95 ± 0.32 2.45-3.09 2, 3
Yb 168, 171, 172, 173, 174 0.83-4.48 1.91 ± 0.14 2.47-2.95 2, 3
377
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Sobolev and Chaussidon (1996) for H2O concentrations <1 wt% and
obtained at similar analytical conditions (i.e., 0.03327). Up to three
spots were measured within melt inclusions characterized by the low-
est H2O concentrations. The precision estimated on the basis of H ion
yield (Table 2) is always better than ±10% relative, and the detection
limit is believed to be ≈0.03 wt% H2O, as measured on host olivine.

Microthermometry of Fluid Inclusions

Microthermometric study of fluid inclusions was performed at
GEOMAR Research Center (Kiel, Germany) using a FLUIDINC
gas-flow stage. The thermocouple was calibrated in the temperature
interval −56.6° to +573°C using SYNFLINC synthetic fluid inclu
sions in quartz and at −196°C (temperature of liquid N2). Accuracy
and precision of CO2 triple point measurements were estimated
better than ±0.2°C; homogenization temperatures are reproducib
better than ±0.5°C.
378
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MINERAL CHEMISTRY

Olivine

Olivine phenocrysts range from Fo80 to Fo89 corresponding to the
entire range of olivine compositions known for Miocene subaer
shield basalts of Gran Canaria (Gurenko et al., 1996) are simila
those analyzed from other samples drilled at Site 953 (Schmincke
Segschneider, Chap. 12, this volume). CaO contents (0.21−0.33
wt%) are lower than those in olivine phenocrysts from Miocene s
aerial shield basalts on Gran Canaria (Fig. 3A, B; Table 3; Appen
Tables 1–3), but higher than in olivines from mantle xenoliths of t
Cr-diopside series xenoliths on Hierro and the spinel-harzburg
suite xenoliths on Lanzarote (Canary Islands; Neumann, 1991; N
mann et al., 1995), as well as in olivines from mantle xenoliths
general (<0.15 wt% CaO; Hervig et al., 1986; Fig. 3B). Sample 1
953C-93R-5, 13−27 cm, contains phenocrysts of high magnesian o
vine (>86 mol% Fo), which are thought to have crystallized fro
157-953C-93R-6, 45-55 cm

N = 42 
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157-953C-93R-6, 45−55
Ol inclusions in Cpx

Ol from Site 953

Figure 3. Olivine composition. A. Histograms demon-
strating the Fo contents in olivine phenocrysts from 
basalt fragments (Samples 157-953C-93R-5, 13−27 cm, 
and 93R-6, 45−55 cm). N = number of analyzed olivine 
crystals, and Fomax = composition of the most magne-
sian olivine found. B. CaO contents vs. Fo in olivine 
phenocrysts and clinopyroxene-hosted inclusions of oli-
vine. All olivine phenocrysts are CaO-rich compared to 
olivine from mantle xenoliths (e.g., Hervig et al., 1986) 
implying that the most magnesian olivines Fo>86 from 
Sample 157-953C-93R-5, 13−27 cm, are phenocrysts of 
mantle-derived magmas rather than xenocrysts produced 
by disintegration of mantle peridotite. Compositions of 
olivine phenocrysts from Miocene shield basalts on 
Gran Canaria are taken from Gurenko et al. (1996) and 
Gurenko (unpubl. data), compositions of olivine from 
Site 953 are from Schmincke and Segscheider (Chap. 
12, this volume), and olivine from Hierro and Lanzarote 
xenoliths are after Neumann (1991) and Neumann et al. 
(1995).
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Table 3. Summary of mineral chemistry. 

Notes: Individual analyses are given in Appendix Tables 1 through 3. No. = number of microprobe analyses, Fo = mol% forsterite, Mg#sp = Mg/(Mg+Fe2
+) atomic ratio, Cr# = Cr/

(Cr+Al) atomic ratio, Mg#cpx = Mg/(Mg+Fetot) atomic ratio, where Fetot is an Fe concentration measured with electron microprobe, Wo = wollastonite [Ca/(Ca+Mg+Fetot) atomic
ratio], En = enstatite [Mg/(Ca+Mg+Fetot) atomic ratio]; Fs = ferrosilite [Fetot/(Ca+Mg+Fetot) atomic ratio]; An = mol% anorthite. * = inclusion in clinopyroxene, ** = inclusion in
olivine, and — = phase is not present.

Core, section, 
interval (cm)

Olivine Spinel Clinopyroxene Plagioclase

No. Fo No. Mg#sp Cr# No. Mg#cpx Wo En Fs No. An

157-953C-
82R-1, 52-62 1* 79.5 1* 0.268 0.254 20 0.774-0.879 44.4-46.7 41.4-47.9 6.6-12.1 0 —
82R-1, 94-103 1* 78.3 0 — — 4 0.797-0.842 45.3-46.0 43.1-45.6 8.6-11.0 0 —
83R-7, 0-12 5* 79.1-81.2 1* 0.436 0.666 7 0.805-0.842 40.8-43.7 45.4-49.8 9.3-11.1 0 —
89R-1, 0-13 5* 79.9-80.8 4* 0.320-0.402 0.541-0.615 13 0.787-0.882 41.3-45.8 42.8-50.9 6.8-11.7 0 —
90R-1, 82-101 7* 79.6-81.6 2* 0.393-0.394 0.605-0.613 10 0.805-0.831 41.3-43.8 45.6-48.8 9.5-11.2 0 —
93R-5, 13-27 1** 79.3 24** 0.350-0.575 0.651-0.731 17 0.792-0.841 37.4-42.6 46.1-50.6 9.4-12.1 0 —

29 82.3-89.1 0 — — 0 — — — — 0 —
93R-6, 45-55 42 80.1-83.4 2* 0.400-0.406 0.630-0.632 21 0.750-0.851 39.1-44.7 43.9-50.2 8.4-14.7 0 —

0 — 14** 0.399-0.443 0.634-0.705 2** 0.794-0.818 41.4-44.7 43.9-48.1 10.7-11.4 0 —
97R-2, 0-16 4* 80.4-81.5 3* 0.263-0.411 0.520-0.609 19 0.776-0.849 38.3-44.2 45.1-50.9 8.7-13.2 0 —
98R-1, 0-12 1* 80.5 3* 0.398-0.409 0.576-0.681 25 0.768-0.833 37.9-44.5 43.3-51.7 9.6-13.1 0 —
102R-1, 8-28 4* 79.6-80.9 7* 0.305-0.426 0.560-0.663 36 0.770-0.839 38.4-46.0 41.8-51.3 9.5-12.8 0 —

157-956B-
44R-3, 57-71 0 — 2* 0.211-0.232 0.172-0.179 15 0.744-0.867 41.5-44.9 43.3-48.1 7.4-15.0 0 —
45R-3, 120-132 0 — 7* 0.256-0.372 0.281-0.601 17 0.793-0.895 43.0-45.7 43.7-49.5 5.8-11.5 1* 68.4
45R-CC, 7-17 0 — 4* 0.219-0.431 0.194-0.744 11 0.750-0.858 43.2-46.2 41.2-47.9 7.9-13.8 2* 75.7-82.7
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mantle-derived magmas rather than being derived from the disinte-
gration of mantle peridotites. Concentrations of Ni and Cr ranging
from 0.25 to 0.51 wt% NiO and from 0.02 to 0.12 wt% Cr2O3 also in-
dicate that olivine phenocrysts crystallized from mantle-derived
magmas.

Clinopyroxene

Clinopyroxene phenocrysts are optically and chemically hetero-
geneous and show a broad range of compositions: Mg#cpx [Mg/
(Mg+Fetot)] = 0.75−0.88 and Wo37−47, En44−52, Fs7−15 found in the
samples from Site 953, and Mg#cpx = 0.74−0.90 and Wo42−46, En41−50,
Fs6−15 from Site 956 (Fig. 4A; Table 3; Appendix Tables 1–3). Wit
in the each sample, the compositional variations are more restri
(Table 3). The widest range is shown by Samples 157-953C-82
52−62 cm (Mg#cpx = 0.77−0.88), 89R-1, 0−13 cm (Mg#cpx = 0.79−
0.88), and 157-956B-45R-3, 120−132 cm (Mg#cpx = 0.79−0.90).
Sample 157-953C-93R-5, 13−27 cm, which is characterized by th
widest range of olivine compositions (Fo82−89), contains clinopyrox-
ene of a relatively narrow compositional range (Mg#cpx = 0.79−
0.84). Ti and Al concentrations correlate negatively with Mg#cpx and
range from 0.88 to 2.74 wt% TiO2 and from 1.67 to 5.72 wt% Al2O3

in clinopyroxene phenocrysts from Site 953, and from 0.65 to 2
wt% TiO2 and 1.55 to 5.28 wt% Al2O3 from Site 956 (Fig. 4B; Ap-
pendix Tables 1–3).

Clinopyroxene phenocrysts are strongly zoned, as shown by v
ations of Ti, Al, and Mg#cpx within single crystals and are characte
ized by concentric zoning, either normal or inverse. Three zoned
nopyroxenes overlap nearly the whole compositional range with
spect to Mg#cpx values, TiO2, and Al2O3 contents that were
determined on the basis of 200 clinopyroxene analyses (see inse
Fig. 4B, C).

INCLUSIONS IN OLIVINE AND CLINOPYROXENE

Olivine and clinopyroxene phenocrysts contain: (1) inclusions
crystals (inclusions of olivine and plagioclase in clinopyroxene, 
clusions of clinopyroxene in olivine, and inclusions of Fe-Ti oxid
in both olivine and clinopyroxene); (2) melt inclusions (multipha
inclusions of partially crystallized melt, and quenched glass inc
sions); and (3) gas-liquid fluid inclusions. Following the classific
tion of Roedder (1984), we subdivide melt, crystal, and fluid inc
-
ted
-1,
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sions into primary, pseudosecondary, and secondary types. Prima
inclusions occur as single, isolated inclusions, or as randomly orient
ed groups, and commonly mark zones of host crystal growth. Pseu
dosecondary inclusions occur along short, healed fractures that d
not extend to the grain surfaces. Secondary inclusions are usual
controlled by sealed cracks. We studied only primary inclusions be
cause they contain direct information on the conditions of magma
evolution. Pseudosecondary and secondary inclusions were exclude
from further considerations. All types of inclusions commonly occur
in combination with one another, indicating heterogeneous “crystal-
silicate melt-fluid” entrapment. One spherical sulfide inclusion of
~10 µm in size was found in clinopyroxene of Mg# = 0.79 in Sample
157-956B-44R-3, 57−71 cm.

Inclusions of Crystals

Dark brown and black inclusions of Fe-Ti oxides (from a few to
20−30 µm in size) in olivine and clinopyroxene phenocrysts is the
main type of crystalline inclusions. Clinopyroxene inclusions in oli-
vine, and olivine and plagioclase inclusions in clinopyroxene (usu-
ally 5−20 µm in size) are minor.

Compositions of olivine, clinopyroxene, and plagioclase inclu-
sions are listed in Table 3 and Appendix Table 2. Inclusions of oliv-
ine in clinopyroxene phenocrysts occur in all samples studied. Oliv-
ine inclusions analyzed in samples from Site 953 have a composi
tions range from 78 to 82 mol% Fo and are similar to olivine
phenocrysts from Sample 157-953C-93R-6, 45−55 cm (Fig. 3B).
Concentrations of Ca in olivine inclusions are slightly higher (0.30−
0.48 wt% CaO) compared to those of phenocrysts that may be due 
the redistribution of Ca between included olivine and host clinopy-
roxene at temperatures and pressures lower than those of inclusio
entrapment. Alternatively, these elevated CaO contents may also b
due to the effects of secondary X-ray fluorescence of Ca from the ad
joining Ca-rich host clinopyroxene because of the small size of oliv-
ine inclusions, as suggested by Dalton and Lane (1996).

Two inclusions of clinopyroxene in olivine phenocrysts of Fo80.8

and of Fo81.2 from Sample 157-953C-93R-6, 45−55 cm, are charac-
terized by Mg#cpx = 0.79−0.82, Wo41−45, En44−48, Fs11, 1.39−1.80 wt%
TiO2, and 3.35−3.70 wt% Al2O3, and fall within the broad composi-
tional range defined for clinopyroxene phenocrysts (Table 3; Appen-
dix Table 2).

Plagioclase inclusions (An68−83) were found in clinopyroxene phe-
nocrysts only in Samples 157-956B-45R-3, 120−132 cm, and 45-CC,
379
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7−17 cm (Table 3; Appendix Table 2). Presence of plagioclase inclu-
sions in low-magnesium clinopyroxene (both in clinopyroxene of
Mg#cpx = 0.79) and only trace amounts of plagioclase phenocrysts ob-
served in these samples suggests that olivine-clinopyroxene-plagio-
clase cotectic crystallization only began during the late stage of mag-
ma crystallization.

Inclusions of spinel-group minerals (here called “spinel”) and
tanomagnetite were found throughout the whole compositional r
of olivine and clinopyroxene phenocrysts. They represent a solid
lution of (Mg,Fe)Al2O4–(Mg,Fe)Cr2O4–(Mg,Fe)Fe2O4–Fe2TiO4, and
are characterized by a wide range of TiO2 (2.48−18.69 wt%), Mg#sp

[Mg/(Mg+Fe2+)] = 0.21−0.58, and Cr# [Cr/(Cr+Al)] = 0.17−0.74
(Fig. 5; Table 3; Appendix Table 1). With respect to Mg# and C
380
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the spinel inclusions are very close to the spinels included in oliv
from the subaerial Miocene shield basalts on Gran Canaria (Gur
et al., 1996), to the spinel inclusions in olivine from Mauna Loa s
aerial shield tholeiitic picrite and oceanite, as well as to the sp
phenocrysts from Kilauea’s Puna Ridge and Mauna Loa subma
lavas, Hawaii (Sobolev and Nikogosian, 1994; Clague et al., 19
Garcia et al., 1995), but extend to low Cr# and more Ti-rich com
sitions (Fig. 5A, B).

The Cr# of spinel inclusions in olivine and clinopyroxene cor
late positively with the composition of their host minerals (Fig. 6
C). Spinels trapped in clinopyroxene phenocrysts show two diffe
evolutionary trends defined for Sites 953 and 956 (Fig. 6C). The 
of spinels from Site 953 ranges between 0.52 and 0.68 (except fo
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spinel inclusion with Cr# = 0.25), whereas the Cr# of spinels from the
Site 956 is more variable (from 0.21 to 0.74).

Fe2+/Fe3+ ratios of olivine- and clinopyroxene-hosted spinel inclu-
sions calculated on the basis of spinel stoichiometry range from 0.9
to 2.7 and positively correlate with the composition of host minerals
(Fig. 6B, D). Olivine-hosted spinel inclusions have slightly higher
Fe2+/Fe3+ ratios than those from Miocene shield basalts (Gurenko et
al., 1996). Because the Fe2+/Fe3+ ratio of spinels is very sensitive to
the Fe2+/Fe3+ ratio of the melt, compositions of spinel inclusions can
be used to constrain the redox conditions of magma crystallization
(see below). Low magnesium clinopyroxene phenocrysts (Mg#cpx =
0.77−0.80) also contain inclusions of long hair-like needle crystals
which correspond in composition to ilmenite (Appendix Table 1).
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Figure 5. Spinel inclusions in olivine and clinopyroxene phenocrysts from
hyaloclastites and basalt fragments. A. Cr/(Cr+Al) vs. Mg/(Mg+Fe2+). B.
TiO2 vs. Mg/(Mg+Fe2+). In this figure and Figure 6, Cr/(Cr+Al) and Mg/
(Mg+Fe2+) are given as atomic ratio. Spinel inclusions from submarine
hyaloclastites are more TiO2-rich compared to spinel inclusions in olivine
from Miocene shield basalts of Gran Canaria (Gurenko et al., 1996, and
unpubl. data) and spinel phenocrysts and inclusions in olivine from Hawaiian
submarine and subaerial shield tholeiites (taken from Sobolev and Nikogo-
sian, 1994; Clague et al., 1995; Garcia et al., 1995). Box of MORB spinels is
after Dick and Bullen (1984).
Fluid Inclusions

We studied primary fluid inclusions in olivine phenocrysts from
basalt fragments (Samples 157-953C-93R-5, 13−27 cm, and 93R-6,
45−55 cm). Inclusions are spherical (5–40 µm in diameter) and c
sist of liquid and gas phases at room temperature. All inclusions w
frozen to crystal aggregates in the temperature range between −70°
and −90°C and were then cooled further to −190°C to check for the
possible presence of N2 or CH4. Upon heating, no phase changes we
observed between these temperatures and the CO2 triple point tem-
perature at −56.6 ± 0.2°C (n = 12). This implies that the inclusion
contain essentially pure CO2 and other components such as CO, N2,
CH4, H2S, and SO2 can only be present in trace quantities, if at all. I
clusions homogenize in the vapor in the temperature range f
+27.7° to +29.7°C (n = 14) and in the liquid from +29.6° to +30.4°
(n=14), yielding carbon dioxide densities of 0.283−0.611 g/cm3

(Angus et al., 1976).

Melt Inclusions

Primary melt inclusions are represented by glass (quenched g
± gas bubble/s) and multiphase (glass + daughter crystals ± gas bub-
ble/s) types ranging in size from 5 to 250 µm. Many of the inclusio
in olivine and clinopyroxene are altered to clay minerals likely 
have resulted from seawater infiltrating through cracks within t
host minerals. Fresh inclusions are unlikely to have been affecte
either syn-eruptive degassing or post-emplacement compositio
modification, and, therefore, can be considered as representing
composition of melt during phenocryst crystallization.

Glass inclusions represent melt quenched to glass during erup
below sea level. This type of inclusion is abundant in clinopyroxe
phenocrysts, but only a few small inclusions (<15 µm) were found
olivine. Inclusions are subspherical to ellipsoidal and common
have “negative crystal” shapes. Although they were subjected to
fective quenching by seawater, crystallization of the host mineral 
curred on the inclusion walls.

Multiphase inclusions are composed of glass and daughter c
tals that are present, ranging from a few small discrete crystals u
90−95 vol% of crystalline phase, and of one or a few shrinkage b
bles. Most daughter crystals are clinopyroxene, and, more rare,
clinopyroxene and titanomagnetite. We do not exclude the possib
that olivine might have crystallized in clinopyroxene-hosted melt 
clusions but, because of very small size of the crystals, it was diffic
to define properly.

Within single crystals, one group of presumably syngenetic inc
sions may be represented by all these diversities, from glassy thro
slightly crystallized (<5−10 vol% of daughter crystals) to strongly
crystallized inclusions without correlation between size of inclusio
and degree of melt crystallization. Most inclusions in olivine, who
fresh phenocrysts were found only in two samples of basalt fr
ments, are represented by multiphase types with up to 10 vol%
daughter crystals in Sample 157-953C-93R-6, 45−55 cm, and by
strongly crystallized inclusions in 157-953C-93R-5, 13−27 cm. 

We analyzed major elements in 86 glass and multiphase mel
clusions trapped by olivine and clinopyroxene phenocrysts in hya
clastite tuffs and basalt fragments from Site 953, and 25 inclusi
from Site 956 (Appendix Table 3). We restricted our measureme
to inclusions that are dominated by glass (>90%) compared to dau
ter crystals and do not contain spinel or titanomagnetite daug
crystals. The largest (60−250 µm) and most representative inclusion
(n = 22) were analyzed for trace elements and nine inclusions for H2O
concentrations (Table 4). Because crystallization of the host min
on the inclusion walls (olivine and clinopyroxene), together wi
daughter crystals (clinopyroxene), variably affects the inclusi
compositions, all inclusions should be corrected for the effects of 
post-entrapment crystallization.
381
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COMPOSITION OF MELT INCLUSIONS

Correction for the Effects of Post-Entrapment 
Crystallization

Post-entrapment crystallization affects the inclusion composi-
tions that can be inferred, for instance, from the calculation of Fe-Mg
distribution coefficients (KD) between trapped melt (i.e., glass inclu-
sion compositions) and compositions of the host olivine. These KD

values range from 0.10 to 0.16 and are systematically lower than the
expected equilibrium value of 0.30 ± 0.03 (e.g., Roeder and Emslie,
1970), indicating that at the moment of quenching, the entrapped
melt was equilibrated with olivine less magnesian than the host oliv-
ine. The same conclusion holds with respect to clinopyroxene-hosted
inclusions by calculating the composition of clinopyroxene, which
should be in equilibrium with the melt at the moment of trapping us-
ing the models of clinopyroxene-melt equilibria (e.g., Nielsen and
Drake, 1979; Ariskin et al., 1987).

The correction was carried using the program PETROLOG (L.V.
Danyushevsky and A.V. Sobolev, pers. comm., 1991). Olivine- and
clinopyroxene-hosted inclusions without visible daughter crystals,
and inclusions in clinopyroxene with clinopyroxene daughter crystals
were corrected, modeling the melting of olivine for olivine-hosted in-
clusions, and of clinopyroxene for clinopyroxene-hosted inclusions.
The calculation procedure represents cycles of two consequent sub-
routines. The first step includes calculation of the composition of oli-
vine (or clinopyroxene) that should be in equilibrium with the melt
(i.e., with a glass at the beginning and a currently changing melt com-
position in the consequent cycles) and the temperature of this equilib-
rium. The second step is a balance-mass addition of 0.1 wt% incre-
ments of calculated equilibrium olivine (or clinopyroxene). This in-
cremental addition causes the continuous increase of the Mg/
(Mg+Fe) value of the melt, and, consequently, increase of Mg/
(Mg+Fe) of the olivine/clinopyroxene calculated to be in equilibrium
382
with the newly obtained melt composition. As soon as the composi-
tion of the calculated equilibrium olivine (or clinopyroxene) became
identical to the composition of the host mineral, the calculation rou-
tine was stopped. By this manner, we obtained: (1) the composition
of melt equilibrated with the host mineral, which could be ascribed to
the composition of the trapped melt, and (2) the temperature of the
olivine/clinopyroxene-melt equilibria, which is thought to corre-
spond to the temperature of melt inclusion trapping.

Inclusions in olivine containing clinopyroxene daughter crystals
require correction for both olivine and clinopyroxene crystallization.
In fact, our task was to model the melting of olivine and clinopyrox-
ene along the cotectic line, whose compositions and melting propor-
tions should be constrained only on the basis of melt (i.e., glass) com-
position and the existing experimental models of olivine-melt and cli-
nopyroxene-melt equilibria. A simple and effective solution for a
similar problem in an attempt to simulate magma crystallization
trends was suggested by Nathan and Van Kirk (1978) and further de-
veloped by Ariskin (1985) and Ariskin et al. (1993 and references
therein). In particular, they showed that, theoretically, any mineral of
the basaltic association, either olivine, orthopyroxene, clinopyrox-
ene, pigonite, or plagioclase, may be in equilibrium with any basaltic
melt but only at one discrete “pseudoliquidus” temperature, wh
depends mostly on the melt composition and may be differen
each particular solid phase. These temperatures can by obtain
calculations using existing models of solid-melt equilibria. Mine
phases having the highest and most similar “pseudoliquidus” tem
atures (the difference should be less than ±10°–30°C, depending on
the selected model) can be ascribed to equilibrium with such a 
composition. Balance-mass addition into the melt of the phase th
characterized by the lowest “pseudoliquidus” temperature will ca
an increase of its “pseudoliquidus” temperature recalculated fo
new melt composition. As soon as this temperature becomes h
compared to the temperatures calculated for the other min
among the association considered for modeling, the next phase 
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e-hosted glass inclusions (uncorrected values). 

Notes: Sample = sample Yb)n, (Zr/Y)n, (Ba/Nb)n, (Sr/Sr*)n, and (Ti/Dy)n are normalized to CI chondrites (after Anders
and Grevesse, 19

Sample H2O u Dy Er Yb (La/Sm)n (Sm/Yb)n (Zr/Y)n (Ba/Nb)n (Sr/Sr*)n (Ti/Dy)n

157-953C-
82R-1, 94-103 
68 ND 3.72 7.70 3.24 2.67 2.69 5.77 4.87 0.61 0.58 2.27

157-953C-
83R-7, 0-12 
47-1 ND 2.30 6.75 3.06 2.56 2.02 4.38 4.09 0.58 0.59 2.06

157-953C-
93R-6, 45-55 
4 ND 3.11 8.15 3.59 2.53 2.25 5.59 4.40 0.54 0.62 1.88
22 0.1 4.18 8.82 3.69 3.04 1.66 4.77 4.78 0.56 0.59 1.87
19 0.1 ND ND ND - - - - - -
35 0.1 2.66 8.35 3.76 2.69 2.68 5.08 4.89 0.47 0.59 2.41
37-1 0.1 4.07 6.09 2.45 1.19 3.00 10.22 4.61 0.46 0.67 2.88
43 ND 2.94 7.14 3.48 2.12 1.79 6.11 4.66 0.47 0.60 2.44
46 ND 2.46 6.38 2.96 2.28 2.29 5.55 4.73 0.48 0.66 2.72

157-953C-
97R-2, 0-16 
66-1 ND 4.69 7.79 3.62 2.40 1.93 6.30 4.43 0.57 0.60 2.33
69 ND 2.31 5.91 2.99 2.60 1.97 4.40 4.56 0.50 0.68 2.37

157-953C-
102R-1, 8-28
32 ND 3.29 8.06 3.72 3.12 2.06 4.99 4.96 0.53 0.59 2.14
33 ND 2.39 7.07 3.27 1.82 2.88 7.28 4.46 0.53 0.55 2.01
34 0.2 2.96 8.52 3.06 2.42 1.91 6.26 5.51 0.47 0.58 2.09

157-956B-
44R-3, 57-71 
6 ND 3.28 7.37 3.41 2.67 2.76 5.24 5.54 0.48 0.56 2.21
13-1 0.3 2.52 5.37 2.93 1.70 2.84 5.94 4.42 0.57 0.64 2.62

157-956B-
45R-3, 120-132 
23 0.7 2.66 5.28 2.43 1.81 2.72 4.88 4.73 0.61 0.69 2.38
26b 0.8 2.20 5.76 3.29 2.20 2.66 4.68 4.41 0.52 0.60 2.46
Table 4. H2O (wt%) and trace element (ppm) concentrations in olivine- and clinopyroxen

 studied (core, section, interval [cm], and analyzed grain). ND = not determined, and — = not calculated. (La/Sm)n, (Sm/
89). Sr/Sr* = magnitude of the Sr anomaly on the REE profile defined as Sr/(Ce × Nd) 0.5.

Ti V Sr Y Zr Nb Ba La Ce Nd Sm E

31430 362 901 33.3 409 72.0 420 59.9 138.2 79.4 13.95

25018 299 551 30.4 313 35.2 196 32.7 78.5 49.4 10.14

27473 338 769 34.6 384 55.1 284 46.0 105.3 65.3 12.83
4 29553 322 671 33.0 399 45.7 245 34.7 94.2 61.4 13.13
5 ND ND ND ND ND ND ND ND ND ND ND ND
4 36099 400 841 39.5 488 72.6 324 52.9 126.2 72.0 12.37
7 31457 379 822 35.8 417 60.1 266 52.7 110.9 61.0 11.01

31251 318 620 34.8 409 45.7 203 33.5 82.6 57.5 11.72
31146 327 748 35.0 418 55.6 251 41.8 98.3 59.4 11.45

32661 368 760 35.7 399 51.8 280 42.2 104.9 67.9 13.71
25168 261 610 29.4 338 42.2 200 32.5 78.1 46.3 10.35

30997 301 752 35.5 445 60.5 306 46.2 107.2 68.4 14.07
25608 330 753 30.9 348 53.1 266 54.9 125.0 68.1 11.98

3 31934 331 735 33.4 466 48.4 216 41.7 104.4 69.9 13.69

29259 348 778 31.9 446 69.2 317 55.7 128.1 67.4 12.67
9 25280 371 633 29.1 325 44.4 239 41.3 88.9 49.2 9.14

4 22561 396 585 24.1 288 37.5 218 34.7 76.9 41.9 7.98
5 25485 354 581 27.7 309 44.9 224 39.6 84.1 50.3 9.31
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acterized by the lowest temperature begins to be added into the melt.
This principle is used, in particular, to model the cotectic melting of
olivine and clinopyroxene, being realized in the program
PETROLOG for a pressure range from 0.001 to 10 kbar. 

In our calculations, we used equations of Ford et al. (1983) for oli-
vine-melt equilibria, and of Ariskin et al. (1987) for clinopyroxene-
melt equilibria. The Fe2+/Fe3+ ratio in the calculated melt was de-
duced from the Fe2+/Fe3+ ratios of the coexisting spinel inclusions us-
ing the experimental data on spinel-silicate melt equilibrium after
Maurel and Maurel (1982) with the equation

log10(Fe2+/Fe3+)sp = 0.764 × log10(Fe2+/Fe3+)melt − 0.343, r = 0.96.

Correction of olivine-hosted inclusions was carried out assuming
a lithostatic pressure of 3 kbar inferred from the densities of CO2 fluid
inclusions in olivine. Inclusions in clinopyroxene were corrected at
the varying pressures (<0.5–8 kbar) inferred for each particular 
inclusion. To estimate the pressure, we used the experimentall
fined difference in the slopes of olivine and clinopyroxene liqui
lines obtained for the wide range of temperature and pressure. In
the appearance of olivine and clinopyroxene on the magma liqu
is strongly controlled by a pressure. If, for olivine, the slope of the
uidus line in P-T coordinates was defined to be between 3° and
kbar, clinopyroxene has a slope of ~10°C/kbar (e.g., Bender e
1978; Nisbet, 1982; Ford et al., 1983; Takahashi and Kushiro, 1
Ariskin et al., 1987). Because all clinopyroxene phenocrysts cry
lized on the cotectic with olivine, as follows from the petrograp
observations and the presence of olivine inclusions in clinopyrox
we used this discrepancy (5°C/kbar for olivine and 10°C/kbar for
nopyroxene) to estimate the pressure of their crystallization. We 
to find such a pressure, so that the difference between calculated
peratures of olivine-melt and clinopyroxene-melt equilibria obtain
for the same melt composition would be <5°C.

The correction procedure could significantly affect concen
tions of major elements compatible with olivine and clinopyroxe
as, for instance, Si, Al, Fe, Mg, and Ca. Because the selected m
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of olivine- and clinopyroxene-melt equilibria are not free from unc
tainties, concentrations of these elements in the corrected 
should be regarded as preliminary. Further high-temperature m
thermometric studies of melt inclusions should be performed to
sess whether or not the calculated melt compositions are truly r
sentative for the Miocene picritic and basaltic magmas. On the 
hand, the correction procedure for elements highly incompatible
olivine and clinopyroxene (e.g., Ti, Na, K, P, trace elements,
H2O) is nearly a dilution of their measured concentrations by
amounts of olivine and/or clinopyroxene crystallized within the
clusions. In most cases, the amounts of added crystal phase ar
to the precision of ion microprobe measurements (10%−20% rela-
tive). In any case, we always use the corrected concentration
though the same conclusions could be obtained from the uncorr
minor and trace element values.

Major Elements

The corrected major element compositions of melt inclusion
gether with calculated temperatures of their entrapment are list
Appendix Table 3. Corrected compositions of olivine- and clino
roxene-hosted melt inclusions were obtained to be similar to 
other at the same Mg# of melt (Fig. 7). This suggests that the m
for the applied correction of the post-entrapment crystallization w
selected correctly, otherwise one would expect discrepancies 
concentrations of CaO and Al2O3, which are compatible with the cl
nopyroxene structure but are present only as traces in olivine.
rected compositions of melt inclusions are therefore believed t
representative for the melt composition during phenocryst crys
zation. Concentrations of major elements, for example SiO2, Al2O3,
FeO, Na2O, and K2O, are more variable compared to the Mioce
shield basalts on Gran Canaria (Fig. 7). Corrected melt inclus
represent melts whose compositions range from tholeiitic to tra
tional basalts, whereas melt inclusions in olivine and clinopyrox
from subaerial shield basalts range from transitional to alkaline c
positions and are more magnesian (Fig. 8). The bulk compositio
w
t%

 S
iO

2

43

46

52

55

49

Miocene shield basalts
on Gran Canaria

2 4 10 166 8 12 14

w
t%

 T
iO

2

2

4

6

wt% MgO

w
t%

 A
l  

O
3

2

8

10

12

14

16 Melt inclusions in Ol from
Miocene shield basalts

2 4 10 166 8 12 14

w
t%

 F
e

O

11

13

15

9

2 4 10 166 8 12 14

7

w
t%

 C
a

O

7

11

13

15

9

w
t%

 N
a

  
O 2

1

3

5

2

4

w
t%

 K
  

O 2

wt% MgO

0

2

1

3

2 4 10 166 8 12 14

Figure 7. MgO variation diagrams for the corrected compositions 
of melt inclusions in olivine and clinopyroxene. Fields of Miocene 
shield basalts of Gran Canaria are after Hoernle and Schmincke 
(1993a; unpubl. data), melt inclusions in olivine are taken from 
Gurenko et al. (1996). For legend see Figure 5.
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the submarine hyaloclastites are characterized by lower contents of
SiO2, probably, because of the alteration (Fig. 8).

K2O/TiO2 and P2O5/TiO2 ratios of the corrected melt inclusion
compositions vary significantly throughout the broad range of MgO
and SiO2 contents (0.28–0.64 and 0.09−0.26, respectively; Fig. 9,
Appendix Table 3). The most extreme variations were found in S
ples 157-953C-98R-1, 0−12 cm, 82R-1, 52−82 cm, 157-956B-44R-
3, 57−71 cm, 45R-3, 120−132 cm, and 45R-CC, 7−17 cm. It is un-
likely that crystallization of Ti-rich spinel, titanomagnetite, or 
menite could significantly decrease concentrations of Ti in the m
resulting in the observed variations of the K2O/TiO2 and P2O5/TiO2

ratios because (1) titanomagnetite and ilmenite are found as i
sions in low-magnesian clinopyroxene only at Mg#cpx <0.8, and (2)
inclusions characterized by elevated K2O/TiO2 and P2O5/TiO2 ratios
were found in clinopyroxene with Mg#cpx ranging from 0.80 to 0.85
We therefore think that the observed compositional spectrum ref
that of the parental magmas.

Trace Elements

Concentrations of trace elements in clinopyroxene-hosted g
inclusions from Sites 953 and 956 are listed in Table 4, and the va
corrected for the effects of post-entrapment crystallization are sh
in Figure 10. All inclusions are enriched in light rare earth eleme
(LREE), have (La/Sm)n ratios ranging from 1.7 to 3.0, and are simil
to subaerially exposed Miocene shield basalts (Schmincke, 1
Hoernle and Schmincke, 1993a; Fig. 10). Depletion in heavy 
earth elements (HREE) is more significant ((Sm/Yb)n = 4.4−10.2)
compared to LREE. This discrepancy between (La/Sm)n and (Sm/
Yb)n, and high (Zr/Y)n ratio ranging from 4.1 to 5.5 indicate stron
fractionation of LREE vs. HREE. Taking into account the signific
difference in solid-liquid distribution coefficients between LRE
and HREEs assumed for garnet (e.g., Green at al., 1989; Kelem
al., 1993; Jenner et al., 1994), this discrepancy indicates the pre
m-
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of garnet in the mantle source of Miocene shield basalts, as sugge
by Schmincke (1982) and Hoernle and Schmincke (1993a, 199
for the Miocene subaerial shield basalts based on major and trac
ements in the whole rocks.

Another feature of the trace element compositions of melt inc
sions is strong negative Ba and Sr anomalies and a positive Ti an
aly, which are also present in the trace element spectra of the 
aerial shield basalts (Fig. 10). Their magnitudes vary very little,
shown by (Ba/Nb)n (0.5−0.6), (Sr/Sr*)n (0.6−0.7), and (Ti/Dy)n (1.9−
2.9) ratios (Table 4), and correlate neither with the melt enrichm
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Figure 8. (Na2O+K2O) vs. SiO2 in olivine- and clinopyroxene-hosted melt
inclusions corrected for post-entrapment crystallization (see text). Field of
the Miocene shield basalts on Gran Canaria is after Hoernle and Schmincke
(1993a), field of submarine volcaniclastic rocks from Site 953 is after
Schmincke, Weaver, Firth, et al. (1995b). Melt inclusions show a composi-
tional range from quartz-normative tholeiitic to transitional basalts. Hyalo-
clastites at Site 953 are characterized by lower contents of SiO2 resulting
from the post-eruptive rock alteration. Dividing line (I) is after Macdonald
and Katsura (1964). For legend see Figure 5.
K
  

O
/T

iO
2

2

0

0.2

0.4

0.6

0.8
5 7 9 11 13 15 43 45 47 49 51 53 55

0

0.2

0.4

0.6

0.8

K
  

O
/T

iO
2

2

43 45 47 49 51 53 55

wt% SiO2

0

0.1

0.2

0.3

P
  

O
  

/T
iO

2
2

5

P
  

O
  

/T
iO

2
2

5

wt% MgO

5 7 9 11 13 15

0

0.1

0.2

0.3
Melt inclusions in olivine from
Miocene shield basalts

Miocene shield basalts on
Gran Canaria

A B

Figure 9. Variations of K2O/TiO2 and P2O5/TiO2 ratios in melt inclusions. A. K2O/TiO2 and P2O5/TiO2 vs. MgO, B. K2O/TiO2 and P2O5/TiO2 vs. SiO2. Because
the variations of K2O/TiO2 and P2O5/TiO2 ratios cannot be explained by crystallization, the observed compositional spectrum reflects that of the parental mag-
mas. For legend see Figure 5.
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Figure 10. Trace element patterns of olivine- and clinopyroxene-hosted melt inclusions corrected for the effects of post-entrapment crystallization and normal-
ized to chondrites after Anders and Grevesse (1989). A. Site 953. B. Site 956. The insets represent concentrations of rare earth elements. Field of Gran Canaria
Miocene shield lavas are from Schmincke (1982) and Hoernle and Schmincke (1993a). Melt inclusions exhibit the concentrations of trace elements similar to
those of subaerially exposed shield basalts. Strong negative Ba and Sr anomalies and a positive Ti anomaly are thought to reflect the composition of the Miocene
mantle source beneath Gran Canaria.
factor (e.g., [La/Sm]n) nor between each other. Absence of either a
positive or negative Eu anomaly in the rare earth element (REE) pat-
terns (only two melt inclusions from Site 953 and one inclusion from
Site 956 exhibit slightly positive Eu anomaly), and the presence of
the Ba and Sr anomalies argues against substantial plagioclase frac-
tionation or accumulation, as also concluded by Hoernle and
Schmincke (1993a). Schmincke and Flower (1974) and Hoernle and
Schmincke (1993b) also argue that phlogopite and ilmenite might be
residual to high degrees of melting in the Miocene source. The ob-
served Ba, Sr, and Ti anomalies could therefore be ascribed to the
composition of the mantle source that produced the Miocene magmas
of the submarine to emergent stage of Gran Canaria.
386
H2O Concentrations

Measured H2O concentrations in olivine- and clinopyroxene-
hosted melt inclusions are listed in Table 4, and their corrected values
are presented in Figure 11. All individual inclusion-bearing crystals
were carefully examined to avoid inclusions transected by cracks,
which may have resulted in loss of the dissolved in the melt volatiles
during syn- or post-eruptive cracking of the host mineral. Inclusions
in phenocrysts from hyaloclastites (Samples 157-953C-102R-1, 8−
28 cm, and 98R-1, 0−12 cm) and basalt fragments (Sample 157-
953C-93R-6, 45−55 cm) of Site 953 have systematically lower H2O
concentrations (0.14−0.23 wt%) compared to inclusions in clinopy-
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he
tem-
me
roxene in hyaloclastites from Site 956 (0.39−0.85 wt%; Samples 157-
956B-44R-3, 57−71 cm, and 45R-3, 120−132 cm). These low H2O
concentrations correspond to or are even lower compared to the con-
centrations of H2O defined for mid-ocean ridge basalts (MORB) and
oceanic island basalt magmas (e.g., Moore 1970; Byers et al., 1985;
Garcia et al. 1989; Jambon and Zimmermann, 1990; Muenow et al.,
1990; Michael, 1995; Sobolev and Chaussidon, 1996), and are very
close to the H2O concentrations for melt inclusions in olivine from
subaerial shield basalts of Gran Canaria reported by Gurenko et al.
(1996; Fig. 11).

Magmas parental to the submarine hyaloclastites thought to have
erupted below sea level are unlikely to have been subjected to the
high degrees of degassing, as expected for the subaerially exposed
basalts. Although leakage of water through the surrounding olivine or
clinopyroxene may occur, the H2O concentrations in melt inclusions
from submarine hyaloclastites are expected to be better estimates of
primary H2O concentrations than those of subaerally erupted lavas
and quenched glasses as shown by Sobolev and Chaussidon (1996).
The hyaloclastites from Site 956 represent more evolved composi-
tions and are stratigraphically correlated to the late more evolved
Hogarzales basalts on Gran Canaria (Schmincke and Segschneider,
Chap. 12, this volume), thus suggesting that H2O concentrations in-
creased significantly during evolution of the basaltic magmas. Alter-
natively, the observed H2O scatter can be ascribed to either deep-
seated degassing or heterogeneity of the mantle source beneath the
Canary Islands.

PARENTAL MAGMAS

Composition of Parental Magmas

The observed compositional variations in melt inclusions correct-
ed for the post-entrapment crystallization are likely to be similar to
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Figure 11. Concentrations of H2O in melt inclusions vs. MgO. Reference
fields are submarine glasses containing >6 wt.% MgO and taken from Sobo-
lev and Chaussidon (1996). MORB = mid-ocean ridge basalts, OIB = oce-
anic island basalts, IAT = island arc tholeiites, and BON = boninites.
Inclusions in olivine from the Miocene shield basalts on Gran Canaria are
taken from Gurenko et al. (1996).
chemical variations in their parental magmas, rather than a result of
low-pressure crystallization of a single magma type. This follows
from the strong variations of SiO2 concentrations and relatively con-
stant concentrations of alkalis and the observed scatter of K2O/TiO2

and P2O5/TiO2 ratios throughout the broad range of MgO and SiO2

(Figs. 8, 9). These variations cannot be explained by magma crystal-
lization in shallow reservoirs only because (1) crystallization of oliv-
ine, clinopyroxene, and minor plagioclase would cause an enrich-
ment of the evolving melt by both silica and alkalis, and (2) K2O/TiO2

and P2O5/TiO2 ratios should remain constant. Additionally, strong
variations of FeO at the nearly constant MgO (Fig. 7), which cannot
be explained by crystallization of spinel or titanomagnetite, but sug-
gest a spectrum of parental magmas which, probably, resulted from a
polybaric melting process. As shown by numerous experimental
studies (e.g., Jaques and Green, 1980; Stolper, 1980; Falloon and
Green, 1988; Kinzler and Grove, 1993; Hirose and Kushiro, 1993),
partial melts that originated at higher pressures should have higher
FeO contents compared to those in the melts originated at lower pres-
sures. In contrast, FeO content of a melt is little affected by the degree
of melting at a constant pressure. In the case of naturally quenched
inclusions of glass, one would not expect a post-entrapment diffusion
of Fe from the melt into the matrix of the host mineral as shown for
recrystallized inclusions in olivine from Miocene subaerial shield ba-
salts (Gurenko et al., 1996). The observed range of major element
concentrations in the melt inclusions is believed to be due to the
chemical variations of their parental magmas.

Compositions of parental magmas were obtained by simulating
the olivine and clinopyroxene melting using the corrected major ele-
ment compositions of melt inclusions. We used a similar calculation
routine applied for the compositional correction of the post-entrap-
ment crystallization (see above). The calculations were carried out in
two steps. First, we modeled the melting of both olivine and clinopy-
roxene as cotectic phases until the composition of calculated melt be-
came equilibrated with the most magnesian clinopyroxene found in
each particular sample (given in Table 3). Second, we modeled the
melting of olivine only, using the melt compositions obtained during
the first step. The calculation routine was aborted as soon as the melt
was in equilibrium with olivine Fo90, the most magnesian olivine phe-
nocrysts found in Miocene shield basalts of Gran Canaria (Gurenko
et al., 1996).

Compositions of the calculated parental magmas are listed in Ta-
ble 5. Parental magmas are high magnesian, similar to olivine
basalts-picrites (12.4−18.0 wt% MgO for hyaloclastites from Site
953, and 11.2−15.6 wt% MgO for Site 956) and represent a spectrum
from transitional to tholeiitic compositions (46.7−50.0 wt% SiO2 for
Site 953, and 48.7−52.0 wt% SiO2 for Site 956). This is a broad
range, but the variations within the restricted samples are less signif-
icant (Table 5). The most magnesian parental magma compositions
are very close to picritic primary magmas proposed for the subaerial
Miocene shield basalts on Gran Canaria (Schmincke, 1982; Hoernle
and Schmincke, 1993a; Gurenko et al., 1996), as well as to primary
magmas obtained for Hawaiian shield tholeiites (18.5−21.0 wt%
MgO, 48.0−49.3 wt% SiO2) by Sobolev and Nikogosian (1994), ex-
cept that the observed variations in SiO2 contents for the reported pa-
rental magmas are more significant.

We interpret the observed variations in parental magma composi-
tions as reflecting a temporal evolution of the mantle plume. Transi-
tional magmas are supposed to have formed at the beginning of
plume activity (seamount stage), followed by tholeiitic magmas pro-
duced at higher degrees of melting (end of the seamount shield stage
and begin of the subaerial). Alkali basalt magmas exposed on Gran
Canaria (Guigui Formation) described by Gurenko et al. (1996) may
represent a termination of this cycle of magma generation activity.
Our interpretation fits well with the “blob” model proposed for t
Canary Islands by Hoernle and Schmincke (1993b) and with the 
poral evolution inferred for the history of the Hawaiian mantle plu
(e.g., Wyllie, 1988; Rhodes and Hart, 1995).
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Table 5. Calculated compositions of parental magmas. 

Note: Sample = sample studied (core, section, interval [cm]). Min = minimum, Max = maximum, and Mean = average values of major element concentrations obtained on the basis of
olivine- and clinopyroxene-hosted inclusions of glass from the each sample studied.

Sample SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 T (°C) lg fO2

157-953C-
82R-1, 52-82 
Min 47.8 2.5 8.1 0.9 8.6 0.09 13.0 11.0 1.8 0.8 0.4 1353 –7.7
Max 49.2 2.7 9.6 1.0 9.7 0.13 14.4 13.3 2.4 1.2 0.4 1404 –7.2
Mean 48.6 2.5 8.9 1.0 9.2 0.11 13.9 12.2 2.2 1.0 0.4 1374 –7.5

157-953C-
82R-1, 94-103 
Min 47.1 2.3 7.2 0.9 8.2 0.09 12.4 11.9 1.6 0.7 0.4 1340 –7.8
Max 49.1 3.8 9.7 1.1 10.4 0.13 15.7 12.9 2.4 1.0 0.5 1418 –7.1
Mean 47.9 2.9 8.1 1.0 9.6 0.11 14.5 12.5 1.9 0.8 0.4 1386 –7.4

157-953C-
83R-7, 0-12 
Min 48.2 2.4 8.6 1.1 10.8 0.10 17.1 8.9 1.7 0.5 0.2 1419 –6.7
Max 48.5 2.4 8.7 1.2 10.9 0.11 17.2 9.0 1.7 0.5 0.3 1421 –6.7
Mean 48.3 2.4 8.6 1.1 10.8 0.11 17.1 9.0 1.7 0.5 0.2 1420 –6.7

157-953C-
89R-1, 0-13 
Min 47.9 2.2 8.0 1.0 9.0 0.09 13.8 11.3 1.6 0.6 0.2 1359 –7.6
Max 49.2 2.6 9.4 1.1 10.3 0.11 16.4 12.6 1.9 0.7 0.3 1431 –6.9
Mean 48.7 2.4 8.9 1.0 9.5 0.10 14.7 12.0 1.7 0.6 0.3 1379 –7.3

157-953C-
90R-1, 82-101 
Min 46.7 2.5 8.7 1.1 9.9 0.11 15.2 8.7 1.6 0.6 0.3 1388 –7.1
Max 48.3 3.0 9.9 1.2 11.5 0.13 18.0 9.7 2.0 0.8 0.4 1447 –6.4
Mean 47.4 2.8 9.4 1.1 10.6 0.12 16.4 9.4 1.8 0.7 0.3 1410 –6.8

157-953C-
93R-6, 45-55 
Min 47.6 2.6 8.9 1.0 9.3 0.07 14.3 10.0 1.6 0.5 0.3 1367 –7.3
Max 49.1 3.6 10.2 1.1 10.4 0.12 16.0 11.1 1.9 0.8 0.4 1395 –7.0
Mean 48.1 3.0 9.4 1.0 9.8 0.10 15.1 10.6 1.7 0.7 0.4 1379 –7.2

157-953C-
97R-2, 0-16 
Min 47.1 2.6 8.3 1.0 9.4 0.07 14.5 9.3 1.5 0.6 0.3 1370 –7.3
Max 50.0 3.1 9.8 1.1 10.6 0.14 16.8 10.8 2.0 0.8 0.4 1415 –6.8
Mean 48.3 2.8 9.0 1.1 10.2 0.12 15.7 10.1 1.7 0.7 0.3 1390 –7.1

157-953C-
98R-1, 0-12 
Min 46.7 2.7 8.6 1.1 10.0 0.08 15.5 8.9 1.6 0.6 0.3 1391 –7.0
Max 48.3 3.4 9.8 1.2 10.9 0.16 17.2 10.0 2.0 1.3 0.4 1431 –6.6
Mean 47.6 3.0 9.3 1.1 10.4 0.11 16.0 9.5 1.8 0.8 0.4 1403 –6.9

157-953C-
102R-1, 8-28 
Min 46.8 2.9 8.7 1.1 9.8 0.10 15.1 9.0 1.6 0.7 0.4 1385 –7.2
Max 48.1 3.4 9.7 1.1 10.8 0.15 16.8 10.9 1.9 0.9 0.5 1429 –6.7
Mean 47.4 3.1 9.2 1.1 10.3 0.12 15.8 10.0 1.8 0.8 0.4 1398 –7.0

157-956B-
44R-3, 57-71 
Min 48.7 2.1 8.4 0.9 8.2 0.08 13.3 9.2 1.0 0.6 0.3 1334 –7.6
Max 52.2 2.9 11.2 1.1 9.9 0.13 15.2 11.8 1.7 1.4 0.5 1366 –7.3
Mean 49.9 2.5 10.0 1.0 9.0 0.10 14.2 10.7 1.3 0.9 0.4 1349 –7.5

157-956B-
45R-3, 120-132 
Min 48.7 2.1 8.4 0.8 7.2 0.09 11.3 11.6 1.2 0.5 0.3 1272 –8.3
Max 52.0 2.7 11.4 1.0 9.7 0.13 15.6 14.4 2.0 0.9 0.5 1409 –7.1
Mean 49.7 2.3 9.3 0.9 8.7 0.11 13.5 13.0 1.4 0.7 0.3 1341 –7.7

157-956B-
45R-CC, 7-17 
Min 49.9 2.2 9.8 0.8 7.4 0.14 11.2 9.6 2.0 0.8 0.5 1289 –8.2
Max 51.0 3.5 11.5 1.0 9.2 0.16 14.6 10.6 2.4 1.1 0.6 1382 –7.2
Mean 50.5 2.8 10.7 0.9 8.3 0.15 12.9 10.1 2.2 1.0 0.5 1336 –7.7
The occurrence of a wide spectrum of magma compositions as in-
clusions in olivine and clinopyroxene, even within single specimens,
is striking, thus suggesting two possibilities of parental magma ori-
gin. First, melt inclusions are likely to have preserved melts formed
through crystallization of distinct primary melt batches, whereas the
erupted magmas seem to represent an integrated mixture of these
melts. These primary instantaneous melts are likely to have migrated
separately to shallower magma reservoirs without significant interac-
tion with lithospheric upper mantle and/or crustal rocks, perhaps via
the channel-segregation melting model proposed for Hawaii by
Eggins (1992). Subsequent crystallization of less magnesian olivine,
clinopyroxene and plagioclase phenocrysts may have occurred in
388
magma reservoirs filled by these primary (or near-primary) magmas
or by their mixtures. Second, the most silica-rich parental magmas
(observed only in hyaloclastites from Site 956) can also be interpret-
ed as resulting from re-equilibration or contamination of primitive
melts formed at greater depths during their migration through the
lithosphere, whose thickness beneath Gran Canaria is expected to be
≈80 km, to the shallower magma reservoirs.

Temperature and Pressure of Magma Crystallization

Calculated temperatures of parental magmas equilibrated with
olivine Fo90 show a wide range of temperatures (1340°−1450°C for
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Site 953 and 1270°−1410°C for Site 956). Temperature of melt inclu
sion trapping (i.e., phenocryst crystallization) correlates positiv
with the composition of the host olivine and clinopyroxene and ran
from 1120° to 1290°C. This broad range of temperatures is clos
the temperature of magma crystallization obtained for subae
shield basalts on Gran Canaria (1490−1150°C; Gurenko et al., 1996)
and for Hawaiian shield stage parental magmas (1420°−1180°C;
Sobolev and Nikogosian, 1994; Fig. 12A, B).

The fluid pressure (between 1 and 3 kbar) was estimated for S
ple 157-953C-93R-5, 13−27 cm, and 93R-6, 45−55 cm, calculating
the isochores for primary CO2 fluid inclusions. Isochores for the CO2

system were calculated with the modified Redlich-Kwong equat
of state after the model of Kerrick and Jacobs (1981) (program FL
COR; Brown, 1989) using the obtained densities of fluid inclusio
(0.28−0.61 g/cm3) and temperature range of 1100−1250° C. This es-
timate represents a lower limit of the pressure of magma crystall
tion because we cannot exclude the possibility of decrepitation 
concomitant crack-healing of fluid inclusions during magma asce
The pressure of 3 kbar seems to be realistic because a close va
4.5 kbar was obtained for one clinopyroxene-hosted melt inclus
from the Sample 157-953C-93R-6, 45−55 cm, during the correction
of post-entrapment crystallization (Appendix Table 3). Alternative
if the low-density fluid inclusions do not represent inclusions decr
itated during the magma assent, the lowest pressures of 1 kbar m
correspond to a crustal holding reservoir for the large-volume sh
basalts.

Pressure of clinopyroxene crystallization estimated during 
correction of post-entrapment crystallization (see above) show
wide range from <0.5 to 8 kbar (Fig. 12B). In contrast to the temp
atures showing a good correlation with olivine and clinopyroxe
compositions, pressure does not correlate at all. Taking into acc
that most of clinopyroxene crystals are strongly normally and 
versely zoned, this implies that growing crystals could interact w
melts of significantly different composition reflecting the dynami
of melt migration and storage in several magma reservoirs locate
lower crustal to even upper mantle depths. Phenocrysts of more p
itive magmas might be expected to have formed at greater press
as it may be seen for clinopyroxenes of Mg# >0.87 (Fig. 12B). T
majority of the clinopyroxene phenocrysts with Mg# ranging fro
0.79 to 0.86 crystallized at pressures of 1−5 kbar, thereby reflecting
the depths of magma reservoirs located between the approp
depth of the Moho beneath the Canary Islands (15 km) and the u
crust.

Redox Conditions

Redox conditions of magma crystallization were deduced for 
entire range of temperature and melt composition based on the m
els of Sack et al (1980), Kilinc et al. (1983), and Borisov and Shap
(1990), using the calculated temperatures, Fe2+/Fe3+ ratios, and major
element compositions of the corrected melt inclusions and calcul
parental magmas. Calculated values of oxygen fugacity (average
± 1σ) are listed in Appendix Table 3 and plotted in Figure 12. The
three models are in good agreement between one another, so thσ
does not exceed ± 0.4 log unit, although the uncertainty of the metho
is estimated to be better than 0.7 log unit.

Although the calculated parental magmas show a significant c
positional range (Table 5), their early crystallization defined for b
Sites 953 and 956 occurred at redox conditions similar to FMQ-1
WM-1 and correspond to those obtained for the primitive subae
shield magmas of Gran Canaria and Hawaii (e.g., Sobolev and
kogosian, 1994; Gurenko et al., 1996; Fig. 13). Further crystalliza
of parental magmas is likely to have been accompanied by prog
sive oxidation up to the conditions corresponding to the FMQ-NN
buffers in case of hyaloclastites from Site 953, and up to 
NNO+0.5 − NNO+1 conditions in case of Site 956, the same fo2 con-
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ditions as observed for the late-stage crystallization of Gran Cana
shield stage magmas (Gurenko et al., 1996).

Composition of Fluid Coexisting with Magma

The presence of CO2-rich fluid inclusions indicates that the paren
tal magmas were fluid-saturated at the depth of phenocryst crysta
zation. To estimate the concentrations of carbon dioxide in the par
tal magmas, we used the CO2 dissolution models of Spera and Berg
man (1980) and Spera (1984) taking into account that all analyz
fluid inclusions contain nearly pure CO2 (triple point −56.6 ± 0.2°C).
Because of the very low solubility of CO2 in silicate melts, ascent of
the basaltic magma from greater to lower depths result in exsolut
of a CO2-rich vapor phase (occurring as fluid inclusions in pheno
rysts) and consequent decrease of the CO2 dissolved in the melt. Our
estimates are therefore totally dependent on the pressure, and sh
be regarded as preliminary.
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Figure 12. Temperature and pressure of magma crystallization vs. olivine and
clinopyroxene composition (see text for explanations). A. Temperature of
olivine crystallization. B. Temperature and pressure of clinopyroxene crystal-
lization. Reference lines: I = Miocene shield basalts of Gran Canaria
(Gurenko et al., 1996); II = Mauna Loa shield tholeiites, Hawaii (Sobolev
and Nikogosian, 1994); III and IV = MORBs from FAMOUS area (III)
(Kamenetsky et al., 1995) and Vema fracture zone (IV; Sobolev et al. 1989).
For legend see Figure 5.
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The CO2 concentrations were found to be 0.07−0.20 wt% for the
highest pressure of 3 kbar obtained from the fluid inclusion densities
and temperature range of 1100°−1400° C that is very close to the CO2

concentrations obtained for the Miocene shield basalts of G
Canaria (0.1−0.3 wt.% CO2; Gurenko et al., 1996).

CONCLUSIONS

Detailed mineralogical and geochemical analyses of melt, crys
and fluid inclusions in olivine and clinopyroxene phenocrysts fro
the most primitive volcaniclastic rocks drilled during Leg 157 (Sit
953 and 956) allowed us to characterize (1) the composition of m
ma during the crystallization of olivine and clinopyroxene phen
crysts; (2) pressure, temperature and redox conditions of ma
crystallization, and (3) the composition of fluid coexisted with ma
ma; and (4) to discuss the composition and crystallization conditi
(T, P, and fo2).

1. Calculated parental magmas equilibrated with Fo90, and their
more evolved derivatives present as inclusions in phenocry
represent a spectrum from transitional to quartz-normat
tholeiitic compositions (46.7−54.4 wt% SiO2) and are en-
riched in incompatible trace and rare earth elements. Pare
magmas are high magnesian, similar to olivine basalts-picri
(11.2−18.0 wt% MgO), whereas their derivatives are basa
with 5.1−10.7 wt.% MgO. Trace element concentrations me
sured directly in melt inclusions by ion microprobe show a
enrichment of magmas in LREE [(La/Sm)n = 1.7−3.0] and
strong depletion in HREE [(Sm/Yb)n = 4.4−10.2]. This dis-
crepancy in (La/Sm)n and (Sm/Yb)n together with an elevated

in olivine
in clinopyroxene

in clinopyroxene

Melt inclusions
Site 953 Site 956

Parental magmas
Hole 953C

Hole 956B

Error bars

T° C
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on Gran Canaria

Figure 13. Redox conditions during crystallization of parental magm
Crystallization of parental magmas occurred at similar redox conditions fr
FMQ-1 to WM-1 buffers and were close to those obtained for the Mioce
shield basalts of Gran Canaria (Gurenko et al., 1996) and Mauna Loa sh
tholeiites, Hawaii (Sobolev and Nikogosian, 1994). Late-stage crystallizat
of parental magmas was accompanied by progressive oxidation up to
conditions corresponding to the FMQ-NNO buffers.
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(Zr/Y)n ratio of 4.1−5.5 argues for the presence of garnet in t
mantle source of the Miocene picritic and basaltic magmas

2. Crystallization of primary magmas is believed to have occur
over the range of 1490°−1150°C at pressures from <0.5 to 
kbar producing olivine of Fo78−89, high-Ti chrome spinel (2.5−
18.7 wt% TiO2) with Cr# ranging from 0.17 to 0.74 and Mg#sp

from 0.21 to 0.58, and clinopyroxene of Mg#cpx = 0.74−0.90 and
Wo37−47, En41−52, Fs6−15. The redox conditions varied from the
conditions corresponding to FMQ-1-WM-1 during the ear
crystallization stage, to late-stage crystallization conditions
FMQ - NNO+1.

3. Crystallization of magma occurred in the presence of fluid
essentially CO2 composition. Calculated concentrations o
carbon dioxide in the primary magmas are between 0.07 
0.20 wt% CO2.
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Appendix Table 1. Compositions of spinel inclusions and their host olivines and clinopyroxenes.

Sample Phase SiO2 TiO2 Al2O3 Cr2O3 FeOtot MnO MgO CaO NiO Na2O Fe2O3 FeO Mg#* Cr# Fe2+/Fe3+

157-953C-
82R-1, 94-103 
70a timt-1 0.13 16.92 4.44 2.25 63.77 0.43 7.27 ND 0.27 ND 31.50 35.42 0.268 0.254 1.25

cpx 46.93 2.74 5.72 0.10 7.19 0.10 13.84 21.68 ND 0.50 — — 0.774 — —
ilm-1 0.06 44.17 0.63 0.27 41.44 0.31 8.12 ND 0.15 ND 18.46 24.83 0.368 0.225 1.49
cpx 49.20 1.97 3.64 0.17 6.65 0.16 15.04 21.59 ND 0.43 — — 0.801 — —

157-953C-
83R-7, 0-12 
53 sp-1 0.07 6.70 11.02 32.77 36.50 0.23 10.14 ND 0.29 ND 14.53 23.42 0.436 0.666 1.7

cpx 49.61 1.55 3.49 1.09 6.08 0.14 16.64 19.62 ND 0.39 — — 0.830 — —

157-953C-
89R-1, 0-13 
24 sp-1 0.08 12.95 7.69 13.52 53.61 0.33 8.25 ND 0.29 ND 24.93 31.18 0.320 0.541 1.3

cpx 47.21 2.48 5.15 0.61 6.93 0.13 14.34 20.99 ND 0.47 — — 0.787 — —
36 sp-1 0.13 8.70 11.60 20.71 44.94 0.30 9.27 ND 0.33 ND 20.87 26.16 0.387 0.545 1.3

cpx 47.33 2.14 5.51 0.69 6.49 0.12 14.57 20.88 ND 0.49 — — 0.800 — —
38 sp-1 0.10 7.50 10.98 26.18 41.99 0.25 9.43 ND 0.28 ND 18.89 24.99 0.402 0.615 1.4

cpx 49.47 1.46 3.20 0.67 5.83 0.13 15.94 20.78 ND 0.41 — — 0.830 — —
40 sp-1 0.11 10.07 9.92 17.86 49.12 0.31 8.72 ND 0.31 ND 23.34 28.12 0.356 0.547 1.3

cpx 47.22 2.36 5.66 0.82 6.72 0.13 14.10 21.01 ND 0.48 — — 0.789 — —

157-953C-
90R-1, 82-101 
6 sp-1 0.10 8.31 10.55 24.90 42.24 0.31 9.30 ND 0.27 ND 18.55 25.55 0.394 0.613 1.5

cpx 50.79 1.26 2.55 0.65 6.11 0.15 16.88 19.89 ND 0.36 — — 0.831 — —
13 sp-1 0.18 8.29 11.19 25.55 41.72 0.30 9.40 ND 0.29 ND 17.62 25.86 0.393 0.605 1.6

cpx 49.56 1.56 3.68 0.66 6.63 0.17 16.30 19.86 ND 0.42 — — 0.814 — —

157-953C-
93R-5, 13-27 
48a sp-1 0.07 3.39 12.92 44.64 25.73 0.24 12.18 ND 0.32 ND 8.55 18.04 0.546 0.699 2.3

sp-2 0.08 3.08 13.07 44.90 25.33 0.24 12.27 ND 0.31 ND 8.58 17.61 0.554 0.697 2.2
sp-3 0.08 3.44 12.46 44.98 26.30 0.23 11.92 ND 0.32 ND 8.65 18.52 0.534 0.708 2.3
ol 40.13 0.05 0.05 0.11 11.39 0.17 47.42 0.23 0.47 ND — — 88.1 — —

48b sp-4 0.08 3.20 11.72 44.36 28.31 0.22 10.67 ND 0.33 ND 9.42 19.83 0.490 0.718 2.3
ol 39.52 0.02 0.05 0.12 13.25 0.17 45.92 0.23 0.43 ND — — 86.1 — —

51 sp-1 0.10 3.42 12.04 44.00 27.91 0.27 10.73 ND 0.25 ND 8.81 19.98 0.489 0.710 2.5
sp-3 0.09 4.42 12.13 41.75 30.08 0.26 10.35 ND 0.30 ND 9.37 21.65 0.460 0.698 2.5
ol 40.08 0.04 0.05 0.06 12.80 0.17 46.47 0.25 0.35 ND — — 86.6 — —

52 sp-1 0.07 3.91 13.95 43.45 25.52 0.22 12.39 ND 0.30 ND 7.82 18.48 0.545 0.676 2.6
sp-2 0.16 2.55 14.03 44.91 23.89 0.24 11.93 ND 0.28 ND 7.10 17.50 0.549 0.682 2.7
ol 40.26 0.04 0.05 0.09 10.57 0.16 48.20 0.22 0.49 ND — — 89.0 — —

53 sp-1 0.07 2.50 12.88 47.52 22.61 0.23 12.52 ND 0.25 ND 6.82 16.48 0.575 0.712 2.6
ol 40.14 0.04 0.07 0.10 10.53 0.16 48.08 0.21 0.45 ND — — 89.1 — —

54 sp-1 0.11 3.98 11.60 42.49 28.05 0.25 11.82 ND 0.32 ND 10.39 18.70 0.530 0.711 2.0
sp-2 0.08 4.17 11.53 43.10 27.50 0.26 11.86 ND 0.34 ND 9.67 18.80 0.529 0.715 2.1
ol 40.02 0.03 0.04 0.07 11.81 0.17 47.17 0.25 0.45 ND — — 87.7 — —

55 sp-1 0.08 3.80 11.97 41.81 30.12 0.29 10.31 ND 0.30 ND 10.28 20.87 0.468 0.701 2.2
ol 39.83 0.04 0.05 0.08 13.17 0.20 46.13 0.27 0.39 ND — — 86.2 — —

56 sp-1 0.08 2.48 11.28 45.02 28.93 0.24 10.01 ND 0.29 ND 9.95 19.98 0.472 0.728 2.2
sp-2 0.07 3.40 11.87 44.77 28.19 0.23 10.77 ND 0.29 ND 8.95 20.13 0.488 0.717 2.5
ol 39.83 0.04 0.05 0.09 12.55 0.15 46.57 0.22 0.51 ND — — 86.9 — —

58 sp-1 0.09 5.68 12.50 32.42 37.40 0.23 9.71 ND 0.34 ND 15.34 23.59 0.423 0.635 1.7
sp-2 0.12 5.56 12.95 32.03 37.08 0.33 9.89 ND 0.25 ND 15.38 23.24 0.431 0.624 1.6
ol 39.46 0.03 0.04 0.05 15.57 0.19 44.05 0.27 0.34 ND — — 83.5 — —

59 sp-1 0.09 8.85 10.21 28.43 42.19 0.34 8.47 ND 0.30 ND 15.68 28.07 0.350 0.651 1.9
sp-2 0.10 5.09 12.29 35.77 35.85 0.30 8.98 ND 0.25 ND 12.92 24.22 0.398 0.661 2.0
ol 39.09 0.03 0.04 0.05 16.35 0.24 43.20 0.28 0.33 ND — — 82.5 — —

61 sp-1 0.16 2.98 11.73 44.38 28.16 0.25 10.73 ND 0.30 ND 9.52 19.58 0.494 0.717 2.2
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ol 39.40 0.05 0.05 0.07 13.17 0.20 45.93 0.23 0.38 ND — — 86.1 — —
63 sp-1 0.07 3.76 11.13 45.00 27.78 0.24 11.47 ND 0.30 ND 9.43 19.29 0.515 0.731 2.

sp-2 0.08 4.10 11.23 43.95 28.28 0.24 11.13 ND 0.27 ND 9.18 20.02 0.498 0.724 2.4
ol 40.69 0.05 0.03 0.08 11.81 0.18 46.68 0.23 0.42 ND — — 87.6 — —

64 sp-1 0.07 2.92 13.13 44.02 26.56 0.22 12.36 ND 0.37 ND 10.14 17.43 0.558 0.692 1.
ol 41.40 0.04 0.05 0.09 11.30 0.17 47.71 0.21 0.51 ND — — 88.3 — —

66 sp-1 0.08 6.75 10.73 33.15 37.05 0.27 9.92 ND 0.30 ND 14.63 23.88 0.426 0.675 1.
sp-4 0.09 6.03 11.66 33.62 36.59 0.33 9.51 ND 0.30 ND 14.09 23.91 0.415 0.659 1.8
ol 40.45 0.05 0.04 0.06 14.87 0.21 44.55 0.30 0.30 ND — — 84.2 — —

157-953C-
93R-6, 45-55 
7 sp-2 0.12 7.28 9.59 24.30 45.90 0.29 9.48 ND 0.28 ND 23.52 24.74 0.406 0.630 1.1

sp-3 0.13 7.14 9.61 24.62 45.87 0.26 9.32 ND 0.30 ND 23.32 24.88 0.400 0.632 1.1
cpx 51.32 1.35 2.50 0.55 6.32 0.13 17.00 20.11 ND 0.38 — — 0.827 — —

33 sp-1 0.10 4.37 12.13 31.37 40.61 0.26 9.48 ND 0.25 ND 19.67 22.91 0.425 0.634 1.
ol 39.07 0.03 0.05 0.04 17.43 0.28 42.47 0.30 0.28 ND — — 81.3 — —

35 sp-1 0.13 5.62 10.93 30.82 40.78 0.26 9.26 ND 0.28 ND 18.63 24.02 0.407 0.654 1.
sp-3 0.08 4.72 10.46 34.43 38.50 0.28 9.34 ND 0.26 ND 17.31 22.93 0.421 0.688 1.4
ol 39.11 0.04 0.03 0.06 17.14 0.26 42.75 0.27 0.32 ND — — 81.6 — —

37 sp-1 0.08 5.91 10.50 32.54 39.77 0.29 9.58 ND 0.32 ND 17.68 23.86 0.417 0.675 1.
ol 39.17 0.05 0.07 0.08 17.09 0.22 43.10 0.31 0.37 ND — — 81.8 — —
sp-2 0.14 4.26 10.57 37.59 36.54 0.21 9.58 ND 0.29 ND 15.48 22.60 0.430 0.705 1.6
sp-3 0.10 4.27 10.70 36.92 36.63 0.26 9.49 ND 0.26 ND 15.67 22.52 0.429 0.698 1.6
ol 39.22 0.06 0.06 0.07 16.69 0.25 43.03 0.30 0.25 ND — — 82.1 — —
sp-4 0.09 5.35 10.79 31.62 40.93 0.30 9.01 ND 0.24 ND 18.64 24.15 0.399 0.663 1.4
ol 38.73 0.04 0.05 0.04 17.76 0.31 42.07 0.28 0.28 ND — — 80.9 — —

41 sp-1 0.06 7.27 10.49 29.25 40.89 0.27 9.93 ND 0.28 ND 18.30 24.42 0.420 0.652 1.
sp-2 0.08 4.76 11.57 34.22 38.60 0.32 9.78 ND 0.30 ND 17.47 22.88 0.433 0.665 1.4
sp-3 0.08 5.28 11.10 32.84 39.24 0.27 9.85 ND 0.27 ND 18.02 23.02 0.433 0.665 1.4
sp-4 0.09 5.15 11.25 32.96 38.80 0.24 9.73 ND 0.24 ND 17.51 23.04 0.429 0.663 1.4
ol 38.93 0.04 0.04 0.06 16.61 0.26 43.18 0.32 0.30 ND — — 82.3 — —

43 sp-1 0.10 5.28 10.82 35.40 36.05 0.26 10.03 ND 0.30 ND 15.11 22.45 0.443 0.687 1.
ol 39.25 0.05 0.04 0.07 16.15 0.23 43.93 0.27 0.31 ND — — 82.9 — —

44 sp-1 0.09 4.84 11.69 31.49 40.00 0.22 9.39 ND 0.32 ND 18.69 23.18 0.419 0.644 1.
sp-2 0.06 4.64 11.63 33.27 39.79 0.29 9.38 ND 0.25 ND 18.25 23.37 0.417 0.657 1.4
ol 38.80 0.05 0.05 0.05 17.43 0.25 42.51 0.29 0.30 ND — — 81.3 — —

157-953C-
97R-2, 0-16 
71 sp-1 0.09 7.52 11.19 25.48 43.47 0.25 9.76 ND 0.29 ND 20.56 24.97 0.411 0.604 1.

cpx 50.87 1.21 2.90 0.65 6.47 0.16 16.86 19.56 ND 0.39 — — 0.823 — —
81a sp-1 0.11 11.30 11.11 17.94 49.72 0.41 6.60 ND 0.20 ND 18.68 32.91 0.263 0.520 1.

cpx 49.59 1.83 4.12 0.75 6.31 0.15 15.53 20.48 ND 0.43 — — 0.815 — —
sp-3 0.08 8.33 11.10 25.76 42.72 0.27 9.46 ND 0.34 ND 18.53 26.04 0.393 0.609 1.5
cpx 50.70 1.44 3.03 0.75 5.89 0.12 16.22 20.54 ND 0.40 — — 0.831 — —

157-953C-
98R-1, 0-12 
45 sp-1 0.10 7.04 9.42 30.01 41.54 0.24 9.54 ND 0.33 ND 18.82 24.61 0.409 0.681 1.

cpx 51.39 1.20 2.49 0.81 6.46 0.12 17.94 18.32 ND 0.39 — — 0.832 — —
48 sp-1 0.12 8.05 11.07 24.07 43.52 0.26 9.65 ND 0.26 ND 20.23 25.32 0.404 0.593 1.

cpx 50.62 1.36 3.09 0.72 6.12 0.12 16.19 20.74 ND 0.41 — — 0.825 — —
54 sp-1 0.08 8.61 11.10 22.51 44.97 0.30 9.61 ND 0.28 ND 21.16 25.93 0.398 0.576 1.

cpx 50.46 1.36 2.94 0.60 6.21 0.12 16.08 20.25 ND 0.40 — — 0.822 — —
56 ilm-1 0.05 47.46 0.56 0.83 39.91 0.35 7.82 ND 0.15 ND 12.92 28.29 0.330 0.502 2.4

ilm-2 0.09 47.62 0.55 0.78 39.79 0.36 7.82 ND 0.09 ND 12.53 28.51 0.328 0.487 2.5
cpx 48.41 2.45 4.32 0.35 7.76 0.14 14.39 20.15 ND 0.46 — — 0.768 — —

157-953C-
102R-1, 8-28 
6 sp-1 0.09 12.05 7.54 17.83 50.51 0.33 7.65 ND 0.25 ND 21.56 31.10 0.305 0.613 1.

sp-2 0.07 11.98 7.67 18.04 50.75 0.35 7.80 ND 0.22 ND 21.91 31.03 0.309 0.612 1.5
cpx 48.20 2.35 4.97 0.71 6.93 0.13 14.27 20.80 ND 0.46 — — 0.786 — —

7 sp-1 0.11 6.77 11.27 28.58 40.29 0.21 9.77 ND 0.31 ND 18.05 24.05 0.420 0.630 1.
cpx 50.70 1.26 3.33 0.91 6.60 0.16 16.83 18.71 ND 0.37 — — 0.820 — —

10 sp-1 0.10 10.93 5.03 9.55 62.05 0.38 8.10 ND 0.35 ND 36.50 29.20 0.331 0.560 0.
cpx 48.12 2.51 4.63 0.49 7.50 0.14 14.08 20.37 ND 0.47 — — 0.770 — —
ilm 1.97 40.98 2.81 3.49 37.29 0.22 6.90 ND 0.07 ND 11.89 26.59 0.316 0.455 2.4
cpx 48.61 2.29 4.27 0.36 7.52 0.15 14.36 20.40 ND 0.47 — — 0.773 — —

13 sp-2 0.08 8.82 10.47 25.93 43.04 0.25 9.54 ND 0.34 ND 18.49 26.40 0.392 0.624 1.
cpx 49.75 1.77 3.99 0.95 6.48 0.16 15.66 20.02 ND 0.40 — — 0.812 — —

18 sp-1 0.13 7.57 10.08 29.50 39.51 0.24 10.05 ND 0.33 ND 17.08 24.14 0.426 0.663 1.
cpx 51.74 1.21 2.09 0.65 5.88 0.17 17.23 19.84 ND 0.34 — — 0.839 — —

35 sp-1 0.06 8.12 10.35 27.04 41.80 0.26 9.35 ND 0.28 ND 17.92 25.67 0.394 0.637 1.
cpx 51.05 1.29 2.52 0.64 6.33 0.15 16.64 19.89 ND 0.35 — — 0.824 — —

157-956B-
44R-3, 57-71 
2 timt-1 0.08 15.43 4.19 1.30 68.17 0.31 5.51 ND 0.21 ND 34.84 36.82 0.211 0.172 1.1

cpx 49.28 1.47 3.38 0.53 6.75 0.18 15.13 20.89 ND 0.42 — — 0.800 — —
9 timt-2 0.11 15.26 4.41 1.44 69.67 0.39 6.17 ND 0.26 ND 36.92 36.45 0.232 0.179 1.1

cpx 49.17 1.85 4.30 0.13 7.41 0.14 14.80 21.19 ND 0.39 — — 0.781 — —
14b ilm-1 0.04 44.12 0.54 0.18 45.89 0.36 6.42 ND 0.04 ND 20.06 27.84 0.291 0.180 1.5

cpx 50.26 1.54 3.48 0.07 7.67 0.20 15.21 20.90 0.40 — — 0.780 — —

157-956B-
45R-3, 120-132 
20 sp-1 0.11 8.23 8.64 14.29 56.80 0.28 8.68 ND 0.32 ND 33.32 26.81 0.366 0.526 0.

cpx 49.57 1.48 3.85 0.50 6.30 0.13 15.39 21.16 ND 0.41 — — 0.813 — —
24 timt-1 0.06 11.25 7.46 4.35 68.08 0.34 6.40 ND 0.24 ND 38.81 33.15 0.256 0.281 0.9

Sample Phase SiO2 TiO2 Al 2O3 Cr2O3 FeOtot MnO MgO CaO NiO Na2O Fe2O3 FeO Mg#* Cr# Fe2+/Fe3+
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ne
Notes: Sample = sample studied (core, section, interval [cm], and analyzed grain). FeOtot = measured with electron microprobe. Fe2O3 and FeO are calculated on the basis of stoichi-
ometry, for spinel and Ti-magnetite from general spinel formula (A2+)(B3+)2O4, taking in to account the presence of Ti as ulvöspinel component (Fe2+)2(Ti4+)O4, and for ilmenite
from formula Fe2+TiO3 assuming the presence of Fe2O3 component. * = for spinel and titanomagnetite Mg# is atomic ratio Mg/(Mg + Fe2+), for olivine, mol% Fo, for clinopyrox-
ene -atomic ratio Mg/(Mg + Fetot), and Cr# = atomic ratio Cr/(Cr + Al). Inclusions include: sp = spinel, mt = titanomagnetite, and ilm = ilmenite. Host minerals include: ol = olivi
and cpx = clinopyroxene. — = not calculated, and ND = not determined. 

cpx 49.35 1.67 4.21 0.40 6.95 0.15 14.91 21.18 ND 0.39 — — 0.793 — —
33 sp-1 0.48 9.70 7.85 10.34 60.41 0.30 8.22 ND 0.24 ND 34.52 29.34 0.333 0.469 0.94

cpx 49.52 1.58 4.27 0.44 6.37 0.12 15.09 21.62 ND 0.37 — — 0.809 — —
sp-2 0.10 7.92 8.37 15.19 56.64 0.33 8.78 ND 0.33 ND 33.63 26.37 0.372 0.549 0.87
cpx 50.40 1.36 3.46 0.53 5.97 0.12 15.71 21.87 ND 0.34 — — 0.824 — —

39 sp-1 0.13 12.33 5.91 8.87 62.57 0.32 7.33 ND 0.23 ND 33.62 32.32 0.288 0.502 1.07
cpx 50.57 1.48 3.32 0.22 6.76 0.14 15.53 21.57 ND 0.34 — — 0.804 — —

51 sp-1 0.13 14.74 5.90 5.59 63.35 0.31 7.52 ND 0.26 ND 32.38 34.21 0.282 0.389 1.17
cpx 49.57 1.78 4.15 0.34 6.69 0.12 15.15 21.40 ND 0.38 — — 0.801 — —

52 sp-1 0.06 8.86 8.06 18.07 52.63 0.24 7.76 ND 0.24 ND 27.14 28.21 0.329 0.601 1.15
cpx 49.45 1.39 3.47 0.49 5.82 0.13 15.28 21.35 ND 0.44 — — 0.824 — —

157-956B-
45R-CC, 51-71 
57 sp-1 0.10 10.32 6.51 11.06 59.66 0.31 7.30 ND 0.24 ND 33.06 29.91 0.303 0.532 1.01

cpx 49.23 1.52 3.82 0.45 6.83 0.14 15.12 20.61 ND 0.50 — — 0.798 — —
72 sp-1 0.24 12.06 6.12 7.26 63.04 0.34 7.72 ND 0.32 ND 35.17 31.39 0.305 0.443 0.99

cpx 49.51 1.84 4.25 0.31 6.96 0.14 15.05 21.31 ND 0.38 — — 0.794 — —
73 timt-1 0.15 18.69 4.27 1.53 66.08 0.35 6.21 ND 0.18 ND 29.63 39.41 0.219 0.194 1.48

cpx 50.55 1.72 3.00 0.09 7.88 0.15 15.14 20.67 ND 0.39 — — 0.774 — —
74 sp-1 0.09 3.99 8.24 35.81 40.16 0.30 9.35 ND 0.21 ND 20.17 22.00 0.431 0.744 1.21

cpx 52.47 0.75 1.85 0.79 5.00 0.11 16.93 21.76 ND 0.30 — — 0.858 — —

Sample Phase SiO2 TiO2 Al 2O3 Cr2O3 FeOtot MnO MgO CaO NiO Na2O Fe2O3 FeO Mg#* Cr# Fe2+/Fe3+
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Appendix Table 2. Analyses of olivine, clinopyroxene and plagioclase inclusions, and their host minerals. 

Sample Phase SiO2 TiO2 Al 2O3 Cr2O3 FeOtot MnO MgO CaO NiO Na2O K2O Mg#,An

157-953C-
82R-1, 52-82 
60 ol-incl 37.94 0.06 0.04 0.05 18.66 0.26 40.54 0.46 0.21 ND ND 79.5

cpx-host 49.30 1.95 3.67 0.32 6.57 0.13 14.86 21.35 0.03 0.45 ND 0.80

157-953C-
82R-1, 94-103 
70 ol-incl 39.26 0.08 0.05 0.04 19.63 0.36 39.80 0.46 0.29 ND ND 78.3

cpx-host 49.20 1.97 3.64 0.17 6.65 0.16 15.04 21.59 0.03 0.43 ND 0.80

157-953C-
83R-7, 0-12 
43 ol-incl 37.70 0.09 0.07 0.05 18.91 0.29 40.20 0.47 0.24 ND ND 79.1

cpx-host 49.46 1.66 3.26 0.38 6.67 0.15 15.49 20.76 0.06 0.44 ND 0.80
44 ol-incl 38.16 0.06 0.05 0.07 18.52 0.27 40.54 0.47 0.28 ND ND 79.6

cpx-host 49.20 1.63 3.27 0.49 6.45 0.11 16.03 20.27 0.05 0.41 ND 0.81
50 ol-incl-1 38.40 0.05 0.05 0.05 18.44 0.26 40.98 0.40 0.27 ND ND 79.8

ol-incl-2 38.27 0.04 0.05 0.05 18.36 0.29 41.08 0.35 0.28 ND ND 80.0
cpx-host 48.64 1.88 4.80 0.79 6.59 0.11 15.07 20.04 0.09 0.49 ND 0.80

51 ol-incl 38.11 0.06 0.05 0.05 18.71 0.26 40.73 0.40 0.26 ND ND 79.5
cpx-host 48.99 1.88 3.86 0.77 6.53 0.13 15.88 19.87 0.08 0.44 ND 0.81

157-953C-
89R-1, 0-13 
24 ol-incl 38.04 0.09 0.06 0.05 17.83 0.25 41.24 0.48 0.29 ND ND 80.5

cpx-host 49.11 1.79 3.46 0.40 6.71 0.16 15.33 20.95 0.06 0.45 ND 0.80
25 ol-incl 37.93 0.08 0.07 0.05 17.88 0.22 41.23 0.44 0.29 ND ND 80.4

cpx-host 47.81 2.11 5.21 0.78 6.42 0.15 14.77 20.70 0.08 0.46 ND 0.80
29 ol-incl 37.98 0.05 0.04 0.04 18.33 0.28 40.75 0.43 0.23 ND ND 79.9

cpx-host 48.93 1.57 3.44 0.62 6.12 0.12 15.40 21.11 0.06 0.42 ND 0.81
36 ol-incl-1 38.08 0.07 0.06 0.04 17.81 0.31 41.43 0.41 0.29 ND ND 80.6

ol-incl-2 38.07 0.08 0.09 0.05 17.57 0.28 41.44 0.44 0.24 ND ND 80.8
cpx-host 50.20 1.43 3.08 0.52 6.14 0.12 16.07 20.60 0.04 0.42 ND 0.82

157-953C-
90R-1, 82-101 
7 ol-incl 38.18 0.05 0.04 0.06 16.87 0.27 42.02 0.41 0.30 ND ND 81.6

cpx-host 50.84 1.22 2.89 0.67 6.15 0.15 16.71 19.86 0.04 0.40 ND 0.82
8 ol-incl-1 37.96 0.07 0.06 0.06 18.67 0.27 40.95 0.41 0.27 ND ND 79.6

ol-incl-2 38.09 0.09 0.04 0.05 18.42 0.25 40.99 0.41 0.28 ND ND 79.9
cpx-host 50.93 1.41 2.75 0.54 6.36 0.16 16.72 20.05 0.06 0.41 ND 0.82

11 ol-incl-1 38.12 0.06 0.04 0.02 18.42 0.25 41.33 0.37 0.29 ND ND 80.0
cpx-host 48.81 1.95 4.55 0.86 6.32 0.10 15.25 20.38 0.07 0.44 ND 0.81
ol-incl-2 38.42 0.06 0.05 0.03 18.27 0.27 41.19 0.43 0.29 ND ND 80.1
cpx-host 48.70 1.76 3.98 0.70 6.16 0.14 15.69 20.33 0.07 0.43 ND 0.82

12 ol-incl 37.90 0.04 0.05 0.05 18.45 0.27 41.01 0.43 0.32 ND ND 79.8
cpx-host 49.15 1.97 4.24 0.67 6.72 0.14 15.61 19.91 0.05 0.45 ND 0.80

16 ol-incl 38.16 0.05 0.06 0.05 17.56 0.25 41.50 0.43 0.33 ND ND 80.8
cpx-host 49.06 1.71 4.29 0.96 6.33 0.15 15.69 20.23 0.07 0.43 ND 0.81

157-953C-
93R-5, 13-27 
70 ol-incl 38.45 0.05 0.06 0.06 18.98 0.27 40.82 0.41 0.29 ND ND 79.3

cpx-host 49.55 1.98 4.07 0.80 6.99 0.11 16.03 19.70 0.09 0.44 ND 0.80



MELT, CRYSTAL, AND FLUID INCLUSIONS
Notes: Sample = sample studied (core, grain, interval [cm], analyzed grain). FeOtot = measured with electron microprobe, Mg# = mol% Fo in olivine, atomic ratio Mg/(Mg + Fetot) in
clinopyroxene. An = mol.% An in plagioclase, ol-incl = inclusions of olivine, cpx-incl = inclusions of clinopyroxene, pl-incl = inclusions of plagioclase, cpx-host = host clinopy-
roxene, and ol-host = host olivine. ND = not determined, and tr. = traces.

157-953C-
93R-6, 45-55 
19 cpx-incl 50.26 1.80 3.70 0.67 6.95 0.11 15.00 21.21 tr. 0.41 ND 0.794

ol-host 38.16 0.03 0.06 0.03 17.50 0.25 42.32 0.30 0.32 ND ND 81.2
34 cpx-incl 50.71 1.39 3.35 1.06 6.60 0.14 16.66 19.81 0.10 0.43 ND 0.818

ol-host 39.18 0.05 0.05 0.03 17.94 0.24 42.31 0.31 0.34 ND ND 80.8

157-953C-
97R-2, 0-16 
71 ol-incl 38.51 0.04 0.04 0.05 17.06 0.25 42.16 0.33 0.26 ND ND 81.5

cpx-host 50.77 1.22 2.76 0.61 6.23 0.16 16.76 20.02 0.02 0.38 ND 0.828
82 ol-incl-1 38.51 0.06 0.05 0.07 18.00 0.25 41.40 0.40 0.28 ND ND 80.4

ol-incl-2 38.55 0.06 0.05 0.05 17.95 0.24 41.56 0.39 0.29 ND ND 80.5
ol-incl-3 38.23 0.06 0.05 0.04 17.93 0.23 41.35 0.42 0.29 ND ND 80.4
cpx-host 49.72 1.73 3.76 0.68 6.27 0.12 15.63 20.37 0.04 0.40 ND 0.816

157-953C-
98R-1, 0-12 
62 ol-incl 38.71 0.06 0.04 0.05 17.91 0.28 41.62 0.30 0.31 ND ND 80.5

cpx-host 50.59 1.31 2.96 0.49 6.51 0.16 16.62 19.71 0.06 0.40 ND 0.820

157-953C-
102R-1, 8-28 
3 ol-incl 38.66 0.04 0.09 0.07 17.62 0.27 41.81 0.36 0.29 ND ND 80.9

cpx-host 50.58 1.43 2.93 0.66 6.17 0.15 15.93 20.17 0.02 0.39 ND 0.821
11 ol-incl 38.89 0.04 0.05 0.05 17.88 0.29 42.13 0.38 0.26 ND ND 80.8

cpx-host 50.45 1.45 2.97 0.68 5.89 0.11 15.78 21.05 0.06 0.40 ND 0.827
14 ol-incl 38.14 0.04 0.03 0.04 17.78 0.26 41.42 0.43 0.24 ND ND 80.6

cpx-host 50.65 1.40 2.87 0.56 6.03 0.13 15.79 20.75 0.07 0.40 ND 0.823
27 ol-incl 38.20 0.08 0.05 0.05 18.73 0.29 40.98 0.38 0.23 ND ND 79.6

cpx-host 49.81 1.68 3.58 0.63 6.49 0.14 15.53 20.38 0.03 0.42 ND 0.810

157-956B-
45R-3, 120-132 
49 pl-incl 51.31 0.15 30.69 ND 1.00 ND 0.08 13.85 ND 3.54 0.18 68.4

cpx-host 49.52 1.60 3.79 0.26 6.71 0.15 15.47 20.85 0.01 0.42 ND 0.804

157-956B-
45R-CC, 7-17 
61 pl-incl 47.97 0.11 32.50 ND 0.84 ND 0.03 16.13 ND 1.87 0.09 82.7

cpx-host 48.76 1.66 3.95 0.27 7.16 0.12 14.86 20.79 0.03 0.43 ND 0.787
72 pl-incl 49.49 0.14 32.42 ND 0.88 ND 0.05 15.42 ND 2.74 0.08 75.7

cpx-host 49.51 1.84 4.25 0.31 6.96 0.14 15.05 21.31 0.06 0.38 ND 0.794

Sample Phase SiO2 TiO2 Al2O3 Cr2O3 FeOtot MnO MgO CaO NiO Na2O K2O Mg#,An

Appendix Table 2 (continued).
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Appendix Table 3. Major element compositions of melt inclusions and their host olivine and clinopyroxene, and calculated compositions of the trapped melts.

r) lgƒO2 Oladd Cpxadd K2O/TiO2 P2O5/TiO2

— — — — —
6.1 –8.1 0 11.3 0.45 0.16

— — — — —
— — — — —

3.9 –8.2 0 14.3 0.47 0.18
— — — — —

7.3 –7.8 0 17.0 0.47 0.18
— — — — —

4.3 –8.1 0 15.9 0.42 0.15
— — — — —
— — — — —

3.5 –8.0 0 24.8 0.28 0.14
— — — — —

— — — — —
4.5 –8.0 0 13.0 0.26 0.14

— — — — —
— — — — —

4.5 –7.5 0 39.8 0.32 0.15
— — — — —
— — — — —

6.6 –7.6 0 21.6 0.25 0.13
— — — — —

— — — — —
3.8 –7.7 0 24.6 0.20 0.10

— — — — —
— — — — —

3.9 –7.7 0 25.9 0.22 0.11
— — — — —

— — — — —
4.3 –7.8 0 17.7 0.27 0.11

— — — — —
— — — — —

5.3 –7.3 0 32.6 0.23 0.10
— — — — —

7.9 –7.1 0 34.4 0.22 0.09
— — — — —
— — — — —

3.6 –7.9 0 13.7 0.29 0.14
— — — — —
— — — — —

3.2 –8.2 0 14.3 0.30 0.13
— — — — —

3.4 –8.2 0 11.6 0.29 0.14
— — — — —

3.7 –8.1 0 15.6 0.29 0.13
— — — — —

— — — — —
3.3 –8.1 0 6.6 0.24 0.12

— — — — —
3.1 –8.2 0 5.3 0.26 0.11

— — — — —
— — — — —

3.4 –8.0 0 14.9 0.21 0.10
— — — — —

3.9 –7.9 0 14.4 0.21 0.10
— — — — —
Sample Phase SiO2 TiO2 Al2O3 Cr2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total Mg#, Fo T (°C) P (kba

157-953C-
82R-1, 52-82
57a gl 45.63 4.52 13.49 0.02 — 11.95 0.17 5.24 9.82 3.76 2.05 0.71 97.36 0.439— —

mlt 47.4 4.1 12.6 0.02 2.3 9.8 0.15 6.7 11.1 3.4 1.9 0.7 100.0 0.548 1207
cpx 48.47 2.16 4.50 0.40 — 6.57 0.12 14.49 21.54 0.48 ND ND 98.72 0.797— —

57b gl-1 48.04 4.04 14.38 0.06 — 10.48 0.21 5.01 9.84 3.88 1.89 0.71 98.54 0.460— —
mlt-1 49.2 3.5 12.9 0.05 1.9 8.5 0.18 6.7 11.4 3.4 1.6 0.6 100.0 0.586 1194
gl-2 47.81 4.31 14.26 0.04 — 11.30 0.15 4.98 8.86 4.11 2.04 0.77 98.64 0.440— —
mlt-2 49.1 3.6 12.5 0.03 2.1 9.1 0.13 7.2 10.6 3.5 1.7 0.7 100.0 0.584 1231
gl-3 46.97 4.17 13.95 0.03 — 11.26 0.15 5.17 9.99 3.74 1.75 0.64 97.83 0.450— —
mlt-3 48.7 3.6 12.5 0.03 2.0 9.1 0.13 7.1 11.7 3.2 1.5 0.6 100.0 0.582 1203
cpx 48.94 1.66 3.64 0.73 — 5.76 0.10 15.18 21.68 0.46 ND ND 98.15 0.824— —

60 gl 44.87 5.03 13.11 tr. — 12.86 0.24 5.46 10.88 3.26 1.42 0.71 97.83 0.431— —
mlt 47.5 3.9 10.8 tr. 2.1 9.8 0.18 8.3 13.3 2.5 1.1 0.5 100.0 0.601 1217
cpx 49.90 1.39 2.75 0.58 — 5.29 0.12 15.77 22.01 0.40 ND ND 98.21 0.842— —

157-953C-
82R-1, 94-103
67 gl 47.01 5.23 12.41 0.04 — 9.23 0.17 5.93 10.37 3.28 1.38 0.73 95.78 0.534— —

mlt 49.5 4.7 11.6 0.04 1.6 7.7 0.15 7.7 12.0 3.0 1.3 0.7 100.0 0.640 1218
cpx 50.74 0.99 2.59 0.91 — 4.79 0.09 16.47 21.31 0.47 ND ND 98.36 0.860— —

68 gl 43.61 4.46 12.89 0.03 — 13.95 0.18 5.39 10.32 3.07 1.41 0.68 96.00 0.408— —
mlt 48.4 2.8 9.1 0.02 2.0 9.7 0.11 10.2 14.4 1.9 0.9 0.4 100.0 0.653 1266
cpx 52.07 0.88 1.67 0.46 — 4.15 0.09 16.96 22.43 0.32 ND ND 99.04 0.879— —

69 gl 43.63 5.09 12.20 0.08 — 14.11 0.25 6.09 10.97 3.37 1.26 0.68 97.71 0.435— —
mlt 46.4 4.1 10.3 0.06 2.4 10.9 0.20 8.6 13.0 2.7 1.0 0.5 100.0 0.585 1246
cpx 50.13 1.42 3.17 0.60 — 5.69 0.13 15.77 21.26 0.44 ND ND 98.61 0.832— —

157-953C-
83R-7, 0-12
47a gl 49.93 4.30 13.87 0.05 — 12.67 0.18 5.20 8.85 2.96 0.87 0.42 99.31 0.422— —

mlt 50.7 3.3 11.4 0.04 2.1 9.7 0.14 8.3 11.1 2.2 0.7 0.3 100.0 0.603 1217
cpx 50.60 1.13 2.45 0.65 — 5.81 0.12 17.39 19.82 0.37 ND ND 98.34 0.842— —

47b gl 49.11 4.51 14.57 0.04 — 12.87 0.20 4.67 8.53 3.21 0.98 0.48 99.18 0.392— —
mlt 50.1 3.4 11.9 0.03 2.2 10.0 0.15 8.0 10.9 2.4 0.7 0.4 100.0 0.587 1209
cpx 49.73 1.37 3.36 0.79 — 6.07 0.17 16.64 19.70 0.39 ND ND 98.23 0.830— —

157-953C-
89R-1, 0-13
23a gl 48.24 4.33 13.95 0.05 — 12.12 0.16 5.55 9.55 2.84 1.17 0.49 98.44 0.450— —

mlt 49.5 3.6 12.3 0.04 2.2 9.6 0.13 7.7 11.2 2.4 1.0 0.4 100.0 0.589 1207
cpx 50.60 1.31 2.81 0.66 — 6.19 0.17 16.81 19.87 0.39 ND ND 98.81 0.829— —

23b gl-1 47.26 4.67 13.54 0.01 — 12.49 0.18 5.99 9.87 2.77 1.08 0.47 98.33 0.461— —
mlt-1 49.6 3.2 10.4 0.01 1.8 9.0 0.12 10.1 12.9 1.9 0.7 0.3 100.0 0.665 1262
gl-2 45.74 4.71 13.00 0.07 — 13.70 0.17 6.36 9.80 2.95 1.05 0.41 97.96 0.453— —
mlt-2 48.8 3.1 9.7 0.05 2.0 9.7 0.11 10.7 12.9 2.0 0.7 0.3 100.0 0.662 1293
cpx 51.24 1.04 2.39 0.82 — 4.21 0.12 17.72 20.50 0.33 ND ND 98.36 0.882— —

26 gl 48.26 3.76 13.74 0.04 — 11.32 0.16 6.07 10.67 3.10 1.09 0.53 98.74 0.489— —
mlt 49.3 3.3 12.5 0.03 2.0 9.1 0.14 7.7 12.0 2.7 1.0 0.5 100.0 0.601 1205
cpx 49.84 1.34 3.48 0.94 — 5.55 0.11 16.04 20.89 0.44 ND ND 98.63 0.838— —

36 gl-1 46.56 4.11 14.82 0.01 — 12.05 0.20 5.07 9.97 3.12 1.25 0.53 97.68 0.429— —
mlt-1 48.2 3.6 13.6 0.01 2.3 9.7 0.18 6.8 11.4 2.7 1.1 0.5 100.0 0.553 1177
gl-2 46.75 4.12 14.40 tr. — 11.95 0.17 5.37 10.22 3.10 1.21 0.58 97.87 0.445— —
mlt-2 48.2 3.7 13.4 tr. 2.3 9.7 0.15 6.7 11.4 2.8 1.1 0.5 100.0 0.553 1179
gl-3 46.82 4.35 14.63 0.02 — 12.41 0.17 5.02 9.71 3.23 1.27 0.55 98.16 0.419— —
mlt-3 48.3 3.7 13.1 0.02 2.4 9.9 0.15 6.9 11.2 2.8 1.1 0.5 100.0 0.552 1184
cpx 47.33 2.14 5.51 0.69 — 6.49 0.12 14.57 20.88 0.49 ND ND 98.23 0.800— —

157-953C-
90R-1, 82-101
13 gl-1 48.38 4.34 13.28 0.04 — 11.05 0.16 6.06 10.42 2.74 1.06 0.53 98.05 0.495— —

mlt-1 49.4 4.1 12.9 0.04 2.1 9.1 0.15 6.9 11.2 2.6 1.0 0.5 100.0 0.574 1183
gl-2 49.27 4.21 13.39 0.08 — 10.71 0.15 6.00 10.35 2.88 1.10 0.48 98.62 0.500— —
mlt-2 50.0 4.0 13.0 0.08 2.0 8.8 0.14 6.7 10.9 2.8 1.1 0.5 100.0 0.573 1180
cpx 49.56 1.56 3.68 0.66 — 6.63 0.17 16.30 19.86 0.42 ND ND 98.85 0.814— —

14 gl-1 47.42 4.30 13.99 0.06 — 12.07 0.21 5.79 10.27 2.77 0.92 0.42 98.23 0.461— —
mlt-1 48.8 3.7 12.7 0.05 2.2 9.7 0.18 7.6 11.7 2.4 0.8 0.4 100.0 0.582 1194
gl-2 47.18 4.31 13.70 0.05 — 12.55 0.20 6.09 10.52 2.74 0.90 0.44 98.68 0.464— —
mlt-2 48.4 3.7 12.4 0.04 2.2 10.0 0.17 7.8 11.8 2.4 0.8 0.4 100.0 0.581 1203
cpx 49.64 1.59 3.74 0.76 — 6.05 0.14 15.89 20.45 0.39 ND ND 98.65 0.824— —
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— — — — —
5.5 –7.7 0 22.3 0.23 0.10

— — — — —

— — — — —
4.5 –7.9 0 5.6 0.27 0.13

— — — — —
— — — — —

3.0 –7.9 11.1 1.4 0.23 0.13
— — — — —
— — — — —

3.0 –8.0 10.9 0 0.22 0.12
— — — — — —

— — — — — —
3.0 –7.9 10.3 5.2 0.26 0.13

— — — — —
— — — — —

3.0 –8.0 11.0 2.5 0.21 0.11
— — — — —
— — — — —

3.0 –7.9 11.6 0 0.22 0.13
— — — — —
— — — — —

3.0 –7.9 9.1 3.9 0.25 0.13
— — — — —

3.0 –7.9 11.2 1.9 0.23 0.13
— — — — —
— — — — —

3.0 –7.8 6.5 14.8 0.22 0.13
— — — — —
— — — — —

3.0 –8.0 10.8 6.5 0.22 0.12
— — — — —
— — — — —

3.0 –8.0 8.8 5.2 0.22 0.12
— — — — —
— — — — —

3.0 –8.0 9.9 2.0 0.22 0.11
— — — — — —

— — — —
3.0 –7.7 9.5 11.7 0.24 0.13

— — — — —
— — — — —

3.0 –7.8 10.4 1.8 0.24 0.12
— — — — —
— — — — —

3.0 –7.9 11.2 5.0 0.25 0.13
— — — — —
— — — — —

3.0 –7.9 11.1 1.6 0.26 0.12
— — — — —

3.0 –8.0 9.9 0 0.26 0.15
— — — — —
— — — — —

3.0 –7.8 10.5 2.9 0.19 0.12
— — — — —
— — — — —

3.0 –7.9 10.6 5.0 0.24 0.12
— — — — —

3.0 –8.0 12.1 0 0.23 0.12
— — — — —
— — — — —

3.0 –8.1 5.9 5.3 0.24 0.12
— — — — —

(kbar) lgƒO2 Oladd Cpxadd K2O/TiO2 P2O5/TiO2
16 gl 46.90 4.78 14.73 0.07 — 13.63 0.21 5.08 8.91 3.01 1.09 0.48 98.89 0.399— —
mlt 48.4 3.7 12.4 0.05 2.4 10.6 0.16 7.9 10.8 2.4 0.9 0.4 100.0 0.569 1214
cpx 48.64 1.60 4.15 0.77 — 6.45 0.11 15.98 19.93 0.44 ND ND 98.07 0.815— —

157-953C-
93R-6, 45-55
4 gl 49.44 4.27 13.48 0.06 — 10.99 0.25 6.16 10.12 3.02 1.14 0.55 99.47 0.500— —

mlt 49.8 4.0 13.0 0.06 2.1 9.0 0.24 6.8 10.6 2.9 1.1 0.5 100.0 0.575 1193
cpx 50.39 1.50 3.68 0.81 — 6.49 0.17 16.09 20.41 0.45 ND ND 99.99 81.5 — —

10 gl 49.89 5.12 14.73 0.04 — 9.56 0.15 2.78 12.91 2.79 1.15 0.65 99.78 0.342— —
mlt 48.6 4.5 12.9 0.03 2.4 8.9 0.13 6.9 11.6 2.4 1.0 0.6 100.0 0.580 1178
ol 38.59 0.03 0.05 0.04 — 17.64 0.28 42.40 0.30 ND ND ND 99.33 81.1 — —

12 gl 50.98 4.92 14.98 0.06 — 8.78 0.16 2.35 12.99 2.87 1.09 0.60 99.78 0.323— —
mlt 49.6 4.4 13.3 0.05 2.5 8.2 0.14 6.2 11.6 2.6 1.0 0.5 100.0 0.574 1155
ol 38.97 0.05 0.05 0.05 — 18.24 0.24 41.93 0.29 ND ND ND 99.82 80.4 —

13 gl 51.22 4.96 15.37 0.03 — 9.18 0.18 2.35 11.74 3.04 1.31 0.63 100.01 0.314 —
mlt 49.8 4.2 13.2 0.03 2.4 8.6 0.15 6.7 10.9 2.6 1.1 0.5 100.0 0.580 1175
ol 38.84 0.02 0.04 0.05 — 17.82 0.25 42.34 0.27 ND ND ND 99.63 80.9 — —

14 gl 50.31 5.19 14.52 0.04 — 9.48 0.13 2.79 12.79 2.87 1.08 0.58 99.79 0.344— —
mlt 49.0 4.5 12.7 0.03 2.3 8.9 0.11 7.1 11.5 2.5 0.9 0.5 100.0 0.585 1182
ol 39.04 0.06 0.04 0.04 — 17.32 0.30 42.59 0.28 ND ND ND 99.67 81.4 — —

15 gl 50.00 5.16 15.09 0.09 — 9.28 0.16 2.56 12.77 2.75 1.15 0.68 99.70 0.329— —
mlt 48.7 4.6 13.4 0.08 2.5 8.7 0.14 6.7 11.3 2.4 1.0 0.6 100.0 0.576 1170
ol 38.98 0.03 0.04 0.04 — 18.08 0.26 42.30 0.27 ND ND ND 100.00 80.7 — —

16 gl-1 50.67 4.86 14.38 0.05 — 9.90 0.14 3.15 11.95 2.88 1.22 0.65 99.84 0.362— —
mlt-1 49.6 4.2 12.6 0.04 2.4 8.9 0.12 6.9 11.1 2.5 1.1 0.6 100.0 0.581 1180
gl-2 49.64 4.96 14.72 0.04 — 9.85 0.19 2.84 13.02 2.77 1.12 0.63 99.77 0.340— —
mlt-2 48.4 4.3 12.9 0.03 2.5 9.1 0.17 7.0 11.7 2.4 1.0 0.6 100.0 0.579 1180
ol 38.85 0.05 0.04 0.04 — 17.69 0.25 42.35 0.29 ND ND ND 99.57 81.0 — —

19 gl 50.46 5.30 15.02 0.05 — 10.50 0.20 2.96 10.53 3.00 1.19 0.67 99.89 0.334— —
mlt 49.8 4.2 12.4 0.04 2.4 9.0 0.16 7.2 11.0 2.4 0.9 0.5 100.0 0.587 1185
ol 38.16 0.03 0.06 0.03 — 17.50 0.25 42.32 0.30 ND ND ND 98.64 81.2 — —

21 gl 49.69 5.26 13.99 0.09 — 10.04 0.17 2.94 13.20 2.77 1.14 0.63 99.92 0.343— —
mlt 48.6 4.3 11.8 0.07 2.2 9.4 0.14 7.6 12.2 2.3 0.9 0.5 100.0 0.592 1196
ol 39.14 0.05 0.04 0.02 — 16.92 0.25 43.18 0.31 ND ND ND 99.92 82.0 — —

22 gl 50.34 5.06 13.96 0.02 — 9.80 0.19 3.43 12.26 2.83 1.13 0.62 99.65 0.384— —
mlt 49.5 4.4 12.2 0.02 2.1 8.9 0.16 7.3 11.6 2.4 1.0 0.5 100.0 0.593 1189
ol 39.13 0.03 0.04 0.07 — 16.95 0.23 43.12 0.30 ND ND ND 99.88 81.9 — —

24 gl 50.96 5.00 14.23 0.06 — 9.45 0.17 3.18 12.42 2.86 1.10 0.56 99.98 0.375— —
mlt 49.7 4.4 12.6 0.05 2.1 8.7 0.15 7.0 11.3 2.5 1.0 0.5 100.0 0.589 1183
ol 39.06 0.03 0.05 0.05 — 17.27 0.25 42.83 0.30 ND ND ND 99.83 81.6 —

25 gl 50.17 4.82 15.14 0.04 — 10.39 0.16 2.57 11.74 2.91 1.14 0.63 99.72 0.306 —
mlt 49.2 3.8 12.4 0.03 2.5 9.4 0.13 7.4 11.5 2.3 0.9 0.5 100.0 0.585 1189
ol 38.78 0.02 0.05 0.05 — 17.65 0.20 42.42 0.30 ND ND ND 99.47 81.1 — —

27 gl 50.09 5.26 14.90 0.03 — 9.71 0.12 2.59 12.09 2.93 1.28 0.63 99.63 0.322— —
mlt 48.9 4.6 13.2 0.03 2.7 8.8 0.11 6.5 11.0 2.6 1.1 0.6 100.0 0.569 1167
ol 38.57 0.04 0.05 0.04 — 18.36 0.27 41.80 0.29 ND ND ND 99.41 80.2 — —

29 gl 51.00 5.04 14.81 0.05 — 9.30 0.15 2.45 12.40 2.95 1.27 0.63 100.06 0.319— —
mlt 49.5 4.2 12.6 0.04 2.2 8.9 0.13 7.1 11.3 2.5 1.1 0.5 100.0 0.587 1184
ol 38.90 0.05 0.04 0.03 — 17.33 0.25 42.66 0.30 ND ND ND 99.57 81.4 — —

31 gl-1 50.39 4.39 15.21 0.05 — 9.10 0.16 2.69 12.56 2.82 1.14 0.55 99.05 0.345— —
mlt-1 49.4 3.9 13.4 0.04 2.2 8.7 0.14 6.9 11.4 2.5 1.0 0.5 100.0 0.585 1179
gl-2 51.77 3.85 14.88 0.07 — 8.57 0.17 2.92 12.47 2.88 1.02 0.60 99.19 0.378— —
mlt-2 50.7 3.5 13.5 0.06 2.1 8.1 0.15 6.5 11.3 2.6 0.9 0.5 100.0 0.589 1169
ol 38.56 0.05 0.06 0.06 — 17.51 0.27 42.60 0.32 ND ND ND 99.44 81.3 — —

32 gl 50.08 4.56 14.50 0.08 — 10.13 0.19 3.24 12.88 2.70 0.89 0.57 99.84 0.363— —
mlt 48.9 4.0 12.7 0.07 2.4 9.3 0.16 7.4 11.7 2.3 0.8 0.5 100.0 0.586 1187
ol 39.28 0.04 0.03 0.06 — 17.40 0.23 42.53 0.32 ND ND ND 99.89 81.3 — —

33 gl-1 49.88 4.87 15.18 0.06 — 9.70 0.19 2.67 12.74 2.91 1.18 0.58 99.96 0.329— —
mlt-1 48.7 4.1 13.0 0.05 2.3 9.0 0.16 7.1 11.7 2.5 1.0 0.5 100.0 0.583 1182
gl-2 49.84 4.87 15.16 0.05 — 9.03 0.15 2.49 13.54 2.93 1.10 0.60 99.75 0.329— —
mlt-2 48.4 4.3 13.3 0.04 2.3 8.8 0.13 6.8 11.9 2.6 1.0 0.5 100.0 0.580 1174
ol 39.07 0.03 0.05 0.04 — 17.43 0.28 42.47 0.30 ND ND ND 99.67 81.3 — —

35 gl 50.17 5.21 14.22 0.03 — 9.80 0.14 3.92 11.43 2.95 1.27 0.64 99.78 0.416— —
mlt 49.6 4.6 12.8 0.03 2.1 8.5 0.12 6.8 11.2 2.6 1.1 0.6 100.0 0.587 1178
ol 39.11 0.04 0.03 0.06 — 17.14 0.26 42.75 0.27 ND ND ND 99.67 81.6 — —

Sample Phase SiO2 TiO2 Al 2O3 Cr2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total Mg#, Fo T (°C) P 

Appendix Table 3 (continued). 



A
. G

U
R

E
N

K
O

, T
. H

A
N

ST
E

E
N

, H
-U

. SC
H

M
IN

C
K

E

398

— — — — —
3.0 –7.9 8.6 6.0 0.23 0.12

— — — — —
3.0 –7.8 11.6 1.5 0.22 0.12

— — — — —
— — — — —

3.0 –7.7 10.4 1.5 0.24 0.12
— — — — —

3.0 —7.7 10.5 1.7 0.22 0.11
— — — — —
— — — — —

3.0 –8.3 11.1 3.6 0.21 0.12
— — — — —
— — — — —

3.0 –8.1 10.0 0.2 0.24 0.12
— — — — —

3.0 –8.0 8.5 6.6 0.24 0.12
— — — — —
— — — — —

3.0 –8.0 7.7 4.1 0.24 0.12
— — — — —

— — — — —
1.6 –8.1 0 26.3 0.24 0.13

— — — — —
1.5 –8.1 0 26.7 0.24 0.11

— — — — —
— — — — —

3.9 –8.0 0 13.4 0.21 0.10
— — — — —

3.4 –8.1 0 12.7 0.25 0.12
— — — — —

2.7 –8.2 0 13.2 0.26 0.12
— — — — —
— — — — —

3.4 –8.0 0 13.0 0.25 0.13
— — — — —
— — — — —

3.4 –7.9 0 16.5 0.26 0.12
— — — — —
— — — — —

3.1 –8.0 0 15.3 0.25 0.13
— — — — —
— — — — —

2.4 –8.2 0 11.8 0.30 0.13
— — — — —
— — — — —

2.7 –8.0 0 13.3 0.25 0.12
— — — — —

— — — — —
4.1 —7.8 0 20.4 0.31 0.14

— — — — —

— — — — —
3.4 –8.0 0 11.9 0.26 0.12

— — — — —
— — — — —

2.7 –8.0 0 11.6 0.22 0.11
— — — — —
— — — — —

4.6 –8.0 0 12.0 0.29 0.13
— — — — —

kbar) lgƒO2 Oladd Cpxadd K2O/TiO2 P2O5/TiO2
37 gl-1 49.58 4.87 14.23 0.01 — 10.31 0.17 3.42 12.27 2.81 1.13 0.61 99.41 0.372— —
mlt-1 48.9 4.2 12.4 0.01 2.3 9.2 0.15 7.3 11.7 2.4 1.0 0.5 100.0 0.586 1187
gl-2 49.96 4.86 14.51 0.06 — 9.79 0.13 2.82 12.95 2.73 1.05 0.60 99.47 0.339— —
mlt-2 48.8 4.2 12.7 0.05 2.5 9.2 0.11 7.1 11.6 2.4 0.9 0.5 100.0 0.581 1182
ol 38.55 0.04 0.05 0.06 — 17.27 0.25 42.39 0.30 ND ND ND 98.92 81.4 — —

40 gl-1 50.16 5.10 15.29 0.05 — 9.39 0.15 2.46 11.80 2.90 1.24 0.60 99.14 0.319— —
mlt-1 49.2 4.5 13.6 0.04 2.7 8.5 0.13 6.3 10.7 2.6 1.1 0.5 100.0 0.569 1163
gl-2 50.01 5.16 14.43 0.08 — 10.10 0.14 2.76 12.16 2.88 1.15 0.59 99.46 0.328— —
mlt-2 48.9 4.5 12.8 0.07 2.9 9.0 0.12 6.7 11.0 2.5 1.0 0.5 100.0 0.569 1171
ol 38.74 0.04 0.05 0.04 — 18.51 0.25 41.73 0.29 ND ND ND 99.63 80.1 — —

43 gl 49.35 5.34 13.83 0.03 — 9.11 0.17 3.24 13.80 2.51 1.10 0.62 99.12 0.388— —
mlt 48.6 4.6 12.0 0.03 1.7 8.9 0.15 7.8 12.6 2.2 1.0 0.5 100.0 0.611 1200
ol 38.60 0.04 0.06 0.03 — 15.58 0.22 43.83 0.33 ND ND ND 98.70 83.4 — —

44 gl-1 51.07 5.14 14.66 0.03 — 8.86 0.17 2.85 12.15 3.04 1.23 0.62 99.82 0.365— —
mlt-1 49.8 4.6 13.2 0.03 2.1 8.3 0.15 6.5 10.9 2.7 1.1 0.6 100.0 0.583 1172
gl-2 49.65 5.17 14.82 0.03 — 9.76 0.17 2.96 11.97 3.18 1.22 0.61 99.55 0.351— —
mlt-2 49.0 4.4 12.9 0.03 2.3 8.8 0.14 6.8 11.5 2.7 1.0 0.5 100.0 0.581 1179
ol 38.80 0.05 0.05 0.05 — 17.43 0.25 42.51 0.29 ND ND ND 99.43 81.3 — —

46 gl 50.48 5.02 13.91 0.04 — 9.79 0.19 3.53 11.62 2.93 1.21 0.61 99.34 0.391— —
mlt 49.8 4.4 12.5 0.04 2.2 8.7 0.17 6.9 11.1 2.6 1.1 0.5 100.0 0.585 1181
ol 38.58 0.04 0.04 0.04 — 17.41 0.26 42.35 0.28 ND ND ND 99.01 81.3 — —

157-953C-
97R-2, 0-16
64 gl-1 50.23 5.25 14.12 0.03 — 12.50 0.19 4.15 8.39 2.89 1.24 0.66 99.65 0.372— —

mlt-1 50.7 3.9 11.4 0.02 2.2 9.7 0.14 7.4 10.9 2.1 0.9 0.5 100.0 0.577 1181
gl-2 50.65 5.49 14.34 0.02 — 12.04 0.19 3.93 8.17 2.90 1.29 0.62 99.63 0.368— —
mlt-2 51.0 4.0 11.6 0.01 2.1 9.5 0.14 7.3 10.8 2.1 1.0 0.5 100.0 0.579 1178
cpx 51.64 1.18 2.24 0.57 — 6.75 0.15 17.56 18.86 0.34 ND ND 99.30 0.823— —

66 gl-1 46.56 5.13 13.41 0.05 — 12.67 0.22 5.89 10.54 2.77 1.09 0.52 98.85 0.453— —
mlt-1 47.7 4.5 12.2 0.04 2.3 10.1 0.19 7.4 11.7 2.4 1.0 0.5 100.0 0.567 1194
gl-2 47.92 4.73 13.59 0.04 — 11.86 0.22 5.57 9.96 2.90 1.18 0.55 98.50 0.456— —
mlt-2 49.0 4.2 12.5 0.04 2.2 9.6 0.19 7.1 11.2 2.6 1.0 0.5 100.0 0.569 1187
gl-3 47.89 4.69 13.80 0.03 — 11.76 0.12 5.45 10.20 2.90 1.21 0.56 98.61 0.452— —
mlt-3 48.9 4.1 12.6 0.03 2.2 9.4 0.11 7.0 11.5 2.6 1.1 0.5 100.0 0.569 1180
cpx 49.74 1.65 3.75 0.66 — 6.39 0.14 15.55 20.49 0.42 ND ND 98.78 0.813— —

67 gl-1 47.78 4.64 13.46 0.04 — 12.01 0.23 5.89 10.34 2.68 1.16 0.60 98.82 0.466— —
mlt-1 48.8 4.1 12.3 0.04 2.2 9.6 0.20 7.4 11.5 2.4 1.0 0.5 100.0 0.579 1193
cpx-1 50.09 1.48 3.48 0.85 — 6.14 0.14 15.77 20.47 0.40 ND ND 98.82 0.821— —
gl-2 47.73 4.56 13.04 0.04 — 12.04 0.21 5.89 10.23 2.72 1.19 0.57 98.23 0.466— —
mlt-2 49.2 3.9 11.6 0.03 2.1 9.6 0.18 7.8 11.8 2.3 1.0 0.5 100.0 0.594 1204
cpx-2 50.56 1.28 2.95 0.76 — 5.84 0.11 16.46 20.30 0.40 ND ND 98.66 0.834— —
gl-3 47.30 4.59 13.18 tr. — 11.82 0.19 5.80 10.38 2.76 1.15 0.58 97.75 0.467— —
mlt-3 48.9 4.0 11.9 tr. 2.1 9.5 0.16 7.6 11.9 2.4 1.0 0.5 100.0 0.589 1197
cpx-3 49.61 1.40 3.28 0.88 — 5.86 0.15 16.06 20.61 0.39 ND ND 98.25 0.830— —

68 gl 48.35 4.22 13.68 0.04 — 11.00 0.21 5.79 10.70 2.98 1.25 0.56 98.79 0.484— —
mlt 49.3 3.8 12.6 0.04 2.0 8.9 0.19 7.2 11.9 2.7 1.1 0.5 100.0 0.590 1184
cpx 49.78 1.64 3.59 0.92 — 5.78 0.12 15.60 20.78 0.39 ND ND 98.59 0.828— —

69 gl 51.08 3.82 13.45 0.09 — 10.27 0.16 5.64 9.52 2.97 0.95 0.45 98.40 0.495— —
mlt 51.9 3.4 12.4 0.08 1.8 8.3 0.14 7.3 10.9 2.6 0.8 0.4 100.0 0.609 1194
cpx 51.99 0.92 1.94 0.79 — 5.93 0.17 17.75 19.16 0.37 ND ND 99.03 0.842— —

78 gl 48.99 4.53 13.47 0.01 — 12.46 0.21 5.23 8.89 2.66 1.40 0.62 98.46 0.428— —
mlt 50.2 3.7 11.6 0.01 2.2 9.8 0.17 7.8 10.8 2.1 1.1 0.5 100.0 0.586 1209
cpx 50.43 1.26 2.82 0.57 — 6.18 0.13 16.86 20.09 0.41 ND ND 98.75 0.829— —

157-953C-
98R-1, 0-12
40 gl 49.27 4.25 13.07 0.06 — 11.74 0.18 5.79 9.67 2.76 1.11 0.49 98.39 0.468— —

mlt 50.3 3.8 12.1 0.05 2.2 9.5 0.16 7.2 10.8 2.5 1.0 0.4 100.0 0.576 1194
cpx 50.84 1.31 2.90 0.66 — 6.37 0.16 16.27 19.74 0.38 ND ND 98.63 0.820— —

42 gl 48.44 4.08 13.44 0.05 — 11.36 0.18 6.21 10.70 2.66 0.92 0.45 98.49 0.494— —
mlt 49.5 3.7 12.5 0.04 2.0 9.2 0.16 7.6 11.8 2.4 0.8 0.4 100.0 0.595 1193
cpx 50.20 1.26 3.34 0.88 — 5.83 0.15 16.31 20.30 0.41 ND ND 98.69 0.833— —

43 gl 47.95 4.64 13.47 0.04 — 12.04 0.17 5.74 9.85 2.91 1.35 0.62 98.79 0.459— —
mlt 48.9 4.1 12.4 0.04 2.2 9.7 0.15 7.2 11.0 2.6 1.2 0.6 100.0 0.569 1199
cpx 50.39 1.57 3.28 0.48 — 6.60 0.15 16.09 19.94 0.42 ND ND 98.92 0.813— —

Sample Phase SiO2 TiO2 Al 2O3 Cr2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total Mg#, Fo T (°C) P (
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— — — — — —
189 3.9 –8.1 0 13.4 0.22 0.11

— — — — — —
— — — — — —

193 4.0 –8.1 0 7.7 0.24 0.12
— — — — — —

207 5.2 –7.8 0 9.0 0.22 0.12
— — — — — —
— — — — — —

186 3.6 –8.1 0 9.5 0.28 0.13
— — — — — —
— — — — — —

189 3.4 –8.1 0 14.4 0.30 0.14
— — — — — —
— — — — — —

187 3.6 –8.1 0 11.9 0.28 0.13
— — — — — —
— — — — — —

195 3.8 –8.0 0 15.0 0.28 0.14
— — — — — —
— — — — — —

185 3.7 –8.2 0 7.9 0.26 0.11
— — — — — —
— — — — — —

188 2.6 –8.1 0 19.6 0.45 0.14
— — — — — —
— — — — — —

181 2.6 –8.1 0 17.8 0.21 0.11
— — — — — —

— — — — — —
182 3.9 –8.2 0 12.3 0.28 0.14

— — — — — —
— — — — — —

217 5.5 –7.8 0 14.9 0.27 0.15
— — — — — —
— — — — — —

156 3.0 –8.5 0 7.6 0.29 0.16
— — — — — —
— — — — — —

177 3.0 –8.3 0 8.4 0.27 0.14
— — — — — —
— — — — — —

176 2.9 –8.3 0 9.9 0.30 0.15
— — — — — —
— — — — — —

186 3.6 –8.1 0 9.5 0.23 0.14
— — — — — —
— — — — — —

179 3.9 –8.2 0 15.7 0.25 0.12
— — — — — —
— — — — — —

193 3.1 –8.1 0 10.2 0.27 0.13
— — — — — —
— — — — — —

193 4.2 –8.0 0 13.9 0.30 0.14
— — — — — —
— — — — — —

181 2.2 –8.2 0 9.2 0.26 0.12
— — — — — —
— — — — — —

182 3.4 –8.2 0 7.1 0.24 0.13
— — — — — —

P (kbar) lgƒO2 Oladd Cpxadd K2O/TiO2 P2O5/TiO2
44 gl 46.72 5.34 13.98 0.02 — 12.31 0.16 5.69 10.39 2.72 1.19 0.57 99.09 0.452—
mlt 47.7 4.7 12.7 0.02 2.3 9.8 0.14 7.2 11.6 2.4 1.0 0.5 100.0 0.567 1
cpx 48.85 1.89 4.52 0.78 — 6.29 0.13 15.13 20.72 0.43 ND ND 98.73 0.811—

47 gl-1 47.69 4.96 12.70 0.10 — 11.76 0.24 6.29 10.46 2.57 1.21 0.61 98.56 0.488—
mlt-1 48.6 4.6 12.1 0.09 2.2 9.6 0.22 7.2 11.2 2.4 1.1 0.6 100.0 0.572 1
gl-2 48.05 4.75 12.71 0.02 — 12.37 0.13 6.34 9.93 2.58 1.06 0.58 98.53 0.477—
mlt-2 49.0 4.4 12.0 0.02 2.3 10.1 0.12 7.4 10.8 2.4 1.0 0.5 100.0 0.569 1
cpx 50.45 1.52 3.03 0.55 — 6.65 0.16 16.37 19.74 0.41 ND ND 98.88 0.815—

48 gl 47.62 4.48 13.84 tr. — 11.63 0.15 5.84 10.60 2.93 1.27 0.57 98.92 0.472—
mlt 48.4 4.1 13.0 tr. 2.2 9.4 0.14 6.9 11.5 2.7 1.2 0.5 100.0 0.568 1
cpx 49.10 1.78 4.46 0.83 — 6.33 0.12 15.21 20.66 0.43 ND ND 98.93 0.811—

51 gl-1 48.67 4.43 14.18 0.01 — 11.16 0.21 5.38 9.79 2.99 1.33 0.62 98.78 0.462—
mlt-1 49.6 3.8 12.8 0.01 2.0 9.0 0.18 7.1 11.2 2.6 1.2 0.5 100.0 0.586 1
cpx-1 50.12 1.47 3.33 0.84 — 6.15 0.15 16.17 20.33 0.40 ND ND 98.98 0.824—
gl-2 48.77 4.48 14.08 0.07 — 11.14 0.16 5.50 9.86 2.97 1.27 0.58 98.87 0.468—
mlt-2 49.6 4.0 13.0 0.06 2.1 9.0 0.14 6.9 11.0 2.6 1.1 0.5 100.0 0.578 1
cpx-2 49.84 1.59 3.64 0.73 — 6.33 0.13 16.00 20.26 0.39 ND ND 98.92 0.818—

52 gl 48.72 4.49 14.21 0.07 — 11.09 0.16 5.41 9.69 3.03 1.27 0.61 98.73 0.465—
mlt 49.7 3.9 12.8 0.06 2.0 8.9 0.14 7.2 11.1 2.6 1.1 0.5 100.0 0.591 1
cpx 50.15 1.41 3.29 0.72 — 5.91 0.13 15.96 20.40 0.41 ND ND 98.38 0.828—

55 gl 47.33 5.23 12.85 0.07 11.83 0.22 6.01 10.51 2.66 1.36 0.59 98.66 0.475—
mlt 48.2 4.9 12.2 0.07 2.2 9.6 0.20 6.9 11.3 2.5 1.3 0.6 100.0 0.562 1
cpx 49.12 1.90 3.93 0.58 — 6.69 0.17 15.70 19.81 0.44 ND ND 98.33 0.807—

57 gl-1 49.20 4.63 14.18 tr. — 11.23 0.18 4.81 9.23 2.58 2.08 0.63 98.75 0.433—
mlt-1 50.2 3.8 12.3 tr. 2.0 8.9 0.15 7.2 11.2 2.1 1.7 0.5 100.0 0.590 1
cpx-1 50.13 1.51 3.34 0.73 — 5.87 0.16 15.94 20.75 0.41 ND ND 98.85 0.829—
gl-2 47.93 5.02 13.95 0.01 — 12.49 0.18 5.12 9.72 2.87 1.07 0.56 98.91 0.422—
mlt-2 49.0 4.2 12.2 0.01 2.3 9.9 0.15 7.2 11.4 2.4 0.9 0.5 100.0 0.566 1
cpx-2 49.03 1.66 4.07 0.75 — 6.34 0.12 15.40 20.83 0.43 ND ND 98.64 0.812—

157-953C-
102R-1, 8-28
1 gl 46.28 5.32 13.42 0.04 — 12.37 0.18 5.30 9.80 2.85 1.46 0.76 97.78 0.433—

mlt 47.8 4.8 12.4 0.04 2.4 10.0 0.16 6.8 11.0 2.6 1.3 0.7 100.0 0.547 1
cpx 49.02 1.96 3.97 0.32 — 6.93 0.13 15.12 20.14 0.45 ND ND 98.02 0.795—

3 gl 48.04 4.69 13.11 0.05 — 12.25 0.17 5.83 9.44 2.95 1.25 0.69 98.48 0.459—
mlt 49.3 4.0 11.8 0.04 2.2 9.8 0.15 7.7 10.8 2.5 1.1 0.6 100.0 0.583 1
cpx 50.89 1.34 2.57 0.57 — 6.13 0.14 16.23 19.90 0.40 ND ND 98.15 0.825—

6 gl 46.00 4.99 14.22 0.03 — 11.95 0.18 5.17 10.24 2.93 1.42 0.79 97.90 0.435—
mlt 47.2 4.7 13.7 0.03 2.4 9.8 0.17 6.1 11.1 2.8 1.3 0.7 100.0 0.527 1
cpx 47.36 2.54 5.63 0.86 — 7.41 0.13 14.23 20.12 0.45 ND ND 98.71 0.774—

16 gl-1 46.63 4.75 13.54 0.05 — 11.92 0.17 5.90 10.94 2.75 1.26 0.66 98.59 0.469—
mlt-1 47.6 4.4 12.9 0.05 2.3 9.7 0.16 6.9 11.8 2.6 1.2 0.6 100.0 0.558 1
cpx-1 48.72 2.02 4.47 0.78 — 6.41 0.13 14.77 20.81 0.45 ND ND 98.55 0.804—
gl-2 47.14 4.77 13.62 0.06 — 11.53 0.18 5.62 10.65 2.96 1.44 0.70 98.66 0.465—
mlt-2 48.1 4.4 12.8 0.05 2.2 9.3 0.16 6.8 11.6 2.7 1.3 0.6 100.0 0.563 1
cpx-2 49.49 1.75 3.68 0.71 — 6.44 0.12 15.14 20.63 0.43 ND ND 98.39 0.807—

22 gl 47.80 5.14 13.33 0.05 — 11.66 0.23 6.02 10.36 2.55 1.19 0.73 99.06 0.479—
mlt 48.5 4.7 12.5 0.05 2.2 9.4 0.21 7.1 11.2 2.3 1.1 0.7 100.0 0.574 1
cpx 49.48 1.80 3.82 0.82 — 6.40 0.14 15.80 19.79 0.41 ND ND 98.46 0.815—

29 gl 44.95 5.49 13.75 0.03 — 14.36 0.23 5.00 9.99 3.17 1.35 0.68 99.00 0.383—
mlt 46.3 4.7 12.2 0.03 2.8 11.3 0.20 6.8 11.3 2.7 1.2 0.6 100.0 0.517 1
cpx 47.47 2.39 5.47 0.42 — 7.21 0.13 13.80 21.12 0.48 ND ND 98.48 0.773—

30 gl 47.36 4.35 13.09 0.04 — 11.75 0.19 6.29 11.05 2.64 1.16 0.57 98.50 0.488—
mlt 48.4 4.0 12.3 0.04 2.1 9.5 0.17 7.5 12.1 2.4 1.1 0.5 100.0 0.583 1
cpx 49.69 1.55 3.61 0.91 — 5.85 0.13 15.46 20.60 0.39 ND ND 98.19 0.825—

32 gl 48.71 4.89 13.66 0.03 — 11.74 0.17 5.28 9.27 2.87 1.49 0.69 98.80 0.445—
mlt 49.6 4.3 12.4 0.03 2.2 9.5 0.15 7.0 10.6 2.5 1.3 0.6 100.0 0.568 1
cpx 51.03 1.48 2.56 0.45 — 6.72 0.14 16.34 19.60 0.38 ND ND 98.70 0.812—

33 gl 46.50 4.46 12.64 0.05 — 12.63 0.22 6.23 11.44 2.54 1.15 0.55 98.42 0.468—
mlt 47.6 4.1 11.9 0.05 2.4 10.2 0.20 7.3 12.4 2.3 1.1 0.5 100.0 0.559 1
cpx 49.17 2.00 4.37 0.71 — 6.23 0.13 14.78 20.99 0.44 ND ND 98.81 0.809—

34 gl 48.70 4.93 13.37 0.02 — 10.90 0.15 6.02 10.32 2.54 1.20 0.66 98.81 0.496—
mlt 49.4 4.6 12.8 0.02 2.0 8.9 0.14 6.9 11.0 2.4 1.1 0.6 100.0 0.579 1
cpx 49.88 1.69 3.50 0.82 — 6.35 0.14 15.85 20.05 0.39 ND ND 98.69 0.817—

Sample Phase SiO2 TiO2 Al 2O3 Cr2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total Mg#, Fo T (°C)
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— — — — —
1.2 –7.5 0 15.2 0.31 0.12

— — — — —
— — — — —

2.2 –7.7 0 7.3 0.31 0.16
— — — — —
— — — — —

1.3 –7.2 0 21.5 0.26 0.15
— — — — —
— — — — —

<0.5 –8.5 0 8.9 0.43 0.19
— — — — —
— — — — —

1.4 –7.4 0 8.5 0.30 0.11
— — — — —
— — — — —

2.0 –7.0 0 18.3 0.64 0.22
— — — — —
— — — — —

1.9 –7.5 0 3.2 0.55 0.23
— — — — —

2.0 –7.5 0 6.9 0.32 0.12
— — — — —
— — — — —

2.9 –7.5 0 8.5 0.30 0.15
— — — — —

— — — — —
<0.5 –7.3 0 19.2 0.32 0.13

— — — — —
— — — — —

5.3 –6.5 0 28.8 0.36 0.20
— — — — —
— — — — —

<0.5 –8.4 0 12.9 0.29 0.11
— — — — —
— — — — —

2.4 –7.1 0 14.1 0.29 0.11
— — — — —
— — — — —

<0.5 –8.5 0 14.7 0.33 0.13
— — — — —
— — — — —

3.4 –6.9 0 22.2 0.26 0.14
— — — — —

7.4 –6.4 0 18.3 0.27 0.14
— — — — —

6.2 –6.6 0 19.7 0.29 0.15
— — — — —
— — — — —

4.6 –6.8 0 21.8 0.26 0.15
— — — — —
— — — — —

2.7 –7.2 0 11.5 0.41 0.17
— — — — —

— — — — —
1.2 –7.3 0 18.2 0.26 0.14

— — — — —

— — — — —
0.8 –7.8 0 6.2 0.22 0.09

— — — — —

ar) lgƒO2 Oladd Cpxadd K2O/TiO2 P2O5/TiO2
400

157-956B-
44R-3, 57-71
6 gl 47.45 5.23 13.04 0.03 — 12.16 0.17 4.93 9.41 2.02 1.62 0.64 96.71 0.420— —

mlt 49.4 4.6 12.0 0.03 3.3 9.0 0.15 6.9 11.1 1.8 1.4 0.6 100.0 0.577 1159
cpx 49.81 1.50 2.99 0.41 — 6.21 0.10 15.46 21.12 0.46 ND ND 98.05 0.816— —

7 gl 48.10 4.30 14.57 0.03 — 11.17 0.14 4.70 9.36 2.94 1.34 0.71 97.37 0.429— —
mlt 49.4 4.1 14.1 0.03 3.2 8.3 0.13 5.7 10.2 2.8 1.3 0.7 100.0 0.547 1141
cpx 49.03 1.87 4.30 0.11 — 7.20 0.18 14.77 21.29 0.38 ND ND 99.12 0.785— —

10b gl 48.41 3.76 14.83 0.04 — 11.08 0.15 4.66 9.41 2.99 0.98 0.58 96.89 0.429— —
mlt 50.3 3.0 12.9 0.03 2.8 8.0 0.12 7.4 11.8 2.4 0.8 0.5 100.0 0.621 1176
cpx 51.31 1.02 2.70 0.66 — 5.26 0.11 16.33 21.83 0.29 ND ND 99.50 0.847— —

12 gl 52.01 3.78 12.78 0.02 — 11.53 0.35 3.93 8.34 1.59 1.61 0.71 96.65 0.378— —
mlt 53.4 3.6 12.4 0.02 2.6 9.5 0.33 5.1 9.5 1.5 1.5 0.7 100.0 0.488 1123
cpx 49.75 1.43 2.76 0.03 — 9.04 0.37 14.75 19.60 0.44 ND ND 98.16 0.744— —

13 gl 47.29 3.96 13.58 0.04 — 10.89 0.19 5.85 10.68 2.29 1.20 0.44 96.41 0.489— —
mlt 49.2 3.8 13.2 0.04 3.0 8.2 0.18 7.0 11.8 2.2 1.1 0.4 100.0 0.602 1164
cpx 50.24 1.04 2.93 0.68 — 5.71 0.11 15.87 21.49 0.37 ND ND 98.43 0.832— —

15 gl 52.88 3.34 14.96 0.03 — 8.54 0.12 3.96 7.58 1.57 2.14 0.74 95.87 0.453— —
mlt 54.4 2.8 13.7 0.03 2.3 6.6 0.10 6.6 9.8 1.3 1.8 0.6 100.0 0.641 1170
cpx 51.03 0.99 2.21 0.65 — 4.99 0.11 16.38 21.56 0.37 ND ND 98.30 0.854— —

16 gl-1 50.58 3.13 14.73 0.04 — 8.86 0.12 4.85 8.81 1.95 1.72 0.73 95.52 0.494— —
mlt-1 52.8 3.2 15.1 0.04 2.6 6.9 0.12 5.5 9.5 2.0 1.7 0.7 100.0 0.585 1138
gl-2 48.39 4.30 14.12 0.03 — 10.30 0.15 5.07 9.21 2.01 1.37 0.52 95.46 0.467— —
mlt-2 50.6 4.2 14.1 0.03 2.9 7.9 0.15 6.1 10.2 2.0 1.3 0.5 100.0 0.579 1148
cpx 48.93 1.76 3.83 0.37 — 6.36 0.12 15.20 20.95 0.45 ND ND 97.97 0.810— —

17 gl 47.77 4.24 14.18 tr. — 11.50 0.17 4.95 9.56 3.17 1.29 0.64 97.46 0.434— —
mlt 49.1 4.0 13.6 tr. 3.3 8.6 0.16 6.0 10.5 3.0 1.2 0.6 100.0 0.557 1158
cpx 50.05 1.64 3.84 0.15 — 7.00 0.14 15.36 21.21 0.40 ND ND 99.79 0.796— —

157-956B-
45R-3, 120-132
19 gl 47.56 3.74 14.18 0.04 — 10.59 0.18 5.07 9.87 2.04 1.21 0.50 94.98 0.461— —

mlt 50.3 3.2 12.9 0.03 2.7 7.8 0.15 7.6 12.2 1.7 1.0 0.4 100.0 0.632 1167
cpx 50.92 1.01 2.65 0.68 — 4.97 0.09 16.35 21.62 0.35 ND ND 98.64 0.854— —

22 gl 49.78 3.92 15.12 0.04 — 9.96 0.16 5.15 9.14 3.40 1.41 0.76 98.85 0.480— —
mlt 50.9 2.8 12.0 0.03 2.2 6.8 0.11 9.0 12.1 2.4 1.0 0.6 100.0 0.701 1247
cpx 52.90 0.65 1.55 0.92 — 3.68 0.08 17.52 21.99 0.29 ND ND 99.59 0.895— —

23 gl 48.65 3.69 14.63 0.03 — 10.16 0.20 5.18 10.54 2.06 1.07 0.42 96.64 0.476— —
mlt 50.4 3.3 13.8 0.03 1.8 8.4 0.18 6.7 12.1 1.9 1.0 0.4 100.0 0.588 1153
cpx 49.36 1.33 3.80 0.57 — 5.81 0.12 15.33 21.53 0.39 ND ND 98.24 0.825— —

26 gl 45.48 3.87 12.45 0.03 — 11.58 0.20 6.37 11.44 2.52 1.14 0.44 95.52 0.495— —
mlt 48.2 3.5 11.6 0.03 3.0 8.6 0.18 8.1 13.2 2.3 1.0 0.4 100.0 0.628 1201
cpx 50.69 1.07 2.51 0.60 — 4.90 0.10 16.19 22.02 0.35 ND ND 98.44 0.855— —

37 gl 51.30 3.97 15.01 tr. — 8.07 0.19 4.40 9.64 1.75 1.30 0.53 96.16 0.493— —
mlt 53.0 3.5 14.1 tr. 1.4 6.9 0.17 6.3 11.5 1.6 1.2 0.5 100.0 0.618 1150
cpx 50.95 0.96 2.48 0.44 — 5.49 0.13 16.29 21.37 0.34 ND ND 98.45 0.841— —

38a gl-1 46.54 4.21 13.66 0.01 — 12.08 0.17 5.30 9.57 2.75 1.12 0.57 95.98 0.439— —
mlt-1 49.2 3.4 11.9 0.01 3.0 8.7 0.14 8.2 11.9 2.2 0.9 0.5 100.0 0.627 1207
gl-2 45.88 3.98 13.04 0.02 — 12.71 0.17 6.22 9.15 2.67 1.07 0.56 95.47 0.466— —
mlt-2 48.8 3.4 11.8 0.02 3.2 9.3 0.14 8.7 11.0 2.3 0.9 0.5 100.0 0.626 1247
gl-3 45.19 3.88 13.03 0.03 — 12.58 0.23 5.94 9.41 2.73 1.12 0.59 94.73 0.457— —
mlt-3 48.6 3.3 11.7 0.03 3.2 9.2 0.19 8.6 11.5 2.3 1.0 0.5 100.0 0.626 1236
cpx 52.19 0.93 1.91 0.30 — 5.27 0.15 17.18 21.15 0.27 ND ND 99.37 0.853— —

38b gl 45.22 4.07 13.34 0.03 — 12.62 0.21 6.03 10.42 2.74 1.04 0.60 96.32 0.460— —
mlt 48.1 3.3 11.6 0.02 3.1 8.9 0.17 8.7 12.6 2.2 0.8 0.5 100.0 0.636 1226
cpx 51.87 0.90 2.14 0.50 — 4.88 0.09 16.79 21.96 0.30 ND ND 99.43 0.860— —

52 gl 47.24 3.80 14.49 0.03 — 11.13 0.16 5.32 9.63 2.15 1.56 0.66 96.17 0.460— —
mlt 49.3 3.5 13.8 0.03 3.0 8.4 0.15 6.9 11.0 2.0 1.4 0.6 100.0 0.594 1169
cpx 49.45 1.39 3.47 0.49 — 5.82 0.13 15.28 21.35 0.44 ND ND 97.82 0.824— —

53 gl 45.92 3.94 13.61 0.05 — 12.59 0.25 5.60 10.93 2.61 1.01 0.54 97.05 0.442— —
mlt 48.1 3.3 12.1 0.04 3.2 9.0 0.21 7.7 12.8 2.2 0.9 0.5 100.0 0.604 1179
cpx 51.61 0.98 2.50 0.46 — 5.56 0.12 16.25 22.01 0.30 ND ND 99.79 0.839— —

157-956B-
45R-CC, 7-17
57 gl 45.20 4.95 13.49 0.01 — 12.96 0.21 5.51 10.90 2.15 1.10 0.46 96.95 0.431— —

mlt 46.8 4.8 13.3 0.01 3.8 9.7 0.20 6.3 11.7 2.1 1.1 0.4 100.0 0.538 1136
cpx 48.50 1.96 4.44 0.14 — 7.22 0.09 14.60 21.04 0.46 ND ND 98.44 0.783— —

Sample Phase SiO2 TiO2 Al 2O3 Cr2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total Mg#, Fo T (°C) P (kb
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Notes: Sample = sample studied (core, grain, int e. Fe2O3, FeO are calculated on the basis of Fe2+/Fe3+ ratios of the coexisted spinel inclusions using the experimental
data on spinel (silicate melt equilibrium afte  inclusions and host clinopyroxenes, Mg/(Mg+Fe2+) in calculated trapped melts, and mol% Fo in host olivine. T (°C) =
calculated temperature, for glass inclusi lculated melts is the temperature of melt entrapment. Oladd and Cpxadd = amounts of olivine and clinopyroxene (wt%) recrystal-
lized on the inclusions walls and as daug  by mass balance calculations to the glass inclusion in order to obtain the composition of trapped melt (see text). gl = glass (i.e.,
glass inclusions), mlt = melt (calculated host olivine.— = not calculated, ND = not determined, and tr. = traces.

58 gl 46.59 5.21 2.80 1.44 0.69 98.66 0.388— — — — — — —
mlt 47.7 4.5 2.4 1.3 0.6 100.0 0.541 1160 3.1 –7.5 0 13.7 0.28 0.13
cpx 48.34 2.22 0.43 ND ND 99.66 0.786— — — — — — —

65 gl 49.71 3.21 2.92 1.62 0.82 96.52 0.495— — — — — — —
mlt 51.4 3.1 2.8 1.6 0.8 100.0 0.604 1188 4.1 –7.2 0 7.1 0.50 0.26
cpx 51.12 1.26 0.36 ND ND 99.79 0.832— — — — — — —

67 gl 51.62 4.65 3.26 1.08 0.66 98.36 0.508— — — — — — —
mlt 52.3 4.2 3.0 1.0 0.6 100.0 0.622 1143 <0.5 –8.5 0 10.9 0.23 0.14
cpx 51.30 1.11 0.28 ND ND 99.56 0.850— — — — — — —

73 gl 46.00 5.35 3.16 1.52 0.81 98.66 0.375— — — — — — —
mlt 46.9 4.9 2.9 1.4 0.8 100.0 0.504 1137 2.7 –7.9 0 8.6 0.28 0.15
cpx 47.90 2.58 0.43 ND ND 99.04 0.750— — — — — — —

Sample Phase SiO2 TiO2 a2O K2O P2O5 Total Mg#, Fo T (°C) P (kbar) lgƒO2 Oladd Cpxadd K2O/TiO2 P2O5/TiO2

 3 (continued). 
erval [cm], analyzed grain). FeOtot = measured with electron microprob
r Maurel and Maurel, 1982). Mg# = atomic ratio Mg/(Mg+Fetot) in glass
ons represent temperature of melt inclusion quenching and for ca
hter crystals inside the inclusion volume, which should be added

composition of trapped melt), cpx = host clinopyroxene, and ol = 

14.21 0.03 — 13.39 0.14 4.76 9.40
12.9 0.03 3.7 9.7 0.12 6.4 10.6

5.28 0.42 — 7.03 0.12 14.44 21.38
13.43 0.03 — 9.99 0.20 5.49 9.11
13.2 0.03 2.7 7.6 0.19 6.5 10.1

2.92 0.27 — 5.94 0.13 16.52 21.27
14.58 0.03 — 7.75 0.22 4.48 10.03
13.7 0.03 1.6 6.3 0.20 5.8 11.4

2.76 0.59 — 5.03 0.08 15.96 22.45
14.05 0.04 — 13.45 0.24 4.53 9.52
13.3 0.04 4.0 9.7 0.22 5.5 10.3

4.88 0.09 — 8.21 0.18 13.79 20.99

Al 2O3 Cr2O3 Fe2O3 FeO MnO MgO CaO N
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