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R&umeé

Cette é@ude met en éridence le rde de la subduction Pacifique dans la genese des
basaltes est- chinois a ’aide de la mesure de leur teneur en eau par infrarouge en
transforméde Fourier (IRTF) et de leur composition isotopique en oxygene analysé

par sonde ionique (SIMS).

Les valeurs en 380 des phénocristaux de clinopyroxeénes (cpx) des basaltes de
Shuangliao, varient entre 4.10%o et 6.73%o. Elles suggérent la présence d’une crotite
océ&nique recyclée (ROC) dans la source magmatique. La forte valeur de la
concentration en H»O et du rapport H>O/Ce de la source magmatique (0.90-3.06 pds.%,
158-737), suggere egalement la contribution de sé&liments riches en eau &la source. Par
contre, les basaltes de Wulanhada ont une teneur en eau nettement plus faible (0.21-
0.69 pds.%). Leur 5'80 @evé(5.49-7.38 %o) et la corrélation du rapport H,O/Ce avec
87Sr/%Sr, Ba/Th, Nb/La, Nb/U et Ce/Pb indiquent clairement une contribution de
sé&liments déshydratés dans la source, en plus de la croCte (ROC). Dans les basaltes de
Chaihe-aershan, le 580 des cpx ainsi que la teneur en H20 initiale du magma varient
sur une large gamme (4.27-8.57%o, 0.23-2.70 pds.%). A partir de la comparaison entre
le 880 des phénocristaux de cpx, H20/Ce, Ba/Th et I’anomalie en Eu en roche totale,
nous avons clairement identifié trois composantes distinctes dans la source
magmatique : une croie oc&nique sup€&ieure avec des s&liments marins, une croGe
océ&nique infé&ieure gabbromue alt&& et le manteau au voisinage de la source. Les
mesures faites sur les basaltes ultra potassiques de Xiaogulihe révéent des teneurs en
H20 et des rapport H20/Ce faibles (0.36-0.50 pds.%, ~15). Les valeurs en 520 des
phénocristaux d’olivine de ces basaltes, couplées a des valeurs basses en 2%Pb/?%4Pb et
relativement hautes en 8Sr/®°Sr de la roche, suggérent que 1’origine de ces basaltes est
trés probablement lié& ala pré&sence de s&liments anciens fortement déhydratés, riches

en potassium.

Notre estimation de la concentration en eau de ces basaltes varie de 150 &4500 ppm

(essentiellement > 500 ppm). Ceci est nettement sup&ieur aux valeurs du manteau

lilliad.univ-lille.fr



These de Huan Chen, Lille 1, 2017

R&umeé

© 2017 Tous droits réservés.

lithosphérique de la région, ce qui supporte 1’idée que la source des basaltes
continentaux Cénozoiques de I’est de la Chine a une origine profonde, probablement
dans la zone de transition. Les contributions des diffé&entes composantes de la croGe
ocenique recyclé changent de fagn importante sur une courte p&iode (par exemple
pour Chaihe-aershan et Shuangliao). L’évolution avec le temps de la source est trés
probablement dictée par 1I’apport continuel de matériau recyclé par la plaque Pacifique.
Notre éude privilégie une source profonde, probablement dans la zone de transition,
en accord avec les observations Géphysiques qui montrent la présence de reliques de

la plaque Pacifique dans la zone de transition a I’aplomb de la région étudiée.

La concentration en H20 et le rapport H.O/Ce des basaltes est chinois varient sur une
large gamme de valeurs (0.19 to 3.89 pds.%, 12 to 737) et sont significativement plus
¢levés que ceux des OIBs. Il est a noter que ces valeurs décroisent d’est en ouest dans
le sens de la subduction, exceptépour Chaihe-aershan. Ce comportement pourrait &re
expliqguépar une déhydratation progressive de la plaque Pacifique. Plus géné&alement,
il est clair que les contributions a la source de matériaux recyclés varient sur 1I’ensemble
de la zone étudiée, indiquant des degrés d’alté&ation et de déshydratation variables avant

ou pendant la subduction de la partie de la plaque Pacifique incriminée.

lilliad.univ-lille.fr



These de Huan Chen, Lille 1, 2017

Abstract

© 2017 Tous droits réservés.

Abstract

This work is focused on the role of the Pacific subduction in the genesis of the
Cenozoic continental basalts in eastern China, based on the approaches of the water
contents (analyzed by Fourier transform infrared spectroscopy (FTIR)) and oxygen
isotope compositions ( analyzed by Secondary ion mass spectrometry (SIMS)).

The &80 values of cpx phenocrysts in the Shuangliao basalts range from 4.10%o to
6.73%o, which provides a strong evidence for the contribution of recycled oceanic crust
(ROC) in the mantle source. Combined with the high H2O content and H2O/Ce ratios
of the “primary” magma (0.90-3.06 wt.%, 158-737), the contribution of water-rich
sediment component has also been suggested. Unlike the Shuangliao basalts, the
Wulanhada basalts have lower H>O contents (0.21-0.69 wt.%). The high oxygen isotope
compositions (5.49-7.38 %o) and the correlations of H,O/Ce with 8/Sr/®Sr, Ba/Th,
Nb/La, Nb/U and Ce/Pb ratios indicate that the contributions of a significantly
dehydrated sediments and ROC to the mantle source. In Chaihe-aershan basalts, the
5180 values of cpx phenocrysts and the H,O contents of “primary” magmas vary widely
(4.27-8.57%0, 0.23-2.70 wt.%).Three components (altered upper oceanic crust and
marine sediments, altered lower gabbroic oceanic crust, ambient mantle) have been
identified in the mantle source based on the relations between 580 values of the cpx
phenocrysts, H.O/Ce and Ba/Th ratios and the Eu anomaly of bulk rock. For the
Xiaogulihe ultrapotassic volcanic rocks, the estimated H>O contents and H20/Ce ratios
are low (0.36-0.50 wt%, ~15). Combined with the high 820 values of olivine
phenocrysts, the low 2%Pb/?%Pb ratios and moderately high 8’Sr/%8Sr ratios of the bulk
rock, we concluded that highly dehydrated ancient sediments could be a most likely
candidate for the K-rich component in the mantle source.

The conservatively estimated water contents of mantle source are 150-4500 ppm
(mostly high than 500 ppm), significantly higher than those of lithospheric mantle from
the same region, which provides clear evidences that the Cenozoic continental basalts
in eastern China originated from the hydrous MTZ. The contributions of the different

recycled oceanic components to the mantle source of the basalts changed significantly

\
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within a limited time (e.g., Chaihe-aershan, Shuangliao). This temporal heterogeneity
of the source components is most likely triggered by the ongoing Pacific slab
subduction, which continuously transports recycled materials to the mantle. In other
words, the Pacific slab located in the MTZ may be a primary source for the enriched
components.

The H20 contents and H2O/Ce ratios of basalts from eastern China vary widely (0.19
to 3.89 wt.%, 12 to 737), and are relatively higher than those of typical OIBs.
Interestingly, the H>O contents and H>O/Ce ratios of basalts in eastern China decrease
from the east to the west, along the subducting direction of the Pacific slab, except for
the Chaihe-aershan basalts. This situation might be associated with the dehydration
process of the subducted Pacific plate. The contributions of recycled components to the
mantle source of basalts from different areas of eastern China vary widely, which could
be caused by varying degrees of alterations and dehydration before and during the

subduction of the Pacific plate.

Key Words: Continental basalt, water content, oxygen isotope, source heterogeneity,

mantle transition zone, Pacific slab, eastern China

\
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Chapter 1. Introduction

1.1 The continental intraplate basalts

The Cenozoic continental intraplate basalts are one of the most common rocks and
widely spread in continents (e.g., eastern Asia, Western Africa, western North America,
western/central Europe, southeastern Australia) (Farmer, 2014) (Fig. 1-1). Unlike the
magmatism taking place at the active plate margins, these basalts formed in the interior
of the plate, and their genesis has been hotly debated over the last 30 years. They are
mainly subdivided into sodic alkaline basalts (Na.O/K.0O>1), potassic alkaline basalts
(Na20/K20<1) and tholeiitic basalt. Based on trace element patterns and Sr-Nd-Pb
isotopic compositions, these basalts have characteristics of typical OIBs (ocean island
basalts) (Farmer, 2014; Hoffman, 1997). It indicates the presence of an enriched
component in the mantle sources. Studying the continental basalts is helpful to

understand the influence of recycled materials on mantle geochemical heterogeneities

and its evolution.
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Figure 1-1. Location of the Cenozoic sodic and potassic ‘intraplate’ alkali basalt volcanic fields

worldwide (modified after Farmer (2014)).
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1.1.1 Research status of continental basalts from eastern China

There are widespread Cenozoic continental basalts in eastern China, extending from

the northernmost to the southernmost, along the continental margin (Lei et al., 2013)

(Fig. 1-2). They form an important part of the volcano belt of the western circum-

Pacific rim, and provide a noteworthy opportunity to study the continental intraplate

magmatism.
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Figure 1-2. Simplified tectonic units and distribution of Cenozoic basalts in eastern China as well
as the location of the Chaihe-aershan, Shuangliao, Wulanhada and Xiaogulihe volcanic field
(modified according to Fan et al., 2011; 2014; Xu et al., 2012).
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A great deal of work has been conducted over the last 30 years to study the genesis
of this intraplate volcanism (e.g., Chen et al., 2007; Chen et al., 2009; Choi et al., 2005;
Fan and Hooper, 1991; Ho et al., 2003, 2008; Kuritani et al., 2009, 2011, 2013; Niu,
2005; Sakuyama et al., 2013; Tang et al., 2006; Xu, 2014; Xu et al., 2012; Wang et al.,
2011; Zhi et al., 1990; Zhou and Armstrong, 1982; Zhang et al., 1995; Zhang et al.,
2009; Zou et al., 2000, 2003, 2008). The associated challenges are primarily
concentrated on source of the enriched components and the region where the basalts

was formed.

Similar to continental intraplate basalts worldwide, these basalts display OIB (ocean
island basalt)-like trace element patterns and variable Sr-Nd-Pb isotopic compositions
(e.g., Zhou and Armstrong, 1982; Zhi et al., 1990; Fan and Hooper, 1991; Zou et al.,
2000; Chen et al., 2007). There are controversial opinions on the source of the
associated enriched components: (1) recycled lower continental crust (e.g., Chen et al.,
2009; Zeng et al., 2011; Chu et al., 2013); (2) asthenospheric mantle or lithospheric
mantle metasomatized by melts rich in water, which were produced by dehydration of
subducted oceanic lithosphere (e.g., Niu, 2005; Zhang et al., 2009; Wang et al., 2011);
(3) direct partial melt of the subducted oceanic crust (e.g., Sakuyama et al., 2013; Xu
et al., 2012); and (4) recycled ancient and/or recent marine sediments (e.g., Kuritani et
al., 2011, 2013). Accordingly, different regions in which the basalts were produced have
been proposed, including the lithospheric mantle (e.g., Chu et al., 2013; Wang et al.,
2011; Zhang et al., 2009), the asthenospheric mantle (e.g., Choi et al., 2005; Niu, 2005;
Zou et al., 2000) and the MTZ (mantle transition zone) (e.g., Sakuyama et al., 2013; Xu
etal., 2012; Kuritani et al., 2011; 2013).

In the last ten years, seismic imaging has identified the remnants of the subducted
Pacific slab in the MTZ of eastern China (Fig. 1-3) (e.g., Fukao et al., 1992; Huang and
Zhao, 2006; Wei et al., 2012; Liu et al., 2017b). New geochemical approaches have
been developed to trace different components that are involved in the mantle source,
such as the H2O content of magma (Liu et al., 2015a, b), O isotopic compositions of the

phenocrysts (Liu et al., 2015a, b; Wang et al., 2015), Mg isotopic compositions of bulk

3

lilliad.univ-lille.fr



Thése de Huan Chen, Lille 1, 2017

Chapter 1 Introduction

rock (Huang et al., 2015; Wang et al., 2017), and composition of melt inclusions (Li et
al., 2016). The signal of the recycled oceanic crust has been identified in the mantle
source of these basalts. Considering the presence of the Pacific slab in the MTZ, they
linked the recycled oceanic components with the subducted Pacific slab. However,
eastern China underwent several subduction events (e.g., Paleo-Tethyan, Paleo-Asian
and Izanagi plate subduction) (MUler et al. 2008; Windley et al. 2010), and the recycled
oceanic materials could also be derived from these ancient subduction events. Currently,
there is no direct evidence for whether the enriched component is derived from the

subducted Pacific plate and whether the mantle source of these basalts is in the MTZ.

Japan

Fa |

116 120 124 128 132 136
Longitude

100 104 108 112 116 120 124 128 132 136 140 144 148v
Longitude

%
2

-2 -1 0 1

Figure 1-3. (a—h) East-west vertical cross sections of P wave velocity perturbations along the
profiles in eatern China shown in (i) the map (modified from Huang and Zhao, 2006). The velocity

perturbation scale is shown at the bottom.
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The recycled oceanic crust is a mixture of sediments, upper oceanic crust and lower
gabbro oceanic crust. The slab underwent various forms of alterations and dehydration
during the recycling process (e.g., Pietruszka et al., 2013). Understanding the temporal
and spatial influences of these different components in the mantle source is essential to
identify the contribution of the subducted oceanic slab on mantle heterogeneity and its

contribution to the genesis of intraplate basalts.

This work is focused on the role of the Pacific subduction in the genesis of the
Cenozoic continental basalts in eastern China, including: the source of the enriched

components in the mantle source of continental basalts, the region where the continental

basalts is produced and the temporal and spatial heterogeneity of the source components.

1.1.2 Continental basalts studied in this work

Throughout eastern China, the basalts in Northeast China (NE China) are the most
widely distributed (Fig. 1-2). There are hundreds of Cenozoic volcanoes in NE China
with a total area of about 50,000 km?. Among them, the Shuangliao volcanic field is
located in the east part (southeast of the Songliao Basin), Chaihe-aershan and Wulahada
volcanic field are distributed in the west part (near the Daxing’anling-Taihang Gravity
Lineament (DTGL), above the front edge of the subducted Pacific slab) (Fan et al.,
2014; Ho et al., 2013; Huang and Zhao, 2006; Liu et al., 2017b; Wei et al., 2012; Xu et
al., 2012; Zhao and Fan, 2012). These areas are appropriate places to explore the
possible effects of the spatial extent of the Pacific slab. Furthermore, the volcanoes in
each volcanic fields erupted within a limited time period, especially those in Chaihe-
aershan, more than 35 small-volume Quaternary basaltic volcanoes have erupted in the
last 2 Myr. The large number of volcanic eruptions over a short period in a single
volcanic field provides an opportunity to study the evolution of mantle source in detail
and explores the possible factors that trigger the variation of the components in the

mantle source.

Previous studies showed that the OIB-like trace elements and Sr-Nd isotopic
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compositions of basalts in these areas were similar to those of other basalts in eastern
China. Xu et al. (2012) conducted a detailed geochemical study including major and
trace elements analysis and Sr-Nd-Pb isotopes for the basalts of Shuangliao, NE China.
Due to the low 2%Pb/2%PD ratios (18.13-18.34) compared with typical HIMU OIBs, Xu
et al. (2012) proposed the presence of young subducted oceanic crust in the mantle
source of the Shuangliao basalts, with the high contribution of the upper oceanic crust
to the source of earlier (51-48 Ma) basalts and the high contribution of the lower oceanic
crust for the later (41-43 Ma) basalts. Several studies have been carried out on the
Chaihe-aershan and Wulanhada basalts (Fan et al., 2014; Ho et al., 2013; Zhao and Fan,
2012). They suggested that these basalts originated from the partial melting of garnet
Iherzolites in the asthenosphere, but there was no further discussion on the source of

the enriched components.

It is worth noting that, there are a small amount of ultrapotassic/potassic basalts
distributed in the northernmost China, including Xiaogulihe volcano, together with the
Wudalianchi, Erkeshan and Keluo (WEK) volcanoes (Fig. 1-2). Unlike the sodic
alkaline basalts, the mantle-derived ultrapotassic/potassic volcanic rocks are
characterized by high K20 content and K>O/Na2O ratios and low CaO and Al203
contents, high Mg# (=Mg/(Mg+Fe), in mole ratio) and extreme enrichment of
incompatible elements (Foley et al., 1987). The origin of these ultrapotassic volcanic
rocks, particularly, the source of potassium-rich component is highly discussed and lots
of works have addressed this question (Kuritani et al., 2013; Murphy et al., 2002; Sun
et al., 2014; 2015; Zhang et al., 1995). There are still controversial opinions on the
origin of the potassium-rich component. One possibility is phlogopite-bearing garnet-
peridotites in metasomatic sub-continental lithospheric mantle (SCLM) (Zhang et al.,
1995; Sun et al., 2014; 2015). Another view was proposed recently, suggesting that the
potassium-rich component came from subducted potassium-rich continental-derived
sediments located in the mantle transition zone (Murphy et al., 2002; Kuritani et al.,
2013). In this work, two samples from Xiaogulihe have been studied to investigate the

possible source of the potassium-rich component and to compare it with other sodic
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alkaline basalts.

1.2 New research approaches

Combined with the traditional approaches (major and trace element compositions of
bulk rock and major element concentrations of phenocrysts), we have developed a new
approach which is based on the analysis of water content of the magma and sources and

oxygen isotope composition to identify the source of these basalts.

1.2.1 Water content of magma and source

The water contents in different layers of mantle vary greatly. The H2O content of the
upper mantle is estimated to be 50-250 ppm wt. H.O (e.g., Bodnar et al., 2013;
Hirschmann et al., 2005; Ohtani et al., 2015) and the H>O content of the lower mantle
might be similar or lower (e.g., Bodnar et al., 2013; Panero et al., 2015), however, the
H>O content in MTZ can be as high as 1% (e.g., Bodnar et al., 2013; Pearson et al.,
2014). Thus, the water content in the source of continental basalts can be a diagnostic
index to recognize if the enriched components in the source of basalts came from the
MTZ or not. Due to the impact of multi-stage metasomatism, hydrous minerals
(amphibole, phlogopite) were formed in some continental lithosphere, which may be
rich in water (Menzies et al., 1987; Hawkesworth et al., 1987). Many studies on H,O
content of the lithosphere in eastern China have been conducted (Hao et al., 2014, 2016;
Xia et al., 2010, 2013a; Yang et al., 2008; Yu et al., 2011). They provide relevant

references for water content of the source for continental basalts.

On the other hand, H20 and Ce are expected to have similar partition coefficients
between mantle minerals and melt, and their ratios remain unchanged through partial
melting and crystal fractionation. Thus, H.O/Ce ratios of melts can be used to reflect
information on the mantle sources of basalts (Dixon et al., 2002; Michael et al., 1995;

Shaw et al., 2012). Recycled components have distinct H,O/Ce ratios from that of
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normal mantle. For instance, the H>O/Ce ratio of GLOSS (global subducting sediment)
is about 1280, higher than DMM (depleted MORB mantle, ~200), EM (enriched mantle,
<100) and dehydrated ROC (recycled oceanic crust) which has low H>O/Ce (~100)
(Dixon et al., 2002; Plank and Langmuir, 1998). Therefore, H>O/Ce ratios of basalts is

a potential index for identifying different components in the basalts source.

Generally, three approaches are uesed to estimate the water content of magma,
including the volcanic glass (e.g., Michael, 1995; Dixon et al., 1997; Dixon and Clague,
2001), the melt inclusions in olivine phenocrysts (e.g., Sobolev and Chaussidon, 1996;
Wallace, 2005) and calculation through the water content of clinopyroxene (cpx)
phenocryst and H partition coefficient based on the phenocryst-melt equilibrium (e.g.,
Wade et al., 2008; Xia et al., 2013b). For continental basalts, volcanic glass is rare, and
without the water pressure of the deep ocean to prevent H degassing, the water content
of glass is not considered to be representative of the true water content of continental
basalts. The melt inclusion approach is complex to operate, and experimental studies
have demonstrated that the water of melt inclusions in olivine can re-equilibrate rapidly,
if the cooling speed is not fast enough (Portnyagin et al., 2008; Gaetani et al., 2012). In
contrast, the measurement of H-O in cpx phenocryst is more convenient and H diffusion

coefficient is relatively low (Ingrin and Blanchard, 2006).

Cpx phenocrysts in basalts are commonly small, thus it is extremely difficult to
polish them to get two oriented sections from one single grain for polarized
measurement by Fourier transform infrared spectrometry (FTIR) (Libowitzky and
Rossman, 1996). Recent studies have indicated that when polarized absorbance is low
(<0.3) and the mineral is less anisotropic, the water content of the mineral can be
estimated by a single measurement using unpolarized light by FTIR (30% error is
considered) (Kovacs et al., 2008; Liu et al., 2015b; Sambrige et al., 2008; Withers 2013;
Xia et al., 2013b). Besides, O’Leary et al. (2010) conducted experimental study on the
relationship of H partition coefficient between cpx and melt (D/™Me) with varying
Al,O3 contents of cpx (0.2 % to 19 %). They have shown that D™t js mainly a

function of the AIP* concentration in tetrahedral site in cpx. The H.O partition
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coefficients of cpx can be calculated from Equation 10 in O’Leary et al. (2010), which
is expressed as: D = exp (-4.2+6.5*X (VAI)-X (Ca)), where X (Al) and X (Ca) are the
concentrations of AI** in a tetrahedral site in cpx and total Ca®* in cpx, respectively.
Thus, the water content of a magma can be estimated from the H>O content in cpx
phenocrysts measured by FTIR and the D®/™et calculated from major element
composition of cpx phenocrysts. With this method, Xia et al. (2013b) confirmed the
H20 content (3.440.7 wt.%) for the primitive “arc-type” basaltic melts from Feixian
area in the North China Craton (NCC), which is in agreement with the average H>O

content (3.940.4 wt.%) of global mafic arc magmas (Plank et al., 2013).

1.2.2 Oxygen isotope composition

The variations in the oxygen isotopic composition in silicate rocks are primarily due
to water-rock interactions on the Earth’s surface and crust; thus, these variations are a
powerful tool for tracing crustal components in the mantle (Eiler, 2001; Eiler et al.,
1997). The oceanic crust undergoes hydrothermal alteration during its formation in
mid-ocean ridges, which leads to the exchange of oxygen isotope compositions between
oceanic crust and seawater (Muehlenbach and Clayton, 1976). Because the temperature
of hydrothermal alteration is gradually decreasing from the lower to the upper part of
the oceanic crust, the oxygen isotopic composition of the oceanic crust in different
layers will change with the nature and depth in the oceanic crust (Taylor, 1974). The
altered oceanic crust will form a unique oxygen isotope composition profile throughout
the section of oceanic crust, which exhibits in a way that the 580 values of the upper
altered oceanic crust are generally higher than that of the normal mantle, but the §*%0
values of the lower altered oceanic crust are more or less lower than that of the normal
mantle (Fig. 1-4) (Eiler, 2001; Gao et al., 2006; Gregory and Taylor, 1981; Hoffman SE
et al., 1986). Therefore, oxygen isotope can be a powerful tool to trace the component
of oceanic crust in the mantle source (Eiler et al., 2000; Kokfelt et al., 2006; Putlitz et

al., 2000; Wang et al., 2015; Woodhead et al., 1993).
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marine sediments

Pillow basalts

3 4 5 6 7 8 9 10 20 30
50 (%o)

Figure 1-4. Typical oxygen isotope profile of altered sediment-covered oceanic crust. The data for
oceanic crust are based on the Samail Ophiolite (Gregory and Taylor, 1981), the 580 values of

marine sediments are from Eiler, (2001).

The mineral oxygen isotope composition can be estimated by laser fluorination
method or in-situ secondary ion mass spectrometry (SIMS) method, typically (e.g.,
Clayton and Mayeda, 1963; Fitzsimons et al., 2000; Valley and Graham, 1991; Valley
et al., 1995). The continental basalts generally contain abundant xenoliths and
xenocrysts that it is not easy to exclude xenocrysts when phenocrysts are separated from
the basalts for laser fluorination measurements. Therefore SIMS is a more appropriate
method. The matrix effect is the main problem for SIMS analysis. A group of cpx
megacrysts (NSH2, NSH5, NSH8, NSH9, NSH10, NSH14) from Nushan, eastern
China have been extensively studied by Xia et al. (2004). It turned out that the major
element concentration and oxygen isotope ratio of these cpx megacrysts were

homogeneous. Given that the chemical compositions of cpx phenocrysts in this work
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are nearly the same as the compositions of cpx megacrysts mentioned above, these cpx

megacrysts were used as standards for correction of matrix effect in this study.

1.3 Aims of this work

In this work, major and trace element compositions of bulk rocks and O isotope
compositions, water contents and major element compositions of cpx phenocrysts have
been analyzed for the Shuangliao basalts, Wulanhada basalts, Chaihe-aershan basalts,

Xiaogulihe ultrapotassic basalts form NE China.

The H20 contents and oxygen isotope compositions were combined with the trace
element ratios (e.g., Ba/Th, Nb/La) to trace the possible contributions of recycled
components and investigate the geochemical heterogeneity in the mantle sources of
Shuangliao basalts, Wulanhada basalts and Chahe-aershan basalts. The H>O content of
Xiaogulihe ultrapotassic volcanic rocks has been determined to constrain the H20O

content of K-rich component in the mantle source.

Estimating the water content in the mantle source of the basalts in eastern China
through water content of the magma, partition coefficient of H.O and partial melting
degree to provide direct evidence for the mantle source of these basalts and find out if

they can be connected to the MTZ.

We studied the temporal variation of the source components to investigate the

evolution of the mantle source and the possible factors that trigger these variations.

Then combined the basalts studied in this work with the results of previous studies
on other basalts (Shandong, Taihang, Zhejiang) in eastern China (Liu et al., 20153, b;
Liu etal., 2016), we investigated the potential influence of the recycled oceanic slab on

the spatial heterogeneity of the mantle source for intraplate basalts in eastern China.

11
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Chapter 2. Geological background

2.1 Northeast China

Northeast China (NE China) lies in the Xing’an-Mongolia Orogenic Belt (XMOB),
which belongs to the east part of the Paleozoic Central Asian Orogenic Belt (Fig. 1-2a).
It is composed of several minor blocks (e.g., Erguna, Xing’an, Songliao, Jiamusi)
amalgamated during subduction and collision among the Siberian craton, the North
China Craton (NCC) and the Pacific plate (Li, 2006; Seng& and Natalin, 1996; Seng&
et al., 1993). The tectonic evolutions of NE China mainly include closure of the Paleo-
Asian Ocean, amalgamation of several minor blocks and subduction of the Pacific plate
since late Mesozoic (Maruyama et al., 1997; Seng& and Natalin, 1996; Seng& et al.,

1993).

Cenozoic basalts are more extensively exposed in NE China compared to the South
China Block (SCB) and the NCC. There are hundreds of Cenozoic volcanoes in NE
China with a total area of 50,000 km?. They are mostly distributed in and around the
Songliao Basin along the Yilan-Yitong and Fushun-Mishan faults (Fig.1-2a). Among
them, the majority are sodic alkaline basalts. A small amount of potassic basalts are

distributed at the north margin of Songliao Basin.

2.2 The Cenozoic basalts studied in this work
2.2.1 Shuangliao basalts

The Shuangliao volcanic field is located in the southeast of the Songliao Basin, it
consists of eight volcanoes: Aobaoshan (ABS), Bobotushan (BBT), Bolishan (BLS),
Shitoushan (STS), Dahalabashan (DHLB), Xiaohalabashan (XHLB), Datuerjishan
(DTEJ) and Xiaotuerjishan (XTEJ) (Fig 1-2c). Seismic tomography has shown the
presence of a stagnant subducted Pacific slab in the mantle transition zone beneath
Shuangliao volcanic field (Huang and Zhao, 2006; Liu et al., 2017b; Wei et al., 2012).

The rocks of Shuangliao basalts vary from basanite, alkaline olivine basalt, and

13
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transitional basalts to dolerites (Xu et al., 2012). During the eruption of these volcanoes,
abundant peridotite xenoliths were carried out by the basalts, especially by the ones
with high alkalinity (Yu et al., 2009). Ar-Ar dating results have shown that all volcanoes
erupted between 51.0 Ma and 41.6 Ma. Volcanic cones with high alkalinity erupted
between 51 Ma and 48.5 Ma, while transitional or subalkaline cones erupted between
43.0 Ma and 41.6 Ma, indicating that the alkalinity of the Shuangliao volcanic rocks
decreased with time (Xu et al., 2012).

Our samples were collected from BBT, BLS, DHLB and XTEJ (red stars in Fig.
1-2c). These rocks can be classified into three types based on their petrography and
major element compositions: basanite (BBT and BLS), alkali olivine basalt (DHLB)
and transitional basalt (XTEJ) (Xu et al., 2012). The basanites from BBT and BLS
contain 20% of olivine and clinopyroxene phenocrysts. The entrained mantle xenoliths
are mainly spinel lherzolites with minor spinel harzburgites. In alkali olivine basalts
and transitional basalts, phenocrysts are composed of olivine, clinopyroxene and
plagioclase. The Ar-Ar plateau ages of BBT, BLS, DHLB and XTEJ basalt are 50.1+0.8,
49.740.2, 51.040.5 and 43.020.4 Ma, respectively (Xu et al., 2012).

2.2.2 Wulanhada basalts

The Wulanhada volcanic field is located between the Central Asian Orogenic Belt
(NE China) and North China Craton, near Hannuoba Cenozoic basalts and in the west
of Shuangliao volcanic field (Fig 1-2) (Bai et al., 2008; Fan et al., 2014). Seismic
imaging showed that the Wulanhada volcanic field was above the front edge of the
subducted Pacific slab (Huang and Zhao, 2006; Liu et al., 2017b; Wei et al., 2012).
More than 30 volcanoes, including scoria cones and lava, are distributed in this volcanic
field along the northeast to southwest direction (Fig. 1-2d). The stage of volcanic
activity is mainly concentrated in late Pleistocene and Holocene. Interestingly, the
volcanisms at northeast part, including Hongshan and Huoshanshan are relatively older,

then the Beiliandanlu volcano, Zhongliandanlu volcano, Nanliandanlu volcano and the
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8 mini scoria cones at northeast part are relatively younger (Fan et al., 2014).

The samples were collected from Hongshan (11NWO01), Huoshanshan (11NW02),
Heinaobao (11NWO04), Zhongliandanlu (11NWO05), Nanliandanlu (11NWO06), and the 8
mini scoria cones (11INWO08, 11INWQ9), which have been studied by Fan et al. (2014).
All these basalts are characterized by typical vitrophyric texture and contain 10-20%
phenocrysts, which are primarily clinopyroxene and olivine. The matrix are primarily
glass and a small amount of plagioclase microcrystals, which suggest a rapid cooling

process during the magma ascent.

2.2.3 Chaihe-aershan basalts

The Chaihe-aershan volcanic field includes more than 35 small-volume Quaternary
basaltic volcanoes (< 2 Ma) and is located near the Daxing’anling-Taihang Gravity
Lineament (DTGL, Fig. 1-2a) and above the front edge of the subducted Pacific slab
(Ho et al., 2013; Huang and Zhao, 2006; Liu et al., 2017b; Wei et al., 2012; Zhao and
Fan, 2012). The majority of the volcanoes are small cinder cones, and the lava flows
are distributed along rivers, such as the Halaha, Chaoer, and Dele Rivers, extending
over an area of 400 km?. K-Ar dating have shown that the volcanoes erupted over a
short period, 2.3t0 0.16 Ma (Fan et al., 2011; Ho et al., 2013). The basalts are primarily
alkaline olivine basalts with OIB-like trace element patterns, and depleted 8/Sr/®Sr
(0.703485-0.704172) and **Nd/***Nd (0.512812-0.512975) (Ho et al., 2013; Zhao and
Fan, 2012).

The samples were collected from Chaoerhe (CEH), Delehe (DLH), Tuofengling
(TFL), Guibeshi (GBS), Yantanglin (YTL), Daxiagu (DXG) and Yueliangtianchi
(YLTC) (Fig. 1-2b). All of these eruptive rocks carried abundant mantle xenoliths and
xenocrysts, suggesting a rapid magma ascent. The entrained mantle xenoliths are
primarily spinel Iherzolites with minor garnet lherzolites in TFL and DLH basalts. No
crustal xenoliths were present in our samples. These basalts have a typical porphyritic

texture and contain 10%-20% phenocrysts, which are primarily olivine and
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clinopyroxene. The diameter of the phenocrysts can go up to 500 um. The matrix
primarily comprises olivine, clinopyroxene and plagioclase. Among these eruptive
rocks, the K-Ar ages of the CEH, DLH, and TFL basalts are 0.27, 1.37 and 0.25 Ma,

respectively (Fan et al., 2011).

2.2.4 Xiaogulihe ultrapotassic basalts

The Xiaogulihe volcano, together with the Wudalianchi, Erkeshan and Keluo (WEK)
volcanos, are typical ultrapotassic/potassic volcanic rocks in NE China. They are
located at the north margin of the Songliao Basin, near the Daxing’anling-Taihang
Gravity Lineament, also located above the front edge of the subducted Pacific slab (Fig.
1-2a). The Xiaogulihe ultrapotassic rocks are characterized by extremely high K20
contents (>7 wt.%) and K>O/NaO ratios (>3). These basalt are characterized by
porphyritic texture and contain ~20% phenocrysts, including olivine, clinopyroxene,
and leucite phenocrysts. The matrix is primarily made up of the microcrystal of olivine,
clinopyroxene, leucite, plagioclase, nepheline, sodalite and the Fe—Ti oxide (Sun et al.,
2014). The K-Ar ages of these rock are 0.19-0.30Ma (Zhang, 1992). Two samples
(named GLH12-02 and GLH12-16) have been collected from the Ma’anshan in the
Xiaogulihe volcanic field, which have been studied by Sun et al. (2014) and Sun et al.

(2015).
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3.1 Major and trace element concentrations of bulk rock

After the weathered surfaces were removed, the samples were crushed into small
fragments (<0.5 cm in diameter) to avoid xenoliths and xenocrysts. Then, the samples

were cleaned with deionized water and ground to 200 mesh powder.

For the Shuangliao basalts, the major element compositions of bulk rock were
determined in the Public Experiment Center of the University of Science and
Technology of China (USTC), using an X-ray fluorescence spectrometer (XRF) on
fused glass disks. Loss-on-ignition (LOI) was determined before XRF analysis.
Analytical uncertainties of major elements were less than 5%, estimated from repeated
analyses of the basalt standard GSR-3. 50 mg of sample powders used for trace element
analysis were dissolved in concentrated HF: HNO3 (1:1) mixture in Teflon bombs for
48 hours at ~190<C, after drying down on the hot plate, the residues were dried in
concentrated HNO3 and then diluted to 80g for analysis. The sample solutions were
analyzed on the Agilent 7700 ICP-Ms at the CAS Key laboratory of Crust-Mantle
Materials and Environments (CAS-CMME), USTC, following analytical method
described in Hou and Wang, (2007). The precision of trace element concentrations is

better than 5% from repeatedly analyzed USGS standards, BHVO-2 and AGV-2.

Major and trace element concentrations of Chaihe-aershan and Allegre basalts were
analyzed at ALS Chemex (Guangzhou, China) Co., Ltd. Major element compositions
were measured by X-ray fluorescence spectrometer (XRF) on a fused glass disk. Loss-
on-ignition (LOI) was determined before XRF analysis. The precision for element
concentrations >1 wt% was 1%-3% and approximately 10% for element
concentrations <1 wt.%. For trace elements, two methods were employed to check the
accuracy of the results against each other. For the first method, the sample powder was
mixed with lithium metaborate flux, fused at 1000 <C and dissolved in 100 ml 4% nitric
acid; the solution was then analyzed based on PerkinElmer inductively coupled plasma-

mass spectrometry (ICP-MS). For the second method, the sample powder was dissolved
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in concentrated HNO3-HF-HCIO4 mixture in a Teflon bomb, diluted by dilute nitric
acid after being dried on a hot plate, and then analyzed by ICP-MS. The precision is
generally better than 5% for most trace elements. The differences between the
concentrations of some trace elements measured by the two methods are less than 5%

for most cases.

3.2 Water content of clinopyroxene phenocrysts and corresponding melt
3.2.1 Fourier transform infrared spectroscopy (FTIR) measurement

The water content of clinopyroxene phenocrysts was measured at CAS-CMME,
USTC by a Nicolet 5700 Fourier transform infrared spectroscopy (FTIR) coupled with
a Continupm microscope, using a KBr beam splitter and a liquid-nitrogen cooled MCT-
A detector (Fig. 3-1a) and at University Lille 1, France by a Bruker Vertex 70
spectrometer coupled with a Bruker Hyperion 3000 FTIR-microscope (Fig. 3-1b),
following the unpolarized method described in Xia et al. (2013b). Double-polished thin
sections with thicknesses between 40 and 120 pum (depending on the size of cpx
phenocrysts) were prepared. Before the measurement, the thin sections were cleaned
by acetone and alcohol, and dried in the oven to remove the absorbed water on the
surface. Clean crack- and inclusion-free areas of cpx phenocrysts were chosen by
microscope for measurement. Each measurement, a total of 128 or 256 scans with a
resolution of 4 cm™, was conducted at wavelengths from 1000 to 4500 cm™. The
aperture size was set from 20>20 to 50>60um. For the calculation of water content, the

modified Beer-Lambert law was used,
C=A/(Ixt) (3-1)

in which c is the content of water (ppm wt. H20), A is the total integral absorption of
OH bands (cm™), I is the integral specific absorption coefficient, and t is the sample
thickness (cm). The total integral absorption of OH bands is 3 times the integral area of
unpolarized absorption (Kova&s et al., 2008; Sambridge et al., 2008), and the chosen

integral specific absorption coefficient for cpx was 7.09 ppm™* cm2 (Bell et al., 1995).
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Baseline correction of each spectrum was conducted by hand along with the baseline
trends (polynomial), and integral absorption of OH bands were calculated by OMNIC

software.

Figure 3-1. a) A photo of the Nicolet 5700 FTIR coupled with a Continupm microscope at CAS-
CMME, USTC; b) The Bruker Vertex 70 spectrometer coupled with a Bruker Hyperion 3000

FTIR-microscope at University Lille 1, France.
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3.2.2 Estimate the water content of corresponding melt

Based on the phenocryst-melt equilibration, the water content of melts from which
the cpx phenocrysts crystallized has been estimated from the water content of cpx
phenocrysts and the H,O partition coefficients (D™t between cpx phenocrysts and
melt. The experimental studies indicated that the D™t in cpx are linearly correlated
with the Al.Oz contents of cpx in a wide range (Al203: 0.2%-19%) (O’Leary et al.,

2010). The DMt can be calculated from equation:
D = exp(—4.2 + 6.5 = X("YAl) — X(Ca) (3-2)

where X (VAI) and X (Ca) are the concentrations of AI** in a tetrahedral site in cpx and

Ca?* in cpx (O’Leary et al., 2010).

3.2.3 Errors on water content

The uncertainty of H>O content of melt mainly comes from the FTIR measurement
of H20 in cpx phenocryst and the uncertainties of D™t calculated by the regression
line. The uncertainty of H,O content for a single cpx phenocryst is less than 30% (Xia
et al., 2013b). Considering the error of DM€t (~10%, O’Leary et al., 2010), the total

uncertainty of water content in melts is less than 40% (Xia et al., 2013b).

3.3 Major element contents of phenocrysts

The major element concentration of cpx and olivine phenocrysts was analyzed at
CAS-CMME, USTC, using a Shimadzu Electron Probe Microanalyzer (EPMA 1600).
The analytical points were performed within the FTIR analyzed regions for cpx
phenocrysts and in the core for ol phenocrysts. Natural minerals and synthetic oxides
were used as standards, and the operating conditions were as follows: 15 kV
accelerating voltage, 20 nA beam current and <5 pm beam diameter. A program based

on the ZAF procedure was used for data correction.
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3.4 In-situ oxygen isotopic compositions of clinopyroxene phenocrysts
3.4.1 Analytical conditions and standards

In-situ cpx oxygen isotope measurements were conducted using a Cameca IMS-1270
at Centre de recherches rérographiques et réchimiques - Centre national de la
recherche scientifique (CRPG-CNRS), Nancy (Fig. 3-2). During the experiment, a Cs*
primary beam was used in focused mode at ~5.3 nA and 10 kV with a spot size of
approximately 20 um in diameter. An electron gun was used to compensate for any
sample charging. Secondary negative ions were accelerated at 10 kV, and the mass
resolution power was established at 3000 to distinguish ’OH and 0. Oxygen isotopes
were measured in multi-collection mode with two off-axis Faraday cups (L 2 for 0,
H1 for $80). The internal precision of individual measurements was generally less than

0.1%o0 (20).

Figure 3-2. Photo of the IMS 1270 at CRPG, Nancy.
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The matrix effect for measurement of oxygen isotopes in cpx was discussed by
Gurenko et al. (2001). The effect was evaluated using the correlation between
instrumental mass fractionation (IMF) and the Mg# of cpx. A group of standards, cpx
megacrysts (NSH2, NSH5, NSH8, NSH9, NSH10, NSH14) from Nushan, eastern
China, were used to correct matrix effect. As shown in Xia et al. (2004), the major
element concentration and oxygen isotope ratio of the standard cpx megacrysts are
homogeneous, and the chemical compositions of the standard cpx megacrysts are nearly
the same as those of cpx phenocrysts in this study, thus they are appropriate standards.
We also inlaid a standard (NSH9) in the center of each sample mount surrounded by
cpx grains from this study to trace the instrumental drift during the measurement. The
oxygen isotope compositions are displayed by 50 notation relative to reference

standard (Vienna Mean Standard Ocean Water, VSMOW).

3.4.2 Instrumental Mass Fractionation corrections

The deviation between the measured and true values is generally called Instrumental
Mass Fractionation (IMF) and it occurs during the SIMS measurement, including the
production, transport and detection of secondary ions. Because these factors can be
evaluated separately, we divided the factors into two sections. The later two processes
(transport and detection of secondary ions) are primarily controlled by the state of the
instrument, which may easily be corrected by periodically measuring the standard
(NSH9). A large proportion of mass fractionation occurs during the process of
secondary ions production, which depends on type and composition of the mineral
(commonly referred as the “matrix effect”). For this part, the deviation could be
corrected by a group of standards (NSH2, NSH5, NSH8, NSH9, NSH14; Table 3-1),
with chemical compositions bracketing the unknown samples (Eiler et al., 1997;

Hartley et al., 2012; Kita et al., 2009, 2010; Page et al., 2010; Valley and Kita, 2009).
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Table 3-1. The chemical and oxygen isotopic compositions of standards (from Xia et al., 2004)

NSH2 NSH14 NSH5 NSH8 NSH9 NSH10
SiO; 48.84 49.04 50.69 49.42 50.22 51.37
Al203 9.68 9.82 8.2 8.98 8.5 7.99
TiO; 1.52 1.47 0.82 1.04 0.89 0.52
Cr0s 0.02 0.01 b.l.d. b.l.d. b.l.d. 0.13
FeO 7.84 8.02 6.54 6.97 6.55 6.27
NiO b.l.d. b.l.d. 0.02 0.02 b.l.d. b.l.d.
MnO 0.13 0.13 0.08 0.11 0.18 0.15
MgO 11.8 11.35 14.99 13.68 14.74 16.54
CaO 17.63 17.42 16.51 16.53 16.43 14.65
Na2O 1.94 2.11 1.56 1.81 1.42 1.34
K20 0.01 0.01 0.01 0.02 b.l.d. 0.01
Total 99.41 99.38 99.42 98.58 98.93 98.97
Mo# 72.9 71.6 80.3 77.8 80 825

80 (%0)  5.4620.07 5.0740.15 5.8840.02 5.9940.12 533#).21  5.77#4.05

Note: b.l.d., below the limit of detection.

For the first source of deviation caused by processes such as transportation and/or
detection, we used the bracketing analysis of standard NSH9, which was mounted in
every sample block. The fractionation factor («'80s;,5) could be calculated from the
measured value of NSH9 (6180,,,,) and the “true” value (§180;.) On the VSMOW

scale based on the following equation (Equation 2.1 in Kita et al., 2009):

1+(8'80pqw+1)
1+(5180¢ye+1)

(3-3)

18 _
aOgiys =

This factor can also be defined as the instrumental bias in the permil deviation of

at®04;,s from the unity equation (Equation 2.2 in Kita et al., 2009):
(XlSOSIMS = 1 + blaS(l)/loo (3'3)

Because the instrumental biases 6'%0,,,, and 60, of our standards and
unknown samples are all smaller than +10%o., the combination of Equations 3-3 and 3-

4 can lead to an approximated formula (Equation 2.4 in Kita et al., 2009):
(bias(l)) ~ 6180raw - 5180true (3'5)

The raw data for unknown samples were then corrected by Equation 3-5 as follows:
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l .
580" = a'80;q,, "¢ — bias(y
_ 18 sample 18 NYNSH9 18 AYNSH9
=a Oraw - (6 Oraw -6 Otrue (3'6)

With Equation 3-6, the instrumental bias generated by transport and detection is
corrected. For sessions with a linearly time-dependent bias drift, a linear correlation

between this bias and time is used to correct the drift.

For the deviation caused by the mineral type and composition (matrix effect), the
correlation between the relative instrumental mass fractionations (IMF) and the Mg# of
a group of cpx standards was estimated (Figs. 3-3, 3-4), as suggested by Gurenko et al.
(2001). First, a linear function correlation between IMF and cpx’s Mg# for each session

was obtained:
IMF = f(Mg#) (3-7)

Then, the bias caused by the matrix effect was corrected based on the following

equation:
The corrected “true” value ( §180%™P¢ y for unknown samples was calculated
using the following equation:
l l . .
8180 f g = at80; T — bias(yy — bias(y)

Q18073 — (S18ONSHO — §18ONSHO) — (f (Mg#) — IMF(yspe)) (3-9)

The analysis of the standards and their IMF are listed in Tables 3-2 and 3-3.
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Table 3-2. The SIMS analysis result of standards for matrix effect correction (Sessions 1-5)

Mg#* 580w 88 Omeasured IMF SE

NSH2 72.9 5.46 9.15 3.69 0.31

NSH8 77.8 5.99 8.77 2.78 0.20

sessionl  NSH9 80.0 5.33 8.15 2.82 0.15

NSH14 71.6 5.07 9.17 4.10 0.12

NSH5 80.3 5.88 8.55 2.67 0.30

NSH2 72.9 5.46 8.70 3.24 0.06

session 2 NSHS8 77.8 5.99 8.84 2.85 0.05

NSH14 71.6 5.07 9.16 4.09 0.10

NSH5 80.3 5.88 8.70 2.82 0.06

NSH2 729 5.46 9.10 3.64 0.32

NSH8 77.8 5.99 9.01 3.02 0.29

session3  NSH9 80.0 5.33 7.64 2.31 0.29

NSH14 716 5.07 8.95 3.88 0.17

NSH5 80.3 5.88 8.38 2.50 0.23

NSH2 72.9 5.46 9.02 3.56 0.34

session 4 NSH8 77.8 5.99 9.36 3.37 0.27

NSH14 71.6 5.07 9.39 4.32 0.17

NSH5 80.3 5.88 8.80 2.92 0.18

NSH2 72.9 5.46 9.70 4.24 0.23

. NSHS8 77.8 5.99 9.27 3.28 0.27
session 5

NSH14 716 5.07 10.13 5.06 0.10

NSH5 80.3 5.88 8.96 3.08 0.47

Note: a, data from Xia et al. (2004).
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Table 3-3. The SIMS analysis result of standards for matrix effect correction (Sessions 6-10)

Mg#? 580  8'®Omeasured IMF SE

NSH2 729 5.46 7.47 2.01 0.23

NSH5 80.3 5.88 7.01 1.13 0.15

session 6 NSH8 77.8 5.99 7.13 1.14 0.13

NSH10 82.5 5.77 6.73 0.96 0.20

NSH14 71.6 5.07 7 1.93 0.17

NSH2 72.9 5.46 7.39 1.93 0.13

NSH5 80.3 5.88 7.16 1.28 0.19

session 7 NSH8 77.8 5.99 7.1 111 0.14

NSH10 82.5 5.77 6.63 0.86 0.17

NSH14 71.6 5.07 7.1 2.03 0.17

NSH2 72.9 5.46 6.89 1.43 0.10

. NSH5 80.3 5.88 6.84 0.96 0.16
session 8

NSH10 82.5 5.77 6.64 0.87 0.18

NSH14 716 5.07 7.02 1.95 0.10

NSH2 72.9 5.46 6.67 1.21 0.07

NSH5 80.3 5.88 6.58 0.7 0.22

session 9 NSH8 77.8 5.99 6.61 0.62 0.13

NSH10 82.5 5.77 6.34 0.57 0.11

NSH14 716 5.07 6.72 1.65 0.16

NSH2 72.9 5.46 6.86 1.4 0.09

. NSH5 80.3 5.88 6.84 0.96 0.08

session

10 NSH8 77.8 5.99 7.15 1.16 0.00

NSH10 82.5 5.77 6.46 0.69 0.09

NSH14 71.6 5.07 7.06 1.99 0.14

Note: a, data from Xia et al. (2004).

3.4.3 Precision and accuracy

The error of an unknown measured data comprises three parts: the internal precision

of the instrument, the reproducibility or repeatability during measurement and

additional error caused by IMF corrections.

For the Cameca IMS 1270 at CRPG-Nancy, the internal precision of the instrument
is typically in the range of +0.08%0~0.14%o (in most cases <0.1%o0) (2SE). The
reproducibility or repeatability of the measurement, generally called external precision,
can be calculated from the standard deviation of N measurements on a homogeneous

standard (Fitzsimons et al., 2000; Kita et al., 2007, 2009; Valley and Kita, 2009). In this
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work, the external precision presented by the standards of each session is typically
within £0.3%o (SE). For each unknown cpx grain, the internal precision for one spot
analysis was typically better than 0.1%o, Several spots analyses are conducted (typically
3 measurements), and the standard error (SE) is typically less than +0.3%o. The
additional error, caused by IMF corrections, derives from: 1) the uncertainty regarding
the standards’ oxygen isotopic composition, 2) the uncertainty regarding the chemical

composition of cpx, and 3) the uncertainty regarding the linear least-square calibration

“matrix effect” line (Equation 5). First, the uncertainty of all standards is less than +0.2%.

(2SD, Xia et al., 2004). Second, the error of Mg# obtained by EPMA analysis is only
about 1 unit, which introduces an uncertainty of oxygen isotopes within +0.1%o
(calculated based on Equation 3-7). The uncertainty caused by the “matrix effect” least-

square regression line can be calculated based on the following equation:

1 (Mg#*—Mg#)?
SEs pred = SEs std\/; + T (Mg#;—Mgh)? (3'10)

where n is the number of data points (standards) involved in the regression line, Mg#*
is the Mg number of cpx to be interpolated, Mg# is the average Mg# of all the data
points, Mg#; is the Mg# of the i-th data point, and the SEsg., is the standard

deviation of the data points regarding the regression line, which is calculated as follows:

n-2

i—Ax;—B)?
B sa = S, SR 3-11)

where Aand B are the parameters in the linear regression (Equation 5, IMF=A*Mg#+B).

The calculated inaccuracy is less than +£0.1%o for Sessions 1, 3, 6, 7, 9 and 10 and less
than +0.2%o for Sessions 2, 4, 5 and 8 (Fig. 3-5). Overall, the total errors are typically

within +0.5%e.
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by Equations 3-10 and 3-11.
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Chapter 4. Results and discussion
4.1 Shuangliao basalts
4.1.1 Results
4.1.1.1 Major and Trace element concentrations of bulk rock

Bulk rock major and trace element concentrations are reported in Table 4-1. The
basalts can be classified into three types based on petrography and major element
composition: basanite (BBT and BLS), alkali olivine basalt (DHLB) and transitional
basalt (XTEJ), in agreement with the analyses of Xu et al. (2012) (Fig. 4-1).

10 \
Foidie Phonoetphrite Trachyandesite
8|
- Tephrite . Basaltic
X T Alkalic Trachyandesite
é 6L Basanite /
O ag ©
vt [ é _ .
+ . Tracybeﬁ%/ Basaltic ~ {Andesitg
O(\I 41 A% Andesite
@©
Z |
Basalt O BBT
2 O BLS
_ Subalkalic 4~ DHLB
/ < XTEJ
0 1 L | 1 1 1 | 1
40 45 55 60

_ 50
SiO, (Wt%)

Figure 4-1. Total alkali vs. SiO2 plots for the Shuangliao basalts. The classification of rock types is
after Le Bas et al. (1986). The light gray dots are from Xu et al. (2012) which were collected from

the same locations as our samples.
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Table 4-1. Major and Trace element compositions of the Shuangliao basalts and calculated water contents of basaltic melt

Bobotushan Bolishan Dahalabashan Xiaotuerjishan
DHLB-

Sample BBT-1 BBT-2 BBT-3 BBT-5 BBT-8 BLS-4 BLS-6 BLS-7 BLS-8 DHLB-4 DHLB-5 DHLB-9 10 XTEJ-2  XTEJ4
Rock type BAS BAS BAS BAS BAS BAS BAS BAS BAS AOB AOB AOB AOB TB TB
SiO2 42.82 42.22 42.85 42.56 42.12 44.54 45.61 44.15 46.00 47.62 47.73 47.39 47.64 48.70 48.99
TiO2 2.78 291 2.89 2.49 2.82 2.23 221 2.28 2.13 2.06 2.05 1.92 2.04 1.84 1.78
Al203 11.66 11.81 11.75 10.77 11.48 11.93 11.91 11.89 12.35 14.01 13.71 13.50 13.82 14.38 14.45
Fe20sT 12.78 13.13 12.90 12.72 13.42 13.55 13.47 13.75 13.13 12.61 12.80 13.30 12.93 12.63 12.84
MnO 0.17 0.18 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.18 0.18 0.16 0.16
MgO 1141 11.18 11.60 15.47 12.19 11.98 1111 11.92 10.51 7.71 8.12 8.79 8.28 8.11 8.49
CaO 10.06 9.80 9.83 8.71 9.33 7.98 8.03 8.14 8.12 9.13 9.26 9.22 9.06 9.30 9.37
Na20 3.97 411 3.54 3.23 4.30 351 3.69 3.62 3.58 3.85 3.64 3.72 3.77 3.37 3.33
K20 1.43 1.33 1.54 1.53 1.04 2.09 1.92 2.08 194 142 142 1.25 1.39 0.73 0.72
P20s 0.65 0.72 0.56 0.54 0.70 0.76 0.69 0.73 0.73 0.44 0.38 0.40 0.40 0.18 0.18
LOI* 3.20 3.24 2.79 2.71 2.16 1.01 0.50 0.56 0.41 -0.01 -0.18 -0.05 -0.09 -0.13 -0.09
Total 100.93 100.62 100.42 100.89 99.72 9975 99.31 9929  99.06 99.01 99.10 99.62 99.43 99.27 100.23
Mg# 67.54 66.49 67.70 73.92 67.92 6733 6578 66.89  65.10 58.76 59.65 60.64 59.88 59.95 60.65
H20 cpx with highest

Mt 1.22 1.33 2.66 2.64 1.18 3.75 2.70 291 244 2.28 2.19 2.22 2.03 122 0.72
H20 (cpx Mg#>75) 1.22 1.32 2.35 171 144 3.06 2.29 241 2.57 2.02 2.01 1.86 2.21 1.22 0.90
H20 (cpx Mg#>70) 1.00 124 1.87 1.64 1.15 2.84 2.78 2.40 2.67 1.95 1.99 1.74 2.10 121 0.90
\Y% 266.0 254.8 252.2 2404 254.8 170.0 174.7 182.5 171.9 205.6 209.9 200.7 199.5 205.9 197.1
Cr 358.0 368.7 372.9 601.7 425.1 544.8 468.6 525.6 447.5 271.3 279.3 286.2 267.3 261.3 252.7
Co 58.3 62.0 61.6 68.5 62.4 57.7 56.6 58.3 53.8 475 49.6 53.6 48.7 54.3 54.9
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Table 4-1 (continued)

Bobotushan Bolishan Dahalabashan Xiaotuerjishan
Sample BBT-1 BBT-2 BBT-3 BBT-5 BBT-8 BLS-4 BLS-6 BLS-7 BLS-8 DHLB-4 DHLB-5 DHLB-9 DT(_)B- XTEJ-2  XTEJ4
Rock type BAS BAS BAS BAS BAS BAS BAS BAS BAS AOB AOB AOB AOB TB TB
Ni 284 269 283 527 346 396 343 373 311 161 168 196 168 201 209
Sc 20.7 21.2 22.6 20.0 20.2 16.5 15.9 171 16.5 22.6 22.2 224 21.6 234 219
Ga 18.8 21.0 19.7 18.2 20.2 21.2 21.1 21.7 21.0 19.9 19.2 19.1 18.8 18.8 18.1
Rb 19.1 19.1 224 235 21.9 33.2 30.9 30.7 29.3 234 22.7 211 23.0 9.99 9.40
Sr 864 946 891 766 928 1003 1017 1009 984 739 738 714 714 363 351
Y 194 215 204 18.9 20.8 19.7 18.9 19.3 19.5 20.1 18.4 18.1 18.6 154 14.8
Zr 243 268 254 225 257 275 272 272 245 184 181 165 176 116 111
Nb 59.8 65.3 63.4 55.6 64.7 63.0 61.4 62.6 55.4 354 35.0 322 33.9 14.8 14.0
Ba 357 373 365 340 379 369 386 367 350 270 273 241 262 123 113
La 37.2 42.3 34.9 32.9 41.6 474 44.7 44.6 45.0 27.4 238 24.3 245 7.83 7.48
Ce 74.3 83.7 68.9 64.7 82,5 92.7 875 88.3 87.3 53.0 46.3 475 474 16.6 15.9
Pr 8.83 9.79 8.44 7.77 9.78 10.66 10.12 10.16 10.12 6.54 5.74 5.78 5.85 2.26 2.23
Nd 36.0 40.2 341 315 39.0 42.8 40.1 41.2 40.0 26.9 23.8 23.8 24.1 10.6 9.98
Sm 7.18 8.03 6.97 6.50 7.55 8.29 8.02 8.12 7.92 5.76 5.15 5.17 5.06 3.10 2.83
Eu 217 2.40 2.26 2.02 2.38 2.52 241 2.49 2.38 1.96 191 1.86 1.86 1.16 1.09
Gd 6.79 7.56 6.59 5.96 7.34 7.65 7.35 7.50 7.27 5.62 5.11 5.01 5.09 3.17 2.98
Tb 0.82 0.95 0.82 0.74 0.90 0.93 0.88 0.94 0.89 0.75 0.67 0.65 0.68 0.46 0.43
Dy 4.46 5.05 4.43 4.02 4.70 4.39 4.43 4.40 4.53 4.22 3.69 3.62 3.66 2.85 2.74
Ho 0.75 0.86 0.82 0.75 0.82 0.77 0.75 0.77 0.79 0.79 0.74 0.71 0.70 0.58 0.57
Er 1.83 2.07 1.93 1.79 1.93 1.80 1.77 181 1.86 1.89 1.82 1.74 1.78 1.46 1.38
Tm 0.24 0.25 0.24 0.23 0.24 0.20 0.22 0.21 0.24 0.27 0.26 0.25 0.24 0.23 0.20
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Table 4-1 (continued)

Bobotushan Bolishan Dahalabashan Xiaotuerjishan
Sample BBT-1 BBT-2 BBT-3 BBT-5 BBT-8 BLS4 BLS6 BLS-7 BLS-8 DHLB4 DHLB-5 DHLB-9 DT;B- XTEJ-2  XTEJ4
Rock type BAS BAS BAS BAS BAS BAS BAS BAS BAS AOB AOB AOB AOB TB B
Yb 1.19 1.45 1.37 1.28 1.31 1.15 1.17 1.15 1.22 1.53 1.35 1.41 1.42 1.19 1.15
Lu 0.19 0.22 0.19 0.18 0.18 0.18 0.17 0.18 0.18 0.24 0.22 0.21 0.21 0.19 0.17
Hf 5.97 6.63 6.24 5.46 6.39 6.66 6.56 6.67 6.03 471 4.58 4.16 4.38 3.16 2.94
Ta 3.54 3.80 3.73 3.26 3.79 3.53 3.47 3.60 3.15 2.01 1.87 1.72 1.87 0.86 0.83
Pb 3.06 3.24 2.92 2.78 2.64 3.71 4.33 3.54 4.03 2.95 2.55 2.56 2.69 2.61 1.23
Th 457 5.17 457 4.22 5.11 5.55 5.45 5.25 5.24 3.05 2.89 2.60 2.85 1.17 1.08
U 1.51 1.67 1.49 1.38 1.66 1.69 1.69 1.63 1.60 0.92 0.89 0.86 0.84 0.36 0.36
Note: BAS=Basanite; AOB=AlKali olivine basalt; TB=Transitional basalt.

* Ferrous iron could be converted to ferric iron by the oxygen in the air that the LOI might be negative.
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The Shuangliao basanites are characterized by high Mg# (65.1-67.9,
Mg#=100*Mg/(Mg+Fe) mole%) except one sample BBT-5 with Mg# of 73.9 which
might have been contaminated, high Co (53.8-62.5 ppm) and Ni (269-372 ppm)
contents, high FeO3'(>12.78 wt.%) and TiO» (2.13-2.91 wt.%) and low Al.O3
(<12.5wt.%), indicating weak effect of fractional crystallization. Alkali olivine basalts
and transitional basalts have relatively low Mg# (58.8-60.6) and Ni (161-209 ppm)
content. It is worth noting that the compositions of basanites vary in different trends
from those of alkali olivine basalts and transitional basalts on plots of major element
oxides vs. MgO (Fig. 4-2), suggesting that these variations cannot be caused by

different degrees of fractional crystallization from a single primary magma.

The chondrite normalized rare earth element and primitive-mantle normalized trace
element patterns of the Shuangliao basalts show similar characteristics, but the
concentrations vary with rock types and decrease with the alkalinity of the rocks (Fig.
4-3). The trace element concentrations of basanites are the highest of all samples, and
they are enriched in light rare earth elements (LREES) relative to heavy rare earth
elements (HREEs) ((La/Yb)n=18.3-29.5, N means chondrite normalization), and
enriched in Nb and Ta, depleted in highly incompatible elements (Rb, Ba, Th, U), and
have negative K anomaly and weak positive Eu and Sr anomalies. With the decrease of
alkalinity of the Shuangliao samples, the fractionation between LREEs and HREES
decreases, the depletion of highly incompatible elements is reduced, the K anomaly

turns from negative to positive, and the positive Eu and Sr anomalies are enhanced.
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Figure 4-2. Major element oxides vs. MgO for the Shuangliao basalts. Data in gray dots are from

Xu et al. (2012).
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Figure 4-3. Primitive mantle-normalized trace elements concentration diagram for the Shuangliao

basalts. Normalization values are after McDonough and Sun (1995). The data from Xu et al. (2012)

are shown in the gray zone.
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Major and trace element concentrations of Shuangliao basalts are consistent with the
previous reported data of Shuangliao basalts (Xu et al., 2012) (Figs. 4-2, 4-3). Overall,
the Shuangliao basalts are characterized by high Fe content and HIMU-like trace
element pattern. In addition, it is highly impossible that alkaline olivine basalts and
transitional basalts evolved from basanites via crystal fractionation, as they show

different trends from basanites on both major and trace element diagrams.

4.1.1.2 Chemical compositions of phenocrysts

The major element contents of clinopyroxene (cpx) and olivine (ol) phenocrysts are
listed in Tables 4-2 and 4-3. The BSE (Back-scattered Electron) images demonstrate
that most of the cpx and ol phenocrysts are euhedral and homogeneous (Fig. 4-4), and
only a few of them have different core composition which might be attributed to
crystallisation around pre-exciting xenocrysts and were disregarded. The cpx
phenocrysts are augitic to diopsidic, have relatively low Mg# (61.0-82.2) and Cr203
(<0.8 wt.%) and high TiO2 (0.7-4 wt.%) compared to cpx in peridotite xenolith carried
by the Shuangliao basalts (91.5-92.8 Mg#, 0.72-1.42 wt.% Cr20s3, 0.16-0.32 wt.% TiO5)
(Table 4-2; Hao et al., 2016). All measured olivines have CaO content above 0.1 wt%,
indicating that they are igneous phenocrysts (Thompson and Gibson, 2000). The Mg#
values of ol phenocrysts range from 62.4 to 84.9 (Table 4-3). Except for BBT, the

highest Mg# values of cpx phenocrysts are similar to those of coexisting ol phenocrysts.
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Table 4-2. Major element compositions and calculated water contents of cpx phenocrysts and corresponding melt of Shuangliao basalts

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO I cpx Depx/melt  melt
(mm)  (wt. ppm) (wt. %)
1-0la 47.34 6.78 2.66 0.21 6.84 0.06 0.13 12.55 22.46 0.53 0.02 76.60 3.54 0.044 340.81 0.026 1.29
1-01b 44.79 8.38 3.50 b.l.d. 8.24 0.06 0.06 11.39 22.86 0.50 b.l.d. 71.13 1.72 0.044 165.69 0.043 0.38
1-02b 4733  6.10 280 bld 8.6 b.ld. 011 1202 2273 060 0.01 7267  3.65 0.040 386.42 0.025 1.56
1-04a 46.36  7.58 296 0.06 7.01 b.l.d. 0.08 1159 2295 060 b.ld. 7467  3.36 0.049 289.80 0.030 0.96
1-08a 4611  7.68 328 0.01 7.37 0.07 010 1128 22,67 048 0.01 7319 331 0.041 34191 0.032 1.08
1-09a 4259 1028 490 0.01 8.22 0.02 010 1001 2310 053 b.ld. 68.48 220 0.031 300.70 0.070 0.43
1-10a 4746  6.93 283 bld 737 0.15 011 1151 2353 049 0.01 7358 154 0.028 232.42 0.026 0.91
1-11a 50.37  6.58 1.02 023 8.08 b.l.d. 010 1526 1746 093  b.ld. 7710 153 0.029 22324 0.020 111
1-12a 46.08  6.38 3.09 bld. 829 b.l.d. 0.08 1187 23.03 049 0.02 7186 231 0.032 305.32 0.030 1.03
1-13a 4538  8.30 341 0.02 8.41 0.06 012 1056 2261 060 b.ld. 69.12 221 0.048 195.17 0.037 0.53
BBT1 1-15a 47.22 5.61 2.70 0.01 7.29 0.01 0.09 12.72 23.14 0.24 b.l.d. 75.68 1.71 0.046 157.11 0.023 0.67
1-16a 4830  5.99 173  1.09 6.00 b.ld. 0.07 1312 2286 052 0.01 7958  1.76 0.029 256.36 0.022 1.19
1-18a 4485 8.4 393 001 8.10 0.02 015 1107 2320 044 bld. 70.90 1.53 0.026 249.16 0.043 0.58
1-18b 41.85 10.55 4.74 b.l.d. 8.21 b.l.d. 0.07 10.18 22.98 0.49 b.l.d. 68.87 1.92 0.026 312.14 0.077 0.40
1-18c 4936  7.92 190 0.08 6.57 b.ld. 010 1226 2056 077 0.18 76.90 1.60 0.026 261.04 0.021 1.25
1-18d 45.28 7.61 351 0.06 8.00 0.03 0.09 11.31 22.99 0.50 b.l.d. 71.58 211 0.026 343.06 0.037 0.93
1-19a 43.15 9.43 4.75 0.04 7.92 0.02 0.07 10.80 22.64 0.51 b.l.d. 70.85 1.75 0.043 172.01 0.061 0.28
1-20a 46.07 7.46 3.00 0.05 7.06 b.l.d. 0.11 1151 23.15 0.54 b.l.d. 74.41 3.38 0.046 310.45 0.031 1.01
1-22a 46.94 7.44 2.60 0.16 7.05 0.03 0.07 11.94 23.02 0.52 0.05 75.13 5.28 0.053 421.22 0.028 1.48
1-23a 50.55 6.95 0.95 0.17 5.50 0.03 0.10 13.30 21.01 0.95 b.l.d. 81.17 2.73 0.057 202.95 0.016 1.26
1-23b 44.69 8.85 4.00 0.96 6.74 0.27 0.15 10.99 22.95 0.59 b.l.d. 74.41 341 0.057 25291 0.048 0.53
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
1-24a 45.99 6.52 341 0.03 7.90 b.l.d. 0.08 12.07 23.29 0.47 0.01 73.15 1.78 0.053 141.87 0.032 0.44
BBT1 1-25a 47.63 5.95 2.68 0.01 7.65 0.03 0.16 12.02 22.90 0.52 0.01 73.68 2.80 0.055 21541 0.023 0.94
1-27a 4557  6.76 365 bld 828 b.l.d. 0.09 1202 2301 042 0.01 7213 431 0.047 388.29 0.035 1.10
2-05a 50.93  6.05 0.86 0.64 7.68 0.06 011 1437 1796 092 b.ld. 76.93  1.39 0.049 119.86 0.016 0.74
2-07a 46.78  7.85 3.07 0.08 7.07 b.l.d. 010 1149 2295 046  0.02 7435  5.30 0.059 380.32 0.030 1.26
2-09a 50.82  4.60 158 054 5.30 0.01 0.09 1368 2191 097 0.01 8215 236 0.046 217.45 0.014 1.59
2-12a 4788  6.47 230 041 6.37 0.06 0.13 1254 2251 056 0.04 77.83  5.56 0.066 356.65 0.023 1.55
2-14a 4536  8.20 336 bld 786 0.04 0.09 1100 2283 052 hld 7140 352 0.060 248.52 0.037 0.67
2-15a 4320  9.79 436 0.01 8.24 0.01 0.12 1008 2247 070 0.01 68.54 434 0.060 306.14 0.058 0.53
2-20a 4621  6.71 351  bld.  7.66 0.07 011 1183 2290 038 hld. 7335  3.22 0.047 289.80 0.031 0.95
2-21a 48.04 6.06 2.59 0.03 7.66 b.l.d. 0.10 12.03 23.03 0.47 b.l.d. 73.69 4.23 0.054 331.22 0.022 1.50
BBTZ 2-21b 45.71 7.53 3.42 b.l.d. 7.77 0.04 0.10 11.47 22.61 0.59 0.01 72.46 4.00 0.054 31351 0.034 0.91
2-22a 46.01  6.93 346  0.03 7.78 b.ld. 010 1168 2277 042 0.01 7279  3.18 0.040 336.18 0.031 1.07
2-24a 46.95 7.29 3.01 0.03 7.27 b.l.d. 0.10 11.72 23.13 0.57 0.01 74.19 4.30 0.038 478.46 0.029 1.66
2-25b 46.91 7.21 2.84 0.01 7.14 0.02 0.08 11.53 2291 0.58 b.l.d. 74.22 3.27 0.038 363.89 0.027 1.36
2-26a 4558  8.14 330 0.03 7.26 b.ld. 0.08 1124 2323 049 bld 7340  2.67 0.038 297.75 0.036 0.84
2-30a 4690  7.08 278  0.02 7.03 b.ld. 013 1207 2278 054 0.02 75.38  3.02 0.068 188.04 0.028 0.68
2-34a 46.04 7.50 341 0.02 7.83 0.01 0.10 11.43 23.00 0.46 b.l.d. 72.25 5.32 0.060 374.82 0.033 113
2-37a 47.69 6.79 2.55 0.16 7.17 b.l.d. 0.08 12.03 22.05 0.64 b.l.d. 74.95 3.76 0.037 429.99 0.024 181
3-02a 47.44 9.00 2.25 0.16 6.72 0.08 0.08 12.10 20.88 0.93 b.l.d. 76.25 1.27 0.055 559.46 0.030 1.84
BBT3 3-03a 46.34 7.96 3.34 0.07 7.02 0.02 0.09 11.42 23.11 0.49 0.01 74.36 6.91 0.051 572.89 0.033 1.75
3-04a 48.22 5.64 2.57 0.09 7.38 b.l.d. 0.14 12.89 22.89 0.43 0.01 75.70 6.10 0.048 538.08 0.022 243
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
3-05a 45.54 8.15 3.56 0.06 6.86 0.03 0.09 1151 22.90 0.53 b.l.d. 74.95 451 0.043 443.80 0.037 1.20
3-05b 45.80 8.27 3.67 0.04 7.20 0.05 0.11 11.13 22.67 0.51 b.l.d. 73.39 441 0.043 434.15 0.036 121
3-06a 4471 8.69 3.94 0.05 7.67 b.l.d. 0.06 11.12 23.25 0.42 b.l.d. 7211 4.75 0.040 502.79 0.045 111
3-06b 4839  5.16 251  0.02 6.98 b.l.d. 010 1290 2289 041 b.ld 76.71  3.15 0.040 333.00 0.020 1.70
3-09a 4311 1027 403 005 7.99 b.ld. 0.09 1046 2258 058 b.ld. 70.01  5.39 0.041 556.06 0.062 0.90
3-12a 50.02  4.92 180 0.36 6.48 0.02 0.05 1351 2262 050 b.ld 7881  7.52 0.055 578.81 0.016 3.58
3-13a 4554 840 3.05 0.23 6.90 0.07 012 1166 2310 046 0.01 75.09  6.03 0.042 607.29 0.038 1.62
3-14a 4293 1072 415 0.33 7.75 b.l.d. 0.06 1064 2231 060 0.01 7099  7.42 0.043 729.66 0.068 1.07
3-14b 42.92 10.67 4.55 0.11 8.24 0.07 0.08 10.31 22.19 0.63 0.01 69.04 7.25 0.043 713.12 0.070 1.02
3-14c 4833  5.63 211 o001 7.35 0.04 0.09 1281 2234 052 bld 75.67  5.61 0.043 551.84 0.020 2.76
BBT3 3-21a 4500  8.89 3.66  0.07 7.29 b.ld. 0.06 1079 23.06 050 0.01 7252 457 0.048 402.50 0.041 0.98
3-22b 4759 585 235 0.08 7.54 0.02 0.07 1254 2255 043 bld 7479  5.78 0.047 520.09 0.022 2.33
3-22¢ 48.88  6.05 168  0.05 6.41 0.03 011 1310 23.06 049 b.ld 7845  6.88 0.047 619.78 0.019 3.20
3-24a 4894 578 200 bld.  6.98 0.08 014 1302 2212 061 b.ld 76.89  5.10 0.045 479.27 0.019 2.49
3-28a 4329 9.84 436 0.18 8.05 b.ld. 0.05 1028 2232 068 b.ld. 69.48 855 0.037 977.32 0.059 1.67
3-29a 47.67 5.72 2.55 0.02 7.48 0.03 0.13 12.55 22.56 0.47 b.l.d. 74.94 7.31 0.048 644.48 0.022 2.88
3-30a 4569  7.90 355 011 6.84 b.ld. 0.07 1157 2278 054 b.ld 7510 5.14 0.059 368.91 0.035 1.05
3-32a 46.58  7.50 3.05 015 6.51 0.03 0.09 1190 2274 043 bld 76.53  4.37 0.049 377.45 0.029 1.28
3-33a 48.75  6.59 1.78  0.09 6.03 0.02 010 1333 2269 052 bld 79.77 530 0.048 466.77 0.021 2.21
3-33c 4598  7.53 348 0.04 7.39 0.04 0.07 1141 2284 051 bld 7336  4.43 0.048 390.60 0.033 1.19
3-35a 4561  7.74 348 0.08 7.12 0.01 0.06 11.72 23.05 041 b.ld 7458  5.43 0.050 459.61 0.036 1.29
3-36a 4981 449 192 022 6.28 b.l.d. 0.08 1371 2326 040 b.ld. 79.57 512 0.046 471.15 0.016 2.93
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
3-37a 43.84 9.94 4.02 0.41 7.48 b.l.d. 0.06 10.96 22.44 0.63 b.l.d. 72.33 7.76 0.045 729.67 0.058 127
BBT3 3-38a 45.04 9.02 3.49 0.21 7.52 0.055 0.07 11.00 22.75 0.63 b.l.d. 72.27 5.49 0.044 528.24 0.043 1.23
3-41a 4458 9.49 4.27 b.l.d. 7.24 0.046 0.09 10.88 22.92 0.55 b.l.d. 72.81 5.24 0.044 503.72 0.050 1.01
5-0l1a 4515  8.36 383 015 6.63 b.ld. 0.08 1145 2312 042 0.01 75.48  6.08 0.062 414.87 0.040 1.04
5-02a 4881 533 244 013 6.38 b.l.d. 0.07 1304 2297 034 bld 7845 856 0.061 593.77 0.019 3.15
5-04a 46.83  7.53 343  0.09 7.06 0.05 0.05 1173 23.02 043 bld 7476  5.60 0.060 395.13 0.031 1.28
5-06a 4555  7.83 378 013 6.66 b.l.d. 0.04 1185 2316 043 0.01 76.03  7.76 0.064 51291 0.037 1.37
5-07a 5248  3.80 0.32 0.03 7.97 0.01 0.18 1282 2149 070 b.ld. 7415  3.94 0.065 256.68 0.009 2.82
5-07b 4479  9.01 401 015 6.86 0.07 0.09 1114 2317 049 bld 7435  6.22 0.065 404.71 0.046 0.89
5-08a 4842 575 263 012 7.03 b.l.d. 013 1273 2301 038 hld 76.36  6.16 0.061 426.95 0.021 1.99
5-09a 45.75 8.30 3.59 0.18 6.93 0.04 0.09 11.63 23.19 0.52 0.01 74.94 5.98 0.065 389.09 0.039 1.01
5-14a 4511  8.80 413 013 6.61 0.05 0.07 1115 2286 051 0.01 75.06 5.78 0.055 444.90 0.042 1.05
8BTS 5-15a 46.33  7.65 316 0.72 6.37 0.01 0.07 1226 2311 044 bld 7742  6.86 0.051 568.99 0.034 1.66
5-17a 48.02  5.89 244 016 6.35 0.05 010 1265 23.09 025 0.01 78.02 384 0.040 405.68 0.021 1.94
5-18a 4556  8.22 354 015 6.90 0.03 010 1175 23.02 054 bld 7522 4.98 0.035 602.06 0.039 1.55
5-18b 45.02 850 364 010 7.06 0.07 013 1166 23.06 042 b.ld. 7464  4.90 0.035 591.78 0.043 1.39
5-19a 44.79 8.91 412 0.37 7.29 b.l.d. 0.07 11.24 22.76 0.50 b.l.d. 73.33 7.13 0.046 656.22 0.047 1.39
5-20a 46.46 8.08 3.50 0.13 6.68 0.05 0.12 11.69 23.12 0.50 b.l.d. 75.71 4.46 0.034 554.43 0.034 1.62
5-21a 45.56 8.32 3.54 0.04 7.18 0.04 0.09 10.89 23.14 0.43 0.01 73.00 4.10 0.030 578.70 0.036 1.62
5-21b 46.29 7.92 3.59 0.16 6.75 0.04 0.08 11.42 23.18 0.44 b.l.d. 75.12 4.02 0.030 566.29 0.033 1.69
5-21c 45.79 8.55 4.02 0.16 6.69 0.03 0.04 11.53 22.96 0.47 0.01 75.45 4.18 0.030 589.99 0.040 1.48
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
5-22a 45.85 8.25 3.68 0.08 6.19 b.l.d. 0.09 11.72 23.08 0.53 0.01 77.15 3.50 0.036 41161 0.036 113
5-22b 4547 8.45 3.82 0.15 6.22 b.l.d. 0.09 11.53 23.05 0.50 b.l.d. 76.76 3.63 0.036 426.66 0.039 1.10
5-23b 4429  9.35 408 0.17 6.85 0.01 0.06 1101 2278 042 bld 7413  4.18 0.037 478.02 0.049 0.99
5-24a 4760  5.75 286 0.06 7.02 b.l.d. 0.09 1263 2292 033 hld 76.22  6.71 0.046 617.50 0.023 2.69
5-26a 4643  7.14 316 0.04 7.53 b.l.d. 0.09 1196 2287 049 0.02 73.90 5.09 0.045 478.89 0.031 1.55
5-26b 50.24  5.16 125 048 5.69 b.l.d. 0.07 1413 2227 056 0.01 8157 431 0.045 404.80 0.016 2.57
5-28a 45.51 8.17 3.65 0.13 6.73 b.l.d. 0.08 11.49 22.90 0.49 b.l.d. 75.27 7.54 0.057 559.35 0.037 151
BETS 5-29b 4558  8.28 3.67 0.08 6.82 0.07 0.08 1159 2279 042 bld 7520 474 0.046 436.29 0.038 1.16
5-31a 46.12 7.84 350 0.14 6.54 0.07 0.07 1174 2293 051 0.01 76.20 4.64 0.052 377.73 0.034 112
5-32a 4413 955 421 013 6.98 b.l.d. 0.06 10.64 23.03 051 b.ld 7310 5.33 0.044 512.28 0.050 1.02
5-34a 4558  7.97 371 018 6.43 0.04 010 1185 23.04 046 b.ld 76.65  3.46 0.034 430.85 0.037 1.15
5-34b 51.04 4.92 0.72 0.06 9.18 b.l.d. 0.14 11.75 20.45 0.78 0.005 69.52 1.94 0.034 241.18 0.011 211
5-34c 46.16  7.76 336 013 6.84 b.ld. 010 1143 2305 050 b.ld 7488  4.65 0.034 578.20 0.032 1.79
5-37a 4733  6.83 259 012 6.72 b.ld. 0.03 1254 2296 037 0.01 76.89  4.99 0.050 422.03 0.026 1.63
8-03a 47.78 5.91 2.86 0.01 7.44 b.l.d. 0.12 12.44 23.02 0.41 b.l.d. 74.89 3.14 0.045 294.78 0.023 1.26
8-04a 4858  6.25 2.86 0.09 6.54 b.ld. 012 1233 2234 053 0.08 77.08 223 0.044 21464 0.021 1.02
8-05a 4643  6.71 3.09 bld 754 0.02 0.08 1207 23.09 045 0.01 7405  3.79 0.043 372.65 0.029 1.27
BETS 8-06a 4940  6.19 160 021 6.57 b.ld. 011 1314 2220 066  0.02 7810  3.99 0.047 359.40 0.019 1.91
8-07a 47.77 5.58 2.55 0.05 6.73 0.04 0.07 12.88 22.99 0.48 b.l.d. 77.34 3.63 0.041 374.83 0.022 1.71
8-08a 4783  6.10 238 0.36 6.42 0.05 0.09 1293 2272 046 0.01 7821  2.60 0.039 281.70 0.023 1.22
8-14a 4518  8.82 367 0.01 7.43 0.04 0.08 1090 2278 055 0.01 7233 317 0.049 273.83 0.041 0.68
8-16a 4699  6.82 3.09 019 6.77 0.01 0.09 1240 2294 049 bld 76.56  3.72 0.052 302.78 0.028 1.07
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) 0 In cex Depx/melt melt
(mm)  (wt. ppm) (wt. %)

8-17a 43.91 9.43 4.24 0.02 7.39 0.04 0.13 10.43 23.01 0.61 b.l.d. 71.56 2.94 0.048 259.08 0.051 0.51
8-18a 46.11 7.43 3.12 0.10 6.89 b.l.d. 0.09 11.83 23.15 0.56 0.01 75.38 3.68 0.045 345.56 0.032 1.08
8-21a 4715  5.66 314 bld. 783 0.03 013 1237 2291 050 b.ld 7381 248 0.035 299.70 0.025 1.19
8-22a 46.34  7.78 317 0.01 6.84 0.02 0.07 1169 23.07 057 bld 75.28  2.58 0.022 497.03 0.032 1.56
8-22b 4783  6.32 286 0.02 7.11 b.ld. 0.06 1245 2297 055 0.01 75.73  1.99 0.022 383.32 0.024 1.57
8-23a 48.88  4.73 248 bld. 738 0.02 013 1277 2305 055 b.ld 75,52  2.05 0.026 332.97 0.018 1.83
8-24a 4203 1001 523 bld. 832 0.03 0.05 1037 2279 054 0.01 68.98 244 0.036 286.91 0.076 0.38
8-25a 4443  8.07 387 bld. 840 0.04 0.08 1100 2261 059 b.ld 70.02 276 0.035 334.03 0.043 0.77
8-26a 4429 8091 392 0.04 7.93 0.03 0.04 1085 2294 053 0.02 70.93 236 0.026 383.91 0.047 0.81
BBT8 8-27a 46.67  7.08 341  bld. 720 b.l.d. 013 1179 2276 064 b.ld 7450  0.98 0.023 180.47 0.030 0.61
8-28a 44.70 8.27 3.65 0.02 7.63 0.02 0.09 11.27 22.99 0.51 b.l.d. 72.49 2.13 0.032 281.12 0.042 0.67
8-29a 4564  7.37 335 0.01 7.91 b.l.d. 011 1129 2296 044 0.01 7178 241 0.036 282.79 0.033 0.85
8-30a 46.58  6.72 3.28 0.02 7.49 b.ld. 0.06 1192 2328 054 bld 73.94 215 0.034 267.94 0.029 0.91
8-3la 45.96 7.36 3.36 0.02 7.94 0.01 0.12 11.44 22.72 0.40 b.l.d. 71.97 1.85 0.034 229.98 0.032 0.71
8-31b 46.71 6.54 3.17 0.03 7.49 b.l.d. 0.08 11.74 23.22 0.34 b.l.d. 73.63 1.77 0.034 219.65 0.027 0.81
8-32a 4839  8.09 212 0.07 6.75 0.09 010 1390 20.03 0.63 0.02 78.60 2.04 0.028 308.13 0.028 1.09
8-32b 4833  7.90 1.88  0.10 6.27 0.10 012 1422 2019 065 b.ld 80.16  1.92 0.028 290.45 0.027 1.07
8-33a 4283  9.72 454  bld. 848 0.02 0.08 1010 2278 057 b.ld. 67.97  2.66 0.038 295.97 0.062 0.48
8-34c 47.28 5.95 3.07 0.02 7.45 b.l.d. 0.10 12.29 22.95 0.42 b.l.d. 74.64 1.68 0.023 309.62 0.025 1.25
4-02a 52.09 241 153 0.03 6.43 b.l.d. 0.08 1403 2280 060 b.ld. 7955  3.33 0.042 335.48 0.010 3.45
BLS4 4-03a 49.43 4.54 2.48 0.10 6.97 0.03 0.12 12.07 22.72 0.65 b.l.d. 75.55 4.71 0.048 414.93 0.015 2.74
4-04a 50.81 3.12 1.80 0.18 6.58 0.02 0.11 13.69 22.44 0.63 b.l.d. 78.78 4.70 0.032 620.81 0.012 5.19
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
4-04b 50.78 3.54 1.85 0.06 7.02 b.l.d. 0.11 13.55 22.79 0.60 b.l.d. 77.49 4.62 0.032 610.90 0.013 4.70
4-05a 48.57 5.65 2.55 0.05 7.08 0.04 0.13 12.04 22.85 0.61 0.02 75.21 4.69 0.040 496.54 0.019 2.58
4-06a 48.06  5.85 274 010 6.94 b.l.d. 0.08 1232 2297 058 bld 76.00 3.85 0.048 339.65 0.022 1.56
4-09a 4934 508 216  0.09 7.19 0.02 0.09 1278 2227 058 h.ld. 76.02  6.10 0.060 430.18 0.017 2.53
4-10a 5043  4.02 146 014 7.41 0.02 014 1339 2225 046 0.02 76.32  3.02 0.048 266.57 0.013 1.99
4-11a 47.00 6.34 258 0.04 8.32 0.05 011 1195 2212 068 hld. 7191 438 0.045 412.13 0.025 1.62
4-12a 46.66  7.20 3.05 0.01 8.16 0.02 0.08 1132 2273 067 0.02 7121 4.28 0.042 431.49 0.029 1.47
BLSe 4-13a 4870  6.70 167 042 7.03 0.02 010 1231 2196 072 bld 75.75 472 0.034 587.55 0.020 2.87
4-17a 4745  6.32 282 0.09 7.25 0.01 012 1176 2249 069 0.01 7431 490 0.039 532.06 0.023 2.28
4-20a 50.24 273 185 b.ld. 1052  b.ld. 016 1183 2156 039 b.ld. 66.72  1.06 0.039 114.66 0.011 1.00
4-25a 4840 555 246  0.05 7.03 0.05 011 1224 2274 063 0.01 75.64  4.58 0.034 569.53 0.019 2.94
4-29a 50.51  4.70 1.06 053 5.72 b.ld. 0.09 1364 2282 057 bld 80.97 5.52 0.042 556.52 0.014 4.04
4-29b 51.00 241 139 003 9.25 b.ld. 0.18 12,66 2197 040 b.ld. 70.94  3.36 0.042 33881 0.010 3.34
4-34a 49.77 4.36 1.71 0.43 7.47 b.l.d. 0.07 13.03 2254 0.41 b.l.d. 75.67 3.18 0.041 328.08 0.015 2.16
6-03a 51.41 2.19 1.25 0.03 8.96 0.04 0.12 14.03 21.98 0.37 0.01 73.62 5.76 0.054 451.42 0.011 4.17
6-04a 4981  4.46 143 052 6.90 0.05 011 1329 2219 043 0.01 7744 289 0.050 244.23 0.015 1.66
6-06a 5122 3.99 110 044 7.04 b.ld. 0.08 1395 218 079 b.ld 7794  4.18 0.048 368.65 0.013 2.85
BLS6 6-06a 50.27  3.77 193 017 7.20 0.06 013 1334 2259 074 bld 76.77  4.18 0.048 368.65 0.014 2.60
6-07a 51.76 2.54 0.84 0.01 9.10 0.01 0.24 13.24 22.22 0.46 b.l.d. 72.18 2.65 0.050 224.43 0.010 2.27
6-08a 5174 251 096 0.35 6.74 0.05 012 1449 2235 034 bld 79.32 372 0.052 302.87 0.010 2.99
6-09a 4826 444 278 0.05 9.43 b.l.d. 0.07 1219 2095 1.06 0.10 69.74  3.95 0.059 283.14 0.019 1.46
6-10a 51.03 3.46 1.28 0.55 6.84 0.04 0.10 14.13 22.31 0.47 b.l.d. 78.65 3.53 0.052 287.16 0.013 2.27
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
6-12a 50.64 3.97 1.71 0.01 8.45 0.01 0.11 12.94 22.32 0.47 0.01 73.20 2.63 0.036 308.73 0.014 2.28
6-13a 46.14 6.10 4.01 b.l.d. 10.98 0.06 0.15 10.04 21.06 1.00 0.10 62.00 2.46 0.042 247.73 0.030 0.84
6-15a 50.31  3.36 1.74 001 8.57 b.l.d. 013 1275 2255 042 bld 72.63 295 0.048 260.14 0.013 2.05
BLS6 6-18a 5185  1.42 1.04 001 9.85 0.02 020 1331 2085 087 0.08 70.67  3.48 0.030 490.38 0.009 5.59
6-21a 5049  3.56 172 0.03 7.88 b.ld. 013 1365 2231 040 b.ld 7554 282 0.052 229.55 0.014 1.70
6-22a 48.16  4.56 294 bld. 971 b.l.d. 015 1135 2181 067 0.03 67.57 222 0.054 173.88 0.019 0.93
6-22b 4958  3.09 272  bld 1166  0.01 015 1023 2138 096 0.01 61.00 273 0.054 213.60 0.013 1.63
7-06a 50.13  3.98 190 0.01 7.85 0.03 013 1302 2264 061 b.ld 7474 499 0.061 346.41 0.014 2.40
7-09a 4880 584 193 038 7.06 0.01 0.08 1267 2232 061 bld 76.19  6.20 0.048 546.72 0.019 2.81
7-11a 51.77 230 1.18  0.02 8.08 b.l.d. 012 1373 2196 041 bld 7519  2.65 0.055 203.95 0.010 212
7-14a 50.06 4.05 1.75 0.15 7.38 0.01 0.09 13.35 22.60 0.51 b.l.d. 76.33 6.05 0.070 365.52 0.014 2.52
7-18a 50.20 3.78 1.90 b.l.d. 8.63 b.l.d. 0.13 12.45 22.12 0.41 b.l.d. 72.00 2.77 0.063 185.91 0.013 142
7-19a 52.08 2.78 1.06 0.38 6.73 0.10 0.08 14.15 21.93 0.66 b.l.d. 78.95 5.05 0.075 284.85 0.010 2.83
7-22a 50.78 4.85 0.64 0.03 8.62 0.03 0.14 12.32 21.34 1.30 b.l.d. 71.81 8.11 0.084 408.47 0.013 3.19
BLS7 7-24a 52.16 2.77 0.37 0.03 9.95 b.l.d. 0.18 12.20 20.84 0.97 b.l.d. 68.63 2.60 0.046 238.70 0.008 2.83
7-24b 48.25 5.42 2.50 0.05 7.10 0.01 0.08 12.59 22.97 0.57 b.l.d. 75.97 2.66 0.046 24477 0.020 1.20
7-24d 4869  5.23 246  0.05 7.20 b.ld. 0.03 1278 2276 062 b.ld. 75.99  3.26 0.046 299.55 0.019 1.55
7-25a 4591 7.64 314  0.06 8.45 0.05 013 1085 2255 0.72 0.02 69.60  3.18 0.048 280.59 0.033 0.86
7-27a 47.96 6.40 2.17 0.51 7.02 b.l.d. 0.06 12.50 22.47 0.54 b.l.d. 76.05 6.55 0.054 513.32 0.023 2.23
7-28a 4933 418 182 0.02 8.19 b.l.d. 012 1310 2238 048 0.01 7403 434 0.047 390.54 0.016 2.46
7-29a 48.99 4.97 1.77 0.34 7.23 b.l.d. 0.12 12.66 22.74 0.60 0.02 75.74 412 0.055 316.66 0.017 1.85
7-34a 49.49 4.52 1.50 b.l.d. 7.29 b.l.d. 0.11 12.77 22.97 0.51 b.l.d. 75.75 5.60 0.059 401.76 0.015 2.74
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)

7-36a 51.14 4.09 1.08 0.35 7.29 b.l.d. 0.11 13.65 21.43 0.76 0.018 76.96 5.02 0.047 452.21 0.013 3.61

BLST 7-37a 51.50 4.68 0.71 0.67 5.60 0.06 0.12 13.89 22.33 0.69 0 81.55 4.32 0.049 373.31 0.013 2.99
8-04a 4924 381 198 bld. 889 0.04 012 1259 2218 044 bld 7162 238 0.044 228.68 0.008 291

8-09a 50.36  3.18 175 012 7.37 0.07 012 1363 2226 063 b.ld 76.73 182 0.042 183.66 0.013 1.43

8-1la 52.67 1.48 1.14 0.05 6.93 b.l.d. 0.12 14.50 22.32 0.50 0.01 78.87 2.24 0.045 210.61 0.008 2.54

8-14a 50.72  3.33 1.70 0.04 7.06 b.ld. 0.08 13.62 2256 059 b.ld. 7748  3.21 0.045 302.21 0.012 2.44

8-15a 4992 395 177 001 8.30 b.ld. 0.07 1283 22,02 048 b.ld 7337 353 0.049 304.83 0.014 2.20

8-16a 50.72 275 158 0.03 7.52 0.01 012 1364 2249 063 b.ld 76.37 282 0.042 283.90 0.012 2.44

8-18a 5183 215 140 0.06 7.09 0.05 013 1393 2222 059 0.01 7780 197 0.028 297.10 0.010 3.12

8-18b 50.76  2.69 1.79 020 7.39 0.04 015 1365 2195 066 0.02 76.71 152 0.028 228.97 0.012 1.96

BLS8 8-19a 51.79 230 110 0.13 7.29 b.l.d. 011 1430 2181 039 bld 7776 224 0.029 326.10 0.010 3.38
8-20a 51.01 240 155 0.26 7.46 0.01 015 1369 2194 060 b.ld. 76.58  2.43 0.028 367.79 0.011 3.43

8-21a 5180 1.59 1.28 0.08 8.69 0.04 013 1326 22.03 061 0.01 7313 181 0.027 284.28 0.009 3.22

8-22a 5117 259 1.37  0.09 8.76 0.05 012 1335 218 039 0.02 7310 2.28 0.026 370.99 0.011 3.44

8-25a 49.97 2.23 1.92 0.07 10.81 b.l.d. 0.21 11.76 21.61 0.43 b.l.d. 65.99 1.59 0.044 152.62 0.011 1.35

8-27a 50.70  3.78 145 017 6.88 0.08 011 1401 2249 047 bld 7842  4.05 0.048 356.84 0.013 2.66

8-30a 5151 232 1.07 0.06 7.73 b.ld. 011 1436 2224 038 0.01 76.81 253 0.038 281.82 0.010 2.72

8-32a 50.06  3.60 132 042 6.64 b.ld. 0.08 1405 2195 039 0.01 79.05  2.02 0.031 276.29 0.013 2.10

8-36a 45.17 7.19 3.54 0.01 10.68 b.l.d. 0.07 10.68 21.40 0.67 b.l.d. 64.05 2.73 0.028 412.70 0.037 1.13

4-1-02 51.73 1.63 1.29 0.01 10.73 0.06 0.27 12.34 21.78 0.47 b.l.d. 67.21 3.74 0.105 150.76 0.009 1.67

DHLB4  4-1-05a 51.31 1.87 1.49 b.l.d. 9.77 b.l.d. 0.20 12.90 21.92 0.48 b.l.d. 70.17 2.29 0.094 103.08 0.010 1.04
4-1-06a 51.42 2.87 1.40 0.32 7.31 0.04 0.18 14.37 22.20 0.39 b.l.d. 77.81 5.36 0.094 241.18 0.012 2.04
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
4-1-06b 52.09 2.28 1.06 0.61 6.79 0.06 0.13 14.25 21.45 0.32 0.01 78.92 4.57 0.094 205.58 0.009 2.22
4-1-07a 50.58 2.37 1.51 0.04 9.09 0.04 0.22 13.35 21.83 0.39 b.l.d. 72.35 4.17 0.111 158.96 0.011 1.40
4-1-08a 50.65 3.11 186 0.01 8.68 0.08 013 1323 22,02 044 bld 7311 479 0.089 227.68 0.013 1.80
4-1-08b 5139 234 161 0.01 9.39 b.l.d. 017 1327 2184 048 0.01 7160 5.76 0.089 273.85 0.011 2.52
4-1-13b 51.34 2.31 1.51 0.05 9.01 0.01 0.16 13.79 21.75 0.47 0.01 73.19 6.09 0.119 216.44 0.011 1.94
4-1-16b 5149 223 121 0.02 8.57 0.05 0.16 1398 2187 040 bh.ld. 7442  4.43 0.108 173.41 0.010 1.67
4-1-19 5144 265 0.88 0.66 6.67 0.01 0.16 1460 2226 028 h.ld. 79.60  4.09 0.086 200.99 0.011 1.86
4-2-02a 50.69  3.69 1.09 095 6.50 0.04 012 1419 2190 037 bhld 79.55  3.59 0.083 183.12 0.013 1.40
4-2-03 50.70  3.90 150 056 7.51 0.02 015 1306 2189 040 bh.ld. 75.62 331 0.086 162.86 0.013 1.27
DHLB4 4-2-04a 51.06 2.38 1.15 0.06 7.45 0.06 0.18 14.32 21.94 0.32 b.l.d. 77.41 5.25 0.092 241.37 0.011 2.29
4-2-06a 52.00 275 099 0.65 6.32 0.02 013 1468 22,09 036 0.01 80.55  5.00 0.093 227.49 0.010 2.17
4-2-06d 51.67 241 1.58 0.00 9.04 b.l.d. 0.19 13.36 21.77 0.42 b.l.d. 72.48 541 0.093 246.28 0.010 2.35
4-2-08b 51.90 2.60 099 0.72 6.53 0.05 0.18 1483 2187 030 b.ld 80.19 7.26 0.101 304.24 0.011 2.86
4-2-10 52.44 2.20 1.02 0.19 7.16 0.07 0.17 14.83 21.83 0.34 0.02 78.70 2.79 0.090 131.17 0.010 1.37
4-2-15¢c 52.71 2.25 1.00 0.44 6.73 b.l.d. 0.11 14.96 21.71 0.32 b.l.d. 79.84 3.73 0.105 150.19 0.009 1.60
4-2-18a 51.02 331 1.59 0.11 7.20 0.02 0.16 14.01 22.03 0.37 b.l.d. 77.62 7.10 0.099 303.59 0.012 2.48
4-2-19c 51.11 2.83 1.08 0.86 6.47 b.l.d. 0.08 14.60 2191 0.39 b.l.d. 80.10 4.52 0.098 195.20 0.012 1.69
4-2-20b 51.64 2.94 1.07 0.86 6.33 0.07 0.12 14.34 22.01 0.37 b.l.d. 80.16 7.10 0.089 337.74 0.011 3.09
4-2-20c 50.87 3.68 1.45 0.58 6.90 0.07 0.12 13.79 21.94 0.38 0.01 78.09 5.29 0.089 251.64 0.013 197
DHLBS 5-1-01c 51.20 3.04 1.12 0.86 6.22 b.l.d. 0.13 14.35 21.96 0.31 b.l.d. 80.44 2.89 0.072 169.88 0.011 1.50
5-1-02a 51.84 2.25 1.20 0.07 7.67 0.05 0.18 1411 21.98 0.31 b.l.d. 76.63 3.27 0.073 189.37 0.010 1.95
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
5-1-03b 50.45 3.27 1.40 0.53 7.11 0.04 0.12 14.32 22.15 0.39 b.l.d. 78.22 5.15 0.080 272.39 0.013 2.03
5-1-04a 51.39 2.26 1.10 0.09 7.60 0.07 0.16 1454 21.80 0.38 b.l.d. 77.33 4.69 0.080 248.06 0.010 2.38
5-1-05b 51.03  3.00 137 035 7.03 0.02 012 1419 22,09 037 0.01 7827 294 0.076 163.57 0.012 1.39
5-1-06 50.73  1.82 141  0.01 10.04  0.02 014 1262 2181 038 bld 69.15  3.48 0.075 196.05 0.010 1.99
5-1-08 5049  3.69 129 087 6.45 0.06 015 1396 2225 029 bld 79.41  4.68 0.077 257.43 0.013 1.94
5-1-11a 5122 1.78 151  b.ld. 10.01  b.lLd. 023 1254 2167 043 bld 69.07  3.38 0.096 148.89 0.009 1.57
5-1-12 5156  2.32 096 0.58 6.60 0.11 0.16 1496 2158 037 0.01 80.16 5.50 0.100 232.87 0.010 2.23
5-1-13b 5169 161 1.34  b.ld. 10.67  b.lLd. 024 1241 22.08 048 b.ld. 6747  3.08 0.085 153.07 0.009 1.66
5-1-14 51.45 2.34 1.19 0.19 7.31 b.l.d. 0.10 14.54 22.07 0.34 b.l.d. 78.00 3.42 0.099 146.34 0.011 1.39
5-1-15b 5222 229 136 0.03 7.95 0.03 015 1375 2210 036 b.ld. 7550  6.54 0.089 310.98 0.009 3.28
5-1-15¢ 5147 236 150 0.04 8.50 0.03 017 1370 2199 040 b.ld. 7419  3.80 0.089 180.85 0.011 1.70
PHLBS 5-2-01 50.85  3.57 124 095 6.62 b.lLd. 014 1379 2196 032 bld 78.80  4.48 0.098 193.35 0.012 1.56
5-2-05b 51.37  3.00 1.03 072 6.48 0.06 013 1450 2210 036 b.ld. 7997 771 0.100 326.43 0.011 2.86
5-2-06a 50.77 290 1.16  0.70 6.55 0.02 0.14 1447 2227 036 h.ld 79.76 575 0.102 238.49 0.012 1.98
5-2-07a 5144 261 095 0.69 6.82 0.06 019 1486 2135 031 0.02 79.53 598 0.108 234.12 0.011 2.14
5-2-07b 5123 1.79 155 0.01 10.11  0.02 020 1195 2180 048 h.ld 6783 7.21 0.108 282.52 0.009 3.14
5-2-08a 50.82  1.96 152  b.ld. 10.03  b.ld. 023 1270 2172 047 bld 69.30 4.16 0.106 165.90 0.010 1.61
5-2-14a 50.66 3.19 1.24 0.42 7.10 b.l.d. 0.15 14.13 22.01 0.40 b.l.d. 78.03 5.48 0.112 206.84 0.012 1.68
5-2-15 51.62 2.37 1.34 0.03 8.18 0.02 0.14 13.90 2211 0.39 b.l.d. 75.18 6.14 0.117 222.20 0.010 214
5-2-16b 51.79 2.56 1.17 0.48 6.80 b.l.d. 0.15 14.76 21.74 0.33 b.l.d. 79.47 3.97 0.113 14881 0.011 1.40
5-2-19d 5153  3.12 1.10 0.87 6.47 0.04 013 1437 2215 032 bld 79.85 559 0.108 219.05 0.012 1.90
5-2-19e 51.04 3.18 1.12 0.94 6.51 0.07 0.11 14.32 22.15 0.39 b.l.d. 79.69 7.76 0.108 303.91 0.012 2.48
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
9-2-01 51.55 1.58 1.26 0.01 11.05 b.l.d. 0.21 11.86 21.82 0.58 0.01 65.67 2.58 0.107 102.18 0.009 117
9-2-02 51.12 3.16 1.40 0.11 7.64 0.06 0.18 13.99 22.08 0.36 b.l.d. 76.55 4.15 0.106 165.66 0.012 1.38
9-2-06 51.64 2.14 1.14 0.18 6.86 0.04 0.14 14.67 21.91 0.34 b.l.d. 79.22 4.32 0.114 160.23 0.010 1.63
9-2-07 5150 2.28 161 bld. 872 0.01 015 1340 218 042 0.02 7326  4.36 0.112 164.76 0.010 1.60
9-2-09a 5224 211 098 048 6.95 b.l.d. 015 1488 2159 034 bld 79.24  6.17 0.114 229.12 0.010 2.39
9-2-09b 5219  2.38 110 041 6.82 0.02 017 1466 2181 035 hld 7931  4.04 0.114 150.03 0.010 1.52
9-2-10 5225 218 1.19 0.16 7.05 b.l.d. 011 1467 2199 030 hld 78.77  6.28 0.115 231.21 0.010 241
9-2-11 5271 221 0.87 0.58 6.89 0.03 0.18 1453 2160 022 bhld. 78.99  4.29 0.112 161.89 0.009 1.82
9-2-13 5238  2.28 134 001 8.03 0.01 012 1421 2198 029 bhld 75.92  3.69 0.116 134.45 0.010 1.37
9-2-15a 4991 425 153  0.69 6.99 b.l.d. 012 13.69 2157 041 bld 77.73  5.05 0.112 190.90 0.015 1.28
DHLB9  9-2-17 51.48 1.91 1.41 0.01 10.26 b.l.d. 0.19 12.24 21.74 0.45 0.01 68.03 3.71 0.107 146.67 0.009 1.60
9-2-18 51.66 2.19 1.19 0.08 7.82 0.03 0.14 14.34 21.76 0.36 b.l.d. 76.57 4.30 0.106 171.69 0.010 1.71
9-2-20a 4950 521 125 058 6.80 0.01 014 1377 2144 049 bld 7832  4.69 0.096 206.58 0.017 1.22
9-2-20b 50.20 481 1.14  0.65 6.48 0.05 013 1433 2167 040 b.ld 79.78 711 0.096 313.51 0.016 1.99
9-2-21 50.92 1.66 1.22 0.01 10.61 0.02 0.23 12.13 21.70 0.51 b.l.d. 67.09 2.52 0.095 112.06 0.009 1.22
9-2-22 51.18 2.86 1.25 0.07 7.47 0.03 0.17 13.89 21.79 0.44 b.l.d. 76.83 3.71 0.096 163.70 0.011 1.52
9-2-25b 52.09 243 1.15 0.12 7.20 0.03 0.12 14.27 2181 0.33 b.l.d. 77.94 5.10 0.090 239.92 0.010 251
9-2-27b 51.19 214 1.67 0.02 9.60 0.03 0.19 13.10 21.70 0.50 0.02 70.87 2.57 0.094 115.46 0.011 1.08
9-2-28a 51.94 2.58 1.17 0.72 6.92 b.l.d. 0.20 14.68 21.86 0.40 b.l.d. 79.08 3.09 0.078 167.73 0.011 153
9-2-28c 51.86 2.93 1.03 0.84 6.43 0.05 0.11 13.86 2211 0.38 b.l.d. 79.36 4.19 0.078 227.46 0.010 2.24
9-2-31a 49.79 3.24 2.32 0.03 10.00 0.04 0.19 11.69 21.65 0.73 b.l.d. 67.58 3.21 0.074 183.60 0.013 1.37
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
9-2-31b 51.26 2.35 1.76 0.01 9.55 0.01 0.18 1291 21.59 0.46 b.l.d. 70.67 251 0.074 143.46 0.011 1.34
9-2-32 51.49 2.46 1.68 0.02 8.20 0.05 0.15 13.48 21.87 0.50 b.l.d. 74.55 211 0.064 139.57 0.011 1.33
9-2-33c 5238 234 1.01 022 6.93 0.01 013 1429 2197 043 bld 78.60  3.87 0.065 251.80 0.009 2.75
9-2-33d 5146 274 120 043 7.01 0.04 0.08 1446 2215 039 0.02 78.62  3.09 0.065 200.82 0.011 1.79
PHLBY 9-3-01 50.82  3.15 147  0.03 7.87 b.l.d. 016 1375 2196 043 bld 7571  5.86 0.113 219.32 0.012 1.82
9-3-05a 5116  2.40 169 bld. 897 0.05 014 1331 2162 051 0.01 7258  3.22 0.122 111.78 0.011 1.02
9-3-05b 5112 233 167 bld. 873 0.01 017 1304 2173 047 bld 7270 5.32 0.122 184.51 0.010 1.79
9-3-08 52.65 237 0.73 0.58 6.59 0.03 010 1490 22.04 040 b.ld. 80.11  7.42 0.135 232.66 0.009 2.45
10-1-02c 51.16 2.15 1.54 b.l.d. 8.05 0.05 0.18 13.61 21.87 0.44 b.l.d. 75.09 291 0.080 153.81 0.010 151
10-1-03c 5130 3.1 124 081 6.39 0.04 011 1435 218 035 hld 80.01 7.73 0.101 323.76 0.012 2.79
10-1-03d 51.09 3.27 1.22 0.84 6.49 0.03 0.13 14.29 22.33 0.34 b.l.d. 79.70 8.25 0.101 345.63 0.012 2.80
10-1-04a 52.69 2.37 1.06 0.35 7.12 0.02 0.15 14.85 2131 0.33 b.l.d. 78.80 3.88 0.094 174.83 0.010 1.83
10-1-04b 50.79 3.34 1.24 0.92 6.33 b.l.d. 0.11 14.29 21.97 0.40 b.l.d. 80.11 4.79 0.094 215.66 0.013 1.72
10-1-05a 51.98 2.23 1.07 0.08 7.44 0.02 0.13 14.49 21.89 0.34 b.l.d. 77.63 451 0.088 216.76 0.010 2.24
10-1-05b 51.26 2.76 1.53 0.13 7.39 b.l.d. 0.23 14.09 21.47 0.39 0.01 77.28 6.47 0.088 311.24 0.011 2.82
DHLB10 10-1-06a 51.58 2.46 1.52 0.03 8.44 0.03 0.17 1341 21.45 0.44 b.l.d. 73.92 5.50 0.097 239.92 0.010 2.38
10-1-06b 51.01 3.35 1.32 0.37 6.96 0.04 0.14 14.25 22.29 0.39 b.l.d. 78.49 5.90 0.097 257.41 0.013 2.05
10-1-07b 50.19 4.73 1.62 0.74 7.04 0.08 0.12 13.69 21.53 0.44 b.l.d. 77.62 5.55 0.103 228.12 0.016 143
10-1-07e 50.85 3.78 1.35 0.86 6.63 0.04 0.11 14.06 2211 0.41 b.l.d. 79.10 5.28 0.103 216.70 0.013 161
10-1-07f 51.63 2.33 1.14 0.05 7.94 0.03 0.16 14.03 21.85 0.35 0.01 75.90 11.49 0.103 472.10 0.010 4.74
10-1-07g 50.30 2.54 1.78 b.l.d. 8.75 b.l.d. 0.19 13.33 21.93 0.40 0.01 73.09 4.26 0.103 174.88 0.012 1.46
10-1-07h 51.35 249 1.54 0.02 8.74 0.04 0.21 13.55 21.52 0.40 b.l.d. 73.44 3.96 0.103 162.64 0.011 151

51



Chapter 4 Results and discussion

These de Huan Chen, Lille 1, 2017

Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) 0 In cex Depx/melt melt
(mm)  (wt. ppm) (wt. %)
10-1-08a 51.06 1.68 1.37 b.l.d. 10.04 0.02 0.25 12.40 22.00 0.50 0.01 68.77 3.69 0.092 169.57 0.009 181
10-1-08c 51.01 244 1.49 0.01 8.53 0.01 0.15 13.52 22.04 0.40 b.l.d. 73.87 431 0.092 198.41 0.011 1.82
10-1-09 49.81 4.60 1.63 0.72 7.08 0.01 0.12 13.22 21.96 0.47 0.01 76.91 4.44 0.092 204.02 0.016 131
10-1-10a  51.03 211 1.37  0.05 9.76 b.l.d. 021 1279 2139 046 b.ld 70.02  3.16 0.098 136.27 0.010 1.37
10-1-11 52.03 218 117  0.06 8.07 0.08 018 1397 2218 036 b.ld. 7552  5.26 0.115 193.61 0.010 2.00
10-1-13b 51.37 2.97 1.44 0.15 7.62 0.05 0.12 14.14 22.04 0.40 b.l.d. 76.79 7.70 0.104 313.24 0.012 2.68
10-1-15a  52.63  2.27 0.88 041 6.58 0.01 015 1486 2221 035 0.01 80.09  4.46 0.093 202.74 0.009 2.16
10-1-15b  52.05  2.28 113 0.21 7.15 0.04 015 1483 2213 038 0.01 7872  4.36 0.093 198.51 0.010 1.93
10-1-15d 5219  2.60 098 0.75 6.68 0.03 013 1468 22.06 038 b.ld. 79.66  5.18 0.093 235.59 0.010 2.26
10-1-16a  51.70  2.66 1.08 081 6.34 0.02 0.09 1451 2173 038 bld 80.31 5.38 0.110 206.95 0.013 1.56
10-2-01b 5112 194 144  bld.  9.38 b.l.d. 020 1289 2182 047 bld 71.02 393 0.083 200.35 0.010 2.05
DHLBIO 10-2-01d  50.93  2.46 175 bld. 9.26 0.01 021 1314 2190 046 b.ld. 7168 7.11 0.083 362.36 0.011 3.18
10-2-03a  51.00 1.80 142 bld. 984 0.06 020 1284 2189 048 b.ld 69.93  4.02 0.087 195.61 0.010 1.97
10-2-04a 5150 1.92 151 bld. 9.68 b.ld. 019 1295 218 037 bld 70.46  4.67 0.093 212.48 0.010 2.18
10-2-04b 5119  2.25 122  0.01 7.77 0.02 016 1394 2156 037 0.01 76.18  7.38 0.093 335.68 0.010 3.41
10-2-05c  51.60  1.98 148 0.01 9.49 0.03 023 1298 2173 045 b.ld 7093  4.04 0.094 181.90 0.010 1.88
10-2-05d 5130  3.36 111 096 6.46 0.07 0.07 1430 22.03 034 bld 79.78  4.44 0.094 199.91 0.012 1.65
10-2-06b 50.82 2.46 1.48 0.04 8.41 b.l.d. 0.17 13.71 22.08 0.43 b.l.d. 74.39 4.19 0.092 19257 0.011 1.70
10-2-09a 51.44 2.14 151 0.02 9.21 0.05 0.16 13.12 21.79 0.47 b.l.d. 71.75 4.04 0.097 176.06 0.010 1.75
10-2-10a 51.32 1.98 1.47 b.l.d. 9.40 b.l.d. 0.24 12.43 21.95 0.44 b.l.d. 70.21 3.54 0.093 160.93 0.009 1.75
10-2-10b 51.30 2.00 1.57 0.01 9.65 0.01 0.17 12.94 21.67 0.47 b.l.d. 70.51 3.80 0.093 172.76 0.010 1.72
10-2-14 5157 293 097 083 6.30 b.l.d. 012 1446 2199 033 bld 80.36  5.22 0.077 286.85 0.011 2.64
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt
(mm)  (wt. ppm) (wt. %)
10-2-16a 51.96 2.96 0.75 0.81 6.25 0.03 0.09 14.47 22.00 0.38 0.01 80.50 3.79 0.083 193.26 0.010 1.88
10-2-19a 51.92 2.16 0.98 0.25 7.34 0.02 0.18 14.75 21.50 0.32 b.l.d. 78.17 3.22 0.077 176.95 0.010 1.82
DHLBIO 10-2-19c  50.22  3.42 133 088 6.37 0.09 012 1430 2193 040 b.ld 80.02 4.04 0.077 221.79 0.014 1.64
10-2-19d  52.33  2.60 116 041 6.59 0.02 012 1458 22,08 036 0.01 79.78  4.98 0.077 273.77 0.010 2.73
2-4-02a 5161 249 085 0.65 7.92 0.02 017 1541 1966 028 b.ld. 7761  4.25 0.165 109.07 0.011 0.99
2-3-03a 5182 220 0.94 0.50 7.89 0.05 012 1503 2056 029 b.ld. 7725 592 0.167 150.02 0.010 1.46
2-4-07a 5127 216 096 0.18 8.61 b.l.d. 0.09 1443 2058 030 0.01 7491 572 0.161 150.43 0.010 1.49
2-4-07b 50.63 2.61 142 040 9.32 0.08 018 1476 1991 030 0.01 73.85 5.01 0.161 131.59 0.013 1.00
2-4-09a 5147 229 140 0.08 9.06 0.06 0.16 1410 2028 034 0.01 7350  4.78 0.175 115.53 0.010 1.10
2-4-03a 5123 154 132 b.ld. 1097  0.08 0.18 1423 1928 031 hld 69.81  3.03 0.160 80.02 0.010 0.77
TR 2-5-05a 51.68 1.46 1.17 b.l.d. 11.59 0.01 0.24 14.18 18.89 0.34 b.l.d. 68.56 1.66 0.144 48.72 0.010 0.49
2-1-02a 50.82 2.29 1.79 0.05 11.36 0.03 0.24 13.31 19.99 0.40 b.l.d. 67.63 221 0.131 71.32 0.012 0.59
2-1-02b 51.80 1.42 0.99 b.l.d. 12.30 0.08 0.22 13.48 19.27 0.34 b.l.d. 66.14 2.26 0.131 72.84 0.009 0.78
2-5-06a 51.01 1.96 136 0.04 1209 0.05 020 1289 1950 038 0.01 65.53  3.18 0.161 83.44 0.011 0.79
2-1-03a 50.31 2.02 1.42 0.05 12.48 0.02 0.24 12.97 19.68 0.42 0.01 64.95 3.82 0.143 112.97 0.012 0.95
2-3-0la 5129 1.16 1.04 002 1388  b.ld. 031 1239 19.05 041 0.01 6140 272 0.142 81.05 0.009 0.88
4-1-01a 5125 1.40 0.87 013 1235 0.01 038 1333 19.05 038 bld 65.81  2.60 0.134 81.94 0.010 0.86
4-1-01b 5195 1.50 0.98  b.ld. 1128  0.05 031 1377 1937 028 0.01 68.50 3.34 0.134 105.40 0.009 1.16
XTEJ 4-1-01c 52.47 1.77 1.13 0.02 9.53 b.l.d. 0.23 14.36 20.47 0.29 b.l.d. 72.87 3.08 0.134 97.19 0.009 1.05
4-1-02a 51.69 1.38 0.91 0.01 12.19 0.02 0.25 13.31 19.08 0.35 0.01 66.06 2.06 0.138 63.29 0.009 0.71
4-1-04a 51.94 2.05 0.96 0.20 8.39 0.02 0.15 14.96 20.67 0.30 0.01 76.06 4.27 0.157 115.05 0.010 114
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Table 4-2 (continued)

H20 in
Sample SiO2 AlOs  TiO2z Cr:0s FeO NiO MnO  MgO Ca0 Na2O K20 Mg# A (cm?) HEO i cpx Depx/melt melt

(mm)  (wt. ppm) (wt. %)
4-1-05a 53.10 1.59 0.94 0.13 8.68 0.04 0.26 15.30 19.78 0.24 0.01 75.87 3.34 0.167 84.68 0.009 0.97
4-1-10a 52.35 1.89 1.09 0.04 9.17 b.l.d. 0.21 14.62 20.60 0.34 0.07 73.97 3.86 0.162 100.85 0.010 1.04
4-2-01a 5240  2.18 1.03 0.10 8.40 b.l.d. 0.16 1483 2074 026 0.01 75.89  4.85 0.189 108.56 0.010 1.12
4-4-02a 5244 251 0.84 0.77 8.09 b.l.d. 0.14 1503 2000 031 0.01 76.81  3.98 0.170 99.01 0.010 0.96
4-4-05a 5225 233 094 034 7.84 b.l.d. 0.16 1506 2076 031 h.ld. 7741 527 0.173 128.85 0.010 1.27
4-4-06a 5162  1.65 1.05 0.03 1390 0.01 035 1243 1870 045 bh.ld. 6146  2.48 0.169 62.09 0.010 0.65
XTENM 4-4-07a 5275 212 092 0.25 7.89 0.07 0.21 1488 2101 028 hld 77.08  3.10 0.151 86.92 0.009 0.93
4-5-02a 5272  1.68 0.85 0.20 8.24 0.04 0.24 1551 1988 026 h.ld. 77.04  2.58 0.152 71.74 0.009 0.79
4-5-02b 52.67 226 081 0.77 7.59 b.l.d. 0.14 1532 2067 028 hld 7826  2.28 0.152 63.53 0.010 0.63
4-5-02¢ 52.63  2.56 0.76  0.88 7.33 0.03 010 1526 2050 034 b.ld 78.78 217 0.152 60.46 0.010 0.59
4-5-02d 5240  1.87 111 0.03 9.01 0.03 017 1474 2048 034 bld 7448 198 0.152 55.09 0.010 0.58
4-5-05a 5354 151 0.75 017 8.53 0.01 025 1547 20.06 029 b.ld. 76.39  3.26 0.170 81.14 0.008 0.96

Note: b.l.d., below the limit of detection
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Table 4-3. Major element composition of olivine phenocrysts in Shuangliao basalts

Sample Si0; AlLO; TiO2; Cr03 FeO NiO MnO MgO CaO Total Mg#
bb1-01 39.31 0.06 0.01 0.02 1733 0.28 0.21 4281 0.22 100.25 81.49
bb1-02 3986 0.05 0.03 bld 1586 0.17 016 43.79 0.21 100.11 83.12
bb1-03 39.63 0.01 0.02 002 1651 027 0.19 4209 0.11 98.84 81.96
bb1-04 40.00 0.05 b.l.d. 0.03 1468 0.22 014 4467 0.21 100.01 84.44
BBT1  bbl-05 39.28 0.04 0.02 004 1735 0.18 0.16 4215 0.20 99.39 81.24
bb1-06 38.14 0.04 0.03 bld. 2427 012 042 3636 0.29 99.66 72.76
bb1-07 40.03 0.05 b.ld. bld 1826 013 020 41.40 0.19 100.26 80.17
bb1-08 39.66 0.07 002 0.04 1863 027 022 41.09 0.24 100.24 79.73
bb1-09 3848 0.08 0.02 001 21.23 015 030 3894 0.19 99.40 76.58
bb2-01 39.83 0.06 0.03 0.05 1773 022 021 4171 0.20 100.02 80.75
bb2-02 3798 0.01 bld. 002 2652 012 047 3485 0.15 100.12 70.08
bb2-03 39.20 004 bld 006 1830 021 031 4097 021 9931 79.96
bb2-04 38.18 0.02 0.05 0.02 21.39 014 041 39.07 0.30 99.58 76.51
BBT2 bb2-05 38.53 0.04 0.03 0.01 2438 010 041 36.05 043 99.99 7250
bb2-06 36.64 155 015 044 26.17 0.06 050 3431 0.36 100.17 70.04
bb2-07 39.89 0.05 b.l.d. 0.02 17.00 024 0.17 4226 015 99.79 81.59
bb2-08 39.93 0.07 0.04 0.04 1651 0.24 0.15 4284 0.20 100.02 82.22
bb2-09 40.17 0.06 0.05 0.07 1464 026 012 4403 0.18 9957 84.28
bb3-01 3839 003 bld bld 2280 015 046 37.85 034 100.01 74.74
bb3-02 39.84 0.02 0.06 002 14.08 0.44 0.17 4488 0.16 99.67 85.04
bb3-03 38.68 0.07 0.03 0.02 2132 011 030 39.19 0.26 99.98 76.62
bb3-04 38.20 0.06 bld. bld 2014 010 034 3896 023 98.03 7752
BBT3  bb3-05 38.74 0.04 001 001 2342 010 045 3597 048 99.22 7325
bb3-06 39.76 0.05 001 bld 1697 023 0.19 4265 0.23 100.09 81.75
bb3-07 38.76 0.05 0.02 0.01 2219 013 033 38.13 0.29 99.92 7539
bb3-08 37.65 0.05 0.06 0.01 23.23 014 040 3741 0.38 99.33 7417
bb3-09 3852 0.06 001 005 2282 012 036 37.07 035 99.36 74.34
bb5-01 3868 0.05 0.02 bld 2008 024 030 39.71 0.24 9931 7701
bb5-02 3799 0.04 b.l.d. 0.04 20.86 0.20 0.36 38.94 0.29 98.71 76.90
bb5-03 38.08 0.04 0.03 0.03 2218 021 040 3781 031 99.08 75.24
bb5-04 40.26 0.05 0.03 0.08 1431 029 0.18 4424 0.20 99.63 84.64
BBTS bb5-05 39.21 0.03 b.l.d. 0.03 19.13 0.22 0.28 40.26 0.17 99.32 78.96
bb5-06 40.01 0.04 b.ld. 0.04 1691 0.19 0.18 4254 0.20 100.10 81.77
bb5-07 38.62 0.04 0.06 b.ld. 2647 004 046 34.08 0.48 100.24 69.66
bb5-08 39.23 0.05 0.03 bld. 2067 026 023 3872 019 99.38 76.96
bb5-09 39.21 0.05 0.04 0.01 1825 0.17 0.26 41.00 0.22 99.21 80.02
bb5-10 39.10 0.06 0.02 0.07 21.05 0.08 0.27 39.24 0.27 100.16 76.87
bb8-01 3786 0.03 bld 006 2505 018 0.39 3587 0.24 99.68 71.86
bb8-02 37.75 0.02 0.01 002 2646 010 042 3423 031 9932 69.76
bb8-03 38.52 0.04 0.03 0.01 2145 019 032 3811 0.26 98.94 76.01
bb8-04 3796 0.04 b.ld. 0.04 2559 0.15 042 3514 0.19 9954 71.00
bb8-05 3751 0.05 0.04 004 2765 014 043 3333 0.35 9953 68.25
BBT8 bb8-06 37.13 0.01 b.l.d. 0.02 26.47 013 049 3519 0.17 99.60 70.33
bb8-07 39.40 0.07 0.05 0.01 20.02 0.18 0.31 39.60 0.26 99.90 77.91
bb8-08 38.91 0.05 0.02 0.02 19.33 0.18 0.29 40.01 0.20 99.02 78.67
bb8-09 3896 0.05 0.04 003 19.95 0.17 030 3995 0.21 99.65 78.12
bb8-10 4053 0.10 b.ld. bld 1398 0.27 014 4430 0.18 99.49 84.96
bb8-11 39.63 0.07 b.ld. bld 1789 0.17 023 41.06 0.16 99.21 80.36
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Table 4-3. (continued)

Sample Si0; AlLO; TiO2; Cr03 FeO NiO MnO MgO CaO Total Mg#
BL4-01 3792 0.03 0.03 bld 2545 015 042 3470 0.36 99.06 70.85
BL4-02 3840 0.04 0.04 005 2358 024 043 36.49 0.28 9955 73.39
BL4-03 3783 0.04 0.03 002 2529 019 041 3516 0.36 99.33 71.26
BL4-04 3746 0.05 0.04 001 2527 011 039 3565 0.28 99.27 7156
BLS4  BL4-05 38.00 004 005 bld 2512 019 035 3527 037 99.38 71.45
BL4-06 3858 0.03 bld bld 2493 010 046 36.13 0.22 100.44 72.10
BL4-07 38.14 0.04 0.01 003 2517 015 043 3539 0.29 99.64 7149
BL4-08 3791 0.03 0.02 bld 2495 011 039 3546 0.27 99.14 7170
BL4-09 38.88 bld. bld bld 2066 026 026 3986 013 100.04 77.48
BL6-01 39.11 0.02 bld 001 1887 0.27 0.26 4055 0.14 99.22 7931
BL6-02 3834 004 003 bld 2520 010 049 3513 029 99.62 71.31
BL6-03 38.37 0.04 0.04 bld. 2616 0.08 041 3479 0.23 100.12 70.33
BL6-04 38.84 0.03 0.03 001 2250 0.08 032 3786 0.13 99.80 75.00
BLSE BL6-05 38.19 001 bld bld 2577 009 048 3491 036 99.81 70.72
BL6-06 3851 0.01 0.02 bld 2464 014 044 3540 0.25 99.42 7192
BL6-07 38.02 0.04 0.08 002 2459 017 036 36.87 0.18 100.32 72.78
BL6-08 39.04 003 bld 003 2156 012 025 39.02 022 100.27 76.34
BL6-09 3753 004 bld 003 2319 020 027 3801 0.18 99.46 7450
BL6-10 4052 0.17 005 b.ld 1435 031 0.16 4436 0.19 100.09 84.65
BL7-01 37.87 0.02 0.01 002 2413 012 042 3583 0.32 9873 7259
BL7-02 3842 002 bld. bld 2381 015 038 36.70 0.19 99.67 73.32
BL7-03 38.19 0.04 0.04 bld. 2421 013 042 3460 0.34 9797 7181
BL7-04 38.15 0.02 0.03 001 2482 0.09 036 3517 0.37 99.03 7164
BLS7  BL7-05 3766 0.04 bld. 003 2545 0.07 038 3542 0.39 99.44 71.28
BL7-06 3849 004 0.05 bld 2372 019 027 36.82 020 99.78 73.45
BL7-07 38.05 003 001 bld 2482 011 037 3541 041 99.21 71.78
BL7-08 38.09 002 003 bld 2341 021 039 3596 046 9857 73.25
BL7-09 37.74 004 bld. 003 2417 023 037 3590 030 9879 7259
BL8-01 3857 001 bld bld 2211 018 038 37.78 0.21 99.23 7528
BL8-02 3786 006 0.01 bld 2476 016 042 3528 023 9881 71.76
BL8-03 37.45 0.04 0.05 b.ld. 2616 0.08 045 3462 0.31 99.17 7024
BL8-04 3787 0.02 0.01 001 2571 0.06 048 34.87 0.19 99.20 70.75
BL8-05 3830 0.03 0.02 bld 2641 008 045 3492 0.32 10053 70.22
BLS8  BL8-06 3852 0.05 bld 003 2129 025 0.26 3863 0.18 99.21 76.39
BL8-07 37.72 0.03 0.04 005 26.29 011 044 3468 0.28 99.64 70.17
BL8-08 3758 0.03 0.08 0.07 27.07 0.07 042 3372 0.35 99.34 68.96
BL8-09 3749 0.06 0.08 bld 2589 016 035 3545 0.20 99.69 70.94
BL8-10 3860 0.05 bld 003 23.04 009 029 3693 0.18 99.21 74.08
BL8-11 3741 0.02 0.02 003 2717 017 040 3413 0.30 99.64 69.13
d4-01 38.27 0.02 0.02 0.04 2476 0.07 0.38 36.23 0.33 100.12 72.29
d4-02 3760 0.05 0.06 002 2420 0.15 0.38 36.63 0.34 99.42 7296
d4-03 3782 0.02 bld 007 2408 013 035 36.64 0.36 99.48 73.06
d4-04 38.02 0.03 0.06 005 2353 015 0.27 3739 0.30 99.81 7301
DHLB4 d4-05 36.61 0.03 bld 004 29.83 0.07 049 3176 0.38 99.20 6550
d4-06 3805 0.03 0.01 006 2443 013 032 3637 0.38 99.76 7264
d4-07 37.36 0.04 0.06 004 2431 011 036 36.11 041 9879 7259
d4-08 3826 0.05 bld 004 2237 020 031 3813 0.29 99.65 7524
d4-09 39.01 0.08 0.02 bld 1918 0.16 0.28 40.70 0.25 99.62 79.09
d4-10 36.57 0.02 0.01 003 29.62 011 044 3210 0.37 99.26 65.90
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Table 4-3. (continued)

Sample Si0; AlLO; TiO2; Cr03 FeO NiO MnO MgO CaO Total Mg#
d5-01 3763 0.03 004 004 2684 014 041 3371 035 99.19 69.13
d5-02 38.00 0.04 006 0.07 2342 0.16 0.26 37.06 0.28 99.32 73.83
d5-03 3794 0.04 001 002 2279 0.17 030 3761 0.27 99.16 74.63
d5-04 36.77 0.03 003 0.02 29.18 0.15 0.42 3273 040 99.72 66.66
DHLBS d5-05 37.87 0.03 003 0.04 2565 015 035 3563 0.33 100.07 71.24
d5-06 38.13 0.04 0.04 bld 2459 017 036 3579 0.34 99.47 7218
d5-07 3830 0.04 003 0.04 2160 0.17 0.28 38.69 0.28 99.42 76.15
d5-08 3755 0.03 bld. 003 26.00 015 038 34.64 045 99.23 70.37
d5-09 3892 005 bld bld 1925 019 022 40.15 0.26 99.04 78.81
d5-10 3799 0.04 001 003 2205 012 032 3820 0.32 99.06 7554
d9-01 3831 0.03 002 0.05 2503 021 032 3527 040 99.64 7152
d9-02 37.79 0.02 002 0.05 2509 014 035 3557 031 99.34 71.65
d9-03 3892 0.06 bld bld 2235 024 027 3786 0.27 99.97 7512
d9-04 3764 0.03 0.02 001 2587 019 041 3539 0.34 99.89 70.92
d9-05 3831 0.02 0.04 bld 2346 018 034 3726 0.28 99.90 73.90
d9-06 37.36 003 006 0.04 2752 016 040 33.80 044 99.81 68.65
DHLB  d9-07 3746 0.02 002 bld 2765 014 036 3379 034 99.78 68.55
d9-08 3772 0.02 bld 002 2688 0.16 040 3391 035 9945 69.22
d9-09 3845 0.03 004 004 2148 0.18 0.21 3889 0.22 99.53 76.35
d9-10 3767 0.03 008 0.05 2610 013 036 3526 0.28 99.97 70.67
do-11 3694 0.03 003 0.04 2669 009 032 3415 047 98.77 69.52
d9-12 3835 0.05 0.04 001 2098 023 0.27 39.33 0.27 9952 76.97
d9-13 38.28 0.04 006 0.03 2275 018 0.32 3821 0.27 100.13 74.97
d10-01 36.75 0.03 002 001 2849 015 035 3280 040 99.00 67.24
d10-02 38.15 0.03 007 bld 2423 015 034 3552 0.33 98.82 7233
d10-03 38.44 0.03 001 0.02 2280 021 035 3721 0.26 99.33 74.42
d10-04 38.27 0.03 bld. 010 2482 011 039 3597 0.37 100.07 72.10
d10-05 3772 0.02 bld. 004 2362 012 043 3598 0.34 98.26 73.09
DHLB10 d10-06 3762 003 0.02 bld 2561 019 033 3535 036 9950 71.11
d10-07 38.02 003 003 bld 2633 016 036 3468 038 99.99 70.14
d10-08 3821 0.04 001 001 2514 011 0.28 3578 0.27 99.84 71.73
d10-09 38.43 0.03 009 0.04 2153 010 031 3844 031 99.30 76.09
d10-10 39.01 0.02 001 0.02 1981 0.18 0.26 4039 0.22 99.92 7843
d10-11 3724 0.03 0.02 bld 3228 0.08 053 30.12 0.45 100.73 62.45
X2-01 37.11 0.01 0.02 bld 2918 0.09 0.33 3272 0.37 9982 66.66
X2-02 36.85 002 0.01 bld 3019 0.09 029 3185 036 99.65 6529
X2-03 3822 0.03 0.05 004 2938 012 044 3322 0.34 10183 66.84
X2-04 36.12 0.04 007 bld 2920 014 035 3258 0.35 98.86 66.55
X2-05 3714 0.02 002 0.01 3014 009 042 3199 032 100.15 65.43
XTEJ2  X2-06 3745 0.04 001 001 2898 0.16 038 3236 0.35 99.74 66.56
X2-07 3650 0.02 010 0.01 3126 005 037 30.83 0.36 99.51 63.75
X2-08 3757 003 009 001 2988 0.16 0.40 3241 0.39 100.92 65.91
X2-09 3720 0.01 003 0.02 2957 016 028 3224 0.33 99.83 66.03
X2-10 3730 002 bld. 005 2860 014 036 3285 034 99.64 67.19
X2-11 36.64 001 bld 004 3097 016 047 30.97 0.36 99.62 64.07
X4-01 36.90 0.03 0.03 bld 2973 012 041 3209 0.33 99.64 6581
XTEJ4 X4-02 36.87 0.03 0.03 bld. 2860 019 0.39 3270 0.37 99.18 67.09
X4-03 3754 0.03 003 0.03 2816 010 039 3349 0.31 100.07 67.95
X4-04 37.39 0.02 bld. 002 2801 011 038 3345 0.35 99.73 68.04
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Table 4-3. (continued)

Sample Si0; AlLO; TiO2; Cr03 FeO NiO MnO MgO CaO Total Mg#
X4-05 36.95 003 002 bld 3018 012 040 3135 036 99.42 64.94
X4-06 36.95 0.03 002 bld 3018 012 040 3135 036 99.42 64.94
XTEJM X4-07 36.99 0.03 bld bld 2990 0.07 039 3217 038 99.92 6573
X4-08 3762 0.03 002 0.01 2937 012 033 3255 0.33 100.37 66.40
X4-09 3731 0.02 006 0.02 3069 010 0.42 3115 0.33 100.10 64.41
X4-10 3742 bld. bld bld 3233 013 044 3159 0.37 102.28 63.53

Note: b.l.d., below the limit of detection

4.1.1.3 Water content of clinopyroxene phenocrysts and melts

The IR (Infrared) absorption spectra of the Shuangliao cpx phenocrysts in the OH-
stretching vibration region (3000-3800 m™) are mainly composed of three bands: 3630-
3620 cm™, 3540-3520 cm?, and 3470-3450 cm (Fig. 4-4), which are consistent with
structural OH bands in both natural and synthetic cpx (e.g. Bell and Rossman, 1992;
Denis et al., 2013; Ingrin and Skogby, 2000; Kov&s et al., 2012; Li et al., 2008; Peslier
et al., 2002; Skogby et al., 1990; Sundvall and Stalder, 2011; Xia et al., 2010, 2013a).
The 3620-3640 cm™ band is always predominant. The maximum linear absorbance for
all measurements is less than 0.15, implying that the unpolarised method is applicable
under these absorbance conditions (Kov&s et al., 2008; Withers, 2013). The IR
measurement error of unpolarized analysis on single cpx grain is less than 20% (Xia et
al., 2013b). Considering additional errors from baseline correction and thickness
measurement, the total uncertainty of the calculated water content is estimated to be
within 30% (Xia et al., 2013b). IR profiles have been conducted on some big cpx
phenocrysts and they turn out to be homogenous, suggesting that water diffusion during
their ascent to the surface has not significantly affected the water content in cpx (Fig.
4-4). Variations in water content and Mg# of the Shuangliao cpx phenocrysts are shown
in Fig 4-5.
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Figure 4-4. a-b) BSE images of cpx phenocrysts in the Shuangliao basalts, the white squares show
the positions of the spots for FTIR analysis. ¢) Representative OH IR absorption spectrum of cpx
phenocrysts, dashed lines mark the position of individual OH bands. The absorption intensity has
been normalized to 1 cm. d) OH IR absorption profile of the cpx phenocryst (BBT 5-21 listed in
Table 4-2) shown in b), C, M and R represent the core, mantle and rim of the phenocryst. Calculated

H>O content are 579, 566, and 590 ppm H-O, respectively.

The water content of parental melts from which the cpx phenocrysts crystallized can
be calculated from the water content of cpx phenocrysts and the H2O partition
coefficient (D) between cpx and basaltic melt. The calculated water contents of cpx and
melts with which they equilibrated are listed for each analysed grain in Table 4-2, and

plotted versus Mg# of cpx phenocrysts in Fig 4-5.
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Figure 4-5. H,0 contents measured in cpx phenocrysts and calculated in the parental melts a vs cpx

Mg#. The H,O contents of cpx phenocrysts in a), ¢) and e) are calculated by Beer-Lambert law; the

H20 water contents of melt in b), d) and f) are calculated from the H,O content of cpx phenocrysts

and the H>O partition coefficient (D) between cpx and basaltic melt proposed by O’Leary et al.

(2010). The gray area with cpx Mg#>75 are data used to calculate the H,O content of “primary”

melts.

H>O contents of cpx and melts with which they equilibrated vary with Mg# of the

cpx phenocrysts (Fig. 4-5), it can be explained by crystal fractionation and degassing

during magmatic evolution assuming a homogeneous source. The H2O contents of the

earliest cpx phenocrysts (i.e. cpx with highest Mg#) in the basanites (BBT, BLS) range
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from 200 to 800 ppm, and are slightly higher than those of alkaline olivine basalts
(DHLB, 200~350 ppm), obviously higher than those of transitional basalts (XTEJ,
50~150 ppm) (Fig. 4-5). The calculated H2O contents of parental melts equilibrated
with the cpx phenocrysts crystallized from basanites (BBT, BLS), alkaline olivine
basalts (DHLB) and transitional basalts (XTEJ) are 1~5.6 wt.%, 1~3 wt.% and 0.5~1.5
wt.%, respectively.

4.1.1.4 Oxygen isotope compositions of clinopyroxene phenocrysts

The oxygen isotope compositions of Shuangliao cpx phenocrysts are plotted in Fig.
4-6 and listed in Table 4-4. The 520 values of cpx phenocrysts among different samples
vary widely, ranging from 4.10%o to 6.73%., beyond the range of cpx in typical MORB
(mid-ocean ridge basalt) and mantle peridotites (5.4%o-5.8%0) (Eiler et al., 1997; Mattey
et al., 1994). Interestingly, this variation is time-dependent. From 51 to 43 Ma, the
oxygen isotope compositions of basalts changed from values which are higher than
those of normal mantle to values which are lower than those of normal mantle (Fig. 4-
6b).
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Figure 4-6. a) Typical oxygen isotope profile of altered sediment-covered oceanic crust. The data
for oceanic crust are based on the Samail Ophiolite (Gregory and Taylor, 1981), the 30 values of
marine sediments are from Eiler (2001); b) Oxygen isotope compositions of cpx phenocrysts in
Shuangliao basalts. The range of 380 values of cpx phenocrysts in N-MORB, EM1, EM2 and
HIMU are calculated from the §'80 values of ol phenocrysts (Eiler et al., 1997), assuming the
equilibrium fractionation between cpx and ol is 0.4%o (Mattey et al., 1994). The erupted ages for
Shuangliao basalts are listed in Section 2.2.1.
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Table 4-4. The oxygen isotope compositions of cpx phenocrysts in Shuangliao basalts

520 . 60 -
Sample Mo# IMF corrected 1SE
measured
by IMF

BBT2-12a 77.8 8.21 2.04 6.16 0.21
BBT2-14a 714 7.96 2.27 5.69 0.17
BBT2-20 73.4 8.00 2.08 5.92 0.16
BBT2-25a 68.2 8.18 2.71 5.46 0.12
BBT2-25b 74.2 8.21 2.04 6.17 0.12
BBT2-34a 72.3 8.24 2.45 5.79 0.09
BBT2-26a 73.4 8.11 2.14 5.97 0.10
BBT BBT2-37a 74.9 8.42 2.17 6.26 0.08
BBT2-09a 82.2 8.04 131 6.73 0.16
BBT2-07a 74.3 8.52 2.44 6.08 0.27
BBT2-1a 70.3 8.25 2.61 5.64 0.05
BBT2-3a 74.9 7.90 2.03 5.87 0.13
BBT2-5a 76.9 6.79 1.68 5.11 0.21
BBT2-22a 72.8 8.46 2.48 5.98 0.14
BBT2-30a 75.4 8.19 2.06 6.12 0.04
BLS7-24c 68.8 9.05 2.68 6.37 0.07
BLS7-24d 76.0 7.67 1.82 5.85 0.18
BLS7-24a 68.6 9.15 2.83 6.32 0.06
BLS7-24b 76.0 7.88 2.03 5.85 0.13
BLS7-22a 71.8 8.79 2.32 6.47 0.25
BLS7-19a 78.9 7.66 1.64 6.02 0.17
BLS7-04 76.7 7.97 2.19 5.78 0.28
BLS BLS7-37 81.5 7.89 1.37 6.52 0.13
BLS7-27a 76.0 8.89 2.94 5.95 0.18
BLS7-28a 74.0 7.91 2.00 5.90 0.17
BLS7-36a 77.0 8.56 1.99 6.57 0.28
BLS7-11a 75.2 7.60 2.07 5.53 0.20
BLS7-14a 76.3 8.04 2.07 5.97 0.14
BLS7-18a 72.0 7.97 2.36 5.61 0.12
BLS7-34a 75.8 7.75 1.94 5.80 0.20
DHLB10-1-08b 77.2 9.56 491 4.65 0.15
DHLB10-1-10b 72.9 9.55 5.17 4.37 0.44
DHLB10-1-15d 79.7 9.07 2.67 6.40 0.16
DHLB10-1-15b 78.7 8.82 2.89 5.93 0.17
DHLB DHLB10-1-15a 80.1 8.75 2.75 6.00 0.21
DHLB10-1-15¢c 78.3 8.89 3.00 5.89 0.14
DHLB10-1-06a 73.9 9.31 3.62 5.70 0.31
DHLB10-1-06b 78.5 8.84 3.07 5.77 0.04
DHLB10-1-03b 71.7 8.82 3.94 4.87 0.09
DHLB10-1-03c 80.0 9.15 2.93 6.22 0.22
XTEJ4-5-02a 77.0 9.28 4.46 4.82 0.10
XTEJ4-5-02b 78.3 9.51 4.30 5.21 0.22
XTEJ4-5-02¢ 78.8 9.56 4.25 5.32 0.11
XTEJ4-1-04a 76.1 9.05 4.74 4.32 0.02
XTEJ XTEJ4-4-02a 76.8 8.92 4.73 4.19 0.13
XTEJ4-1-05a 75.9 8.57 4.07 4.50 0.30
XTEJ4-4-05a 77.4 8.72 4.16 4.57 0.26
XTEJ4-1-10b 76.1 8.92 4.51 4.41 0.19
XTEJ4-1-10a 74.0 9.16 491 4.25 0.24
XTEJ4-1-01b 68.5 10.03 5.92 4.10 0.29
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Table 4-4. (continued)

520 . 60 -
Sample Mo# IMF corrected 1SE
measured
by IMF
XTEJ XTEJ4-1-01c 729 9.84 5.42 4.42 0.08

* IMF is the instrumental mass fractionation
** SE the standard error of the mean for the group of measurements in a single cpx grain

4.1.2 Discussion
4.1.2.1 Crustal contamination and crystal fractionation

Crustal contamination and crystal fractionation are common processes that may alter
the compositions of “primary” basaltic melt. “Primary” melt in this paper refers to the
initial melt formed in the mantle; its composition remains unchanged till the beginning
of crystal fractionation. Therefore, the composition of the melt equilibrated with the
earliest phenocrysts should be close to that of the “primary” melt. If crustal
contamination and crystal fractionation during melt evolution (i.e., magma ascent) can
be excluded, the composition of the whole rock is also near that of the “primary” melt.
But this is not the case for volatile elements such as H>O due to degassing upon magma
ascent. In other words, the H20 content of “primary” melt can only be obtained from
the earliest phenocrysts, but concentrations of refractory trace elements (e.g., REEs, Ba,
Th, Ce, Pb, Nb) can be obtained from whole rock analysis when crustal contamination

and crystal fractionation have been excluded.

Abundant peridotite xenoliths in the Shuangliao basalts witness a rapid magma
ascent process (generally within a maximum of 50 hours after xenolith entrainment,
O’Reilly and Griffin (2010)), leaving limited time for the magma to be influenced by
crustal contamination. This is also supported by the trace element signatures; the
Shuangliao basalts are enriched in Nb and Ta relative to highly incompatible elements
(Rb, Ba, Th, U), which are highly concentrated in the crust. If significant crustal
contamination had happened, the Ba/Nb ratios would show positive correlation with
the La/Nb ratios, which is not observed in the Shuangliao basalts (Fig. 4-7a). In addition,
crustal contamination can also be evaluated through Nb/U and Ce/Pb ratios as the crust
has low Nb/U and Ce/Pb ratios than the mantle (Hofmann, 1988; Rudnick and Gao,
2014; Workman and Hart, 2005). The Nb/U ratios of the Shuangliao basalts are slightly
lower than the values of MORBSs and ocean island basalts (OIBs), and do not change

with SiOz (Fig. 4-7b). Compared to the basanites which have similar Ce/Pb ratios as
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MORBs and OIBs, the Ce/Pb ratios of the alkaline olivine basalts and transitional
basalts are low, and the Ce/Pb ratios generally decrease with SiO» (Fig.4-7c). If the low
Ce/Pb ratios of the low alkaline rocks are caused by crustal contamination, these rocks
should be more enriched in incompatible elements than the basanites, which is opposite
to our observation. Overall, the Shuangliao basalts have been weakly or not affected by
crustal contamination, in agreement with the conclusion of Xu et al. (2012).
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Figure 4-7. a) Ba/Nb vs La/Nb diagram. b-c) Nb/U and Ce/Pb vs SiO; in Shuanliao basalts. In a),
the arrow represents the contamination trend. The gray zone in b) and c) are variation ranges for

Nb/U and Ce/Pb of MORBs and OIBs (Hofmann AW et al., 1986).
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The basanites have high Ni and Co contents and high Mg# (65.1-67.9), slightly
positive Eu anomaly and no correlation on the plots of major oxides with MgO,
suggesting that crystal fractionation was limited. The alkaline olivine basalts and
transitional basalts display relatively low Ni (161-209 ppm) and Cr (253-286 ppm)
contents and low Mg# (58.8-60.7), implying a small amount of fractionation through
olivine and pyroxenes crystallization. It is remarkable that the alkaline olivine basalts
and transitional basalts show different major element trends compared with the
basanites (Fig 4-2; Xu et al., 2012), so the alkaline olivine basalts and the transitional
basalts cannot be the result of basanites evolution via crystal fractionation. Their
compositional differences from the basanites can only result from varied degrees of

partial melting or distinct magma sources.

4.1.2.2 Heterogeneity of oxygen isotope compositions

The 680 values of cpx phenocrysts in the Shuangliao basalts have two primary
features: 1) the 5180 values vary widely, from 4.10%o to 6.73%o, which is covered by
the typical oxygen isotope profile of altered oceanic crust (Eiler, 2001; Gao et al., 2006;
Grogory and Taylor, 1981; Hoffman SE et al., 1986); 2) the 580 values within

individual samples also display considerable variation (1.04%o to 1.75%o).

During the magma evolution, the oxygen isotope compositions of cpx phenocrysts
can be affected by many factors, including alteration on the surface of the Earth, crustal
contamination, partial melting, devolatilization, fractional crystallization, assimilation-

fractional crystallization (AFC), water-melt interaction.

For Shuangliao basalts, fresh cpx phenocrysts without crack and inclusion were
selected by FTIR investigations prior to the oxygen isotope measurement so that the
effect of alteration can be ruled out. Previous studies have shown that crustal
contamination in the Shuangliao basalts is negligible, so the influence of crustal
contamination is limited (Xu et al., 2012). In addition, for basaltic melts with MgO
content between 8 and 3 wt.%, the equilibrium oxygen isotope fractionation caused by
partial melting, fractional crystallization or devolatilization will be less than 0.1%o
(Eiler, 2001). Thus, partial melting, devolatilization, fractional crystallization are
unlikely to be the primary cause responsible for the §'80 variations of Shuangliao
basalts. Theoretically, an AFC process would significantly affect the oxygen isotope
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composition of the melt during magma evolution. The AFC process can be evaluated

by the equation:
§180% = 8509, + (6'%0, — §'%05, —r- A'80) - [1 — FY/( D) (4-2)

in which 8800, 8'0Rand &80, are the oxygen isotope compositions of the
original melt, residual melt and wall-rocks, respectively; A'®0 is the fractionation of
oxygen isotope between the melt and phenocrysts; F is the proportion of the residual
melt; and r is the weight percentage ratio of crystallization/assimilation (Taylor, 1974).
From this equation, to increase the 5'80 value, high degree of fractional crystallization
and crustal contamination is required. However, the sample with the highest 580 value
in Shuangliao basalts (BBT and BLS basalts) is characterized by highest Mg# (66.9),
highest Ni (525.6 ppm) and Cr (373 ppm) contents, highest Nb/U (38.4) and Ce/Pb
(24.9) ratios, which is not consist with the AFC process. High temperature water-melt
interaction during crystallization is another candidate accounting for low §*20 values
of XTEJ4 (Wang and Eiler, 2008). The equation to assess the influence of water-melt
interaction on O isotopes is:

W/M = (8'80], — 880},)/[5'8 0}, — (880}, — A®0y] (4-3)

where W/M is the water-rock ratio by atoms; §'80},, 880}, and 680}, represent

the oxygen isotope compositions of the initial melt, water and final rock; and A80,,,,
is the fractionation coefficient between the melt and water, which can be calculated

using the equation of Zhao and Zheng, (2003):

1000 In 0=4.235>10%/T?-7.91210%/T+2.54 (4-4)

where A80,,,, =1000 In a. In fact, the water content of XTEJ4 basalt (with the lowest
5180 value) is lower than those of other basalts in the Shuangliao volcanic field,
demonstrating that the high temperature water-melt interaction is not the cause for low
80 values in XTEJ4.

Overall, the oxygen isotopes of the cpx phenocrysts in the Shuangliao basalts
represent the heterogeneity of the mantle source, and the variation in oxygen isotope
compositions within each sample is most likely caused by magma mixing. In a complex
magma plumbing system, cpx phenocrysts may crystallize in different sources with
distinct oxygen isotope compositions and then mix during magma ascent. Another
candidate is the sustained injection of magmas with different 580 values during
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crystallization, which would explain the positive correlation between 520 values and
Mg# of cpx in some samples by the sustained injection of magmas. In fact, the §'0
features of the cpx phenocrysts in the Shuangliao basalts are consistent with the results
of other basalts from Taihang Mountains, eastern China (Liu et al., 2015b) and Canary
Island basalts (Gurenko et al., 2011).

4.1.2.3 Water content in the “primary” melts
Estimation of water content in “primary” melt

The composition of the melt equilibrated with the earliest phenocrysts should be
close to that of the “primary” melt, so if the mantle source is homogeneous, the H.O
content of the “primary” melt of Shuangliao basalts could be estimated from the cpx
phenocrysts with the highest Mg# values (Wade et al., 2008; Xia et al., 2013b).
Nevertheless, the heterogeneous oxygen isotope compositions of cpx phenocrysts in
individual samples of the Shuangliao basalts suggested that these phenocrysts
crystallized from different mantle-derived melts, which had distinct oxygen isotope
compositions and mixed during magma ascent. The average H>O content of all the
calculated melts from which the cpx phenocrysts crystallized is, therefore, more
representative of “primary” magmas. Considering the effect of fractionation, the H.O
content of the Shuangliao “primary”” magmas was estimated by averaging only the H20
content of melt calculated by cpx phenocrysts with Mg#>75. The choice of this value
is supported by the fact that simulation shows that compared with the beginning of cpx
crystallization from the magma with Mg# 85, the increase of water content in residual
magma would be less than 30% when the Mg# of crystallized cpx is higher than 75
(within the measurement uncertainty, 40%; Fig. 4-8). The H>O content of the
Shuangliao “primary” melts was also estimated from the cpx phenocrysts with the
highest Mg# values (assuming a homogeneous source) and by averaging the calculated
water content of the equilibrated melts from cpx phenocrysts with relatively low Mg#
values, testing two sets of data: Mg# >70 and Mg# >75 (assuming a heterogeneous
source and that these high Mg# cpx represent earliest phenocrysts from distinct melts).
As shown in Figure 4-9, the average H20 contents of “primary” melts estimated from
the two methods are identical within 30% deviations, similar to the measurement

uncertainties. Thus, considering the effect of fractionation and magma mixing, the
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averaged water content in melts calculated by cpx phenocrysts with Mg#>75 could
represent the H>O content in the “primary” magmas when 40% uncertainty is

considered.
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Figure 4-8. Evolution of water content in melt during crystallization of different mineral assemblage
vs cpx Mg#. The major element composition of BBT8 was used as the composition of original melt.
Assuming that ol, cpx and pl (plagioclase) crystallize at the same time, but have different
crystallization ratio. The mineral/melt partition coefficients of water for ol and pl are 0.0002 and
0.004 (Hauri et al., 2006; Johnson et al., 2006) respectively, and 0.02 (average of partition
coefficients for BBT8, calculated by equation 10 in O’Leary et al. (2010) for cpx. Kd for ol and cpx
are 0.33 and 0.36 respectively (Roeder and Emslie, 1997). The water content of residual melt has

been normalized to the original magma water content.
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Figure 4-9. Comparison of the H.O contents of melt calculated from average value of cpx
phenocrysts with Mg# > 75 with a) highest Mg#; b) with Mg# > 70. The error bar is 40%. The
average H.0 contents of melt obtained by different statistical methods agree within 40%, similar to

the measurement uncertainties.

Preservation of water content

The H20 contents of cpx phenocrysts is mainly affected by degassing during magma
ascent coupled with diffusion of H in cpx and crustal contamination.

A great deal of experimental studies on the solubility of water have revealed that
alkaline basaltic melts can contain 1 wt.% of H,O at 0.15 kbar to 12 wt.% at 5 kbar
(Botcharnikov et al., 2005; Behrens et al., 2009; Lesne et al., 2011). Whereas the
pressure under which Ti-riched pyroxenes will crystallize in alkaline basalts is usually
between 5 to 10 kbar (Duda and Schmincke, 1985), even the highest H,O content in the
Shuangliao melts is far below saturation at corresponding pressures. Meanwhile, the
Shuangliao basalts are massive without gas bubbles, suggesting no obvious late-stage
degassing process.

As mentioned before, H20O contents on profiles of some large cpx grains have been
analysed and no detectable H>O content variation on profiles of these large cpx grains
was found from the core to the rim (Fig. 4-4), demonstrating no measurable H diffusion
in cpx. Crustal contamination has been discussed in detail and ruled out in Section
4.1.2.1. In addition, the calculated water contents of magmas display positive

correlations with major and trace elements (e.g., K, Rb) (Fig. 4-10), which suggest that
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the influence of magma degassing and H diffusion in cpx phenocrysts is negligible and
the calculated water content is representive of the primary source. In summary, the H.O
content has been well preserved and the H2O content plus the H.O/Ce ratio of the

samples can be used to estimate the values of the magma source (Dixon et al., 2002).
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Figure 4-10. The calculated water contents of magmas in the Shuangliao basalts compared with (a)
K20, (b) Rb concentrations of bulk rocks.
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The calculated average H2O content of the Shuangliao “primary” basalts vary from
0.90 to 3.06 wt.% (Fig. 4-11), falling in the range of back-arc basin basalts (BABBs,
0.2-2.0 wt%, Danyushevsky et al., 1993; Hochstaedter et al., 1990; Stolper and
Newmann, 1994) and island arc basalts (IABs, 2.0-8.0 wt%, Dobson et al., 1995; Sisson
and Layne, 1993; Wallace, 2005), but are significantly higher than the value of MORBs
(0.1-0.3 wt%, Asimow et al., 2004; Danyushevsky et al., 1993, 2000; Dixon, 1988;
Michael, 1988, 1995; Sobolev and Chaussidon, 1996; Saal et al., 2002; Simons et al.,
2002) and OIBs (0.3-1.0 wt%, Dixon et al., 1997, 2002; Dixon and Clague, 2001;
Nichols et al., 2002; Simons et al., 2002; Wallace, 1998).
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Figure 4-11. Calculated average H>O content of Shuangliao “primary” melts. The ranges of H,O
content for OIBs, MORBs, BABBs and IABs are from Dixon et al. (2004) and the references therein.

4.1.2.4 Implication for the enriched components in the mantle source

Xu et al. (2012) conducted detailed geochemical studies including major and trace
element concentrations, Sr-Nd-Pb isotopes on these basalts. They found that the
Shuangliao basalts are characterized by high Fe;0s, HIMU (high 238U/2%Pb)=) -type
trace element pattern and Sr-Nd isotope composition. Based on relatively low
206pp/204pp ratios (18.13-18.34) than typical HIMU (high (233U/?%Pb)i=o) OIBs, they
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proposed that recycled young oceanic slab component may have been involved in the

mantle source.

In Fig 4-12, negative correlations can be observed between the 380 values of cpx
phenocrysts and Eu anomalies (Eu/Eu*), Sr anomalies (Sr/Sr*) of whole rocks for
Shuangliao basalts. Because the Eu and Sr anomalies are typically associated with
plagioclase (pl) (Ching-ho et al., 1974; Drake and Weill, 1975) which is rare in the
Shuangliao basalts (Xu et al., 2012); feldspars contribution, with the low 580 values,
should have been present in the mantle source of the basalts. This is consistent with the
characteristics of a high temperature hydrothermally altered lower gabbroic oceanic
crust (Bach et al., 2001; Gao et al., 2006; Gregory and Taylor, 1981; Hoffman SE et al.,
1986). In addition, the basalts with high !0 values have no Eu anomaly and relatively
weak Sr anomaly which reflect contribution from an upper oceanic crust which has
been affected by low temperature hydrothermal alteration (Gao et al., 2006; Gregory
and Taylor, 1981; Hoffman SE et al., 1986; Kelley et al., 2003). Therefore, the negative
correlations between 8180 values of cpx phenocrysts and Eu, Sr anomalies correspond
to the whole section of the oceanic crust, providing a clear evidence that a whole
recycled oceanic crust is involved in the mantle source of these continental intraplate

basalts.
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Figure 4-12. Comparison of the range of 'O values in cpx phenocrysts and the trace element
ratios (Eu/Eu*, Sr/Sr*) of the Shuangliao basalts.

The H2O/Ce ratios of the Shuangliao basalts (158-737) display also a positive
correlation with (Ba/Th)n and a negative correlation with Ce/Pb (Fig. 4-13), suggesting
that the presence of a component in the mantle source represented by XTEJ4 (with high
H.O/Ce, (Ba/Th)n ratios and low Ce/Pb ratios). XTEJ4 is also characterized by
significant positive K anomaly. Both of these features are consistent with the
contribution of recycled marine sediments (Dixon et al., 2002; Plank and Langmuir,
1998).
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Figure 4-13. Plots of H,O/Ce vs. (Ba/Th)n, Ce/Pb and (Nb/La)n of the Shuangliao basalts. The gray
squares show the possible end members of the mantle source. The H,O/Ce ratio of GLOSS (~1280),
DMM (~200) and ROC (~100) are from Plank and Langmuir (1998); Dixon et al. (2002) and the
references therein. The ratios of (Ba/Th)n, Ce/Pb and (Nb/La)n for DMM and GLOSS are from
Workman and Hart (2005) and Plank and Langmuir (1998). The (Nb/La)n of ROC are calculated
from the concentration of a fresh MORB (5.24 vs 5.21 for Nb and La, Gale et al. (2013)) and the
mobility in water (Mobility=(Corigina-Cresidual)/Corigina*100 %, the water activity of Nb is 20 times
the one of La respectively, Kogiso et al., 1997; Kessl et al., 2005). The (Ba/Th)n of ROC would not
change much since they have similar fluid mobility, and the Ce/Pb of ROC would increase, due to
the high mobility of Pb. The (Nb/La)n and (Ba/Th)n ratios of dehydrated GLOSS would not change
because of their similar mobility, and the Ce/Pb ratios of dehydrated GLOSS would increase, due

to the high mobility of Pb (Aizawa et al., 1999).
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It is worth noting that XTEJ4 has a relatively low 580 value (4.10%o0-5.32%o) (Table
4-4). However, marine sediments are generally characterized by high §'%0 values. A
mass balance calculation was conducted to determine whether there is a sediment

component in the mantle source using the equation:

Crine . . : j j j
el = (aChum + bCloc + cCross)/(aChyy + bCloc + ¢Closs) (4-5)
melt

where i and j represent the elements involved; C} .., Chum Ciocand Ckioss arethe
concentration of element i in melt, DMM (depleted MORB mantle), LOC (lower
oceanic crust) and GLOSS (global subdcting sediments); a, b and c are the proportions
of the components (a+b+c=1). The results show that the XTEJ4 basalts with the lowest
5180 value and highest H.O/Ce ratio can be the result of the contribution of 72.5%
DMM, 26% LOC and 1.5% GLOSS (the element concentrations of DMM, LOC and
GLOSS are from Dixon et al. (2002), Plank and Langmuir (1998) and Workman and
Hart (2005). This means that the mantle source of the basalts with the low 520 values
may also contain some fraction of water-rich sediment component. Thus, in addition to
recycled oceanic crust, the water-rich sediment component may also contribute to the

mantle source of the basalts.

Dixon et al. (2002) proposed that the H>O/Ce ratio of recycled sediments would be
below 100 after highly efficient (>92%) dehydration. However, Shaw et al. (2012)
found that the H>O/Ce ratios of the back-arc basalt glasses from Manus basin,
Southwest Pacific ocean, which had been proved to have experienced dehydration
during subduction with 8D values down to -123%., are still as high as 500 to 900. As a
matter of fact, the dehydration efficiency of recycled sediments during subduction is
largely dependent on the geothermal regime, relative cold subducted plate is expected
to carry more water into the mantle (Poli and Schmidt 2002, Ohtani. 2005).

In Fig. 4-14 the Shuangliao basalts were compared with the Changbaishan basalts
(CBS) for which contribution of recycled sediments (K-hollandite) to the mantle source
was proposed by Kuritani et al. (2011). During the subduction, K-hollandite in
sediments can be stable within the mantle transitional zone (Rapp et al., 2008). It can
release significant amounts of highly incompatible elements through breakdown, which
could explain the enrichment of Pb and Ba in the Changbaishan basalts (Kuritani et al.,
2011). The Shuangliao and Changbaishan basalts share a same trend on plots of Ba/La

vs. Ba/Th, lying on the mixing line between the depleted mantle and recycled sediments
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(K-hollandite, Fig. 4-14).
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Figure 4-14. Plots of Ba/La vs. Ba/Th ratios of the Shuangliaoc and Changbaishan basalts. The
Changbaishan basalts (CBS) represented by gray triangles are from Kuritani et al. (2009). The Ba/La
and Ba/Th ratios of DMM and sediment (K-hollandite) are from Workman and Hart (2005) and
Rapp et al. (2008). The trace element ratios of ROC are calculated from their concentration in fresh
MORB (Gale et al., 2013), and the mobility in water (Kogiso et al., 1997; Kessl et al., 2005), as
proposed in Figure 4-13.

Interestingly, the oxygen isotope compositions, H-O/Ce ratios and associated trace
element ratios of Shuangliao basalts varied significantly with their ages (Figs. 4-12, 4-
13), indicating a variation of the recycled oceanic components in the mantle source with
time. In combination with the ages of the Shuangliao basalts, the contribution of
recycled sediments in the mantle source seems to increase from earlier volcanic events
(~51 Ma) to the later (~43 Ma). Considering that the water-rich sediment is more fusible,

its addition into the mantle might be a trigger of the melting.
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4.1.3 Summary

(1) The H20 contents of the Shuangliao “primary” basaltic melts vary from 0.90 to 3.06
wt.%, falling in the range of BABBSs and IABs and are definitely higher than the value
of MORBs and OIBs. The 580 values of cpx phenocrysts among different samples
vary widely (4.10%o0 to 6.73%o0), exceeding the value of cpx in typical MORB and

mantle peridotites.

(2) The finding that the oxygen isotope variation of cpx in the Shuangliao basalts cover
the typical range of oxygen isotope profile of an altered oceanic crust provides a clear
evidence that a recycled oceanic slab was involved in the mantle source of these

continental basalts.

(3) The significant K positive anomaly and the correlations of H.O/Ce with (Ba/Th)n
and Ce/Pb in the Shuangliao basalts indicate that water-rich sediment component may

also have been involved in the mantle source of these basalts.

(4) The relative contribution of the enriched source components in the mantle source
has changed with time. More water-rich sediment component is observed in the mantle
source of the youngest Shuangliao basalts, which might be the initial trigger for mantle

melting.
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4.2 Wulanhada basalts
4.2.1 Results
4.2.1.1 Chemical compositions of phenocrysts

The BSE images demonstrate that most of the Wulanhada cpx phenocrysts are
euhedral and homogeneous (Fig. 4-15a). The major element contents of cpx
phenocrysts are listed in Table 4-5. The cpx are augitic to diopsidic phenocrysts, with

Mg# varying from 64.1 to 80.7 and TiO contents ranging from 0.79 to 4.74 wt.%.

1.80

1.60 b

1.40

Absorbance
S o
o0 f=] [~
o = (=]

S
=N
S

040 f

0.20 8b-03

| )Oum

0.00

3800 3600 3400 3200 3000
Wavenumber (cm™')

Figure 4-15. a) BSE image of cpx phenocrysts in the Wulanhada basalts, the red squares show the
positions of the spots for FTIR analysis. b) Representative OH IR absorption spectra of cpx
phenocrysts, dashed lines mark the position of individual OH bands. b) BSE image of cpx
phenocrysts in the Wulanhada basalts, the white squares show the positions of the spots for FTIR
analysis. The calculated Mg# and H,O contents are indicated on the image (11NWO05-11 listed in
Table 4-5).
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Table 4-5. Major element compositions of cpx phenocrysts and water contents of cpx phenocrysts and corresponding melts of Wulanhada basalts

H20

. H20 in
NazO K:O SiO2 AkO: MgO Cad CrOs FeO NiO MnO TiO, Total  Mg# X(VAl) XCa D@®¥met  A(cm?) t(mm) ”z\f,fx melt
N (wt %)

ppm
1-02 063 bld 4637 793 1179 2166 006 839 bld 014 239 9936 7147 025 0.88 0.032 1.8345 0.066 117.6 0.37
1-03 051 001 4949 510 1334 2168 008 779 002 011 165 9977 7533 0.5 0.87 0.017 1.6226  0.082 837  0.49
1-03B 048 001 4917 506 1313 2140 007 827 003 009 192 9962 7388 0.6 0.86 0018 21871 0082 1129 0.63
1-04 050 bld 4865 557 1299 2218 011 739 bld 008 1.90 9936 7581 0.18 0.89 0.019 1.6179 0.065 1053 0.55
1-05 076 bld 4542 855 1099 2081 001 944 001 014 291 99.03 749 027 085 0038 21627 0.065 1408 0.37
1-06 042 bld 4916 448 1350 2133 bld 806 004 008 189 9896 7491 0.15 0.86 0.017 1.7045 0.065 1110 0.67
1-07 042 001 4693 674 1217 2240 bld. 801 003 008 264 9942 7303 023 091 0.027 1.7788  0.067 1123 0.42
1-08 039 bld 4899 493 1316 2230 003 753 bld. 005 211 9949 7570 0.16 090 0.018 1.7787 0113 66.6  0.37
1-10 050 bld 4630 779 1186 2200 0.02 815 001 006 279 9948 7217 025 0.89 0.032 15364 0.072 903  0.28
LINWOL 1-12 056 001 4576 811 1152 2188 006 818 002 013 294 9916 7152 027 0.89 0.035 1.4459 0074 827 024
1-12B 052  bld. 4979 494 1334 2168 007 754 007 010 170 9975 7592 0.14 0.87 0.016 1.0874 0.074 569  0.35
1-13 060 001 4796 680 1178 2192 010 773 001 010 216 9916 7311 020 088 0.022 1.1463 0.066 735  0.33
1-14 054 bld 4581 839 1076 21.77 0.06 847 002 010 329 9922 937 027 0.88 0.035 11457 0.066 735 0.21
1-15 064 bld 4287 1042 960 2139 bld. 961 bld 012 474 9940 6405 036 0.87 0.067 14357 0.064 949 0.14
1-16 052 001 4725 592 1240 2155 005 880 bld 007 235 9891 7153 021 0.88 0024  0.8437 0072 496 0.21
1-16B 067 bld 4648 804 1178 2185 006 821 001 010 261 9981 7191 025 0.8 0.033 1.0001 0.072 588 0.8
1-18 053 bld 4908 492 1328 2175 007 790 0.09 017 174 9951 7499 0.16 0.87 0018 09297 0072 546 031
1-19 062 bld 4645 756 1164 2171 010 809 bld 009 246 9873 7194 0.4 0.88 0.029 1.4917 0.064 986  0.34
1-20 046 bld 5045 453 1328 21.00 004 7.82 006 013 141 9917 7517 0.11 0.84 0.014 1.6047 0.074 918  0.68
1-22 053 bld 4583 818 1131 2156 0.03 843 004 008 320 9919 7051 027 0.87 0.035 15045 0.074 860  0.24
2-01 055 bld 4678 7.09 1225 2159 007 859 003 009 250 9954 7176 024 0.87 0.029 1.0872  0.097 474  0.16
2-02 053 bld 4841 528 1261 2167 002 885 bld 017 200 9955 7175 0.18 0.87 0020 047 0.097 205  0.10
2-02B 053 bld 4761 670 1258 2115 011 839 001 012 191 9911 7276 0.20 085 0024 06381 0097 278 0.2
2-03 047 001 4727 744 1190 21.78 014 869 0.03 010 232 10014 7094 023 0.87 0.028 1.4939 0.096 658  0.24
1INW02  2-04 055 bld 4814 693 1174 2189 011 812 002 015 237 100.00 7205 020 088 0023 05892 0095 262 0.11
2-04B 045 002 4945 433 1380 2135 009 800 004 012 145 9911 7545 0.14 0.86 0016 05696 0.095 254 0.6
2-05 035 001 5089 371 1374 2135 013 744 bld. 010 136 9908 7670 0.10 085 0012 05792 0.099 248 0.0
2-08 051 bld 4944 558 1343 2143 014 790 004 012 155 10015 7518 0.16 0.85 0.018 1.2996 0.082 671  0.36
2B-01 053 0.01 4941 459 1375 2148 005 778 bld. 011 146 9917 7590 0.15 086 0016 2774 0123 954 059
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Table 4-5. (continued)

H20

. H20 in

Na2O KO0 Si02 AlOs MgO CaO Cr:0s FeO NiO MnO TiO, Total  Mg# X(VAI) XCa D®melt  A(cm2) t(mm) ”Ev?/fx r2r1elt

N (wt %)

ppm

2B-02 071 bld 4820 723 1295 2113 014 765 004 010 1.94 10008 7510 021 0.84 0.025 2628 0123 904  0.36
2B-03 065 002 4848 629 1311 2150 039 730 001 011 1.63 9948 7621 0.19 0.86 0.021 1107 0128 366  0.17
2B-03B 061 bld 4687 693 1268 2193 025 7.82 001 011 203 9923 7430 023 0.89 0.028 1.295 0128 428  0.15
2B-04B 066 bld 4538 829 1146 2141 014 867 003 013 282 9899 7021 028 0.87 0.038 1443 0118 517  0.14
LINWO2 2B-05 071 001 4524 814 1140 2174 004 939 bld 009 316 9992 6840 0.29 0.88 0.040 11038 0104 449 0.11
2B-06 059 003 4690 6.81 1226 2232 015 827 bld 007 255 9993 7254 0.24 0.90 0.028 09173 0103 377  0.13
2B-07B 054 bld. 4686 7.00 1223 2198 013 821 bld 010 233 9938 7266 0.3 089 0.028 1.028 0114 382 0.14
2B-08 055 bld 4742 681 1234 2241 012 830 003 008 200 100.06 7260 0.22 0.90 0.026 0581 0114 216  0.08
2B-10 065 003 4548 839 1176 2129 017 859 004 013 269 9920 7094 0.28 0.86 0.038 1.7036  0.13 554  0.15
2B-11 057 bld 4961 449 1364 2164 013 789 006 011 138 9951 7550 0.14 0.87 0.016 0782 0137 242 015
4-01 066 bld 4643 726 1214 2161 0.09 847 003 009 232 9910 7187 024 0.88 0.030 1.3056 0.051 1083 0.36
4-02 053 bld 4702 705 1207 2185 011 842 001 011 235 9951 7187 0.3 0.88 0.027 1.7994 0.056 1360 0.50
4-02B 061 bld 4690 728 1210 2181 012 849 010 015 218 9974 7176 0.23 0.88 0.029 2013 0056 1521 0.53
4-03 054 bld 5002 442 1268 2196 bld. 820 bld 008 153 9944 7338 0.12 0.88 0.014 15046 0.065 979  0.70
4-04 051 bld 4991 409 1389 2121 009 802 002 015 1.27 9918 7553 0.13 0.85 0.015 0.9185  0.06 648  0.44
4-05 046 bld 4879 482 1384 2155 008 797 004 016 153 9925 7559 0.16 0.87 0.018 0.9614  0.06 678  0.37
4-06 055 0.01 4734 678 1242 2192 012 807 006 011 232 9971 7328 022 0.88 0.026 1.8498  0.06 1305 0.50
4-07 051 bld 4989 432 1359 2192 006 785 006 012 138 9967 7554 013 0.88 0.015 1.253  0.06 884  0.59
LINWO4 4-08 065 bld 4707 681 1248 2199 015 817 001 008 1.94 9935 7313 022 0.89 0.026 1.9719  0.06 139.1 0.3
4-09 065 001 47.09 716 1230 2189 011 809 bld 009 214 9953 7305 023 0.88 0.027 1.8649  0.06 1315 048
4-10 058 bld. 5020 438 1386 2150 006 773 bld 011 133 9975 7617 013 0.86 0.015 1.0837 0.047 976  0.66
4-11 054 001 4980 420 1374 2092 134 760 bld 008 136 9957 7634 014 0.84 0.016 1582  0.062 1080 0.68
4-12 059 bld 5012 400 1366 2093 0.04 860 005 022 125 9946 7391 012 0.84 0.014 2.1068 0.062 1438 1.01
4-13 058 bld 4725 730 1228 2180 010 825 0.04 007 225 9991 7264 023 0.88 0.028 22301 0062 1522 055
4-14 056 bld 4820 587 1256 2108 002 914 bld 014 203 9960 71.00 0.19 0.85 0.022 1.9775 0.062 1350 0.63
4-15 062 001 5022 485 1383 2140 011 750 006 016 1.33 10015 7674 0.14 0.85 0.016 1.8754  0.06 1323 0.84
4-16 057 bld 5006 504 1316 2164 002 813 bld 014 1.69 10045 7428 014 0.86 0.016 1.6619  0.06 1172 0.72
4-17 052 bld 4936 501 1324 2163 008 760 003 016 155 9919 7564 0.15 087 0.016 1.9461 0.063 130.7 0.79
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Table 4-5. (continued)

H20

. H20 in
Na2O KO0 Si02 AlOs MgO CaO Cr:0s FeO NiO MnO TiO, Total  Mg# X(VAI) XCa D®melt  A(cm2) t(mm) ”Ev?/fx r2r1elt
N (wt %)
ppm
5-04 047 bld 5126 364 1416 2231 035 603 001 013 129 9965 8071 0.10 089 0.012 1.069 0.058 780  0.65
5-05 043 bld 4903 590 1301 2270 047 675 bld. 008 211 10050 7745 018 0.90 0.020 09211 0058 672  0.33
5-06 047 bld 5055 521 1372 2243 053 601 003 010 142 10047 8028 0.14 088 0.016 0.6967 0.054 546  0.35
5-07 045 bld. 5103 394 1377 2263 0.18 656 bld 008 146 10010 7891 011 090 0.013 1.2159 0.062 830  0.65
5-08 057 bld 4671 741 1215 2255 037 750 006 010 2.86 10028 7428 0.25 090 0.032 11771 0.062 803 0.5
5-088 046 bld. 5062 409 1373 2263 018 655 bld 013 157 9994 7890 0.12 0.90 0.014 0.8535 0.062 582 043
5-10 040 bld 5069 372 1431 2254 036 615 bld. 015 135 9967 8959 0.12 090 0.013 15683 0.056 1185 0.90
5-11 052 bld 4764 654 1243 2243 056 651 004 009 220 9897 7729 021 0.90 0.023 1.385  0.056 1046 0.45
5-11C 050 b.ld. 4839 572 1295 2246 063 648 003 009 176 99.02 7808 0.18 0.90 0.020 11472  0.056 86.7  0.44
5-11R 050 0.01 4852 580 1256 2269 054 679 001 008 226 9976 7672 0.19 0.91 0.020 1.334  0.056 100.8 0.49
5-12 048 bld 4999 365 1310 2211 bld. 792 001 016 153 9898 7467 0.12 0.89 0.013 0.7801 0.059 559 043
5-14 038 bld 5149 384 1419 2241 027 632 004 012 108 10015 8001 0.10 089 0.012 13512 0.058 986  0.83
5-16 055 bld 4718 685 1244 2211 045 692 002 010 242 99.04 7621 022 0.89 0.026 1.2177 0.058 888  0.34
1INWO05  5-17 042 bld 5074 363 1433 2239 034 630 bld 011 138 9965 gp21 011 089 0.013 17177 0.058 1253 0.97
5-18 044 001 49.00 457 1317 2188 002 810 bld 014 187 9919 7436 015 0.88 0.017 1122 0.053 896 053
5-21 062 001 4492 857 1096 21.78 001 868 bld 010 361 9926 925 029 0.89 0.042 1.3742  0.053 109.7 0.26
5-22 041 bld 4852 569 13.05 2233 053 645 002 005 1.99 9905 7829 0.8 0.90 0.020 1.2954 0.051 1075 0.55
5-23 043 001 4944 500 1337 2257 042 650 bld 013 1.90 9976 7858 0.16 0.90 0.017 1.3578 0.051 1127 0.66
5-27 045 bld. 5081 381 1398 2242 020 646 006 006 1.40 9964 7942 0.11 0.89 0.013 26012 0115 957  0.75
5-28 046 001 5000 452 1354 2199 007 725 bld 009 177 9969 7690 0.14 0.88 0015 4371 0115 1608 1.06
5-29 045 bld 4951 434 1357 2241 013 688 0.03 009 173 9912 7787 0.14 0.90 0.015 3.0819 0113 1154 0.75
5-30 051 bld 4858 617 1274 2275 050 671 0.06 006 221 10030 7720 0.20 091 0022 4088 0102 1696 0.78
5-31 045 0.03 5038 425 1370 2239 040 635 005 006 148 9954 7935 0.13 0.89 0.014 1.1923  0.095 531  0.38
5-31B 044 001 5068 374 1410 2231 031 624 003 012 111 99.09 8011 0.11 0.89 0.012 1.2592 0.095 561  0.45
5-32 029 001 5097 359 1413 2224 015 7.01 bld 012 174 10024 7824 0.11 0.88 0.013 1.1108 0.095 495  0.38
5-33 040 001 51.08 379 1406 2243 039 627 006 007 129 9985 7999 0.11 0.89 0.012 1.2565 0.095 560  0.45
5-35 052 bld 4804 631 1200 2214 bld 865 bld 012 232 10010 7120 020 0.89 0.023 1.0464 0068 651  0.29
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Table 4-5. (continued)

H20

. H20 in

Na2O KO0 Si02 AlOs MgO CaO Cr:0s FeO NiO MnO TiO, Total  Mg# X(VAI) XCa D®melt  A(cm2) t(mm) ”Ev?/fx r2r1elt

N (wt %)

ppm

6-01 054 001 4871 557 1349 2188 077 642 005 009 148 99.00 7892 017 0.88 0019 04702 0.067 297 0.6
6-02 052 bld 4808 6.08 1306 2216 061 694 004 008 1.84 9940 7703 020 089 0022 06395 0072 376 0.17
6-03 053 bld 4899 534 1384 2207 068 672 bld. 005 148 9970 7858 0.17 088 0.019 1.1624 0.062 793 041
6-04 044 bld. 5072 341 1448 2189 038 6.87 005 005 1.08 9940 7898 011 0.87 0.013 1.2822 0.062 875  0.69
6-05 045 bld. 5037 377 1490 2172 055 640 bld. 013 079 99.08 8059 0.12 0.87 0.014 11817 0.062 80.6  0.59
6-06 039 bld 5148 326 1444 2188 037 676 001 009 079 9946 7919 0.09 0.87 0.011 1.3246  0.062 904  0.82
6-09 045 bld 5067 355 1465 2147 037 7.01 007 011 1.08 9942 7883 0.11 086 0.013 1.4014 0.062 956 0.73
6-11 046 bld 5043 396 1446 2158 045 687 bld 011 106 9936 7897 012 0.86 0.014 1.1604 0.063 779 057
6-12 055 bld 5103 440 1491 2108 019 699 bld 012 120 10046 7919 0.12 0.83 0.015 11596 0.063 779 053
LINWOS 6-13 052 bld 4862 594 1332 2161 059 712 bld 013 157 9943 7694 0.18 0.87 0.020 1.3357 0.063 89.7 0.4
6-14 039 001 5035 351 1443 2173 036 717 001 014 1.05 9915 7821 0.11 0.87 0013 08522 0063 572 043
6-15 051 001 4826 609 1319 2180 058 770 002 015 1.93 10025 7533 020 0.87 0.023 1.2232 0.061 848  0.37
6-17 042 001 5153 337 1483 2191 062 655 001 013 086 10024 8013 010 087 0012 07693 0061 534  0.44
6-19 050 0.01 4890 592 1315 21.76 056 7.00 0.11 016 1.61 9966 7701 0.18 0.87 0020 09246 0.058 675 0.34
6B-05 0.47 0.01 4969 586 1308 2150 073 728 001 014 158 10033 7620 0.16 085 0018 07065 0.1 299 016
6B-06 047 bld. 4849 603 1328 2169 065 7.7 bld 010 155 9942 7675 0.18 0.87 0.021 1.6118 0.097 703  0.34
6B-06B 0.48 bld. 4863 590 1334 2153 061 728 007 005 149 9936 7655 0.18 0.86 0.020 1.4034 0.097 612  0.30
6B-08 043 bld. 4910 538 1348 2134 074 694 bld 015 158 9913 7761 0.16 0.86 0018 04309 0.098 186 0.10
6B-10 0.44 bld. 5152 375 1422 2156 050 645 0.03 014 099 9959 7973 0.09 086 0012 02261 0083 115 0.10
6B-11 039 bld 5202 329 1460 2171 064 648 005 013 099 10030 80.08 0.09 0.86 0011 05378 0084 271 0.24
9-01 049 001 4725 699 1205 2139 007 877 bld 014 260 9975 7102 022 0.86 0.027 1535  0.095 684  0.25
9-03 036 bld 4891 484 1362 2194 012 753 bld 012 151 9895 7634 0.16 089 0.017 05115 0.092 235 0.14
9-03B 052 bld 4861 58 1276 2135 006 809 bld 011 206 9939 7378 0.18 0.86 0.020 0.757 0.092 348  0.17
9-04 045 001 4798 577 1254 2189 007 829 bld 010 200 9910 7294 019 0.89 0.021 1.0896  0.092 50.1  0.24
1INW09  9-05 047 bld. 4739 650 1216 2171 001 824 0.02 017 244 99.09 7247 021 0.88 0.024 1.4023 0.095 625 0.26
9-06 051 bld 4704 655 1226 2169 001 871 bld 012 252 9941 7151 022 0.88 0.027 2427 0095 1081 041
9-07 055 bld 4651 675 1217 2207 006 859 001 007 272 9948 7164 024 0.89 0.029 1.7833  0.095 794  0.27
9-08 037 bld 5071 361 1458 2146 bld. 741 005 012 122 9953 7782 0.11 086 0.013 1.0411 0.095 464  0.35
9-09 049 001 4910 562 1326 2187 048 731 004 010 1.83 100.09 7638 017 0.87 0.019 1.4856  0.095 662  0.34
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Table 4-5. (continued)

H20

. H20 in
Na2O KO0 Si02 AlOs MgO CaO Cr:0s FeO NiO MnO TiO, Total  Mg# X(VAI) XCa D®melt  A(cm2) t(mm) ”Ev?/fx r2r1elt
N (wt %)
ppm
9-12 061 001 4755 656 13.00 21.89 022 779 003 009 1.98 9973 7485 022 0.88 0.025 1.628  0.085 810 0.32
9-13 061 bld 4734 674 1214 2190 004 882 bld 011 232 10003 7103 022 0.88 0.026 1.0408 0.085 518  0.20
9-14 047 bld 5019 427 1456 2087 012 771 007 008 117 9951 7711 013 083 0.015 0.764 0.085 380 0.25
9B-02 051 001 4749 635 1220 2239 008 803 001 015 235 9955 7305 021 0.90 0.024 1.1284  0.097 492  0.20
9B-02B 0.40 bld. 5118 354 1481 2160 010 732 002 009 1.10 10015 7830 0.11 0.86 0.013 0.8496 0.097 371  0.29
9B-02C 054 001 4839 560 1284 2241 005 824 bld 011 218 10037 7353 0.19 090 0.021 1.2467 0.097 544  0.25
9B-03 049 001 4955 430 1407 2196 005 7.6 bld 011 140 9909 7780 0.14 0.88 0.016 0.6684 0.097 292  0.19
1INW09 9B-04 052 bld 4733 65 13.02 2213 030 769 004 010 225 9993 7511 023 0.89 0.027 0.7899 0.097 345  0.13
9B-04B 059 b.ld 4693 664 1248 2227 011 828 0.02 007 234 9973 7289 0.23 0.90 0.028 0819 0097 357 0.3
9B-07 050 0.01 4983 444 1363 2190 009 7.68 005 011 120 9948 7600 0.13 0.88 0.015 0.4588 0.129 150  0.10
9B-08 063 bld 4675 641 1209 2197 006 872 003 012 247 9925 7120 023 0.89 0.027 1.0095 0.098 436  0.16
9B-10 034 001 5069 358 1460 2219 019 681 004 011 1.21 9978 7925 0.12 0.88 0.013 0721  0.14 218 017
9B-11 046 bld. 5033 435 1429 2228 009 692 bld 011 142 10024 7865 0.14 0.88 0.015 0.7793  0.14 236  0.16
9B-12 058 001 4793 587 1278 2220 008 811 002 014 194 9965 7374 020 0.89 0.022 1.2053  0.107 477 022
9B-12B  0.48 b.ld. 4849 584 1292 2220 008 7.80 002 009 168 9958 7471 0.18 0.89 0.020 0.4056 0.107 160  0.08
9B-12C 056 b.ld. 4726 715 1226 2185 015 7.89 003 010 251 9976 7348 023 0.88 0.028 1.0214 0107 404  0.15
9B-12D 057 b.ld. 4824 617 1241 2218 004 825 bld 009 219 10014 7284 0.20 0.89 0.022 0.2986 0.107 118  0.05

Note: b.l.d., below the limit of detection
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4.2.1.2 Water content of clinopyroxene phenocrysts and melts

Like the Shuangliao basalts, the IR absorption spectra of the Wulanhada cpx
phenocrysts in the OH-stretching vibration region (3000-3800 m™) are mainly
composed of three bands: 3630-3620 cm™, 3540-3520 cm™, and 3470-3450 cm™, and
the 3620-3640 cm™ band is always predominant (Fig. 4-15b). For some big cpx
phenocrysts, profile IR analyses have been conducted. The water contents of these
phenocrysts are homogenous from the core to the rim, suggesting that H diffusion
during magma ascent to the surface was limited (Fig. 4-15a). The calculated water
contents of cpx phenocrysts and corresponding melts are listed in Table 4-5, and plotted
versus Mg# of cpx phenocrysts in Fig 4-16. The H>O contents of cpx phenocrysts and
melts range from 10 to 200 ppm and 0.05 to 1 wt.% H-O, which are significantly lower
than those of Shuangliao basalts (50-800 ppm, 0.5-5.6 wt.%). The H>O contents of cpx

phenocrysts and melts vary significantly between different samples (Fig. 4-16).
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Figure 4-16. H,O contents of cpx phenocrysts and associated melts vs cpx Mg# of Wulanhada
basalts.

4.2.1.3 Oxygen isotope compositions of clinopyroxene phenocrysts

The cpx megacrysts (NSH2, NSH5, NSH8, NSH9, NSH10, NSH14) from Nushan,
eastern China were used for instrumental mass fractionation correction. The oxygen
isotope compositions of cpx phenocrysts are listed in Table 4-6 and plotted in Fig 4-17.
The 580 values of cpx phenocrysts range from 5.49%o to 7.38%o and are significantly
higher than the values of cpx in typical MORB and mantle peridotites (5.4%0-5.8%o)
(Eiler et al., 1997; Mattey et al., 1994). The difference in 5'80 values within individual

samples varies from 0.52%o to 1.80%e.
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Table 4-6. The oxygen isotope composition of cpx phenocrysts in Wulanhada basalts

510 §"0 .
Sample Mg# measured IMF* corrected 1SE
by IMF
11INW2-07 76.4 8.34 1.96 6.38 0.17
11NW2-06b 75.8 8.28 2.03 6.26 0.09
11NW2-06 72.3 8.17 2.38 5.79 0.22
11NW2b-03 76.2 8.08 1.98 6.10 0.11
11NW2b-03b 74.3 8.07 2.18 5.89 0.27
11NW2-03 70.9 8.01 2.52 5.49 0.36
1INW2  11NW2-05 76.7 8.20 1.93 6.26 0.30
11NW2b-07 76.8 8.60 1.92 6.68 0.13
11NW2b-07b 72.7 8.47 2.34 6.13 0.13
11NW2-01 71.8 8.20 243 5.77 0.25
11NW2-08 75.2 8.43 2.09 6.34 0.29
11NW2-04b 75.5 8.51 2.06 6.45 0.06
11INW2-04 72.1 8.45 2.40 6.05 0.16
11NW9b-12d 72.8 8.35 2.33 6.02 0.12
11NW9b-12¢ 735 8.23 2.26 5.97 0.36
11NW9b-12b 74.7 7.87 214 5.73 0.13
11NW9b-12 73.7 7.81 2.24 5.58 0.22
11NW9b-2b 78.3 8.00 177 6.23 0.10
11NW9b-2 73.0 8.51 231 6.20 0.20
1INWS 11NW9b-2¢ 73.5 8.23 2.26 5.97 0.12
11NW9-13 71.0 8.50 2,51 5.99 0.01
11NW9-14 77.1 9.27 1.89 7.38 0.38
11NW9-06 71.5 8.61 2.46 6.15 0.17
11NW9-08 77.8 8.49 1.82 6.67 0.06
11NW9-07 71.6 8.54 2.45 6.09 0.16
11NW9-09 76.4 8.48 1.96 6.51 0.14
11INW9-12 74.8 8.49 2.13 6.36 0.04
11NW5-15 76.8 8.31 1.93 6.37 0.20
11INW5-14 80.0 8.06 1.60 6.46 0.35
11NW5-16 76.2 8.26 2.00 6.26 0.08
11INW5-17 80.2 8.23 1.58 6.65 0.16
11NWS5-19 78.3 8.57 1.78 6.79 0.05
11INW5-21 69.2 8.97 2.73 6.24 0.11
11NWS5-18 74.4 8.49 2.19 6.30 0.25
1INW5  11NW5-20 76.6 8.41 1.96 6.45 0.30
11INW5-13C 72.8 8.67 2.35 6.32 0.20
11INW5-13 76.0 8.48 2.02 6.46 0.22
11INW5-13R 75.3 8.61 2.09 6.52 0.04
11INW5-13RR 73.5 8.41 2.28 6.13 0.17
11NWS5-28 76.9 8.58 1.92 6.66 0.02
11INW5-11R 76.7 8.34 1.95 6.40 0.07
1INW5-11 77.3 8.45 1.88 6.56 0.19
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Table 4-6. (continued)

380 §%0 o
Sample Mg# measured IMF* corrected 1SE
by IMF

1INWS5  11NWS5-11C 78.1 8.31 1.80 6.51 0.09
11NW6b-13 73.0 8.24 2.33 5.91 0.11
11INW6-1a 78.9 8.14 1.72 6.43 0.25
11INW6-2a 77.3 8.22 1.88 6.34 0.08
1INWe  LINWE-2b 79.4 7.97 1.66 6.31 0.22
11NW6-15 75.3 8.00 2.09 5.91 0.19
11INW6-19 77.0 8.24 191 6.33 0.12
11INW6-17 80.1 7.86 1.59 6.27 0.19
11NW6-12 79.2 7.91 1.68 6.22 0.23
11NW1-3b 73.9 8.13 2.24 5.89 0.10
11NW1-3 75.3 8.24 2.09 6.15 0.15
1INW1-1 66.7 8.64 2.99 5.64 0.09
11NW1-2 71.5 8.46 2.49 5.97 0.24
unwy  HNwI-21 75.7 8.39 2.05 6.34 0.09
11INW1-4 75.9 8.11 2.03 6.08 0.09
11INW1-6 74.9 8.38 213 6.25 0.09
11NW1-19 71.9 8.34 2.45 5.89 0.16
11INW1-5 67.5 8.12 201 5.21 0.24
11NW1-18 75.0 8.12 212 6.00 0.14

* IMF is the instrumental mass fractionation
** SE the standard error of the mean for the group of measurements in a single cpx grain

4.2.2 Discussion
4.2.2.1 Previous study

Geochemical characters of Wulanhada basalts were studied by Fan et al. (2014),
including major, trace element concentrations and Sr-Nd-Pb-Hf isotopic compositions.
The high Nd/U ratios, low La/Nb ratios and the absence of obvious correlation between
SiO2 and Nb/La ratios suggests that crustal contamination is insignificant. With a low
MgO, Ni and Cr contents, the Wulanhada basalts have underwent fractional
crystallization of olivine and clinopyroxene. No Eu anomaly and the negative
correlation between Al,O3 and MgO contents suggest that the fractionation of
plagioclase (pl) is limited (Fan et al. 2014). Although the Wulanhada basalts may have
underwent significant fractional crystallization, the incompatible element ratios and the
isotopic compositions can provide information on the mantle source of these basalts.

Based on the negative Zr and Hf anomalies, negative relationship between "®Hf/X/"Hf
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and **Nd/***Nd (eHf and eNd decoupling) and relatively low 8’Sr/%Sr ratios, Fan et al.
(2014) proposed the presence of carbonated melt in the mantle source. However, no

further discussion of this enriched component was presented in their work.

4.2.2.2 High oxygen isotope compositions

The 580 values of cpx phenocrysts in Wulanhada basalts are higher than those of

cpx in typical MORB and mantle peridotites (Fig. 4-17) (Eiler et al., 1997; Mattey et

al., 1994).
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Figure 4-17. Oxygen isotope compositions of cpx phenocrysts in the Wulanhada basalts. The range
of 380 values of cpx phenocrysts in N-MORB, EM1, EM2 and HIMU are calculated from the 520
values of ol phenocrysts (Eiler et al., 1997), assuming the equilibrium fractionation between cpx
and ol is 0.4%o (Mattey et al., 1994).

As discussed in Section 4.1.2.2, the isotopic fractionation of oxygen isotopes caused
by fractional crystallization is less than 0.1%o in basaltic melts (Eiler, 2001). Fresh cpx
phenocrysts without crack and inclusion were selected for the oxygen isotope
measurements and the crustal contamination in the Wulanhada basalts is limited (Fan
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et al. 2014). The sample 11NWO05 with relatively high §'®0 values has a low 87Sr/26Sr
ratio. All of these indicate that the effect of alteration on the surface of the Earth, crustal
contamination, partial melting, devolatilization, fractional crystallization, assimilation-
fractional crystallization (AFC) process on the oxygen isotope compositions of cpx
phenocrysts is limited. Thus, the oxygen isotope compositions of the cpx phenocrysts
in the Wulanhada basalts preserve the information of their mantle source. It means that

a component with high 880 value is needed in the mantle source of Wulanhada basalts.

4.2.2.3 Water content in the “primary” melts

During magma evolution, the Wulanhada basalts underwent significant fractional
crystallization (Fan et al., 2014), which had increased the water content of the magma.
However, as discussed in Section 4.1.2.3, for a single magma, crystallization process
would not lead to a significant elevation of water content in residual melt (<30%,
similar to the measurement uncertainties) when the Mg# of crystallized cpx phenocryst
is higher than 75 (Fig. 4-8). Thus, considering the magma mixing, the average H20
content calculated by the cpx phenocrysts with Mg# >75 can represent the H.O content
of the Wulanhada “primary” melts. In Figure 4-18, the calculated water content display
good relationship with the 8’Sr/%Sr and ®Hf/*""Hf ratios, which means the H20 content
can represent the original information of the mantle source. In addition, the measured
water content profiles suggest that H diffusion in cpx phenocryst during magma ascent
to the surface is limited (Fan et al., 2014). Thus, the calculated H2O content from cpx

phenocrysts in the Wulanhada basalts has been well preserved.

The calculated average H20O contents of the Wulanhada basalts range from 0.21 to
0.69 wt.% (Fig. 10, Table 4-7). They fall in the range of MORBs (0.1-0.3 wt%, Asimow
et al., 2004; Danyushevsky et al., 1993, 2000; Dixon, 1988; Michael, 1988, 1995;
Sobolev and Chaussidon, 1996; Saal et al., 2002; Simons et al., 2002) and OIBs (0.3-
1.0 wt%, Dixon et al., 1997, 2002; Dixon and Clague, 2001; Nichols et al., 2002;
Simons et al., 2002; Wallace, 1998). The calculated H20O contents and H>O/Ce ratios
(28-86) of Wulanhada basalts are significantly lower than those of Shuangliao basalts
(0.90-3.06 wt.%, 158-737) located more on the east (Fig. 4-19) and are consistent with
those of Taihang basalts (Liu et al., 2015b), also located above the edge of the subducted
Pacific slab.
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Figure 4-18. The calculated water contents of magmas in the Shuangliao basalts compared with (a)

87Sr/geSr, (b) "Hf/""Hf concentrations of bulk rocks.
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Figure 4-19. Calculated average H>O content of the Wulanhada “primary” melts. The ranges of
H20 content for OIBs, MORBs, BABBs and IABs are from Dixon et al. (2004) and the references
therein. The H20 content of Taihang basalts is from Liu et al. (2015b).

Table 4-7. The water content and H,O/Ce of "primary" melt in Wulanhada basalts
8 minitype scoria

Hongshan Huoshaoshan  Heinaobao Zhongliandanlu  Nanliandanlu cones
Sample 11INWO1 11INW02 11INWO04 11INWO05 1INWO06 11INW09 11INWO08
H20 of melt ek
(Wt.%) 0.49 0.29 0.58 0.69 0.40 0.21
H20/Ce" 59.62 36.42 73.75 85.52 64.95 28.28

* Ce content of basalts are from Fan et al. (2014)
** The water content of 11INWO08 is very low (Fig. 4-15)

4.2.2.4 The enriched component in the mantle source

As discussed above, the oxygen isotopes of the cpx phenocrysts and the H>O content
of the magma reflect the mantle source. The variable isotopic compositions (e.g.,
87Sr/8Sr ratio) and highly incompatible trace elements ratios (e.g., variable Ba/Th,
Nb/La, Nb/U and Ce/Pb) of Wulanhada basalts also indicate the compositional
heterogeneity of the mantle source. Therefore, the &Sr/®®Sr ratio, Ba/Th ratio, Nb/La
ratio, Nb/U ratio and Ce/Pb ratio and H>O/Ce ratio can be combined to constrain the

enriched component in the mantle source of the Wulanhada basalts (Fig. 4-20).
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Figure 4-20. Plots of H,O/Ce vs. Ba/Th, Ce/Pb , Nb/U and 8Sr/®Sr of the Wulanhada basalts. The
gray squares show the possible end members of the mantle source. The Ce, Nb and U concentrations
and &7Sr/8éSr values are from Fan et al. (2014). The H,O/Ce ratios of GLOSS (~1280), DMM (~200)
and ROC (~100) are from Plank and Langmuir (1998); Dixon et al. (2002) and the references therein.
The ratios of Ba/Th, Ce/Pb, Nb/La and 87Sr/8Sr for DMM and GLOSS are from Cale et al. (2013),
Plank and Langmuir (1998) and Workman and Hart (2005). Ba/Th of ROC would not change much
since the two elements have similar fluid mobility, and the Ce/Pb and Nb/U of ROC would increase,
due to the relatively high mobility of Pb and U (Kogiso et al., 1997; Kessl et al., 2005). The Ba/Th
ratio of dehydrated GLOSS would not change, and the Ce/Pb and Nb/U ratios of dehydrated GLOSS

would increase (Aizawa et al., 1999).

As shown in Fig. 4-20, two components can be identified in the mantle source. One
component with normal H,O/Ce ratio, 8Sr/%6Sr ratio, Ba/Th ratio, Nb/U ratio and Ce/Pb

ratio which are similar to those of normal depleted mantle. The other enriched
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component is characterized by low H>O/Ce ratio, Nb/U ratio and Ce/Pb ratio, high
87Sr/8Sr ratio and Ba/Th ratio. The dehydrated marine sediments are characterized by
low HO/Ce ratios (~100, Dixon et al., 2002) and high 87Sr/%®Sr ratios (Plank and
Langmuir, 1998). For the trace elements, studies of drilled marine sediments has
demonstrated that marine sediments have a relatively high Ba/Th ratio, low Nb/U ratio
and Ce/Pb ratio (Plank and Langmuir, 1998). Thus, dehydrated marine sediment
(GLOSS) is the most likely candidate for this component. In addition, the enriched
component in Wulanhada basalts has a high §'80 value, which is also consistent with
the feature of dehydrated GLOSS.

Compared to mantle arrays defined by global OIB and MORB, marine sediments
have relatively high 1"®Hf/*""Hf ratios for given 1*3Nd/***Nd, which also can induce the
decoupling of eHf and eNd in Wulanhada basalts (Chauvel et al., 2008). Besides, marine
sediments are significantly depleted in Zr and Hf (Plank and Langmuir, 1998), which

can account for the negative Zr and Hf anomalies of the Wulanhada basalts.

In the plot of H2O/Ce vs. (Nb/La)n (Fig. 4-21), the Wulanhada basalts do not display
a simple correlation between DMM and dehydrated GLOSS, a ROC component (with
high Na/La ratio) is also needed in the source. Overall, three components (DMM, ROC
and dehydrated GLOSS) need to be involved in the mantle source of the Wulanhada
basalts.

Interestingly, both H2O content and H>O/Ce ratio of recycled component in the
mantle source of Wulanhada basalts are obviously lower than those of Shuangliao
basalts. It emphasizes the regional difference of H>O content in mantle source. The
Wulanhada volcanic field is above the front edge of the subducted Pacific slab and the
Shuangliao basalts are located above the subducted Pacific slab (Fig. 1-2). The
difference in the H2O content may reflect the dehydration process of the subducted

Pacific plate.
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Figure 4-21. Plots of H,O/Ce vs. (Nb/La)n of the Wulanhada basalts. The Ce, Nb and La
concentrations in Wulanhada basalts are from Fan et al. (2014). The H,O/Ce ratio of each
component is the same as in Fig. 4-20. The Nb/La ratios of GOLSS and DMM are from Plank and
Langmuir (1998) and Workman and Hart (2005). The (Nb/La)n of ROC is calculated from the
concentration of the fresh MORB (5.24 vs 5.21 for Nb and La, Gale et al., 2013) and the mobility
in water (Mobility = (Coriginal-Cresidual)/Coriginal*100 %, the water activity of Nb is 20 times
the one of La, Kogiso et al., 1997; Kessl et al., 2005). The Nb/La ratio of dehydrated GLOSS would

increase, due to the relatively high mobility of La in the sediments (Aizawa et al., 1999).

4.2.3 Summary

(1) The H20 contents of the Wulanhada basalts vary from 0.21 to 0.69 wt.%, falling in
the range MORBs and OIBs. The 580 values of cpx phenocrysts vary widely, from
5.49%o to 7.38%o. They are higher than the values of cpx in typical MORB and mantle

peridotites.

(2)The heavy oxygen isotope composition and the correlations of H,O/Ce with 8/Sr/8Sr,
Ba/Th, Nb/La, Nb/U and Ce/Pb in the Wulanhada basalts emphasize the significant

contribution of dehydrated marine sediments and ROC to the mantle source.

(3) The H20 content and H2O/Ce ratio of recycled component in the mantle source of
Waulanhada basalts are obviously lower than those of Shuangliao basalts, which may

come from the progressive dehydration of the subducted Pacific plate.
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4.3 Chaihe-aershan basalts
4.3.1 Results
4.3.1.1 Major and trace element compositions of bulk rock

Bulk rock major and trace element concentrations of the Chaihe-aershan basalts are
presented in Table 4-8. In the TAS (Tasmania) nomenclature of Le Bas et al. (1986), the
Chaihe-aershan basalts are in the range of trachybasalt (TFL basalts, high alkalinity)
and basalt (low alkalinity) fields (Fig. 4-22a). The basalts with low alkalinity are
characterized by high MgO (8.62-12.00 wt.%), CaO (8.68-9.71 wt.%), Mg# (63.2-70.0,
Mg#=100*%Mg/(Mg+Fe) mol), Ni (213-423 ppm), Co (45.9-58.4 ppm), low TiO- (1.88-
2.29 wt.%), and P20s (0.36-0.48 wt.%). DLH basalts have the lowest alkalinity, highest
Mg# (67.2-70.0), compared to the TFL basalts, which have relatively low MgO (7.71-
8.80 wt.%), Mg# (56.9-62.8) and Ni (176-273 ppm) and high TiO2 (2.36-2.55 wt.%)
and P2Os (0.61-0.75 wt.%). On the plots of major elements compared with MgO, the
Chaihe-aershan basalts display distinct compositional trends (Figs. 4-22b-f) which can
be divided into three groups (TFL, DLH and other basalts).
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Figure 4-22. a) Total alkali compared with SiO- plots for Chaihe-aershan basalts. The classification
of rock types is based on Le Bas et al. (1986); b) SiO, compared with MgO, ¢)Al,Os compared with
MgO, d) Fe203 compared with MgO, e) K2O compared with MgO and f) P,Os compared with MgO

for Chaihe-aershan basalts.

The primitive-mantle normalized trace elements and chondrite normalized rare earth
element patterns of the Chaihe-aershan basalts show that the concentrations of trace
elements vary with the alkalinity of rocks (Fig. 4-23). The TFL basalts have the highest
alkali contents and are significantly enriched in light rare earth elements (LREES)
relative to heavy rare earth elements (HREES), with a high ratio of (La/Yb)n (18.8-23.7,
N denotes normalization to chondrite, Fig. 4-23). The basalts are also enriched in Nb

and Ta, relatively depleted in highly incompatible elements (Rb, Ba, Th, U) and have
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weak positive Sr anomaly and negative Ti anomaly (Fig. 4-23a).
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Figure 4-23. Primitive mantle-normalized trace element and the Chondrite-normalized rare earth

element concentration diagrams for Chaihe-aershan basalts. Normalization values are based on Sun

and McDonough (1989).

The other basalts display similar element patterns, except for identical changes with
alkalinity. For the basalts with low alkalinity, the fractionation between LREEs and
HREEs decreases ((La/Yb)n =9.0-12.6), the relative enrichment of Nb, Ta and K
increases, the positive Sr and Eu anomalies increase and the Ti anomaly weakens (Fig.
4-23). Because the plagioclase (pl) is rarely present in the samples, the positive Sr and
Eu anomalies are unlikely to be caused by the accumulation of pl. In addition, the
presence of abundant mantle xenoliths in the Chaihe-aershan basalts demonstrates that

the magma ascended rapidly from the mantle.
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Table 4-8. Major and trace element compositions of Chaihe-aershan basalts

Location Chaoerhe Delehe

GPS N 47<26'35.86"; E 12118'21.96" N 47<30'23.58"; E 121°8'35.40"
sample CEH-2 CEH-3 CEH-5 CEH-8 CEH-11 CEH-12 DLH-1 DLH-2 DLH-6 DLH-7 DLH-10
SiO2 (Wt.%) 48.16  47.97  48.70  49.07 48.31 49.14 4931 48.18 49.10  49.35 47.63
TiO2 2.15 2.29 2.19 211 2.08 2.18 1.88 191 1.88 1.90 2.10
Al203 1296 1278 1287 13.16 13.01 13.10 13.07 12.45 12.82 13.04 12.20
Fe20s" 1210 1215 1190 12.09 11.74 11.87 11.67 12.09 12.14 12.01 12.11
MnO 0.17 0.17 0.17 0.17 0.17 0.17 0.16 0.17 0.17 0.16 0.17
MgO 9.97 9.98 9.58 8.89 9.63 9.69 10.30 12.00 11.15 10.45 11.55
CaO 9.59 9.71 9.64 9.59 9.48 9.68 9.11 8.79 9.32 9.18 9.34
Na20 2.96 2.82 3.06 3.08 2.82 3.08 3.06 2.88 2.95 3.08 291
K20 1.64 1.52 1.60 1.32 1.54 1.60 1.23 1.30 1.18 1.22 151
P20s 0.47 0.46 0.44 0.39 0.46 0.45 0.36 0.39 0.36 0.36 0.46
LOI -0.32 -0.02 -0.35 -0.15 0.21 -0.40 -0.47 -0.48 -0.60 -0.55 -0.23
Total 99.85 99.83 99.80 99.72 99.45 100.56 99.68  99.68 100.47 100.20 99.75
Mg#? 66.0 65.9 65.4 63.4 65.9 65.8 67.5 70.0 68.4 67.2 69.2

K*(ppm) 12,700 11,900 12,500 10,500 12,100 12,400 9,700 10,500 9,600 9,500 12,000

Ti" 12,250 12,950 12,600 11,850 11,800 12,500 10,850 11,050 10,950 10,800 12,350
Li® 7.2 7.2 7.1 79 10.4 7.3 6.7 7.1 6.6 6.4 8.7
\'A 210 220 214 211 192 211 192 197 201 196 201
Cr 263 291 270 239 274 272 293 356 349 331 361
Co” 50.2 495 48.7 47.6 47.1 495 50.0 56.1 57.1 53.4 58.4
Ni® 256 258 248 224 249 260 305 423 386 326 353
Sc” 22.3 22.8 22.3 215 211 22.7 21.1 19.8 214 213 21.9
Ga 20.10 1940 19.30 19.2 19.30 19.60 1840 1790 1780 18.0 17.80
Ga” 1855 1740  18.00 18.1 18.30 18.10 1780 17.00 1760 17.35 18.10
Rb 32.9 26.5 32.7 22.7 249 33.2 22.1 25.7 231 23.3 29.8
Rb" 325 26.2 33.2 23.3 251 33.7 22.6 26.1 23.7 23.7 321
Sr 547 491 506 417 1040 496 414 430 417 422 505
Sr® 548 477 486 413 1030 485 407 428 410 403 508
Y 21.6 23.8 22.8 22.9 219 23.4 20.3 20.5 20.8 215 215
Y” 21.9 23.0 224 22.7 215 22.7 19.9 20.0 20.7 20.2 21.8
Nb 46.3 45.6 46.4 414 435 46.5 314 35.0 33.6 32.7 43.8
Nb” 43.2 41.9 421 37.2 40.5 435 28.6 325 30.7 28.6 39.6
Ba 479 520 514 462 827 493 340 401 370 347 427
Ba" 460 480 480 420 790 450 320 380 340 330 410
La 27.1 27.9 26.2 24.1 27.0 26.4 18.9 20.3 19.5 18.9 24.8
La” 27.0 27.1 25.9 23.1 26.9 26.3 18.7 20.1 19.3 18.9 23.8
Ce 51.9 53.8 51.8 47.3 50.0 50.9 374 40.5 38.7 38.0 494
Ce" 51.7 50.0 49.9 44.4 49.3 50.3 36.6 39.7 379 3740 47.2
Pr 5.75 6.42 5.83 5.49 5.99 5.80 4.50 4.67 4.56 4.45 571
Nd 242 274 24.7 22.7 25.2 24.5 19.3 20.3 19.8 19.9 24.3
Zr 3.8 4.0 4.0 3.7 3.9 4.0 3.2 3.2 3.0 31 3.6
Hf 160 157 162 143 153 161 125 127 125 125 142
Sm 5.60 6.32 5.76 5.49 5.58 5.66 4.86 491 4.83 4.72 5.73
Eu 1.98 2.04 2.03 1.90 2.01 2.00 1.70 1.76 1.67 1.74 1.96
Gd 5.73 6.05 5.93 5.83 5.79 5.92 5.01 4.98 4.96 5.01 5.50
Th 0.79 0.85 0.85 0.84 0.77 0.84 0.70 0.73 0.70 0.68 0.78
Dy 4.59 5.08 471 4.85 4.35 4.81 4.26 4.24 4.18 4.13 4.49
Ho 0.85 0.93 0.91 0.90 0.81 0.91 0.78 0.79 0.79 0.78 0.80
Er 2.05 2.29 2.20 2.21 2.01 2.23 1.88 2.00 1.88 1.93 2.02
Tm 0.28 0.31 0.29 0.30 0.26 0.29 0.26 0.26 0.25 0.27 0.26
Yb 1.59 1.78 1.67 1.78 1.54 1.69 151 1.53 1.52 1.50 1.48
98
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Table 4-8. (continued)

Location Chaoerhe Delehe
GPS N 47<26'35.86"; E 12118'21.96" N 47<30'23.58"; E 121°8'35.40"
sample CEH-2 CEH-3 CEH-5 CEH-8 CEH-11 CEH-12 DLH-1 DLH-2 DLH-6 DLH-7 DLH-10
Lu 0.22 0.25 0.24 0.25 0.22 0.24 0.22 0.22 0.21 0.22 0.21
Ta 2.8 3.0 2.9 25 2.7 2.8 1.9 2.1 2.0 1.8 24
Ta" 2.72 2.69 2.61 2.29 2.52 2.66 1.76 2.01 1.86 1.79 2.26
Th 3.75 3.97 3.74 3.35 3.77 3.67 242 2.56 2.37 242 3.24
Th" 3.8 4.0 3.7 3.2 3.7 3.7 2.4 2.6 24 2.3 34
U 1.01 0.75 0.81 0.65 0.94 0.85 0.40 0.65 0.58 0.60 0.85
Ut 1.0 0.7 0.7 0.6 0.9 0.8 0.3 0.6 0.5 0.5 0.9
(La/Yb)NP 1223 1125 11.26 9.72 12.58 11.21 8.98 9.52 9.21 9.04 12.02
Nb/U 4584 60.80 57.28 63.69 46.28 54,71 7850  53.85 57.93 54.50 51.53
Ba/Th 1277 131.0 1374 1379 2194 134.3 140.5 156.6 156.1 143.4 131.8
Eu/Eu** 1.06 0.99 1.05 1.02 1.07 1.05 1.04 1.08 1.03 1.09 1.05
99
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Table 4-8. (continued)

Location Yueliangtianchi Tuofengling Daxiagu
GPS N 47<30'31.50"; N 4727'24.72"; N 47<27'26.18"; N 47<29%50.77";

E 12052'0.89" E 120<38'49.38" E 12038'57.89" E 12037'39.61"
sample YLTC-1 YLTC-3 TFL1-3 TFL1-7 TFL2-1 TFL2-2 TFL2-5 DXG-2 DXG-4 DXG-7
SiO2 (wt.%) 48.39 48.33 48.06 49.19 48.70 48.77 48.07 48.05 4791 48.71
TiO2 2.11 211 2.37 2.36 2.42 2.40 2.55 211 2.10 2.09
Al203 12.73 12.76 12.72 12.36 13.10 13.02 12.88 12.64 12.56 12.73
Fe203" 11.75 11.79 12.51 12.26 12.68 12.61 13.30 12.20 12.12 12.12
MnO 0.17 0.17 0.17 0.16 0.17 0.17 0.18 0.17 0.17 0.17
MgO 10.20 10.05 8.75 8.80 7.11 7.39 7.73 10.60 10.60 10.65
CaO 9.50 9.53 8.51 7.84 8.10 8.09 8.48 9.49 9.45 9.30
Na.O 3.25 3.25 3.86 3.73 3.95 3.85 4.08 3.18 3.20 3.14
K20 1.45 1.46 2.38 2.60 2.84 2.82 2.29 1.46 1.44 1.42
P20s 0.45 0.44 0.61 0.65 0.75 0.74 0.73 0.48 0.47 0.45
LOI -0.11 0.00 -0.34 -0.28 -0.12 -0.06 -0.01 -0.30 -0.46 -0.11
Total 99.89 99.89 99.60 99.67 99.70 99.80 100.28 100.08 99.56 100.67
Mg#? 67.1 66.7 62.2 62.8 56.9 58.0 57.8 67.2 67.3 67.4
K (ppm) 11,300 11,100 18,200 19,900 21,000 20,500 17,600 11,200 11,100 11,000
Ti" 12,350 12,150 13,800 13,700 13,750 13,500 14,550 12,100 12,300 12,050
Li® 6.5 5.8 7.8 8.2 8.7 7.9 7.6 5.0 4.9 5.2
\'%A 195 232 189 159 159 158 176 190 192 191
Cr 311 304 212 251 145 148 160 301 297 300
Co" 51.4 49.6 49.3 48.4 43.0 46.1 48.6 51.5 51.7 51.3
Ni® 257 252 244 273 176.0 193.0 206 301 311 314
N 23.2 20.9 16.3 13.1 13.0 12.5 13.7 18.8 20.1 19.8
Ga 18.70 18.90 21.6 21.0 225 231 215 18.9 18.5 18.1
Ga" 18.40 17.50 20.0 20.3 20.9 20.8 20.5 17.7 17.6 18.0
Rb 25.4 26.5 50.0 60.0 68.6 63.5 61.4 27.0 27.7 26.0
Rb" 26.1 25.7 475 56.4 61.0 58.0 55.0 275 26.9 26.8
Sr 501 534 725 777 867 856 815 526 529 492
Sr* 503 491 699 752 816 802 794 517 523 494
Y 224 234 27.3 26.1 30.0 29.3 28.1 21.7 220 21.6
Y* 214 216 26.5 255 26.1 27.6 26.9 21.7 214 22.1
Nb 41.8 42.8 74.9 74.6 86.7 85.0 82.1 46.2 46.0 423
Nb* 36.9 36.3 64.5 65.5 70.4 73.6 70.9 40.9 40.0 38.8
Ba 420 429 550 660 723 715 666 397 403 386
Ba 400 390 520 620 650 640 620 370 380 360
La 24.7 24.7 40.0 43.7 51.8 51.2 47.6 24.8 24.9 24.1
La 234 23.7 384 425 46.0 48.5 453 26.0 24.9 238
Ce 48.5 49.2 78.6 86.7 102.5 102.0 93.9 494 494 475
Ce" 47.1 475 77.0 86.0 94.6 96.9 91.1 48.7 494 46.2
Pr 5.70 5.56 8.77 9.91 11.30 11.00 10.50 5.67 5.71 5.45
Nd 23.6 23.2 35.6 39.3 45.5 44.1 41.9 24.6 24.2 235
Zr 39 3.9 5.2 5.4 5.7 5.7 53 3.7 3.6 35
Hf 155 156 221 223 256 250 231 147 151 142
Sm 5.73 5.42 7.75 8.32 9.25 9.18 8.62 5.63 5.62 5.41
Eu 1.90 1.97 2.66 2.79 3.04 3.07 2.92 2.07 2.05 1.97
Gd 5.76 5.34 7.44 8.13 8.68 8.45 8.22 5.68 5.85 5.81
Th 0.80 0.76 1.03 1.05 1.17 1.16 1.13 0.80 0.77 0.77
Dy 4.53 4.56 5.90 5.95 6.59 6.53 6.18 4.57 4.45 4.46
Ho 0.83 0.86 1.05 1.01 1.09 1.11 1.06 0.85 0.86 0.80
Er 2.08 2.14 2.32 2.33 2.42 2.42 2.35 1.98 2.12 1.99
Tm 0.28 0.27 0.29 0.28 0.29 0.29 0.28 0.27 0.27 0.26
Yb 1.61 1.63 1.53 1.58 1.57 1.59 1.58 1.54 1.57 1.58
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Table 4-8. (continued)

Location Yueliangtianchi Tuofengling Daxiagu
GPS N 47<30'31.50"; N 47<27'24.72"; N 47<27'26.18"; N 47<29%50.77";

E 12052'0.89" E 120<38'49.38" E 120<38'57.89" E 120<37'39.61"
sample YLTC-1 YLTC-3 TFL1-3 TFL1-7 TFL2-1 TFL2-2 TFL2-5 DXG-2 DXG-4 DXG-7
Lu 0.23 0.24 0.22 0.20 0.21 0.21 0.22 0.22 0.21 0.22
Ta 2.4 2.1 44 4.5 5.2 4.9 4.8 25 2.6 2.3
Ta" 2.20 211 411 4.13 4.57 4.49 4.55 261 2.40 2.24
Th 3.34 3.20 5.62 6.44 7.03 7.13 6.15 3.44 3.30 331
Th" 33 3.2 5.8 7.0 6.9 6.6 6.1 35 3.4 3.4
U 0.85 0.82 1.46 1.53 1.85 1.79 1.60 0.86 0.84 0.81
U 0.9 0.9 1.7 1.6 1.9 1.8 1.7 0.9 0.9 0.9
(La/Yb)nP 11.01 10.87 18.76 19.85 23.68 23.11 21.62 11.56 11.38 10.95
Nb/U 49.18 52.20 51.30 48.76 46.86 47.49 51.31 53.72 54.76 52.22
Ba/Th 125.7 134.1 97.9 102.5 102.8 100.3 108.3 115.4 1221 116.6
Eu/Eu*® 1.00 111 1.06 1.02 1.02 1.05 1.05 1.11 1.08 1.07
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Table 4-8. (continued)

Location Guibeishi Yantanglin
N '
GPS 472454.20"; N a0
E 12032'4.58"
sample GBS-1 GBS-3  YTL-3 YTL-7 YTL-10
SiO2 (Wt.%) 5059  50.15 49.94 49.80 48.56
TiO2 2.00 2.00 1.98 2.04 2.03
Al03 1324  13.28 13.22 13.01 12.32
Fe203" 11.83 11.87 11.95 12.17 12.31
MnO 0.16 0.16 0.16 0.17 0.17
MgO 8.62 8.65 8.71 9.29 10.60
CaO 9.08 9.09 8.68 8.85 8.93
Na20 3.30 3.23 3.43 3.38 3.13
K20 1.34 1.26 1.52 1.52 1.46
P20s 0.37 0.36 0.41 0.40 0.40
LOI -0.52 -0.42 -0.52 -0.58 -0.29
Total 100.01  99.63 99.48  100.05 99.62
Mg#? 63.2 63.2 63.2 64.2 67.0
K"(ppm) 10,600 9,900 11,800 12,000 11,100
Ti" 11,550 12,100 11,600 12,150 11,800
Li" 5.0 5.2 5.8 5.6 5.1
\4 190 198 184 191 192
Cr 227 236 239 249 300
Co" 46.6 46.3 45.9 48.9 50.9
Ni® 213 216 234 265 343
Sc” 19.9 19.9 18.9 19.6 18.7
Ga 18.8 18.6 19.8 19.5 19.1
Ga” 18.0 18.4 18.7 18.9 175
Rb 27.8 24.5 26.9 30.2 28.9
Rb" 28.1 24.5 26.2 30.0 27.6
Sr 396 402 481 469 463
Sr 396 400 469 465 453
Y 22.0 22.1 24.3 24.3 23.3
Y" 22.1 22.8 23.2 24.0 22.6
Nb 38.8 39.5 50.3 49.5 45.0
Nb" 34.9 355 43.6 44.0 38.1
Ba 350 359 358 356 378
Ba" 330 330 330 340 350
La 21.1 21.8 26.1 252 24.1
La® 20.7 21.6 25.0 253 24.1
Ce 42.0 43.7 51.2 50.6 48.2
Ce" 411 424 50.5 49.9 47.8
Pr 4.68 4.89 5.75 5.70 5.42
Nd 19.9 20.6 241 24.0 23.0
Zr 35 35 3.9 3.9 3.6
Hf 138 136 161 158 148
Sm 5.11 5.05 5.87 5.60 5.63
Eu 1.78 1.84 2.13 2.03 1.94
Gd 5.40 5.57 6.11 5.98 5.69
Tb 0.77 0.80 0.87 0.87 0.83
Dy 4.50 4.70 4.93 5.05 4.85
Ho 0.85 0.85 0.92 0.94 0.91
Er 2.08 2.18 2.29 2.25 2.18
Tm 0.27 0.29 0.29 0.30 0.28
Yb 1.64 1.69 1.65 1.70 1.60
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Table 4-8. (continued)

Location Guibeishi Yantanglin
N '

GPS 4724'54.20" E N O E

120<32'4.58"
sample GBS-1 GBS-3  YTL-3 YTL-7 YTL-10
Lu 0.23 0.24 0.24 0.22 0.21
Ta 2.4 2.3 2.9 2.8 2.6
Ta" 2.22 2.24 2.78 2.78 2.41
Th 3.29 3.16 3.45 3.52 3.25
Th" 33 33 3.7 3.7 3.3
u 0.79 0.79 0.89 0.94 0.81
U 0.9 0.9 1.0 11 0.8
(La/Yb)NP 9.23 9.26 11.35 10.64 10.81
Nb/U 49.11  50.00 56.52 52.66 55.56
Ba/Th 106.4 1136 103.8 101.1 116.3
Eu/Eu*© 1.03 1.06 1.08 1.07 1.04

2 Mg#=Mg?*/(Mg?*+Fe?*), assuming Fe®*/(Fe?*/Fe*)=0.15

b N denotes normalization to chondrite

¢ EU/Eu*=2*Eu/(Sm+Gd)

" trace element concentrations which were analyzed for samples digested by HNOs-HF-HCIOs, others were measured by the molten lithium
metaborate method
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4.3.1.2 Chemical compositions of phenocrysts

The major element compositions of cpx and ol phenocrysts are reported in Tables 4-
9 and 4-10. The cpx are augitic to diopsidic in composition, with Mg# ranging from
67.7 to 84.0. The CaO contents of all measured olivines are above 0.1 wt.%, suggesting
that they are igneous phenocrysts rather than xenocrysts from peridotite xenoliths
(Thompson and Gibson, 2000). The Mg# of ol phenocrysts vary from 64.1 to 85.8, and
the highest Mg# values of ol and cpx phenocrysts are generally similar, indicating that

they have syn-crystallized.

4.3.1.3 Water content of clinopyroxene phenocrysts and melts

The infrared OH absorption bands of cpx phenocrysts in the Chaihe-aershan can be
subdivided into three groups: 3630-3620 cm™, 3540-3520 cm™, and 3470-3450 cm
and the band at 3620-3640 cm™ is always predominant (Fig. 4-24), which is similar to
those of other cpx phenocrysts in basalts from Shuangliao and Wulanhada, and other
basalts from eastern China (Liu et al., 2015b; Xia et al., 2013b). The calculated water
concentrations of cpxs and corresponding melts are listed in Table 4-9 and plotted
versus Mg# of cpx phenocrysts in Fig.4-25. The water concentrations of the cpx

phenocrysts and the corresponding melts for each sample are clearly different.
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Figure 4-24. Representative IR absorption spectrum of the cpx phenocrysts in the Chaihe-aershan

basalts. Dashed lines mark the position of individual OH bands.
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Figure 4-25. H,O contents of the cpx phenocrysts (a & c) and associated melts (b & d) compared

with cpx Mg# in Chaihe-aershan basalts. The labels in b and d are the same as the ones in a and c,

respectively. The H.O contents of the melts do not show any clear trend with Mg#, suggesting that

the degassing of magma was limited during magma evolution. The gray area delimit cpx with

Mg#>75 which were used to calculate the H2O content of “primary” melts.
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Table 4-9. Major element compositions of cpx phenocrysts and calculated water contents for cpx phenocrysts and corresponding melt of Chaihe-aershan basalts

Sio, AlLO; TiO, Cr0; FeO NiO MnO MgO CaO Na,O K0 Total Mg#  X(VAl)  XCa Demelt A (cm?)  t(cm) c?i(o(m Hr;célln

ppm) (wt. %)

2-05a 4936 450 157 114 562 0.08 011 1433 2198 036 0.01 99.04 81.97 0.15 0.88 0.017 0.709 0.0050 60.02 0.35
2-22a 4896 453 200 0.03 855 0.03 017 1363 2126 0.33 bld. 99.48 73.97 0.16 0.86 0.018 0.551 0.0050 46.64 0.26
2-22b 50.61 3.35 1.60 0.09 7.28 0.05 0.11 14.56 21.82 0.32 b.ld. 99.78 78.10 0.12 0.87 0.013 0.472 0.0050 39.95 0.30
2-23c 51.98 2.19 0.91 0.58 6.18 0.07 0.11 16.39 21.04 0.29 b.ld. 99.75 82.53 0.08 0.83 0.011 0.471 0.0053 37.61 0.34
2-23d 5228 251 091 0.0 6.15 0.06 010 16.01 2116 027 0.01 99.86 82.27 0.07 0.83 0.011 0.345 0.0053 2752 0.26
2-35a 4589 6.96 279 0.02 883 0.05 0.09 1221 2146 046 b.ld. 98.75 71.14 025 0.88 0.032 0.611 0.0052  49.73 0.16
2-35b 4692 6.13 245 0.14 816 bld. 009 1309 2177 044 0.2 99.20 74.09 023 0.88 0.027 0.250 0.0052  20.33 0.08
CEH? 2-35¢ 4792 537 185 0.90 701 bld 008 1357 2158 044 b.ld. 98.72 77.54 019 0.87 0.022 0.701 0.0052 57.03 0.26
2-35d 4935 453 157 0.88 651 0.05 010 1459 2187 043 0.01 99.87 79.99 0.16  0.87 0.018 0.824 0.0052 67.04 0.37
2b-03a 4559 719 293 0.03 9.05 0.03 0.07 1156 2227 044 0.02 99.19 69.48 026 0091 0.034 1.227 0.0081 64.10 0.19
2b-09a 5061 365 1.06 0.88 6.03 bld 013 1524 2182 039 b.ld 99.80 81.82 012 087 0.014 0.703 0.0068  43.73 0.31
2b-10a 49.58 4.14 1.74 0.04 8.35 b.ld. 0.18 13.83 21.98 0.44 0.01 100.28 74.70 0.15 0.88 0.017 0.754 0.0072 44,28 0.27
2c-0l1a 4743 546 224 075 750 bld. 013 1326 2207 045 001 99.30 75.92 021 0.89 0.024 1.080 0.0059  77.42 0.32
2¢-02a 4957 453 150 0.58 642 bld 012 1436 2237 037 bld 99.83 79.95 0.16  0.89 0.017 0.541 0.0064 35.75 0.21
2c¢-05a 50.31 438 149 0.79 655 0.03 015 1447 2175 043 bld. 10034 79.75 014 0.86 0.016 0.728 0.0063  48.90 0.31
3-1-02a 5139 265 100 150 6.46 0.02 013 1552 21.02 0.27 b.ld. 99.97 81.07 0.10 0.83 0.012 4623 0.0061 320.69 2.59
3-1-02b 50.52 4.20 1.73 0.34 7.21  b.ld. 0.12 14.17 21.83 0.29 0.01 10043 77.79 0.13 0.86 0.015 4243 0.0061 294.31 1.95
3-1-06a 51.72 280 139 0.25 678 0.05 011 1473 2193 030 bld.  100.06 79.49 0.09 0.87 0.011 4373 0.0054 342.64 3.07
3-1-06b 52.07 2.55 1.40 0.12 7.05 0.05 0.15 14.85 21.66 0.26 0.02 100.18 78.98 0.08 0.86 0.011 3.124 0.0054 244.80 2.31
3-1-07a 50.34 431 1.62 0.42 6.92 b.ld. 0.12 13.82 21.59 0.32 b.ld. 99.46 78.06 0.13 0.86 0.014 3.072 0.0061 213.08 1.48
3-1-15a 4816 510 215 0.28 728 0.03 014 1343 2214 036 bld 99.05 76.70 0.18 0.89 0.020 5.001 0.0063 335.87 1.65
CEH3 3-1-16a 5152 269 123 045 646 0.05 018 1484 2164 023 bld 99.29 80.37 0.08 0.86 0.011 3.357 0.0062 229.10 2.10
3-2-03a 52.19 2.56 1.22 0.32 6.78 0.05 0.15 15.14 21.61 0.30 0.01 100.31 79.92 0.08 0.85 0.011 2.494 0.0058 181.95 1.71
3-2-06a 50.35 4.09 1.58 0.43 6.87 0.04 0.09 14.17 21.90 0.39 b.ld 99.90 78.63 0.13 0.87 0.015 5.409 0.0067 341.58 2.32
3-2-14a 51.21 2.64 1.38 0.13 6.95 0.07 0.09 14.46 21.82 0.25 0.01 99.01 78.78 0.08 0.87 0.011 2.412 0.0056 182.25 1.68
3-3-08a 4943 408 168 0.19 750 0.04 016 1440 22.02 031 0.02 99.82 77.39 0.15 0.88 0.017 4,321 0.0076 240.54 1.43
3-3-09a 5075 277 118 0.17 735 004 012 1543 2153 027 bld 99.60 78.91 011 0.86 0.013 5.028 0.0076 279.93 2.18
3-3-15a 51.05 2.68 1.19 0.18 7.29 0.01 0.12 15.37 21.68 0.32 b.ld. 99.90 78.99 0.10 0.86 0.012 4776 0.0081 249.51 2.01
3-3-22a 51.25 3.00 111 0.21 7.29 0.03 0.14 15.05 21.66 0.33 b.ld. 100.06 78.64 0.10 0.86 0.012 2.083 0.0070 125.93 1.03
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Table 4-9. (continued)

Sio, AlLO; TiO, Cr0; FeO NiO MnO MgO CaO Na,O K0 Total Mg#  X(VAl)  XCa Demelt A (cm?)  t(cm) c?i(o(m Hr;célln

ppm)  (wt. %)

5-0la 51.85 194 091 0.39 689 005 0.13 1648 2065 0.33 0.01 99.61 81.01 008 082 0.011 2493 0.0039 27046 247
5-02a 50.26 372 160 0.28 739 001 011 1386 2197 035 b.ld 99.56 76.97 012 088 0014 4.164 0.0037 476.19  3.44
5-03a 50.80 261 121 0.14 6.87 006 015 1514 2202 0.26 b.ld 99.26 79.71 010 0.88  0.012 4742 0.0041 489.40  4.08
5-03b 50.90 326 147 0.16 735 003 014 1430 2148 0.32 b.ld 99.40 77.61 010 0.86  0.012 3.294 0.0041 33993 276
5-04a 51.27 254 133 0.4 713 001 014 1533 2153 0.27 bld 99.67 79.31 009 086 0012 3.582 0.0043 35251  3.00
5-05a 50.47 334 154 0.9 713 bld. 016 1441 2162 033 bld 99.18 78.28 011 0.87 0.013 3374 0.0037 38587 294
5-06a 5156 258 112 0.32 671 bld 014 1512 2155 026 0.01 99.38 80.08 008 086 0.011 2592 0.0041 26753  2.46
5-08a 52.63 212 091 0.33 654 007 016 1627 2013 0.8 b.ld 99.33 81.60 006 0.80 0.010 2874 0.0043 28282 291
CEMS 5-09a 51.36 280 1.43 0.23 709 005 016 1489 2181 0.26 b.ld. 10007 7893 0.10 0.87 0.012 2.864 0.0042 28856  2.42
5-09b 51.37 262 125 0.25 694 bld. 010 1495 2159 024 b.ld 99.31 79.35 009 086 0.011 4278 0.0042 43097 3.87
5-11a 51.77 235 1.04 055 707 005 016 1622 2012 0.23 b.ld 99.57 80.35 008 080 0.012 3.223 0.0041 33262 2.89
5-16a 51.94 220 090 0.68 719 007 016 1645 1961 0.23 b.ld 99.43 80.30 007 078 0.011 2244 00050 189.91  1.69
5-16b 4862 448 184 143 697 006 015 1420 2105 0.20 b.ld 98.98 78.42 0.17 085  0.020 4092 0.0050 346.32 177
5-18a 4935 506 1.60 0.98 7.02 006 011 1412 2119 041 bld 99.91 78.19 0.17 0.84  0.019 2,502 0.0051 207.61  1.10
5-23a 50.47 299 147 0.2 723 003 011 1492 2144 034 001 99.20 78.63 011 0.86 0.013 4392 0.0042 44250  3.37
5-26a 5090 273 135 0.23 702 005 007 1501 2153 028 0.02 99.17 79.22 010 0.86  0.012 3.324 0.0040 351.63 293
5-33a 5011 3.02 144 0.14 747 001 013 1504 2135 034 0.01 99.05 78.20 012 0.8 0.014 2413 0.0042 243.09 1.76
8-02a 50.11 345 142 033 850 005 013 1429 2145 042 bld. 10013 74.98 0.13 086  0.015 1.287 0.0038 14330  0.97
8-03b 4769 571 230 0.0 935 005 012 1290 2057 031 0.01 99.10 71.10 020 0.83  0.023 1.808 0.0031 246.78  1.06
8-05a 4933 442 156 0.54 704 008 012 1459 2164 034 001 99.66 78.69 016 087 0.018 1511 0.0044 14526  0.82
8-06a 4886 510 165 0.44 753 bld. 012 1379 2151 0.33 b.ld 99.33 76,57 0.17 086  0.019 0.783 0.0040 8280  0.44
8-07a 51.06 286 111  0.19 811 005 016 1414 2155 040 bld 99.62 75.65 009 086 0012 2703 0.0051 22424  1.95
CEH8  8-09a 5171 226 086 0.5 780 004 019 1588 2044 028 0.01 99.62 78.40 008 081 0.011 2.622 0.0037 299.90 271
8-11a 4988 375 131 0.25 813 003 012 1426 2147 035 bld. 99.53 75.78 013 0.86  0.015 2106 0.0041 21729  1.46
8-12a 51.47 283 080 0.86 600 bld 010 1658 2079 0.35 0.01 99.78 83.13 010 082 0013 1.383 0.0045 130.03  1.03
8-12b 5213 211 080 0.65 653 006 014 1661 2027 027 0.01 99.56 81.94 007 080 0.011 1.435 0.0045 13490 1.25
8-12¢c 5211 215 074 054 623 005 012 1641 2118 028 0.1 99.81 82.45 008 084 0.011 1.466 0.0045 137.88  1.29
8-13a 51.67 223 1.02 031 702 005 013 1649 2095 0.23 bld. 10010 80.72 009 083 0012 0.804 0.0040 8505 0.72
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Table 4-9. (continued)

SiO, Al,O;  TiO, Cr,0; FeO NiO MnO MgO CaO Na,O K20 Total Mg#  X(VAl)  XCa Demelt A (cm?)  t(cm) c};;O(m Hr;célin

ppm)  (wt.%)

133; 5179 225 114 021 678 005 017 1604 2115 026 00l  99.85 80.83 008 084 0011 1343 00031 18337 163

101?;g' 4909 459 178 036 686 bld. 012 1435 2201 036 002 9953 7887 017 088 0018 1702 00031 23237 127

133'%' 5118 292 113 040 630 001 010 1535 2196 031 002 9968 8129 010 087 0012  1.834 00031 25029  2.06

101313' 5127 366 131 016 707 003 016 1444 2178 034 bld. 10021 7845 011 086 0013  1.838 00031 250.89  1.99

1016; 5258 245 089 030 695 001 011 1569 2080 029 00l 10010 80.09 007 082 0010 2397 00028 36215  3.59

1017'3' 5120 252 133 001 792 001 020 1467 2121 032 bld. 9940 7675 009 085 0011 1617 00038 18010 159

1017';' 5103 253 136 014 685 007 008 1535 2168 031 bld. 9939 7998 010 087 0012 3171 00038 35310 2.95

CEHI1 1018; 4814 545 243 044 786 009 016 1328 2134 044 001 9963 7508 019 086 0022 1492 00032 197.34  0.88
1012'51' 5050 359 164 039 645 003 014 1462 2198 036 002 9971 8016 012 087 0014 3148 00032 41629  2.97

101451' 5205 250 115 019 676 003 012 1515 2126 031 bld. 9952 79.98 007 084 0010  2.684 00047 24165 2.36

10162 4987 333 145 033 668 004 009 148 2208 036 bld. 9907 7987 013 089 0014 2765 00031 377.36  2.62

1017'§' 51.74 245 113 019  7.02 004 017 1545 2090 024 001  99.36 7968 008 083 0011 1755 00039 19041 177

1017'E' 5153 253 120 021  7.02 002 012 1531 2104 026 bld. 9923 7955 008 084 0011 1909 00039 207.16 1.8

10182 5174 304 126 017 691 002 013 1512 2124 030 001 9994 7961 009 084 0012 2348 00032 31046  2.69

11202 5020 288 144 004 879 bld. 018 1436 2097 036 001 9923 7444 011 085 0013 1194 00053 9535 0.72

21 4962 356 237 001 849 011 015 1349 2164 049 001 9992 7391 014 087 0016 1093 00060 77.05 049

cEnz 11222 4861 516 246 032  7.68 003 009 1287 2177 041 001 9942 7492 018 088 0020 1878 00031 25632 131
1&;' 5150 273 130 015 729 002 010 1476 2186 028 00l 9999 7829 009 087 0011 0902 00043 8875 0.78
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Table 4-9. (continued)

SiO, Al,O;  TiO, Cr,0; FeO NiO MnO MgO CaO Na,O K20 Total Mg#  X(VAl)  XCa Demelt A (cm?)  t(cm) c?i(o(m Hr;célin

ppm) (wt. %)

210 4g55 488 203 031 773 006 015 1322 2160 040 bld 9893 7529 017 087 0019 1953 00043 19216 103
1 5150 200 141 012 768 004 014 1442 2146 040 001 10007 7699 009 085 0012 1358 00043 13362 116
22 5098 300 134 022 757 bld 014 1487 2151 033 001 9995 7778 011 086 0013 1284 0005 9877 078
122 4950 47 175 061 689 004 015 1394 2157 035 bld 9958 7829 015 086 0017 1021 0005 7854 046
122 4g71 485 220 023 771 004 012 1353 2194 030 001 9967 7578 018 088 0019 0928 00054 7274 037
1202 5163 265 141 020 760 002 015 1455 2181 032 001 10034 7734 009 086 0011 2855 00064 18876 167
1202 4013 406 189 003 850 004 016 1346 2150 040 002 9927 7363 015 08 0016 3076 00061 21335 130
1%%':' 4910 477 154 093 731 bld 015 1432 2107 036 bld 9956 7774 017 084 0019 0918 00063 6164 033
cem 201 5105 315 146 026 707 010 011 1455 2201 038 001 10014 7850 011 087 0013 1263 00057 9378 074
201 4018 380 188 007 834 008 013 1402 2136 035 001 9931 749 015 086 0017 1001 00061 6946 042
201" 4914 423 195 018 7.8 005 013 1382 2213 041 001 9991 7583 016 089 0018 1618 00063 10866 062
1202 4065 449 110 016 804 002 019 1452 2083 038 "' 0933 7631 014 084 0016 1159 00069 7105 043
02 5117 317 149 020 722 001 012 1474 2162 031 ' 10004 7845 010 08 0013 0781 00069 4788  0.38
202 5075 282 133 021 707 008 013 1477 2150 026 "' 0392 7884 010 086 0012 2912 00064 19251 161
202 4160 512 228 022 809 005 010 1311 2216 043 001 9926 7430 020 090 0022 1695 00052 137.95 063
1213';' 5072 325 150 022 854 00l 017 1420 2141 036 00l 10039 7478 012 085 0014 1083 00065 7047 052
202 5102 203 112 021 748 009 015 149 2117 025 bld 9937 7810 010 085 0012 3020 00061 20048 174
1-0la 5182 286 099 015 700 002 017 1578 2070 026 00l  99.75 8007 008 082 00l 0560 00070 3387 030
DLH1  1-01b 5235 286 092 029 727 008 017 1579 2025 025 bld 10022 7947 008 080 0011 0369 00070 2232  0.20
1-01c 4987 393 135 056 778 002 014 1440 2135 032 001 9973 7675 014 085 0016 0618 00070 37.36 0.4
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Table 4-9. (continued)

H,O in H,O in
Si0, ALO;  TiO;  Cr,0s FeO NiO MnO MgO CaO Na,O K,0 Total Mg#  X(MAI)  XCa DMt A(cm?) t(cm)  cpx (wt. melt

ppm)  (wt. %)

1-02a 4893 416 179 012 967 010 045 1391 2025 034 0.01 99.41 71.95 015 0.82 0.018 0.332 0.0069 2036  0.11
1-03a 5212 282 097 0.26 702 002 016 1561 2056 0.25 b.ld. 99.78  79.87 008 081 0011 0426 0.0067 2690 0.25
1-04a 4873 458 188 042 807 bld. 015 1399 2093 040 b.ld. 99.14 7555 0.17 0.84 0.019 0.353 0.0057 26.17 0.14
1-06a 51.65 241 131 0.22 747 005 015 1490 2144 031 bld. 99.90 78.07 008 0.85 0.011 0.697 0.0067 44.00  0.40
1-07d 5109 355 091 0.75 615 bld. 011 1593 2066 049 0.1 99.63 8221 011 0.82 0.014 0.240 0.0059 1723  0.13
DLH1 1-12a 5229 275 0.83 0.27 707 009 014 1661 1987 028 b.ld. 10021 80.72 008 078 0.012 0.658 0.0072 3867 0.33
1b-0la 5144 310 1.07 0.18 731 bld. 012 1581 2071 031 bld. 10005 79.40 010 0.82 0.013 0.218 0.0054 17.07 0.13
1b-02a 4828 534 221 043 850 0.02 0415 1359 2109 037 bld. 99.97 74.02 019 085 0.023 - - - -
1b-05a  51.02 259 1.07 0.23 768 bld. 014 1562 2079 0.33 bld. 99.46 78.37 0.10 0.83 0.012 - - - -
1b-07a 5168 263 096 053 6.26 0.07 014 1618 2096 027 0.1 99.67 82.17 009 0.83 0.012 0.316 0.0055 2432 0.21
7-03a 51.81 3.03 1.03 0.34 709 bld 013 1490 2134 034 bld. 10000 78.93 009 084 0.011 0.331 0.0065 2155 0.19
7-04a 52.26 250 1.02  0.42 687 003 014 1485 2163 030 001 10002 79.40 007 086  0.010 0.342 0.0067 2162 0.22
7-04b 51.12 305 115 0.48 746 0.07 016 1494 2071 029 b.ld. 99.44 78.13 0.10 0.83 0.012 - - - -
7-05a 4956 435 1.63 050 679 0.02 009 1420 2249 036 0.02 99.99 78.86 0.16 0.90  0.017 0.304 0.0058 2218  0.13
7-07a 50.26 473 093 041 743 002 012 1592 1898 0.37 b.ld. 99.16 79.25 013 076  0.017 0.386 0.0068 2404 0.14
7-08a 50.25 375 141 0.16 788 008 016 1411 2201 036 001 10017 76.14 013 088 0014 - - - -
7-09a 5060 2.80 156 0.46 816 bld. 015 1445 2144 034 bld 99.96 75.96 011 0.86  0.013 0.355 0.0075 20.03 0.15
7-11a 5189 199 076 0.38 6.88 bld 012 1628 2086 022 bld 99.38 80.84 007 0.83 0.011 - - - -
7-13a 5108 386 072 087 707 003 014 1618 1939 036 bh.ld. 99.70 80.32 011 077 0.014 0435 0.0072 2555 0.18
DLH7 7-14a 50.75 292 032 010 1015 bld. 025 1285 2147 060 0.01 99.42  69.32 008 087 0.011 0.814 0.0075 4590  0.43
7-14b 5117 297 074 0.62 627 005 012 1571 2139 035 b.ld 99.38 81.70 010 0.85 0.012 0.389 0.0075 2197 0.8
7-14c 5118 333 027 011 1066 0.02 024 1251 2055 091 bhld. 99.77 67.67 007 0.83 0.011 0.753 0.0075 4249  0.40
7-16a 4973 516 1.37 0.08 830 bld. 007 1501 1981 039 0.1 99.93 76.33 015 079  0.019 - - - -
7-17a 5113 381 1.07 063 752 0.06 013 1526 2020 037 b.ld.  100.17 78.35 011 0.80 0.014 0.315 0.0053 2512  0.18
7-22a 50.79 435 082 0.85 699 005 011 1530 1941 043 0.02 99.11 79.59 011 077 0.014 - - - -
7-23a 52.44 302 059 0.67 628 001 013 16.18 2043 0.38 bld. 10013 82.12 008 080 0.011 0.547 0.0061 3796 0.34
7-24a 5270 282 055 0.12 791 005 017 1701 1796 031 0.1 9959 79.31 006 071  0.011 0.365 0.0064 2414 0.22
7-24b 5263 269 0.60 0.60 6.60 bld. 010 1735 1927 036 b.ld. 10019 8241 008 075 0.012 0.334 0.0064 2205 0.19
7-27a 50.70 213 1.35 b.ld. 875 003 015 1418 2134 039 b.ld 99.01 74.29 009 086 0.011 0.427 0.0047 3841 0.34
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Table 4-9. (continued)

H,O in H,O in

Si0, ALO;  TiO;  Cr,0s FeO NiO MnO MgO CaO Na,O K,0 Total Mg#  X(MAI)  XCa DMt A(cm?) t(cm)  cpx (wt. melt
ppm) (Wt %)
05a 4912 521 2.06 035 6.87 0.09 013 1327 2193 028 001 99.30 7750 0.16 0.88  0.018 - - - -
09a 4962 368 150 0.07 942 bld. 019 1417 2006 043 b.ld. 99.14 72583 013 081 0.015 - - - -
13a 5291 237 0.82 041 6.13 0.07 012 1568 2120 034 0.01 10005 8201 0.06 0.83  0.009 - - - -
13b 4797 630 229 043 758 0.05 0.1 13.00 2177 048 b.ld. 99.97 75.36 021 0.87 0.024 - - - -
16a 4944 511 189 065 641 008 006 13.88 2164 041 bld. 9957 79.43 0.16 0.86 0.018 - - - -
DXG2 2la 5227 241 087 0.26 627 003 017 1619 2118 028 bld. 99.92 82.16 007 084 0.011 - - - -
21b 5098 412 123 0.61 569 bld. 012 1507 2226 040 0.01 10048 82.53 013 0.88 0.014 - - - -
24a 51.80 265 117 0.08 716 003 014 1530 2131 037 0.01 100.00 79.20 008 0.84 0.011 - - - -
34a 5057 515 143 0.3 748 001 016 1492 1953 041 bld. 10020 78.06 014 077  0.017 - - - -
34b 51.47 415 090 0.96 6.37 006 016 1567 2036 039 bld. 10048 81.44 011 0.80 0.014 - - - -
34c 52.06 355 065 0.85 590 006 007 1580 2028 0.37 b.ld 99.61 82.70 008 080 0012 - - - -
1-0la 4830 585 226 0.22 855 003 011 1297 2118 0.38 b.ld. 99.86 73.01 019 085  0.022 2664 0.0030 37578  1.69
1-02b 4899 328 148 0.1 981 bld 013 1446 2054 040 0.1 99.21 72.44 0.14 0.83 0.017 2.135 0.0028 32262 1.94
1-03a 4982 416 122 096 6.65 0.07 012 1486 2118 038 0.02 99.44 79.95 014 0.85 0.016 1583 0.0026 257.67  1.59
1-03b 4834 545 191 0.6 958 003 015 1287 2065 0.42 0.01 99.56 70.54 0.18 0.83 0021 1.368 0.0026 222.66  1.07
1-04a 4971 449 135 052 790 002 010 1439 2077 0.34 b.ld. 99.58 76.45 0.14 083 0017 2192 0.0034 27284 163
1-07a 50.80 391 1.10 1.12 635 bld. 012 1470 2181 031 001 100.22 80.51 012 086 0014 2,630 0.0038 29281  2.07
1-09a 4953 506 177 029 913 0.03 014 1336 2039 038 0.02 100.09 72.28 015 0.81 0.018 1.873 0.0029 27328 152
1-10a 4986 3.67 099 1.19 6.08 bld 008 1486 2202 035 bld 99.10 81.33 0.13 0.88 0.015 1.469 0.0046 13508  0.91
1-10b 5271 223 098 053 660 Dbld 007 1628 2088 0.23 bld 10049 81.49 007 082 0.010 1592 0.0046 146.39  1.40
GBS1  1-1la 51.35 279 129  0.09 929 003 014 1467 2042 032 bld 10038 73.79 009 081 0012 1564 0.0038 17417  1.42
1-12a 49.16 474 208 0.30 780 001 007 1304 2201 035 bld 99.56 74.89 0.16 0.88  0.017 1769 0.0033 226.88  1.31
1-14a 5125 230 112 0.07 880 bld. 019 1560 1941 029 0.1 99.01 75.97 008 078 0.012 2.080 0.0046 191.33  1.65
1-16a 5047 422 1.8 0.09 947 0.07 017 1385 19.04 037 0.3 99.63 72.28 012 076  0.015 1.105 0.0038 123.00 0.82
1-21a 5344 217 086 0.25 681 bld 013 1552 21.06 021 001 10045 80.26 0.04 0.83  0.009 1.488 0.0040 157.45  1.79
1-22a 4823 517 197 0.49 721 bld. 011 1382 2175 039 bld 99.14 77.37 019 088 0.021 2.991 0.0045 281.23 1.34
1-23a 5295 211 0.73 0.65 551 0.04 011 1607 2144 030 bld. 99.90 83.86 006 0.84  0.009 1.483 0.0039 160.87 1.73
1-24a 51.74 350 136 0.18 741 009 013 1454 2119 027 bld. 10040 77.76 009 084 0.012 1.812 0.0032 239.61  1.99
1-25a 5297 208 072 0.74 6.07 006 011 1617 2116 028 bld. 10036 82.60 006 0.83  0.010 1.093 0.0040 11562  1.20
1-27a 5245 241 094 051 661 003 006 1577 2101 026 bld 10004 80.97 0.07 0.83 0.010 2.753 0.0036 32358 3.14
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Table 4-9. (continued)

H,O in H,O in
Si0, ALO;  TiO;  Cr,0s FeO NiO MnO MgO CaO Na,O K,0 Total Mg#  X(MAI)  XCa DMt A(cm?) t(cm)  cpx (wt. melt

ppm) (Wt %)

1-28a 5217 209 077 0.8 804 003 013 1571 2036 0.23 b.ld. 99.69 77.70 006 0.81 0.010 2.007 0.0031 27398 2.70
1b-0la 5247 224 107 015 795 0.02 018 1508 2022 032 001 99.72 77.17 006 0.80  0.010 3465 0.0057 25722  2.65
GBS1 1b-02a 4976 462 178 0.42 835 0.05 018 1492 1949 038 b.ld. 99.94 76.10 015 078  0.018 2.700 0.0032 357.07 1.93
1b-05a  49.78 463 175 0.73 692 bld. 010 1391 2171 035 bld. 99.89 78.19 015 0.86  0.017 3521 0.0065 22921  1.37
3-02a 4883 469 194 0.06 939 bld 010 1331 2106 044 bld. 99.80 71.66 0.17 0.85 0.019 3.093 0.0064 20448  1.09
3-02b 4968 4.62 143  0.69 715 bld. 013 1439 2097 032 bld 99.38 78.20 015 0.84  0.017 1.320 0.0064 87.24  0.52
3-03a 4993 455 166 0.49 766 009 009 1415 2144 030 bld 10035 76.71 015 0.85  0.017 2016 0.0055 15510  0.92
3-06a 4863 506 214 0.16 868 005 013 1335 2130 041 0.02 99.92 73.28 0.18 0.85  0.020 2597 0.0067 164.01  0.81
3-06b 4987 471 168 0.37 720 bld. 013 1405 2172 024 bld. 99.97 77.67 015 0.86  0.017 2876 0.0067 181.63  1.10
3-06¢c 4931 491 184 0.69 700 002 008 1361 21.83 042 0.01 99.69 77.62 0.16 0.87  0.018 2427 0.0067 15327  0.86
3-07a 5235 224 073 0.79 6.30 0.04 011 1624 2146 023 bld. 10048 82.13 008 0.84 0.011 3.343 0.0069 20500 1.90
3-08a 51.86 248 0.89 0.19 815 bld. 012 1516 2088 030 0.04 100.06 76.82 008 0.83 0.011 3.205 0.0074 18326  1.69
3-10a 5214 230 0.73 0.44 6.82 0.03 013 1608 2080 0.29 b.ld. 99.76 80.78 007 082 0.011 2372 0.0056 179.23  1.70
3-12a 49.16 5.00 2.07 0.5 725 0.03 011 1322 2180 040 0.03 99.71 76.47 0.16 0.87 0.018 2565 0.0053 204.78  1.12
3-15a 5291 240 057 047 714 003 015 1527 2022 030 0.01 99.47 79.22 0.04 080  0.009 1773 0.0054 13893 155
3-16a 5061 369 1.35 0.38 817 bld. 013 1419 2071 034 0.01 99.58 75.60 011 0.83 0.014 1.243 0.0051 103.13  0.76
3-18a 4935 504 189 0.63 747 003 011 1399 2145 0.38 b.ld 10035 76.95 0.17 085  0.019 2594 0.0042 26128  1.36
GBS3  3-22a 4972 443 163 049 800 005 011 1366 2134 040 b.ld 99.83 75.28 0.14 085 0.016 2155 0.0051 17879  1.10
3-24a 5046 414 121 075 669 005 010 1416 2176 035 0.02 99.67 79.06 012 0.87 0.014 2.407 0.0065 156.69  1.11
3-29a 4859 544 214 041 782 007 013 1330 2140 037 0.2 99.69 75.19 018 0.86 0.021 3361 0.0063 22574  1.09
3-30a 4921 427 176 017 915 bld 012 1383 2084 045 bld. 99.78 72.94 015 0.84 0.018 3.118 0.0048 27482  1.56
3b-02a 49.62 490 175 0.54 757 bld. 010 1383 2155 036 b.ld 10023 7651 0.16 0.86  0.018 2.014 00045 189.35  1.06
3b-04a 5180 225 092 053 634 Dbld 013 1616 2099 0.22 b.ld 99.34 81.96 008 083 0.011 2224 0.0062 151.79  1.39
3b-07a  49.90 4.05 149 0.32 854 bld 016 1411 2092 036 bld 99.85 74.67 0.14 0.84 0.016 2.224 0.0072 130.70  0.83
3b-08a 4962 459 114 0.38 751 003 009 1430 2156 0.38 b.ld 99.60 77.25 015 0.86  0.016 2.031 0.0053 162.15  0.98
3b-09a 5238 2.01 0.80 0.63 582 bld 009 1623 2147 029 bld 99.71 83.25 007 085 0.010 1.901 0.0050 160.89  1.61
3b-10a  49.72 342 149 0.2 8338 bld 015 1425 2137 041 bld 99.21 75.19 013 0.86  0.015 3280 0.0057 24346  1.67
3b-11a 50.02 412 123 0.74 6.60 0.02 010 1461 2144 031 001 99.21 79.78 013 0.86  0.015 2946 0.0052 239.71 159
3b-12a 52.09 232 068 0.80 577 007 011 1600 2128 028 bld. 99.39 83.17 007 0.84 0.010 2.335 0.0046 21478  2.08
3b-12b 5059 348 099  0.99 564 001 016 1488 2231 033 bld 99.38 82.46 012 0.89 0.013 2519 0.0046 231.70 1.75
3b-13a 5166 215 0.84 0.59 612 002 012 1632 2150 0.26 b.ld 99.57 82.63 009 085 0.011 1.879 0.0042 189.34  1.70
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Table 4-9. (continued)

Sio, AlLO; TiO, Cr0; FeO NiO MnO MgO CaO Na,O K0 Total Mg#  X(VAl)  XCa Demelt A (cm?)  t(cm) c?i(o(m Hr;célln

ppm) (wt. %)

05a 4950 434 162 0.5 936 bld 023 1217 2200 076 0.02 100.04 69.85 0.14 089  0.015 1123 0.0042 11314 0.74

06a 50.66 359 1.19 0.23 701 003 012 1409 2162 0.62 b.ld. 99.15 78.19 011 0.87 0.013 1.131 0.0043 11129  0.89

12a 50.72 407 127 0.0 798 002 007 1392 2065 071 0.02 99.52 75.67 011 0.82 0.013 1452 0.0043 142.83  1.06

12b 50.97 479 089 047 760 009 011 1447 1960 0.92 b.ld 99.91 77.26 012 078  0.015 2295 0.0043 22583 154

12¢ 4933 549 156 b.ld. 945 bld. 016 1380 1970 0.78 b.ld. 10027 72.24 016 079  0.020 2257 0.0043 22207 112

14a 5122 231 084 0.3 852 002 013 1517 2085 0.54 b.ld 99.63 76.05 009 083 0.011 1671 0.0048 14734  1.30

16a 4919 494 196 0.04 771 001 009 1289 2180 057 0.01 99.21 74.87 015 0.88  0.017 2.629 0.0044 25282 150

17a 5285 194 077 0.37 674 010 011 1540 2137 035 bld. 10001 80.28 005 0.84  0.009 1.010 0.0046 9290  1.03

TF;-l' 17b 5123 249 119 0.12 845 0.04 012 1484 2116 031 001 99.97 75.79 009 084 0.012 1.842 0.0046 169.40 144
18a 5069 2.84 140 b.ld. 812 004 012 1385 2219 046 bld. 99.71 75.24 0.10 0.89 0.012 1543 0.0047 13891  1.16

19a 4812 499 219 bld. 931 0.09 011 1265 2223 054 bld 10021 70.78 019 090 0.021 0.856 0.0044 8232  0.39

23a 4863 477 194 049 808 003 009 1403 2048 058 b.ld 99.13 7558 0.17 0.83  0.020 0.741 0.0048 6532 0.33

27a 4673 539 258 0.36 851 003 010 1265 2237 043 b.ld 99.15 72.60 022 091  0.026 0.788 0.0052 6414 0.25

28a 4883 528 199 0.02 867 005 013 1281 2149 061 0.01 99.89 72.49 0.17 086  0.019 1.107 0.0048 9758 051

28b 4847 492 170 0.06 838 004 013 1311 2153 0.63 b.ld 98.96 73.59 017 087  0.019 1.229 0.0048 10834  0.59

32a 50.75 273 124 0.36 736 004 014 1461 2182 041 bld 99.45 77.97 010 0.87 0.012 - - - -

3-02a 5253 218 090 0.32 606 003 011 1607 21.06 025 0.01 99.51 8253 006 0.83  0.010 - - - -

3-02b 5212 227 095 0.29 623 bld. 008 1600 2129 026 0.02 99.51 82.08 007 084 0.010 - - - -

3-02¢ 4956 472 145 052 689 004 010 1487 2113 034 0.01 99.63 79.37 016 084  0.018 - - - -

3-03a 5112 197 083 0.54 579 005 008 1612 2122 029 b.ld 97.99 83.24 008 085 0.011 - - - -

YLTC  3-04a 53.06 218 070 041 580 005 005 1608 2123 0.26 b.ld 99.81 83.18 005 0.83  0.009 - - - -
3 3-04b 51.66 3.07 099 0.1 725 002 014 1535 2123 0.28 b.ld 10009 79.06 009 084 0012 - - - -
3-05a 5277 209 073 0.63 580 003 013 1662 2104 030 001 10014 83.64 007 0.83 0.010 - - - -

3-05b 5149 256 076 0.26 639 001 014 1625 2095 0.25 b.ld 99.05 81.93 008 083 0.011 - - - -

3-08a 53.00 217 046 0.46 545 bld. 009 1604 2116 035 b.ld 99.17 84.00 004 084  0.009 - - - -

0la 4919 386 154 0.07 879 001 015 1401 2170 0.44 0.01 99.76 73.96 015 087  0.017 2.836 0.0032 37500 224

YTLo 01b 5096 235 082 021 839 003 021 1539 2041 0.32 b.ld 99.10 76.57 009 082 0012 2510 0.0032 33188 284
02a 4991 340 140 0.04 806 005 010 1429 2143 036 b.ld 99.04 75.98 012 086 0014 2.453 0.0034 30525 2.18

06a 50.98 290 124 0.8 899 001 014 1487 2041 035 0.02 99.99 74.67 010 081 0013 3.393 0.0045 319.04 249
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Table 4-9. (continued)

H,O in H,O in
Si0, ALO;  TiO;  Cr,0s FeO NiO MnO MgO CaO Na,O K,0 Total Mg#  X(MAI)  XCa DMt A(cm?) t(cm)  cpx (wt. melt

ppm) (Wt %)

07a 5192 250 0.84 0.36 709 006 007 1498 2147 030 bld 99.60 79.03 007 0.85  0.010 2335 0.0042 23522 @ 2.30
07b 5057 365 118 0.59 741 005 012 1427 2137 033 bld 9955 77.44 011 085 0.013 2533 0.0042 25522  1.90
08a 4986 319 137 014 853 0.04 013 1451 2144 036 bld. 99.57 75.20 013 0.86  0.015 2181 0.0037 24942 171
10a 4996 395 151 0.30 807 004 010 1391 2189 032 bld. 10004 7545 0.14 0.87 0.015 3405 0.0052 277.07 1.82
11a 4925 409 1.83 022 888 0.05 015 1393 2078 037 0.04 9959 73.65 015 0.84 0.017 2.860 0.0049 24695  1.43
12a 5007 316 128 0.14 855 bld 011 1431 2116 041 bld 99.19 74.89 012 085 0.014 3.880 0.0049 33505 2.47
14a 4742 594 220 0.37 891 bld 009 1315 2094 045 b.ld 99.46 72.47 021 085  0.025 2150 0.0050 181.95  0.72
YTLY? 15a 4789 455 198 0.14 909 002 012 1331 2186 042 b.ld 99.38 72.30 019 089 0021 2550 0.0049 22019  1.07
16a 4883 417 147 0.38 842 003 014 1370 2158 037 0.02 99.10 74.36 0.16 0.87  0.017 3.604 0.0041 37190 217
16b 4912 386 1.85 006 1047 0.04 022 1389 1967 037 bhld 99.54 70.29 015 079  0.018 3389 0.0041 349.76  1.99
16¢c 4827 545 215 052 761 bld. 009 1345 2184 039 bld 99.77 75.90 019 0.88 0.022 3356 0.0041 34635  1.58
17a 51.76 251 1.04 042 693 002 010 1571 2094 020 0.01 99.63 80.18 008 083 0.011 2.091 00040 22115 1.98
17b 4949 432 166 0.35 843 006 016 1363 2148 045 001 10005 74.24 015 0.86  0.017 4115 0.0040 43530 258
18a 51.73 218 0.88 0.34 802 0.03 012 1537 2053 027 b.ld. 99.47 77.36 007 082 0.011 2.643 0.0045 24852  2.35

Note: b.l.d., below the limit of detection
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Table 4-10. Major element compositions of ol phenocrysts in Chaihe-aershan baslats
OXIDE SiO2  AlOs  TiO2 Cr203 FeO NiO  MnO MgO Ca0 Total Mg#
ceh2-01 3870 001 003 007 1985 022 024 4067 027 10006 7851
ceh2-02 39.17 bld. bld. 009 2046 022 023 3886 0.18 99.22 7720
ceh2-03 3758 006 003 068 2375 015 033 3628  0.30 99.15 73.14
ceh2-04 3833 005 003 009 2165 021 031 3876 023 99.66 76.14
CEHD ceh2-05 3782 002 007 004 2480 016 029 3599 031 9950 7213
ceh2-06 3733 004 bld 004 2648 011 035 3477 031 99.44  70.07
ceh2-07 3988 005 001 026 1664 018 012 4293 024 10031 82.14
ceh2-08 3863 003 001 004 2161 019 027 3840 0.29 99.48 76.01
ceh2-09 3911 005 002 009 1866 022 020 4062 025 99.21  79.52
ceh2-10 3794 003 001 037 2466 012 032 3575 031 99.52 72.10
ceh3-01 3950 004 003 009 1671 025 022 4230 0.42 99.57 81.86
ceh3-02 3966 004 007 003 1573 031 014 4307 027 99.32  83.00
ceh3-03 4017 001 bld. 005 1607 027 019 4355 028 10060 82.85
ceh3-04 3951 003 bld 004 1829 024 022 4140 029  100.02 80.14
ceh3-05 4037 005 005 006 1628 034 020 4161 025 99.20 82.01
ceh3-06 3883 002 005 006 2117 019 029 3850 0.35 99.45 76.43
CEH3 ceh3-07 3908 bld. 001 003 2029 017 028 3942 037 99.64 77.60
ceh3-08 39.18 002 003 004 2027 016 031 3963 0.33 9996 77.71
ceh3-09 3949 003 001 004 1679 025 021 4258 0.5 99.65 81.89
ceh3-10 3924 004 001 004 2072 012 032 3965 037 10050 77.34
ceh3-11 3925 006 007 019 1940 018 024 4025 0.32 99.96 78.72
ceh3-12 4020 005 bld. 005 1483 033 017 4231 0.9 98.22 8357
ceh5-01 3989 003 002 008 1661 031 012 4251 022 99.78  82.02
ceh5-02 3962 002 004 003 1819 033 016 4115 024 99.77 80.13
ceh5-03 3934 001 bld 006 1769 024 016 4140 0.8 99.18  80.67
ceh5-04 4332 297 048 008 1845 014 022 3260 152 99.79 7591
CEHS ceh5-05 3908 002 002 003 2086 015 017 39.07 0.24 99.63  76.96
ceh5-06 3871 003 002 002 2205 018 027 3789  0.29 99.45 75.39
ceh5-07 3975 003 bld 003 1784 026 018 4174 023 10006 80.66
ceh5-08 3946 003 bld 004 1872 024 016 4112 026  100.03 79.65
ceh5-09 3913 003 006 001 2015 017 020 39.90 0.29 99.93 77.93
ceh5-10 3881 002 005 001 2135 018 023 39.14 027 10007 76.58
ceh8-01 3846 005 004 019 1780 037 012 4211 023 99.37 80.83
ceh8-02 3848 004 001 004 2151 018 022 3837 0.30 99.14  76.08
ceh8-03 3889 003 005 003 2150 023 022 3906 025 10023 76.41
ceh8-04 3930 006 004 013 1708 025 018 4196 0.3 99.23 8141
CEHB ceh8-05 3928 003 bld 003 1872 025 017 4043 025 99.14  79.38
ceh8-06 3827 003 001 003 2174 022 020 39.07 037 99.93 76.21
ceh8-07 3973 004 bld 010 1743 027 019 4214 023 10014 8117
ceh8-08 3868 003 001 002 2108 025 022 3925 029 99.83  76.85
ceh8-09 3881 002 bld 002 2025 021 025 3991 0.6 99.72 77.85
ceh8-10 3874 003 bld 004 218 020 025 3846  0.30 9991 7581
ceh12-01 3841 002 bld 0.05 2296 024 029 3771 0.32 100.00 7455
ceh12-02 3807 003 001 bld 249 016 038 3567 0.29 99.51 71.86
ceh12-03 3952 004 bld. 005 1972 022 029 4006 027 10015 78.37
CEH12  ceh12-04 3995 001 001 001 1571 025 021 4347 014 99.74 83.15
ceh12-05 3817 004 003 bld 2513 013 037 3582 031 10000 7176
ceh12-06 39.06 001 005 bld 2059 025 028 3932 031 99.88 77.29
ceh12-07 3812 003 bld 003 2488 017 029 3625 024 10001 7221
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Table 4-10. (continued)
OXIDE SiO2  AlOs  TiO2 Crz03 FeO NiO  MnO MgO Ca0 Total Mg#
ceh12-08 3972 004 003 003 1627 029 020 4324 018 10000 8257
ceh12-09 3869 002 002 003 2200 028 025 3785 027 99.42 75.41
CEHLD ceh12-10c 3865 003 bld bld 2064 025 025 3962 025 99.68 77.39
ceh12-10mc 3858 004 001 005 2023 025 019 3947 021 99.03  77.67
ceh12-10mr 3828 003 004 003 2112 023 024 3894 025 99.15 76.68
ceh12-10r 3774 002 001 004 2456 018 026 36.16  0.30 99.27 7242
dlh1-01 3973 005 bld 004 1493 026 014 4423 0.8 99.56  84.08
dih1-02 3942 005 bld 003 1771 015 020 4174 0.24 9952 80.78
dlh1-03 3989 004 bld 004 1492 026 012 4375 023 99.25 83.94
dlh1-05 3937 007 004 013 1433 034 014 4455 022 99.19 84.72
bLAL dih1-06 4009 003 bld 008 1478 038 0.0 4468 022  100.35 84.35
dlh1-07 3983 007 bld 027 1521 022 015 4396  0.19 99.88 83.75
dlh1-08 4036 003 001 003 1336 032 013 4523 014 99.62 85.78
dlh1-10 4032 003 bld. 008 1471 034 007 4436 021 10011 84.32
dih7-01 3787 002 001 bld 2591 012 028 3557 025  100.03 70.99
dlh7-02 3695 003 001 bld 2902 014 031 3306 0.29 99.81 67.01
dlh7-03 3733 003 006 bld 3017 011 032 3081 026 99.10 6455
dlh7-04 3778 001 bld 002 2714 012 032 3404 023 99.66  69.10
DLH7 dlh7-05 3755 001 002 005 2700 015 032 3516 017 10043 69.90
dlh7-06 3800 002 bld bld 2819 014 035 3356 024 10049 67.98
dlh7-07 3844 006 001 004 2015 034 020 3966  0.20 99.10 77.82
dlh7-08 3691 002 003 004 2985 012 031 3199 025 99.51 65.64
dlh7-09 3735 002 003 005 2758 017 033 3419 0.9 99.89 68.85
dih7-11 3678 001 006 001 3095 013 045 3094 027 99.60 64.06
dxg2-01 3832 001 001 002 2094 022 017 3995 0.16 99.80 77.28
dxg2-02 3758 003 bld bld 2600 013 034 3585 029 10022 71.08
dxg2-03 3890 bld. 001 bld 2216 022 025 3863 012  100.29 75.65
dxg2-04 3812 001 007 bld 2687 007 039 3388 028 99.68 69.21
OXGo dxg2-05 3925  0.02 bld 002 2003 026 021 4039 002 10020 78.24
dxg2-06 3979 003 004 003 1741 026 014 4204 0.0 99.83 81.15
dxg2-07 3825 002 004 001 2461 010 028 3587 0.6 9943 7221
dxg2-08 3913 001 bld 004 2107 014 025 3867 0.16 99.45  76.60
dxg2-09 3813 011 bld 005 2509 016 034 3566  0.29 99.83 7170
dxg2-10 39.04 001 bld bld 2086 027 022 3945 0.0 99.96 77.12
gbs1-01 3986 003 003 004 1695 026 013 4275 021 10025 8181
gbs1-02 3993 001 bld 005 1597 031 019 4347 024 10017 8291
gbs1-03 3884 004 bld 005 1750 017 022 4226 031 99.40 81.15
gbs1-04 3901 003 bld 007 1857 031 017 4111 022 99.49 79.78
GBSl ghs1-05 3963 007 001 003 1540 021 014 4373 0.8 99.50 8351
gbs1-06 3908 004 003 006 1926 017 025 4061 0.24 99.73  78.99
gbs1-07 3982 0.02 bld 004 1613 023 013 4268 025 99.28 8251
ghs1-08 3859 004 003 006 2224 019 026 3745 027 99.11  75.02
ghs1-09 3900 003 bld 004 1941 022 016 4052 0.5 99.62 78.82
gbs1-10 3969 004 005 009 1678 023 017 4222 024 99.51 81.77
ghs3-01 3988 003 006 006 1737 024 019 4184 023 99.88 81.12
GBS3 gbs3-02 3955 002 001 001 1721 024 018 4174 021 99.15 8122
gbs3-03 3977 003 003 006 1520 044 015 4364 021 99.51 83.66
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Table 4-10. (continued)
OXIDE Si0;  AlLOs TiO, Cr0s FEO NiO MnO MgO CaO Total  Mg#
gbs3-04 3952 003 001 004 1711 028 018 4201 0.24 9941 8141
gbs3-05 3991 003 bld 004 1534 034 017 4370 0.20 99.72 8355
gbs3-06 3911 003 bld 001 1999 022 020 3936 0.29 99.20 77.83
GBS3 ghs3-07 3960 004 002 001 1625 019 017 4258 0.6 99.10 82.37
gbs3-08 3991 004 002 003 1501 031 012 4391 022 99.58 8391
ghs3-09 3927 003 004 004 2056 025 016 3926 0.6 99.88 77.29
ghs3-10 39.18 003 bld 006 1826 025 020 4094 0.8 99.21  80.00
tfl1-7-01 3960 003 003 003 1925 029 018 4065 019 10025 79.02
tfl1-7-02 3835 003 005 005 2361 008 023 3731 029  100.00 73.80
tfl1-7-03 3956 004 005 010 1787 020 016 4146  0.20 99.65 80.53
TFLLT tfl1-7-04 39.17 002 006 001 2060 027 023 3955 023 10014 77.39
tfl1-7-05 3969 011 008 012 1976 032 024 3972 036 10041 78.18
tfl1-7-06 3964 002 004 003 1666 047 014 4280 0.03 99.84 82.08
tfl1-7-07 3919 001 008 008 2196 021 023 3824 026 10025 7564
tfl1-7-08 3881 002 006 003 2245 020 032 3743 0.8 9959 74.83
yltc3-02 3952 002 002 006 1616 022 021 4328 025 99.75 82.68
yltc3-03 4005 002 002 004 1500 020 014 4441 024 10011 84.07
yltc3-04 3919 002 001 005 1988 028 034 4033 024 10034 7834
YLTC3  yltc3-06 3978 001 005 008 1611 031 015 4354 013  100.15 82.82
yltc3-07 3977 003 003 003 1486 026 019 4368 021 99.05 83.97
yltc3-09 4022 003 002 003 1587 032 016 4337 023 10024 8297
yltc3-10 39.70 003 bld 014 1850 025 027 4034 0.27 99.49 79.54
yt17-01 3854 004 bld 003 2196 019 028 3810 0.24 99.37 7557
yt17-03 3979 005 002 002 1608 031 017 4321 021 99.86 82.73
yt17-04 3936 004 bld. 005 1887 028 016 4097 021 99.94  79.47
YTL? yt17-05 3993 001 001 005 1681 030 016 4220 0.3 99.70 8173
yt17-08 3855 004 001 bld 2340 015 034 3687 0.6 99.63 73.75
yt17-09 3934 005 002 019 1983 028 016 4039 022 10046 78.41
ytI7-10 3852 002 005 005 2183 025 025 3817 0.3 99.37 75.72
Note: b.l.d., below the limit of detection
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4.3.1.4 Oxygen isotope compositions of clinopyroxene phenocrysts

The correlations between IMF and the Mg# of standards (NSH2, NSH5, NSHS,
NSH9, NSH10, NSH14) in each session are listed in Fig. 3-3, and the calculated oxygen
isotope compositions of cpx phenocrysts are listed in Table 4-11 and plotted in Figs. 4-
26 and 4-27. The cpx phenocrysts of Chaihe-aershan basalts show wide variations in
5180 values (4.28%o to 8.57%o), apparently beyond the range of normal mantle-derived
cpx (5.6£0.2%o, Eiler et al., 1997; Mattey et al., 1994). The difference in 580 values
within individual samples is also wide (1.28%0-2.3%o). In some samples, a positive

correlation between 580 values and Mg# of cpx can be identified.

Cpx NI RE error bar +0.5 %o
B EM1 ——
B Em2
HiMu N
® @0 el o TFL1-7
D G o CEH2
[] H B B CEH5
A A CEHS8
O mwl 0O O GBS3
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Whole rock
marine sediments [N
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— lower oceanic crust (grabbros)
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3 4 5 6 7 8 9 10 20 30

80 (%o)

Figure 4-26. Oxygen isotope compositions of cpx phenocrysts in Chaihe-aershan basalts. The range
of %80 values of cpx phenocrysts in N-MORB, EM 1, EM2 and HIMU are calculated from the 580
values of ol phenocrysts (Eiler et al., 1997), assuming the equilibrium fractionation between cpx
and ol is 0.4%o (Mattey et al., 1994). The §'80 values of bulk rock (marine sediments, altered upper
oceanic crust and lower oceanic crust) are based on Eiler (2001).
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Table 4-11. The oxygen isotope compositions of cpx phenocrysts in Chaihe-aershan basalts

5180
5180 . o
Mg# IMF corrected by 1SE
measured IME
ceh2-05a 81.97 12.31 442 7.89 0.09
ceh2-22a 73.97 12.21 6.36 5.85 0.09
ceh2-22b 78.10 12.04 5.38 6.65 0.04
ceh2-23c 82.53 11.73 4.64 7.09 0.13
ceh2-23d 82.27 11.97 4.78 7.19 0.02
ceh2b-09a 81.82 11.82 5.06 6.75 0.07
ceh2b-10a 74.70 12.45 6.55 5.90 0.06
ceh2c-0la 75.92 11.93 6.25 5.68 0.06
ceh2c-02a 79.95 12.23 5.30 6.93 0.16
ceh2c-05a 79.75 12.57 5.39 7.18 0.02
ceh5-03a 79.71 10.29 2.93 7.36 0.14
ceh5-05a 78.28 10.85 2.94 7.91 0.08
ceh5-09b 79.35 11.14 2.57 8.57 0.09
ceh5-26a 79.22 9.50 3.16 6.34 0.09
ceh5-33a 78.20 10.21 2.93 7.27 0.02
ceh8-02a 74.98 11.08 4.59 6.49 0.33
ceh8-09a 78.40 11.42 3.66 7.76 0.09
ceh8-11a 75.78 10.78 4.28 6.50 0.09
ceh8-12a 83.13 11.12 3.22 7.90 0.42
ceh8-12b 81.94 11.22 3.40 7.82 0.27
ceh8-12c 82.45 11.10 3.22 7.88 0.07
ceh8-13a 80.72 11.60 3.46 8.14 0.01
DLH1-01a 80.07 10.03 3.22 6.81 0.09
DLH1-01b 79.47 10.04 3.42 6.62 0.03
DLH1-01c 76.75 9.71 3.82 5.89 0.14
DLH1-03a 79.87 9.28 3.43 5.85 0.05
DLH1-12a 80.72 9.59 3.42 6.18 0.12
DLH1b-01a 79.40 9.51 3.53 5.98 0.16
DLH1b-02a 74.02 9.62 4.46 5.15 0.17
DLH1b-05a 78.37 9.81 3.77 6.03 0.10
DLH1b-07a 82.17 9.94 3.21 6.72 0.09
DLH7-04a 79.40 9.68 3.35 6.33 0.28
DLH7-04b 78.13 9.88 3.54 6.34 0.07
DLH7-07a 79.25 9.19 3.43 5.76 0.13
DLH7-08a 76.14 9.65 3.99 5.66 0.16
DLH7-09a 75.96 9.76 4.06 5.70 0.11
DLH7-11a 80.84 9.67 3.30 6.37 0.21
DLH7-14b 81.70 8.88 2.90 5.98 0.16
DLH7-16a 76.33 8.98 3.89 5.09 0.16
DLH7-17a 78.35 9.40 3.53 5.87 0.06
DLH7-22a 79.59 9.42 3.47 5.95 0.24
DLH7-24a 79.31 9.59 3.45 6.13 0.19
DXG2-05a 77.50 11.04 4.71 6.33 0.00
DXG2-09a 72.83 9.57 4.70 4.87 0.53
DXG2-13a 82.01 9.95 3.16 6.78 0.37
DXG2-13b 75.36 9.58 4.28 5.31 0.12
DXG2-16a 79.43 9.82 3.60 6.23 0.19
DXG2-21a 82.16 11.09 3.77 7.32 0.19
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Table 4-11. (continued)

5180
5180 . o
Mg# IMF corrected by 1SE
measured IME
DXG2-21b 82.53 10.76 3.60 7.16 0.08
DXG2-24a 79.20 10.47 3.95 6.52 0.08
DXG2-34a 78.06 9.88 3.82 6.06 0.16
DXG2-34b 81.44 9.88 3.26 6.62 0.02
DXG2-34c 82.70 9.94 3.05 6.89 0.17
ghs3-06a 73.28 10.65 5.65 4.99 0.16
ghs3-06b 77.67 11.05 4.88 6.17 0.22
ghs3-06¢ 77.62 10.41 4.80 5.62 0.29
ghs3-10a 80.78 10.84 3.56 7.28 0.05
ghs3-30a 72.94 10.34 5.36 4.98 0.14
ghs3b-04a 81.96 9.86 3.55 6.31 0.14
ghs3b-08a 77.25 10.53 4.40 6.13 0.41
ghs3b-11a 79.78 9.78 3.89 5.89 0.10
TFL1-7-12a 75.67 10.89 4.08 6.81 0.07
TFL1-7-12b 77.26 10.61 3.90 6.71 0.06
TFL1-7-12c 72.24 11.19 4.56 6.63 0.23
TFL1-7-14a 76.05 9.77 4.13 5.64 0.11
TFL1-7-17a 80.28 10.43 3.47 6.96 0.09
TFL1-7-18a 75.24 8.90 3.95 4.95 0.08
TFL1-7-27a 72.60 9.82 4.32 5.50 0.17
TFL1-7-28a 73.59 10.72 4.24 6.48 0.01
TFL1-7-28b 72.49 10.20 4.36 5.84 0.08
TFL1-7-32a 77.97 11.13 3.70 7.43 0.03
YL3h-02a 82.53 9.85 3.85 6.00 0.15
YL3h-02b 82.08 10.16 3.88 6.28 0.05
YL3h-02¢ 79.37 10.71 4.26 6.45 0.03
YL3h-03a 83.24 10.31 2.70 7.61 0.03
YL3h-04a 83.18 9.61 3.21 6.39 0.21
YL3h-04b 79.06 9.83 3.84 6.00 0.15
YL3h-05a 83.64 9.50 2.67 6.83 0.05
YL3h-05b 81.93 10.00 2.91 7.09 0.06
YL3h-08a 84.00 9.33 2.68 6.65 0.07
YTL7-0la 73.96 8.74 4.47 4.28 0.10
YTL7-01b 76.57 8.86 4.15 471 0.07
YTL7-02a 75.98 10.22 4.18 6.04 0.07
YTL7-06a 74.67 10.93 4.47 6.46 0.06
YTL7-07a 79.03 10.34 3.93 6.41 0.06
YTL7-07b 77.44 10.75 4.15 6.59 0.25
YTL7-11a 73.65 10.09 4.67 5.42 0.15
YTL7-12a 74.89 10.86 4.53 6.33 0.08
YTL7-16a 74.36 10.70 4.62 6.08 0.11

* IMF is the instrumental mass fractionation
** SE the standard error of the mean for the group of measurements in a single cpx grain
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Figure 4-27. Oxygen isotope compositions of the cpx phenocrysts in the Chaihe-aershan basalts

compared with their cpx Mg#.

4.3.2 Discussion

4.3.2.1 Crustal contamination and crystal fractionation

Abundant mantle xenoliths in the Chaihe-aershan basalts suggests that the host

magma ascent was fast (generally less than 50 h after xenolith entrainment, O’Reilly

and Griffin, 2010), leaving limited time for the magma to be contaminated by the

continental crust. The continental crust is characterized by low Nb/U ratio; however,

the Chaihe-aershan basalts have high Nb/U ratios (45.8-78.5), falling primarily into the
range of MORBs and OIBs (Fig. 4-28a; Hofmann AW et al., 1986), and there is no

negative correlation between the Nb/U ratios and SiO2 contents. In addition, as the

continental crust is enriched in Ba relative to Nb (Rudnick and Gao, 2014), if crustal

contamination had occurred, Ba/Nb ratios would have displayed a positive correlation

with SiO., which was not observed in the Chaihe-aershan basalts (Fig. 4-28Db).
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Therefore, the crustal contamination was limited during the ascent of the Chaihe-

aershan basaltic magmas, which is consistent with the conclusions of Ho et al. (2013)
and Zhao and Fan (2012).

90
80
70
60

50

Nb/U

40

30
20

10

20

16

12

Ba/Nb

O

A

MORBs and OIBs

lower continental crust

@ upper continental crust
1 1

A

® TFL

CEH
[l GBS
A YTL

O DXG
X YLTC
A DLH

20 40

60 80

Nb (ppm)

100

1 Il 1

47

48 48 49

49 50 50

SiO2 (wt.%)

51 51

Figure 4-28. a) Nb/U compared with Nb, b) Ba/Nb compared with SiO; in Chaihe-aershan basalts.
In &), the gray zone is Nb/U of MORBs and OIBs (Hofmann AW et al., 1986). Data for the upper

continental crust and lower continental crust are from Rudnick and Gao (2014). The arrow in b)

represents the crustal contamination trend.

The majority of the Chaihe-aershan basalts (except the TFL basalts) have high Mg#
(63.2-70.0), identical to those of other basalts in eastern China (e.g., Chen et al., 2007,
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Zou et al., 2000), high Ni and Co contents, and weak positive Eu anomaly, suggesting
no significant crystal fractionation of the basalts. TFL basalts display relatively low
Mg# (56.9-62.8) as well as low Ni (176-273 ppm) and Cr (145-251 ppm) contents,
indicating a small amount of fractional crystallization of ol and cpx. The negative
correlation between Al>O3 and MgO contents and no negative Eu anomaly suggest that
the fractionation of pl in the TFL basalts was limited. As the compositional trends
between TFL, DLH and other basalts are distinct (Figs. 4-22b-f), the compositional
differences among these three basalt groups cannot be simply caused by fractional
crystallization. In Figs. 4-22e and 4-22f, the compositional trends of red symbols (DLH)
and green symbols (CEH, GBS, YTL, DXG and YLTC) show positive correlations
between K20, P20s and MgO. Given that K and P are incompatible for the main
fractionation phases (ol, cpx, pl and Cr-spinel) (e.g., Brunet and Chazot. 2001; Salters
and Stracke. 2004), the contents of K and P in the melts should display a slight increase
during crystal fractionation. Therefore, these positive trends in the Chaihe-aershan
basalts are more likely to be caused by magma mixing (high-MgO and low-MgO
components) rather than crystal fractionation.

4.3.2.2 Heterogeneity of oxygen isotope composition

The §*80 values of cpx phenocrysts in the Chaihe-aershan basalts have two primary
features (Fig. 4-26): (1) the 8'80 values vary widely, ranging from 4.27%o to 8.57%o
suggesting both an enrichment and a depletion of 5'80 of cpx compared with typical
MORB and mantle peridotites (5.4%0-5.8%o; Eiler et al., 1997; Mattey et al., 1994); (2)
the $*80 values within individual samples also display considerable variation (1.28%o-
2.31%o), and for the CEH2, CEH8, DLH1, DXG2 and GBS2 basalts, the 580 values
decrease linearly with the decrease of Mg# in cpx (Fig. 4-27).

Oxygen isotope compositions of cpx phenocrysts are affected by many factors,
including systematic deviation caused by analytical artifact, alteration on the surface of
the Earth, crustal contamination, fractional crystallization (or assimilation-fractional
crystallization [AFC] process), partial melting, devolatilization, water-melt interaction
during crystallization (decreasing the oxygen isotope ratio) and heterogeneity of the
mantle source. In particular, analytical artifact, AFC process or water-melt interaction

might induce a positive correlation between 80 and Mg# of cpx phenocrysts.
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As shown in Fig. 3-3, the analytical oxygen isotope results for standards appear to
be reasonable. The same suit of standards were also used to correct the oxygen isotope
data of cpx phenocrysts from the Shuangliao basalts. The 580 values show a nearly
flat trend with the Mg#, implying that an analytical artifact involving matrix effect
might not be the main reason for the positive correlations between 380 and Mg# of

cpx phenocrysts.

The LOIs of the Chaihe-aershan basalts are less than 0.1 wt.% and do not display any
correlation with the 80 values. In addition, fresh, crack- and inclusion-free areas of
the cpx phenocrysts were selected by FTIR investigation before oxygen isotope
measurement. Thus, the effect of alteration near the surface of the Earth after eruption

on the selected cpx phenocrysts can be ruled out.

As discussed in Section 4.3.2.1, the crustal contamination in the Chaihe-aershan
basalts is weak. The fractionation of oxygen isotopes caused by partial melting,
fractional crystallization or devolatilization is expected to be less than 0.1%o in basaltic
melt with MgO content between 8 and 3 wt.% (Eiler, 2001 and references therein),
indicating that these factors are unlikely to be the primary cause of the 580 variations

of the Chaihe-aershan basalts.

Taking CEH5 basalts as an example, the simulation of the AFC process shows that,
to increase 580 in CEH5 basalt from 5.6%o to 8.6%o, the magma must undergo
extensive crystallization (~32%) and crustal assimilation (~16%) (Equation 4-1).
However, considering that continental crust is characterized by low MgO, low Nb/U
and Nb/La ratios (Rudnick and Gao, 2014), the high concentration of MgO (9.58 wt.%),
Mg# (65.4), Nb/U (57.3) and Nb/La (1.77) of CEH5 basalt are clearly inconsistent with
the results of the AFC model. However, with the low 580 value of the surrounding
rock in the continental crust (~5%., Kempton and Harmin, 1992), the AFC process
could explain the positive correlation between §*80 and Mg# of cpx phenocrysts. The
calculated results show that the magma requires extensive crystallization (~80%) and
crust assimilation (~40%) to decrease the 580 value of CEHS basalt from 8.6%o to
5.6%o0; however, it is also in contradiction with the observation of CEH5 basalt (high
MgO, Mg#, Nb/U and Nb/La). Therefore, both the high 580 value of cpx phenocrysts
and the positive correlation between §'0 and Mg# in the same samples cannot be

simply explained by AFC process.
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Water-melt interaction during crystallization may also account for the positive
correlation between 880 and Mg#. Assuming a temperature of 1100°C, the calculated

results show that ~10% meteoric water in weight is required to decrease the §'20 value
from 7.3%o to 4.9%o0 (Equation 4-2). A lower temperature requires more meteoric water.
It is difficult to imagine that such an amount of meteoric water could be involved during
the evolution of magma. In such a situation, the high water content would be recorded
by cpx phenocrysts. In fact, the water contents of cpx phenocrysts in samples which
show a positive correlation between 5180 and Mg# are very low (DLH1; Fig. 4-25).

Overall, the oxygen isotopes of the cpx phenocrysts in the Chaihe-aershan basalts
represent the heterogeneity of the mantle source, and the variation in oxygen isotope
compositions within each sample is most likely caused by magma mixing. This is
consistent with the results of basalts from the Shuangliao and Wulanhada basalts in this
work and Taihang and Canary basalts in previous studies (Gurenko et al., 2011; Liu et
al., 2015b). As mentioned above, the positive correlations between K,O, P,0Os and MgO
suggest that magma mixing occurred between high-MgO and low-MgO components,
which are also consistent with the 5180 features of the cpx phenocrysts. However, there
are no significant correlations between the major element contents (e.g., MgO and K>0)
and trace element ratios (e.g., Ba/Th, Nb/La, Th/La), which hinder us to further
discriminate the high-MgO and low-MgO components.

To compare oxygen isotope ratios with the water content and trace elements of the
magma, the range of isotope compositions in each sample was used to discuss the

oxygen isotopic information of the mantle source.

4.3.2.3 Water content in “primary” magmas

As mentioned above, the variation of H2O content in magmas during crystal
fractionation is within the measurement uncertainty when the cpx phenocrysts with
Mg# >75 are used to estimate the H2O content in magmas. There is little or no crustal
contamination in the Chaihe-aershan basalts and no correlation between H>O and SiO»,
which suggest that the influence of crustal contamination on the H>O content of the
magmas was limited. The calculated water content of magmas displays positive
correlations with major and trace elements (e.g.,, K, Ce, Th, Ta), except for
CEH2.CEH12 and TFL basalts (Fig. 4-29), which are the same as the results in Dixon
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et al. (2002). These good correlations suggest that the influence of magma degassing
and H diffusion in cpx phenocrysts on these samples is not significant and the calculated
water content represents the primary source contribution. As discussed above, TFL
basalts display distinct compositional trends compared with other basalts, which could
explain the different correlations in Fig. 4-29. CEH2 and CHE12 basalts have similar
compositions as other basalts from CEH but significantly low H>O contents, which
suggest that these samples might have undergone H diffusion during the degassing of
the magma. Petrographic investigations have shown that the crystallinities of the matrix
in the CEH2 and CHE12 basalts are obviously higher than those of the matrix in other
basalts, which implies that the cooling rate of these basalts was slower and the diffusion
of the H could have been relatively more significant. Therefore, these samples were

ignored in the following discussion.
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Figure 4-29. Calculated water contents of magmas in Chaihe-aershan basalts compared with (a) Ce,
(b) K20, (c) Th and (d) Ta concentrations.

The calculated H20 contents of the Chaihe-aershan “primary” magmas (0.19 to 2.70
wt.%, Table 4-12) cover the range of MORBs (0.1-0.3 wt.%), OIBs (0.3-1.0 wt.%, and
back-arc basin basalts (BABBs, 0.2-2.0 wt.%) (Dixon et al., 2004 and references
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therein). H>O has a compatibility similar to Ce, and the H.O/Ce ratios generally remain
unchanged during magma processes such as partial melting and crystal fractionation
(Michael, 1995). The calculated H.O/Ce ratios for each basalt vary substantially,
indicating mainly heterogeneity in the mantle source (Table 4-12).

In Fig. 4-25, the H20 contents of cpx phenocrysts and the corresponding melts of
each basalt vary widely (obviously beyond measurement uncertainty). Combined with
the large variations in oxygen isotope compositions, the widely varying H.O contents
of cpx phenocrysts also indicates the mixing of magmas. However, H is a highly mobile
element, and the H>O content in cpx phenocrysts will be homogenized by diffusion
after residence in melts for a long time (Ingrin and Blanchard, 2006), which suggests
that the magma mixing occurs shortly before eruptions. In other words, the each

eruption might be triggered by a magma mixing process.
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Table 4-12. The average oxygen isotope compositions of cpx phenocrysts and the water contents of melt in Chaihe-aershan basalts

Sample CEH-2" CEH?: CEH-5 CEH-8 CE'H CE1H2; DLH-1 DLH-7  YLTC-3 TFL1-7 DXG-2 GBSi GBS-3 YTL-7
H20 of melt (wt. %) 0.30 1.97 2.70 1.30 2.16 0.86 0.23 0.19 - 1.09 - 1.82 1.36 2.07
Grain number* 10 14 17 9 14 14 10 6 - 8 - 16 7 9
2SE 0.05 0.52 0.79 0.69 0.74 0.50 0.09 0.06 - 0.38 - 059 0.22 0.39
H20/Ce of melt 58 365 521 274 432 170 62 51 - 126 - 433 310 410
5180 value's range of cpx 5.68 - i 6.34 - 6.49 - i i 5.15 - 5.09 - 6.00 - 4.95 - 4.87 - i 4.98 - 4.28 -
(%o) 7.89 8.57 8.14 6.81 6.37 7.61 7.43 7.32 7.28 6.59

18
Average 8 (%OD )" alue of cpx 6.70 - 7.49 7.50 ; ; 6.14 5.02 6.59 6.31 6.37 ; 5.02 5.81

* The number of cpx grain involved in calculation
" CEH2 and CHE12 basalts may underwent significant H diffusion during the degassing of magma

129



These de Huan Chen, Lille 1, 2017

Chapter 4 Results and discussion

© 2017 Tous droits réservés.

4.3.2.4 Enriched components in the mantle source

As discussed above, the oxygen isotopes of the cpx phenocrysts and the H.O/Ce
ratios of magma mainly reflect the original basaltic source. The trace elements of the
Chaihe-aershan basalts show different degrees of enrichment for highly incompatible
trace elements (e.g., variable Ba/Th ratio), indicative of the compositional
heterogeneity of the mantle source. The Ba/Th ratio, Eu anomaly, H>O/Ce ratio of the
whole rock and the §'80 values of the cpx phenocrysts were combined to constrain the
heterogeneity in the mantle source of the Chaihe-aershan basalts. As shown in Fig. 4-
30, three components can be identified (Components I, Il and Ill). Among them,
Component I, with normal 580 values, H,O/Ce ratio, Ba/Th ratio, and Eu anomaly
related to the depleted mantle, would be the ambient mantle in the mantle source (DMM,
Fig. 4-30).

Component I1: Altered upper oceanic crust and GLOSS

Component 11 is represented by the CEH basalts, characterized by high 830 values
(~7.5%0) and H>O/Ce ratios (~600), relatively high Ba/Th, and no Eu anomaly (Fig. 4-
30).

The 580 value of Component 11 is higher than the value of normal mantle, indicating
the involvement of recycled crustal materials. Generally, the origin of this recycled
crustal component could be from the recycled continental crust (Eiler, 2001), fluids or
melts liberated from a subducted slab (e.g., Auer et al., 2009) or subducted upper
oceanic crust and/or marine sediments (GLOSS) (Eiler, 2001; Gregory and Taylor,
1981). The CEH basalts are characterized by high MgO contents, Mg#, Nb/La (>1.7)
and Nb/U (>47) ratios, however, the continental crust has low MgO and is significantly
depleted in Nb (Rudnick and Gao, 2014) which is against the contribution of continental
crust. Similarly, the relative enrichment in Nb, Ta, and the high Nb/U ratios demonstrate
that the component with high 580 values was unlikely to be from the fluids or melts
released from subducted slab, which would be relatively depleted in Nb and Ta (Kessel
et al., 2005). Thus, the recycled oceanic crust, particularly the upper altered crust and
marine sediments with 50 up to 20%o (Eiler, 2001; Gregory and Taylor, 1981), is the

most likely candidate for this component.

In addition, the altered oceanic crust and marine sediments are characterized by high
H20/Ce ratios (up to ~5000 and ~1280, respectively, Dixon et al., 2002). For the trace
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Figure 4-30. Comparison of the range of 5'80 values in cpx phenocrysts and the trace element ratios
(H20/Ce, Ba/Th and Eu/Eu*) in Chaihe-aershan basalts. The squares show the possible end
members of mantle sources. In a) and b), the 380 values of DMM, GLOSS, altered upper oceanic
crust and altered lower gabbroic oceanic crust are from Eiler (2001). The H2O/Ce ratios of DMM,
GLOSS, altered upper oceanic crust and altered lower gabbroic oceanic crust are from Dixon et al.
(2002) and Plank and Langmuir (1998). The ratios of Ba/Th and Eu/Eu* for DMM, GLOSS, altered
upper oceanic crust and altered lower gabbroic oceanic crust are calculated from Bach et al. (2001),
Kelley et al. (2003), Plank and Langmuir (1998) and Workman and Hart (2005). The ratios of Ba/Th
in dehydrated altered lower oceanic crust are calculated based on the element mobility in water
(Kessl et al., 2005; Kogiso et al., 1997). The grey lines are mix lines calculated between components
I 'and Il and components | and Il1. In order to let all points match the mix lines, the component Il
should be a mixture between the marine sediments and altered oceanic crust. The ages of the CEH,
TFL and DLH basalts are from Fan et al. (2011).

elements, studies of the drilled marine sediments and oceanic crust demonstrated that
the marine sediments have a relatively high Ba/Th ratio (Plank and Lagmuir, 1988) and
that the abundance of Ba in the altered basaltic upper crust should increase relative to
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Th (Bach et al., 2001; K