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Preface
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isotopic compositionsn clinopyroxens, were conducted by me, while whole rock
major and trace element compositions, including Se and S analyses, were conducted
at commercial labs at other institutions withwaters prepared by mélost of the
chapters in this dissertation are either published or soon to be submitted for
publication. My role, relative to that of my coauthors is specified for each chapter.
Overall, | wrote firstdrafts of all the materials in plibations and manuscripts in
preparation that were revised with assistance of my coauthors, particularly my

supevisors Roberta Rudnick and Rich Walker.
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Chapter 1: Introduction*

[1] The text in this chapter was created/written by J.G. Liu.

Archean cratons are ancient continental regions that have remained stable for
billions of years on Earth. A craton is generally comprised of a thick crust and a deep
lithospheric root that extends into the mantle to depths of 30@dkm (Pollack and
Chapman, 1977; Ritsema et al., 1998; Rudnick et al., 199&tonic peridotites
typically are more refractory due tugher degrees of mantle melt extraction in the
Archean (probably because of a hotter madtleng that time;Boyd, 1989), when
compared to their offraton counterparté&xtensive melt extraction, particularly the
removal of FeO and A3, makes cratonic peridotitic residues less dense (and, hence,
more buoyant) than oftraton peridotites @6 Har a, Jortdeh,7 5988).
Thermobarometric studies of mineral phase pairs in mantle peridotites document that
cratonic peridotes typically plot along cooler geotherms thanastiton peridotites
(e.g., Finnerty and Boyd, 1987; Rudnick et al., 1998), suggesting that cratonic mantle
is relatively cool to the base of lithosphere. Collectivedych distinctive features
keep ancientratonic lithosphere buoyant, intact and insulated from reworking and

recycling back into the convecting mantle.

Previousstudies have shown that tleasternNorth China Craton experienced
lithospheric reactivatiorsubsequent tahe Paleozoic (e.g., Meres et al., 1993;
Griffin et al., 1998). Studies of mantle xenoliths and diamond inclusions hosted in
Paleozoic kimberlites from the eastern portion of the craton document a typical
refractory, thick lithospheric root with Archean Os model ages (Gao 08aR; Wu

et al., 2006; Zhang et al., 2008), suggesthmg existence of a typical intact Archean



craton beneath this regigorior to the eruption time. By contrast, mantle peridotites
carried in Cenozoic basalts from this area are mostly spinel lheszolitd are
relatively fertile in composition. Osmium isotopic analyses have shown that these
peridotites are isotopically similar to abyssal peridotites that sample modern
convecting upper mantle (Gao et al., 2002; Wu et al., 2003; 2006; Chu et al., 2009).
Seismic studies have suggested that the lithosphere beneath this area is < 100 km
thick (e.g., Tian et al., 2009; Chen et al., 2010), consistent with relatively high surface
heat flow (Hu et al., 2000) and generally positive Bouguer gravity anomalies,(Yua
1996). The change in lithosplh@rcomposition, temperature and age from the
Paleozoic to Cenozoic indicates that the eastern portion of the North China Craton
lost its ancient lithospheric keduringthe Mesozoic (Menzies et al., 1993; Griffin et

al., 1998; Wu et al., 2005a). Yet, the exact timing and mechanism(s) responsible for

the lithospheric thinning and replacementdebated

In contrast to the eastern portion of the North China Craton, a different sequence of
events may have occurred in thatreal portion of theNorth China Craton, as implied
by previously reported composition and age complexity of mantle peridotites carried
in Cenozoic basalts from this area. A-Qs isochron for Hannuoba peridotites in the
northernmost part of the centgairtion of theNorth China Cratoindicates arageof
~1.9 Ga forlithospheric mantle, which is younger than the overlying Archean crust
(Gao et al., 2002). This result has been taken as evidence for lithospheric replacement
in the Paleoproterozic, when theentral region of the craton formed in a
continentcontinent collision (Gao et al., 2002). However, Y.G. Xu et al. (2008)
reported Late Archean Os model ages for the Yangyuan peridotites that are located

approximately 100 km south of Hannuoba. The findiid.-ate Archean Os model

2



ages in the Yangyuan peridotitesould be not consistent with lithospheric
replacement in the Paleoproterozoic. Moreov@s, data for the Fansi peridotites
(~100 km south of Yangyuan) show Early Paleoproterozoic Os model agesalkudn
et al., 2006). Peridotites from the southern portion of the central region are more
refractory in composition than those from the northern portion, and have been
considered to be fragments of relict Archean lithospheric mantle (Zheng et al., 2001,
Xu et al., 2010), which is supported by Archean modekagéwo sulfides from Hebi
peridotites (Zheng et al., 2007). Determining the composition and age of lithospheric
mantle beneath this region is critical waderstanding the relationship between the
lithospheric mantle and overlying crust, as well as the history of tectonic

amalgamation of the craton.

In this study, the xenoliths mentioned aboased new samples collected from
several other mantle xenolith localities (i.e., Fuxin, Datong and Jining) stdeed.

All the xenoliths studied here were entrained in Cretaceous to Tertiary lavas.

The ReOs isotope system has been extensively used to mlatery melt
depletion events in mantle peridotites (e.g., Walker et al., 1989; Pearson et al., 1995a;
Reiderg and Lorand, 1995; Handler et al., 1997). TheORasotope compositions
were determined for the peridotites in this study, and highly siderophile element (HSE)
abundances were also measured for the same powder aliquots to evaluate the
influence of seondary processes on the-Re isotope system. The 1Hf isotope
system has been shown by several studies to be relatively immune to overprinting
events and may beseful to date the timing of melt depletion in peridotites
(Schmidberger et al., 2002; Pearssamd Nowell, 2003; Wittig et al., 2006; Bizimis et

al., 2007; Choi et al., 2008, 20100 complement to the whoeleck ReOs isotopic
3



system Consequentlythe Lu-Hf isotopc sysematics of clinopyroxenes separated
from a suite of welcharacterized peatotitesweredeterminedn order to evaluate the

utility of Lu-Hf in dating melt depletion in peridotites.

In this project, | analyzed over a hundred peridotites from eight localities in the
North China Craton. This work includethe petrology, major andrace element
geochemistry of the bulk rocks and minerals, wholk ReOs isotopic
compositions, and highly siderophile element abundances, as weltNd-+grPb
isotopic compositions of clinopyroxene separates from a subset of the
well-characterizedpeidotites. The aims of this project were 1) to determine the
history of mantle processes recorded in the peridotites, @amine the composition
and age structure of the lithospheric mantle beneath the North China Craton, and 3) to
use the observed litlspheric structure to constrain the origin and evolution of the

North China Craton.

The work of this dissertation is presented in the following five chapters. Chapter
Two summarizes the geological setting of the North China Cratonhightightsthe
exising controversies regarding the tectonic framework of the craton. Chidpte
reports HSE abundanceand Os isotopic composition®r peridotitesfrom two
adjacentocalitiesin the North China Crato(published as Liu et al., 2010, EPSh)
order to exmine effects of primary and secondary events on HSE abundances and Os
isotopic compositiondHighly fractionated HSE patterns characterized by Os, Pd and
Re depletions relative to Ir are interpreted to be caused by recent sulfide breakdown
via interactionwith a Sundersaturated oxidizing melt/fluidche observed positive

correlation between melt depletion indicators (e.g-08! and **’0s/*®0s suggests



that te recent sulfide breakdown did not significantly modify Os isotopic

compositions of peridotites.

ChapterFour reports the petrology, mineral compositions, whole rock major/trace
element concentrations, including HSE abundances, afdisReotopesystematicof
peridotite xenoliths from the centralesternportions of theNorth China Craton in
order b systematicallyconstrain the structure and evolution of the deep lithosphere
(published ad.iu et al., 2011aGCA). These peridotites record a negbuthcoupled
composition and age dichotomiy the central regionThe northern portion of the
central rgion of the craton experienced lithospheric mantle replacement via ~1.8 Ga
collision associated with amalgamation of the craton. Phanerozoic lithospheric
thinning and replacement in the eastpantion of theNorth China Craton may have
evolved from eastot west, or from the marginto its interior with time in the

Mesozoic

Chapter Five reports $d-Hf-Pb isotopic systematics of clinopyroxene separates
from a wellcharacterized suite of peridotites. These data record astadgehistory
of melt depletio and overprinting processes in peridotifBise Nd-Hf decoupling in
peridotitesresuled from ancient Lu/Hf and Sm/Nd decouplirsgpon aftermantle
partial melting. Despite overprinting events, these clinopyroxenes exhibit a large
range of Hf isotopic comps i t iyo+ $13.5 10 +167) and vyield a Ldf
cerrorchromof 1.66 + 0.10 GaThe LuHf errorchron age isvithin uncertaintyof the
wholerock Os model age€fl.8 £ 0.2 Galiu et al.,, 2010, 201dasupporting the

Paleoproterozoic primary melt depletiewentin these samples.



ChapterSix reports the R®s isotopic compositions and HSE abundances of
xenolithic peridotites from Fuxin, which were entrained in Late Cretaceous (~100 Ma)
alkali basalts from thaorthern edge of the eastern portairthe Norh China Craton.

The Fuxin peridotitedall into two groups refractory, ArcheaiPaleoproterozoic
peridotites and fertile, young peridotites. The coexistence of ancient and young
peridotites at Fuxin suggests that here, lithospheric thinning occurredendhan

~100 Ma.

ChapterSevenpresents asynthesisof this dissertation and describes possible
future directions that could be undertaken in order to place better constraints on the

formation ancevolution oflithospheric mantle beneathe North China @ton.



Chapter 2: Geological Setting of the North China Craton

[1] Thetext and figure in this chapter were created/written by J.G. Liu.

The North China Craton is a relatively small, ancient craton that is bounded to the
west by the early Paleozoic CaitrChina Orogen and to the north by the late
Paleozoic XingMeng Orogenic Belt, and is bordered by the Triassic
Qinling-Dabie Sulu ultrahighpressure metamorphic belts to the south and east (Fig.
2-1). The North China Craton is predominantly composed ofchAan to
Paleoproterozoic basement that formed during four events, n&reaelyi (>3.0 Ga),
Fuping (3.0-2.5 Ga),Wutai (2.4-2.4 Ga) and_uliang (2.4-1.8 Ga) (Huang, 1977; Ma

and Wu, 1981; Zhao, 1993; Shen and Qian, 1995).

Based on integrated studies of httogy, structure, geochronology, and
metamorphic pressutemperaturgime (RT-t) paths, the North China Craton has
been divided into three blocks (Fig:12 the Western Block, the Eastern Block, and
the intervening central region, which has been caledTransNorth China Orogen
(Fig. 21a; Zhao et al., 2000, 2001, 2005), or the Central Orogenic Belt (Hig, 2
e.g., Kusky and Li, 2003). The Western Block is characterized by rather thick (~45
km; Li et al., 2006) Archean crust (Zhao et al., 2001atireely low surface heat flow
(50-60 mW/nt; Hu et al., 2000; Tao and Shen, 2008) and thick lithosphere (>150 km
constrained from seismologyTian et al., 2009; Chen, 2010). This block has
experienced only minor Phanerozoic volcanism and rare seismiciihin\the
northern portion of the Western Block is a nearly -®asit trending belt consisting
largely of khondalites (i.e.,high-grade metapelitic gneisses composed of

guartzfeldsparsillimanite,with graphite, garnet and biotite, + cordierite) andhsast
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Fig. 21. Tectonic sketch map of the North China Craton composed of the Eastern
Block, Western Block, and the central regitm panel a, the central region is called
ATr-&lmst h China Orogen (TNCO)O6 formed bet
blocks at~1.85 Ga (modified from Zhao et al., 2005). In panel b, the central region is
called ACentr al Orogenic Bel't (COB) o for
blocks at ~2.5 Ga (modified from Kusky and Li, 2003). Mantle xenolith localities

shown as squares (Bazoic eruption age), stars (Mesozoic), and circles (Cenozoic).

The NSGL is the Nort#tsouth Gravity Lineament (Griffin et al., 1998).
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referred to as the Khondalite Belt (Lu et al., 1996) (Figl).2RT-t paths of
metamorphic rocks in the belt show isetimal decompression, suggesting that it
formed during a continergontinent collision at ca. 1.9 Ga (Kusky and Li, 2003; Zhao

et al., 2005; 2010; Wan et al., 2006; Santosh et al., 2006, 2007; Dong et al., 2007; Yin
et al., 2009).

In contrast to the Westelock, the Eastern Block mainly consists of relatively
thin (3040 km; Li et al., 2006) Archean crust and thin lithosphere (<100 km; Tian et
al., 2009; Chen, 2010), and has relatively high surface heat flow (>64 fmWinet
al.,, 2000; Tao and Shen, 2008jhd is seismically active. Studies of xenolithic
peridotites in this block have suggested that during the Mesozoic, the original cold,
thick, and refractory Archean lithospheric mantle was removed and replaced by fertile,
thin, Phanerozoic lithospheric mide, which currently underlies this block (Menzies,
1993; Griffin et al., 1998; Gao et al., 2002; Wu et al., 2003, 2006; Rudnick et al.,
2004; Chu et al., 2009). The westernmost limit of Mesozoic thinning is commonly
assumed to coincide with the Noi®ouh Gravity Lineament (Griffin et al., 1998;
Zheng et al., 2001; Menzies et al., 2007; Zhao et al., 2007), which separates
comparativelyhigherBouguergravity anomaly(ranging from negative to positive)
the east than the west and runs through theaeguartion of the North China Craton

(Fig. 2-1).

The roughly nortksouth trending belt in the central North China Craton (Figj) 2
consists mainly of a series of Neoarchean to Paleoproterozoic greengghist
granulitefacies metamorphic terranes (Zhetoal., 2005, and references therein). The
tectonic history of this central region is in debate. Kusky et al. (2001) suggested that it
formed at ~2.5 Ga, based on their interpretation that a Late Archean ophiolite
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complex exsts on the western margin dig Eastern Block (Kusky and Li, 2010).
This region then experienced granulite facies metamorphism along the northern
boundary in the Paleoproterozoic (ca. 1.85 Ga; Kusky and Li, 2003; Kusky et al.,
2007a), which extends into the Khondalite Belt in the \WesBlock (Fig. 21b).

Kusky and ceworkers refer to thigentralregion as the Central Orogenic Belt. By
contrast , -Tipathsdar tkengrasubtes frd the northern section of the belt
which formed in the Paleoproterozoibave been interpretetb suggest that the
collision between the Eastern and Western Blocks occurred at ca. 1.85 Ga, forming
the so called TranNlorth China Orogen (Fig.-2a; e.g., Zhao et al2000, 2001;

Wilde et al., 2002Kréner et al, 2005, 2006).

Xenolithic peridotites 'om Early Cretaceou$ertiary volcanic centers occur over
a wide area of the central North China Craton (Fig) 2nd show a large range in
compositions, from refractory (typical of cratonic peridotites) to fertile (similar to
primitive mantle (PM) a hymthetical undifferentiated mantle; McDonough and Sun,
1995) (e.g., Zheng et al., 2001; Tang et al., 2008; Y.G. Xu et al., 2008; Liu et al.,
2010; Xu et al., 2010). The previously available age information for these peridotites
(Gao et al., 2002; Zheng eL,a2007; Y.G. Xu et al., 2008; X.S. Xu et al., 2008;
Zhang et al., 2009; Liu et al., 2010) suggest that they are considerably older than the
Phanerozoic age of lithospheric mantle sampled by Tertiary lavas from the eastern
North China Craton (Fig.-2) (Gao et al., 2002; Wu et al., 2003; 2006; Chu et al.,
2009), though debate exists about whether the Proterozoic ages reflect mantle formed
in the Proterozoic (Gao et al., 2002; Liu et al., 2010) or refertilized Archean mantle

(Tang et al., 2008; Zhang et,aR009), and the degree to which original Archean
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lithospheric mantle was preserved (Zheng et al., 2001, 2007; Gao et al., 2002; Tang et

al., 2008; Y.G. Xu et al., 2008; Zhang et al., 2009; Xu et al., 2010).
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Chapter 3: Processes controlling highly siderphile element
fractionations in xenolithic peridotites and their influence on Os
isotopes' >3

[1] The original version of this chapter was created/written by J.G.JLGu. Liu, R.L.
Rudnick and R.J. Walker contributed to the interpretation of the data

[2] The sample selection and preparation for measurement were carried out by J.G.
Liu. Electronic MicreProbe Analyses of the samples reported in this chapter were
performed mainly by J.G. Liu with assistance of P.M. Piccoli. Whobt& major
element corpositions of the Yangyuan samples were measured by S.A. Mertzman at
the Franklin and Marshall College, United States. The S and Se contents of the
Yangyuan samples and the Se contents of the Hannuoba samples were measured by
L.P. Bedard at th&niversité di Québec a Chicoutimi. Osmium isotopic compositions

and HSE abundances reported in this chapter were determined by J.G. Liu.

[3] This chapter has been published as:

Liu, J. G., Rudnick, R. L., Walker, R. J., Gao, S., Wu, F. Y., and Piccoli, P. M., 2010.
Processes controlling highly siderophile element fractionations in xenolithic
peridotites and their influence on Os isotopes. Earth and Planetary Science Letters,
v. 297, p. 287297. DOI: 10.1016/j.epsl.2010.06.030

Abstract

Xenolithic peridotites having similar range of major element compositions from
two nearby localities in the Trasddorth China Orogen, North China Craton, provide a
rare opportunity to explore effects resulting from both primary partial melting and
secondary processes on Os isotopeshaghly siderophile element (HSE) abundances.
HSE patterns of peridotites from Hannuoba are similar to those of orogenic peridotite
massifs worldwide, but are rare for xenolithic peridotites. These patterns can be
explained by relatively low degrees ofeln depletion, coupled with loAgrm
preservation of sulfides. By contrast, peridotites from Yangyuan have major element
compositions similar to or slightly more depleted than Hannuoba xenoliths, but are

characterized by distinct, highly fractionated H@&tterns with lower total HSE
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abundances and Os, Pd and Re depletions relative to Ir. Some of the latter HSE
characteristics must reflect secondary processes. The low S and Se contents of
Yangyuan peridotites, coupled with scarcity of observable sulfgleggest that they
experienced sulfide breakdown, possibly as a result of interaction with a
S-undersaturated melt/fluid. This may have occurred under oxidizing conditions, as
suggested by t he , ssocordedwih $hé Yahgyugrh peridotit@sO
compare to the Hannuoba peridotites, as well as the nushtient composition of

rare, monesulfide-solid solution (mss) sulfides within the Yangyuan peridotites. It is
speculated that under such conditions, Os, Pd, and possibly Re, more strongly
partition inb a sulfide liquid, or the oxidizing medium (melt or fluid), than Ir and Pt
and, thus, become depleted. These effects would have been imposed on original
patterns that were similar to those in the Hannuoba suite. The good correlation
between'®’0s/*0s aml majorelement indices of melt depletion in the Yangyuan
rocks, coupled with the poor correlation betwelf0s/*0s and **'Re/*Os,
suggests that the S, Os, Pd and Re removal was recent. Hence, ttexrioiReOs
isotopic systematics of these rocksulbnot have been affected, and Re depletion
model ages, based on Os isotopes, remain viable to constrain the timing of melt
deletion in these peridotites. The similarity of model age distributions between
Yangyuan and Hannuoba peridotitegf E O to 1.7and 0 to 1.5 Ga, respectively) is
consistent with this, and further indicates that these peridotites formed in the

Paleoproterozoic.

3.1 Introduction

Highly siderophile element (HSE, including Os, Ir, Ru, Pt, Pd and Re) abundances

of mantle rocks are impbra nt i n tr aci-mantletségeegatiom lateh 6 s
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accretion, and mantle differentiation (e.g., Morgan et al., 2001). Further, the
1%Re-®’0s isotopic system provides a potential means to date formation of
lithospheric mantle (e.g., Walker et a989). Unlike lithophile elements in mantle
peridotites, HSE dominantly reside in trace phases, such as sulfides and alloys, rather
than major phases (e.g., Hart and Ravizza, 1996; Alard et al., 2000; Bockrath et al.,
2004; Lorand et al., 2008a, 2010). gy partial melting of the mantle, base metal
sulfides that concentrate Re, Pt and Pd may preferentially enter the melt phase relative
to more refractory sulfides, such as monosulfide solid solution (mss), and alloys that
sequester Os, Ir and Ru (e.g., et al., 2000; Luguet et al., 2003; 2007). This
division of HSE into sulfides with distinct melting characteristics, along with possible
molten sulfide entrained into melts (Bockrath et al., 2004; Balhaus et al., 2006), can
lead to depletions of Re andapnumtlike platinum group elements (PPGE: Pd and

Pt), relative to iridiurdike platinum group elements (IPGE: Os, Ir and Ru), as long as
mss remains in the residue (e.g., Pearson et al., 2004). In addition to partial melting,
mantle peridotites might als undergo secondary processes (i.e., all processes
postdating partial melting), such as refertilization (addition of melt) (e.g., Elthon,
1992; Saal et al., 2001; Le Roux et al., 2007), mantle metasomatism vieockelt
reaction (Buchl et al., 2002; Ackeam et al., 2009), and sulfide breakdown, a general
term used to describe several possible processes associated with sulfur loss (e.g.,
Handler et al., 1999; Handler and Bennett, 1999; Lorand et al., 2003a). Secondary
processes may strongly modify HSE abamces of peridotites, e.g., Os loss relative

to Ir (Handler et al., 1999), and also potentially affect the#OR@asotopic systematics

(e.g., Buchl et al., 2002).
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This chapterepors on two suites of xenolithic peridotites from nearby areas in
China tha have largely similar major element compositions but distinct HSE patterns.
These suites provide an unusual opportunity to explore primary and secondary
processes that may act on HSE contained within mantle peridotites and assess the

impacts of these presses on Os isotope and HSE systematics.

3.2 Samples

The xenoliths studied here are anhydrous spinel peridotites entrained in Tertiary
basaltic lavas from the Hannuoba (W808 . 1 6 @143 2 .EQ 8 0 0 ) and Yan
(N4G0 8. 29 2i,8. B &da® in the ndmern part of the TranNorth China
Orogen, North China Craton (see FiglR These two localities lie approximately 100
km apart. The Hannuoba basalts erupted between 14 and 24 Ma ago (Liu et al., 1992)
and consist of interlayered alkali and tholeiiticl (Zhi et al, 1990); the Damaping
lavas, which host the xenoliths studied here, are alkali basalts. The Yangyuan basalts
erupted 3685 Ma ago (Liu et al., 1992) and mainly consist of alkali basalts (Ma and

Xu, 2004).

Petrologic and geochemical charaistics of peridotite xenoliths from these
localities were previously documented in Song and Frey (1989) and Rudnick et al.
(2004) for Hannuoba, and Y.G. Xu et al. (2008) for Yangyuan. Both peridotite suites
are dominated by protogranular to equigranuf@ne Iherzolites, but also contain a
small proportion of harzburgites (Rudnick et al., 2004; Y.G. Xu et al., 2008). While
both suites are generally fresh, the Hannuoba peridotites typically contain

grainboundary serpentine, while the Yangyuan peridotitesot.
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The Hannuoba samples considered here were previously analyzed for major
elements, sulfur and R@s isotopesystematicsby Gao et al. (2002), for mineral
chemistry, lithophile trace elements andN&tisotopic compositionby Rudnick et al.
(2004),and for HSE and reanalysis of ks isotopic compositiondy Becker et al.
(2006). In addition, | have analyzed the HSE anehnalyzed ReOs isotopic
compositiongn an additional Hannuoba sample from the Gao et al. (2002) study, as

well as a subset ofa&hnuoba peridotites recently investigated by Zhang et al. (2009).

The Yangyuan samples investigated here are from a new collection that has not
been previously studied. In addition, | have analyzed the HSE eamthtgzed R&Os
isotopic compositionsn a subset of Yangyuan peridotites recently investigated by
Y.G. Xu et al. (2008), who also reported whole rock major and lithophile trace

elements, as well as-8Iid-Os isotopic compositions for Yangyuan samples.

3.3 Analytical Methods
3.3.1 Sample selaon and mineral compositions

Olivines from 80 Yangyuan peridotites were analyzed in mineral mounts using a
JEOL 8900 Electron Probe Micamalyzer (EPMA) at the University of Maryland
(UMd) in order to obtain an overview of the compositional variationgmtewithin
the suite. The EPMA analyses were performed using wavelength dispersive
spectroscopy (WDS) with a 15 kV accelerating voltage, a&@up current, and a 10
em di ameter beam. A variety of natural ma
standards. Raw-ray intensities were corrected using a ZAF algorithm. Eighteen
samples spanning the entire range of Fo (molar Mg/(Mg3#00 ofolivine) found

in the suite, i.e., 90.2 to 92.0, were then selected on the basis of sample size and
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freshness for further study. These samples were pulverized following the procedures
described in Rudnick et al. (2004) using the sequent combinatioraef erjisher, a
shatter box and a disk mill, and polished thin sections were analyzed by EPMA for
mineral compositions (Table3<l) using the conditions cited above. Additional
analyses of spinels from the Hannuoba peridotites were carried out at UMdritoorde
compare with the earlier data of Rudnick et al. (2004) that were partially determined

at Harvard University. The results are the same, within uncertainty.

3.3.2 Wholerock major element compositions

Wholerock major element compositions were deterxi by Xray fluorescence
(XRF) on fused glass disks made from powders (see Boyd and Mertzman (1987) for
detailed protocols) at the Franklin and Marshall College, United States. Analytical
precision and accuracy was typically better than 1% for major eksmef
concentrations greater than 0.5% and better than 5% for the remaining major elements,
as determined from data for international reference materials analyzed by these

laboratories (e.g., Boyd and Mertzman, 1987; Rudnick et al., 2004).

3.3.3 Sulfidegpetrology and geochemistry

Sulfides were examined on polished thin sections using reflected light microscopy.
Sulfides in several representative samples from Yangyuan and Hannuoba were
selected for analysis by EPMA employing WDS techniques with the faltpwi
operating conditions: an accelerating voltage of 15 kV, a cup current of 50 nA, and a
fully focused  m d i a me. D@ing thie ecarse of analyses, Si was monitored to
assess beam overlap with silicate phases, and any analyses with detectablersiO

discarded. Xray counts were corrected using the ZAF method. A series of natural and
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pure element standards (e.g., pyrrhotite, chalcopyrite, olivine, Ni, Cu) were used as

both primary and secondary standards.

Bulk sulfur contents of the Yangyuan peridesi were determined using high
temperature combustion combined with infrared spectrometry at the Université du
Québec a Chicoutimi, the protocol of which was described in Bédard et al. (2008).
The S quantification limit for this method is ~22 ppm (Bédardle 2008). Selenium
concentrations were also determined at the Université du Québec a Chicoutimi by
instrumental neutron activation analysis (INAA) employing preconcentration of Se
with thiol cotton fiber (TCF). The Se quantification limit is ~10 ppb 163 g of
material (Savard et al., 2006), the amounts used here. Details of the SHAKEF

technique are outlined in Savard et al. (2006).
3.3.4 Osmium isotopes and HSE abundances

Mixed **Re-**®0s and HSE%Ru, 1%Pd, *UIr, **Pt) spikes were added each
sample powder 1.5 g), sealed along with 3ml concentrated Teflon distilled HCI and
6ml concentrated Teflon distilled HNGnto a chilled, thickwalled borosilicate
Carius tube, and heated to 270 °C for four days. Osmium was extracted from the acid
solution using CGl (Cohen and Waters, 1996), then bascitracted into HBr, and
finally purified via microdistillation (Birck et al., 1997). Iridium, Ru, Pt, Pd and Re
were separated and purified using anion exchange column chromatography, following

the deps described in Ireland et al. (2009).

Osmium isotopic measurements were performed by negative thermal ionization
mass spectrometry (NIMS) at UMd. All samples were measured using a single

electron multiplier on VG Sector 54 or NBS mass spectrometeaiss Mactionation
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was corrected using’?0s*%®0s = 3.083, and the internal precision §f0s/*%0s

ratios was typically betterthan @2 ( 2 G ) . T '®s'0s ¢f samples das
corrected for instrumental bias by comparison of the analy?@s/%®0s of the
JohnsoinMatthey Os standard in each analytical session with the recommended value

of 0.11380. This correction fdf'0Os*®0swas less than 0.2 %.

Because some studies have advocated higher pressure/temperature dissolutions
than are commonly performed using Carius tubes in order to assure complete
digestion of HSEbearing phases, | also digested a subset of Hannuoba sampies usin
an Anton PaarHigh Pressure Asher (HPA) for ~3h at 280and 130 bars. Two
Hannuoba samples measured by Becker et al. (2006) (DMP series)-amalyzed
here by HPA, yield Os isotopic compositions and HSE abundances within
uncertainties of those previously reported. Five additional Hannuoba samples (DA20
seres) from the study of Zhang et al. (2009) were measured by Carius tube digestion
and three of these were also measured using HPA. Both methods produced results
within uncertainties for a given sample. However, Os concentrations and isotopic
compositions dtermined at UMd are substantially different from those reported in
Zhang et al. (2009), which were analyzed by Os spagiGgICP-MS after NiS
fusion digestion. Likewise, four Yangyuan samples analyzed by sparging from the
study of Y.G. Xu et al. (2008)wdied here give significantly higher Os isotopic ratios
than previously reported (TabB2). Additional detailed discussion of these results is
provided in the Supplement Material (e.g., Tab®2S Figs. $-3 and 3-4). In
addition, in order to evaluaferther the discrepancies between the Xu/Zhang studies
and my data, in particular, whether the generally more radiod&@is/*®Os values |
find result from failure to access noadiogenic Os that may reside within
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acidresistant phase, | analyzed taiquots of relatively refractory Yangyuan sample
(YY-22, Fo = 91.2) by the NiS fusionr/NIMS method. The results are reported in
Supplemental Material (Table3$) and yield*®'0s/*%0s within uncertainty of the
previously published results obtained fdrist sample from both high and low
temperature Carius tube digestioAlNMS. These results demonstrate that the source
of the discrepancies is unlikely to reside in the dissolution method. The reason for the
discrepancy remains unclear. In this and follayvechapters, | consider our results
robust, and here do not include the-B isotope data reported by Y.G. Xu et al.

(2008) and Zhang et al. (2009) in the discussions of this dissertation.

All other HSE were analyzed using a Nu Plasma-I@e-MS at UMd. kotopic
mass fractionation was corrected by periodic measurements of standards (usually one
per three sample analyses) using the standard bracketing method. The accuracy of this
analytical method was evaluated by measuring reference materials suchNaandB
GP-13 in our laboratory (e.g., Puchtel et al., 2008; Talde $f this chapter), the
results of which are comparable, within uncertainties, to those of other labs (e.g.,
Meisel et al., 2003; Pearson et al., 2004). Averaged blanks for these meassisgment
as follows: Os (0.38+0.22 pg), Ir (0.40+0.31) pgu (2.9+2.9 pg), Pt (6.8+2.2 pg), Pd
(9.5N3.5 pg) and Re (1.6N0.6 pg) (uncert
measurements). Blank corrections for Os, Ir, Ru, Pt, and Pd are negligible (less than
0.2 %) for the samples, while the Re blank cduatds 0.3 to 20 % of the total Re in

all samples.
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3.4 Results

Major and minor element compositions for Yangyuan peridotites are given in
Table3-1, along with Fo contents of olivines. Mineral compositions of the Yangyuan
peridotites are provided in Suppiental Material (Table 31). Forsterite contents of
Hannuoba peridotites range from 89.5 to 91.6 (Rudnick et al., 2004), whereas
Yangyuan peridotites range to slightly more refractory compositions (e.g., Fo = 90.2
to 92.0). These two suites of peridotithsplay many other compositional similarities
including concentrations of MgO (3648.9 % vs. 38.:246.1 % for Hannuoba vs.
Yangyuan, respectively), AD; (1.2-3.9 % vs. 0.94.0 %), and CaO (1:8.5 % vs.
04-3.68 %) (Fig.3-1). Thus, Hannuoba and Yangyuaeridotites are chemically
similar with respect to major and minor element compositions. Based on the empirical
olivine-s pi nel oxygen barometer of Baljohaus
the peridotites were calculated from the olivine anchedpcompositions, assuming
that spinels are perfectly stoichiometric (MO = 1:1). For this calculation,
temperature was calculated from the orthopyrox@m®pyroxene thermometer of
Brey and Kolher (1990), assuming a pressure of 1.5 GPa. The resullingc u l,at e d
estimates are provided in Table23Yangyuan peridotites are generally characterized
by a hp(gchreMQ7add®.2, with an average €§.2) compared to Hannuoba
peridotit 8% to(0pFWIQ an average ofl.5) (Fig. 32). Sulfide
abundances are highly variable in Hannuoba peridotites, ranging from no observed
sulfides (e.g., samples DM® and DMR67c) to hundreds of sulfides per thin
section (e.g., DMF0, Table 3). The abundances of sulfides are generally positively
correlated with the sulfur contents of the whole rocks (FiglS38oth enclosed
(Type-e) and interstitial (Typ#) base netal sulfides are present in Hannuoba
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Table3-1. Whole rock analyses for spinadnmotites determined usirKRF

Samples Sio, TiO, Al,O3Fe05> MnO MgO CaO Na,O LOIP Total
Hannuoba

DMP-04 44.4 0.06 229 8.14 0.13 421 1.94 0.28 98.8
DMP-05 44.2 0.13 2.83 8.37 0.13 416 2.18 0.26 99.5
DMP-19 44.8 0.03 191 7.85 0.12 40.7 1.80 0.19 97.4
DMP-23a 44.2 0.10 2.32 8.63 0.13 41.3 1.64 0.24 98.5
DMP-25 44.4 0.08 1.61 7.90 0.12 439 1.00 0.3 99.3
DMP-41 44.8 0.06 2.76 8.60 0.13 40.2 2.12 0.27 98.7
DMP-51 44.8 0.05 196 8.23 0.12 42.0 1.89 0.24 99.1
DMP-56 44.8 0.13 3.49 8.85 0.14 382 3.21 0.36 98.9
DMP-57 44.3 0.06 196 8.23 0.12 425 1.56 0.16 98.8
DMP-58 44.9 0.08 3.16 8.80 0.13 38.8 2.76 0.34 98.7
DMP-59 44.0 0.06 2.58 8.88 0.13 404 2.43 0.27 98.5
DMP-60 46.3 0.11 3.67 8.31 0.13 36.7 3.47 0.38 98.9
DMP-67c¢ 44.0 0.20 3.78 9.32 0.14 37.8 2.88 0.30 98.5
DA20-02 44.8 0.10 3.12 8.69 0.11 40.0 2.70 0.08 0.39 100.0
DA20-05 45.3 0.05 2.71 7.86 0.10 40.8 2.48 0.07 0.55 99.8
DA20-16 43.1 0.08 1.20 9.94 0.10 436 1.55 0.04 0.65 100.2
DA20-17 44.7 0.05 2.40 8.07 0.18 39.1 2.38 0.12 2.79 99.7
DA20-19 44.9 0.14 3.74 8.69 0.11 38.2 3.07 0.19 0.91 99.9
Yangyuan

YY-04 43.9 0.04 1.63 8.00 0.13 444 1.03 0.02 0.22 99.1
YY-08 44 .4 0.08 2.97 8.79 0.14 399 2.89 0.11 0.22 99.3
YY-09 44 .4 0.09 3.04 8.39 0.14 408 2.12 0.13 0.06 99.1
YY-11 42.5 0.05 1.77 9.22 0.14 448 1.08 0.03 0.72 99.6
YY-13 43.8 0.11 2.44 8.70 0.13 419 1.90 0.11 -0.06 99.1
YY-22 44.0 0.05 245 8.25 0.13 423 181 0.08 0.06 99.0
YY-23 43.5 0.11 3.06 8.33 0.13 39.7 3.68 0.23 0.57 99.3
YY-26 43.4 0.08 3.08 8.76 0.14 41.7 2.15 0.10 0.26 99.4
YY-27 42.8 0.12 2.87 9.49 0.15 41.2 2.48 0.13 -0.07 99.2
YY-36 44.0 0.06 2.30 8.43 0.13 41.7 2.46 0.17 0.13 99.4
YY-40B 44.6 0.06 2.80 8.09 0.13 40.0 2.93 0.16 -0.05 98.7
YY-42 43.3 0.04 2.35 8.66 0.13 424 2.40 0.10 -0.02 99.3
YY-45 43.5 0.10 2.44 855 0.13 411 2.84 0.19 0.34 99.2
YY-50 44.5 0.15 4.02 8.29 0.13 38.2 3.63 0.26 0.23 99.4
YY-51 41.3 0.03 1.12 8.54 0.13 46.0 1.40 0.02 0.66 98.6
YY-52 43.7 0.08 2.70 8.52 0.14 415 2.26 0.12 0.18 99.0
YY-58 43.8 0.07 2.40 8.07 0.13 424 2.00 0.12 0.15 98.9
YY-60 42.5 0.05 1.26 8.86 0.13 449 1.23 0.03 0.65 99.0
YYB-2 46.1 0.02 1.45 9.03 0.12 42.8 0.90 0.07 1049 999
YYB-4 46.7 0.06 2.15 8.85 0.12 406 1.85 0.17 1 0.48 100.0
YYB-7 44.9 0.01 0.89 9.75 0.12 447 0.44 0.04 1 0.88 100.0
YG-18 42.7 0.02 1.20 9.43 0.13 46.1 0.73 0.11 0.13 100.6

Note: Major elements are reported as oxides with units of WeEe@sy: total Fe. LOI: loss on ignition
Data sources: Hannuoba (Rudnick et al., 2004; Zhang et al., 2009)
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Fig. 3-1. Whole rock CaO versus A; (in wt. %) of Yangyuan and Hannuoba
peridotites Open squares of Yangyuan peridotites are from Y@&.et al. (2008).
Hannuoba data are from Song and Frey (1989), Chen €041), Rudnick et al.
(2004), Choi et al. (2008), and Zhang et &009). PM: primitive mantle
(McDonough and Sun, 1995). Cratonic mantle data are from Boyd and Mertzman
(1987), Boyd et al. (1993) and Pearson et al. (2004).
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(Fig. 3-3). Typei sulfides are more abundant than Tygsulfides (Fig.3-4). The
Hannuoba sulfides (<1 em to 250 e€m in
subspherical to polyhedral blebs (Fi§-3). Pentlandite is dominant relative to
chalcopyrite (Fig3-4 and Table 3-4), and both may occur within the same sulfide
(Fig. 3-3a and c). Considering their similar compositions, both Jg@mnd Type
sulfides likely formed as immiscible melts trapped dginpartial melting (Szabé and
Bodnar, 1995). At least some of these sulfides subsequently experienced exsolution
and recrystallization, either in the mantle, or during entrainment in the host basalts
(Szab6 and Bodnar, 1995), resulting in formation of sgapnsulfides, e.g., sulfide
chains along healed fractures in silicates (Ffjper veins along grain boundaries
(Type-iv) (Fig. 3-3d and e, respectively). Tygeand Typeiv secondary sulfideare
indistinguishable mineralogically and chemically from Thge-e and Type sulfides

(Fig. 34, Table S34). In addition to primary and high temperature secondary sulfides,
Ni-rich sulfides (e.g., millerite,godlevskite, and heazlewoodite), are spatially
associated with grain boundary serpentine, and may haweedoas a result of

serpentinization at low temperaturédgin and Bach, 2009

In comparison, despite similar or slightly lower fertility compared to Hannuoba
peridotites, Yangyuan peridotites are sullor. Thin sections typically contain less
than two sulfide grains, and most have none (Tabi2).3The sulfides are mostly
rounded inclusions of mss, or multiphase assemblages of mss, pentlandite and/or

chalcopyrite. Mss grains typically are metal deficient, as evidenced by their low

atomic (Fe+Ni+Cu) S r ati os (0.87N0. 04, 20) , whi

chalcopyrites from Yangyuan, as well as all Hannuoba sulfides are-satiizghted,

given their near perfect stoichiometric mat@iS ratios (Table S3).
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Table3-2. Highly siderophile elements, Sa8ce abundances, Os i s gofYapgyuan anddHarmuolsaiperidoot

187, 187, g L i i

Sample Os Ir Ru Pt Pd Re EHS Re/ Os/ Pl Al,03 Fo s Se 4aQ Trd Tua o«

ppb  ppb ppb ppb ppb ppb ppb  *¥Os 1%%0s % ppm  ppb ( @FN Ga Ga
Hannuoba dcality
DMP 04 3.76 3.56 7.41 6.62 4.96 0.211 26.5 0.271 0.1229 1.13 2.29 91.1 73 40 -0.7 0.63 19 64
DMP 19 4.13 4.34 8.54 8.53 6.66 0.181 32.4 0.211 0.1200 1.24 1.91 91.3 91 28 -10 11 22 50
DMP 19R 3.76 4.26 8.33 7.79 6.66 0.169 30.9 0.216 0.1200 1,27 10 22
DMP 25 3.23 2.49 5.71 3.55 2.13 0.0 17.1 0.045 0.1166 0.69 1.61 91.6 20 11 -04 15 1.7 nf
DMP25R 2.70 2.27 5.14 3.46 - 0.032 13.6 0.056 0.1168 15 17
DMP 41 291 3.00 5.82 5.5 4.25 0.172 21.7 0.285 0.1233 115 2.76 90.4 110 - -3.6 057 1.9
DMP 51 3.01 3.06 6.37 5.21 4.18 0.1 21.9 0.208 0.1231 1.10 1.96 91.1 130 31 -1.3 059 12 135
DMP 56 3.55 3.21 6.34 6.60 5.69 0.257 25.7 0.35 0.1275 1.43 3.49 89.9 260 46 -1.3 -0.1 -0.6
DMP 58 3.78 3.59 7.33 6.96 5.86 0.190 27.7 0.242 0.1254 1.32 3.16 90.2 230 - -1.3 0.25 0.6 180
DMP 60 4.00 3.59 7.24 7.31 6.21 0.303 28.7 0.365 0.1263 1.40 3.67 90.1 320 230 -28 0.13 1.2 208
DMP 67c 1.66 1.27 1.58 3.00 1.74 0.036 9.29 0.10 0.1224 1.11 3.78 89.5 23 - -0.1 069 091 n.f
DA20-02 3.63 3.41 7.06 7.18 6.24 0.333 27.9 0.443 0.1254 1.48 3.12 90.1 - - - 0.25 -2.5
DA20-02F 3.64 3.54 7.05 7.10 5.9 0.349 27.6 0.461 0.1255 1.35 0.24 -
DA20-02F 6.18 0.295 0.229 0.1187 12 -
DA20-05 3.45 3.59 7.42 7.44 5.55 0.24 27.7 0.336 0.1233 1.25 2.71 91.1 - - - 0.55 3.3
DA20-05F 3.23 3.67 7.47 7.25 5.35 0.231 27.2 0.344 0.1236 1.18 0.51 34
DA20-05K 5.76 0.241 0.201 0.1151 1.8 -
DA20-16 3.60 2.62 6.41 5.52 491 0.054 23.1 0.073 0.1238 1.52 1.20 89.6 - - - 0.48 0.59
DA20-16F~ 3.79 0.077 0.098 0.1227 0.64 -
DA20-17 3.17 3.83 7.76 6.90 5.74 0.094 27.5 0.14 0.1232 1.21 2.40 90.5 - - - 0.57 0.88
DA20-17KR 4.95 0.082 0.079 0.1190 1.2
DA20-19 2.44 2.79 6.04 5.37 4.71 0.137 215 0.271 0.1270 1.37 3.74 89.6 - - - 0 -
DA20-19F 2.39 2.94 6.02 6.32 4.43 0.139 22.2 0.279 0.1272 1.22 0 -
DA20-19F 5.08 0.012 0.011 0.1138 1.9
Yangyuan locality
YY-04 1.27 2.50 4.79 2.76 0.89 - 12.2 - 0.1150 0.9 1.63 920 <22 - -0.7 18 - n.f.
YY-04R 1.18 2.54 4.40 2.78 0.84 0.019 11.8 0.076 0.1152 0.27 18 21
YY-08 0.847 2.39 4.59 3.2 1.62 0.023 12.7 0.13 0.1261 0.55 2.97 90.5 <22 43 0 015021 2
YY-09 0.495 1.86 3.79 2.64 0.98 0.015 9.78 0.15 0.1216 0.43 3.04 90.9 <22 - -0.1 081 13 n.f
YY-11 0.213 0.74 1.64 0.63 0.19 0.005 3.42 0.1 0.1212 0.21 1.77 90.8 <22 - -04 088 1.2 n.f.
YY-13 0.387 1.02 2.08 1.42 - 0.014 4.92 0.17 0.1210 2.44 90.9 <22 <10 0.1 09 15 n.f
YY-13R 0.351 0.98 2.03 1.38 0.51 0.010 5.26 0.14 0.1212 0.42 0.88 1.3
YY-22 0.925 2.98 481 5.07 1.83 0.045 15.7 0.23 0.1207 0.50 2.45 91.2 <22 - -0.5 099 23 nf
YY-22R 1.15 2.98 5.03 5.27 1.87 0.047 16.4 0.2 0.1206 0.51 0.98 1.88
YY-23 0.92 2.38 4.02 3.86 0.82 0.028 12.0 0.15 0.1240 0.29 3.06 05 0.7
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Table3-2 cont i

Os Ir Ru Pt Pd Re EHS '®Re/ B0s/  (Pd/Iry  AlLOS Fo s Se 4@ Trd Tud ¢
sample ppb  ppb ppb ppb ppb ppb ppb  **Os %0s %
YY-26 1.07 2.64 4.41 2.94 0.60 0.103 11.8 0.462 0.1189 0.18 3.08 90.7 24 <10 -05 1.2 -86 1
YY-26R 0.766 2.46 4.17 2.83 0.55 0.103 109 0.647 0.1197 0.18 1.1 -1.8
YY-27 - 1.92 421 2.93 0.93 0.018 10.0 - - 0.39 2.87 90.2 <22 - -0.1 - - n.f.
YY-27R 114 2.10 4,57 3.64 0.97 0.015 124 0.065 0.1195 0.37 11 13
YY-36 0.60 231 4.43 5.04 1.34 0.080 138 0.48 0.1219 0.48 2.3 0.8 -3.8
YY-40B 0.47 0.83 1.69 5.27 1.37 0.031 9.66 0.31 0.1241 1.37 2.8 04 20
YY-42 0.4 1.14 248 2.10 0.48 0.027 6.63 0.33 0.1256 0.35 2.35 02 11
YY-45 112 157 2.62 3.16 0.37 0.022 8.86 0.1 0.1220 0.19 244 0.7 10
YY-50 1.00 1.81 2.93 3.06 0.87 0.057 9.73 0.31 0.1261 0.40 4.02 0.1 06
YY-51 2.34 2.93 6.18 2.47 0.39 0.009 14.3 0.02 0.1160 0.11 1.12 91.6 <22 - 0.2 16 1.7 nf
YY-51R 2.21 2.79 5.88 2.99 0.41 0.007 14.3 0.01 0.1164 0.12 16 16
YY-52 0.52 1.32 2.89 2.24 0.76 0.022 7.75 0.2 0.1235 0.47 2.70 90.8 <22 0.2 054 11 nf
YY-58 0.511 1.82 3.32 2.96 1.09 0.024 9.73 0.23 0.1212 0.48 2.40 91.7 27 <10 -0.1 087 20 2
YY-60 0.399 1.67 3.26 3.13 0.45 0.0 8.93 0.24 0.1208 0.22 1.26 91.3 <22 - 00 094 23 nf
YYB-2 1.28 1.85 3.56 3.33 0.75 0.0 10.8 0.076 0.1186 0.33 1.45 91.8 <22 - - 13 15
YYB-2R* 1.40 0.1124 21 -
YYB-4 0.738  2.67 5.25 4.67 1.82 0.061 15.2 0.39 0.1202 0.55 2.15 91.9 - - - 10 40
YYB-4R* 0.797 0.1146 18 -
YYB-7 0.785 1.32 341 1.24 0.71 0.024 7.49 0.15 0.1153 0.43 0.89 91.8 - - - 1.7 27
YYB-7TR® 1.37 0.1110 23 -
YG-18 1.78 2.83 5.01 2.68 0.72 0.017 13.0 0.046 0.1163 0.20 1.20 90.6 - - - 16 18
YG-18R 2.67 0.1106 24 -
Note: R represents an analytical replicate of the sample.
a. Osmium data are from Xu et al. (2008) bygparging ICPMS
b. HSE data of Hannuoba peridotites are from Becker et al. (2006).
c. Dissolution by HPA; all other samples in this studyrevdissolved by Carius tube digestion.
d. ReOs data are from Zhang et al. (2009) bysparging ICPMS.
e. EHSE = Os + Ir + Ru + Pt + Pd + Re
f. Chondrite(Orgueil from Horan et al., 2066yrmalized Pd/Ir ratios
g. Al,Oz contents of DMP series of Hannuoba samples are from Gao et al. (2002). Those of DA20 series are from Zhang et al. (2009).
h. S cotents of Hannuoba peridotites are from Gao et al. (2002) with blanks of ~0.3ppm.
i . Oxygen jfisdenated bytdivergerieedrom the fayalitegnetitequar t z) buf fer ( pFMQ)
i . The parameters us e dr=il666mddyedr R ®Os)c=20140186) E206@s)p ( =0.0.270 (Shirey and Walker, 1998).
k. The number of sulfide grains per thin section. n.f. means 6énot found©d.
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Fig. 3-2 . Oxygen f)wigvangyuaniaedsHanqublia peridotitedculated

based on the empirical olivirspinel barometer (assuming P = 1.5 GPa) of Ballhaus
et al. (1990). Mineral compositions of Hannuoba peridotites are from Rudnick et al.
(2004). Spinel analyses from this previous study, which were partially determined at a

different laboratory, were verified to be consistent with data from this study.
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Fig. 3-3. Photomicrographs of sulfides in the Hannuoba and Yangyuan peridotites
under reflected light microscopfy s cal e bar equal s 1060 €em).
sulfide occursas an inclusion in olivine; b. Tydesulfide occurs at the triple junction

of silicates; c. Type sulfides with a polyhedral texture; d. Typesulfides along

healed fractures; and e. Typesulfides along grain boundary. Yangyuan: f. Tgpe

mss as inelsion in olivine. Pn: pentlandite; Cp: chalcopyrite; and mss: monosulfide

solid solution.
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Highly siderophile elements, Osotopic compositionsS, and Se data are
provided in Table3-2. In general, Hannuoba peridotites show a large range of S
(20-320 ppm) (Gao et al., 2002) and Se (2B0O ppb) concentrations, broadly
correlating with majoelement depletion indices, such as MgO angDA(e.g., Gao
et al.,, 2002, and Fig.38L in Supplemental Material). The only exception to this is
sample DMP 67c, which Baa very low S content and sulfide abundances that are
incongruous with its apparent fertility. Consistent with previous studies, Hannuoba
peridotites display HSE patterns (normalized to CI chondrites) that are globally
similar to those of primitive uppenantle (PUM; Becker et al., 2006), except for two
samplesi the refractory sample DMP 25, and the previously mentioneésidiur
(and sulfide) sample DMB7c (Fig.3-5a). No obvious O4r fractionation appears in
the Hannuoba suite. Nevertheless, despgite generally PUMike patterns,
chondritenormalized (Pd/I) are well correlated with melt depletion indices, such as
Al ;05 (Fig. 3-6), and overlap with ratios commonly observed in massif peridotites
(e.g., Pearson et al., 2004; Becker et al., 2006; éugual., 2007). Re/Os ratios are

also similarly correlated with degree of melt extraction.

By contrast, despite spanning a range of melt depletion similar to that of the
Hannuoba peridotites, the Yangyuan peridotites are characterized by much lower S (a
or below the quantification limit of ~22 ppm) and Se contents (at or below the
guantification limit of ~10 ppb, except for one sample having 43 ppb). Yangyuan
peridotites alsohavesgni fi cantly | ower tot al HSE ¢
Ru + Pt + Pd + Re) of 3 to 16 ppb, compared to Hannuoba peridotites, which have 17
to 32 ppb. Moreover, the HSE patterns of Yangyuan samples are characterized by

striking Os, Pd and Re depletmrmrelative to Ir (Fig. $b). Such fractionated patterns
29
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Fig. 3-4. Sulfide compositions plotted in the-Re-S system(Cu is subtracted and Fe,

Ni and S are normalized to 100% atomic). All observed sulfides in Yangyuan
peridotites are enclosed sulfidesving mss, pentlandite (Pn) and/or chalcopyrite (Cp)
compositions. Hannuoba sulfides are dominated by Pn with minor Cp and mss as well
as Nirich phases (e.g., millerite (Ml), godlevskite (Gv), and heazlewoodite (Hw)). Bn:
bornite. Phase fields mssl and 200 C and 1000C, respectively, according to
Kullerud et al. 1969. Typee: enclosed sulfides; Typeinterstitial sulfides including
sulfide veins along grain boundaries; and tfipgulfide chains along healed fractures.
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Fig. 3-5. HSE patterns fowhole rock peridotites normalized to the CI chondrite
Orgueil (Horan et al., 2003): a. Hannuoba. b. Yangyuan. Some of the Hannuoba data

are from Becker et al. (2006).
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do not appear in the Hannuoba suite. Similar depletions in Os, Pd and Re, relative to
Ir, have been observed in several other xenolithic peridotite suites worldwide,
including Oak Creek, Sierra Nevada, USA (Lee, 2002), Cima, Basin and Range, USA
(Lee, 2002), Vitim, Siberia (Pearson et al., 2004), North Queensland, Australia
(Handler et al. 1999; Handler and Bennett, 1999), and Penglai, North China Craton

(Chu et al., 2009) (Fig.32 in Supplemental Material).
3.5 Discussion

Xenolithic peridotites entrained by basalts or kimberlites are fragments of the
lithospheric mantle that formed asesidues produced by partial melting of
asthenospheric mantle. In addition to melt depletion, lithospheric peridotites may also
record the effects of secondary processes. Here, | consider the effects of both partial
melting and secondary processes on thleive and absolute abundances of the HSE
in lithospheric peridotites underlying the North China Craton, and what effects these

processes have had on model ages based on Os isotopes.

3.5.1 Partial melting

Partial melting of mantle peridotite is an im@ot process leading to the
formation of lithospheric mantle. Given the typical established relative order of the
compatibility of HSE (Os~Ir~Ru>Pt>Pd>Re) (Pearson et al., 2004), melt extraction
progressively results in depletions of PPGE and Re relatithetonore refractory
IPGE (Bockrath et al., 2004; Pearson et al., 2004; Ballhaus et al., 2006). Thus,
(Pd/Ir)y, combined with an indicator of melt depletion, such as whole rogRsAtan
potentially be used to assess whether HSE fractionations were dayggdnary

melting or secondary processes.
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The (Pd/Iry of Hannuoba peridotites, except for samples R&Fe and DA2616,
are positively correlated with ADs, and overlap with the range defined by orogenic
massif peridotites (model lower curve in F&6). Hannuoba samples also display a
rough negative correlation between MgO and S (Gao et al., 2002; exceppdor S
sample DMP67c) or Se (se€ig. S31 in Supplemental Material; except for sample
DMP-60 with an extremely high Se content of 230 ppb),clwhs consistent with
these samples having formed as residues of varying extents of partial melting, with
subsequent preservation of sulfides. Moreover, the sulfides in the Hannuoba
peridotites are indistinguishable mineralogically and chemically, irréspeaf their
position (grain boundary, inclusion, healed fracture) or morphology, and are
dominated by pentlandite; chalcopyrite is rare and generally forms as exsolution rims
on pentlandite (Figs3-3 and 3-4). This observation suggests little additioh o
secondary, Guich sulfides (cf. Alard et al., 2000; X.S. Xu et al., 2008). In addition,
Hannuoba peridotites exhibit a wheleck ReOs errorchron and a positive
correlation between'®0s/®®0s and Al,O; (excluding samples DMB7c and
DA20-16) (Fig. 37), which also likely reflects the dominant effects of partial melting
(Gao et al.,, 2002). Alternatively, Zhang et al. (2009) proposed that Hannuoba
peridotites are Archean residues that experienced late melt refertilization based on the
finding of a serie®df Archean to Phanerozoic Os model ages, the data of which are
likely incorrect (Supplemental Material). However, addition of basaltic or picritic
melts, which have high AD; and low Os contents relative to ancient residual
peridotite, would have littlémpact on Os isotopic compositions, but a much greater

impact on the AIO; contents of the peridotites (Fig-73. Such refertilization will
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Fig. 3-6. Al,O3 versus (Pd/IR for xenolithic peridotites from the North China Craton
compared to other xendlic and massif peridotite®©pen diamond symbols depict
xenoliths that show Os depletion relative to Ir from Vitim, Siberia (Pearson et al.,
2004), North Queensland, Australia (Handler et al., 1999; Handler and Bennett,
1999), and Penglai, North China Gmat(Chu et al., 2009). Melting model curves
were calculated fonornrmodal, fractional melting using a primitivépper mante
(PUM) source containing 300 ppm @hile the extracted melts have a S capacity of
1000 ppmThe partition coefficiens between siilde and melt, Rsgsufidemery used in

the models areDpysufide/melr) Of 10* and 16 for model upper curve and lower curve,
respectively, according to Fleet et al (1990)suridermenyWas set at 10 Tick marks

show 5% melting increment®ata sources: PUM is from Becker et al. (2006) and
McDonough and Sun (1995). Massif data are from a variety of literature sources for
the following locations: Pyrenees (France) (Becker et al., 2006; Luguet et al., 2007,
Lorand et al., 2008, Italian Alps (Beker et al., 2006), Beni Bousera (Morocco)
(Pearson et al., 2004), Ronda (Spain) (Becker et al., 2006), Lower Austria (Becker et
al., 2006), and Ashaway (America) (Becker et al., 2006).
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result in strongly curved mixing arrays on.@} vs. **’0s/*%0s plots(Reisberg and
Lorand, 1995), which are not observedtin® Hannuoba data (Fi§-7). | conclude
that most Hannuoba samples are unlikely to have experienced melt refertilization long
after melt depletion. Thus, the compositional and petrographic featgielsghted
above, as well as the similarities to massif peridotites, indicate that partial melting
was the dominant process affecting HSE andsOwpic compositionén Hannuoba

samples.

In contrast to the Hannuoba samples, (Pg/if) Yangyuan peridotite show no
clear correlation when plotted against@4, and most samples plot below the trend
defined by the Hannuoba and massif peridotite data 8. The interelement HSE
fractionations of Yangyuan peridotites cannot simply be the result of & sitagje of
partial melting, because partial melting alone would not fractionate Os from Ir and Ru,
given similar geochemical compatibilities
Re/lIr ratios are much lower than would be consistent with theiritig(#.g., Fig.3-6).
Thus, the distinct HSE characteristics of Yangyuan samples must reflect secondary
processes, rather than primary melt depletion. Similar HSE characteristics have been
observed in other alkabasalthosted peridotite xenoliths worldde (e.g., Handler et
al., 1999; Lee, 2002; Pearson et al., 2004; Chu et al., 2009), suggesting that certain
recurring secondary processes affect HSE abundances of xenolithic peridotites in a

systematic manner.

3.5.2 Secondary Processes

Secondary processethat may affect whole rock HSE abundances include

serpentinization, refertilization via melt addition (Saal et al., 2001), mantle
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Fig. 3-7. Whole rock AJO; versus *'0sf®0s of Hannuoba and Yangyuan
peridotites A melt depletion trend is outlined blye dashed bar. PUM: Meisel et al.,
2001 (for *’0s/®%0s) and McDonough and Sun, 1995 (for@d). Hannuoba data

sources: Meisel et al., 2001; Gao et al., 2002; Becker et al., 2006; and this study.

Gray bar (Il abel ed nAAr chesa refracofyrpariddtite r y
formed by high degrees of melt extraction at 2.2 to 2.5 Ga \Wi®s*%*0s ranging

from 0.110 to 0.112, where all Re was lost during melting. Pregntefertilization

of this residue by addition of picritic or basaltic melilligstrated. Mixing parameters
used: picritic melt has 1 ppb Os, 10 wt. %@®@J and an'®’'0s**0s of 0.16; basaltic
melt has 0.05 ppb Os, 15 wt. %85 and an'®’0s/®0s of 0.16; the refractory
peridotitic residue has 3.5 ppb Os, 0.3 wt. %l and an *‘0s*%0s of

0.111+0.001. Open circles along curves represent increments of 5 % melt addition.

The vertical dashed line represents peridotites witlAbf 0.7%, where peridotites
lose all Re (Handler et al., 1997).
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metasomatism via metbck reactim (Blchl et al., 2002), and sulfide breakdown
prior to, during, or subsequent to entrainment and eruption of the host basalt (Handler
et al., 1999; Handler and Bennett, 1999; Lorand et al., 2003a; Reisberg et al., 2005).

The latter may occur via severabpesses, which are discussed below.
3.5.2.1 Serpentinization

The Yangyuan samples are devoid of serpentine, so serpentinization cannot
explain their fractionated HSE patterns. Furthermore, although | observe minor
serpentinization along grain boundariesofme Hannuoba peridotites (e.g., DINI®),
there is no correlation between the degree of serpentinization and HSE patterns,
which are all rather uniform (Fig3-5). These observations are consistent with
published data that suggests that the HSE remalohestiuring serpentinization, which
occurs at relatively low temperatures in a reducing environment (Snow and Schmidt,

1998; Liu et al., 2009), in which sulfides are preserved (Klein and Bach, 2009).
3.5.2.2Refertilization

Addition of melt to refractory perido@t (refertilization) will lead to enrichment
of incompatible major and trace elements. For example, refertilization via basalt
infiltration long after melt depletion will lead to AD; enrichment, without
significantly changing®’0s#®0s, due to the verlow abundances of Os in typical
basalts (e.g., Reisberg and Lorand, 1995). Because ra@niked melts are
commonly enriched in Re and PPGE, relative to IPGE (e.g., Puchtel et al., 2000),
refertilization is normally expected to increase Pt, Pd and Réiviee to Ir (e.g.,
Rehkamper et al., 1999; Lorand et al., 2009). This is the opposite of what is observed

in the Yangyuan suite, and | conclude that refertilization is not responsible for the
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distinctive HSE patterns of these samples. Nevertheless, k&amgyuan samples
(i.e., YY-04, YY-09, YY-26, and YY¥27) plot to the right of the trend defined by
1870s/%%0s and AJO; (Fig. 3-7). These samples exhibit higher® than others that
have similar'®’0s®®0s, which can be explained by small degrees (<8#tasalt
addition long after melt depletion (Fig&7). Given the similarity of the HSE patterns

in all of these rocks, either this small amount of basalt addition did not influence the
HSE patterns, or the process(es) responsible for the distinctizepid®erns in the

Yangyuan samples obliterated any fractionation associated with basalt addition.
3.5.2.3 Metasomatism via Meltock Reaction

The effects of melt/fluidock reactions are frequently observed in mantle
peridotites. For example, the enrichment afhti rare earth elements (LREE) in
refractory peridotites is commonly interpreted to result from mantle metasomatism
(e.g., Frey and Green, 1974). This category of process is distinct from refertilization
in that refertilization can add major phases to tiéected lithology, while
metasomatism may not affect the major mineralogy. In peridotites, metasomatism can
potentially result in sulfide precipitation (e.g., Alard et al., 2000; Luguet et al., 2003),
or sulfide dissolution or breakdown (Btichl et al., 20@QReisberg et al., 2005;

Ackerman et al., 2009).

Trace element data, including LREE enrichment in some samples, suggest that
melt/fluid-rock reaction occurred in some Yangyuan peridotites (Y.G. Xu et al., 2008).
For example, sample Y80 has an Os isotapcomposition (0.1208) that is more
radiogenic than would be consistent with its refractory composition (e.gQs:Al

1.26%, CaO: 1.23%, and Fo: 91.3). This Os isotopic composition may reflect addition
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of radiogenic sulfide prior to sulfide breakdown. \Wdgheless, there is no evidence

for substantial sulfide addition via metasomatism for the Yangyuan peridotites, which
instead show a notable deficit of sulfides, and have very low S and Se abundances that
are consistent with the rarity of sulfides in tteezks. Furthermore, the addition of
sulfides normally rich in PPGE and Re would tend to elevate PPGE/IPGE ratios
(Rehkamper et al.,, 1999; Alard et al., 2000; Lorand et al., 2009), which is not
observed. However, sulfidereakdown via meltock reaction uner oxidizing
conditions (e.g., Reisberg et al., 2005) may be responsible for the HSE patterns of the

Yangyuan peridotites, as discussed in the next section.

3.5.2.4Sulfide Loss

Compared to Hannuoba and massif peridotites, the low whboleS contents and
the raity of sulfides in the Yangyuan peridotites allow uspi@mposethat sulfide
dissolution, removal and/or breakdown was likely a prime factor leading to their
distinctive HSE patterns. Sulfur and sulfides could have been removed from these

rocks by at leaghree processes.

One form of sulfur loss is through surficial weathering that may take place
following eruption. This occurs when sulfides become oxidized and are then replaced
by hydroxides and oxides, leading to S loss (Lorand, 1990). The ratio oh $$3
mobile element that is enriched in sulfides, such as Cu (Handler et al., 1999) or Se
(Lorand et al., 2003a), can be used to estimate the amount of oxidative sulfide
breakdown that a peridotite xenolith has experienced. Selenium contents were
deternined for four relatively fertile Yangyuan peridotites, which would be expected

to contain the greatest amount of original sulfides. Only one of these samples has Se
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above the quantification limit of ~ 10 ppb. Thus, the coupled low S and Se contents of
most Yangyuan samples suggest that sulfide weathering was likely not the primary

process that removed sulfides (e.g., Lorand et al., 2003a), and hence, was likely not
the dominant process affecting their HSE. This conclusion is also consistent with the
lack of secondary oxides or hydroxides in these samples, as well as the general
immobility of HSE in peridotites that experience low temperature alteration

(Rehkamper et al., 1999; Liu et al., 2009).

Lorand et al. (2003a, b) suggested an alternative means bly suifcdes may be
removed from peridotites. Sulfides, which are molten at mantle temperatures and have
much higher densities than silicates, may drain downward in peridotite with high
porosities (Lorand et al., 2003a, b). Such migration could result irSlamd HSE
contents (Lorand et al., 2003a, b). However, sulfide draining cannot account for at
least some of the observed HSE fractionations in the Yangyuan peridotites, for
example, Os depletion relative to Ir. Thus, this process is unlikely to haveglgtron

impacted the Yangyuan HSE patterns.

Sulfide dissolution or breakdown during melt/fluid percolation or transit to the
surface (e.g., Handler et al., 1999; Biichl et al., 2002; Lorand et al., 2003a; Reisberg et
al., 2005) was most likely the process |leadio the HSE characteristics of Yangyuan
samples. Sulfide breakdown can strongly affect whole rock HSE concentrations.

There are several processes that must be considered.

First, it has been suggested that mnettk reaction at the high melt/rock ratithet
produce replacive dunites, may destroy the majority of sulfides, stripping the

peridotite of most HSE (Buchl et al., 2002). In this case, subsequent precipitation of

40



sulfides from later melts will dominate the shape of HSE patterns as well as Os
isotgpe composition in the replacive dunites, which may lead to low Os/Ir ratios, high
Pd/Ir ratios, and meliominant radiogenic Os isotopic compositions (Buchl et al.,
2002; 2004). However, there is no evidence for extensive-noektreaction in the
Yangyuansuite; for example, there are no replacive dunites or evidence of secondary
sulfide precipitation. Further, Yangyuan peridotites show very low Pd/Ir ratios and
subchondritic'®0s/%®0s, rather than the suprachondritic Pd/Ir ratios and radiogenic
1870s#®0s seen in replacive dunites (Biichl et al., 2002). Thus;noektreaction at

a high melt/rock ratio is inconsistent with the observed HSE characteristics of

Yangyuan peridotites.

Second, as Yangyuan ©peri dotthanh ¢hese @x hi bi
Hannuoba peridotites, | consider the possibility of oxidative sulfide breakdown.
During this process, S can be oxidized into more mobile sulfates and then lost from
the rocks. When sulfide breaks down, the sulfidene HSE are released. They may
eitherremain in the rocks as alloy phases, or be lost as volatiles, depending on their
volatilities. Experimental data and thermodynamic calculations suggest that Pd metal
and certain oxides of Os and Ru are volatile under highly oxidized conditions at high
temperatures (greater than 1I@) (Wood, 1987). If the Yangyuan peridotites were
highly oxidized, it might be expected that not only Pd and Os depletions would be
present relative to Ir, but that Ru/lr ratios would also be low. However, both
Yangyuan and Hamoba peridotites have essentially PUike (Ru/Ir)y ratios (1.40 £
0.33 for Yangyuan and 1.46 + 0.20 for Hannuoba, cf. 1.49+0.18 for PUM, Becker et
al ., 2006) . Furt hgrsmorfe,hbY atnlgey uaanl3- e a tdeod i ¢

much lower than those equi red t o oxi grFMQe+2 srugtedtar d e s ,

41



(Mungall et al., 2006). Finally, heating experiments have shown that Os volatilization
loss is unlikely under mantle conditions (Wulf et al., 1995). Therefore, | conclude that
oxidative sulfide brdedown was probably not responsible for producing the

distinctive HSE patterns in the Yangyuan peridotites.

Lithophile trace element data document interaction between an invasive melt or
fluid phase and the Yangyuan peridotites (Y.G. Xu et al., 2008)ropdaoge that, in
t he pr esencearnd,cddtions duting meltatkOnteraction, partition
coefficients for HSE might change (Brenan et al., 2008; Fonseca et al 2008). When
melts/fluidsare inder sat ur at e d, desulfuezatn, aywrotess ofe 5 | o w
loss, may occur in the peridotites. In this process, sulfides may incongruently break
down to form refractory mss, Rach sulfide liquid, and HPt alloys (Peregoedova et
al., 2004; 2006). Moreover, interaction with oxidized melts wdnigart a metal
deficiency to any surviving mss (Eggler and Lorand, 1993), consistent with the mss
compositions in the Yangyuan peridotites. Although meddicient mss is expected
to have high partition coefficients for Os and Pd (Barnes et al., 20@llkadk of Os
and Pd enrichments in the whole rocks, indeed, the observed depletion of these
elements, means that the residual mss has had little leverage on the whole rock HSE
content. Incongruent sulfide breakdown lowers total HSE abundances (Loednd et
2003a) and causes further fractionations of HSE (Handler et al., 1999), such as Pd
depletions relative to Ir. Although the behavior of Os during incongruent sulfide
breakdown has not yet been experimentally constrained (e.g., Peregoedova et al.,
2004;2006; Mungall et al., 2006), | propose that, in an oxidizing environment, it is
possible to fractionate Os fromRu-Pt via this process. In such an environment,

Os contained in HSHBosting phases may be partially dissolved into the melt/fluid
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phase, laving I-rRu-Pt to be taken up into refractory sulfides or alloys (Li et al., 1996;
Barnes et al., 2001), creating the observed low Os/Ir ratios. In addition, Re becomes
| ess c hal c op hi (Foaseca et alh2008)h which éW@d explain the

incompatitbe behavior of Re as well as low Re/Ir ratios in the Yangyuan peridotites.

3.5.3 Comparison of Secondary Processes in Yangyuan and Hannuoba Peridotites

Compared to the Yangyuan peridotites, the S and Se concentrations and HSE
patterns of Hannuoba perid@ts do not show evidence for sulfide removal, except for
sample DMP67c, which is depleted in S and falls off the-@g correlation (Gao et
al., 2002). This sample has low total HSE (Ta®i2 Fig. 3-5) and Pd/Ir ratio, but
does not exhibit the low Os/that is characteristic of the sulfidiepleted Yangyuan
samples. These features suggest that the mechanism of sulfide depletion in this

sample was different than that experienced by the Yangyuan samples.

Like the Yangyuan samples, Hannuoba peridotite® alsow evidence for
melt/fluid metasomatism, based on lithophile trace element patterns (Song and Frey,
1989; Rudnick et al., 2004; Choi et al., 2008). However, there are no robust
correlations between HSE and lithophile trace element patterns such asd/|
La/Yb, suggesting that HSE were less mobile than lithophile trace elements during
t his metasomat } o the Hainboba permotites (Fig20suggests
that the metasomat,aodagehatt hcandphrgd tohthatvle r & 8 «
at Yangyuan. Consequently, sulfides survived during meltAffock reaction,
consistent with the presence of metaturated sulfides in this suite. Further, some
sulfide precipitation may have occurred (X.S. Xu et al., 2008), as suggested by the

extraordinaily high S and Se content of at least one Hannuoba peridotite {BIMP
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having 320 ppm S and 230 ppb Se), which has a higher proportionratrCsulfides
than the other Hannuoba samples (Tal3elS As this sample has the same general
HSE pattern as &éhother Hannuoba peridotites (F&5a), apparently sulfide addition
did not heavily modify the HSE patterns, probably due to the relatively low HSE

concentrations of these additional sulfides (Alard et al., 2000).

One Hannuoba sample, DAA®, plots sigificantly to the left of the AIO; vs.
(Pd/Iry and AbOs vs. ¥’0s/®0s trends (Figs3-6 and 3-7). This sample has a
peculiar major element composition, with low whole rock Mg# (89.6) coupled with
low Al,O3; and CaO (Zhang et al., 2009), suggestingjittexperienced Fe enrichment
without affecting the other major elements. Given the position of this sample on the
HSE plots, it appears that the Fe enrichment likely accompanied sulfide addition,

which could explain the elevated its Pd/Ir aA®s/**Osratios (Figs3-6 and3-7).

3.5.4 Impact on Osotopic compositions

The effects of sulfide breakdown on @sotopic compositionsaappear to be
minimal. If the suite of Yangyuan peridotites shared the same iffif@s/**®0s,
then the presertay '*‘05'%®0s of each sample should positively correlate with its
1%Ref®®0s, assuming a closed system (i.e., the isochron principle). Over time,
1870s%0s will reflect melt depletion, similar to 4Ds, given the moderate
incompatibility of Re and the strongmpatibility of Os during partial melting. As
such, the presemtay *’0s/*%0s is related to fertility, i.e., the lower th¥0s/*0s,

the more refractory the rock is.

Although the Yangyuan peridotites appear to have lost sulfides, as documented

above,the suite nevertheless shows a positive correlation betwé®s/**0s and
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robust immobile element indicators of melt depletion, such as olivine forsterite
content, whole rock Yb, and ADs (Fig. 3-7). Similar correlations are seen in samples
from othersuites that are characterized by fractionated Os/Ir (e.g., Pearson et al.,
2004). Thus, incongruent sulfide breakdown does not appear to have affected Os
isotopic compositions and, hence, Re depletion model aggs{ihimum estimated

age of melt depletiomassuming no Re in the residue since formation, Walker et al.,
1989). This suggests that the sulfide breakdown (and Re/Os fractionation) occurred
relatively recently (i.e., since the Mesozoic). In contrast, Os model ages calculated
using observed Re/Oglative to a chondritic reservoir (k; Walker et al., 1989;

Shirey and Walker, 1998) might dramatically change due to Re/Os fractionation.

Similar ranges of *®’0sf®0s for Hannuoba and Yangyuan peridotites
(0.1160.127 vs. 0.119).126, respectively, Téd3-2) and their resulting similargb
model ages (Tabl8-2), suggest that the Os model ages from our new data are robust.
Omitting the outliers associated with refertilization and sulfide addition discussed
above, the positive and overlappif§/Os/®0s vs. AbO; correlations for both
Hannuoba and Yangyuan suites intersect 0.7 wt.3@4(the value considered best
representative of maximum maelepletion in offcraton peridotites by Handler et
al.(1997)) at®’0s/*0s of ~0.113 to 0.117, corresponditgmodel ages of ~1.6 to
2.0 Ga (Fig.3-7). By contrast, an Archean peridotite that has been refertilized by
basaltic or picritic melts (e.g., Y.G. Xu et al., 2008; Zhang et al., 2009) would plot
along the mixing lines depicted in Fig-7 1 far from whereany of the data plot.
Thus, it is highly unlikely that the lithospheric mantle in this portion of the Trans

North-China Orogen formed in the Archean.
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3.6 Conclusions

Variable but relatively low degrees of partial melting of the mantle can produce
the HE patterns observed in the Hannuoba peridotites, givent&yngpreservation
of sulfides. By contrast, the distinct HSE patterns of Yangyuan peridotites,
characterized by low total HSE and Os, Pd and Re depletions relative to Ir, cannot be
produced by paial melting alone. These characteristics reflect secondary processes.
Given the low S and Se of these samples and the-geftalent composition of their
mss, | suggest that incongruent sulfide breakdown occurred during interaction with a
Sundersatur&gd mel t / f | ui da nudh dleaThisaéas8ited gnis, S&,@s,

Pd and Re loss relative to Ir and, thus, was likely an important process leading to the
observed HSE characteristics in Yangyuan peridotites. The similarity of the
Yangyuan HSE pattesnto those of xenolithic peridotites from a number of other
localities, worldwide, suggests that this process is common within some regions of the
upper mantle.

Preservation of the correlation betwef0s***0s and immobile melt depletion
indices (e.g.,Yb and ALOs) indicates that incongruent sulfide breakdown was a
recent event. The similarity of g model ages of Yangyuan and Hannuoba
peridotites is also consistent with this; both peridotite suites appear to have formed in

the Paleoproterozoic (ca6t2.0 Ga).
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Supplemental Material for Chapter 3

Table $-1a. Average EPMA analyses of olivines from spinel peridotites

Sample n SiG, FeO MnO NiO MgO Total Fo

Hannuoba

DMPO0O4 5 413 8.66 0.12 0.36 49.5 99.9 91.1
DMP19 6 411 8.38 0.11 0.37 49.5 99.4 91.3
DMP23a 6 409 8.53 0.12 0.36 49.0 98.9 91.1
DMP25 5 41.2 8.15 0.10 0.38 49.8 99.7 91.6
DMP41 5 404 9.34 0.14 0.39 49.5 99.7 90.4
DMP51 4 405 8.62 0.12 0.39 49.2 98.8 91.1
DMP56 5 40.2 9.82 0.15 0.37 48.8 99.4 89.9
DMP58 5 405 9.42 0.13 0.37 48.7 99.1 90.2
DMP59 5 40.6 9.25 0.14 0.38 49.0 99.4 90.4
DMP60 5 40.2 9.60 0.14 0.36 48.8 99.0 90.1
DMP67c 6 40.9 10.10 0.14 0.35 48.2 99.6 89.5
Yangyuan

YY-04 8 411 8.04 0.10 0.38 50.7 100.4 91.8
YY-08 6 41.1 9.72 0.13 0.39 50.3 101.6 90.2
YY-09 6 41.1 9.16 0.14 0.37 50.3 101.1 90.7
YY-11 5 41.2 9.34 0.12 0.39 50.6 101.7 90.6
YY-13 5 40.9 9.16 0.11 0.40 49.9 100.5 90.7
YY-22 5 40.7 8.80 0.13 0.39 49.7 99.8 91.0
YY-23 5 40.8 9.07 0.13 0.39 50.1 100.5 90.8
YY-26 4 40.8 9.29 0.11 0.39 50.0 100.6 90.6
YY-27 6 40.8 9.95 0.15 0.37 49.7 101.0 89.9
YY-36 5 40.8 8.91 0.13 0.40 50.3 100.5 91.0
YY-40B 5 40.8 8.78 0.11 0.41 50.2 100.4 91.1
YY-42 5 40.9 8.90 0.12 0.39 50.4 100.7 91.0
YY-45 5 40.7 9.00 0.12 0.39 49.7 99.9 90.8
YY-50 5 40.7 9.41 0.13 0.40 49.6 100.2 90.4
YY-51 5 40.8 8.14 0.14 0.39 50.4 99.9 91.7
YY-52 5 41.0 9.17 0.15 0.38 50.4 101.1 90.7
YY-58 5 413 8.59 0.10 0.39 51.2 101.5 91.4
YY-60 5 41.0 8.68 0.13 0.39 50.7 100.9 91.2
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Table $-1b. Average EPMA artgses of orthopyroxenes from spinel peridotites

Sample n SiO, TiO, Al,0O; Cr0Os FeEO MnO MgO CaO NaO Total

Hannuoba

DMP-04 6 556 0.06 4.21 0.46 549 012 331 064 0.08 999
DMP-19 6 556 0.03 3.69 0.55 515 011 334 059 0.07 99.2
DMP-23a 9 55.6 0.05 3.84 0.50 531 012 324 062 014 986
DMP-25 6 56.5 0.04 2385 0.52 502 011 339 061 0.03 99.7
DMP-41 8 555 0.07 3.77 0.35 590 014 339 051 0.08 100.1
DMP-51 7 55,5 0.08 3.67 0.46 539 013 337 069 0.09 99.6
DMP-56 7 55.0 0.13 461 0.31 6.18 012 327 070 011 9938
DMP-58 5 553 0.09 444 0.33 594 014 331 068 0.12 100.1
DMP-59 9 553 0.09 3.95 0.41 579 013 331 059 0.08 995
DMP-60 9 54.7 0.09 4.25 0.31 6.01 013 334 056 0.09 995
DMP-67c 6 54.9 0.13 5.17 0.35 6.26 014 320 069 014 999
Yangyuan

YY-04 5 554 0.03 4.12 0.50 539 012 333 075 0.05 99.6
YY-08 5 546 007 5.19 0.34 6.47 015 326 0.64 0.03 100.1
YY-09 5 543 009 585 0.42 595 013 323 097 0.10 100.1
YY-11 5 546 010 5.69 0.42 6.09 013 32,6 0.87 0.09 100.6
YY-13 5 544 0.14 558 0.49 592 012 322 099 0.09 999
YY-22 5 543 0.04 5.05 0.46 569 013 326 0.82 0.06 99.2
YY-23 5 541 0.11 6.58 0.49 594 011 320 1.16 0.14 100.7
YY-26 5 545 0.08 4.82 0.35 616 013 327 061 0.05 994
YY-27 5 545 0.11 540 0.33 6.59 014 324 0.76 0.05 100.3
YY-36 5 552 0.05 459 0.44 589 013 331 061 0.04 100.1
YY-40B 5 547 0.04 551 0.43 579 012 326 0.67 0.05 99.9
YY-42 5 549 005 512 0.41 592 011 328 0.72 0.05 100.1
YY -45 5 540 011 645 0.54 585 0.11 314 113 0.13 99.7
YY-50 5 545 012 631 0.31 6.12 013 321 0.82 0.11 100.5
YY-51 5 552 002 3.05 0.60 532 013 330 109 0.05 984
YY-52 5 540 0.09 6.32 0.51 592 012 318 126 0.11 100.2
YY-58 5 546 008 5.89 0.58 556 012 325 121 0.14 100.6
YY-60 5 554 010 3.62 0.53 563 012 334 085 0.05 99.7
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Table $-1c. Average EPMA analyses of clinopyroxenes from spinel peridotites

Sample n Sio, TiO, Al,0; Cr,Oz FeO MnO MgO CaO NaO Total
Hannuoba

DMP-04 7 53.0 0.26 5.66 092 235 008 157 203 135 996
DMP-19 6 52.9 0.14 5.02 128 196 0.08 157 205 131 98.8
DMP-23g 5 52.7 0.13 3.25 124 245 0.09 167 213 051 984
DMP-25 7 53.4 0.13 3.49 1.09 203 0.08 168 213 0.79 99.0
DMP-41 9 52.6 0.35 6.13 099 226 0.08 153 206 1.77 100.0
DMP-51 5 52.8 0.27 4.96 096 233 007 161 204 135 99.2
DMP-56 8 52.2 0.60 6.62 066 279 0.08 152 19.6 1.73 995
DMP-58 9 52.5 0.38 6.32 073 266 0.09 155 198 172 99.7
DMP-59 10 525 0.39 5.65 091 233 008 154 20.6 157 995

DMP-60 10 52.1 0.45 6.49 075 233 009 152 20.1 171 99.2
DMP-67c 7 51.3 0.92 4.56 085 343 011 16.2 21.1 046 989

Yangyuan

YY-04 5 52.8 0.17 4.38 1.32 204 0.07 16.2 220 1.16 100.2
YY-08 5 51.8 0.28 5.17 0.79 268 0.06 156 223 1.04 99.7

YY-09 5 51.6 0.36 6.36 1.05 269 0.08 157 200 157 994

YY-11 5 52.2 0.40 6.39 0.95 256 0.08 157 204 1.69 100.3
YY-13 3 514 0.55 6.12 1.02 268 009 158 202 1.41 993

YY-22 5 51.9 0.23 5.37 1.08 229 008 159 212 1.26 99.3

YY-23 5 53.1 0.42 6.49 099 288 0.08 16.2 18.8 1.53 100.5
YY-26 5 51.6 0.40 5.85 0.89 252 008 152 212 143 099.1

YY-27 5 51.5 0.58 6.50 0.81 291 008 149 211 153 99.9

YY-36 6 53.7 0.25 5.00 110 222 0.08 158 21.2 129 100.5
YY-40B 5 53.5 0.20 5.66 0.95 216 0.08 156 209 1.39 100.5
YY-42 5 53.4 0.14 4.98 091 225 0.07 162 211 1.03 100.1
YY-45 5 53.1 0.41 6.38 0.95 282 0.07 163 189 1.54 100.5
YY-50 5 52.8 0.57 6.99 0.77 253 007 153 196 1.65 100.3
YY-51 5 52.5 0.07 2.87 124 229 0.09 173 212 0.76 984

YY-52 5 51.5 0.30 6.17 092 303 009 164 196 1.29 993

YY-58 5 52.1 0.30 6.34 121 273 0.10 164 195 154 100.2
YY-60 5 52.5 0.28 3.75 129 229 008 169 216 0.98 998
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Table $-1d. Average EPMA analyses of spinels from spinel peridotites

Sample n Sio TiO, Al,O; Cr,0; FeO MnO NiO MgO Total Cr#
Hannuoba

DMP-04 6 529 159 10.34 0.10 21.2 100.4 16.8
DMP-19 5 46.4 224 10.21 0.09 20.1 992 245
DMP-23a 5 439 243 1194 0.11 194 99.7 27.1
DMP-25 5 374 313 11.72 0.13 189 994 36.0
DMP-41 5 0.09 57.1 125 10.12 0.09 0.34 205 100.7 12.8
DMP-51 6 0.14 493 187 10.65 0.10 0.30 19.7 98.8 20.2
DMP-56 5 0.16 58.7 88 1023 0.09 040 211 994 9.1
DMP-58 5 0.11 574 104 10.19 0.09 0.34 209 994 108
DMP-59 5 0.11 549 133 10.15 0.10 0.33 204 992 140
DMP-60 5 0.10 59.1 90 960 0.09 040 208 99.1 93
DMP-67c 6 57.3 9.4 1284 0.09 20.6 100.3 9.9
Yangyuan

YY-04 5 0.03 010 457 242 1073 0.13 0.26 20.0 1011 26.2
YY-08 5 003 006 553 123 11.72 0.11 0.37 209 100.9 13.0
YY-09 5 005 014 549 133 1071 0.11 0.36 21.6 101.1 14.0
YY-11 5 004 012 541 125 976 011 032 211 98.1 134
YY-13 4 006 024 508 164 1166 0.13 0.34 208 1004 17.8
YY-22 4 004 007 521 16.1 1034 0.12 0.32 209 1000 17.2
YY-23 5 005 021 527 150 11.18 0.12 037 21.4 1010 161
YY-26 5 002 006 556 128 1058 0.12 035 21.0 1005 133
YY-27 5 003 009 565 108 1156 0.11 0.38 21.0 1005 114
YY-36 5 001 004 495 188 11.00 0.13 030 20.2 99.9 20.3
YY-40B 5 001 006 542 140 1043 0.10 037 20.8 99.9 1438
YY-42 5 002 006 527 155 10.76 0.13 0.33 21.0 1005 165
YY-45 5 006 021 516 151 11.10 0.112 035 212 99.7 164
YY-50 5 004 011 577 9.4 1030 0.112 043 219 1000 938
YY-51 5 004 015 280 39.7 14.04 0.21 0.18 16.9 99.2 4838
YY-52 5 0.07 0.15 519 148 1154 0.11 035 21.2 100.1 16.1
YY-58 5 008 015 50.7 182 1053 0.12 0.34 215 1016 194
YY-60 5 003 03 359 325 1325 0.19 0.21 183 100.7 37.7
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Table $-2. Os concentrations and isotope compositions of peridotite reference

materials

Sample Method n Os conc. (ppb) 1870s/%%0s

UB-N  CT-N-TIMS (UMCP} 1 3.95 0.12693
CT-N-TIMS (UMCPY 4 3.85+0.32 0.12722+ 38
CT-N-TIMS (UMCPY 4 3.51£0.12 0.12737+ 25
CT-ICP-MS (Chicago} 6 3.72+0.35 -
HPA-N-TIMS (Leoben} 14 3.85+0.13 0.12780% 20

GP-13 CT-N-TIMS (UMCPY 5 3.74+0.11 0.12645+ 12
CT-ICP-MS (Chicago} 3 3.70+0.02 -
CT-N-TIMS (Durham 8 3.87+0.17 0.1262
CT-N-TIMS (Durham§ 5 3.61+0.12 0.12632+9
HPA-N-TIMS (Leobenf 7 4.06+0.07
HPA-N-TIMS (UMCP)' 3 3.3+0.1 0.12644 + 22

n represents the number of analyses. Uncerta e s

a. This study

b. Puchtel et al., 2008.

c. Becker et al., 2006.

d. Puchtel and Humayun, 2005.

e. Meisel et al., 2003 & Meisel and Moser, 2004.

f. Pearson et al., 2004.
g. Day et al., 2008.
h. James Day,npublished data.
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Table $-3. Comparison between Carius tube digestion and NiS fusion results
isotopic compositions using-NIMS

Sample Method 1870s/%%0s O(sp;(k))?c.
YY-22 Low T (270 C)-Carius tube digestionAYIMS 0.12072 0.927
YY-22 High T (340 C)-Carius tube digestionAYIMS 0.12063 1.156
YY-22 Os spiked before NiS fusion/RIMS 0.12070 0.962
YY-22 Os spiked after NiS fusionfMIMS 0.12044 0.574

Note: the methoT/N-TIMS is stated in the text. Two aliquots (~5 g of powder eachjasigyuar
sample Y¥:22 were digested using NiS fusion: one spiked before fusion and the other spik
fusion. Both residual NiS aliquots were-aissolved by concentrated HEINO3 (1:2) solutions
Osmium was extracted from the acid solution using ;,C@ohen and Waters, 1996), tt
backextracted into HBr, and finally purified via microdistillation (Birck et al., 1997)misn was
measured using multiplier on a negative thermal ionization mass spectromdtiéi $iN
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Table $-4a. Major elementompositions of sulfides from Yangyuan peridotites

atom.

Sample n Fe Cu S Si Ni  Total 2 (O Sulfide type

(Fe+Cu+Ni)/S
Grainl
YY-08-s1 8 31.31 31.70 34.82 <0.03 0.82 98.66 0.99 0.02 Cp
YY-08-s1(2) 3 32.61 6.29 33.66 <0.03 26.39 98.97 1.08 0.02 Pn
Grain2
YY-08-s2 5 42.17 0.15 37.68 <0.03 16.88 96.90 0.89 0.10 mss
YY -08-s2(2) 5 29.46 33.16 35.49 <0.03 0.23 98.37 0.95 0.02 Cp
Grain 3
YY-26-s1 6 55.76 <0.06 39.68 0.03 3.44 98.93 0.85 0.02 mss
Grain4d
YY-26nsl 6 44.06 <0.06 39.32 <0.03 15.66 99.06 0.86 0.05 mss
Grain 5
YY-58sl1 6 31.19 33.30 35.57 <0.03 0.36 100.4: 0.98 0.02 Cp
YY-58s1(2) 2 21.61 0.98 36.24 0.04 34.09 92.96 0.87 0.01 Pn
Grain6
YY-58s2 2 27.35 <0.06 33.69 0.06 35.23 96.34 1.04 0.01 Pn
QL 0.10 0.06 0.02 0.03 0.03

Note: Six typee grains of sulfides from three samples of Yangyuan were analyzed. n repres
number of the analyses in the grain. In each individual grain, if more tharhase pppears$,report

the average of each of these phases separatel (i

represents

t he

st

(Fe+Ni+Cu)/S. Cp: chalcopyrite; Pn: pentlandite; and mss: monosulfide solid solutior
guantification limit
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Table S24b. Major element compositions of sulfides from Hannuoba ptied

atom.

Sample n Fe Cu S Si Ni  Total 2 (Sulfide type

(Fe+Cu+Ni)/<
DMP-19
Type-e
DMP-19-s6 3 28.46 <0.06 33.59 <0.03 36.42 98.52 1.08 0.02 Pn
DMP-19-s6-4 30.22 3252 3491 0.03 0.49 98.16 0.97 Cp
DMP-19-s12 3 2880 2.02 33.73 <0.03 34.79 99.34 1.08 0.04 Pn
DMP-19-s124 26.48 35.41 32.57 0.52 0.35 95.33 1.02 Cp
sulfides enclosed in serpentine
DMP-19-s9-2 1.70 048 32.34 0.46 63.27 98.24 1.11 Gv
DMP-19-s9(2}1 1285 0.19 33.56 <0.03 51.10 97.70 1.05 Pn
DMP-19-s9(2)2 21.14 <0.06 34.03 <0.03 44.97 100.15 1.08 Pn
Type-i
DMP-19-s11 3 2461 0.25 33.67 <0.03 41.18 99.71 1.09 0.01 Pn
DMP-19s11(2) 2 1.33 191 27.74 <0.03 69.35 100.35 1.43 0.05 Hw
DMP-19-s1-2 482 0.23 33.43 <0.03 59.73 98.21 1.06 Ml
DMP-19-s1-3 1.06 0.62 28.39 0.70 68.08 98.85 1.34 Hw
DMP-19-s2-1 19.37 <0.06 32.92 <0.03 45.50 97.81 1.09 Pn
DMP-19-s10reall 27.89 0.25 32.92 0.51 33.90 95.47 1.05 Pn
Type-f
DMP-19-s13i1 23.51 <0.06 32.89 0.07 39.74 96.22 1.07 Pn
DMP-51
Type-e
DMP-51-s20e 2 31.12 256 33.37 <0.03 30.15 97.22 1.07 0.02 Pn
DMP-51-s20e3 6.69 66.89 24.82 0.03 0.95 99.36 1.54 Bn
Type-i
DMP-51-s5i 2 2264 0.10 33.81 <0.03 41.95 98.51 1.06 0.01 Pn
DMP-51-s12i2 26.58 <0.06 33.36 0.05 36.04 96.04 1.05 Pn
DMP-51-s13i1 251 0.75 29.64 0.07 63.05 96.02 1.22 Gv-Hw
DMP-51-s13i2 2455 <0.06 33.43 0.04 36.96 94.98 1.03 Pn
DMP-51-s14i1 23.33 <0.06 33.04 0.07 37.58 94.06 1.03 Pn
DMP-51-s21 4 2823 0.44 3293 0.21 34.12 95.92 1.06 0.02 Pn
DMP-51-s21-2 29.09 31.60 34.42 0.14 1.85 97.10 0.98 Cp
Type-i-veins
DMP-51-s12iv1 24.66 <0.06 32.63 0.06 39.14 96.49 1.09 Pn
DMP-51-s16iv 2 28.22 31.12 34.60 0.32 2.19 096.44 0.96 0.03 Cp
Typef
DMP-51-s1f1 28.66 2.15 33.63 0.07 31.36 95.87 1.03 Pn
DMP-51-s2f1 24,98 <0.06 33.68 0.06 38.54 97.28 1.05 Pn
DMP-51-s2f-2 26.49 4.42 3358 0.07 31.30 95.86 1.03 Pn
DMP-51-s3f1 30.01 0.46 32.44 <0.03 31.96 94.89 1.08 Pn
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DMP-51-s11f1 26.92

DMP-58

Type-e

DMP-58-s8e 2 36.12
Type-i

DMP-58-s1iv-1 28.00
DMP-58-s3i1 26.72
DMP-58-s5i1 25.66
DMP-58-s9+1 24.20
DMP-58-s9+2 26.52
Type-f

DMP-58-s2f-1 26.72
DMP-58-s4f-1 28.76
DMP-58-s4f-2 29.43
DMP-60

Type-e

DMP-60-s10e 4 23.56
DMP-60-s10e(2) 2 28.96
DMP-60-s10e(3) 2 28.11
DMP-60-s9e 3 22.22
DMP-60-s9¢e(2) 27.94
DMP-60-slle 2 4.49

DMP-60-s14-1 18.73
DMP-60-s14-2 28.90
Type-i

DMP-60-sliv(2}4  15.51
DMP-60-s2i1 22.29
DMP-60-s3-1 27.89
DMP-60-s8i 3 27.08
DMP-60-s8i(2) 29.24
DMP-60-s11+3 20.54
DMP-60-s13i2 27.45
DMP-60-s14i 2 23.58
DMP-60-s11+1 28.65

DMP-60-s12i 2 2539
DMP-60-s12i(2) 2 30.14

0.16

2.43

<0.06
2.81
0.27
1.30

<0.06

<0.06
1.59
0.11

0.09
33.22
18.07

0.07
26.60

0.13

0.35
32.80

0.20
<0.06
0.31
<0.06
30.78
<0.06
0.17
0.06
30.87
0.08
33.20

33.05

33.51

30.77
33.77
33.98
34.63
32.94

33.65
33.59
32.31

32.95
34.35
33.64
33.07
34.05
35.66
32.09
33.89

34.16
33.71
34.16
33.68
34.42
34.63
32.38
33.38
34.61
33.77
35.36

0.15 36.04

<0.03 24.66

0.34 34.21
0.14 32.18
0.08 36.13
0.10 36.42
<0.03 36.35

<0.03 36.30
<0.03 32.49
0.37 32.45

<0.03 41.19
<0.03 0.77
<0.03 18.32
0.26 40.07
<0.03 7.74
<0.03 59.17
0.27 41.24
<0.03 0.15

0.05 46.90
0.06 40.39
<0.03 36.38
0.12 37.30
037 2.25
<0.03 42.84
0.27 35.34
<0.03 41.32
0.11 2.56
0.05 39.97
<0.02 0.37

96.32

96.74

93.32
95.63
96.11
96.65
95.85

96.69
96.46
94.67

97.80
97.30
08.18
95.68
9635
99.45
92.67
95.82

96.82
96.44
98.77
98.20
97.06
98.02
95.61
98.34
96.79
99.26
99.06

1.07

1.06

1.13
1.02
1.02
0.99
1.06

1.05
1.04
1.07

1.09
0.98
1.05
1.05
0.99
0.98
1.04
0.98

1.01
1.03
1.06
1.07
0.97
1.02
1.09
1.08
0.97
1.08
0.97

0.02

0.02
0.03
0.01
0.01

0.01

0.02

0.01

0.01
0.03

Pn

mss

Pn
Pn
Pn
Pn
Pn

Pn
Pn
Pn

Pn
Cp
mss
Pn
Cp
Mi
Pn
Cp

Pn
Pn
Pn
Pn
Cp
Pn
Pn
Pn
Cp
Pn
Cp

Note: Four representative Hannuoba samples were selected. n represents the number of analy
each phase of a grain, while the blank reprissenly one analysis. Some grains show multiple phe
Cp: chalcopyrite; Pn: pentlandite; Hw:heazlewoodite; Gv:godlevskite; Ml:millerite; Bn:bornite; a

mss: monosulfide solid solution. Tyge sulfides enclosed in silicates; Typénterstitial sulfices;

Typef: sulfides along healed fractures. Some sulfides appear in serpentine for serpentinized s
eg,DMR19. 20 represents
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Fig. S3-1ad. Plots of (a) S vs. Se concentrations, (pQAlvs. Se concentrations (c)
sulfur vs. the number of sulfide grains per thin section and (d) S w®©s;Al
concentrations for Hannuoba and Yangyuan peridotifdgl: primitive mantle
(McDonough and Sun, 1995); the solid lines in panel (a) represent tregav@tSe
ratos ( N28G) of the reference mant!| 03 UMD
data of Hannuoba peridotites are from Gao et al. (2002).
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a. Hannuoba b.Yangyuan
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01 T
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Os Ir Ru Pt Pd Os Ir Ru Pt Pd Re
0.1
e. Vitim f. Penglai
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4 0.01
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0.0001

Fig. S3-2 af. Cl chondrite (Orgueibhormalized patterns for HSE from xenolithic
peridotites.a. Hannuoba, North Chan(Becker et al., 2006; this study); b. Yangyuan,
North China (this study); c. North Queensland, Australia (Handler et al., 1999;
Handler and Bennett, 1999); d. Oak Creek, Sierra Nevada and Cima, Basin and Range
(Lee, 2002); e. Vitim, Siberia (Pearson &t 2004); f. Penglai, North China Craton

(Chu et al., 2009).
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Fig. $3-3. Plot of AbO; vs. *¥’0s%80s for Hannuoba and Yangyuan peridotiata
points for the same samples in whigfDs/®®0s was measured by different methods
are connected by alashed line. The DMP sample series were analyzed by
CT-N-TIMS (i.e., Carius tube digestion combined with a negative Thermal lonization
Mass Spectrometry) (Gao et al., 2002; Becker et al., 2006; this study). The DA20
sample series was analyzed by NiS fasids spargingCP-MS in the study of Zhang

et al. (2009) or and GN-TIMS (this study). In addition, three were also measured
by HPA (high pressure asher digestid)IIMS. For these three samples, the
CT-N-TIMS and HPAN-TIMS results are indistinguishablFour Yangyuan samples
that were previously measured by NS spargingCP-MS by Y.G. Xu et al. (2008),
were reanalyzed here by GNTIMS. PUM: primitive upper mantle (Meisel et al.,
2001). The solid line represents the trend defined by the correlagbneen

1870s%80s and AJO; for the majority of the samples from both localities.
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Fig. S3-4. Plot of AbO3 vs. Os concentrations of Yangyuan and Hannuoba peridotites

that were analyzed by both @N-TIMS (this study) and Ni®s spargingCP-MS
(Y.G. Xuet al., 2008; Zhang et al., 2009).
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Comparison of Os data from NIMS vs. sparging results

As shown in Table-2 and Figs.3-3S and3-4S, there are large discrepancies in Os abundances
and isotope compositions measured on the same peridotite powdeesdinpggXu et al., 2008; Zhang
et al., 2009) versus NIMS (this study) for both Yangyuan and Hannuoba samples. The large
differences between results affect the model ages for these peridotites and, hence, geodynamic
interpretations. Here, | summarize thethods | have taken to assess the accuracy of the data in this
study.

In this study, | used the techniques of@/HPA-N-TIMS: isotope dilution (ID) combined with
Carius tube (CT) or high pressure asher (HPA) digestion and measurement by negative thermal
ionization mass spectrometry {NMS), the detailed procedures of which are provided in the
Analytical methodsection of this chapter (and references therein). By contrast, Y.G. Xu et al. (2008)
and Zhang et al. (2009) employed thiS fusionOs sparging CP-MS method, the protocol of which

is outlined in these two papers and references therein.

In order to compare techniques, | measured four Yangyuan samples from the study of Y.G. Xu et
al. (2008) and five Hannuoba samples from the study of Zhang (@08R) by CFN-TIMS. Three of
these five Hannuoba samples were also analyzed by-MHPAMS. In addition, to evaluate the
accuracy of the methods utilized in this study, | also measured the peridotite reference matbkjal UB
which is widely used by the Csotope, and highly siderophile element (HSE) community. -NUB
yielded an Os concentration of 3.95 ppb &f®s/*¥0s of 0. 12693N12 (208) wusi
CT-N-TIMS. Both Os concentration and isotope composition ofNUBre well within the range of
previously published data (e.g., Meisel et al., 2003; Meisel and Moser, 2004; Puchtel and Humayun,
2005; Becker et al., 2006; Puchtel et al., 2008) (TaBl®)SFurther, the analyses of the peridotite
reference material GP3 produced identical results fos@bundances arnsbtopic compositionssing
CT-N-TIMS versus HPAN-TIMS techniques in our laboratory (Puchtel et al., 2008; James Day,
unpublished data), which are also consistent with results from other labs using similar methods (Meisel
and Moser, 2004Pearson et al.,, 2004; Day et al., 2008) (Tab82S Likewise, Os isotope
compositions and concentrations determined for three Hannuoba peridotites using HoIMS and

HPA-NTIMS methods gave identical results within analytical uncertainties (BaBje

There are substantial discrepancies between my results and those obtained usidg NiS
sparginglCP-MS (Y.G. Xu et al., 2008 and Zhang et al., 2009) (T&b®. For Yangyuan peridotites,
the Os sparging method by Y.G. Xu et al. (2008) generdfe/**®Os ratios that are 3.8% to 5.5%
(average 4.8%) lower (Fig.3s3), and Os concentrations that are 8% to 75% (average 35%) higher (Fig.
S3-4) than the NTIMS results. Similarly, for Hannuoba peridotites, these numbers are 0.9% to 11.6%
(average 5.7%) loer in *¥0s/%0s (Fig. $-3), and 5% to 113% (average 64%) higher in Os
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concentrations (Fig. 34) when the sparging results of Zhang et al. (2009) are compared to my
N-TIMS results. The different mass fractionation corrections (f&0s/*®0s=1.22121 Zhang et al.
(2009) vs.'*0s*¥0s=3.083 in this study) would only result in very small difference¥’®s**0s
(<0.03%) between the labs. These differencéd®s/*®0s correspond to 100 to 1500 Ma differences

in Os model ages (Fig.3s3). Neitherof the previous papers (Y.G. Xu et al., 2008; Zhang et al., 2009)
report sparging data for peridotite reference materials (e.gNWB GR13) to evaluate the accuracy

of the measurements. Zhang et al. (2008) report spatyjifgt®®Os results for a higy refractory and
serpentinized peridotite from the Mengyin kimberlite (sample-$500) that are the same within
uncertainty to those reported by Gao et al. (2002) viHMS and Carius tube digestion. However, Os
concentrations exhibited a thré®d difference (3.45 ppb (sparging) vs. 1.20 ppb-TIVS),

respectively).

In contrast to the data reported by Y.G. Xu et al. (2008) and Zhang et al. (2009), these new data
generally plot along the trend 0f’0s/%0s and melt depletion indices such as®) defined by
previously studied Hannuoba peridotites (DMP series: Gao et al., 2002; Becker et al., 2006; this study)
(Fig. S3-3). Most importantly for this study, Yangyuan and Hannuoba peridotites have similar
distributions of Os model agesdd), consistenwith their geographic proximity. In addition, in order
to evaluate further the discrepancies between the Xu/Zhang studies and my data, in particular, whether
the generally more radiogenit’Os®%0s values | find result from failure to access -nadiogaic Os
that may reside within acicesistant phase, | analyzed two aliquots of relatively refractory Yangyuan
sample (YY¥.22, Fo = 91.2) by the NiS fusion/RIMS method. The results yieff'Os/*®0s within
uncertainty of the previously published resultgaitied for this sample from both high and low
temperature Carius tube digestioAINMS (Table $-3). These results demonstrate that the source of
the discrepancies is unlikely to reside in the dissolution method. The reason for the discrepancy
remains un@ar. Although | cannot determine why the sparging method generates such different results,
| see no evidence for an Archean or raeghean component in either locality in this study.

61



Chapter 4: Mapping lithospheric boundaries using Os isotopes of
mantle xenoliths: an example from the North China Cratort *°

[1] The original version of this chapter was created/written by J.G. LiuLIUGR.L.
Rudnick and R.J. Walker contributed to the interpretation of the data.

[2] The sample selection and prepamatfor measurement were conducted by J.G.
Liu. Electronic MicreProbe Analyses of the samples reported in this chapter were
performed by J.G. Liu with assistance of P.M. Piccoli. Whiolsk major element
compositions of the samples reported in this chraptere measured by S.A.
Mertzman at the Franklin and Marshall College, United States, or by S. Gao at the
Nort hwest Uni v e.’M&olet rgck tracéiel@rnent,com@asiiionsaof the
samples reported in this chapter were determined by S. Gao at thiewdk&ir
University. The ReDs isotope and HSE analyses of all samples were carried out by
J.G. Liu, except for the following: most of the Hannuoba samples were previously
reported by Gao et al. (2002) and Becker et al. (2006D&Rdata for two Datong and
three Fansi samples were determined by Honglin Yuan at the University of Maryland.

[3] This chapter has been published as:

Liu, J. G., Rudnick, R. L., Walker, R. J., Gao, S., Wu, F. Y., Piccoli, P. M., Yuan, H.
L., Xu, W. L., and Xu, Y. G., 2011. Mappinghospheric boundaries using Os
isotopes of mantle xenoliths: an example from the North China Craton.
Geochimica et Cosmochimica Acta, v. 75, p. 38802. DOL
10.1016/j.gca.2011.04.018.

Abstract

The petrology, mineral compositions, whole rock majoréraelement
concentrations, including highly siderophile elements, and-OReisotopic
compositionsof 99 peridotite xenoliths from the central North China Craton were
determined in order to constrain the structure and evolution of the deep lithosphere.
Sampes from seven Early Cretaceetsrtiary volcanic centers display distinct
geochemical characteristics from north to south. Peridotites from the northern section
are generally more fertile (e.g., 8 = 0.94.0 %) than those from the south (e.g.,
Al,03=0.2-2.2 %), and have maximum wheleck Redepletion Os model agesyJ)
of ~1.8 Ga suggesting their coeval formation in the latest Paleoproterozoic. By

contrast, peridotites from the south have maximugp model ages that span the
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ArcheanProterozoic boutiary (2.1 to 2.5 Ga). Peridotites with model ages from both
groups are found at Fansi, the southernmost locality in the northern group, which
likely marks a lithospheric boundary. The Neoarchean age of the lithospheric mantle
in the southern section matchthat of the overlying crust and likely reflects the time

of amalgamation of the North China Craton via collision between the Eastern and
Western blocks. The Late Paleoproterozoic (~1.8 Ga) lithospheric mantle beneath the
northern section is significantiypounger than the overlying Archean crust, indicating
that the original lithospheric mantle was replaced in this region, either during a major
north-south continentontinent collision that occurred during assembly of the
Columbia supercontinent at ~118 Ga, or from extrusion of ~1.9 Ga lithosphere
from the Khondalite Belt beneath the northern T+isiosth China Orogen, during the
~1.85 Ga continental collision between Eastern and Western blocksCietesteous
heating of the southern section is indezhby high temperatures (>1000°C) recorded

in peridotites from the 4 Ma Hebi suite, which are significantly higher than the
temperatures recorded in peridotites from the nearby Early Cretaceous Fushan suite
(<720°C), and likely reflects significant lithdsgric thinning after the Early
Cretaceous. Combining previous Os isotope results on mantle xenoliths from the
eastern North China Craton with the new data, it appears that lithospheric thinning
and replacement may have evolved from east to west with ¢ionenencing before

the Triassic on the eastern edge of the craton, occurring during the
JurassieCretaceous within the interior, and palsiting 125 Ma on the westernmost

boundary.

4.1 Introduction

Xenolithic peridotites transported to the surface by lgvaside information about

the deep lithospheric mantle at the time of eruption. RheMsmnsotopic systematics
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can potentially date melt depletion events in the peridotites via Os model ages (e.qg.,
Walker et al., 1989; Rudnick and Walker, 2009). Assuntinag lithosphere formation
is coincident with melt depletion, Os model ages may be used to determine the age of
the lithospheric mantle. In this way, the age of lithospheric mantle can be mapped
(e.g., Pearson et al., 1995a) and may provide insightghattectonic assembly and

structure of the continents.

The Late Archean to Paleoproterozoic interval (between 2.5 and 1.8 Ga) marks the
assembly of the Paleoproterozoic (2.8 Ga) Columbia supercontinent (e.g., Rogers
and Santosh, 2003) and is recordedthe tectonic evolution of the North China
Craton (e.g., Kusky and Li, 2003; Zhao et al., 2005; Kusky et al., 2007a; Kusky and
Santosh, 2009). Understanding this portion of the geologic history of the North China
Craton provides insights into the configtion of the Paleoproterozic Columbia

supercontinent.

However, the history for the Archedtaleoproterozoic amalgamation of the North
China Craton remains controversial (e.g., Kusky and Li, 2003; Zhao et al., 2005;
Kusky, 2011, and references therei®ne model suggests that the Eastern and
Western blocks collided at 1.85 Ga to form the T+iosth China Orogen, which
runs north to south in the central portion of the craton @), and marks the final
amalgamation of the North China Craton (e.dhad et al., 2005). A second model
proposes that the Eastern and Western blocks collided at 2.5 Ga and that this event

was followed by a major 1-8.9 Ga continentontinent collision
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Khondalite Belt is a Paleoproterozoic, nearly e@sst trending metamorphic belt in

the Western Block that formed earlier than the TNCO (e.g., Zhao et al., 2005; panel a),
while Kusky and Li (2003) suggest that this belt, which formed after the COB,
extends eastwards (panel b), representing the final amalgamation of the craton.
Mantle xenaith localities shown as squares (Paleozoic eruption age), stars (Mesozoic
eruption age), and circles (Cenozoic eruption age). The NSGL is the-Slauth

Gravity Lineament (Griffin et al., 1998). The profile-Ao6 I S mar k ed f C
construction of the agédrscture of crust and underlying lithospheric mantle in Fig.

4-9.
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Fig. 4-2. Petrographic classification of the peridotjteased on proportions of olivine
and pyroxene. Data sources in addition to this study: Hannuoba (Rudnick et al., 2004),

and FushaiiXu et al., 2010).
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along the northern margin during formation of the Columbia supercontinent{Hug.
Kusky and Li, 2003; Kusky et al., 2007a). The critical distinction between these two
models lies in the interpretation of a IL® Ga granulite faes metamorphic event in
the central North China Craton and a Late Archean ophiolitic complex in the eastern

North China Craton.

Here, | report R€@s model ages, as well as comprehensive petrography, major and
trace element geochemistry for 99 xenolitlperidotites (including 67 new data
supplemented by 32 analyses from previous studies; Gao et al., 2002; Becker et al.,
2006; Liu et al., 2010) from seven localities (i.e., Hannuoba, Yangyuan, Datong,
Jining, Fansi, Hebi, and Fushan) covering a broad ardhei central North China
Craton (Fig.4-1). | show that Os isotopes of peridotites have the ability to map deep
lithospheric boundaries. The data obtained in this study provide unique constraints on
the Late ArcheaPaleoproterozoic tectonic frameworktbe North China Craton, as

well as the timing of Mesozoi€ertiary lithospheric thinning in this region.
4.2 Samples

The xenoliths studied here come from a wide area in the central North China
Craton (Fig.4-1). Samples from the northern section (Hannuobangyuan, and
Datong (N400 6 . 3811837 .ET 8406) ) , as wel |l as the n
3914. 655@,1. £F813; al so spelled fAFanshi o0 by
2008), are all carried in Tertiary alkali basalts that erupted to the westeof th
North-South Gravity Lineament (Figl-1). Samples from the southern region (Hebi
(N3550. 350®,7. EB44) anidt3F4BELE@BE. GN®B ) ) , i e
east of this lineament. Fushan hornbleddeites erupted in the Early Cretaceous

(=125 Ma;Xu et al., 2010), whereas olivine nephelinites at nearby Hebi erupted much
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later, at 4 Ma (Liu et al., 1990). Jining is located in the Khondalite Belt of the Western
Block, where xenolitthearing alkali basalts erupted in the Tertiary period (Zhang and

Han, 2006).

The xenoliths investigated here are predominately protogranular to equigranular,
coarse to mediumgrained, garnefree spinel lherzolites and harzburgites, as well as
rare dunites. The modal mineralogy of these samples (Supplemental Materal Tabl
S4-1) is illustrated in Fig4-2. Petrography and whel®ck compositions of many of
these xenolith suites have been previously described (Hannuoba: Song and Frey, 1989;
Chen et al., 2001; Rudnick et al., 2004; Tang et al., 2007; Choi et al., 2008; &thang
al., 2009; Yangyuan: Y.G. Xu et al., 2008; Liu et al., 2010; Fansi: Tang et al., 2008;
Hebi: Zheng et al., 2001; and Fushan: Xu et al., 2010). A brief description of each
suite is summarized in Tablé-1 and petrographic descriptions of the samples

investigated here are provided in Supplemental Material (Tablg.S

| briefly review the petrology of each suite in order from north to south (Haf)e
Peridotites from Hannuoba are mostly fresh and larges(10m in diameter), with
good preservationfesulfides, both as inclusions in silicates, and interstitial phases at
grain boundaries (e.g., Rudnick et al., 2004; X.S. Xu et al., 2008; Liu et al., 2010).
Petrology and wholeock compositions of all Hannuoba samples, including the
ReOs and HSE aka,from the studies of Gao et al. (2002), Rudnick et al. (2004),

Becker et al (2006) and Liu et al. (2010).
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Table 41. Petrology of the peridotite suites examined in this study

Locality n Lithology Size Freshness Sulfide preservation Whole rock AbO3 Aveczlai\\%n:o of
Hannuoba 16 Iherzolite with rare harzburgite 10-60 cm fresh good 1.23.8% 90.5+0.8
Yangyuan 22 Iherzolite and harzburgite 4-35cm fresh poor 0.94.0 % 90.9+0.6
Datong 7 Iherzolite and harzburgite <3 cm fresh poor 1.63.7 % 91.0+ 06
Jining 13 Iherzolite and harzburgite 4-9 cm but thif highly weathered poor 0.96.5% 90.4+0.8
Fansi 20 I?w Fo Iherzolite with rare- harzburgite 38 cm fresh to moderately 000t 1.1:39% 90.1+0.7

high Fo harzburgite weathered 0.82.0% 92.0 +0.3
Hebi 12 Iherzolite and harzburgite with rare dunitg <4 cm fresh good but rare 0.92.2% 92.0+0.9
Fushan 9 Iherzolite and harzburgite with rare dunitf  3-7 cm  |moderately weatherg N/A 0.21.5% 92.0 0.7
Note: n, the number of samples; lithologytwsrasinFig.€2 ; si ze i ndicates the maximum | ength of the sp
text.
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Like Hannuoba, peridotites from Yangyuan are generally fresh and large, with
maximum diameters typically greater than &@ (Y.G. Xu et al., 2008; Liu et al.,
2010). However, Yangyuan peridotites are characterized by poor preservation of
sulfides, to the point where most thin sections contain no sulfides (Liu et al., 2010).
All Yangyuan samples described here were prewodsiscribed in Y.G. Xu et al.

(2008) or Liu et al. (2010).

Peridotites from Datong are generally fresh, with poor preservation of sulfides.
Xenoliths are small, ranging from less than a centimeter to several centimeters across.
Only five relatively largesamples were prepared for whotek major element and
HSE analyses. Data for two additional samples, analyzed only f@sRisotopic

systematics, are reported here.

Like Datong samples, peridotites from Jining are relatively small (<10 cm). In
addition Jining samples are moderately to heavily altered along grain boundaries,
with poor preservation of sulfides. The small size of the samples prevented us from

making sufficient powder for wholeck trace element analysis.

Peridotites from Fansi are genlyanoderately altered and relatively small (<15
cm in diameter), with poor preservation of sulfides. Several of the samples studied
here were accessed from their lava host using a rock drill. Most samples have
protogranular to porphyroclastic texturest bufew |herzolites show a corona texture,
where spinel breaks down into tiny grains at grain boundaries. Three additional

samples, analyzed only for R&s isotopic systematics, are reported here.

Peridotites from Hebi are small (only a few centimeten®ss; many of them

were sampled by a rock drill from the lavas), fresh, and generally egaised,
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harzburgites with a few dunites. In contrast to the study of Zheng et al. (2001), who
described five spinel lherzolites with olivines of low forsteritntents (i.e., Fo =
molar Mg/(Mg+Fé") x 100 = 88.691.4) and fertile calculated wheteck
compositions, none of the Hebi peridotites collected here were fertile Iherzolites. Only

a few sulfides are present as inclusions in silicates (Zheng et al. tB30study).

Xenoliths from Fushan are dominated by refractory harzburgites angogpx
Iherzolites with a few chromitbearing dunites. Hydrous minerals (e.g., phlogopite
and amphibole), may occur in harzburgite and-ppar lherzolites, and were
interpreted as secondary phases after original mantle partial melting (Xu et al., 2010).
Spinel grains that are in contact with phlogopite or amphibole commonly break down
into small grains of spinel or chromite (Xu et al., 2010). All Fushan sample powders

are fom the study of Xu et al. (2010).

In addition to the 11 R®s and HSE analyses previously reported for the
Hannuoba peridotites (Gao et al., 2002; Becker et al., 2006), | have analyzed new
elemental and isotopic data for 91 peridotitic samples (TdH¥ including an
additional eight from Hannuoba, 22 from Yangyuan, seven from Datong, 13 from

Jining, 20 from Fansi, 12 from Hebi, and nine from Fushan.
4.3 Analytical methods
4.3.1 Sample selection and preparation

Mineral mounts of olivine from each dfie xenoliths collected at each locality
were analyzed in order to assess the range in degree of melt depletion exhibited by the
peridotite suites. Olivine compositions were measured using a JEOL 8900 EPMA at

UMd. The work parameters and calculation mdtlace provided in the sectid@3.1
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of ChapterThree About one to two spots per olivine grain, and two to three grains of
olivines were analyzed per sample. Based on the forsterite contents (Fo) of olivines, a
representative suite of peridotites, chosenspan the range in Fo contents, was
selected from each locality for further elemental and isotopic analyses. Portions of the
samples were powdered for whole rock analyses using the sequent combination of a

jar crusher, a shatter box, and a disk mill.
4.3.2 Mineral compositions

Major element compositions of olivine, orthopyroxene, clinopyroxene (which may
be absent in some harzburgites and dunites) and spinel were determined on polished
thin sections by EPMA at UMd, using the parameters and methods @esorithe
section3.3.1 of ChapteiThree About two spots per grain, including cores and rims,

from three to five grains of each phase were measured for each sample.
4.3.3 Whole rock major and trace elements

Whole rock major element compositions were dateed by Xray fluorescence
(XRF) on fused glass disks made from powders (see Boyd and Mertzman (1987) for
detailed protocols) at Franklin and Marshall College, United States, or Northwest
University, China. Analytical precision and accuracy was typidagiyer than 1% for
major elements of concentrations greater than 0.5% and better than 5% for the
remaining major elements, as determined from data for international reference rocks

analyzed by these laboratories (e.g., Boyd and Mertzman, 1987; Rudnick@04).

Whole rock trace element compositions were determined using an inductively
coupled plasma mass spectrometry (I@8; Agilent 7500a) after acid digestion of
powders in Teflon bombs at Northwest University, China. Four reference samples
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(AGV-2, BHOV-2, BCR2 and RGM1) were analyzed during the course of these
analyses. The precision and accuracy was generally better than 10%, with a majority
of elements better than 5% relative to the reference values (Rudnick et al., 2004).
Exceptions are for afeelements such as Cr and Sn in BERup to 26% difference)

and Ni and Mo in RGML (up to 31% difference).

4.3.4 Osmium isotopes and HSE abundances

The analytical procedures are detailed in the se&i®d of Chaptefhree Blank
corrections for Os, IRRu, Pt, and Pd are negligible (less than 0.2 %) for most samples,
except for those with very low HSE concentrations (five Hebi samplesO@iB
HB-09, HB-12, HB-21-2, and HB22), and three Fushan samples (AS6 FS629,
and FS€56), e.g., having Os gendlyaless than 0.2 ppb), while the Re blank

constitutes 0.3 to 20 % of the total Re in all samples.
4.4 Results
4.4.1 Mineral chemistry and equilibration temperatures

The average forsterite contents of olivines analyzed in grain mounts for xenoliths
from all localities (381 xenoliths in total, Supplemental Material Tabkle)Sare
plotted as histograms in Fig:3. The olivine compositions in the peridotites from the
northern region (Hannuoba, Yangyuan, and Datong), as well as Jining, are
characterized Y similar ranges irFo (i.e., 87.492.2 with an average of 90.5+0.5
(10)), reflecting relatively fertile
peridotites from the southern region (Hebi and Fushan) generally have higher Fo

(88.392.9 with an average of 91.9+0.9; Zheng et al., 2001; Xu et al., 2010; this study)
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subcontinental mantléhat underlies this region. Fansi peridotites show a bimodal
distribution of Fo contents (Figd-3) (as in Tang et al., 2008). The ldwo group

(88.091.6 with an average of 90+ 7 , 10) reflects relati ve
to that present in the other northern localities. By contrast, the-Rugbroup
(91692.5 with an average of 92.0K0.3, 10)
composition to peridotites from Hebnd Fushan in the south. | selected asuibe

of peridotites from each locality {Z0 samples) that span the observed range of Fo

(see inset panels of Fig-3), taking into account size and freshness, for further

elemental and isotopic analyses.

Major element compositions of minerals of the selected samples measured in
polished thin sections are given in Supplemental Material Ta#8. livine
compositions analyzed in polished thin sections are within uncertainties of those
measured on mineral mounthe Cr# (i.e., molar Cr/(Cr+Al) x 100) of spinels from
these peridotites correlate with the Fo contents of olivines; theHagsamples
generally have higher Cr# (Fig-4), reflecting melt depletion (Arai et al., 1994, and
references therein). A few saias fall off the main trend, suggesting disequilibria
between olivine and spinel. This includes two samples from Fansi and one from
Jining from this study, four Hebi samples from the published da#henhg et al.
(2001), including the only three sampfes om t hei r fAl ow Mg#0 gr o
spinel and olivine compositions are published, and one Fushan sample from the

published data of Xu et al. (2010).
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Fig. 4-4. Cr# (mol Cr/(Cr+Al)x100) of spinels versus Fo of coexisting olivines in
peridotite x@oliths from Hannuoba (data from Chen et al., 2001; Rudnick et al.,
2004), Yangyuan (data from Liu et al., 2010), Datong, Jining, Fansi (including Fansi
L(low)-Fo and Fansi H(highiro), Fushan (data from Xu et al., 2010), and Hebi (data
from Zheng et al.2001 are shown as gray triangles). Gray field encompasses data for
typical cratonic spinel peridotites (Pearson and Wittig, 2008, and references therein).
Abyssal peridotites: Arai et al., 1994, and references therein. OSMA: efipinel
mantle array (er Arai et al., 1994, and references therein).
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Equilibrium temperatures of the peridotites were calculated using the
two-pyroxene thermometer of Brey and Kohler (1990) and assuming a pressure of
1.5 GPa (close to the minimum depth (~50 km) of lithosphwantle, since pressure
cannot be determined in the absence of garnet) (Supplemental Material Zable S
The estimated equilibrium temperatures of peridotites from Hannuoba, Yangyuan,
Datong and Jining are similar at 98060°C, 8461100°C, 10641100°C and
850-990°C, respectively, although those from Yangyuan and Jining range to lower
temperatures than peridotites from the other localities. The equilibrium temperatures
of the lowFo Fansi peridotites (880100 °C) overlap with those of théangyuan
perdotites, while the higlFo Fansi peridotites exhibit a relatively narrow range of
equilibrium temperatures (961040 °C), overlapping that seen in their 16w
counterparts. Consistent with previous studies (Zheng et al., 2001), the Hebi
peridotites shova narrow range in equilibrium temperatures (:@QRO0°C) that are
significantly higher than those of the Fushan peridotites-{@&0°C) (Xu et al.,
2010). The Fushan peridotites exhibit the lowest temperatures of all samples. There
is no correlation betvwan equilibrium temperature and major element composition in

any of the suites.
4.4.2 Whole rock major and trace elements

Major and/or trace element analyses of xenoliths considered in this study are
provided in Supplemental Material Tablg-& and 31-5); trace element data are

absent for Datong and Jining peridotites due to the limited sample powder available.

Peridotites from the northern region show overlapping and large ranges in major

element compositions and show good correlations on plots of Mgl x3; or CaO,
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with a few plotting in the field of typical cratonic peridotites (F#&5). Such
correlations between MgO and 8k or CaO are commonly interpreted to reflect melt
depletion (Pearson et al., 2003, and references therein), but can alsaollesegraia
refertilization (e.g., Le Roux et al., 2007). The majority of the northern peridotites are
relatively fertile compared to cratonic peridotites, consistent with the low Fo of
olivine and Cr# of spinel. Jining peridotites have a similar range ofO Mg
(39.645.7 %) and CaO (0:2.4 %) compared to the other northern suites; however
their Al,O3; contents range from 0.9 % to higher than the PM (~4.4 %; McDonough
and Sun, 1995). The abnormally highy®4 contents are inconsistent with calculated
whole-rock compositions based on mineral modal abundances (Supplemental Material
Table S-4), and suggest that such high,®4 contents are an analytical artifact

produced during processing of these rather small and weathered peridotites.

By contrast, peridotitesdm the southern region are generally depleted Al
(0.92.2 % and 0.21.5 % for Hebi and Fushan, respectively) and CaOZ®24% and
0.31.1 %), and are rich in MgO (41 % and 448 %) (Xu et al., 2010; this study).

Most of them plot in the fieldfaratonic peridotites (Figl-5).

Xenoliths from Fansi, the southernmost locality in the northern region, show a
mixed population. The lowro group of Fansi peridotites are compaositionally similar
(MgO: 3745 %, ALOs: 1.1-:3.9 %, and CaO: 0-8.4 %) to hose from the other
northern suites, and distinct from the high group of Fansi peridotites (MgO:
44-47 %, AbOs: 0.92.0 %, and CaO: 0-4.4 %) that are refractory, like the Hebi and

Fushan peridotites.
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from this suite show
abnormally high AIO3),

Datong, Hannuoba (Son
and Frey, 1989; Chen ¢
al., 2001; Rudnick et al.
2004; Choi et al., 2008
Zhang et al., 2009)
Yangyuan (Y.G. Xu et
al., 2008; Liu et al.,
2010), Fansi, Fushan (X
et al.,, 2010), and Hebi
Symbols as in Fig4-4.

Melt depletion typically

results in low A}Os; and
CaO and high MgO,
which is delineated by
the melt depletion trend
in the plot. PM: primitive
mantle (McDonough anc
Sun, 1995). Gray fielc
shows typical cratonic
mantle (Pearson an
Wittig, 2008, and

references therein).



The data described above reflect a spatiampositional dichotomy in the
lithospheric mantle underlying the central North China Craton. Peridotites from the
northern region, including Jining, are relatively fertile, while those from the southern
region are more refractory in composition, simtlarcratonic peridotites. Peridotites
from Fansi, located in the southernmost position within the northern region, include

both fertile and refractory compositions.

Whole rock trace element concentrations are plotted in Supplemental Material
(Figs. &-1 and $A-2). The peridotites in this study show significant variations in both
absolute concentrations of trace elements and chomnitealized rare earth element
(REE) patterns. The Hannuoba peridotites are characterized by total REE
concentrations of 1-17.5 ppm, with an average of 5.1 ppm (Rudnick et al., 2004).
Their REE patterns range from light REE (LREE) enriched to LREE depleted, with
relatively flat heavy REE (HREE) (Figs49a and 8-2a). The Yangyuan peridotites
display lower total REE (0-3.7 ppm, with an average of 1.9 ppm), but show similar
variation in REE patterns as the Hannuoba peridotites (Bidby Both Hannuoba
and Yangyuan peridotites generally show somewhat chaotic patterns in the primitive
mantlenormalized trace element diagraifisg. $4-2a and b), which likely reflects
the comparable influence of partial melting and metasomatism on these rocks in

lithophile elements.

By comparison, the Fansi peridotites exhibit somewhat higher total REE
abundances (3:61.3 ppm, with an averagef 11.0 ppm) than Hannuoba and

Yangyuan peridotites. The lewand highFo Fansi samples show similar REE
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patterns, with uniformly enriched LREE and flat HREE (Fig-18). One sample
(FS36), however, has high HREE, low MREE and strong enrichment in L&and

in this respect, it is similar to some of the Hannuoba peridotites (e.g.;@MPig.

$4-1a). The lowFo Fansi peridotites display negative anomalies of high field strength
elements (HFSE), such as Zr, Hf, Nb and Ta, a typical feature of mantlal parti
melting (Norman, 1998), while the higfo Fansi samples do not. This contrasting
feature may reflect that the lithophile elements in refractory peridotites are more
easily affected by metasomatic processes than fertile samples. Both Hebi and Fushan
peridotites are characterized by low total REE abundancesl{191ppm, an average

of 3.8 ppm for Hebi, and 0:6.2 ppm, an average of 2.3 ppm for Fushan), strong
LREE enrichment and a characteristic concave upwards HREE pattern 4Higd S

and e). Similard the highFo Fansi peridotites, the Hebi peridotites generally do not
show negative anomalies of HFSE, while the Fushan peridotites have patterns that

vary from negative to positive HFSE anomalies.

In the Hebi suite, dunite HB4 has low Fo (89.3), highe,O3; (10.6 %) and low
Al,O3 (0.96 %) and CaO (0.44%), which are likely indicative of Fe enrichment, and
has the lowest’’0s/®®0s in the suite (0.1125). This sample has the most abundant
REE among the Hebi suite, which were likely enriched in the saowegs as Fe.
Accordingly, the negative Ce anomaly (Fig-5d) might reflect the presence of Ce
(lonov et al.,, 1995), recording an oxidized environment during Fe enrichment.
Importantly, the Fe enrichment event apparently did not significantly chaeg@sh
isotopic composition of the whole rock. In addition, the only three Hebi samples in
the Al ow Foo group of Zheng et al . (2001

and Cr# of spinel for the rest of the samples (Fg5)5 the calculated wholeock Al
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contents of these samples are in the range of the-Haghroup, although the
calculated CaO appears to be higher. These observations suggest that the Fo of
olivines of these lowro samples are simply due to recent disequilibrium exchange
Thus, thefew low-Fo Hebi samples reported in Zheng et al. (2001) may not

necessarily represent Phanerozoic mantle, but rathenfteéhed Archean mantle.
4.4.3 Osmium isotopes and HSE abundances

Whole rock Ogsotopic compositionand HSE abundances are reported able
4-2. For comparison, previously published data from our group for Hannuoba (Gao
et al., 2002; Becker et al., 2006; Liu et al., 2010) and Yangyuan (Liu et al., 2010), are

included.
4.4.3.1 Hannuoba peridotites

Hannuoba peridotites display hightota HSE abundances (EHSE
Pt + Pd + Re) ranging from 17 to 32 ppb, with Ir ranging from 2.5 to 4.3 ppb; Becker
et al., 2006; Liu et al., 2010) and patterns that are similar to that of model Primitive
Upper Mantle (PUM) (Fig4-6a). No obviousOsIr fractionation appears in the
Hannuoba suite. The Pd/Ir ratios ((Pd(l®) 0.7 to 1.5)*’Re/**0s (0.0450.44) and
1870s/%80s (0.1160.128) are all well correlated with melt depletion indices, such as

Al,0O3 (Gao et al., 2002; Liu et al., 2010).
4.4.3.2 Yangyuan peridotites

Yangyuan peridotiieck ave significantly | ower HSE
16 ppb, and Ir: 0.7 to 3.0 ppb) (Liu et al., 2010; this study) compared to Hannuoba
peridotites. They are characterized by significant Os, Pd and Re depletions, relative

to Ir (Fig. 4-6b; (Pd/Iry = 0.11 to 0.55; Liu et al., 2010), which are not likely to be
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the result of partial melting, given their similarity in major element compositions to
the Hannuoba peridotites. ThéffOs#*®0s (0.1150.126) is fairly well correlated

with fertility indices seh as A}Os (Liu et al., 2010).
4.4.3.3 Datong peridotites

Like Yangyuan peridotites, the Datong peridotites are characterized by relatively

low HSE abundance®(H S E : 8 to 26 ppbhPesmtatide factr : 1.

that only five samples were analyzed, these peridotites show a diverse range of HSE
patterns (Fig4-6¢). Sample DAT15 has a HSE pattern similar to that of PUM. The
HSE patterns of DAT09 and DAT-30 are characterized by Re and platiniika
platinum group elements (PPGE: Pt and Pd) depletions relative to iflidieim
platinum group elements (IPGE: Os, Ir and Ru). The remaining samples-GBAT

and DAT-31) have variably positive Pt anomalies. T&neamples, together with the

two additional samples analyzed only for -Qe isotope systematicsare
characterized by®’0s/*®0s ranging from 0.115 to 0.126, identical to the range

exhibited by Yangyuan peridotites (Taldl®).

4.4.3.4 Jining peridotite

These are characterized by relatively
1 to 16 ppb, and Ir: 0.2 to 3.4 ppb). Large differences are seen in HSE abundances
between some replicates, which are likely due to a nugget effect in these small
samples; howeer, the HSE pattern shapes for replicates are similar (TableTdvo
types of HSE patterns are identified (Figéd): one with nearly chondritic Os/Ir

ratios, and the other with clearly subchondritic Os/Ir ratios. A typical member of the
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Table4-2. Highly siderophile element abundances, Os isotope compositions, Fo and Cr# of peridotites from the North China Craton

t Os Ir Ru Pt Pd Re FHSI Re/  1B70s/  ¥70g/ Al,Oq Troo  Twa®
c

Sample Ma ppb ppb ppb ppb ppb ppb ppb 18805 1880S 1880s % Fo Cr#‘j Ga Ga
Hannuobd
DMP 04 22 3.76 3.56 7.41 6.62 4.96 0.211 26.5 0.271 0.1229 0.1228 2.29 91.1 16.8 0.6 1.9
DMP 19 22 4.13 4.A 8.54 8.53 6.66 0.181 32.4 0.211 0.1200 0.1199 1.91 91.3 24.5 1.1 2.2
DMP 19R 22 3.76 4.26 8.33 7.79 6.66 0.169 31.0 0.216 0.1200 0.1199 1.0 2.2
DMP 25 22 3.23 2.49 571 3.55 2.13 0.030 17.1 0.045 0.1166 0.1166 1.61 91.6 36.0 15 1.7
DMP25R 22 2.70 2.27 5.14 3.46 n.d. 0.032 13.6 0.056 0.1168 0.1168 15 1.7
DMP 41 22 291 3.00 5.82 5.50 4.25 0.172 21.7 0.285 0.1233 0.1232 2.76 90.4 12.8 0.6 1.9
DMP 51 22 3.01 3.06 6.37 5.21 4.18 0.130 22.0 0.208 0.1231 0.1230 1.96 91.1 20.2 0.6 1.2
DMP 56 22 3.5 3.21 6.34 6.60 5.69 0.257 25.6 0.35 0.1275 0.1274 3.49 89.9 9.1 -0.1 -0.6
DMP 58 22 3.78 3.59 7.33 6.96 5.86 0.190 27.7 0.242 0.1254 0.1253 3.16 90.2 10.8 0.3 0.6
DMP 60 22 4.00 3.59 7.24 7.31 6.21 0.303 28.7 0.365 0.1263 0.1261 3.67 90.1 9.3 0.1 1.2
DMP 67c 22 1.66 1.27 1.58 3.00 1.74 0.036 9.3 0.10 0.1224 0.1224 3.78 89.5 9.9 0.7 0.9
DA20-02 22 3.63 3.41 7.06 7.18 6.24 0.333 27.9 0.443 0.1254 0.1252 3.12 90.1 n.d. 0.3 -25
DA20-02R 22 3.64 3.54 7.05 7.10 5.90 0.349 27.6 0.461 0.1255 0.1253 0.2 -
DA20-05 22 3.45 3.59 7.42 7.44 5.55 0.240 27.7 0.336 0.1233 0.1232 2.71 91.1 n.d. 0.6 3.3
DA20-05R 22 3.23 3.67 7.47 7.25 5.35 0.231 27.2 0.344 0.1236 0.1235 0.5 34
DA20-16 22 3.60 2.62 6.41 5.52 491 0.054 23.1 0.073 0.1238 0.1237 1.20 89.6 n.d. 0.5 0.6
DA20-17 22 3.17 3.83 7.76 6.9 5.74 0.094 27.5 0.14 0.1232 0.1231 2.40 90.5 n.d. 0.6 0.9
DA20-19 22 2.44 2.79 6.04 5.37 4.71 0.137 215 0.271 0.1270 0.1269 3.74 89.6 n.d. 0 -
DA20-19R 22 2.39 2.94 6.02 6.32 4.43 0.139 22.2 0.279 0.1272 0.1270 0 -
Yangyuar?
YY-04 30 1.27 2.50 4.79 2.76 0.89 n.d. 12.2 0.1150 1.63 92 26.2 1.8 -
YY-04R 30 1.18 2.54 4.40 2.78 0.84 0.019 11.8 0.076 0.1152 0.1151 1.8 2.1
YY-08 30 0.85 2.39 4.59 3.20 1.62 0.023 12.7 0.13 0.1261 0.1260 2.97 90.5 13.0 0.2 0.2
YY-09 30 0.50 1.86 3.79 2.64 0.98 0.015 9.8 0.15 0.1216 0.1216 3.04 90.9 14.0 0.8 1.3
YY-11 30 0.21 0.74 1.64 0.63 0.19 0.005 3.4 0.1 0.1212 0.1211 1.77 90.8 13.4 0.9 1.2
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Table 42 continued

t Os Ir Ru Pt Pd Re EHSE 187R¢) 1879y 1870y AlO; Troo  Tua®
Sample 18803 18805 1880 Fo° CI’#j

Ma  ppb ppb ppb ppb ppb ppb ppb S % Ga Ga
YY-13 30 0.39 1.02 2.08 1.42 - 0.014 4.9 0.17 0.121 0.1209 2.44 90.9 17.8 0.9 1.5
YY-13R 30 0.35 0.98 2.03 1.38 0.51 0.010 53 0.14 0.1212 0.1211 0.9 1.3
YY-22 30 0.93 2.98 4.81 5.07 1.83 0.045 15.7 0.23 0.1207 0.1206 2.45 91.2 17.2 1 2.3
YY-22R 30 1.15 2.98 5.03 5.27 1.87 0.047 16.3 0.2 0.1206 0.1205 1 1.9
YY-23 30 0.92 2.38 4.02 3.86 0.82 0.028 12.0 0.15 0.12H 0.1298 3.06 90.8 16.1 0.5 0.7
YY-26 30 1.07 2.64 441 2.94 0.6 0.103 11.8 0.462 0.1189 0.1187 3.08 90.7 13.3 1.2 -8.6
YY-26R 30 0.77 2.46 4.17 2.83 0.55 0.103 10.9 0.647 0.1197 0.1193 1.1 -1.8
YY-27 30 n.d. 1.92 4.21 2.93 0.93 0.018 10.0 n.d 2.87 90.2 114 - -
YY-27R 30 1.14 2.10 4.57 3.64 0.97 0.015 12.4 0.065 0.1195 0.1194 1.1 1.3
YY-36 30 0.6 2.31 4.43 5.04 1.34 0.080 13.8 0.48 0.1219 0.1219 2.30 91.1 20.3 0.8 -3.8
YY-40B 30 047 0.83 1.69 5.27 1.37 0.031 9.7 0.31 0.1241 0.1241 2.80 91.2 14.8 0.4 2
YY-42 30 0.40 1.14 2.48 2.10 0.48 0.027 6.6 0.33 0.1256 0.1256 2.35 91 16.5 0.2 1.1
YY-45 30 1.12 1.57 2.62 3.16 0.37 0.022 8.9 0.1 0.1220 0.12D 2.44 90.8 16.4 0.7 1
YY-50 30 1.00 1.81 2.93 3.06 0.87 0.057 9.7 0.31 0.1261 0.1261 4.02 90.6 9.8 0.1 0.6
YY-51 30 2.34 2.93 6.18 2.47 0.39 0.009 14.3 0.02 0.11& 0.11® 1.12 91.6 48.8 1.6 1.7
YY-51R 30 2.21 2.79 5.88 2.99 0.41 0.007 14.3 0.01 0.1164 0.1164 1.6 1.6
YY-52 30 0.52 1.32 2.89 2.24 0.76 0.022 7.8 0.20 0.1235 0.1234 2.70 90.8 16.1 0.5 1.1
YY-58 30 0.51 1.82 3.32 2.96 1.09 0.024 9.7 0.23 0.1212 0.1211 2.40 91.7 194 0.9 2
YY-60 30 0.40 1.67 3.26 3.13 0.45 0.020 8.9 0.24 0.1208 0.1207 1.26 91.3 37.7 0.9 2.3
YYB-2 30 1.28 1.85 3.56 3.33 0.75 0.02 10.8 0.076 0.1186 0.1186 1.45 91.8 n.d. 1.3 15
YYB-4 30 0.74 2.67 5.25 4.67 1.82 0.061 15.2 0.39 0.1202 0.1200 2.15 91.9 n.d. 1.0 40
YYB-7 30 0.79 1.32 3.41 1.24 0.71 0.024 7.5 0.15 0.1153 0.1152 0.89 91.8 n.d. 1.7 2.7
YG-18 30 1.78 2.83 5.01 2.68 0.72 0.017 13 0.046 0.1163 0.1163 1.20 90.6 n.d. 1.6 1.8
Datong
DAT-05 1 0.98 1.25 2.53 17.6 3.29 0.035 25.7 0.17 0.1218 0.1218 3.21 91.5 17.7 0.8 1.3
DAT-09 1 1.63 1.54 2.84 1.75 0.3 0.019 8.1 0.057 0.1165 0.1165 1.62 91.6 454 15 1.8
DAT-15 1 1.46 2.18 4.17 3.67 2.54 0.111 14.1 0.367 0.1262 0.1262 3.66 90.8 12.9 0.1 1.4
DAT-30 1 2.63 2.24 5.75 5.57 2.80 0.014 19.0 0.026 0.1178 0.1178 2.27 91.7 33.5 1.4 1.5
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Table 42 continued

t Os Ir Ru Pt Pd Re EHSE 187Re 1870/ 1879/ AlOs Troo  Twa®

Sample 18804 1880 1880 Fo Cr#

Ma ppb  ppb  ppb ppb ppb ppb ppb 3 % Ga Ga
DAT-31 1 1.27 1.65 2.98 7.64 2.16 0.05 15.8 0.19 0.1219 0.1219 2.60 91.1 14.8 0.8 1.4
D7 1 0.65 n.d. n.d. n.d. n.d. 0.036 0.7 0.27 0.1213 0.1213 n.d. 91.1 n.d. 0.8 2.5
D18 1 1.09 n.d. n.d. n.d. n.d. 0.014 1.1 0.063 0.1156 0.1156 n.d. 91.6 n.d. 1.7 2.0
Jining
JN-01 32 1.31 1.26 1.90 1.3 0.58 0.016 6.4 0.06 0.1173 0.1173 491 90.7 14.6 14 1.7
JN-01R 32 0.94 0.98 1.67 1.21 0.3 0.027 51 0.14 0.1173 0.1172 14 2.2
JN-02 32 1.57 1.57 2.10 1.43 0.43 0.015 7.1 0.046 0.1177 0.1177 4.33 90.9 154 14 15
JN-06 32 1.63 1.71 3.14 4.96 0.81 0.130 12.4 0.385 0.1214 0.1212 3.65 90.7 27.5 0.9 17
JN-06R 32 1.20 1.19 2.19 3.46 1.63 0.018 9.7 0.072 0.1201 0.1201 1.0 1.2
JN-16 32 0.91 0.8 2.12 1.17 0.68 0.029 5.7 0.16 0.1237 0.1236 0.86 90.5 20.8 0.5 0.8
JN-17 32 0.66 1.07 2.36 1.45 1.12 0.014 6.7 0.10 0.1272 0.1271 1.65 87.9 16.4 0 0
JN-19 32 1.64 1.35 2.60 2.49 6.72 0.006 14.8 0.02 0.1204 0.1204 4.03 90.1 35.6 1.0 1.0
JN-19R 32 0.88 0.74 1.05 1.71 0.36 0.003 4.7 0.02 0.1200 0.1200 1.0 1.1
JN-26 32 1.48 1.70 3.83 1.40 0.75 0.007 9.2 0.02 0.1183 0.1183 4.94 91.6 31.8 1.3 14
JN-27 32 0.15 0.23 0.59 0.13 0.25 0.002 1.4 0.08 0.1265 0.1265 90.5 n.d. 0.1 0.1
JN-29 32 0.88 1.22 2.06 1.45 0.78 0.016 6.4 0.088 0.1234 0.1234 5.69 90.6 18.8 0.5 0.7
JN-29R 32 0.75 1.06 1.95 1.02 0.55 0.017 5.3 0.11 0.1231 0.123 0.6 0.8
JN-31 32 0.98 1.85 3.64 2.94 2.24 0.024 11.7 0.12 0.128 0.1279 1.48 87.5 18.8 -0.1 -0.2
JN-35 32 1.13 3.44 6.00 3.57 1.53 0.026 15.7 0.11 0.129 0.1249 6.50 90.8 14.2 0.3 0.4
JN-41 32 0.49 1.50 3.18 1.85 0.81 0.059 7.9 0.58 0.1256 0.1253 3.73 90.7 n.d. 0.3 -05
JN-41R 32 0.58 1.46 2.95 1.70 0.61 0.01 7.3 0.086 0.1254 0.1254 0.2 0.3
JN-52 32 1.04 1.83 3.33 1.88 0.99 0.024 9.1 0.11 0.1252 0.1251 4.54 90.7 17.7 0.3 0.4
Fansi
FSO01 25 1.21 1.65 2.79 1.78 0.47 0.057 8 0.23 0.1211 0.1210 1.94 90.3 14.1 0.9 2.0
FS04 25 3.77 2.76 5.82 4.30 0.71 0.020 17.4 0.026 0.1189 0.1189 n.d. n.d. n.d. 1.2 1.3
FS36 25 2.79 2.57 5.32 511 4.85 0.249 20.9 0.431 0.1249 0.1247 3.46 89.8 11.2 0.3 -44
FS44 25 1.20 1.99 4.68 3.84 2.70 0.037 14.4 0.15 0.1247 0.1246 2.16 90.4 21.6 0.4 0.5
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Table 42 continued

t Os Ir Ru Pt Pd Re EHSE 187Re 1879y 70y  AlOs Tro®  Twa®
Sample 18803 18803 1330 Fo° CI’#j

Ma  ppb  ppb ppb  ppb ppb ppb ppb S % Ga Ga
FS45 25 0.84 151 291 3.45 1.17  0.007 9.9 0.04 0.1244 0.1244 254 90.2 nd. 04 04
FS50 25 093 176 321 9.33 1.61  0.019 16.9 0.1 0.1223 0.1223  2.59 89.2 111 0.7 0.9
FS64 25 289 212 521 481 0.85  0.012 15.9 0.02 0.1191 0.1191  2.01 89.8 174 12 1.2
FS68 25 230 225 283 127 443  0.034 245 0.07 0.1191 0.1191  1.12 917 519 12 14
FS204 25 131 267 453 261 0.67  0.057 11.8 0.21 0.110 0.1169  1.53 90.9 377 15 3
FS205 25 065 179 288 3.38 0.87  0.072 9.6 0.53 0.1262 0.128 1.89 906 239 01 -04
FS209 25 115 230 459 493 151  0.064 14.5 0.27 0.1237 0.1236  3.93 89.9 148 05 15
FS210 25 181 233 454 3.2 1.10  0.034 13 0.1 0.1182 0.1182  2.67 88.2 437 13 17
FS04(2) 25 141 177 359 194 0.39 0.01 9.1 0.036  0.1099 0.1099  0.88 925 nd. 25 27
FS18 25 192 202 52 1.23 0.17  0.009 10.5 0.02 0.1129 0.1129  2.00 924 205 21 22
FS42 25 097 200 332 133 0.17  0.021 7.8 0.10 0.1101 0.1101  1.31 922 378 25 33
FS43 25 113 177 328 151 0.17  0.009 7.9 0.04 0.1133 0.1133  1.23 919 358 20 22
FS62 25 1.04 186 331 161 0.33  0.018 8.2 0.084 0.1125 0.1125  1.26 924 415 21 27
F2 25 15 nd. nd  nd. n.d. 0.038 15 0.12 0.1116 0.1116 n.d. 924 nd. 23 34
F17 25 087 nd. nd nd n.d. 0.018 0.9 0.099 0.1265 0.1265 n.d. 919 nd. 01 06
F44 25 179 nd. nd.  nd. n.d. 0.006 1.8 0.016  0.1134 0.1134 n.d. 923 nd. 20 23
Hebi
HB-01 4 066 072 36 055 041  0.009 59 0.06 0.1136 0.1136  1.18 926 nd. 20 23
HB-02 4 0042 019 224 0.032 0.021 0.004 25 0.4 0.1191 0.1191  1.79 922 nd. 12 -
HB-07 4 609 33 887 293 0.60  0.017 21.8 0.013 0.1151 0.1151  1.36 923 nd. 17 18
HB-09 4 0092 011 215 0.035 0.086 0.009 25 0.48 0.1142 0.1142  1.95 925 352 1.9 -
HB-10 4 3.75 515 7.24 5.45 1.43 0.025 23 0.032 0.1135 0.1135 1.16 91.5 52.4 2.0 2.2
HB-12 4 027 022 391 02  0.093 0.004 4.7 0.08 0119 0.119 1.68 922 493 18 22
HB-13 4 155 156 584 1.03 0.56  0.014 10.6 0.044  0.1146 0.1146  1.10 922 482 18 21
HB-15 4 128 119 210 1.88 0.19  0.019 6.7 0.07 0.1154 0.1154 2.21 91.7 474 17 21
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Table 42 continued

t Os Ir Ru Pt Pd Re EHSI Re) BBT0g) 1870g Al20s Troo Tua®
g #

Sample Ma  ppb  ppb  ppb  ppb  ppb  ppb  ppb  Eyg  1EHg  BOg % Foo  Cr Ga  Ga
HB-15 4 1.28 1.19 2.10 1.88 0.19 0.019 6.7 0.070 0.1154 0.1154 2.21 91.7 47.4 1.7 21
HB-19 4 2.58 2.55 19.0 1.76 1.23 0.008 27.1 0.02 0.1147 0.1147 1.56 92.2 n.d. 1.8 1.9
HB-21-2 4 0.081 0.21 0.50 n.d. 0.019 0.004 0.8 0.26 n.d. 1.16
HB-21-2R 4 0.80 0.33 0.57 0.027 0.023 0.11 1.9 0.67 0.1135 0.1135 92.6 60.6 2.0 -3.1
HB-22 4 0.24 0.26 4.26 0.34 0.48 0.027 5.6 0.54 0.1167 0.1167 1.17 92.1 49.3 1.5 -4.6
HB-24 4 10.3 7.93 31.6 15.3 1.94 0.024 67.1 0.011 0.1125 0.1125 0.96 89.6 47.0 21 2.2
Fushan
FS713 125 0.64 0.96 1.82 0.36 0.65 0.008 4.4 0.06 0.2612 0.2611 0.15 90.9 82.2 -24 -30
FS619 125 0.037 0.057 0.56 0.18 0.057 0.008 0.9 1.1 0.1240 0.1217 0.70 91.7 56.0 0.8 -0.3
FS710 125 3.91 3.56 7.89 0.82 0.026 0.010 16.2 0.012 0.1124 0.1124 0.65 92.7 42.8 21 2.2
FS710R 125 3.78 3.65 6.20 0.59 0.038 0.004 14.3 0.004 0.1123 0.1123 2.2 2.2
FS656 125 0.024 0.12 1.79 n.d. 0.074 0.006 2.0 0.1179 0.1179 0.97 92.8 40.9 1.4
FS618 125 2.15 2.46 5.56 3.52 0.69 0.008 14.4 0.02 0.1134 0.1134 0.59 91.9 54.9 2.0 21
FS629 125 0.023 0.15 1.23 0.073 0.019 0.002 1.5 0.44 0.1189 0.1180 1.20 92.8 335 1.3 -14
FS655 125 3.82 3.63 6.48 3.98 3.23 0.036 21.2 0.045 0.1142 0.1141 1.47 91.5 24.4 1.9 21
FS71 125 3.13 2.85 7.87 1.88 0.71 0.011 165 0.017 0.1097 0.1097 0.73 91.4 23.6 2.5 2.6
FS79 125 4.49 4.54 5.72 4.33 2.00 0.059 211 0.063 0.1148 0.1147 0.80 92.5 33.9 1.8 21
PUM 3.9 3.5 7.0 7.6 7.1 0.35 29.5 0.433 0.1296 0.1296 4.4
Not e: R represents a replicate analysis of a seconddd.alPWM:otp roifmitthiev es aunpep epro waenri

a. Data from Becker et al.@26), and Liu et al. (2010).
b. Data from Liu et al. (2010)

c. Fo: forsterite content (molar Mg/(Mg+Fe)x100).

d. Cr# of spinel: molar Cr/(Cr+Al)x100.

e. The parameters used in modej e ¢ a | ¢ ugk=al1666 & ad'/year £ Re!BOs), = 0.402, t¥'0s%0s), , = 0.1270 (Shirey and Walker, 1998)'0s*®%0s) represents the initial
value when xenolith was erupted.

f. PUM: primitive upper mantle. Concentration data frontlge et al. (2006), and R@s data from Meisel et al. (2001).
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nearly chondritic Os/Ir group is characterized by minimal fractionation of the IPGE
compared to PUM, but exhibits a depletion of Re and PPGE (Pt and Pd). The second
group is characterized bywrcavedownward HSE patterns that are similar to those

of Yangyuan peridotites (Liu et al., 2010). Jining peridotites exhibit a large range in

1870s/*%0s (0.117 to 0.128), similar to Hannuoba and Yangyuan peridotite suites.
4.4.3.5 Fansi peridotites

The HSE abundances of Fansi peridotites are generally lower than those of PUM
(EHSE: 8 to 25 pphThe HSEdatterms:of thkse Samples ar@ . 8
shown in Fig.4-6e and f for the higliro and lowFo groups, respectively. Like
Yangyuan, the majay of the Fansi peridotites are characterized by Re and PPGE
depletions relative to IPGE, with a minimal to moderate Os depletion relative to Ir.
Like Datong peridotites DAD5 and DATF31, two lowFo Fansi peridotites (FS0

and FS68) show Pt enrichmen(gig. 4-6f). Sample FS36 shows a PUMike HSE
pattern, similar to DATL5. In this suite, the higho group has low®’'0s*®*%0s
(0.1160.114), whereas the leWwo group is characterized kgubstantially higher
1870s%80s (0.1170.127). In spite of a poorocrelation betweert®’Re/*0s and
1870s/%80s, a rough positive correlation betwe@iDs/*%0s and indicators of fertility
(Al,O3 or Yb) is present for the majority of the leko samples, but not for the
high-Fo samples, mainly due to a limited rangeampositions (e.g., AD; = 0.91.3

wt. %, with one at 2.0 wt. %).
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Fig. 4-6. Primitiveuppermantle (PUM)normalized HSE patterns of whole rock
peridotites: Hannuobga; data from Becker et al., 2006; Liu et al., 2010), Yangyuan
(b; data from Liu et a/.2010), Datong (c), Jining (d), Fansi (e. high Fo group; f. low
Fo group with some samples of Pt and/or Pd anomalies), Hebi (g), and Fushan (h).
PUM recommended values (Taldle) from Becker et al., 2006.
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4.4.3.6 Hebi peridotites

The Hebi peridotites falnto two groups in terms of HSE abundances: aBE
group € HS E : 2 to 7 ppb) and a kightHSE grou®g HS E:0 1.
11 to 67 ppb, and Ir: 1.6 to 7.9 pplhhe patterns of the higHSE group are generally
characterized by chondritic or near chondritic IPGE, and Re and PPGE depletions
relative to thelPGE (Fig.4-6g). The lowHSE group is generally characterized by
positive Ru anomalies (Figl-6g). Both groups have overlapping, 10W/0s*0s
(0.1120.119). Osmium model ages (both rhenium depletion model ageWalker
et al., 1989, andyx modelage, Allégre and Luck, 1980) show similar ranges within
the high HSE group @ = 1.7 to 2.1 Ga; Jia = 1.8 to 2.2 Ga; Tablé-2). The low
HSE group shows similargrp ages (ko = 1.5 to 2.0 Ga), but much more variable
Tua (Twa =-11 to 2.3 Ga) (Tablé-2), reflecting the more variable Re/Os ratio in the

low HSE group.
4.4.3.7 Fushan peridotites

Like Hebi, the Fushan peridotites have highly variable HSE abundances, and can
be divided into two groupsow-HSE ( EHSE: 1 to 2 pphb, an
and highHSE # HS E : 14 to 21 pp.0hehighhlSE gloupis 2. 5 t
characterized by unfractionated IPGE and strong depletions of Re and PPGE relative
to the IPGE (Fig4-6h); it is also characterized by high Os concentrations efl &2
ppb ad low *’0s/®*0s of 0.1160.115, which yield consistent and overlapping
model ages (b = 1.8 to 2.5 Ga, jia = 2.1 to 2.6 Ga) that are similar to those of the
Hebi highHSE peridotites. The patterns of the I®i8E group are characterized by
positive Ru aomalies (Fig.4-6h), like the Hebi lowHSE peridotites, but, unlike

Hebi, the lowHSE group (Os = 0.023 to 0.037 ppb) has more radiogenic Os isotopic
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compositions t’0s/*%0s = 0.1180.124). An exceptional sample, dunite FEX
has moderate HSE abundee@ HSE = 4. 4 ppb, assanewhat = 0.
enriched in Pd relative to Pt. THE’Os**®0s of FS713 is the only strongly

suprachondritic sample'®(0s/®**0s = 0.261) analyzed from any of the suites

examined here.
4.5 Discussion

In order to useOs isotopes to establish the age structure of lithospheric mantle
beneath the central North China Craton, | need to: 1) determine whether-®& Re
isotopic systematics in peridotites have been disturbed by secondary processes, and if
so, evaluate theirfiects on Os model ages; and 2) distinguish Proterezgec
peridotites from modern convecting upper mantle, a small fraction of which also

yields Proterozoic model ages (e.g., Harvey et al., 2006; Liu et al., 2008:Hig.

4.5.1 Effects of secondarygeesses on HSE abundances and Os isotopic

compositions

Secondary processes have clearly affected most of the rocks considered here. For
example, LREE enrichment is observed in xenoliths from all suites (e.g., Zheng et al.,
2001; Rudnick et al., 2004; Targy al., 2008; Y.G. Xu et al, 2008; Fig4-3). The
LREE enrichment reflects overprinting and interaction with LREEched melts or
fluids during one or more events following initial partial melting of the mantle (Frey

and Green, 1974).

Unlike lithophile trace elements, HSE, being both siderophile and chalcophile,
mainly reside in base metal sulfides and/or Hf&aring alloys in mantle rocks (e.g.,

Hart and Ravizza, 1996; Alard et al., 2000; Bockrath et al., 2004; Bauhaus et al., 2006;
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Lorand et al., 208, 2010). The degree to which secondary processes have influenced
the ReOs isotopic systematics, and thus, affected the accuracy of tHesRe
chronometer in peridotites can potentially be assessed by examining HSE systematics
(e.g., Lorand and Alard, 200Buichl et al., 2002; Lorand et al., 2004; Reisberg et al.,
2005; Ackerman et al., 2009; Liu et al., 2010). For example, secondary sulfides are
typically enriched in PPGE relative to IPGE (e.g., Alard et al.,, 2000), and their
addition to residual peridoéit should be reflected in enhanced PPGE and sulfur
concentrations in bulk samples (Rudnick and Walker, 2009, and references therein).
Below, | discuss the HSE characteristics of xenoliths from each locality and explore
whether the HSE were significantly imgted by secondary processes; | then evaluate

possible impacts on Gsotopic compositionand model ages.
4.5.1.1Hannuoba and Yangyuan

Previous studies have demonstrated that the Os isotopic compositions of both
Hannuoba and Yangyuan peridotites werdeliaffected by secondary processes,

based mainly on the following lines of evidence:

1) in the Hannuoba suite, the observed multiple linear correlations between S,
Pd/lr, Re/Os,**’0s%0s, and immobile melt depletion indicators such as
Al,O3 (Fig. 4-8), together with relatively high HSE abundances, primarily
reflect the effects of ancient partial melting, with subsequent good
preservation of primary sulfides and only minor addition of secondary sulfides
(Gao et al, 2002; Liu et al., 2010). It is wortmghasizing here that
refertilization that significantly posdates melt depletion would lead to near

horizontal trends on a plot of &D; vs. **’0s/*0s, as originally noted by
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Reisberg and Lorand (1995) and further emphasized by Rudnick and Walker
(2009) The fact that both the Hannuoba and Yangyuan suites show linear
correlations having a significant positive slope between PUM and a low
1870s/%0s, low ALOs; end member on this plot (Figs4-8 a and b) indicate
that these peridotites experienced midimage refertilization (cf. X.S. Xu et

al., 2008; Zhang et al., 2009).

2) HSE characteristics in the Yangyuan suite, such as low HSE concentrations, Os,
Pd and Re depletions relative to Ir, and low S and Se contents, were
interpreted to be a result of §de breakdown in an oxidized environment
following infiltration of a Sundersaturated melt/fluid (Liu et al., 2010).
Because'®’0s/®0s correlates positively with fertility indices such as@l
(Fig. 4-8, and Fig. 8-3b)), sulfide breakdown was interpee to be a recent
phenomenon that has had little impact on Os isotopic compositions of these
peridotites (Liu et al., 2010). Thus, the -Re isotopic systematics of
Hannuoba and Yangyuan peridotites may be used to constrain their melt

depletion ages (Gaet al., 2002; Liu et al., 2010).

4.5.1.Datong

The depletions of Re and PPGE relative to the IfGEamples DAT09 and
DAT-30 may reflect high degrees of partial melting (Pearson et al., 2004), consistent
with the refractory compositions of the sampleg.(6ALO; = 1.62.3 %, F@1.691.7). If
this interpretation is correct, the nosdiogenic Os isotopic compositions of these
samples indicate an ancient depletion event. The #ikdpattern of sample DATLS5

reflects a low degree of partial melting, catent with its fertility (e.g., A0z =
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3.2 %, F@o.g). Positive Pt anomalies observed in the remaining two samples-(BAT
and DAT-31) likely reflect the mobility of Pt via melt percolation involving loss/gain

of base metal sulfides (Ackerman et al., 2009

Collectively, the Datong peridotites show a good positive correlation between
1870s/%%0s and'®’Re/*®0s (F = 0.85, with an errorchron age of 1.80 + 0.56 Ga; Fig.
$4-4), and melt depletion indicators such as@l although the aforementioned
Ptenriched samples DAD5 and DATF31 plot slightly to the right of th&’0s**0s
vs. AlLOs trend defined by the other samples (). Given the HSE fractionation
in these two samples, and their relatively low Os concentrations, | suggest that their
positionto the right of the other Datong samples in F¢ reflects minor basaltic
addition, possibly associated with melt percolation prior to eruption. Alternatively, the
slightly elevated AlO; contents of these two samples may have resulted from biased
samping of these very small, rather coaigined peridotites. These observations
indicate that the growth df’Os in the Datong peridotites is the result of loegn
decay of radioactivé®’Re in a relatively closed residual system, after varying extents
of ancient partial melting. Evidently melt percolation that may have enrichgog Al
did not significantly modify the R®s isotopic systematics, consistent with anettk

mixing trends (Reisberg and Lorand, 1995).
4.5.1.3Jining

Those samples with nearlyhandritic Os/Ir ratios (seven out of 13 samples) are
characterized by depletions in Re and PPGE relative to the IPGEH&G), which is
a typical signature of a high degree of partial melting (Pearson et al., 2004), consistent
with their low *’0sf*®0s By contrast, the concad®wnward HSE patterns of

samples with low Os/Ir (Fig4-6d) are similar to those seen in the Yangyuan
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peridotites, which were previously interpreted to be the result of recent sulfide
breakdown after infiltration of an oxidativ&undersaturated melt/fluid (Liu et al.,

2010). Although Os was lost relative to Ir, the Os isotopic signatures of peridotites
were likely little affected by the putative recent, oxidative sulfide breakdown, as

observed in Yangyuan peridotites (Liu et 2010).
4.5.1.4Fansi

This suite is characterized by HSE patterns showing Re and PPGE depletions
relative to the IPGE, with a minimal to moderate Os depletion relative to Ir4f6ig.
and f). These patterns are similar to those of the Yangyuan pergdwotierpreted to
have experienced recent oxidative sulfide breakdown through melt percolation (Liu et
al., 2010). However, the significant depletions of Re and PPGE relative to the IPGE
of the highFo samples (Figd-6e) may have resulted from high degred melting
rather than oxidative sulfide breakdown. Their madiogenic Os isotopic
compositions must reflect the antiquity of partial melting. The FliBI pattern of
low-Fo sample FS6, like DAT-15, reflects a limited degree of melting and little
sulfide breakdown, consistent with its fertility (e.g., Fo = 89.8 angD+ 3.5 %) and
its relatively radiogenic'®0s/®0s (0.1249). Like some Datong peridotites, Pt
enrichments are present in two e Fansi samples (F) and F$58; Fig. 4-6f),
presumaly resulting from Pt mobility during melt percolation (Ackerman et al.,

2009).

The scattered, poor correlations betw&0s/#0s and melt depletion indicators
(e.g., AbOs, Fo, Cr#, and®’Re/*®0s) for the lowFo samples of this suite, and for
one ofthe highFo samples (F17), presumably point to significant impacts on either

1870s/%80s, or melt depletion indicators resulting from secondary processes other
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than oxidative sulfide breakdown. For example, samples®3S64 and FS2L0

show evidence ofecent Fe enrichment, either on the basis of olivine that is too
Ferich relative to coexisting spinel Cr# (e.g., FB2 Fig.4-4), or displacement of

the samples to the left (low Fo) side of the Fo¥%s/®*®0s trend defined by the
other samples (e.gall three samples in Fig.4$% in Supplemental Material).
Moreover, samples FS25 and F17 may have experienced addition of radiogenic Os
during meltrock reaction, given relatively low ADs (Fig. 4-8) or high Fo (Fig. &-5;

Table 4-2) for their *’0sf®®0s values, respectively; their relatively low Os
concentrations (0.65 and 0.87 ppb, respectively) would make these samples more
susceptible to overprinting. Finally, the slightly elevatedQAlcontents of FSB9

and FS210 may be due to addition of n@inamounts of basaltic melt (Liu et al.,
2010), which would have had minimal impact on Os isotopic compositions, because
basaltic melt normally has one to three orders of magnitude lower Os concentrations
than peridotites (e.g., Walker et al., 1999; Pucatel Humayun, 2000). In spite of

the scatter that is likely generated by secondary processes, ti® |Bansi samples
display a rough positive correlation betwe®f0st*®0s and AIO; (excluding the
outliers discussed above; Figt8), which presumablyeflects the vestige of ancient

partial melting of these samples.
4.5.1.5Hebi

The large range of HSE abundances and patterns in the Hebi peridotites may
partially reflect the small sample sizes, coupled with inhomogeneous distribution of
the HSEbearng phases, and/or HSE mobility within the upper mantle. Minimal
fractionation of IPGE, and Re and PPGE depletions relative to the IPGE-@gyin

the highHSE samples, reflect a high degree of melt extraction (Pearson et al., 2004;
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Luguet et al., 2007)This is consistent with their high Fo values and lowQAl
contents. By contrast, the |[eMSE samplesd H S E : 2 ntay havé beprp b )
influenced by melt percolation (Bichl et al., 2002). However, because melts normally
have radiogenic Os isotopic congitmns evolving from high Re/Os ratios and/or
radiogenic sources, peridotites stripped of Os due to melt percolation typically show
an enrichment of radiogenic Os isotopic compositions, which is not observed here
(**'0s*%0s = 0.1140.119). In theory, t@ml consumption of HSBearing sulfides
without formation of HSEbearing alloys at high degrees of melt depletion can lead to
such low HSE abundances (e.g., Rehkamper et al., 1999), and may account for the
low-HSE Hebi peridotites. Such HSE characteristiaee also observed in
orthopyroxene separates from refractory harzburgites that are devoid of visible
sulfides and alloys (Luguet et al., 2007). However, it is unclear why some of the Hebi
peridotites apparently preserved their HSE contents (in refrastdfides and/or
alloys) at the same degree of melt depletion while others did not. Moreover, the
positive Ru anomaly observed in the low HSE Hebi samples requires at least one

unigue stable phase to host Ru, apart from other HSE in the residues.

The lonrHSE Hebi samples generally show chondritic to suprachondritic Re/Os
ratios (®’Ref®*0s between 0.4 and 0.5; Talle), which, over time, would lead to
chondritic to suprachondritic Os isotopic compositions, instead of the observed
nonradiogenic Os isotop compositions. Due to the very low Re concentrations in
these samples (0.003 to 0.010 ppb), a small amount of recent Re addition (e.g., from
host basalts) could easily elevate Re/Os ratios to the observed high values, but would

not significantly change ©isotopic compositions. Overall, the a@diogenic Os
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isotopic compositions of both highand lowHSE Hebi peridotites must reflect

ancient melt depletion experienced by these rocks.
4.5.1.6Fushan

The HSE patterns of the highSE Fushan samples are cuaeristic of residues
of high degrees of partial melting, whereas the-l8E samples, like the |IoWSE
Hebi samples, have experienced depletions of both IPGE and PPGE, with minor Re
addition. Further, the two dunites (F$8 and FS13), which have loweFo contents
(90-91) than those of lherzolites and harzburgites (~92), were interpreted to have
formed through melperidotite reaction (Xu et al., 2010). The suprachondritic
1870s%80s (0.261) of FSA3, together with Pd (relative to Pt) enrichment, Hert
supports dunite formation by maderidotite reaction. In the process of mgdtridotite
reaction, Ssaturated melts may precipitate sulfides that control the shape of the HSE
patterns and Os isotopic compositions of the whole rock (Buchl et al., .2002)
Compared to FS13, sample FS89 has significantly lowel?’0s/%0s (0.1240), but
the ratio is still much higher than those of the other tweHSE samples FSB9 and
FS656 (Tabled-2). The negative correlation betweB0s/*%0s and 1/0s {r= 0.89
among these IoHSE samples (see Fig4® in Supplemental Material) suggests
addition of secondary sulfides, but to a lesser extent for dunitelgS6ompared to
dunite FS713. Thus, excluding the dunites that formed by melt rock reaction, the
nonradiogenic Os isotopic compositions of the remaining Fushan peridotites
document their longerm evolution under low Re/Os ratios, reflecting the antiquity of

partial melting.
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4.5.2 Age of the lithospheric mantle

The above discussion suggests that most (butah) of the peridotites studied
here have retained their original Os isotope signature with little modification due to
secondary processes. The next important consideration before robust model ages can
be determined is to what degree wradiogenic Oseflects ancient melting events that
led to the formation of the continental lithosphere, versus remnants of ancient melting
events that are known to be present as a minor component in the convecting upper

mantle (see discussion in Rudnick and Walker, 2009)

When plotted on a histogram (Fi.7), the'®’0s**®0s values of peridotites from
all suites show a distribution that is distinct from that of modern abyssal peridotites.
Samples from the southern region range to loWéDst®®0s than any abyssal
peridotite, and their overall distribution, with a peakf0s/*0s at ~0.114 is clearly
resolved from modern convecting mantle. These samples must, therefore, represent
ancient lithospheric mantl®y contrast, the range if{’Os**®0s of peridotites from
the northern region completely overlaps that seen in abyssal peridotites. Nevertheless,
the distribution of'®’0sf*®0s in these suites is distinct from that seen in abyssal
peridotites, or, for that matter Mesozoic upper mantle, as sampled by the Jesephin
Ophiolite (Meibom et al., 2002), with the greatest number of samples falling below
1870s%80s = 0.125 (the dotted line). By contrast, though't®s/*%0s of abyssal
peridotites show the same overall range, the peak’®s/*®0s occurs at more
radiagenic values (Fig. ), consistent with their distinct cumulative probability
distributions (Fig. 47, inset). In addition, the statistic test shows that'¥f@s/*®0s

population of peridotites from the northern regisicharacterized bsgignificantly
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lower *’0s/%%0s than that of abyssal peridotites at the confidence level of 95% (see
Supplemental Material)Thus, it is highly unlikely that these peridotites were derived
from convecting upper mantle during the Mesozoic or later. Below | exatmene

age constraints provided by the Os isotopic data.
4.5.2.1Northern region: Datong, Yangyuan, Hannuoba, and Jining

Correlations betweelf’0s/**0s and melt depletion indices (e.g.,®@4, CaO, or
Yb; Handler et al., 1997; Reisberg et al., 200%valhe initial **’0s/**0s of a suite
of peridotites to be estimated. Comparison of this ratio with a model for Os isotopic
evolution in the mantle, allows derivation of a model age for the suite of peridotites.
The '®'0s/*®0s values of peridotites frorthe northern region for which | have
reliable ALO3 concentrations (i.e., Hannuoba, Datong and Yangyuan) generally show
positive correlations with AD; (Fig. 4-8). Using linear regression of the data and
extrapolating to 0.7 % ADs; (suggested to be thel D3 value at or below which all
Re is removed in peridotites during progressive melt depletion (Handler et al., 1997)),
| estimate the initiat®’Os#%®0s of the three northern peridotite suites to be ~0.115.
This isotopic composition corresponds to anrfsdel age of ca. 1.8 Ga (Fi4-8),
which is similar to the maximumgp ages of peridotites from each locality (Table
4-2). This is generally consistent with the oldest Paleoproterozgi¢I1.5 Ga) and
Tua (1.82.0 Ga) ages of sulfide$¥(Re/*®0s < 01) from Hannuoba peridotites (X.S.
Xu et al., 2008), and akHf errorchron age (1.7 N 0.
separated from Yangyuan peridotitdsu( et al., 2011b Chapter % Although the
Jining peridotites show no good correlation betw&é®s/*%0s and AJOs, mainly

due to their abnormal AD; contents, theit®’0s/*0s ratios do correlate negatively

with olivine Fo content and the Cr# of spinels (see Fig:53n Supplemental
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Material), as would be expected if they formed as residues oérepdrtial melting.

As their'®’0s/%®0s ratios (0.117 to 0.128) overlap with peridotites from the northern
region (0.1180.128), the Jining peridotites probably experienced melt extraction at
the same time, e.g., about 1.8 Ga ago. | conclude that tlesgdiitere beneath the
northern region formed by melt depletion at ca. 1.8 Ga. This is significantly younger

than the age of crust formation in this region, which is28iGa (Wu et al., 2005b).
4.5.2.2Southern region: Hebi and Fushan

In comparison with eridotites in the northern region, peridotites from the
southern region (Hebi and Fushan) do not exhibit good correlations between
1870s%80s and AJOs, largely due to the lack of a spread in@®{ resulting from their
generally refractory compositionsoiFrefractory peridotites, with low Re/Os ratios,
the Trp model age should approximate the timing of melt depletion. In addition, if
Re/Os has not been affected by secondary processestli@simodel age may more
accurately represent the melt depletige dhan kp age. Low Re/Os ratio samples

will show little difference betweengp and Tya.

As shown above, the IGWMSE samples in both Hebi and Fushan are more
susceptible to overprinting. | therefore focus the attention here on theHBigh
samples in orer to constrain the timing of melt depletion and, hence, lithospheric
formation. These highiSE peridotites are characterized by B#0s**0s of 0.112
to 0.115 (corresponding tord = 1.7 to 2.1 Ga andyl = 1.8 to 2.3 Ga) for Hebi and
0.110t0 0.115 (> = 1.8 to 2.5 Ga andyk = 2.1 to 2.6 Ga) for Fushan, respectively.
The small differences (<0.3 Ga) betwee &nd Tya ages are consistent with their

low Re/Os ratios, which are characteristic of peridotites that experienced high degrees
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of partial meling. The ancient dp and Tya ages suggest that peridotites from both
Hebi and Fushan experienced melt depletion event(s) in the Neoarchean to
Paleoproterozoic (2-2.5 Ga). These ages are equal to or slightly younger than the
ages derived from in situ R@s analyses reported for two sulfide grains from two
Hebi peridotites (Zheng et al., 2007); the range to older ages in the sulfides gwith T

of 2.5 Ga and 3.0 Ga, respectively) may reflect isotopic heterogeneity of the mantle
that melted at ~2.5 Ga, or noin overprinting of the whole rocks due to sulfide
metasomatism, though no secondary sulfides have been observed here or described in
previous studies (Zheng et al., 2007). | conclude that peridotites from the southern
region formed by melt depletion at 52Ga, which is earlier than those from the
northern region (ca. 1.8 Ga), but similar to the age of the crust in this region (Wu et al.,

2005b; Liu et al., 2009).

4.5.2.3Fansi

The highFo samples have nemdiogenic **'0s/®*0s of 0.110 to 0.114,
correspoding to Neoarchean to Paleoproterozoic model aggs £12.0 to 2.5 Ga
and Tya = 2.2 to 2.7 Ga), similar to those of the Hebi and Fushan peridotites. By
contrast, the lowFo samples display a range of high&0s/*®0s (0.117 to 0.126)
that largely overlps with the range seen in other peridotites from the northern region
(0.115 to 0.128) (Figs4-7 and 4-8). Excluding the few samples that show
overprinting of either®0s/*0s or AbO; from secondary processes, there appears
to be a crude positive coragion between®’0s/*®0s and AJOs. Using a linear
regression of these data, | derive a formation model age of ~1.8 Ga at 0;0%0 Al
identical to that of peridotites from the northern region (B#§). The lowFo and
high-Fo samples have overlapping .8 contents (1.13.9 % vs. 0.2.0 %,
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respectively), but there is a large differenceé4t0s**®0s values (0.110.126 vs.
0.1100.114) at a given ADs;. This observation demonstrates that the -kav
samples were not derived from the high samples by mgit addition or
melt-peridotite reaction (cf. Tang et al., 2008), which would have led @Al
enrichment, while having little impact ofi’Os**®0Os (e.g., Reisberg and Lorand,
1995; Rudnick and Walker, 2009, and references therein; Liu et al., 20183forbe

| conclude that there are two ages of lithospheric mantle beneath Fansi: refractory
mantle that underwent melt depletion in the Neoarclirsdaoproterozoic (~2.2 to

2.5 Ga), like peridotites from the southern region, and more fertile mantle that
underwent melt depletion in the late Paleoproterozoic (~1.8 Ga). No clear correlation
is observed between calculated equilibrium temperatures and ages, suggesting that
ancient, refractory, and younger, fertile mantle may not be stacked upon one another,

butare probably interleaved.
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Fig. 4-8. Whole rock A}O; versus'®'0s/*0s of peridotitesThe majority of samples

from Datong, Hannuoba (Meisel et al., 2001; Gao et al., 2002; Becker et al., 2006; Liu
et al., 2010), Yangyuan (Liu et al., 2010), and FamsifFo group follow the upper
curve of melt depletions trends, while some outliers are detailed in the text. Samples
from Fushan, Hebi and Fansi higlo group tend to evolve from more ancient mantle
sources as outlined by the lower curve of melt depletemds. Samples from Jining

are not plotted in this diagram due to abnormalAlcontents. PUM: Meisel et al.,
2001 (for'®’0s*%0s) and McDonough and Sun, 1995 (fos@d). Symbols as in Fig.

4-4. The vertical dashed line is A of 0.7%, below which ihas been proposed that
peridotites lose all Re (Handler et al., 1997). Upper and lower dashed lines indicate
the initial *®’0s®%0s of upper and lower curves of melt depletion trends, respectively.
Model Trp agesare calculated based on a chondritic rieaaf 1*‘0s**®0s=0.127 and
13Re*0s=0.402 (Shirey and Walker, 1998).
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4.5.3 Tectonic implications

The age constraints discussed above document two ages of lithospheric mantle
beneath the central North China Craton: at ~1.8 Ga in the north, and ata-th%h@
south, with a boundary between these two age provinces running through the Fansi
locality (Figs.4-1 and4-9). These ages provide information about the tectonic history
of this section of the North China Craton and, combined with equilibrium

tempeatures, the timing of lithospheric thinning beneath this portion of the craton.

Hebi Fushan Fansi DTYY JNHNB  —> N
A A___A A _AA A A

1
€ ~2.5:Ga =  Crust

1
both groups

~2.5 Ga Ga Lithospheric

' 8
> i*( > Mantle

Fig. 4-9. The age dichotomy of crust and lithospheric mantle beneath the central
North China Cratomlong the profile AA 6  (Fig. 4-B. HNB: Hannuoba; JN: Jining;
YY: Yangyuan; and DT: Datong.

4.5.3.1Precambrian tectonics in central North China Craton

The similarity between the age of the crust and lithospheric mantle in the southern
region (Neoarchean to Early Paleoproterozoic) suggests that ~2.5 Ga represents the
time of cratonization of this portion of the North China Craton (Wu et al., 2005b; Liu
et al.,, 2009). By contrast, the decidedly younger lithospheric mantle underlying
Archean crust in the northern region points to replacement of the original Archean
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lithospheric mantle at ~1.8 Ga. Several mechanisms have been advanced to explain
younger lithospheric mantle underlying older continental crust, including
thermal/chemical erosion (e.g., Griffin et al., 1998; Zheng et al., 2001), density
foundering (oftenreferke t o as fAdel aminationo, (Kay
Gao et al., 2002; Wu et al., 2008teral escape during collision (Menzies et al., 1993;
Wu et al., 2006)and transformation through refertilization (e.g., Zhang et al., 2002,
2009). Of theseonly density foundering can explain removal of the entire Archean
lithospheric mantle and its replacement by juvenile mantle in the Paleoproterozoic;
the other mechanisms would presumably predict preservation of relict Archean
lithospheric mantle at sHalv depths beneath the region, which is not observed in the

xenolith suites.

Previous studies of metamorphic crustal rocks have documented widespread
regional granulite facies metamorphism at ~1L8 Ga in the northern region as well
as the Khondalite Bel(e.g., Zhao et al., 2005, and references therein). These
metamorphic rocks record clockwiseTPpaths that are interpreted to have resulted
from continentcontinent collisional event(s). Thus, the ~1.8 Ga lithospheric mantle
replacement could be the réisaf the ~1.81.9 Ga continentontinent collision(s).
However, it is currently debated how the collisional processes proceeded in the
tectonic framework of the North China Craton (e.g., Kusky and Li, 2003; Zhai and

Liu, 2003; Zhao et al., 2005; Kusky, PD).

Zhao and ceworkers suggest that there were two separate collisional events in
this region: one at ~1.95 Ga resulting in the formation of the Khondalite Belt, which
marks the amalgamation of the Western Block, and a second at ~1.85 Ga, when the

Westen and Eastern blocks collided to form the Tralmsth China Orogen,
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representing the final assembly of the North China Craton (Zhao et al., 2005, and
references therein; Figl-1a). However, this tectonic scenario does not explain the
north-south age diabtomy of the lithospheric mantle documented here @f). For
example, why would the lithospheric mantle replacement occur only in the northern
region, not throughout the entire TraNerth China Orogen? One possible
explanation is that lithospheric lapement was caused by greater shortening in the
north than in the south of the TraN®rth China Orogen. This appears to be broadly
consistent with the current geometry of the T¢hdlosth China Orogen, with the
northern section narrower than the south(&ig. 4-1a). Another possibility is that the
Late Paleoproterozoic age of lithospheric mantle in the north was the result of
extrusion of ~1.9 Ga lithosphere from the Khondalite Belt beneath the northern
TransNorth China Orogen during the ~1.85 Ga cafirsiof the Western and Eastern
blocks (Fig. 4-1a), assuming that the Khondalite belt formed earlier than the

TransNorth China Orogen (e.g., Yin et al., 2009; Zhao et al., 2010).

Alternatively, Kusky et al. (2001, 2007b) suggest that the central North China
Craton marks the site of collision of the Eastern and Western blocks at ~2.5 Ga. The
craton later experienced a major ~1.8 Ga continentontinent collision event along
the northern margin during amalgamation of the Columbia supercontinent (Kusky,
2011, and references therein). In the Kusky model, the Khondalite Belt constitutes
part of the Paleoproterozoic contingantinent collision in the northern North China
Craton (Fig.4-1b). In this scenario, the observed nesthuth age dichotomy of
lithospheic mantle would reflect removal of the original Neoarchean lithospheric
mantle and replacement of juvenile mantle along the northern margin of the craton
due to the 1.8.9 Ga continentontinent collision, while the lithospheric mantle in
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the southern regn reflects its preservation since it formed during the ~2.5 Ga

collision between the Eastern and Western blocks of the craton.

In summary, any model that seeks to explain the assembly history of the North
China Craton should be able to predict the agtatomy of lithospheric mantle
documented here. While these data cannot currently be used to eliminate either
tectonic model for the central North China Craton, aspects of the Kusky model would
seem to fit the observations with little special pleadinghis scenario, Fansi would
mark the northern boundary of lithospheric replacement that occurred due to collision
along the northern margin of the North China Craton during the Paleoproterozoic
assembly of the Columbia supercontinent. Alternatively, ifZha@o model is correct,
the age dichotomy of lithospheric mantle in the central region would require either
significant differences in the degree of lithospheric shortening from north to south in
the TransNorth China Orogen, resulting in lithospheric reralowm the north, but not
the south, or extrusion of ~1.9 Ga lithosphere from the Khondalite Belt beneath the
northern TrandNorth China Orogen during the ~1.85 Ga continental collision

between Eastern and Western blocks, with Fansi marking the southedabou
4.5.3.2Timing of Phanerozoic lithospheric thinning

Lithospheric thinning beneath the eastern North China Craton occurred largely in
the Mesozoic, as reflected by the timing of the magmatic -tlpreéhat occurred
throughout the Eastern Block (e.g(y, 2001; Wu et al., 2005a) and the change in
lithospheric mantle composition reflected by xenolithic peridotites carried by
Ordovician kimberlites and those in Tertiary alkali basalts (e.g., Menzies et al., 1993;

Griffin et al., 1998; Chu et al.,, 2009).okever, the exact timing, geometry and
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vertical and lateral extent of thinning/replacement is still emerging, largely from

studies of mantle xenoliths.

Mantle xenoliths found in a few Mesozoic localities provide important insights
into the spatial and teropal signature of the thinning. For example, peridotites from
the eastern edge of the North China Craton hosted by Triassic Korean kimberlites (Fig.
4-1) are characterized by elemental and Os isotopic compositions similar to modern
convective mantle (Yangt al., 2010), suggesting that the lithospheric removal and
replacement occurred no later than the Triassic beneath this region. Xenoliths in the
Early Cretaceous Fuxin (~100 Ma) and Laiwu4133 Ma) localities, both of which
occur in the center of theaBtern Block (Fig4-1), sample fragments of refractory,
Archean lithospheric mantle but also appear to contain a proportion of fertile
peridotites (Zheng et al., 2007; Gao et al., 2008), which can be interpreted to suggest
that the mantle replacement wags-going during that time. In addition, unusual
compositions of Mesozoic magmas in this region suggest that density foundering was
occurring beneath the Eastern Block during the Late Jurassic to Early Cretaceous

(Gao et al., 2004; 2008).

The data presentetlere shed additional light on the timing of lithospheric
thinning beneath the North China Craton. Xenolithic samples from Fushan, which
erupted at 125 Ma on the western boundary of the Eastern Block, are predominantly
composed of highly refractory peridtets with Neoarchean to Early Paleoproterozoic
Os model ages. This, together with very low estimated equilibrium temperatures
(620-720°C), suggests the presence of thick, cold, refractory Archean lithospheric
mantle, which, in turn, indicates that lithogpic thinning probably commenced after

125 Ma in this region.
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By contrast, peridotites from the nearby 4 Ma Hebi locality are also fragments of
refractory Archean lithospheric mantle (Zheng et al., 2001, 2007; this study), but they
have significantly higar equilibrium temperatures (102090°C). The lack of garnet
in these peridotites | imits their equilif6k
the contrast in equilibrium temperatures between Fushan and Hebi presumably
reflects an increase in the gleerm associated with lithospheric thinning, implying
that complete lithospheric removal did not occur in this region, but the lithosphere
was significantly thinned after the Early Cretaceous. Combining all observations, a
picture begins to emerge of lithoheric thinning/removal commencing from east
(Triassic, Yang et al., 2010) to west (<125 Ma, this study) in the North China Craton
during the Mesozoic, with complete removal of the ancient lithospheric mantle in the

east, and partial removal in the west.
4.6 Conclusions

The data reported here for nearly 100 peridotitic xenoliths from seven suites
within the central North China Craton allow us to map lithospheric boundaries in this
region. These data, in turn, shed light on the Precambrian accretion lubtibny

craton, as well as Mesozoic to Tertiary thinning.

1) Peridotites from the northern region are generally more fertile than those from the
south, and have maximumrd model ages suggesting their coeval formation at
~1.8 Ga. By contrast, peridotites fraime southern region have older (2.1 to 2.5
Ga) maximum kp model ages. Peridotites with model ages of both groups are
found at Fansi. Thus, there was diachronous formation of lithospheric mantle from

north to south, with the boundary at or near Fansi.
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2) Crust and lithospheric mantle have the same age in the southern region, whereas
the lithospheric mantle is significantly younger than the overlying crust in the
northern region. The coupled Neoarchean crust and mantle in the southern region
marks the time o€ratonization in this region. The crusi@antle decoupling in the
north documents lithospheric mantle replacement at ~1.8 Ga, likely resulting
either from a ~1.8.9 Ga contineatontinent collision associated with
amalgamation of the Columbia supercomineor from a large difference in the
degree of tectonic shortening from north (more) to south (less), or extrusion of
~1.9 Ga lithosphere from the Khondalite Belt beneath the northern-Ntis
China Orogen, during the ~1.85 Ga continental collisionveéeh Eastern and

Western blocks.

3) The age structure of lithospheric mantle beneath the North China Craton recorded
in mantle xenoliths erupted from the Paleozoic, through Mesozoic to Cenozoic,
suggests that lithospheric thinning and replacement may halxedJyom east to
west with time, starting with mantle lithosphere removal before the Triassic on the
eastern edge of the craton in the Korean peninsula, occurring during the
JurassieCretaceous within the interior of the Eastern Block, to thinning that

post-dates 125 Ma on the westernmost boundary of the Eastern Block.
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Supplemental Material for Chapter 4

Table -1. Modal mineralogy of the xenolithic peridotites from the North China
Craton

Locality Lithology maximum ol opXx CcpX sp
length
Hannuoba
DMP 04 Iherzolite N/A 67.6 219 8.9 1.6
DMP 19 Iherzolite N/A 61.6 29.8 7.8 0.8
DMP 25 harzburgite N/A 70.5 24.2 3.8 15
DMP 41 Iherzolite N/A 57.6 30.9 9.6 1.9
DMP 51 Iherzolite N/A 64.5 27.0 7.6 0.9
DMP 56 Iherzolite N/A 54.9 27.7 15.3 21
DMP 58 Iherzolite N/A 56.6 28.4 13.0 2.0
DMP 60 Iherzolite N/A 447 374 16.1 1.8
DMP 67c Iherzolite N/A 56.1 27.8 12.9 3.2
Yangyuan
YY-04 harzburgite 4 69.6 25.5 4.3 0.6
YY-08 Iherzolite 10 58.8 32.6 5.5 3.1
YY-09 Iherzolite 8 72.6 21.1 5.4 0.9
YY-11 harzburgite 4 76.9 20.1 1.7 1.3
YY-13 Iherzolite 35 69.2 214 7.9 14
YY-22 Iherzolite 9 67.5 23.8 7.3 15
YY-23 Iherzolite 5 67.2 26.9 5.5 0.5
YY-26 Iherzolite 15 65.1 24.0 8.7 2.2
YY-27 Iherzolite 10 67.1 22.0 8.0 3.0
YY-36 Iherzolite 7 69.6 186 10.5 1.3
YY-40B Iherzolite 11 65.6 23.6 8.8 1.9
YY-42 harzburgite 8 74.6 19.5 4.0 1.8
YY -45 Iherzolite 5 69.0 23.2 6.8 1.0
YY-50 Iherzolite 5 52.0 30.3 16.1 1.6
YY-51 harzburgite 4 78.3 17.1 2.1 2.6
YY-52 Iherzolite 5 67.7 22.7 8.7 0.9
YY-58 harzlurgite 10 75.8 19.7 3.4 1.0
YY-60 harzburgite 4 78.3 16.8 3.9 0.9
Datong
DAT-05 Iherzolite 3.5 64.9 30.7 3.7 0.7
DAT-09 harzburgite 25 89.3 8.4 11 1.2
DAT-15 Iherzolite 2 77.9 9.3 12.2 0.6
DAT-30 harzburgite 2 82.7 16.2 1.0 0.1
DAT-31 Iherzdite 3 66.7 23.9 7.4 1.9
Jining
JN-01 harzburgite 9 82.0 13.0 3.6 2.1
JN-02 harzburgite 7 77.0 17.0 4.7 1.2
JN-06 harzburgite 6 62.2 33.4 3.5 0.8
JIN-16 Iherzolite 4.5 87.4 4.8 6.3 1.6
JIN-17 Iherzolite 4 79.0 12.6 6.9 15

Note: ol: olivine, opxorthopyroxene, cpx: clinopyroxene, and sp: spinel.
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Table Z-1. continued

Locality Lithology =~ maximum length ol opx CcpXx sp
JN-19 harzburgite 7 71.8 23.5 4.4 0.3
JIN-26 harzburgite 8 80.4 134 4.4 1.8
JIN-27 Iherzolite 7 75.3 111 10.9 2.7
JN-29 Iherzolte 6 78.7 13.7 6.2 1.4
JN-31 Iherzolite 7 79.7 12.2 6.9 1.2
JN-35 Iherzolite 7 80.1 10.3 7.6 2.0
JN-52 Iherzolite 6 80.1 135 5.4 0.9
Fansi

FSO01 Iherzolite 8 73.7 16.9 7.9 1.4
FS04(2) 4

FS18 harzburgite 6 63.1 36.9 0.0 0.0
FS36 Iherzolite 3 66.3 22.8 9.8 1.0
FS42 harzburgite 3 60.3 38.4 0.9 0.5
FS43 harzburgite 4 78.7 19.7 15 0.1
FS44 Iherzolite 3 67.8 20.2 10.6 1.5
FS45 Iherzolite 3 75.0 15.0 8.3 1.7
FS50 Iherzolite 5 69.8 20.4 7.0 2.8
FS62 harzburgite 6 73.8 245 0.9 0.8
FS68 Iherzolite 5 89.1 7.5 3.1 0.3
FS204 harzburgite 7 84.9 12.7 1.9 04
FS205 Iherzolite 5 70.8 18.8 7.7 2.7
FS209 Iherzolite 4 68.4 19.5 10.6 1.5
FS210 Iherzolite 3 69.6 13.8 15.3 1.3
Hebi

HB-09 dunite drill 96.5 3.4 0.0 0.1
HB-10 harzburgite drill 73.4 26.6 0.0 0.0
HB-12 harzburgite drill 78.5 21.0 0.3 0.2
HB-13 Iherzolite drill 86.2 11.3 2.2 0.2
HB-15 Iherzolite drill 68.0 29.6 1.8 0.7
HB-21-2 dunite drill 93.2 6.7 0.0 0.1
HB-22 harzburgite drill 84.7 11.0 4.0 0.3
HB-24 dunite drill 93.7 4.5 0.4 15
Fushan

FS713 dunite N/A 97.5 0.0 0.0 25
FS619 dunite N/A 91.2 8.8 0.0 0.0
FS710 harzburgite N/A 87.6 9.5 1.1 1.6
FS656 harzburgite N/A 87.5 8.0 1.7 2.0
FS618 harzburgite N/A 85.6 8.0 3.3 2.6
FS629 harzburgite N/A 81.9 12.3 3.4 2.4
FS655 Iherzolite N/A 79.4 111 6.7 2.0
FS*1 Iherzolite N/A 80.8 10.6 5.6 3.0
FST79 Iherzolite N/A 83.3 11.2 5.0 0.6

Note: Modal mineral contents were calculated by point counting (4000 to 9000 counts).
Data sources in additido this study: Hannuoba (Rudnick et al., 2004) and Fushan (Xu et al., 2010)

* The maximum length of the sample indicates its size, as most of samples are nearshapedi However, the Jining samj
are generally very thin, yielding a few grams of pew although their maximum length is not very small. Hebi samples we
drilled. They are small, around ~2 to 4 cm in length. Fushan samples range from 3 to 7 cm in the maximum dimension
Hannuoba samples vary from a few centimeters up to 60 cm.
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Table &-2a. Olivine compositions of peridotites from Hannuoba

Sample Points Sio2 FeO MgO CaO NiO MnO Total Mg#
HNB2 2 40.6 10.63 48.37 99.6 89.0
HNB3 2 40.7 10.10 48.76 99.5 89.6
HNB4 2 40.8 9.01 49.36 99.2 90.7
HNB5A 2 40.8 8.23 50.11 99.1 91.6
HNB5B 2 40.9 8.55 49.93 99.4 91.2
HNB5C 2 40.8 9.21 49.19 99.2 90.5
HNB5D 2 41.1 7.68 50.31 99.1 92.1
HNB5E 2 41.2 8.37 50.14 99.7 91.4
HNB6 2 40.9 8.82 49.72 99.4 90.9
HNB7 2 41.0 8.71 50.05 99.8 91.1
HNB8 2 40.9 10.39 48.82 100.1 89.3
HNB9 2 41.2 8.56 50.37 100.1 91.3
HNB10 2 40.8 9.57 49.38 99.8 90.2
HNB11 2 41.1 9.06 49.88 100.1 90.8
HNB12 2 41.0 10.28 49.06 100.3 89.5
HNB13 2 41.0 8.66 50.19 99.9 91.2
HNB14 2 40.9 9.01 49.95 99.9 90.8
HNB15 2 41.4 7.99 50.65 100.0 91.9
HNB16 2 40.8 9.16 49.44 99.4 90.6
HNB17 2 40.8 8.61 49.72 99.1 91.1
HNB18 2 40.8 8.95 49.37 99.1 90.8
HNB19 2 41.0 8.03 50.10 99.2 91.7
HNB20 2 40.4 10.16 48.37 98.9 89.5
HNB21 2 40.8 8.03 50.00 98.9 91.7
HNB22 2 40.7 8.69 49.41 98.8 91.0
HNB23 2 40.5 8.94 49.09 98.5 90.7
HNB24 2 40.5 10.50 47.94 98.9 89.1
HNB25 2 41.5 8.74 50.75 101.0 91.2
HNB 26 2 41.3 10.25 49.20 100.7 89.5
HNB27 2 41.4 8.91 50.17 100.4 90.9
HNB29 2 41.5 9.60 49.60 100.7 90.2
HNB30 2 41.5 8.96 50.02 100.5 90.9
HNB31 2 41.5 9.15 50.01 100.6 90.7
HNB32 2 41.3 8.39 50.43 100.2 91.5
HNB33 2 41.3 9.24 49.81 100.3 90.6
HNB34 2 41.3 8.88 49.96 100.1 90.9
HNB35 2 41.0 8.51 49.68 992 91.2
HNB36 2 41.1 8.92 49.59 99.6 90.8
HNB38 2 41.4 7.80 50.29 99.5 92.0
HNB39 2 40.9 8.77 49.65 99.4 91.0
HNB40 2 41.3 8.34 50.22 99.8 91.5
HNB41 2 41.1 9.13 49.59 99.8 90.6
HNB42 2 41.1 9.51 49.16 99.7 90.2
HNB43 2 41.1 8.59 49,78 99.5 91.2
HNB44 2 41.2 9.46 49.53 100.2 90.3
HNB45 2 41.2 8.02 50.47 99.7 91.8
HNB46 2 41.4 8.69 50.20 100.3 91.1
HNB48 2 41.4 8.55 50.48 100.5 91.3
HNB49 2 41.4 8.22 50.62 100.3 91.6
HNB50 2 41.4 9.07 49.81 100.2 90.7
HNB51 2 41.4 9.64 49.46 100.5 90.1
HNB52 2 40.9 11.15 48.59 100.7 88.6
HNB54 2 41.1 10.30 48.86 100.3 89.4
HNB55 2 40.7 10.16 48.60 99.5 89.5
HNB56 2 41.1 7.83 50.45 99.4 92.0
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HNB57 2 40.9 9.71 49.10 99.8 90.0
HNB58 2 40.7 9.32 49.26 99.3 90.4
Table 3I-2b. Olivine compositions of peridotites from Yangyuan

Sample Points Sio2 FeO MgO CaO NiO MnO Total Fo
YY-01 2 41.0 9.89 49.5 0.04 0.12 100.5 89.9
YY-02 2 40.9 8.97 50.1 0.06 0.09 100.1 90.9
YY-03 2 40.7 9.38 50.0 0.05 0.15 100.3 90.5
YY-04 2 41.2 7.96 51.1 0.04 0.14 100.4 92.0
YY-06 2 40.6 8.99 50.1 0.02 0.11 99.9 90.9
YY-07 2 40.8 9.01 50.3 0.02 0.12 100.2 90.9
YY-08 2 40.6 9.38 499 0.02 0.13 100.1 90.5
YY-09 2 40.7 8.98 50.2 0.05 0.15 100.1 90.9
YY-10 2 40.9 9.07 50.2 0.03 0.11 100.3 90.8
YY-11 2 40.8 9.03 50.0 0.05 0.16 100.1 90.8
YY-12 2 40.8 8.74 50.3 0.02 0.11 100.0 911
YY-13 2 40.8 8.91 50.1 0.05 0.12 100.0 90.9
YY-14 2 411 8.65 50.4 0.06 0.08 100.3 91.2
YY-15 2 40.7 8.93 49.7 0.03 0.15 99.4 90.8
YY-16 2 40.6 8.54 50.1 0.05 0.11 99.4 91.3
YY-17 2 40.2 8.99 49.7 0.04 0.15 99.1 90.8
YY-18 2 40.5 8.88 49.8 0.08 0.13 99.4 90.9
YY-18B 2 40.4 8.83 49.8 0.03 0.13 99.2 91.0
YY-18C 2 40.8 9.06 49.7 0.06 0.13 99.7 90.7
YY-19A 2 40.5 8.86 49.7 0.05 0.11 99.2 90.9
YY-19B 4 40.8 8.40 50.1 0.04 0.11 99.5 91.4
YY-20A 2 40.6 8.82 49.7 0.06 0.12 99.3 90.9
YY-20B 2 40.6 8.69 50.2 0.07 0.10 99.6 91.2
YY-20C 2 40.4 9.35 49.4 0.03 0.14 99.4 90.4
YY-21 2 40.7 9.20 50.0 0.05 0.14 100.0 90.6
YY-22 2 40.5 8.62 50.0 0.02 0.13 99.2 91.2
YY-23 2 40.5 9.03 50.3 0.10 0.13 100.1 90.8
YY-24 2 40.8 8.54 50.4 0.02 0.12 99.9 91.3
YY-25 2 40.9 8.74 50.4 0.03 0.15 100.2 91.1
YY-25A 2 41.0 8.23 50.7 0.02 0.12 100.1 91.6
YY-25B 2 40.8 8.61 50.3 0.04 0.13 99.9 91.2
YY-26 2 40.7 9.18 50.2 0.03 0.14 100.2 90.7
YY-27 2 40.4 9.67 49.7 0.01 0.15 99.9 90.2
YY-28A 2 40.6 8.73 50.0 0.06 0.09 99.4 911
YY-28B 2 40.8 8.92 50.4 0.04 0.12 100.3 91.0
YY-28C 2 40.9 8.17 51.1 0.04 0.11 100.3 91.8
YY-29 2 40.7 8.98 50.1 0.06 0.09 99.9 90.9
YY-30 2 40.9 8.58 50.7 0.04 0.15 100.3 91.3
YY-31 2 40.9 8.62 50.7 0.08 0.12 100.4 91.3
YY-32 2 40.5 8.69 49.7 0.11 0.10 99.1 91.1
YY-33 2 40.5 8.86 50.0 0.06 0.13 99.6 91.0
YY-34 2 40.5 9.06 49.7 0.03 0.13 99.5 90.7
YY-35A 2 40.4 9.25 49.7 0.03 0.17 99.6 90.5
YY-35B 2 40.6 8.67 49.8 0.04 0.12 99.2 91.1
YY-36 2 40.7 8.72 50.0 0.02 0.12 99.6 911
YY-37A 2 40.5 8.56 50.2 0.08 0.14 99.5 91.3
YY-37B 2 40.7 8.98 50.0 0.02 0.16 99.8 90.8
YY-38 2 40.5 8.59 50.2 0.05 0.12 99.5 91.2
YY-39 2 40.3 9.20 49.6 0.02 0.13 99.3 90.6
YY-40A 2 40.6 8.97 49.8 0.07 0.12 99.6 90.8
YY-40B 2 40.6 8.64 50.2 0.01 0.13 99.6 91.2
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YY-41 2 40.4 9.02 49.9 0.07 0.16 99.6 90.8
YY-42 2 40.3 8.71 49.6 0.05 0.13 98.7 91.0
YY-43 2 40.5 9.17 49.4 0.01 0.14 99.2 90.6
YY-44 2 40.3 8.86 49.5 0.07 0.13 98.9 90.9
YY-45 2 40.5 8.90 49.3 0.09 0.12 99.0 90.8
YY-46 2 40.3 8.62 49.7 0.04 0.14 98.8 91.1
YY-47 2 40.4 8.68 49.7 0.09 0.13 99.0 91.1
YY-48 2 39.7 12.15 47.1 0.01 0.19 99.2 87.4
YY-50 2 40.3 9.07 49.3 0.03 0.10 98.8 90.6
YY-51 2 40.4 8.18 50.3 0.04 0.12 99.0 91.6
YY-52 2 40.3 8.94 49.3 0.07 0.13 98.8 90.8
YY-53 2 40.6 8.97 49.7 0.05 0.09 99.4 90.8
YY-54 2 40.4 8.87 48.9 0.08 0.13 98.4 90.8
YY-55 2 40.3 8.92 49.5 0.05 0.13 98.9 90.8
YY-56A 2 40.5 8.91 49.3 0.07 0.13 98.9 90.8
YY-56B 2 40.7 8.47 49.7 0.03 0.13 99.0 91.3
YY-57 2 40.7 8.33 49.4 0.01 0.15 98.6 91.4
YY-58 2 40.9 8.04 49.5 0.08 0.13 98.7 91.7
YY-59 2 40.7 8.73 49.4 0.05 0.16 99.0 91.0
YY-60 2 40.8 8.30 49.5 0.05 0.13 98.7 91.4
YY-61 2 40.7 8.74 49.4 0.02 0.13 99.0 91.0
YY-62a 3 40.8 7.94 49.9 0.06 0.13 98.9 91.8
YY-62b 2 40.3 9.94 48.3 0.01 0.13 98.7 89.7
YY-63 2 40.6 8.89 49.0 0.02 0.17 98.8 90.8
YY-64 2 40.5 9.32 49.3 0.05 0.14 99.3 90.4
YY-65 2 40.3 9.02 49.9 0.07 0.13 99.4 90.8
YY-66 2 40.3 9.35 49.3 0.05 0.14 99.2 90.4
YY-70 2 40.5 8.82 49.9 0.04 0.10 99.3 91.0
YY-71 2 40.5 8.35 50.0 0.06 0.13 99.0 91.4
Table S-2c. Olivine compositions of peratites from Daton

Sample Points Sio2 FeO MgO CaO NiO MnO Total Fo

DAT-01 2 40.6 8.47 49.6 0.06 0.13 98.9 91.3
DAT-02 2 40.5 8.91 49.4 0.04 0.13 99.0 90.8
DAT-03 1 40.8 7.94 50.4 0.03 0.09 99.3 91.9
DAT-04 2 40.5 9.37 49.3 0.05 0.15 99.4 90.4
DAT-05 2 40.5 8.27 49.8 0.06 0.15 98.8 91.5
DAT-06 2 40.5 8.66 49.9 0.04 0.14 99.3 91.1
DAT-07 2 40.6 8.42 50.0 0.05 0.12 99.2 91.4
DAT-08 2 40.5 8.91 49.5 0.07 0.14 99.1 90.8
DAT-09 2 40.3 8.15 50.1 0.06 0.13 98.7 91.6
DAT-10 2 40.9 7.80 50.4 0.03 0.13 99.2 92.0
DAT-11 2 40.5 8.50 49.8 0.08 0.13 99.0 91.3
DAT-12 2 40.6 8.53 49.6 0.04 0.14 98.9 91.2
DAT-13 2 40.4 8.44 49.7 0.06 0.13 98.7 91.3
DAT-14 2 40.6 8.77 49.3 0.04 0.12 98.9 90.9
DAT-15 5 40.7 8.96 49.4 0.41 0.12 99.6 90.8
DAT-16 2 40.5 9.52 48.7 0.06 0.15 99.0 90.1
DAT-17 2 40.5 8.66 48.9 0.05 0.13 98.3 91.0
DAT-18 2 40.3 9.00 48.9 0.04 0.14 98.3 90.6
DAT-19 2 40.3 9.71 48.3 0.05 0.16 98.5 89.9
DAT-20 2 40.4 8.92 49.1 0.05 0.09 98.5 90.7
DAT-21 2 40.2 8.68 49.1 0.03 0.12 98.1 91.0
DAT-22 2 40.3 8.53 49.0 0.07 0.11 98.1 91.1
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DAT-23 2 40.5 8.71 48.6 0.07 0.14 98.0 90.9
DAT-24 2 40.4 8.69 49.1 0.05 0.12 98.4 91.0
DAT-26 2 40.4 8.84 49.0 0.05 0.17 98.4 90.8
DAT-27 2 40.3 8.27 49.1 0.05 0.13 97.8 914
DAT-28 2 40.5 8.85 49.1 0.05 0.11 98.6 90.8
DAT-29 2 40.3 9.37 49.0 0.06 0.13 98.8 90.3
DAT-30 5 40.9 8.11 50.4 0.41 0.12 99.9 91.7
DAT-31 5 40.7 8.73 50.0 0.38 0.12 99.9 91.1
DAT2-01 2 40.6 8.46 50.6 0.05 0.13 99.8 91.4
DAT2-02 2 41.0 7.99 51.1 0.05 0.11 100.2 91.9
DAT2-03 2 40.9 8.46 50.7 0.08 0.12 100.3 91.4
DAT2-04 2 40.9 8.57 50.6 0.07 0.11 100.3 91.3
DAT3-01 2 40.4 8.36 50.6 0.04 0.14 99.5 915
DAT3-02 2 40.7 9.06 50.0 0.04 0.16 100.0 90.8
DAT3-03 2 40.7 8.93 50.3 0.05 0.16 100.2 90.9
DAT3-04 2 40.6 9.44 49.8 0.05 0.08 100.0 90.4
DAT3-05 2 40.5 8.85 49.9 0.04 0.14 99.4 90.9
DAT3-06 2 40.5 8.90 50.3 0.05 0.11 99.9 91.0
DAT3-07 2 40.5 8.52 49.8 0.05 0.10 98.9 91.2
DAT3-08 2 40.7 8.38 50.4 0.04 0.14 99.7 91.5
DAT3-09 2 40.8 9.12 50.2 0.07 0.11 100.3 90.8
DAT3-10 2 40.4 9.39 49.8 0.04 0.15 99.7 90.4
DAT3-11A 2 40.8 8.55 50.6 0.05 0.11 100.0 91.3
DAT3-11B 2 41.0 7.66 51.1 0.05 0.12 99.9 92.2
DAT3-12 2 40.4 9.68 49.5 0.08 0.17 99.9 90.1
DAT3-13 2 40.7 9.21 50.0 0.06 011 100.1 90.6
DAT3-14 2 40.6 9.17 49.9 0.05 0.13 99.8 90.7
DAT3-15 2 40.6 9.07 49.9 0.02 0.13 99.7 90.7
DAT3-16 2 40.6 9.06 49.9 0.04 0.11 99.7 90.8
DAT3-17 2 40.7 8.98 50.1 0.06 0.14 100.0 90.9
DAT3-18 2 40.2 8.86 49.4 0.07 0.13 98.6 90.9
DAT3-19 2 40.3 8.78 49.9 0.05 0.15 99.2 91.0
DAT3-20 2 40.1 8.80 49.8 0.05 0.14 98.9 91.0
DAT3-21 2 40.2 9.47 49.3 0.05 0.08 99.2 90.3
DAT3-22 2 40.3 9.21 49.3 0.06 0.11 98.9 90.5
DAT3-23 2 40.4 8.74 49.9 0.06 0.11 99.2 911
DAT3-24 2 40.3 8.22 50.2 0.04 0.14 98.9 91.6
DAT3-25 2 40.5 8.33 50.1 0.03 0.12 99.1 915
DAT3-26 2 40.2 9.45 49.5 0.07 0.15 99.4 90.3
DAT3-27 2 40.6 7.95 50.9 0.05 0.13 99.7 92.0
DAT3-28A 1 411 8.47 51.4 0.04 0.09 101.0 91.5
DAT3-28B 2 40.6 10.67 49.5 0.15 0.15 101.1 89.2
DAT3-29 2 40.6 9.21 50.5 0.05 0.17 100.5 90.7
DAT3-30 2 40.7 8.69 50.9 0.02 0.12 100.4 91.3
DAT3-31 2 40.6 9.36 50.5 0.05 0.13 100.6 90.6
DAT3-32 2 41.1 8.38 51.2 0.06 0.14 100.8 91.6
Table S-2d. Olivine compositions of peridotites from iig

Sample Points Sio2 FeO MgO CaO NiO MnO Total Fo
JN-01 4 40.4 8.97 49.1 0.04 0.13 98.6 90.7
JN-02 3 40.9 8.93 49.9 0.03 0.17 99.9 90.9
JN-03 3 41.0 8.81 49.2 0.04 0.12 99.2 90.9
JN-04 3 40.6 8.90 49.4 0.03 0.14 99.1 90.8
JN-05 3 41.0 9.28 49.3 0.02 0.14 99.7 90.5
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JN-06
JN-07
JN-08
JN-09
JN-10
JN-11
JIN-12
JN-13A
JN-13B
JN-13C
JIN-14A
JN-14B
JN-15
JN-16
JIN-17
JN-18
JN-19
JN-20
JN-21
JN-23
JN-24
JN-25
JN-26
JIN-27
JN-28
JN-29
JN-30
JN-31
JN-32
JN-33
JN-34
JN-35
JN-36
JIN-37
JN-38
JN-39A
JN-39B
JN-40
JN-41
JIN-42
JN-43
JIN-44
JN-45
JN-46
JIN-47
JN-48
JN-49
JN-50
JN-51
JN-52
JN-53
JN-54

JN-56

W W WNDNDNNWWWAEADNDNWOWNDDEWPEWWWNWWWOWNDWWNDREDWWWWNDNDNNDMNWWREWONDWWWWDWWLWODN

41.1
40.7
41.1
41.0
41.1
41.1
41.1
41.0
40.8
41.0
40.8
40.9
41.0
40.9
40.3
41.2
40.9
40.9
41.1
40.9
41.1
40.6
40.7
40.7
40.6
40.7
40.6
40.3
40.9
40.1
40.7
40.9
40.5
40.7
40.5
40.5
40.1
40.4
40.5
40.6
40.6
40.2
40.5
40.7
40.4
40.5
40.2
40.8
40.6
40.9
41.0
40.8

40.6

9.00
9.24
9.18
9.34
9.44
9.13
8.63
8.96
8.90
8.85
9.49
9.75
9.47
9.28
11.63
8.97
9.64
9.30
8.17
9.44
8.93
8.29
8.11
9.16
9.20
9.12
8.91
11.90
8.39
12.01
9.17
8.85
10.35
8.66
8.99
9.05
10.72
10.20
8.97
9.07
8.61
9.98
10.02
8.91
9.22
9.71
10.25
9.12
9.35
9.02
9.27
9.51

9.93

49.4
49.3
48.9
49.6
49.8
49.6
49.9
50.0
49.9
49.7
495
49.0
49.3
49.4
47.5
49.9
49.1
49.3
50.2
49.3
50.0
48.6
49.7
49.1
49.0
49.3
49.0
46.9
49.9
46.9
49.2
49.2
48.1
49.7
49.1
48.9
47.9
47.8
48.9
49.0
49.4
48.2
48.2
49.1
49.1
48.6
48.1
49.4
49.3
49.3
49.3
49.0

48.8

0.05
0.04
0.04
0.05
0.02
0.03
0.01
0.03
0.03
0.02
0.03
0.02
0.03
0.02
0.04
0.03
0.04
0.03
0.04
0.04
0.02
0.03
0.04
0.03
0.03
0.02
0.04
0.04
0.01
0.02
0.04
0.03
0.02
0.03
0.02
0.03
0.04
0.03
0.03
0.03
0.02
0.04
0.03
0.04
0.04
0.03
0.04
0.03
0.04
0.02
0.04
0.04

0.01

0.15
0.12
0.12
0.14
0.15
0.15
0.13
0.11
0.12
0.13
0.12
0.11
0.16
0.13
0.18
0.12
0.14
0.14
0.13
0.12
0.14
0.13
0.13
0.12
0.15
0.14
0.13
0.17
0.13
0.23
0.13
0.14
0.15
0.14
0.14
0.13
0.19
0.14
0.11
0.14
0.11
0.12
0.15
0.14
0.13
0.12
0.18
0.11
0.14
0.14
0.14
0.16

0.17

99.7
99.4
99.4
100.1
100.5
100.0
99.8
100.2
99.7
99.7
100.0
99.8
99.9
99.8
99.7
100.2
99.8
99.6
99.6
99.7
100.2
97.6
98.7
99.1
99.0
99.3
98.7
99.4
99.4
99.3
99.3
99.1
99.1
99.3
98.8
98.6
99.0
98.5
98.5
98.9
98.7
98.5
98.8
98.9
98.9
98.9
98.7
99.4
99.4
99.4
99.7
99.5

99.5

90.7
90.5
90.5
90.4
90.4
90.6
91.2
90.9
90.9
90.9
90.3
90.0
90.3
90.5
87.9
90.8
90.1
90.4
91.6
90.3
90.9
91.3
91.6
90.5
90.5
90.6
90.7
87.5
91.4
87.5
90.5
90.8
89.2
91.1
90.7
90.6
88.9
89.3
90.7
90.6
91.1
89.6
89.5
90.8
90.5
89.9
89.3
90.6
90.4
90.7
90.5
90.2

89.7
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Table S-2e. Olivine compositions of peridotites from Fe

Sample Points Sio2 FeO MgO CaO NiO MnO Total Fo
FS01 3 40.7 9.40 49.1 0.04 0.12 99.37 90.3
FS02A 3 40.6 9.87 48.9 0.03 0.15 99.54 89.8
FS02B 2 40.8 9.36 49.3 0.04 0.15 99.71 90.4
FS02C 3 40.8 9.69 49.0 0.05 0.14 99.65 90.0
FS03 3 41.0 8.83 49.6 0.04 0.15 99.63 90.9
FS-03B 3 412 7.42 50.9 0.04 0.13 99.64 924
FS-04 3 41.2 7.38 50.7 0.04 011 99.47 925
FS10 3 40.9 8.25 50.1 0.05 0.12 99.36 915
FS13 3 40.6 9.54 49.3 0.04 0.14 99.69 90.2
FS14 3 40.8 10.11 48.6 0.02 0.16 99.64 895
FS17 3 41.2 7.74 50.6 0.03 0.11 99.69 92.1
FS18 3 41.1 7.38 50.5 0.04 0.12 99.14 924
FS19 3 40.7 9.44 49.1 0.05 0.13 99.46 90.3
FS-20 3 40.9 8.26 49.8 0.07 0.15 99.17 915
FS201B 3 40.9 8.81 49.4 0.05 0.13 99.23 90.9
FS201B2 3 40.6 8.84 48.9 0.04 0.12 98.48 90.8
FS201C 3 40.6 9.89 48.5 0.05 0.15 99.12 89.7
FS201D 4 41.0 7.67 50.4 0.04 0.11 99.22 921
FS202 3 40.7 9.38 49.1 0.05 0.14 99.30 90.3
FS203 2 40.5 10.54 48.4 0.05 0.15 99.70 89.1
FS204 3 40.9 8.88 49.7 0.05 0.13 99.67 90.9
FS205 3 40.7 9.13 49.5 0.05 0.14 99.58 90.6
FS206 2 40.8 9.07 49.1 0.03 0.13 99.12 90.6
FS207 3 40.6 9.10 49.2 0.07 0.16 99.18 90.6
FS208 3 40.7 9.41 49.0 0.03 0.15 99.36 90.3
FS209 2 40.6 9.74 48.6 0.05 0.13 99.13 89.9
FS21 3 40.7 10.17 48.4 0.03 0.13 99.38 895
FS210 3 40.3 11.41 47.7 0.04 0.16 99.65 88.2
FS211 2 40.5 9.82 48.9 0.03 0.15 99.35 89.9
FS212 3 40.6 10.13 48.5 0.05 0.16 99.39 895
FS213 3 404 9.79 48.8 0.05 0.14 99.10 89.9
FS214 3 40.4 10.22 48.3 0.04 0.15 99.10 89.4
FS215 3 404 9.15 49.3 0.04 0.15 99.03 90.6
FS216 3 40.5 9.16 48.8 0.05 0.13 98.67 90.5
FS217 3 404 10.05 48.5 0.05 0.14 99.16 89.6
FS218 3 404 9.48 48.7 0.05 0.15 98.75 90.1
FS219 3 40.7 8.81 49.2 0.06 0.13 98.91 90.9
FS22A 3 40.9 9.84 48.7 0.04 0.15 99.65 89.8
FS23 2 40.5 10.04 48.6 0.02 0.16 99.30 89.6
FS-24 3 40.8 9.83 48.8 0.04 0.13 99.52 89.8
FS-26 3 40.4 11.55 47.5 0.04 0.16 99.66 88.0
FS-27 3 40.7 9.52 48.8 0.04 0.13 99.24 90.1
FS28 4 41.1 8.10 50.2 0.05 0.11 9959 917
FS29 3 406 9.84 48.9 0.03 0.15 99.54 899
FS31 2 40.7 9.73 49.1 0.04 0.14 99.74 90.0
FS32 2 40.9 8.78 494 0.04 0.14 99.30 90.9
FS33 5 40.7 8.67 497 0.04 013 99.28 91.1
FS34 3 404 9.92 48.5 0.05 0.14 98.97 89.7
FS-36 3 40.5 9.80 48.5 0.05 0.14 9894 89.8
FS37 3 40.6 8.45 49.5 0.05 0.12 98.69 91.3
FS-38 3 40.4 9.17 48.9 0.04 0.15 98.63 90.5
FS39 3 39.3 15.68 43.4 0.03 0.20 98.62 832
FS41 3 40.1 11.28 47.2 0.07 0.18 98.80 882
FS42 3 40.7 7.51 50.0 0.03 0.11 9826 922
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FS43 3 40.6 7.81 49.6 0.06 0.14 9821 919
FS44 3 40.4 9.25 48.9 0.04 0.15 98.70 90.4
FS45 3 40.3 9.38 48.6 0.05 0.13 9844 90.2
FS46 3 40.6 9.11 48.9 0.02 0.12 98.74 90.5
FS47 3 39.8 14.12 45.2 0.04 0.29 99.37 851
FS48 3 40.7 9.73 49.2 0.04 0.17 99.79 90.0
FS50 4 40.4 10.48 48.3 0.06 0.16 99.44 89.2
FS51 3 40.7 8.82 49.5 0.05 0.11 99.20 90.9
FS51-2 3 40.3 10.55 48.2 0.06 0.15 99.33 89.1
FS52 3 40.5 10.54 48.5 0.05 0.15 99.76 89.1
FS53 3 40.9 8.04 50.4 0.04 0.12 99.50 91.8
FS55 4 40.8 7.87 50.3 0.03 0.11 99.20 919
FS56 3 40.7 8.65 49.3 0.04 0.15 9890 91.0
FS57 2 40.2 10.55 48.0 0.04 0.20 98,96 89.0
FS58 3 40.6 9.69 48.9 0.05 0.14 9940 90.0
FS62 3 41.2 7.44 50.8 0.05 0.09 9952 924
FS63 3 41.0 8.25 50.0 0.05 0.12 9947 915
FS64 3 40.3 9.86 48.5 0.03 0.16 98.88 89.8
FS-65 4 40.7 8.29 50.0 0.04 0.14 99.11 915
FS-66 2 40.5 9.01 50.0 0.03 0.16 99.76 90.8
FS68 4 40.9 8.13 50.2 0.04 0.12 99.44 917
FS69 4 40.7 9.01 49.4 0.03 0.13 99.23 90.7
FS69-2 3 40.7 9.52 49.0 0.03 0.14 99.45 90.2
Table 3I-2f. Olivine compositions of peridotites from Hebi

Sample Points  SiO2 FeO MgO CaO NiO MnO Total Fo
HB-01 2 41.1 7.28 50.8 0.05 0.13 99.3 92.6
HB-02 2 40.8 7.57 50.5 0.10 0.13 99.1 92.2
HB-03 2 41.2 7.63 50.5 0.10 0.12 99.5 92.2
HB-04 3 41.1 7.03 50.9 0.02 0.12 99.2 92.8
HB-05 3 40.8 7.94 50.1 0.01 0.13 99.0 91.8
HB-06 3 41.0 7.98 50.7 0.07 0.13 99.9 91.9
HB-07 3 40.8 7.51 50.6 0.09 0.08 99.0 92.3
HB-08 4 40.7 8.60 49.8 0.08 0.14 99.3 91.2
HB-09 3 41.0 7.33 50.6 0.03 0.09 99.1 925
HB-10 3 40.9 8.29 49.8 0.05 0.12 99.2 915
HB-11 3 41.1 7.31 50.8 0.03 0.11 99.3 925
HB-12 2 41.1 7.66 50.6 0.08 0.11 99.6 92.2
HB-13 3 41.0 7.56 50.4 0.08 0.12 99.2 92.2
HB-14 3 41.1 7.61 50.2 0.09 0.12 99.1 92.2
HB-15 3 40.9 8.05 50.1 0.05 0.14 99.3 91.7
HB-16 3 40.8 7.74 50.5 0.07 0.09 99.1 92.1
HB-17 3 40.7 8.63 49.6 0.05 0.12 99.0 91.1
HB-18 3 40.7 7.67 50.2 0.07 0.12 98.8 92.1
HB-19 3 40.7 7.62 50.2 0.03 0.10 98.7 92.2
HB-20 3 40.9 7.50 50.2 0.06 0.15 98.8 92.3
HB-21-1 2 41.1 7.20 50.7 0.06 0.09 99.2 92.6
HB-21-2 4 41.0 7.55 50.6 0.07 0.09 99.3 92.3
HB-22 2 41.1 7.73 50.4 0.05 0.12 99.5 921
HB-24 6 40.4 10.0 48.3 0.30 0.13 99.2 89.6
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Table &-3a. Average EPMA analyses of olivines from spinel peridotites

Sample n Sio, FeO MnO NiO MgO Total Fo
Datong

DAT-05 5 41.1 8.35 0.11 0.38 50.3 100.2 91.5
DAT-09 5 40.7 8.21 0.12 0.36 50.1 99.5 91.6
DAT-15 5 40.7 8.96 0.12 0.41 49.4 99.6 90.8
DAT-30 5 40.9 8.11 0.12 0.41 50.4 99.9 91.7
DAT-31 5 40.7 8.73 0.12 0.38 50.0 99.9 91.1
Jining

JN-01 5 41.0 9.06 0.12 0.33 50.3 100.8 90.8
JN-02 5 40.9 9.47 0.14 0.35 50.4 101.2 90.5
JN-06 6 40.8 10.4 0.15 0.39 49.5 101.2 89.5
JIN-16 6 411 9.45 0.12 0.39 50.1 101.1 90.4
JIN-17 5 40.6 12.2 0.15 0.37 48.0 101.3 87.5
IN-19 5 41.3 8.96 0.13 0.38 50.9 101.7 91.0
JIN-26 6 41.3 8.31 0.12 0.37 51.1 101.1 91.6
IN-27 5 41.0 9.13 0.14 0.39 50.3 101.0 90.8
IN-29 6 41.0 9.20 0.12 0.37 50.4 101.1 90.7
JN-31 6 40.3 14.1 0.21 0.34 46.7 101.7 85.5
IN-35 6 41.1 9.03 0.12 0.37 50.6 101.2 90.9
IN-52 6 41.2 9.08 0.15 0.37 50.2 101.0 90.8
Fansi

FS01 5 41.0 9.81 0.12 0.37 49.9 101.2 90.1
FS18 5 41.3 9.07 0.10 0.38 50.6 101.5 90.9
FS-36 5 41.0 9.99 0.14 0.39 49.7 101.1 89.9
FS42 5 41.3 7.64 0.11 0.39 51.2 100.6 92.3
FS43 5 41.6 7.97 0.11 0.39 51.4 101.4 92.0
FS44 5 40.9 9.44 0.13 0.37 50.2 101.0 90.5
FS50 5 40.8 10.9 0.13 0.36 48.8 101.0 88.9
FS62 5 41.5 7.55 0.10 0.41 52.2 101.7 92.5
FS64 5 40.7 10.1 0.14 0.39 49.3 100.7 89.7
FS68 6 41.6 8.15 0.12 0.37 51.9 102.1 91.9
FS69 5 41.0 9.15 0.12 0.38 50.5 101.2 90.8
FS204 5 41.1 9.11 0.11 0.37 50.7 101.4 90.8
FS205 5 41.2 9.43 0.15 0.38 50.5 101.6 90.5
FS209 5 40.8 101 0.17 0.35 49.6 101.0 89.7
FS210 5 40.6 11.6 0.17 0.35 48.4 101.1 88.2
Hebi

HB-09 7 41.1 7.36 0.09 0.39 51.3 100.2 92.6
HB-10 5 41.2 8.42 0.13 0.39 50.6 100.8 91.5
HB-12 5 41.2 7.65 0.10 0.38 51.6 100.9 92.3
HB-13 5 41.1 7.68 012 0.39 51.1 100.3 92.2
HB-15 6 41.1 8.11 0.10 0.42 51.1 100.9 91.8
HB-21-2 5 41.3 7.61 0.12 0.35 51.2 100.5 92.3
HB-22 6 41.5 7.92 0.10 0.39 51.6 101.5 92.1
HB-24 6 40.4 10.0 0.13 0.30 48.3 99.2 89.6
Fushan

FS713 4 40.9 8.77 0.12 0.29 49.2 99.3 90.9
FS710 2 41.1 7.11 0.14 0.38 50.7 99.4 92.7
FS656 4 40.7 7.10 0.12 0.36 51.2 99.5 92.8
FS629 2 41.2 7.11 0.13 0.45 51.6 100.5 92.8
FS618 2 40.9 7.97 0.16 0.36 50.5 99.9 91.9
FS655 2 40.1 8.32 0.14 0.38 50.3 99.2 91.5
FS71 2 40.4 8.33 0.14 0.36 49.7 99.0 91.4
FS79 2 40.8 7.40 0.07 0.42 51.1 99.8 92.5

Data sources in addition to thetudy: Fushan (Xu et al., 201@) number of analyses
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Table S-3b. Average EPMA analyses of orthopyroxenes from spinel perid

Sample n SiO; TiO, Al,O3 Cr,03 FeO MnO MgO CaO NaO Total
Datong

DAT-05 5 54.9 0.05 6.02 0.51 5.59 0.01 32.8 0.99 0.07 100.9
DAT-09 4 55.2 0.03 3.53 0.63 5.37 0.04 33.2 1.08 0.04 99.1
DAT-15 5 54.8 0.10 5.86 0.36 5.91 0.01 32.2 0.82 0.07 100.1
DAT-30 4 55.6 0.06 4.17 0.57 5.28 0.01 33.1 0.94 0.07 99.8
DAT-31 5 55.0 0.08 5.60 0.40 5.82 0.01 32.9 0.78 0.06 100.7
Jining

JN-01 5 54.8 0.09 5.00 0.38 5.84 0.14 32.8 0.71 0.04 99.8
JN-02 5 54.8 0.06 491 0.38 5.92 0.13 33.2 0.71 0.04 100.2
JN-06 4 55.0 0.08 4.44 0.58 5.93 0.13 32.9 0.84 0.06 99.9
JIN-16 2 54.9 0.06 521 0.36 6.13 0.13 32.6 0.77 0.16 100.3
JIN-17 5 54.5 0.09 5.47 0.41 6.62 0.13 32.3 0.71 0.16 100.4
JN-19 5 55.5 0.03 3.64 0.50 5.73 0.12 333 0.80 0.08 99.7
JN-26 5 55.2 0.05 4.12 0.50 5.37 0.11 333 0.73 0.10 99.6
JIN-27 5 54.2 0.08 5.68 0.37 6.01 0.14 32.3 0.68 0.07 99.5
JIN-29 5 54.8 0.01 4.79 0.42 5.95 0.14 329 0.79 0.03 99.9
JN-31 5 54.6 0.02 4.63 0.38 6.87 0.14 32.2 0.73 0.10 99.7
JN-35 5 54.9 0.05 4.89 0.34 5.81 0.15 331 0.70 0.04 100.1
JIN-52 1 55.2 0.03 4,55 0.31 5.77 0.13 32.7 0.77 0.08 99.4
Fansi

FSO01 5 55.0 0.12 4.70 0.31 6.32 0.14 32.6 0.71 0.06 100.0
FS18 5 54.9 0.06 5.36 0.29 6.00 0.12 32.8 0.84 0.11 100.5
FS36 5 54.3 0.07 571 0.30 6.68 0.15 324 0.86 0.06 100.6
FS42 5 55.8 0.00 343 0.50 5.01 0.11 33.8 0.79 0.10 99.6
FS43 5 55.4 0.07 431 0.67 5.23 0.12 331 1.09 0.10 100.1
FS44 5 54.9 0.02 4.29 0.39 6.04 0.13 32.7 0.75 0.03 99.2
FS50 5 53.7 0.16 6.63 0.35 6.71 0.13 30.8 1.40 0.25 100.2
FS62 5 55.2 0.02 3.11 0.48 4.74 0.11 33.6 0.77 0.08 98.1
FS64 1 56.1 0.02 2.68 0.53 5.26 0.12 33.9 0.89 0.05 99.6
FS68 5 56.3 0.01 2.68 0.53 5.33 0.11 34.0 0.90 0.06 99.9
FS69 2 55.2 0.09 4.14 0.38 6.15 0.13 34.0 0.73 0.04 100.8
FS204 5 55.9 0.05 3.58 0.45 5.97 0.12 333 0.92 0.07 100.4
FS205 5 55.6 0.02 4381 0.50 6.07 0.13 33.0 1.05 0.08 101.3
FS209 5 54.9 0.05 5.57 0.37 6.44 0.14 32.3 1.00 0.13 100.9
FS210 3 55.5 0.04 3.34 0.38 7.41 0.16 31.9 0.92 0.13 99.8
Hebi

HB-09 5 54.9 0.00 4.18 0.59 4.87 0.11 334 0.97 0.06 99.1
HB-10 5 55.5 0.09 3.48 0.78 5.53 0.13 33.0 1.21 0.15 99.9
HB-12 5 55.3 0.00 3.71 0.84 5.00 0.10 334 1.38 0.03 99.8
HB-13 5 55.3 0.00 3.77 0.78 5.04 0.12 33.3 1.33 0.06 99.8
HB-15 5 54.8 0.01 3.91 0.82 5.33 0.12 33.0 1.40 0.04 994
HB-21-2 5 55.3 0.03 2.70 0.76 491 0.11 335 1.38 0.03 98.8
HB-22 5 55.7 0.02 3.59 0.75 5.18 0.12 33.6 1.25 0.08 100.3
HB-24 4 55.0 0.02 411 0.84 6.82 0.14 31.8 1.24 0.21 1002
Fushan

FS710 3 56.82 0 1.76 0.43 5 0.15 34.94 0.38 0.02 99.5
FS656 1 56.34 0.04 2.85 0.43 491 0.13 34.47 0.49 0.05 99.7
FS629 2 56.81 0.01 231 0.47 4.84 0.1 34.91 0.36 0.07 100.0
FS618 2 57.14 0 1.65 0.54 5.05 0.13 35.2 0.32 0.09 100.2
FS655 2 55.78 0.09 3.28 0.46 5.78 0.12 33.76 0.33 0.04 99.7
FS71 3 56.11 0.07 271 0.36 5.77 0.13 34.11 0.32 0.04 99.7
FS79 1 56.32 0.01 2.29 0.51 4.75 0.11 34.63 0.35 0.1 99.1
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Table S-3c. Average EPMA analyses of clinopyroxenes from spieeidotites

Sample n Sio, TiO, Al,O;  Cr,O3 FeO MnO MgO CaO Na,O Total
Datong

DAT-05 5 52.7 0.25 5.47 1.00 241 0.02 16.6 20.0 121 997
DAT-09 4 53.5 0.05 2.85 1.19 2.28 0.07 17.8 20.7 0.66 99.0
DAT-15 5 52.2 0.42 6.25 0.87 2.38 0.02 155 19.8 142 989
DAT-30 5 53.7 0.15 4.50 1.29 2.15 0.02 16.4 194 162 993
DAT-31 5 52.4 0.36 6.17 1.04 2.35 0.02 15.8 20.1 1.38 99.6
Jining

JN-01 5 51.7 0.36 5.27 0.93 2.19 0.08 16.0 21.9 1.06 99.5
JN-02 5 52.2 0.29 5.14 0.97 2.28 0.06 16.2 22.0 1.04 100.2
JN-06 5 52.0 0.34 4.71 1.41 2.45 0.10 16.0 21.4 1.21  99.7
JIN-16 5 51.9 0.39 3.81 1.47 2.47 0.09 16.9 22.0 0.75 99.8
IN-17 5 52.1 0.48 3.52 1.16 3.04 0.07 16.4 21.8 081 994
IN-19 4 539 0.19 3.31 1.19 245 0.08 17.0 20.7 147 100.2
IN-26 2 52.9 0.31 5.79 1.58 2.49 0.07 16.7 18.1 2.03 99.9
IN-27 5 51.6 0.44 6.63 0.90 2.26 0.06 15.0 20.9 164 994
IN-29 5 52.5 0.09 4.15 0.83 2.25 0.06 16.7 22.8 0.69 100.1
IN-31 5 52.9 0.09 4.05 0.95 3.05 0.08 15.9 21.0 131 993
IN-35 5 52.2 0.22 5.46 0.93 2.27 0.07 16.1 21.9 1.18 1004
JIN-52 5 52.8 0.15 4.71 0.89 2.34 0.09 16.2 21.3 1.29 99.7
Fansi

FSO01 5 52.1 0.49 5.19 0.80 251 0.08 15.9 21.7 1.23 100.C
FS-36 5 51.8 0.35 5.78 0.68 3.13 0.07 16.0 21.2 1.23 100.2
FS42 4 52.9 0.10 5.09 1.56 2.47 0.06 15.8 20.3 1.81 100.1
FS43 5 52.5 0.38 5.23 1.62 2.37 0.07 16.5 20.1 1.58 1004
FS44 5 52.7 0.08 3.78 0.80 243 0.07 16.7 22.3 0.74 99.7
FS50 5 51.3 0.58 7.00 0.75 3.38 0.10 16.2 192 148 99.9
FS62 5 52.8 0.08 3.75 131 2.04 0.07 16.6 20.7 141 98.8
FS64 4 51.8 0.29 452 0.67 2.75 0.08 16.5 225 0.72 99.8
FS68 5 53.8 0.08 3.02 1.38 2.29 0.07 17.2 21.3 1.18 100.2
FS69 3 52.6 0.36 412 0.96 2.57 0.07 16.3 22.4 0.89 100.3
FS204 5 53.6 0.13 3.65 1.00 2.69 0.07 17.3 20.6 1.17 100.1
FS205 5 53.1 0.09 4.60 0.99 2.70 0.08 17.1 21.2 1.10 100.8
FS209 5 53.3 0.16 8.73 0.64 2.58 0.09 13.9 18.8 1.97 100.2
FS210 5 52.9 0.22 4.56 1.39 3.14 0.11 16.5 19.7 1.42 100.C
Hebi

HB-10 4 53.1 0.32 4.35 2.06 2.78 0.06 16.4 19.0 1.92 100.C
HB-12 3 53.1 0.00 2.96 1.26 2.20 0.08 18.3 21.7 0.43 100.C
HB-13 3 53.3 0.00 3.14 124 2.27 0.08 18.1 215 0.72 100.3
HB-15 5 52.8 0.00 3.03 1.18 2.45 0.07 18.1 21.4 0.57 99.6
HB-22 3 53.6 0.05 3.34 1.36 2.29 0.05 17.8 21.4 0.94 100.8
Fushan

FS710 2 54.4 0.02 2.07 0.85 1.63 0.11 17.9 23.4 0.69 101.1
FS618 1 53.7 0.00 1.32 1.59 191 0.06 17.0 22.9 0.92 995
FS655 2 52.1 0.39 5.50 1.30 1.83 0.05 15.2 22.4 1.61 1004
FS71 2 52.0 0.35 5.40 1.20 1.89 0.15 15.0 22.4 146 99.9
FS79 1 53.0 0.03 2.34 2.02 1.72 0.07 16.4 23.2 0.89 99.7
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Table S43d. Average EPMA analyses of spinels from spinel peridotites

Sample n Sio, TiO, AlL,O; Cr,0s FeO MnO NiO MgO Total Cr#
Datong

DAT-05 5 0.02 0.12 52.6 16.9 9.83 0.12 0.34 21.7 101.6 17.7
DAT-09 5 0.04 0.12 30.6 38.0 13.2 0.21 0.19 17.7 100.1 45.4
DAT-15 5 0.02 0.10 56.6 12,5 9.72 0.13 0.35 21.8 101.2 12.9
DAT-30 3 0.03 0.12 39.7 29.7 11.2 0.17 0.22 19.7 100.8 33.5
DAT-31 5 0.02 0.09 55.0 14.2 10.1 0.10 0.35 21.7 101.6 148
Jining

JN-01 5 0.03 0.09 54.7 14.0 9.73 0.12 0.28 21.4 100.3 146
JN-02 5 0.03 0.10 54.3 14.7 10.1 0.13 0.29 21.3 101.0 154
JN-06 4 0.03 0.18 43.9 24.8 122 0.16 0.25 19.4 1009 275
JIN-16 5 0.03 0.08 49.6 19.5 10.7 0.14 0.29 21.0 101.2 20.8
JIN-17 5 0.03 0.05 52.2 15.3 12.9 0.14 0.33 19.8 100.7 16.4
JIN-19 5 0.04 0.22 38.2 31.5 12.7 0.18 0.21 18.6 101.7 35.6
JIN-26 5 0.02 0.30 40.9 28.5 11.8 0.16 0.23 193 101.3 318
JIN-29 5 0.07 0.03 51.4 17.7 10.6 0.13 0.30 20.7 101.1 18.8
JN-31 5 0.03 0.01 49.0 16.9 18.4 0.19 0.26 16.1 1009 1838
JN-35 5 0.02 0.04 55.5 13.6 9.62 0.11 0.32 21.6 1009 14.2
JIN-52 6 0.03 0.06 51.8 16.6 10.6 0.12 0.31 20.8 100.3 177
Fansi

FSO01 5 0.03 0.14 55.2 135 10.6 0.11 0.34 21.0 1009 141
FS18 3 0.04 0.14 49.2 18.9 11.9 0.14 0.31 20.6 101.2 205
FS-36 5 0.04 0.11 56.0 10.6 11.8 0.11 0.38 21.2 100.2 11.2
FS42 5 0.04 0.01 36.3 329 12.5 0.16 0.23 19.0 1011 378
FS43 4 0.05 0.35 37.8 315 12.1 0.16 0.25 19.5 101.8 35.8
FS44 6 0.04 0.06 48.7 20.1 115 0.13 0.28 20.3 101.1 21.6
FS50 6 0.06 0.21 56.9 10.6 11.8 0.11 0.37 21.4 101.5 11.1
FS62 5 0.04 0.09 34.0 36.0 11.9 0.17 0.19 18.8 101.2 415
FS64 4 0.03 0.11 51.9 16.2 11.6 0.13 0.33 20.3 100.6 17.4
FS68 5 0.03 0.17 26.7 42.9 14.4 0.21 0.16 16.8 101.3 51.9
FS69 4 0.06 0.24 44.7 23.4 13.2 0.15 0.30 19.6 101.6 26.0
FS204 5 0.03 0.19 35.9 324 14.3 0.17 0.22 18.1 101.3 37.7
FS205 5 0.05 0.05 47.2 22.0 118 0.13 0.29 20.1 101.6  23.9
FS209 5 0.04 0.05 54.2 14.1 11.1 0.12 0.32 21.3 101.2 148
FS210 4 0.12 0.23 311 35.9 17.9 0.24 0.17 15.2 100.8 437
Hebi

HB-09 4 0.18 0.01 37.9 30.7 11.2 0.15 0.24 19.6 99.9 35.2
HB-10 5 0.05 0.60 25.3 41.7 15.7 0.21 0.20 16.7 100.5 52.4
HB-12 5 0.21 0.06 27.8 40.2 12.7 0.18 0.16 17.3 98.7 49.3
HB-13 5 0.06 0.01 28.9 40.1 135 0.19 0.18 17.8 100.8 48.2
HB-15 5 0.05 0.01 29.2 39.2 13.9 0.20 0.22 17.6 100.4 47.4
HB-21-2 5 0.61 0.12 20.7 47.4 14.2 0.23 0.13 16.1 99.5 60.6
HB-22 5 0.05 0.08 28.3 41.0 13.7 0.20 0.18 17.6 101.2 49.3
HB-24 5 0.13 0.44 28.2 37.3 18.3 0.21 0.20 15.9 100.6 47.0
Fushan

FS713 10 0.08 0.44 7.7 52.6 30.2 111 0.08 6.6 98.8 82.2
FS7%10 2 0.07 0.03 32.8 36.6 14.7 0.32 0.06 15.6 100.2 428
FS656 2 0.10 0.02 32.3 333 20.1 0.55 0.10 13.5 100.0 40.9
FS629 2 0.06 0.01 40.2 30.2 12.6 0.36 0.12 17.8 101.3 335
FS618 1 0.03 0.00 25.1 45.6 15.0 0.48 0.05 145 100.7 549
FS71 2 0.08 0.05 46.7 21.5 13.2 0.36 0.18 18.1 100.1 23.6
FS79 1 0.03 0.02 38.9 29.7 14.4 0.33 0.19 17.5 101.0 33.9

Cr# = molar (Cr/(Cr+Al)x100
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Table S-4. Whole rock analyses for peridotites from the North China Craton

determined using XRF

Al,O; FeOsr CaO WR  Tekn
Sample SiO, TiO, AlL,O; (¥ 2 MnOMgO CaO (*) NaO LOI Total Mg# (iC)°
Hannuoba
DMP-04 444 006 229 23 814 0.13 421 194 19 0.28 98.8 91.1 1050
DMP-05 442 0.13 2.83 8.37 0.3 416 218 0.26 99.5 90.8
DMP-19 448 0.03 1.91 19 785 012 407 180 18 0.19 97.4 911 1020
DMP-23a 442 010 2.2 8.63 0.13 413 1.64 0.24 98.5 90.4 1040
DMP-25 444 0.08 1.61 1.4 790 0.12 439 100 1.0 0.3 99.3 91.7 1030
DMP-41 448 006 276 28 860 0.13 402 212 21 0.27 98.7 90.2 940
DMP-51 448 0.05 1.96 1.8 823 012 420 189 17 0.24 99.1 91.0 1030
DMP-56 44.8 0.13 3.49 35 885 0.14 38.2 321 3.2 0.36 98.9 895 1040
DMP-57 443 0.06 1.96 823 0.12 425 156 0.16 98.8 91.1
DMP-58 449 0.08 3.16 3.2 8.80 0.13 38.8 2.76 2.8 0.34 98.7 89.7 1030
DMP-59 440 0.06 2.58 8.88 0.13 404 243 0.27 98.5 90.0 1000
DMP-60 46.3 0.11 3.67 3.7 831 0.13 36.7 3.47 34 0.38 98.9 89.7 990
DMP-67c 440 0.20 3.78 3.9 9.32 0.14 37.8 2.88 29 0.30 98.5 88.9 1060
DA20-02 44.8 0.10 3.12 8.69 0.11 40.0 270 0.08 0.39 100.0 90.1
DA20-05 453 005 2.71 7.86 0.10 40.8 248 0.07 055 99.8 91.1
DA20-16 43.1 0.08 1.20 9.94 0.10 43.6 1.55 0.04 0.65 100.2 89.6
DA20-17 447 0.05 2.40 8.07 0.18 39.1 238 0.12 279 99.7 905
DA20-19 449 0.14 3.74 8.69 0.11 382 3.07 0.19 091 999 896
Yangyuan
YY-04 439 0.04 1.63 1.5 800 013 444 103 1.1 0.02 022 99.1 917 860
YY-08 444 0.08 297 37 879 014 399 289 14 011 022 993 90.0 840
YY-09 444 0.09 304 21 839 014 408 212 13 0.13 006 991 90.6 1020
YY-11 425 0.05 177 20 922 014 448 108 05 003 0.72 996 90.6 980
YY-13 438 011 244 24 870 0413 419 190 18 0.11 -0.06 99.1 905 1020
YY-22 440 0.05 245 23 825 0413 423 181 17 008 0.06 99.0 91.0 940
YY-23 435 0.11 3.06 24 8.33 0.13 39.7 3.68 1.3 0.23 0.57 103.0 904 1150
YY-26 434 0.08 308 29 876 014 417 215 20 0.10 0.26 994 90.4 880
YY-27 428 012 287 34 949 0415 412 248 19 0.13 -0.07 99.2 89.6 880
YY-36 440 0.06 230 20 843 0413 417 246 23 0.17 0.13 103.7 908 975
YY-40B 446 0.06 2.80 2.8 8.09 0.13 40.0 293 2.0 0.16 -0.05 103.5 90.7 990
YY-42 433 0.04 235 21 866 013 424 240 1.0 0.10 -0.02 1025 90.7 1020
YY-45 435 010 244 24 855 0413 411 284 15 019 0.34 1032 90.5 1140
YY-50 445 015 402 40 829 0413 382 363 34 026 023 1068 90.1 1070
YY-51 41.3 0.03 1.12 1.3 854 013 460 140 06 0.02 066 986 914 1010
YY-52 437 0.08 270 24 852 014 415 226 20 012 0.18 990 90.6 1100
YY-58 438 0.07 240 1.9 807 0413 424 200 09 012 015 989 912 1100
YY-60 425 0.05 1.26 1.1 886 0.13 449 1.23 1.0 0.03 0.65 99.0 90.9 950
YYB-2  46.1 0.02 1.45 9.03 0.12 42.8 0.90 0.07 1 0.49 999 904
YYB-4 46.7 0.06 2.15 8.85 0.12 40.6 1.85 0.17 1 0.48 100.0 90.1 1080
YYB-7 449 0.01 0.89 9.75 0.12 447 0.44 0.04 1 0.88 100.0 90.1 1100

127



YG-18
Datong
DAT-05
DAT-09
DAT-15
DAT-30
DAT-31
Jining
JIN-01
IN-02
JIN-06
JIN-16
IN-17
JN-19
IN-26
IN-27
IN-29
JN-31
JN-35
IN-41
JIN-52
Fansi
FS01
FS04(2)
FS18
FS-36
FS42
FS43
FS44
FS-45
FS50
FS62
FS64
FS68
FS204
FS205
FS209
FS210
Hebi
HB-01
HB-02
HB-07
HB-09
HB-10
HB-12
HB-13

42.7

441
426
435
433
443

41.8
42.2
42.5
42.1
42.4
40.5
42.4
42.5
41.1
42.2
41.6
40.6
42.1

43.0
42.2
45.7
44.4
45.0
44.1
43.9
43.9
42.9
44.4
42.8
42.4
43.9
43.6
44.5
42.9

42.3
43.4
432
43.1
43.3
42.6
41.9

0.02

0.14
0.20
0.29
0.20
0.15

0.04
0.04
0.06
0.03
0.09
0.03
0.07

0.03
0.03
0.07
0.02
0.05

0.06
0.03
0.11
0.08
0.01
0.04
0.03
0.07
0.12
0.02
0.03
0.08
0.02
0.03
0.08
0.13

0.03
0.02
0.01
0.02
0.04
0.01
0.02

1.20

3.21
1.62
3.66
2.27
2.60

4.91
4.33
3.65
0.86
1.65
4.03
4.94

5.69
1.48
6.5
3.73
4.54

1.94
0.88
2.00
3.46
131
1.23
2.16
2.54
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HB-15 46.7 0.03 221 14 739 010 411 102 04 0.03 051 993 917 1050
HB-15R  46.7 0.03 2.20 738 0.10 411 1.02 0.03 051 99.2 0917
HB-19 428 0.01 156 784 010 44.1 224 <0.01 0.07 98.8 918
HB-21-2 428 0.02 1.16 0.2 7.65 010 466 026 01 <0.01 0.34 99.0 923
HB-22 42.7 0.02 1.17 0.6 827 010 466 034 10 <001 0 993 0918 1020
HB-24 426 0.02 0.96 06 10.6 0.12 445 044 0.1 0.01 0 993 893

Fushan

FS713 40.2 0.02 0.15 104 0.14 475 0.31 0.07 057 99.3 0901

FS619 406 0.02 0.7 8.66 0.13 46.7 0.93 0.08 051 99.2 0915

FS710 43.2 0.02 0.65 768 0.10 46.2 0.30 0.07 0.88 99.2 923 610630
FS656 42.6 001 0.97 763 0.10 465 0.25 0.09 0.84 99.2 924

FS618 43.2 0.01 0.59 8.12 0.11 453 041 0.10 135 99.3 0917

FS629 46.0 001 120 6.85 0.10 43.8 048 0.09 0.71 99.3 927

F$6-55 433 0.05 147 8.72 0.12 43.7 1.06 0.13 051 99.3 909 720
FS71 42.2 001 0.73 843 0.11 470 031 0.08 0.44 993 0917 620
FS79 43.8 0.03 0.8 76 01 447 0.39 147 043 993 921 720

Note: Major elements are repedtas oxides with units of wt. %. R: replicate analysis.

Data sources in addition to this study: Hannuoba (Rudnick eta I., 2004; Zhang et al., 2009), Yangyuan (Y.G. Xu etthis,
study), and Fushan (Xu et al., 2010). *Oxides wt. % are cadzlitzased on mineral composition and modal mineralogy.

a. FeOsr: total Fe.
b. WR Mg#: whole rock molar Mg/(Mg+E§x100, assuming that all Fe is%e
c. Two pyroxene equilibrium temperatures calculated using the method of Brey and Kéhler (1990) 2Gpa

d. Major elements of sample & were not measured due to limited powder; report calculated oxide concentration base
modal mineralogy
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Table S45a. Trace element analyses of blaakd reference materials analyzed by
ICP-MS

Sample Blank AGV-2 AGV-2 RE BHVO-2 BHVO-2 RE BCR-2 BCR-2 RE RGM-1 RGM-1
n 2 2 Ref 2 Ref 2 Ref 1 Ref
Li 0.022 10.9 11 -1.0% 4.4 4.8 9.2% 9 9 -02% 56 57
Be 0.004 21 23  -8.6% 0.99 1 -1.2% 1.99 1.6 24% 233 237
Sc 0.045 13.1 13 0.8% 30.8 32 -3.6% 32.3 33 -22% 5.11 4.4
\% 0.18 123 120 2.2% 321 317 1.2% 411 416 -1.1% 121 13
Cr 0.264 15.4 17 9.7% 2747 280 -1.9% 16.3 18 -92% 559 5.74
Co 0.052 16.2 16 1.2% 44.9 45 -0.1% 37.1 37 03% 2.04 2
Ni 0.054 18.9 19 -0.4%  120.2 119 1.0% 12.4 13 -46% 3.3 4.4
Cu 0.125 52.7 53 -0.5%  130.5 127 2.8% 18.7 21 -11% 108 116
Zn 1507 90.3 86 5.0% 100.8 103 -21% 1263 127 -05% 34.7 32
Ga 0.016 21.3 20 6.7% 21.3 21.7  -1.7% 21.8 23 -51% 16.2 15
Rb 0.055 70.1 68.6 2.1% 9.3 911 20% 463 469 -1.3% 148 150
Sr 0.199 668 658 1.5% 390 396 -1.5% 334 340 -1.9% 107 110
Y 0.015 205 20 2.6% 26.3 26 1.0% 359 37 -3.0% 237 25
zr 0.124 2356 230 2.4% 170 172 -1.0% 182 184 -1.1% 226 220
Nb 0.009 14 145 -3.7% 17.8 181 -1.8% 116 126 -7.9% 9.28 8.9
Mo 015 214 217 -1.6% 4.02 4 05% 248 248 -0.1% 2.75 2.3
Sn 0.051  2.05 206 -0.6% 1.85 1.7 8.6% 2.19 27 -19% 4.14 4.1
Cs 0.003 1.17 1.16  0.6% 0.1 0.1 -25% 1.11 1.1 07% 9.93 9.6
Ba 0532 1152 1140 1.1% 130 131 -1.1% 671 677 -0.9% 816 810
La 0.014 394 38 3.6% 153 152 0.7% 247 249 -09% 23 24
Ce 0.033 70.5 68 3.7% 38 375 1.3% 52.3 529 -1.2% 45.9 47
Pr 0.004 8.44 8.3 1.6% 5.43 5.35 1.6% 6.81 6.7 1.7% 5.28 5.36
Nd 0.018 32 30 6.6% 24.6 245 02% 287 287 0.1% 193 19
Sm 0.003 5.71 5.7 0.1% 6.11 6.07 0.7% 6.59 6.58 0.2% 4.06 4.3
Eu 0.002 1.66 1.54 7.9% 2.05 2.07 -0.9% 1.97 196 04% 0.7 0.66
Gd 0.003 4.9 4.69 4.4% 6.19 6.24 -0.8% 6.65 6.75 -1.5% 3.82 3.7
Th 0.001 0.68 0.64 6.0% 0.95 0.92 3.7% 1.08 1.07 12% 0.62 0.66
Dy 0.004 3.72 3.6 3.3% 5.47 531 3.0 649 641 13% 3.79 4.1
Ho 0.001 0.69 0.71 -3.5% 1 0.98 1.6% 1.31 1.28 2.0% 0.77 0.82
Er 0.002 1.88 1.79 5.1% 2.52 2.54 -0.9% 3.65 3.66 -0.2% 2.36 2.35
Tm 0.001 0.26 0.26 1.3% 0.33 0.33 -0.1% 0.52 051 14% 0.36 0.36
Yb 0.004 1.71 1.6 7.1% 1.99 2 -06% 3.39 338 03% 255 2.6
Lu 0 0.26 025 2.2% 0.28 027 23% 051 05 23% 041 0.4
Hf 0.006 5.34 5.08 5.2% 4.39 4.36 0.8% 4.86 49 -09% 6.08 6.2
Ta 0.003 0.87 0.89 -2.4% 1.15 1.14 1.0% 0.77 0.78 -1.3% 0.98 0.95
Pb 0.117 13 132 -1.3% 1.9 1.6 16% 101 11 -7.9% 236 236
Th 001  6.37 6.1 4.5% 1.26 122 34% 6 57 52% 146 151
U 0.005 1.93 1.88 2.5% 0.43 0.4 7.2% 1.66 169 -1.8% 5.61 5.8

Note: Concentration unit is ppm. Ref: reference values; £ZGBHVO-2 and BCR2 from GEOREM; RGML from USGS. RE
relative error between measured and recommended values. 'n' presents the number of analyses
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Table S45b. Whole rock trace element analyfasthe Fansi and Hebi peridoti

Element FS01 FS04(2) FS18 FS36 FS42 FS43 FS44 FS45 FS50 FS62 FS64 FS68 FS204 FS205
Li 4.49 2.85 477 41 344 337 28 398 484 555 383 234 282 342
Be 0.11 0.18 0.22 0.034 0.062 0.065 0.05 0.07 0.079 0.068 0.035 0.17 0.1 0.074
Sc 10.3 5.19 791 157 687 7.18 134 13 125 7.14 866 633 835 11.8
\ 50.2 22.1 404 83.1 318 30.7 66.3 653 603 355 46 309 389 522
Cr 2281 1971 2587 2796 2207 1995 3092 2436 1712 2748 2588 3049 2582 2506
Co 125 127 102 118 107 115 118 111 112 113 133 123 113 113
Ni 2366 2636 2071 2176 2275 2366 2127 1957 1926 2283 2394 2321 2085 2044
Cu 25.1 4.4 105 439 223 797 146 46.7 258 312 451 119 149 9.83
Zn 58.8 48.7 47.3 65.7 50 505 554 642 59.2 534 72 489 529 493
Ga 3.07 1.4 291 468 127 151 264 274 285 146 298 183 239 241
Rb 0.92 1.4 213 088 059 041 0.77 254 088 065 046 098 3.29 0.2
Sr 39.8 30.4 116 20.2 334 299 843 569 91 21.2 47.7 589 343 16.8
Y 1.72 0.56 187 344 04 068 1.03 208 292 076 094 119 056 0091
Zr 4.9 10.1 199 444 446 527 348 563 12 389 244 171 322 847
Nb 0.72 1.37 298 0.097 049 047 031 055 0.73 057 0.18 3.33 041 0.5
Mo 0.68 0.13 0.29 053 0.11 0.15 0.13 0.073 0.12 0.12 0.18 0.17 0.92 0.094
Sn 0.18 0.34 0.33 0.17 0.12 0.11 015 013 0.2 092 025 046 0.14 0.15
Cs 0.04 0.017 0.03 0.039 0.082 0.064 0.039 0.027 0.023 0.85 0.038 0.02 0.044 0.0055
Ba 20 14.6 30.7 292 728 7.41 425 92 869 6.26 699 224 217 154
La 3.13 0.66 357 306 076 043 104 07 091 12 173 229 069 055
Ce 4.3 1.49 728 193 13 105 204 141 221 275 33 457 18 1.32
Pr 0.46 0.19 0.88 0.17 0.15 0.16 0.23 0.18 0.32 035 0.27 052 0.27 0.17
Nd 1.87 0.86 361 0.75 068 066 081 082 161 163 091 197 1.2 0.71
Sm 0.4 0.19 0.74 022 011 0.15 0.17 025 04 04 013 038 0.21 0.17
Eu 0.12 0.053 0.22 0.092 0.037 0.05 0.049 0.084 0.13 0.1 0.042 0.12 0.056 0.05
Gd 0.4 0.17 0.68 041 01 014 014 03 049 032 017 034 014 0.15
Tb 0.06 0.026 0.084 0.077 0.015 0.021 0.023 0.053 0.082 0.035 0.024 0.05 0.023 0.025
Dy 0.33 0.12 04 057 0.069 0.15 0.16 0.36 046 0.16 0.17 024 0.1 0.14
Ho 0.066 0.019 0.064 0.13 0.012 0.023 0.035 0.073 0.11 0.027 0.034 0.049 0.017 0.03
Er 0.15 0.047 0.16 0.37 0.044 0.051 0.13 0.23 0.3 0.086 0.12 0.11 0.055 0.099
m 0.024 0.0066 0.0194 0.055 0.0068 0.009 0.019 0.033 0.043 0.011 0.019 0.015 0.0088 0.016
Yb 0.18 0.044 0.11 0.38 0.049 0.076 0.13 0.23 0.29 0.065 0.15 0.097 0.067 0.13
Lu 0.028 0.0069 0.013 0.053 0.0082 0.012 0.022 0.039 0.051 0.01 0.021 0.013 0.01 0.017
Hf 0.14 0.21 042 0.16 0.09 0.11 0.062 0.15 0.3 0.077 0.055 0.29 0.059 0.2
Ta 0.049 0.11 0.2 0.024 0.046 0.055 0.031 0.038 0.073 0.046 0.024 0.15 0.044 0.044
Pb 0.8 0.53 042 09 034 015 048 04 032 061 0.87 038 057 0.82
Th 0.2 0.074 0.31 0.72 0.067 0.045 0.087 0.059 0.071 0.063 0.17 0.2 0.064 0.047
U 0.056 0.047 0.11 0.18 0.036 0.031 0.046 0.039 0.054 0.026 0.067 0.089 0.024 0.024

(La/Yb)y 115 10.2 21.3 54 104 39 54 21 21 126 1.7 16 7 2.9

Note: Concentration unit: ppm. 'R' means replicate sample. (La/¥hdndritenormalizedto Sun and McDonough, 198
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Table S45 b .

cont

i nued?é@é

Element FS209 FS210 HB-01 HB-02 HB-07 HB-09 HB-10 HB-12 HB-13 HB-15 HB-19 HB-21-1 HB-22 HB-24 YY-04 YY-26

Li 6.69 11.2 189 172
Be 029 035 012 013 024 04 011 029 019 052 03 0.39 0.12 0.35 0.079 0.041
Sc 138 782 595 87 725 819 674 7.09 558 942 98 587 635 568 859 143
\ 711 436 148 25 203 201 258 283 173 473 41 184 214 148 36.6 66.8
Cr 2224 2084 1727 4411 1289 2827 2009 3666 1706 2414 4278 2552 2832 1314 2238 2946
Co 101 112 117 110 112 111 119 117 119 103 110 114 119 114 107 116
Ni 1691 1968 2403 2013 2153 2104 2162 2040 2191 1789 1857 2079 2368 1954 2090 2100
Cu 415 216 329 348 47 396 299 413 138 168 258 289 451 91 737 22
Zn 57.4 87 525 661 643 715 651 707 499 42 425 52.3 66 67.7 408 575
Ga 356 364 329 259 235 322 349 293 266 471 355 583 275 219 143 332
Rb 958 514 154 041 16 269 114 155 182 183 155 095 106 137 113 053
Sr 167 168 416 158 688 48.7 256 412 784 263 80 149 118 145 118 127
Y 384 426 029 011 013 035 0.34 0.093 021 024 027 019 012 177 044 264
Zr 727 259 352 12 302 929 415 271 412 363 227 281 236 373 169 3.17
Nb 064 53 197 068 144 403 208 149 208 275 142 208 146 162 038 0.12
Mo 035 034 014 01 033 024 022 017 017 022 014 016 0.17 549 0.058 0.22
Sn 0.13 0.37 0.15 0.12
Cs 0.024 0.034 0.09 0.041 0.026 0.021 0.013 0.029 0.052 0.17 0.08 0.081 0.033 0.032 0.056 0.04
Ba 349 563 233 332 272 752 182 399 328 33 202 659 262 124 243 0.73
La 421 151 059 024 023 25 0.77 031 068 055 028 056 052 205 019 0.13
Ce 124 266 117 042 045 6.06 16 048 1.29 1 0.5 102 089 084 04 042
Pr 186 296 0.15 0.048 0.054 0.64 0.21 0.05 016 0.12 0.068 0.12 0.1 0.27 0.06 0.072
Nd 808 108 054 02 02 199 081 017 056 046 034 046 034 115 023 043
Sm 119 185 0.11 0.04 0.042 0.22 0.15 0.034 0.11 0.073 0.068 0.091 0.078 0.19 0.068 0.16
Eu 0.37 059 0.028 0.016 0.017 0.067 0.036 0.013 0.033 0.037 0.025 0.022 0.024 0.075 0.024 0.061
Gd 091 1.43 0.095 0.045 0.033 0.15 0.13 0.031 0.078 0.064 0.065 0.073 0.05 0.28 0.083 0.24
Tb 0.11 0.19 0.015 0.0045 0.005 0.016 0.016 0.0044 0.013 0.013 0.012 0.012 0.007 0.037 0.012 0.052
Dy 0.64 0.87 0.063 0.019 0.029 0.079 0.073 0.023 0.054 0.054 0.057 0.038 0.032 0.19 0.079 0.4
Ho 0.13 0.14 0.013 0.00530.0069 0.014 0.013 0.006 0.01 0.0072 0.01 0.0094 0.0074 0.037 0.018 0.097
Er 0.36 0.37 0.031 0.012 0.013 0.031 0.04 0.012 0.027 0.017 0.027 0.014 0.022 0.11 0.048 0.33
Tm 0.055 0.05 0.00450.00240.00210.0055 0.00450.00190.0034 0.0036 0.0038 0.0022 0.0029 0.011 0.0073 0.05
Yb 04 032 0.031 0.023 0.016 0.046 0.024 0.014 0.021 0.035 0.025 0.015 0.018 0.054 0.054 0.37
Lu 0.07 0.043 0.00520.00430.00520.0092 0.0065 0.0049 0.0042 0.006 0.0053 0.0041 0.00270.0088 0.01 0.059
Hf 0.22 055 0.097 0.043 0.063 0.13 0.1 0.069 0.091 0.072 0.028 0.071 0.04 0.053 0.05 0.091
Ta 0.045 027 0.15 0.069 0.072 0.21 0.098 0.074 0.12 0.11 0.061 0.11 0.1 0.053 0.05 0.024
Pb 057 061 025 016 051 048 018 032 016 0.17 044 0.18 0.093 0.63 049 1.86
Th 026 12 011 0.043 0.099 0.18 0.13 0.12 0.13 011 0.16 0.11 0.066 0.032 0.028 0.015
U 0.071 0.35 0.048 0.022 0.14 0.18 0.06 0.099 0.091 0.14 0.12 0.086 0.078 0.17 0.012 0.0087
(La/Yb)n 7.1 322 131 72 97 381 219 146 217 107 75 244 197 252 24 0.23
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Fig. $4-1. Chondritenormalized REE patterredf whole rock Hannuoba (a; ddtam

Rudnick et al., 2004), Yangyuan (b; data from Y.G. Xu et al., 2008 and this study),
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values are from McDonough and Sun (1995).

133



Sample/Primitive Mantle

100

a. Hannuoba

0.01L

b. Yangyuan

At
M!ftg‘m A
LN A AR
A SR O R AN A e R
"ﬁ A ABARARAR -

.;-i: —

0.01

100

B B S L B B S e B e S S S e B S e 0.1 b/——r+-—+-—+-—"r-r-r-r-r-rr-r—rrrrrr-
BaTh U Nb TaLaCePrNd Zr Hf SmEuGd Y YbLu V Cr Ni Cu BaTh U Nb TaLaCePrNd Zr Hf SmEuGd Y YbLu V CrNi Cu
100 100
f. Fushan
10
1
0.1
0.01 0.01

LU AL AL BN B B N B M B B BN B N B B B B |
BaTh U NbTalLaCePrNdZrHfSmEuGdY YbLuV CrNiCu

BaTh U NbLaCePrNdZr HfSmEuGd Y YbLu V CrNiCu

Fig. $4-2. Primitive mantlenormalzed trace element diagrams of whole rock
peridotites Data sources are the same as Fig1SPrimitive mantle values are from
Lyubetskaya and Korenaga, 2007.

134



0.130
a. Hannuoba o PUM

0.125

DA20-16

o4 o

< DMP-67c

o
.
N
o

1870g /18805

0.115

0.110

o
—
N
w
N
n

0.130

0.125

o
-
N
o

18703’18805

0.115

0.110

Al,0; (wt. %)

Fig. $4-3. Correlations between &D; and **'0s/®*0s for Hannuoba (a) and
Yangyuan (b) peridiies. Data sources as in F&8. PUM: primitive upper mantle.
Sample DMP67c from Hannuoba is a rare example of a Hannuoba peridotite in
which sulfides have broken down (as described in Gao et al., 2002). Hannuoba sample
DA20-16 is from Zhang et al. (B®@) and the degree of sulfide preservation is not

known.

135



0.130

0.125

1870g/188Q0 s
o
X
o

0.115

0.110

PUM

Age =1.80 +0.56 Ga
1870s/1880si=0.1153+0.0023
MSWD = 696

TRD =1.8 Ga

0 0.1 0.2 0.3 0.4

187Re[18805

Fig. $4-4. ReOs isochron plot for the Datong peridotites

136

0.5



Tro/Ga

0135
Fa.
0130 F _ iPUM . --0.5
» y - © oF17 - 0.0
0125 F %
o i O * - 0.5
3 : FS-500C &VA
> V120 o FS-640@@ Ag - 1.0
o X FS2-10 A -1.5
s 0115 F
- : atn 19O - 20
0.110 F ¢ 0o - 25
0.105 [ 1 1 ] ] ] 1 1 -3.0
86 88 90 92 94
Fo of olivine Tao/Ga
0135
E D
0130 F --0.5
» : - 0.0
O 0125 . o5
© [ O '
p o oA L 1.0
O F %8 Vé -1.5
2 0115 ' .“A 2 o A A® A - 2.0
0.110 | . O - 25
0.105 - 1 | 1 | 1 | 1 - 3.0
0 20 40 60 80
Cr# of spinel

OHanmnuoba A Yangyuan v Datong O Jiing
OFansiLFo @®FansiHFo AHebi  @Fushan

Fig. $4-5. 1¥’0s*%0s versus Fo of olivine (a) and Cr# of spinel (Bjta sources in
addition to this study are: Hannuoba (Gao et 2002; Rudnick et al., 2004) and
Yangyuan (Liu et al., 2010)

137



60 LILIL LI L | L L L LILEL

FS6-29

40 L & :so56 -

/linear regression
FS6-19 r=0.88

1/0s (ppb)

0 PURE TR TN T N T T ST N TN TN W N R
0.1 0.15 0.2 0.25 0.3
1870 S,1 830 S

Fig. $4-6. 1¥’0s/*%0s versue 1/0s of IoMSE Fushan peridotites

138



Student ttest of *’0s/*%0s populations between pestchean peridotites and

abyssal peridotites

ArcheanEarly Paleoprot®zoic peridotites have obviouslynonradiogenic Os isotopic
compositions when compared to abyssal peridothas represent modern convective upper mantle
(Fig. 4-7b). TheOsmodel ages for thessncientsamples are relatively morebustthan postArchean
peridotites that formed from a more evolvieeterogeneoumantle. PosfArchean peridotitesargely
overlapin **’0s/®*®0s with abyssal peridotitesF{g. 4-7a), which produces large uncertaintie$ the
model ages for pogirchean peridotitesvhen utilizd to interpret the formation agef their
associatedithospheric mantleln literature, peridotitic*®**0s*®*®0s data were generallghown in
diagrams with the range of abyssal peridotipdstted for a comparison taqualitatively tell the
difference orsimilarity between measured peridotites and abyssal peridotitesvever, abyssal
peridotitesin literature havelgp model ages ranging from future up to 2 Ga (e.g., Liu et al., 2008),
which makest nearlyimpossible to distinguish Proterozoic peridotifesm abyssal peridotitelsased
those diagramsSincethose fewabyssal peridotits with low *’0s/®®0s (Fig. 47b) likely reflect
mantle heterogeneityniorder to tell posArchean peridotites apart from abyssal peridotites, a feasible

statistical methd needgo be established.

Establishment of methods

The peridotites that experienced ancient melt depletion, over time, yield BV@s**%0s
compared to convective upper mantle (abyssal peridotites) due to Re depletion. What | am trying to do
is diginguish the*®’0s/®®0s populations of measured peridotites from that of abyssal peridotites. First
the normality testhapird Wilk) showsthatabyssal peridotites exhitdt n o r ma | digsfd) ri buti o
in ¥0s/®%0s at the confidence level of 95% Wit a me apgofvald uk2 44 agof a vari
0.004%. Thi s di st g ifipis takerwans theNkase distributiofor modern convectie upper
mantle. Forperidotitic samples, the normality tesBltapira Wilk) is applied to see if they follow a
normd distribution. If they do not show a normal distribution, we can aplglitativelyjudge their
correlation in age based on either the histograms as shown drFigr their mean value compared to
that of abyssal peridotites, although the significamel cannot be well assessed. If the sample size n is

large, the samples usually show a normal disttibi o n?. N ( ¢ , @

The observed values are usually expressec},L: (- X ,the sample mean and s, the sample

standard deviatiorThe test is to examini ( X , &) belmngs to a sample of the normal distribution

N (£ &). The statistic method utilized:islypothesis and Testingf is to test the null hypothesis,H

X = _and & (? against the alteative hypothesis HHs is not true.
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Consider the second part ofyH&= (. Under H:(n- 1)S° /502D 5( n -l), the rejection

region for H is (N-1)s" /s ? >(;(n ]:) or (n-1)s*/s? <é (n ]:), where & is the

%
significant level 0.05 and n is the sample size.

Then consider the first part of Ho: X = o.& Under H:

X- ¥ 2 - _
T= ~t(n +m 2),s ¢ =1 i whereX is the sample meanY is the observed
m

Sz.v n

popul ati oy Sysethe samplé standard deviationisrthe sample sizes, is the observed

population standard deviation, m is the observed population size. The rejection regiog for H

is|T| >t, (n 4m 2) , Wherea is the significant level 0.05 and-m-2 is the degrees of freedom for

a t distribution. If H is not rejected, the sample has the same distribution as abyssal peridotites. If Ho is

rejected, the alternative Hs true. In general, the sample mean is greater than the population mean,

implying that the samp$erepresenblder lithospheric mantle than do abyssal peridotites. In this case,

the derived Os model ages are robagj., based on the As pseuddsochron
Results of ests

1. Cenozoieerupted peridotites in the eastern portion eforth China Craton

Normality Test (Shapiro-Wilk)

Dataset N W Decision
1. AP 97 0981 Normalat 0.95 level
2.EB 52 0950 Normalat 0.95 level

AP: abyssal peridotites (data sources are outlined in Fig. 4

EB: peridotites erupted in the Cenozoic from the eastern protion of the North China Craton.
N: the sample size

W: the statitic test. The user may reject the null hypsighif W is too small.
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Two Sample Independent t-Test

Sample N Mean sD

1. AP 97 0.12442 0.0041
2.EB 52 0.12405 0.0035
Difference o Means. 000037
Null Hypothesis: Mean1-Mean2 = 0
t DoF

0.55 147

At the 0.95 level, the difference of the
population means is not significantly different
than the test difference (0).

t: the statisitic test.
DoF: degree of freedom

The conclusion is that th&’0s/*®0s population of Cenozoierupted peridotites from the eastern

poriton of the North China Craton has no difference from that of abyssal pesdtithe confident

level of 95% Such resultant test suggests that lithopsheric mantle beneath the eastern portion of the

North China Craton was newly formed from the asthenosphere.

2. Cenozoieerupted peridotites from the northern portion of the cemégilbn of the North China
Craton

Normality Test (Shapiro-Wilk)
Dataset N W Decision
1. AP 97 0981 Normalat 0.95 level
2.CB 78 0961 Normalat 0.95 level

CB: peridotites erupted in the Cenozoic from the northern portion of the central region of the North

China Craton (i.e., the northern group; data sources as in-Faj. 4
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Two Sample Independent t-Test

Sample N Mean SD

1. AP 97 0.12442 0.0041
2.CB 78 0.12107 0.0034
Difference of Means: 0.00335

Null Hypothesis: Mean1-Mean2 = 0
t DoF

5.03 173

At the 0.95 level. the difference of the
population means is significantly different
than the test difference (0).

The conclusion is that tH&’0s/*®0s populéion of Cenozoieerupted peridotites from the northern
portion of the central region of the North China Craton is characterized by significantly lower
1870s/®%0s than that of abyssal peridotitsthe confidence level of 95%uch resultant test suggests
that lithopsheric mantle sampled by these peridotites was formed earlier, which supports the Os model
age derived from the ADs psedudsochron (Fig. 48).
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Chapter 5: The history of melt depletion and later overprinting in
peridotites using SrkNd-Hf-Pb isotopic tracers: an example from
Yangyuan, North China Craton™ %3

[1] The original version of this chapter was created/written by J.G. L. Liu,

R.W. Carlson, R.LRudnick and R.J. Walker contributed to the interpretation of the
data.

[2] Trace dement concentrations of pyroxenes were measured by J.G. Liu with
assistance of Richard Ash. Clinopyroxene separation was done by J.G. Liu.
Sr-Nd-Hf-Pbisotopic compositionsf clinopyroxene separates were measured by J.G.
Liu with assistance of Rick Cads, Mary Horan and Tim Mock

[3] In preparation foChemical Geology

Abstract

Trace element concentrations of orthopyroxenes and clinopyroxenes and Sr, Nd,
Pb and Hf isotopic compositions for clinopyroxenes from 11-alediracterized spinel
peridotite »>enoliths carried in the ~30 M¥angyuan alkali basalts, North China
Craton, reveal a history of chemical modification (i.e., initial melt depletion and later
overprinting by melts/fluidg of the lithospheric mantle. The clinopyroxenes were
separated from auite of samples for which wheteck ReOs isotopic systematics
have previously suggested a melt depletion event at ~1.8 Ga. The clinopyroxenes
were chosen to span a range of rare earth element (REE) patterns
(chondritenormalized (La/Yh) = 0.13 to 13.h Presentlay isotopic compositions
are highly variable®’srf®’sr = 0. 7022 g4 =t06 toG-247Pbf’PB = U
15.74 to 19.08 n ¢ = ¥13.5 to +167). Two main types of chemical signatures are
identified in these clinopyroxenes: 1) presematof original ancient melt depletion,

characterized by prominent depletions of light REE (LREE) relative to heavy REE

(HREE), highly radiogenic Nénd Hf isotopic compositions, and comparatively
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nonradiogenic Pb isotopic compositions; and 2) recent ipadible element
overprinting, likely related to the Cenozoic magmatism. The latter form of
overprinting is reflected in flat to LREEnriched patterns and -8Sid-Pb isotope
compositions that are similar to or plot towards the composition of the host basalt.
Despite these overprinting events, the Yangyuan clinopyroxenes yield-Hf Lu
ferrorchronod age (1.66 N 0.10 Ga)rock hat
Os model ages (1.8 = 0.2 Ga), consistent with Paleoproterozoic primary melt
depletion in thee samples. The i g h iy wvalue of &19in thlese clinopyroxenes
implies thatthe Lu-Hf isotopic system may record the cooling age which the
peridotites cooled below the closure temperature of thelfLisotope system. Néif
decoupling in peridotitic clinopyroxese which causes them to plot to the high
17%1f/1""Hf side of the mantle array defined by oceanic basalts, results from ancient
Lu/Hf and Sm/Nd decouplingoon after oduring mantle partial melting. The fact
that oceanic basalts do not record such compasitsuggests that ancient residual
peridotites do not generally participate in later melting events, perhaps because they
are sequestered within the lithosphere. Hiffhif/*'"Hf relative to**Nd/***Nd may

be a way to distinguish ancient lithospheric th@ninputs into continental,

mantlederived magmas.

5.1 Introduction

Dating melt depletion events recorded in peridotites from the lithospheric mantle
and, hence, formation of the lithospheric mantle, is important for understanding the
relationship betweerthe lithospheric mantle and overlying crust, as well as
continentaltectonics (e.g., Lee et al.,, 2000; Gao et al., 2002). ThOResotope

system is resistant to overprinting and has been extensively used to date melt
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depletion events in mantle peridest(e.g., Walker et al., 1989; Pearson et al., 1995a;
Reisberg and Lorand, 1995; Handler et al., 1997). The value of H@sRgstem in

this application stems from the fact that Os is typically compatible, while Re behaves
moderately incompatibly duringett extraction from the mantle. Thus, further growth

of *0s in residues of mantle melting is retarded, and the typically high Os
concentrations of residual peridotites make them resistant to later overprinting by
melts/fluids that generally have low O®ntens. Meaningful ReOs isochrons
reported for lithospheric mantle peridotites are, however, rare. This primarily reflects
the narrow range of Re/Os ratios present in a suite of peridotites, the likelihood of
isotopic heterogeneity in a mantle domain tae time of melt depletion, and
especiallyrecent Re (and sometimes Os) mobility in peridotiBascontrast ReOs
model ages of individualvhole-rock samplesor sulfidesare often utilized to date
melt depletion events (e.g., Walker et al., 1989; $hared Walker, 1998Pearson et

al., 2002.

The Redepletion model age (Walker et al., 1989) was defined in order to
circumventrecentRe addition from the host magma to highly depleted peridotites, but
this model age can be inaccurate if the Os isotopiaposition of the sample was
overprinted or modified by events that occurred after the initial melt depletion (e.g.,
Chesley et al., 1999; Blichl et al., 2002). As in any model ag@<Ruodel ages also
are sensitive to the accuracy with which the assumadtle ReOs evolutionary
parameters reflect t (Rudsick and Walkerh 2009)Ehe@ r t h 6 s
significant range if®’0s*%®0s in modern mantle samples results in a potential model
age imprecision that gets larger as the sample gets youngexx&ple, if the bulk

modern mantle ha®’0s/*0s of 0.1251, the average measured in abyssal peridotites
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(e.g., Brandon et al., 2000), instead of the commonly used chondritic mantle value of
0.1270 (e.g., Shirey and Walker, 1998), this would chang&#&@s model age of a
modern sample by 280 Ma, but would change the model age of a 1.8 Ga sample by
110 Ma. The development of corroborating chronologic information is, therefore,

important (e.g., Schmidberger et al., 20B2arson and Nowell, 2003).

In comparison to the siderophile and chalcophile-®e isotope system, most
other longlived radiogenic isotope chronometers, such asSRISmNd, U-Pb and
Lu-Hf, are based on incompatible lithophile (or chalcophile, in the case of Pb) trace
elements. Previousstudies of incompatible elemebased isotope systems in
xenolithic peridotites have mostly focused on®bH U-Pb and, especially, the SNd
system. However, such results often prove difficult to interpret in terms of
constraining the timing of original eft depletion due to: 1) contamination during
transit in the host lavas, which are normally enriched in these highly incompatible
elements compared to peridotite xenoliths (Carlson and Irving, 1994; Bedini and
Bodinier, 1999; Schmidberger and Francis, 20@) significant diffusion at mantle
temperatures (Van Orman et al.,, 2001) that can partially to completely reset the
isotopicratiosof minerals in peridotites (McDonough and McCulloch, 1987; Pearson
et al., 1995b); and 3) overprinting of incompatibleneénts at some point after melt
depletion, which may obscure the effects of primary melt depletion in peridotites (e.g.,
Frey and Green, 1974; Stosch and Seck, 1980; Nixon et al., 1981; McDonough, 1990;
Carlson and Irving, 1994). As a consequence, thesenipatible elemerbased
isotope systems have proven more useful for understanding secondary overprinting
processes subsequent to melt depletion (e.g., Menzies and Hawkesworth, 1987;

Menzies and Chazot, 1995), rather than dating meletien events.
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In contrast to the tPb, RbSr and SNd systems, the L-tif isotope system has
been shown by several studies to remain relatively immune to overprinting events and,
thus, may provide a valuable complement to the(OReisotope system for
constraining the timingf melt depletion in peridotites (Schmidberger et al., 2002;
Pearson and Nowell, 2003; Carlson et al., 2004; Wittig et al., 2006; Bizimis et al.,
2007; Choi et al., 2008, 2010). The utility of the-Hb system in this type of
application derives from théact that: 1) Hf diffuses considerably more slowly in
silicate minerals than do Pb, Sr and Stlferer et al., 2000; lonov et al., 20Q%a)d
2) clinopyroxene has relatively high Lu and Hf concentrations compared to other

minerals in spinel peridotitesd compared to possible infiltrating melts/fluids

In this study, | determined the trace element concentrations of clinopyroxenes and
orthopyroxenes and Sr, Nd, Pb and Hf isotopic compositions of clinopyroxene
separates from a suite of spinel peridotitestained withinthe ~30 Ma Yangyuan
alkali basalts, North China Craton (Figl2 These peridotites have been previously
studied for bulk petrologic and geochemical characteristics, includin@sRisotope
systematics and highly siderophile element (HS&t)nhalances. The Os data suggest a
Paleoproterozic age (1.8 + 0.2 Ga) for melt depletion (Liu et al., 2010aR00He
main objectives here are th) compare SNd-Hf-Pb isotope systematics in
clinopyroxene separates to whateck ReOs systematics of thease rocks, 2) use
these isotopic tracers, in combination with trace element data, to determine the history
of initial melt depletion and later overprinting of incompatible elements in these rocks,
and 3) evaluate the utility of the Hdf isotope system talate melt depletion in

xenolithic peridotites.
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Table 51. Summary of basic petrologic and geochemical characteristics of Yangyuan peridotites

Samples Lithology Mode” Mgob AlZ05" Fo° ifRe 112705 Tro' Tua® T
ol Opx Cpx sp % % [*0s [**0s Ga Ga  oC
YY-04 Harzburgite 69.6 255 4.3 0.6 44.4 1.63 92.0 0.08 0.1152 1.8 2.1 860
YY-08 Lherzolite 58.8 32.6 5.5 3.1 39.9 2.97 90.5 0.13 0.1261 0.2 0.2 820
YY-13 Lherzolite 69.2 214 7.9 14 41.9 2.44 90.9 0.17 0.1210 0.9 15 1020
YY-23 Lherzolite 67.2 26.9 5.5 0.5 39.7 3.06 90.8 0.15 0.1240 0.5 0.7 1150
YY-26 Lherzolite 65.1 24.0 8.7 2.2 41.7 3.08 90.7 0.46 0.1189 1.2 -8.6 880
YY-36 Lherzolite 69.6 18.6 10.5 1.3 41.7 2.30 91.1 0.48 0.1219 0.8 -3.8 975
YY-40B Lherzolite 65.6 23.6 8.8 1.9 40.0 2.80 91.2 0.31 0.1241 0.4 2.0 990
YY-42 Harzburgite 74.6 19.5 4.0 1.8 42.4 2.35 91.0 0.33 0.1256 0.2 1.1 1020
YY -45 Lherzolite 69.0 23.2 6.8 1.0 41.1 2.44 90.8 0.10 0.1220 0.7 1.0 1140
YY-50 Lherzolite 52.0 30.3 16.1 1.6 38.2 4.02 90.6 0.31 0.1261 0.1 0.6 1070
YY-58 Harzburgite 75.8 19.7 3.4 1.0 42.4 2.40 91.7 0.23 0.1212 0.9 2.0 1100

Note: all samples are fresh, coaggained, and protogranular in texture.
a. Modal mineralogy (Ol: olivine, Opx: orthopyroxene, Cpx: clinopyroxene, and Sp: spinel)

b. Whole rock MJO and A}O; content (wt. %)

c. Forsterite content of olivine (molar Mg/(Mg+%x100)
d. Trp: rhenium depletion model age (see Shirey and Walker, 1998)

e. Tua: Os model age (see Shirey and Walker, 1998)
f. Two-pyroxene equilibration temperature atR.5 GPa
All data from Liu et al. (2010, 20BL
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5.2 Samples

Xenoliths from Yangyuan, the focus of this study, are spinel peridotiesined
within ~30 Ma alkali basalts (Fig.-2) and have been previously investigated for
petrology, mineral copositions and wholeock major and trace element
compositions, including HSE abundances andOResotopic systematics (Liu et al.,
2010, 2011), as well as $itd isotope systematics on clinopyroxene separates (Y.G.
Xu et al., 2008). Petrologic and geocheatiresults for samples analyzed in this study
are summarized in Tabe1. In addition, the host basalt was sampled from a lava

rind on one of the Yangyuan mantle xenoliths for comparison with the peridotites.
5.3 Analytical methods

Trace element conceations of clinopyroxenes and orthopyroxenes extracted
from the Yangyuan peridotites studied by Liu et al. (2010, 2011) were determined on
polished mineral mounts using a New Wave Research UP21(@)L&serablation
system coupled to a Therrfannigan irductively coupled plasmmass spectrometer
(ICP-MS/Element 2) at the University of Maryland (UMd) following the protocol of
Arevalo and McDonough (2008The analyses were performed by scanning the laser,
with a spot size of £150 pum, along lines of ~1 mihength.Data were collected in a
time-resolved mode so that inclusions and mineral zoning could be def€€advas
used as an internal standard to monitor ablation yield. Detection limits, calculated as
the concentration equivalent to three times tlamdard deviation of the background
counts, are provided in Tablé3. The NIST 610 glass standard reference material
was used for external calibration in order to calculate the element concentrations in

the samples. Replicate analyses of the BHVO gltesdarg analyzed periodically
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during analytical sessions, yielded an external precision of typically better than 8%

LG relative st an &arNbtratealement zoning or in€luSienb | e S
were observed in the clinopyroxene and orthopyroxene grains for any of the elements
analyzed here. Four to six separate analyses of each mineral were made and the
average esults are reported. Based on the trace element compositions of
clinopyroxene and the amount of available material, eleven large xenolithic samples

(as shown in Tabl&-1) whose clinopyroxenes span a large range in pal@nghter

ratios (e.g., Lu/Hf and 18/Nd) were selected as representative samples for
SrNd-Hf-Pb isotopic analyses; isotopic analyses of the same elements were

conducted for the host basalt.

Ultrapure clinopyroxene separates were carefully prepared from gently
disaggregated rocks, sieved #50 - 50 0 e m, handpicked und e
mi croscope, and final |l ynanagatemdna dnd pestle | e s s
About 0.20.2 grams of pulverized clinopyroxene grains were weighed into a 15 ml
Teflon beaker and leached in ~5 ml 2.5 N HCIX¥6rminutes followed by addition of
a few drops of concentrated HF for 5 minutes (during these leaching steps, the beaker
was capped and placed in an ultrasonic water bath), and then rinsed repeatedly in 10
ohm deionized water. One bulk host basalt (pulvi zed to < 100 & m)
(=35 mg) into a beaker, but was not leached by acids. Prior to decomposition, all
samples were appropriately spiked WitRb, 8sr, *°Nd, **°Sm, 1%Lu, 8°Hf, 2°Pb
and®**U to determine elemental concentrations by isottipgion. All samples were
completely dissolved in a mixture of ~1 ml concentrated Teflon distilled @
~2 ml concentrated Teflon distilled HF in capped beakers on a hotplateC(~f0

three days.
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The elements of interest were separated and paififyecolumn chromatography
at the Department of Terrestrial Magnetism (DTM), Carnegie Institution of
Washington using the procedures described in Carlson et al. (2004). Strontium and Nd
isotopic compositions were determined in static mode on a Triton ahéwmzation
mass spectrometry (TIMS) at DTM. The Sr and Nd isotopic ratios were corrected for
instrumental mass fractionation using®8rf°sr value of 0.1194 and 4Nd/A*“Nd
value of 0.7219, respectively. In the analysis of Ne and"*’Sm were reasured to
monitor and correct the potential isobaric interferences. Replicate analyses of

standards were performed during the analytical sessions and yielded: NBS 987

8srf'sr = 0.710247 N 10 (2G; n=4), identica
INi-1M*NdA*Nd = 0.512103 N 11 (2G; n=4), equi
7 (20G) obtained by Tanaka et al. (2000).

Uranium, Rb, Sm and Lu concentrations and Hf and Pb isotopic compositions
were determined using a Nu Plasma \@P-MS: U, Sm, Lu andHf at UMd, and Pb
and Rb at DTM. In the U, Rb and Pb measurements, isotopic mass fractionation was
corrected for by periodic measurements of standards: U was correét8d/fU =
349.1 (UMD-1); Rb to®’RbP°Rb = 0.3857 and th¥Sr isobaric interferercon®’Rb
was monitored and corrected usifi§r with measured’Sr°Sr.  Pb was corrected
using the isotopic composition obtained by Todt et al. (1996) for the NBS 981
standard. **°Ce, ™Nd and *°Gd were monitored and corrected for isobaric
interferenes on Sm, and instrumental mass fractionation was corrected using
14SmA%?Sm = 0.56081. In the Lu analysis, instrumental mass fractionation was
corrected using”3Yb/*"?vb = 0.73889; the accuracy of the Yb isobaric correction to

Lu was monitored by measng a Lu standard to which various amounts of Yb had
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been added. For the Hf analystd®yb, *™Lu, **'Ta and'®3W were measured for
isobaric corrections; instrumental mass fractionation was corrected U3#ig’ "Hf

= 0.7325. Isobaric correction fdf*Hf is small, given'®Ta/"’"Hf < 2 x 10° and
BOW/MHE < 3 x 10°, while correction for Yb and Lu interference OffHf is
significant (~0.1 to 0.8 %), givel°Yb/*""Hf = 2.0 x 10* to 2.2 x10* and*"®Lu/*" Hf

=1.0 x 10°to 1.2 x 10", During the anlgtical session, the JIM@75 standard was run
repeatedly and yielded a medfHf/*""Hf r ati o of 0.282158 K
to the recommended value of 0.282160 (Nowell et al., 1998). Theopbd JMCA75
solutions with*"®vb/*""Hf ratios (~ 10") comparable to those of samples vyielded
Yb-corrected *"®Hf/*"’"Hf ratios consistent wh nondoped JMGA75 solutions,
indicating that the method of Yb correction in this study was accurate within stated
errors. Recent blanks at DTM for samples of this size are1Bb pg; Rb- 7 pg; Sr-

300 pg; Sm- 3 pg; Nd- 12 pg; Lu- 7 pg; and Hf- 70 pg, which are negligible

(typically less than 0.2 %) for correction of isotopic compositions and concentrations

of the samples, except for the Pb blank, which constitutes 0.1 to 2.9 % of the total Pb.

5.4 Results

Petrography, wholeock major and tracelement concentrations, major element
compositions for minerals, as well as whobek ReOs isotope data and HSE
abundances, were reported previously in Liu et al. (2010,8201The correlations

between wholegock Al,O; vs. MgO and®'0s/®%0s are plotd in Fig.5-1.
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Samples having Os concentration less than 0.5 ppb (n= 4) were excluded in
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Fig. 5-1. Plots of wholerock MgO (in wt. %; a) and®’0s*®*0s (b) versus AD; (in
wt. %) of Yangyuan peridotite$M: primitive mantle (McDonough and Sun, 1995).
PUM: primitive upper mantle’{’'0s**0s = 0.1296 from Meisel et al., 2DGnd
Al,03 = 4.35 wt. % from McDonough and Sun, 1995k, TI Re-depletion age

(Walker et al., 1989). Minimum AD; is assumed to occur at 0.7 wt. % (Handler et al.,

panel b.Open circles: YY04, having experienced melt addition; and, -98 and

YY -26, not cogenetic with the other samples (solid circles).




Table5-2. Trace element concentrations for Yangyuan clinopyroxenes determir
laser ablation ICRMS
sample YY-04 YY-08 YY-13 YY-23 YY-26 YY-36 YY-40BYY-42 YY-45 YY-50YY-58

TiO, 015 031 052 040 038 0.22 019 0.13 0.39 0.53 0.29

\Y 248 274 264 259 268 240 231 248 259 265 243
Cr 8820 5230 7330 6790 5340 7490 6660 6650 7090 5070 8360
Rb BD BD BD BD BD BD BD BD BD BD BD
Sr 339 411 574 819 671 110 153 9.19 825 658 138
Y 578 122 136 175 168 819 852 961 143 175 11.7
Zr 895 6.15 289 280 199 107 3.26 325 236 30.2 205
Nb 043 010 08 111 0.052 036 025 0.22 1.04 0.089 0.21
La 146 090 083 243 102 116 041 0.22 249 0.69 1.12
Ce 324 210 262 6.26 370 9.09 1.06 0.64 6.49 288 4.56
Pr 044 036 05 094 067/ 079 018 011 100 0.59 0.84
Nd 216 219 355 546 401 339 1.09 0.77 522 423 5.07
Sm 067 100 165 174 143 110 052 045 156 176 1.62
Eu 027 04 075 067 06 042 028 0.18 071 0.73 0.67
Gd 076 143 219 222 206 118 089 08 199 246 1.80
Tb 014 029 040 048 039 023 020 020 04 045 0.#
Dy 1.03 212 267 296 283 162 153 157 272 3.06 224
Ho 022 049 05 065 06 03# 032 036 061 0.66 0.48
Er 065 136 145 186 207 096 094 122 159 191 130
Tm 0092 021 020 02 030 014 014 018 024 0.26 0.18
Yb 068 149 134 194 218 096 1.06 123 151 196 1.19
Lu 0.088 020 017 02 030 014 014 0.18 0.20 0.25 0.16
Hf 0.28 032 09 08 065 03 015 011 0/ 095 0.5
Sm/Nd 031 045 047 032 036 032 048 058 030 042 0.32
Lu/Hf 0.32 064 019 026 046 040 092 166 0.27 027 0.28
wr Sm/Nd 0.32 049 048 034 037 0383 048 061 032 043 0.34
wr Lu/Hf 055 1.10 0.257 0.470 0.610 0.480 1.36 2.62 041 0.35 044
(La/Yb)y 144 041 042 084 032 818 026 0.12 111 0.24 0.64

Note: TIO, in wt. %, all other elements are in ppm. BD: below detection limit.
(La/Yb)y is normalized to chondritic values of Sun and McDonough (1989).

wr: calculated whole rock Sm/Nd and Lu/Hf assumingawf these elements in olivine and spinel.
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Table5-3. Trace element concentrations for Yangyuan orthopyroxenes determi
laser ablation ICFMS
sample YY-04 YY-08 YY-13 YY-23 YY-26 YY-36 YY-40B YY-42 YY-45 YY-50 YY-58

TiO, 0.069 0.10 0.19 0.16 0.11 0.074 0.062 0.047 0.16 0.16 0.12

\% 127 134 130 147 120 105 107 128 139 127 128
Cr 4880 2810 4400 4740 3230 3640 3570 3510 4740 2940 5620
Rb BD BD BD BD BD BD BD BD BD BD BD
Sr BD 015 028 049 011 022 012 005 040 0.20 0.76
Y 0.403 0.718 1.10 1.57 0.840 0.478 0.579 0.674 1.74 122 1.19
Zr 0.546 0.357 213 237 1.10 0.558 0.242 0.212 254 187 1091
Nb 0.024 0.007 0.046 0.066 0.004 0.009 0.014 0.009 0.036 0.005 0.020
La 0.0059 0.0054 0.0046 0.013 0.0029 0.027 0.0030 BD 0.010 0.0019 0.0065
Ce 0.013 0.0077 0.015 0.050 0.0081 0.024 0.0048 0.0010 0.042 0.013 0.031
Pr 0.0023 0.0019 0.0034 0.011 0.0019 0.0031 0.0017 BD 0.0097 0.0043 0.0096
Nd 0.010 0.0078 0.027 0.068 0.014 0.019 0.0081 0.0043 0.066 0.015 0.055
Sm 0.0058 0.017 0.031 0.049 0.017 0.011 0.0039 0.0067 0.047 0.027 0.036
Eu 0.0042 0.0062 0.020 0.020 0.0076 0.0044 0.0055 0.0043 0.019 0.016 0.016
Gd 0.017 0.026 0.083 0.068 0.026 0.017 0.020 0.020 0.073 0.051 0.057
Tb 0.0058 0.0090 0.016 0.018 0.0059 0.0027 0.0083 0.0062 0.024 0.015 0.017
Dy 0.050 0.081 0.16 0.22 0.091 0.065 0.066 0.064 0.22 0.17 0.15
Ho 0.014 0.028 0.039 0.057 0.029 0.019 0.022 0.023 0.066 0.046 0.044
Er 0.060 0.11 0.14 0.22 0.13 0.080 0.086 0.10 0.24 0.18 0.16
Tm 0.013 0.024 0.024 0.041 0.031 0.015 0.020 0.021 0.04/ 0.034 0.08
Yb 0.13 024 026 038 029 016 018 021 030 034 0.24
Lu 0.023 0.048 0.038 0.065 0.038 0.030 0.039 0.041 0.069 0.060 0.040
Hf 0.021 0.021 0.066 0.060 0.036 0.028 0.011 0.0075 0.094 0.060 0.058
Sm/Nd 056 219 114 071 123 056 048 155 0.71 180 0.65
Lu/Hf 109 229 058 108 160 106 3.67 553 073 099 0.69
(La/Yb)y 0.031 0.015 0.012 0.023 0.0066 0.12 0.011 <0.001 0.017 0.0039 0.018

Note: TIG; in wt. %, all other elements are in ppm. BD: below detection limit.
(La/Yb)y is normalized to chondritic values of Sun and McDonough (1989).
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Fig. 5-2. Chondritenormalized rare earth element (REE) and Hf padtefor
clinopyroxenes (solid lines) and orthopyroxenes (dashed lines) from the Yangyuan
peridotitesdetermined by LACP-MS (Tables5-2 and5-3). The pattern of the host
basalt is shown for comparison (data from Ma and Xu, 2004). Chondrite normalizing
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5.4.1 Pyroxene trace element concentrations

The trace element concentrations in clinopyroxene and orthopyroxene from the
Yangyuan peridotites are presented in Table and Table5-3, respectively.
Chondritenormalized rare earth element (REE) and Hf patterns of clinopyroxene and
orthopyroxene are shown in Fig:-2. The clinopyroxene patterns range from light
REE (LREE)depleted (Fig.5-2a) to flat or LREEenriched (Fig.5-2b), with
chondritenormalized (La/Yhy ranging from 0.13 to 13.5; most clinopyroxenes have
flat HREE patterns with negative Hf anomalies compared to Nd and Sm. By contrast,
orthopyroxenes are characterized by LREE depletimhpositive Hf anomaliesvith
two sampes (YY-04 andYY-36) having flat lightest REEFig. 5-2). Whole rock
trace element compositions, calculated from the pyroxene data, are shownsi3.Fig.
Some peridotites show a positive slope in HREE (e.g;08YYY-26 and YY-42)
and others show fl#iREE (e.g., Y¥50 and YY:58). A comparison of Sm/Nd and
Lu/Hf fractionation between clinopyroxene and orthopyroxene are shown iB6-#&g.
and b, respectively, where it can be seen that orthopyroxenes have systematically
higher Sm/Nd and, especially, Lu/ktios than coexisting clinopyroxenégoreover,
the correlation is much better for Lu/Hf than Sm/Nd, which may suggest that the
SmNd isotopic system is farther from the equilibrium partitioning between the two

pyroxenes than is the EHf isotopic system

5.4.2 Sr, Nd, Pb and Hf isotopic compositions

The Sr, Nd, Pb and Hf isotopic compositions of the host basalt and clinopyroxenes
from the Yangyuan spinel peridotites are given in Té&bde The Sm, Nd, Lu and Hf

concentrations in clinopyroxenes determibgdsotoge dilution are generally within
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Table 54. Sr, Nd, Pb and Hf isotopic compaositions of clinopyroxene separates from the Yangyuan peridotites and the host-B&gglt (Y

Samples YY-04 YY-08 YY-13 YY-23 YY-26 YY-36 YY-40B YY-42 YY-45 YY-50 YY-58 YY-35A
Rb (ppm) 0.029 0.106 0.015 0.094 0.029 0.092 0.0050 0.031 0.090 0.023 0.044 54.77

Sr (ppm) 32.54 32.11 53.88 57.32 47.51 191.5 14.69 10.36 71.06 61.50 128.1 1107
8RbFesr 0.0025 0.00957 0.0008 0.0047 0.0018 0.0014 0.0010 0.0085 0.0036 0.0011 0.0010 0.1431
87SrfPs r N 2 @ 0.703553+8 0.704434+6 0.703100+13 0.702945+5 0.704041+5 0.703860+9 0.703228+110.703647+9 0.702916+5 0.702294+10 0.704385+6 0.704139+7
¥'srPosr(t) 0.703552 0.704430 0.703099  0.702943  0.704040 0.703860 0.703228 0.703644 0.702915 0.702294  0.704384  0.704078
Sm (ppm) 0.7083 0.7951 1.624 1.668 1.389 1.015 0.5656 0.3373 1.486 1.568 1.546 9.704

Nd (ppm) 2.278 1.867 3.550 5.332 3.759 4.672 1.085 0.6678 4.634 3.743 4.817 47.48

1475 mANd 0.1880 0.2575 0.2766 0.1891 0.2234 0.1313 0.3152 0.3054 0.1938 0.2533 0.1941 0.1236
43NdA%Nd+2 @ 0.512929+9 0.512798+4 0.513162+5 0.513039+4 0.512828+5 0.512829+8 0.513727+6 0.513892+4 0.513043+4 0.513300+6 0.512609+4 0.512890+5
“NdMNd(t)  0.512893 0.512748 0.513108  0.513038  0.512784 0.512803 0.513665 0.513832 0.513005 0.513251  0.512571 0.512%B7
Qua(t) 5.87 3.05 10.07 8.71 3.76 4.13 20.9 24.2 8.06 12.9 -0.41 5.36

Qi) 10.1 -7.32 -4.27 12.7 0.57 20.3 -1.46 3.88 11.1 3.42 2.54

Tou/Ga 1.29 -1.17 0.05 0.42 -4.59 0.58 0.87 1.24 0.78 0.60 4.27 0.43

Lu (ppm) 0.1068 0.1869 0.1984 0.2389 0.3332 0.1467 0.1728 0.1409 0.2187 0.2647 0.1780 0.1685

Hf (ppm) 0.3483 0.3517 1.076 0.8350 0.7215 0.4546 0.2184 0.1203 0.7589 1.008 0.6845 7.258
178yt Hf 0.04353  0.07543  0.02618 0.04062 0.06555  0.04583  0.1124 0.1664 0.04091  0.03730 0.03691 0.003296
178717 0.284283+8 0.283389+170.283153+5 0.283491+12 0.283391+9 0.283661+8 0.285793+110.287499+5¢0.283469+7 0.283340+5 0.283577+120.282989+6
YeHfTTHI(Y)  0.284259 0.283347  0.283138  0.283469  0.283354 0.283635 0.285730 0.287406 0.283446 0.283319  0.283556  0.282987
() 52.8 20.5 13.2 24.8 20.8 30.7 105 164 24.0 19.5 27.9 7.81

V() 421 -25.2 21.3 17.2 -14.2 17.5 18.8 19.1 16.1 15.6 24.4

Tom/Ga 10.6 0.20 0.41 6.68 0.28 3.65 1.82 1.76 5.29 -3.30 -10.2 0.39

U (ppm) n.d. n.d. 0.0273 n.d. n.d. 2.942 n.d n.d. n.d. 0.0082 n.d. 1.688

Pb (ppm) 0.0537 0.4155 0.1605 0.0498 0.1523 0.5519 0.0308 0.0180 0.0459 0.0704 0.0852 3.740
08P h N 2 38.409+66 37.881+4  37.427+41 37.689+21 37.287+7 38.728+3 38.41+18 37.233+38 37.812+35 36.517+36 35.645+21 38.01715
DppPo%p h N 2 15.546+26 15.473+1 15.334+17 15.420+9  15.410+3 15.540+1 15.661+75 15.433+16 15.480+14 15.323+14 15.191+8  15.496+2
20ppP9%p h N 2 18.325+29 17.911+2 17.508+18 17.778+10 17.352+3 19.079+1 18.390+86 17.397+18 17.834+16 16.801+17 15.745+9  17.996:2
206p204ppy(t) 17.459 17.474 16.768 17.863
238y2%pp 10.4 344 6.9 28.4
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Note to Tabé 54: All elemental concentrations were determined using isotope dilution. n.d.: not
determined. t: basalt eruption date (30Ma). i: 1.66 Ga. Blaasns data not available or meaningless.
CHUR values:*’'Sm/MNd = 0.1960 and"“*Nd/*Nd =0.512630, and’®u/*"'Hf = 0.0336 and
Y84/1"Hf = 0.282785 (Bouvier et al., 2008).

Tom(Nd) was calculated based on the sirgjtege  depleted mantle valué&$m/*Nd = 0.2129 and
MNd/A*Nd = 0.51313; Nowell et al., 1998 and Bouvier et al., 2008)

Tou(Hf) was calculated based on the depleted mantle val(®#/t''Hf = 0.28325 (Nowell et al.,
1998), which would requiré’Lu/*"’Hf = 0.0388 using the averagearfurite LuHf paraméers of
Bouvier et al., (2008))

uncertainty of data obtained by laser ablation (see Figl Bbthe Supplemental
Material).
The Nd isotopic result for the host basaftd/™*Nd = 0.512890 N 5

slightly lower than previously reported results for Yangyuan alkali basalts

Co

(**Nd/M*Nd = 0.51292 + 2; n=5), and théSr°’sr (0. 704139 N 7, 2
higher than the narrow range of 0.70379 £ 2 (n = 5) that was préviegerted (Ma
and Xu, 2004).

Clinopyroxenes from the Yangyuan peridotites display highly variable isotopic
compositions:®’Srf°Sr = 0.70229.70443,**Nd/*Nd = 0512610 . 51389 (U
-0.6 to +24.5)?%Pbf*%Pb = 15.7419.08, *°Pb/*Pb = 15.1915.65, **PbF*%Pb =
35.64-38.73, and "Hf/*"'Hf = 0.283150 . 2 8 75 613.6 10 +167). SANd, SFNd,
and PbPb isotopic correlation diagrams are shown irsFagb to 57. The Sr and Nd
isotopic compositions of clinopyroxenes analyzed here largely owsitaghe ranges
of SENd data {'SrP°Sr = 0.70309 to 0.70471 ant™Nd/*“Nd = 0.51208 to 0.51366)
obtained by Xu et al. (2008) for a different set of Yangyuan clinopyrox&ngsx6).

In the RBSr isochron diagramn6t shown, the Yangyuan clinopyroxes define a
nearly vertical array due to their extremely low Rb/Sr raftéRK{°Sr = 0.001 to 0.01,
much lower than that (0.143) of the host basalt). They show a rough positive, but

scattered, trend on a SNd isochron plot Fig. 55), with a large rangef Sm/Nd
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(**’sSmA“Nd = 0.1310.315). There is a negative correlation betw&&n*°sr and U
(Fig. 56), with most of the data plotting within the isotopic compositions of depleted
MORB mantle. Two samples from this study (0B and YY:42) are distingished

by v e rantplogaboveithe SNd trend defined by the majority of samples.
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Fig. 55. SmNd isochron diagranfior clinopyroxenedrom the Yangyuan peridotites.
The 1.8 Ga reference line reflects the maximum Re depletion model age of bulk
peridotites (Liu et al., 2011a). DM1 represents a sistdge depleted mantle
(***Nd/**Nd = 0.51313 (Nowell et al., 1998) add'SmA*Nd = 0.2129 calculated
using the average Shid parameters of Bouvier et al. (2008); and DM2 represents a
progressivelydepleted mantle'{®Nd/A*/Nd = 0.51313 (Nowell et al., 1998) requiring
4'SmiMNd = 0.2278 at 1.8 Ga calculated using the mod&®m/A**Nd = 0.2485

(Workman and Hart, 2005 and references therein).
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clinopyroxenes (open squar&sG., Xu et al., 2008). MORB field represents Atlantic
and Pacific MORB as conipd by Hofmann, 2003Mantle components are from
Zindler and Hart (1986): EM and EMII, enriched mantle of type 1 and 2,

respectively.
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al., 1998), which wouldequire *"®Lu/*"’"Hf = 0.0388 using the average chondrite

Lu-Hf parameters of Bouvier et al. (2008).
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2008); Kuandian (KD), China (Wu et al., 2006); Beni Bousera (BB), Morocco
(Pearson and Nowell, 2003); Spitsbergen (SB), Svalbard (Choi et al., 2010); South
Africa (SA; Bedini et al., 2004); Northern French Massif Central (NMC; Wittid.et a
2006); Southern FMC (SMC; Wittig et al., 2007); Oahu (OH), Hawaii (Bizimis et al.,
2004, 2007), Vitim (VT), Siberia (lonov et al., 2005a, 2005b), Tok (TK), Siberia
(lonov et al., 2006), Wyoming Craton (WC) and adjacent regions, north America
(Carlson €al., 2004) and Gakkel Ridge, Arctic (Stracke et al., 20Ihe solid line
marks the mantle array from Nowell et al. (1998).
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The Yangyuan clinopyroxenes exhibit a very wide range of Pb isotopic compositions
(e.g.7°PbF%Pb = 15.7419.08), with two amples (Y¥50 and Y'¥58) plotting well

to the left of the modern geochron on H8Pb/*Pb vs.?Pbf**Pb diagram Fig.

5-7).

The Hf isotopic compositions of all Yangyuan clinopyroxenes are similar to, or
more radiogenic than, depletedmantle reservej consistent with longerm elevated
Lu/Hf. With the exception of three samples, the data form a good positive correlation
between'"®u/*""Hf and "®Hf/*"'Hf (Fig. 5-6), yielding a regression age of 1.66 +
0.10 Ga ( 20) u W19 #5. lakeothér peridotiteaclinopWroxenes (e.g.,
Pearson and Nowell, 2003; Carlson et al., 2004; Bizimis et al., 2004, 2007; Bedini et
al., 2004; lonov et al., 2005a, 2005b, 2006; Choi et al., 2008, 2010; Chu et al., 2009),
most Yangyuan clinopyroxenes plot welloale the NdHf mantle array defined by

oceanic basaltg-{g. 59).

5.5 Discussion

Major and trace element compositions of mantle peridotites can reflect multiple
processes of chemical modification (i.e., melt depletion and later overprinting) in the
mantle. The isotope data obtained for these rocks provide chronologic information
regarding these mantle processes. In this study, trace element compositions and
Sr-Nd-Hf-Pb isotope systematics are utilized to determine the history of these mantle

processes in thYangyuan peridotites.

5.5.1 Melt depletion

Melt extraction leads to depletion of incompatible elements in residual peridotite,

and the relative extent of depletion generally follows elemental incompatibility, with
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LREE being more depleted compared to HRBulk Al,Os;content is often used as a
convenient indicator of melt depletion, since aluminum is progressively lost during
melt depletion, and generally immobile during secondary processes, such as
serpentinization, surface weathering and metamorphishe ALO; content of
Yangyuan peridotites correlates well with other indices of melt depletion, such as
MgO content, olivine forsterite content (Fo = molar Mg/(Mg&hel00) and Cr#
(molar Cr/(Cr+Al)x100) of spinel, as well 880s/*%0s, a proxy of longerm Re/Os

ratio (Liu et al., 2010, 2011; Fig-1). Such correlations suggest that the Yangyuan
peridotites have not been significantly affected by refertilization, and the large range

of Al,O3 (i.e., 0.9 to 4.0 wt. %) reflects varying degrees of meltatapi.
5.5.1.1Timing of melt depletion: R8s and LuHf

The positive correlation betweed® u/*"’Hf and *"°Hf/*""Hf in the Yangyuan
clinopyroxenes (Fig5-6) yields a regression age of
overlaps the oldest RBs model ages (1.8 £ 0.2 Ga) obtained for the whole rocks
(Liu et al., 2010, 2014), suggesting insignificant overprinting of the-Hi isotope
system for clinopyroxenes of mogeridotites. Thusthe primary melt depletion of
Yangyuan peridotites occurred at ~1.7 to 1.8 Ga,th@adlinopyroxene LtHf isotope
and whole rock R®s isotope systems both provide coincident chronological
information regarding melt depletion of mangleridotites. This is a similar outcome
to prior studies of peridotites (e.@chmidberger et al., 2002; Pearson and Nowell,
2003; Wittig et al., 2006; Choi et al., 2010).

5.5.1.2 The cause of high initigl; and implication

In spite of theexhibition of aLu-Hf errorchronyielding an agesimilar to the

whole rock ReOs model agetheseYangyuanclinopyroxenes have comparatively
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hi gh imaluesiofaHl9 athl.66 Ga (Taded; Fig. 5-8) relative to tha(+10) of

the depleted mantl e s our g would suggeshthat thet i me .
mantle source already had lower Re/Os #i@s/*°0s ratios compared to chondritic

or primitive mantle at that time, but there is no evidence within th®@&esults to

support this.In the Yangyuan peridotites,rtbopyroxene has roughly three times

higher Lu/Hf than coexisting clinopyroxene (Fig4b) and contains 10 to 40 % (with

an average of ~23 %) of the Hf and 30 to 60 % (with an average of ~47 %) lafi th

in the analyzed Yangyuan peridotites (Fi§-Z Table $-2). The calculated Lu/Hf of

the bulk rock is 1.3 to 2.2 (with an average of ~1.6) times that of clinopyroxene. This
causes therthopyroxene antulk rock to develop more radiogenic Hf thanttia
Opristined cl i nop-irisoepe system iassumel io behclogedh e L
immediately after melt depletioi€alculation shows thahé bulk rock will grow in

hi g hye(averdge ~4.6 epsilon units, ranging from 1.0 up to 19) than pristine
clinopyroxene oveil50Ma. If the peridotite resides above the closure temperature for
Lu-Hf exchange between minerals (gvage , Bed
in preserdday clinopyroxene could reflect incorporation of a radiogenic Hf
componat from coexisting orthopyroxen&hus, f the melting event responsible for
lithospheric mantle formation can be dated by theJRasotopic system (e.g., Walker

et al., 1989), the LHf isotopic system in pyroxene may be used to datedloéng

ageat which the mantle cooled below the-Hif closure temperature-900°C)

5.5.13 Characteristics of ancient melt depletion

Clinopyroxenes and orthopyroxenes from samples42Yand YY-40B are the
most LREE depleted relative to HREE (Fig2a), and their clinpyroxenes have the

most radiogenic Nd and Hf isotopic signatures, which must reflectititegrated
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responses to elevated Sm/Nd and Lu/Hf ratios produced by melt depletion. Their
LREE-depleted patterns may be typical of pristine residues reflecting eakkttbn

in the mantle. In addition to YM2 and YY¥-40B, sample YY¥50 is also LREE
depleted ((La/Yk)= 0.22 for clinopyroxene; Figs-2a), and has the loweSiSrFPSr
(0.70229) of the samples analyzed, as well as relatively-radingenic Pb
(*“Pbf**Pb = 16.801; Tables-4) that plots to the left of the modern geochr&ig(

5-7). These features require lotgym low Rb/Sr and U/Pb?RU/APb = 6.9),
consistent with the expectation of ancient melt depletion. Samples that have
clinopyroxenes characterideby LREEdepletion and slight MREE enrichment
relative to HREE (i.e., YY13 and YY58) may also preserve the characteristic of
melt depletion, as shown in their LREEpleted whole rock patterns having no
MREE enrichment (Figs-3).

In the absence of ovyaninting, the REE patterns in clinopyroxene and bulk rocks
are controlled by the degrees of melt depletion, and the style of melting (e.g.,
fractional melting causes greater depletion of LREE compared to MREE and HREE
than batch melting for a given meltaftion; Johnson et al., 1990). For example,
clinopyroxene from YY50, the least refractory sample investigatedbQAl= 4.02
wt. %; Table5-1), has higher incompatible trace element concentrations, compared to
YY-40B and YY42 (Fig.5-2a; Table5-2), as wél as a*’®Lu/*"Hf that is slightly
lower than that of the depleted mantle. A lower degree of melt depletion experienced
by YY-50 compared to YMIOB and YY42 is also consistent with its Keas
systematics, which suggests that it experienced only vetyt $tig depletion relative

to PUM (Fig.5-1).
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Sample Y¥58 has the least radiogenic PB®b/*Pb = 15.745; Tablé&-4),
plotting just to the right of the 1.8 Ga geochron on #®b/*Pb vs.?*’PbF*Pb
diagram Fig. 57). This suggests its loAgrm evdution with a low U/Pb ratio in a
closed system. Based on melt depletion indicesQA: 2.40 wt. % and Fo = 91.7,
Table5-1), sample Y¥58 experienced a degree of melt depletion similar to that of
the relatively refractory Yangyuan sample ¥?2 (Al,Os; = 2.35 wt. % and Fo = 91.0).
However, subtle LREE depletion relative to HREE in its clinopyroxene &-&a)
and higher incompatible trace element concentrations in the bulk rock 5Big.
indicate less depletion of incompatible trace elements. This gatrg may suggest
that YY-58 experienced batch melting, while ¥42 likely experienced fractional

melting (see melting models Kig. 510 and Supplemental Material).

By contrast, the other Yangyuan clinopyroxenes (i.e.;04Y YY-23, YY-36 and
YY -45) arecharacterized by flatto LREE-enriched patterns (Fig-2b) and likely
experienced variable degrees of overprinting superimposed onto pristine residual
peridotites that had trace element characteristics similar to these ancient, least

overprinted residugeridotites (Fig5-2a). This process is discussed next.
5.5.2 The processes and timing of overprinting

Residual peridotites with low LREE concentrations are especially vulnerable to
overprinting by interaction with LREEnriched melts/fluids (Frey andréen, 1974).
As clinopyroxene is the major repository of many incompatible trace elements in
spinel peridotites (e.g., Zindler and Jagoutz, 1988; McDonough et al., 1992; Eggins et

al., 1998; Bedini and Bodinier, 1999; Figh-3, Table $-2), clinopyroxenetrace
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element concentrations and isotopic compositions (except fétfLoan be used as a
proxy for the bulk rock composition for these elements.

In comparison to those samples that retain evidence for ancient melt depletion in
their incompatible elemersignatures, overprinted samples are characterized by flat to
LREE-enriched patterns in clinopyroxene and bulk rock {04 YY-23, YY-36 and
YY -45; Fig.5-2b and Fig.5-3), and sample Y¥36 plots to the left of the 1.8 Ga
Sm-Nd reference isochron, towarttee composition of the host basdtd. 55). This
suggests that they likely experienced recent enrichment of incompatible trace
elements from the host basalt or related precursor melts. Based on clinopyroxene
patterns, samples Y94 and YY-36, with a LREE-enriched signature, possibly
experienced a larger extent of overprinting than-23rand YY:45, which have a flat
LREE signature. This is consistent with the fact that orthopyroxenes #94yand
YY -36 show similar enrichment to their coexisting clinopygees, while no evident
enrichment appears in orthopyroxenes of-¥¥and Y¥45 (Fig.5-2b).

Harzburgite Y¥04, the most refractory sample analyzed,(Al= 1.63 wt.%,
Table5-1) , i s characterized by a p=534 Tabgleni c
5-4), but relatively low Lu/Hf ratio "®Lu/*""Hf = 0.0425; Tablé-4); modification of
its Lu-Hf isotope system may have resulted from recent Hf addition (along with Sr
and Nd enrichment) due to its much lower original Hf concentration, compared to the
other samples that do not show significant overprinting of thélLisotope system.

Sample Y¥36 has the highest Pb concentration &b7*Pb, as well as high
U/Pb €3U/%%Pb = 344; Tabl&-4), Sr/Nd (41) and the highest (La/Xpdatio (13.5)
in theanalyzed clinopyroxene suite, inconsistent with its low wotk Al,O3; (2.30

wt. %). Such extreme compositions are indicative of significant recent overprinting of
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this sample. The initid*Pb/*Pb (17.474) of YY¥36 at 30 Ma is just slightly lower

(2.2 %) than that of the host basalt (17.863), and the Pb isotopic composition of
YY-36 also plots along a mixing line between the host basalt andad@myenic
samples. This relationship, together with its similar Sr and Nd isotopic compositions
(but different Sr/Nd) to the host basakig. 56), suggests that the clinopyroxene (and
orthopyroxene) in YY36 experienced substantial exchange with a silicate melt that
had an isotopic composition similar to the host basalt shortly preceding eruption.

In summary the above observations suggest that some Yangyuan peridotites
experienced recent overprinting, likely via infiltration of basaltic melts prior to
eruption. This scenario is consistent with the wholsk HSE patterns of Yangyuan
peridotites, which are @mnacterized by Os depletion relative Ir. These patterns were

interpreted to be caused by recent infiltration of an oxidizing melt (Liu et al., 2010).

5.5.3 The origin of samples Y08 and Y¥26

Clinopyroxenes in two samples (YO8 and Y:26) plot significatly to the right
of the LuHf errorchron (Fig.5-6). These samples have relatively high Lu/Hf ratios
that are inconsistent with their relatively nmadiogenic Hf isotopic compositions
(Fig. 5-6). These observations may indicate a recent increase irLthif ratios, or
the samples may not be cogenetic with the rest of the suite.

Given elevated Lu/Hf ratios in their orthopyroxenes (Bigh), the bulk rocks of
YY-08 and YY-26 should have high Lu/Hf. This, together with their prominent
LREE-depleted REHEHf patterns (Figh-2a and Fig5-3), could result from a recent
melt depletion event. However, ¥08 and YY-26 have the lowest twpyroxene

equilibration temperatures in the sample suite (820 andC880 P = 1.5 GPa,
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respectively; Tablé-1; Liu et al.,, 20115 which is inconsistent with them having
experienced recent melting.

Clinopyroxene in Y¥26 has a relatively high Lu concentration (0.333 ppm),
which may indicate that it experienced enrichnmaritu, instead of depletion of Hf to
give rise to its high Lu/Hf. As garnet is a high Lu and Lu/Hf ratio phase in mantle
peridotites, the garnefpinel transition may be implicated in thedistribution of
HREE in peridotitic phases (lonov et al., 200&ag references therein). The elevation
of Lu/Hf in clinopyroxenes and bulk rocks of ¥d8 and YY¥-26 may have been
caused by recent breakdown of garnet emplaced into the spinel stability field. This is
consistent with fractionated HREE in their bulk rocksamcteristic of garnet in
residue (Fig5-3). However, precursor garnet peridotites should also have high Lu/Hf
ratios, given high Lu/Hf ratios in bulk rocks of the two samples. If the residual garnet
peridotites formed at ~1.8 Ga, the high Lu/Hf ratioger ~1.8 Ga, would lead to
radiogenic Hf isotopic compositions, which are not inherited in these two samples.

Alternatively, these two samples may not be cogenetic with the rest of the suite,
but rather derived from a different source, and perhaps erpedamelt depletion at a
different time. Several lines of evidence are consistent with this interpretation. First,
their trace element patterns (Fig-2& and Fig. 8) appear to record the
characteristics of melt depletion, but their isotopic composit@wasnconsistent with
this depletion being ancient. Second, these two samples lie furthest from the
Al;05-"*'0s/*%0s correlation (Fig. 4; Liu et al., 2011a), which may indicate a
different origin from the rest of the suite. However, if they are residdeelatively
recent melting of convecting upper mantle (in garnet stability field) and accreted

recently to the base of the 1.8 Ga lithosphere, one would expect them to record high
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Fig. 510. Lu/Hf vs. Hf (a) and Lu (b) concentrations for clinopyeorsfrom
Yangyuan peridotites. The green line shows 0 to 20 % degrees of fractional melting
using equations of Johnson et al. (1990) (details of the model are provided in the
Supplemental Material). Red diamond represents the starting composition of
clinopyroxene in primitive mantle, calculated from the whalek Lu and Hf
concentrations from McDonough and Sun (1995) using the mineralogy and partition
coefficients provided in the Supplemental Material. Garnet field is from lonov et al.
(2005a) and referees therein. Small open circles are laser ablation data for
clinopyroxenes from other Yangyuan peridotites that have not been analyzed for

Sr-Nd-Hf-Pbisotopic compositions.
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Fig. 511 Correlation between Sm/Nd and Lu/Hf in clinopyroxeoégperidotites

Also shown are reconstructed Yangyuan whole rock peridotites, clinopyroxene in
spinel peridotites (data sources asFig. 59), clinopyroxene in garnet peridotites
(data sources as iRig. 59), Yangyuan host basalt (this study), modern depleted
MORB mantle (DMM; Workman and Hart, 2005), singiage or average depleted
mantle (Average DM calculated using the parameters in Nowell et al. (1998) and
Bouvier et al. (2008)), primitive mantle (PM; McDonough and Sun, 1995), MORB
(Sun and McDonough, 1989), GEIbMORB (Su, 2002), Ocean island basalt (OIB;
Sun and McDonough, 1989), and average lower crust (Rudnick and Gao, 2003). The
mantle reservoir line is defined by PM, DMM and DM.
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equilibration temperatures. Yet, as noted above, they record the lowdgiratjon
temperatures of the suite, unless they were tectonically emplaced to shallow levels
prior to eruption.

In summary, none of the scenarios mentioned above can fully explain all the
petrological, elemental and isotopic data for these two samm@dsags reflecting a

complex history.

5.5.4 The cause of decoupling of the-Nidsotope systems

Like clinopyroxene from many other suites of peridotites (e.g., Blichefttet al.,
2000; Pearson and Nowell, 2003; Bedini et al., 2004; Carlson et al., B2d#js et
al., 2004, 2007; lonov et al., 2005a, 2005b, 2006; Choi et al., 2008, 2010; Chu et al.,
2009), all but two Yangyuan clinopyroxenes plot above the mantléifNarray
defined by oceanic basalts (Nowell et al., 1998; 59). The potential prosses that
have been suggested to cause-HNddecoupling in clinopyroxenes include: 1)
spinelgarnet phase transition in the mantle (lonov et al.,, 2005a, and references
therein), and 2) recent incompatible element overprinting of ancient depleted
peridotite through interaction with melts/fluids (e.g., Salters and Zindler, 1995;
Bizimis et al., 2004). Each of these processes is examined below.

Melting in the garnet stability field followed by subsolidus garnet breakdown has
been previously proposed to explald-Hf decoupling in spinel peridotites (lonov et
al., 2005a, and references therein). Garnet takes in HREE relative to LREE and Hf,
and is characterized by high Lu/Hf ratio compared to that of primitive mantle. The
high Lu/Hf ratios in garnebearing peadotites are not accompanied by
correspondingly high Sm/Nd ratios. Over time, the radiogenic Hf isotopic

compositions derived from high Lu/Hf ratios will not be matched by equally
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radiogenic Nd isotopic compositions, due to relatively low Sm/Nd ratiosshwihiay
lead to samples plotting well above the-Ntimantle array Fig. 59). However, the
Yangyuan clinopyroxenes show a negative correlation between Hf concentrations and
Lu/Hf ratios Fig. 510a), yet lack the high Lu concentrations (except-36(
mentoned above), and Lu/Hf ratios that are diagnostic of the original presence of
garnet Fig. 510b). This indicates that the melting event experienced by the
Yangyuan peridotites likely occurred in the spinel stability field, or that the influence
of garnetbreakdown in raising Lu/Hf of clinopyroxene was largely diluted by
orthopyroxene that contains 30 to 60d¥the Lu in the bulk peridotites (Fig.52;
Table $-2). Thus, subsolidus garnet breakdown can be ruled out as the main cause of
high Lu/Hf ratios ¢served in the Yangyuan clinopyroxene relative to Sm/Nd.
Overprinting by a normally high Nd/Hf and low Sm/Nd ratios melt (e.g., Salters
and Zindler, 1995; Bizimis et al., 2004) can lower Sm/Nd ratio and add relatively
nonradiogenic Nd to peridotites, bdbes not significantly modify the EHf isotopic
system. This process may explain the-Mfddecoupling of those Yangyuan samples
that show evidence for overprinting, such as-0%4 and Y¥-36. However, it cannot
account for the samples that primarily maintéie characteristics of melt depletion
and plot to the right of the 1.8 Ga Sm/Nd reference isoclion §5), especially the
most depleted samples that plot furthest above thelNdray Eig. 59).

Considering that orthopyroxene has higher Lu/Hf orathan coexisting
clinopyroxene, the bulk rock must have even higher Lu/Hf ratio relative to Sm/Nd
than those seen in clinopyroxergg. 511). Over time, the bulk rock develops more
radiogenic Hf than Nd, and plots well above the-Hfdarray defined by ceanic

basalts. Thus, the observed -Nil isotopic decoupling is a result of ancient
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decoupling of Sm/Nd and Lu/Hf rati@®on after oduring initial partial melting. This

is supported by the fact that all but two samples-Myand Y¥-50) in the Yangyuan
suite plot to the higher Lu/Hf side of the mantle reservoir line defined by primitive
and depleted mantle reservoif8d. 511). The two samples that plot on or under the
mantle reservoir lineFig. 511) also plot on or under the Ndf mantle array Kig.

5-9).

Oceanic basalts do not record-Nd isotopic decoupling (Vervoort et al., 1999;
Vervoort and BlicherToft, 1999, and references therein). This fact suggests that
ancient residual peridotites characterized byHMdsotopic decoupling (Fig®-7 and
5-9), do not generally participate in later melting events, perhaps because they are
sequestered within the lithosphere. Melting ancient residual peridotites would lead to
Nd-Hf decoupling inherited in the melts. Thus, hidf®Hf/*"’Hf relative to
13NdA**Nd may be a way to distinguish ancient lithospheric mantle inputs into

continental, mantlelerived magmas (e.g., Beard and Johnson, 1993).

5.6 Conclusions

Trace element concentrations of orthopyroxene and clinopyroxene and
Sr-Nd-Hf-Pb isotopic compositits of clinopyroxenes in the Yangyuan peridotites
and the host basalt, as well as the previously measured -vdoleReOs isotopic
compositions for these samples, allow us to determine the characteristics of melt
depletion and later overprinting and coastrthe timing of original melt depletion of
these peridotites. The main conclusions are as follows:

1) Some peridotites largely retain original ancient melt depletion signatures
characterized by prominent depletions of LREE relative to HREE, highly

radiogenc Nd and Hf isotopic compositions and comparatively-raahogenic
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2)

3)

Pb isotope compositions. Other peridotites experienced recent overprinting,
likely related to the Cenozoic magmatism, as reflected by flat to L&EiEhed
patterns and SKd-Pb isotope comositions that plot towards that of the host
basalt.

Nd-Hf decoupling in peridotitic clinopyroxenes can be caused by ancient Lu/Hf
and Sm/Nd decouplingsgoon after orduring mantle partial melting. High
Y0151 Hf relative to M Nd/A*Nd may be a way to siinguish ancient
lithospheric mantle inputs into continental, mast&¥ived magmas.

The similarity of bothclinopyroxene LeHf errorchron age (1.66 + 0.10 Ga) and
whole rock ReOs model ages (1.8 = 0.2 Galggests that primary melt
depletion of the Yangian peridotites occurred at ~1.7 to 1.8 Ga. fiilgé initial

Gy value of +19in these clinopyroxenes, likely resulting from diffusion of a
more radiogenic Hf component from coexisting orthopyroxene, implies that the
Lu-Hf isotopic system may be used to potentially date the cooling agetivben

peridottes cooled below the closure temperature of thélfisotope system.
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Supplemental Material for Chapter 5

Table $-1. Trace element concentration results of BHVO glass stal

(n=20) determined using laser ablation {US in this study

BHVO Average 10 RSD* RV’ RE° DL
TiO, 2.51 0.04 1.5% 2.77 -9.6% 4E-05
Y, 314 7 2.4% 320 -1.8% 0.010
Cr 277 7 2.6% 289 -4.3% 0.21
Rb 8.55 0.68 8.0% 9.5 -10.0% 0.12
Sr 382 12 3.1% 390 -2.0% 0.012
Y 23.5 1.1 4.9% 27 -13.0% 0.002
Zr 160 5 3.2% 180 -10.9% 0.003
Nb 15.4 0.6 3.6% 19.5 -21.3% 0.0009
La 16.0 0.5 3.2% 15.5 3.3% 0.0005
Ce 36.7 1.2 3.4% 38 -3.5% 0.0005
Pr 4.99 0.17 3.5% 5.45 -8.4% 0.0003
Nd 24.3 0.8 3.3% 24.7 -1.5% 0.001
Sm 6.06 0.27 4.4% 6.17 -1.7% 0.001
Eu 2.18 0.14 6.6% 2.06 5.7% 0.002
Gd 5.88 0.38 6.4% 6.22 -5.5% 0.009
Tb 0.907 0.064 7.1% 0.95 -4.5% 0.0003
Dy 5.11 0.24 4.7% 5.25 -2.6% 0.0007
Ho 0.960 0.050 5.2% 1.00 -4.0% 0.0004
Er 2.36 0.13 5.6% 2.56 -8.0% 0.0006
m 0.297 0.025 8.6% 0.335 -11.5% 0.0008
Yb 1.99 0.12 6.0% 1.98 0.3% 0.002
Lu 0.272 0.023 8.4% 0.278 -2.1% 0.0008
Hf 4.28 0.18 4.2% 4.3 -0.5% 0.0002

TiO, in wt. %, all other elements in ppm.

a. RSD, relative standard deviation

b. RV: reference value

c. RE, relative error between measured and the reference value
d. DL: detection limit.
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Table 352 Clinopyroxene trace element proportions in the Yangyuan peridotite
assuming no REE or Hf in olivine and spinel

Sample YY-04
La 97.7%
Ce 97.7%
Pr 97.0%
Nd 97.3%
Sm 95.2%
Eu 91.6%
Gd 88.7%
Tb 80.6%
Dy 77.8%
Ho 73.3%
Er 64.9%
Tm 54.3%
Yb 47.6%
Lu 39.6%
Hf 69.2%

YY-08 YY-13 YY-23

96.5% 98.5%
97.9% 98.5%
96.9% 98.3%
97.9% 98.0%
90.8% 95.3%
92.2% 93.2%
90.2% 90.8%
84.5% 90.1%
81.4% 86.2%
74.8% 83.8%
66.7% 79.0%
58.7% 75.0%
51.1% 65.5%
41.4% 62.7%
71.7% 83.4%

97.4%
96.2%
94.8%
94.2%
88.0%
87.0%
87.0%
84.6%
73.6%
70.0%
63.1%
55.9%
51.0%
41.9%
74.7%

YY-26

99.2%
99.4%
99.2%
99.1%
96.9%
96.8%
96.6%
96.0%
91.8%
89.5%
85.2%
78.3%
72.8%
65.3%
86.8%

YY-36 YY-40B YY-42 YY-45

99.6%
99.5%
99.3%
99.0%
98.3%
98.2%
97.5%
98.0%
93.3%
91.0%
87.1%
84.0%
77.6%
72.7%
87.7%

98.1%
98.8%
97.5%
98.0%
98.0%
94.9%
94.2%
89.9%
89.6%
84.2%
80.3%
72.8%
69.0%
56.9%
84.0%

99.2%
99.2%
99.1%
97.3%
93.2%
89.7%
89.5%
86.6%
83.5%
76.2%
71.3%
63.7%
54.8%
47.7%
75.2%

98.6%
97.8%
96.8%
95.9%
90.7%
91.8%
88.9%
83.4%
78.1%
73.2%
66.4%
59.8%
53.3%
45.8%
69.9%

YY-50

99.5%
99.1%
98.7%
99.3%
97.2%
96.1%
96.2%
94.3%
90.6%
88.5%
84.8%
79.9%
75.6%
69.4%
89.3%

YY-58

96.8%
96.3%
93.9%
94.1%
88.7%
87.7%
84.5%
77.4%
71.9%
65.4%
59.4%
52.7%
46.8%
40.9%
63.0%
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Table $-3. Parameters of partial melting modeling

D values® i i
Mineral Source mlbneralogy Melt prorCJortlon
Lu Hf x) (p)

Olivine 0.0001 0.0001 0.534 0.05
Orthopyroxene 0.2 0.03 0.255 0.25
Clinopyroxene 0.6 0.3 0.183 0.65
Spinel 0.0045 0.007 0.028 0.05
Starting composition$ Lu (ppm)  Hf (ppm)

0.0675 0.283

a. Dvalues of olivine and spinel are from Chauvel and Blicfieft (2001), and Bvalues of orthopyroxer
and clinopyroxene are modified from Chauvel and Bliclieft (2001), withratios of modified Bvalues
between orthopyroxene and clinopyroxene close to the estimates dEig¥ischen and O'Neill (2005).

b. Source mineralogy (x) is from Wittig et al. (2006).

c. Melt proportion (p) is from Wittig et al. (2006).

d. Startiig bulk compositions of Lu and Hf are from McDonough and Sun (1995).
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Fig. 5-1 Comparisons of concentrations in clinopyroxene of Yangyuan peridotites
analyzed by laser ablation I1EW®S (LA) and isotope dilution (ID) methodRed,

green and purple lineggpresent the boundaries of 0 %, 10 % and 20 % uncertainties
of 1:1 lines, respectively.
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Modeling I: Fractional melting of mantle melt depletion

In this modeling, the influence of mantle partial melting on the concentrations of

Lu and Hf in clinopyroxenes was modeled using the fractiomgting equation of
Johnson et al. (1990).

where C™is the concentration of element i in clinopyroxene of the residife, is

the initial concentration of element i in bulk scerdd® =3 X'D! (the initial
] a 1
j

bulk partition coefficients of element i)D" is the partition coefficient of element i in

phase j)X'is modal mineralogy of Phase j in the initial bulk sourées g p' D" (|
j

represents mineral phase j in sourg,is the melt proportion of phase j), and F is

melt fraction.

The modeling parameters are given in Tale8and results of 0% degrees of

melting are shown ifig. 5-10.
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Modeling II: batch melting of mantle melt depletion

In this modeling, the influence of mantle partial melting on the concentrations of

Lu and Hf in clinopyroxenes was modeled using the batch melting equation of

Johnson et al. (1990).
Ccpx _ CiO D|CP)4|
' D°+F(@ -P)
where C™is the concentration of element i in clinopyroxene of the residife, is

the initial concentration of element i in bulk sourd®? =3 X'D" (the initial
j

bulk partitioncoefficients of element i),D/" is the partition coefficient of element i in

phase j)X'is modal mineralogy of Phase j in the initial bulk sourées § p' D'’ (j
j

represents mineral phase j in s p’is the melt proportion of phase j), and F is

melt fraction.

The modeling parameters are given in Tale8and results of @5 % degrees of

melting are shown in Fig.5=3.
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Chapter 6: Timing and processes of lithospherichinning in the
eastern North China Crator'

[1] The text, tables and figures in this chapter were created/written by J.G. Liu.

Abstract

The Mesozoic eravasa significant period for lithospheric thinning beneath the
eastern portion of the North China Cmatdout the exact timing and mechanism(s) of
this thinning are controversial. The study of peridotites hosted in the Early Cretaceous
(~100 Ma) Fuxin basalts located at the northern edge of the eastern North China
Craton provides new constraints on theseiés. The Fuxin spinel peridotites consist
of both fertile (forsterite content (Fo) < 91) and refractory (Fo > 91) compositions.
The ReOs data show that one harzburgite sample with Fo = 91.0 ahas
ArcheanPaleoproterozoic Os model age, and the remaifiregsamples with Fo <
90.3 have Os isotopic compositions akin to modern convective upper mantleewhe
Os datasuggestthe coexistence of ancient and young peridotites in lithospheric
mantle beneath Fuxin. This observation suggests that lithosphemnéntipioccurred
prior to~100 Ma in this region. The coexistence of both ancient and young peridotites
is moreconsistent with the prediction of the thesmechanical erosion model, rather

than the other models such as delamination and transformation lt4deoniereaction.

6.1 Introduction

The eastern portion of the North China Craton losArshean lithospheric root
someime after the Ordovician (e.g., Menzies et al., 1993; Griffin et al., 1998). The

timing and mechanism(s) of lithospheric thinning aeglacement, as well as its
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driving force, are debated. Prior studies of xenolithic peridotites and nuBThleed
volcanic rocks have suggested that the Mesowraga critical period for lithospheric
thinning (e.g., Wu et al., 2005a; Zheng et al., 2@&0 et al., 2008; Xu et al., 2009).
The processes advancedpasentiallyresponsible for lithospheric thinning include: 1)
delamination or density foundering that removes a portion of lower crust and the
entire underlying lithospheric mantle (e.g., Wkt 2003; Gao et al., 2004, 2008); 2)
transformation via meltock reaction that transforms refractory composgido
fertile compositios (e.g., Zhang et al., 2002, 2007, 2007); and 3) thermaohanical
erosion that gradually removes the base of tiedphere (e.g., Griffin et al., 1998;

Xu et al., 2001; Zheng et al., 2001, 2007). Each of these models would produce a
distinctive chemical and agestructure in the remaining lithospheric mantle
Delamination would result in formation afompletely new litospheric mantle
Melt-rock reaction would result in lithospheric mantle with interfingered refractory
throughfertile compositionsThermemechanical erosion would be characterized by

relict ancient lithospheric mantle underlain by newly formed lithospimeantle

The investigation of xenolithic peridotites transported to the surface in the
Mesozoic is important for constraining the timing and mechanism of lithospheric
thinning. Previously, the lithospheric mantle that was present during the Mesozoic
was not well constrained due to the scarcity of xenolithic peridotites in Mesozoic
volcanic centersMantle xenoliths carried in Early Cretaceous RMb diorites from
Laiwu in the central Eastern Blockig. 2-1) sampled Archean refractohyfhospheric
mantk but also contained significant proportion of fertile peridotites (Gao et al.,
2008),0ne interpretation of which could be thigtospheric replacement was ongoing

at that time Similar types ofmantle rocks occurred ikarly Cretaceous highig
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diorites from Fushan on the western boundary of the Eastern Block, but the Archean
refractory peridotitesn these rocksecord a low geotherm, which can be interpdet

to indicate that the lithospheric thinniihgd not yet begum this region at that time

(Xu e al., 2010;Liu et al.,, 2011p Qian and Hermann (201@ygued that these
high-Mg diorites were derived from felsic melthat hadinteracted withpreviously
emplacederidotites at crustal rather than mantle depths. If this argument is correct, it
wouldlead to diversénterpretationgor origin of these mantle xenoliths adficulty

in evaluatingtheir role in constraininghe lithospheric thinning process of the craton.

In this chapter, R®s data for peridotites entrained in Early Cretaceous
mantlederived alkalibasaltSrom Fuxinare reported. &5sible implications regarding

lithospheric thinning in the eastern North China Cratmndiscussed

6.2 Samples

Xenoliths from Fuxin are hosted by ~100 Ma alkali basalts that occur at the
northern margin ofhe eastern North China Craton (FiglR The peridotite xenoliths
are dominantly spinel lherzolites with minor harzburgites (Zheng et al., 2007; this
study). They are relatively fresh, but small in size (<2 cm across). Mineral major
element compositionand clinopyroxene trace element compositions for a different
suite of the Fuxin peridotites have been previously investigated by Zheng et al.

(2007).
6.3 Analytical methods
6.3.1 Olivine composition and sample selection

Mineral mounts of olivine were praped for 15 peridotites and analyzed in order
to assess the range in degreé melt depletion exhibited by the peridotite suite.
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Olivine compositions were measured using a JEOL 8900 EPMA at UMd. The
operating parameters and calculation method are providede section3.3.1 of
Chapter Three Three spots per sample were measured and average results are
reported (Tablé-1). Six relatively large (1 to 2 cm across) samples that largely span
the entire range of Fo were selectadl processefbr analyses ofhole rock ReOs

isotopic compositions and HSE abundances. The basalt surrounding the xenolith was
first carefully sawn off and then ground away to expose the xenolith using a polisher
with a coarsegrained silion carbidecoated paper. The basaftee xemlith was
crushed and pulverized to fine powders using agate mortar and pestle by hand. These

samples yielded 0.38 to 1.4 g of material for whalek analyses.

6.3.2 Os isotopes and HSE abundances

Due to the sample size limitation, ~0.2 to 0.5 g of paowdere processeger
sample The analytical procedures are detailed in se@i8m of Chapteihree but
the sampls weredigested using a smaller volume of acids, i.e., a mixture of 2 ml
concentrated HCI and 4 ml concentrated HNOne blank was measukeyielding Os
1 0.72 pg, Iri 0.43 pg, Ru 4.7 pg, Pi 1.4 pg, Pd 6.5 pg, and Ré 0.88 pg. Blank
corrections for Os, Ir, Ru, Pt, and Pd are negligible (less than 0.4 %) for samples,
while the Pd and Re blanks constitute 0.3 to 3.2 % and 0.5 to I3H# ttal Pd and

Re in samples, respectively.
6.4 Results
6.4.1 Forsterite contents

The Fuxin peridotites analyzed in this study exhibit relatively low Fo contents
(Fo = 86.8 to 91.0, with an average of 89.0; Tablg,Gand are plotted as a histogram
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in Fig. 61. Their Fo contents are similar to the majority of the samples analyzed by
Zheng et al. (2007), but none of the samples analyzed ds=lvigh Fo contentsX
92.0) as the two refractory harzburgites reported by Zheng et al. (2007). The samples

sekcted for wholerock analyses have Fo ranging from 87.4 to 91.0 (Tal2le 6

Table 61. Olivine compositions of the Fuxin peridotites determined by EPMA

Sample Sio2 FeO MgO Sio2 NiO MnO Total Fo
JG13 40.6 10.6 48.5 40.6 0.35 0.14 100.2 89.1
JG14 40.6 9.48 49.3 40.6 0.34 0.16 99.9 90.3
JG15 40.6 8.85 49.8 40.6 0.38 0.12 99.8 91.0
JG19 40.4 10.1 48.6 40.4 0.35 0.16 99.6 89.5
JG21 40.6 10.8 48.1 40.6 0.33 0.18 100.1 88.9
JG24 40.4 10.1 49.0 40.4 0.34 0.16 100.0 89.6
JG25 40.3 11.5 47.6 40.3 0.23 0.17 99.8 88.1
JG26 40.6 10.1 48.9 40.6 0.37 0.14 100.2 89.6
JG30 39.9 12.7 46.8 39.9 0.35 0.20 99.9 86.8
JG32 40.4 10.7 48.2 40.4 0.35 0.15 99.8 88.9
JG33 40.3 12.2 47.5 40.3 0.30 0.17 100.5 87.4
JG52 40.4 111 48.5 40.4 0.35 0.20 100.6 88.6
JG55 40.4 10.3 48.8 40.4 0.36 0.15 100.0 89.4

Note: Oxides in wt. %. Forsterite content (Fo) = molar Mg/(MdHxa00
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Fig. 61. Histograms of average forsterite contents of olivines from the Fuxin

peridotites Thedata for the green color are from Zheng et al. (2007).
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6.4.2 HSE abundances and Os isotopes

The HSE abundances of the Fuxin peridotites are generally lower than those of
PUM (Fig. 62; Table 62). Despite the fact that only six samples were analyzed,
these samples show a large variation of HSE abundances and patterns2}ig-o5,

Os rangng from 0.13 to 3.52 ppb. Samples-16 and J&5 are characterized with
PPGE and Re depletions relative to IPGE, with a slight Re enrichment relative to Pd.
The paterns of JG14 and J&33 are similar to that of PUM, except that-3&has an
apparent Re depletion relative to other HSEs. The remaining samples have atypical
HSE patterns characterized by variable positive Pt (and Pd) anomalies. Five of the six
samples hve chondritic to suprachondritic Os isotopic compositidh©§/*%0s =
0.1249 to 0.1357 antf’'Re/*0s = 0.066 to 1.6), while the most refractory sample,
JG-15, has very low®’0s/*®%0s of 0.1128 with Trp and Tya model age®f 2.13 and

3.80 Ga.

Table6-2. HSE abundances and Os isotopic compositions of the Fuxin peridoti

Os Ir Ru Pt Pd Re Tro Twma
187Re/ 187O§ (187O§

Sample - Fo
P ppb ppb ppb ppb ppb ppb  Os  Os  ™0s) Ga Ga

JG14 3.52 3.10 6.23 6.36 5.04 0.232 0.318 0.1249 0.1244 0.39 1.46 90.3
JG15 154 2.31 312 266 1.01 0.059 0.18 0.1128 0.1125 2.13 3.80 91.0

JG25 3.14 2.81 5.87 294 147 0.070 0.11 0.1283 0.1281 -0.16-0.26 88.1
JG33 2.32 1.83 3.76 4.02 3.92 0.032 0.066 0.1276 0.1275 -0.07-0.11 87.4
JG52 0.1310.1040.802 6.66 1.77 0.044 1.6 0.1285 0.1258 0.18 0.07 88.6
JG55 1.81 2.64 2.01 229 219 0431 1.30 0.1357 0.1335 -0.98 0.58 89.4

Note: The parameters us ed 1.666x 00y FRef§as), @402 ul al
(**¥"0sf%%0s). o = 0.1270 (Shiey and Walker, 1998){0s/%%0s) represents the initial value when xenolith w
erupted (~100 Ma).
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Fig. 62. HSE abundances of the Fuxin peridotites normalized to primitive upper
mantle(primitive upper mantle values are from Becker et al., 2006
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6.5 Discussion
6.5.1 Coexistence of young, fertile and ancient, refractory mantle

6.5.1.1 Forsterite contents of olivine

Based on forsterite contents, Zheng et al. (2007) divided the Fuxin peridotites
into three subgroups: 1) Type 1, the dominantZbktes with Fo = 88.9 to 90.7; 2)
Type 2, two harzburgites with Fo92.1 and 92.2, respectiveland 3) Type 3, four
Iherzolites with very low Fo = 84.4 to 86.5. The origins of these three types of
peridotites were interpreted as follows. The Type ldpétes experienced relatively
low degrees of melt extraction and represent the majority of lithospheric mantle at the
time of eruption (~100 Ma). The Type 2 peridotites having majud relatively
immobile traceslement compositions similar to typicabtonic peridotitese.g., Hebi
(Zheng et al., 2001Liu et al., 2011p were interpreted as relics of Archean cratonic
lithospheric mantle. The Type 3 peridotites were produced via interaction of Type 1

or Type 2 peridotites with melts similar to host WEsduring or prior to eruption.

Thesampledrom this studyfill the gap in Fo between Type 1 and Type 3 seen in
Zheng et al . ékwibh enengaipesIEy, ravirg) Fo =691.0, which is
slightly higher than t henolithg b leweothhantheo i n
Fo in Type 2 xenoliths. Sample I5 may be a transitional sample between Type 1
and TypeZ2.

6.5.1.2 HSE abundances and Os isotopic compositions

The deletions of PPGE relative tl°GE in samples J&5 and J&5 typically
reflect partial melting of the mantle (Pearson et al., 2004). Unlikd3@-o0 = 91.0),

JG-25 has a much lower Fo of 88.1 that is inconsistent with its PiRpEeted pattern.
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This discrepancy may suggest that2&experienced substantial melt removal that
cau®ed the depletion of PPGENd later experienced melt addition or nrreltk
reaction that led to the low Fahis process evidentljid not significantly impact the
HSE, except for Re. Despite similar HSE patterns, these two samples exhibit
distinctly differentOs isotopic compositions, witi’Os/*%0s = 0.1128 for JA@5 and
1870s/%%0s = 0.1283 for J@5. Sample JAS5 has a Paleoproterozoigglage of 2.13

Ga and a substantially highegyd of 3.8 Ga. The old §ja age may reflect recent Re
addition, as suggged by its subtle Re enrichment relative to Pd (Fig), 6or
incomplete removal of Re during melt depletion, given its Fo villaeis somewhat
lower than typical cratonic peridotiteshe ArchearPaleoproterozoic model ages of
sample JGL5 can be intgreted as preserved peridotitic residue of ancient melt
depletion. By contrast, sample <R5 has nearero model ages &b = -0.16 Ga and
Tua =-0.26 Ga) These model ages suggesther that melt depletion was recent, or
that Os has been completely ovanged by the meltock reaction. Given no
significant alteratiorevident inthe HSE pattern, this sampieost likely experienced
recent melt depletion that removagortionof PPGE but had littler no effecton Os

isotopic composition; the low Fo valueflects subsequent femrichment

The PUMIlike HSE patterns of J@4 and J&3 arelikely the results of
relatively low degrees of partial melting, consistent with their low Fo (90.3 and 87.4,
respectively), whilethe prominent depletion of Re in sampl&-33 most likely
reflects recent Re mobility in the mantler during transit to the surface. The Os
isotopic compositionsf these rockdie within the range of modern convective upper
mantle,and there isno obvious correlation betweéf’Os/*%0s and mi¢ depletion

indicator (e.g., Fo)suggesting their recent addition to the lithospheric mantle. Like
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the two samples in the Datong peridotites (D@3 and DATF31; Liu et al., 2011p

the remaining samples 32 and JGb5 have variable positive Pt (and Rajomalies

that can be explained by Pt and Pd mobility via melt percolation (Ackerman et al.,
2009).The processcausing Pt and Pd anomaliesy also have modified their Ras
isotopic compositions, given thdiighly suprachondritic®’Re/#*®0s (1.6 and BO,
respectively) and®’0s/®**0s (01285 and 0.1357, respectively) and nearo or
future Trp ages (Table @&). Like other lowFo samples, these two samptid not
experiencesignificant ancient melt removabut experienced significant subsequent

melt-rock reaction, as reflected in their PGE patterns.

In summary, the Type 1 and Type 3 peridotites are characterized by relatively
low Fo values and represent newly accreted residual peridotites, like many other
suites of peridotites in the Late Cretace@enozoic volcanic centers in the eastern
North China Craton (Fig.-2). Sample J&5, however, likely represents a piece of
ancient lithospheric mantle coupling with the overlying crust, similar to Type 2
peridotites (Zheng et al., 200 onsidering théeterogeneous nature Gfs isotopic
composition in the mantle (e.g., Harvey et al.,, 2006; Liu et al.,, 2008he
ArcheanPaleoproterozoic formation agesedto be confirmed by more Res
analyses of the higho Type 2 peridotitedf the age is confirmedhe results would
demonstratethe coexistence of young fertile peridotites and ancient refractory
peridotites in the Early Cretaceous Fuxin locallfyno additional ancient ages are
determinedthe Paleoproterozoicgh age of sample J&5 mayrepresent piece ofa
Paleoproterozoic lithospheric mantle, which is younger in age than expected Archean
lithospheric mantle coupling with the overlying crust. Alternatively, such a single

ancient age is a result of sampling mantle heterogeneity.
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6.5.2 Implicationgor lithospherictectonics

Multiple scenarios regardirtgetectonic implicatios of the North China Craton

based on the resultd the Fuxin peridotiteare considered below

6.5.2.1 Coexistence of young, fertile peridotites and ancient, refractory

peridotites?

If via analysis of additional samplethe Archean Os model ages of the
refractory Fuxin peridotites are confirmezljchancient peridotitesvould represent
relict fragments ofthe Archean lithospheric mantkhat was present beneath the
easterrNorth China Craton in the Paleozd¢®ao et al., 2002; Wu et al., 2006; Zhang
et al., 2008; Chu et al.,, 2009). The lack of garnet in the peridotites indicates a
relatively thin (<80km) lithosphere durintghe time oferuption. The observation of
dominant pung, fertile, spinel peridotitesay suggesthatmostof thethick Archean
lithospheric mantle beneath Fuxin was remgved transformedand replaced by
fertile peridotitesThe lithospheric thinning and replacement must have occpried
to ~100 Ma,when the xenoliths were eruptethis is consistent with the thinning
period provided by widespread Jurassic to Early Cretaceodsl{IPMa, with a peak

of 130 Ma) mantlederived magmas in the eastern North China craton, which are
characterizedy negatie l:hd(t) values of <5 (Lu et al., 2005, and references therein)

and were interpreted to be derived from an enriched lithospheric mantle, instead of

depleted asthenosphere.

Melt-rock reaction occurred in the Fuxin peridotites (Zheng et al., 2007; this
study), but the HSE patterns of these samplesnot consistent witbverprinting of

Archean #’0s/%0s that would transform nemadiogenic **'0s*®0s in ancient
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peridotites tothe observed chondritito superchondritic'®’0s**®0s comparableto
peridotites in the modern convective uppemantle The bimodal distributionof
ancient and young peridotiteis not consistent with lithospheric thinning via
delamination, butatherwith the predictios of thermemechanical erosiorHowever
the limited data curraly available are insufficient to confirra stratified structure

with ancient peridotitesverlyingyoung peridotites (Zheng et al., 2007).
6.5.2.2Paleoproterozoic lithospheric mantle?

If no Archeanmodelagesare found in themostrefractory Fuxin peridites, it
may ultimately be concluded thasample JG-15 represerds a fragment of
Paleoproterozoic lithospheric mantle. Given the overlying Archean crust, the younger
Paleoproterozic age suggests an ancient lithospheric replacewsstprior to the
Mesozac lithospheric thinningliscussed abovérevious studies of mantle xenoliths
haveshown thatPaleoproterozoic lithospheric replacementurredin the northern
portion of the central region of the North China Craton (Gao et al., 200t al.,
20113. Consdering that Fuxin idocated in the eastesttrending Paleoproterozoic
collisionalbelt (Fig. 21b; Kusky et al., 2001, 2007ahis would be evidence thdte
Paleoproterozoic lithospherreplacement may have continued to the,eddeast as
far as Fuxin. If so, it may provide additionalsupportthat the Paleoproterozoic
lithospheric replacement along the northern margin of the cratmcaused bya
major Paleoproterozoic northrsouth  continentontinent  collision  during
amalgamation of the Coluoa supercontinen{Liu et al., 2011x Regardless of
whetherancient lithospheric loss occurred during Bedeoproterozoigurrentresults
indicate thatMesozoic lthospheric thinning occurred prior t0100 Ma beneath

Fuxin.
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6.5.2.3Paleoproterozoic mad age in the convective mantle?

In addition to the two scenarios discussed above, sai@ld with ancient Os
model ages may not necessarily indicate the antiquity of lithospheric mantle sampled
but reflect the heterogeneity of the mantelarge numberf samples need to be
analyzed to determine if such individual samples come from the modern convective
upper mantle. If the results statistically demonstrate the heterogeneous characteristic
of the modern convective upper mantle, this would sugbasMesozoic lithospheric
thinning occurred prior to ~100 M#eneath Fuximnd the ancient lithospheric mantle

was completely removed likely via delamination.

6.5.3 Spatial and temporal variations of lithospheric thinning

Comprehensive studies of xenolithic igetites in volcanic centers provide a
complex composition and age structure of lithospheric mantle beneath the eastern
North China Cratonthrough time Early Mesozoieerupted peridotites from the
easternmost edge (Korean; 223 Ma) and southwestern cotingeaitg; 178 Ma) of
the Eastern Block(Fig. 21) are spinefacies peridotites with elemental and/or Os
isotopic compositions similar to modern convective upper médtieng et al., 2005;
Yang et al., 2010)Both refractory (Archea®aleoproterozic Os metl ages) and
fertile (Os isotopic compositions similar to modern convective upper mantle)
peridotites are found in the Early Cretaceous localities within the interior of the craton,
e.g., Laiwu (Gao et al.,, 2008), and at the northern edge of the craggnfFexin
(Zheng et al., 2007; this study). All the xenoliths in the Late Cretag@enszoic
localities are predominantly fertile, spidakies peridotites with Os isotopic

compositions overlapping with abyssal peridotitescept that refractory peridigs
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are dominant in Hebi and Fushan localities on the western boundary of the Eastern
Block (Fig. 21; Zheng et al., 200L;ju et al., 2011a The observed composition and

age structure of lithospheric mantle beneath the eastenh i€hina Craton suggest
thatlithospheric thinning initiated in thEarly Mesozoic along margins and evolved

to its interior in the Late Mesozoi@he lithosphereevidently experienced complete

removal along margins and partial removal in its interior during the Mesozoic.

6.6 Conclusions

The Os data and olivine compositiolileely reflect the coexistence of ancient,
refractory (Fo > 91) and young (Os isotopic compositions overlapping with modern
convective upper mantle), fertile (Fo < 91) peridotiteshe Late CretaceouBuxin
locality. This observation suggests that lithospheric thinning occurred prior to ~100
Ma in this region. The coexistence of both ancient and young peridotité®lis

consistent with the predication of thermechanical erosion model.
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Chapter 7: Synthesisand future directions'

[1] The textand figurein this chapter wrecreated/written by J.G. Liu.

Since the recognition nearly twenty years ago that the North China Craton became
Adecratonizedo (Menzies et al . dentfyiag® 3) ,
temporal and spatial constraints on the thinning that occurred, as well as determining
the mechanism(s) and driving force(s) responsible for its initiation. The main goal of
this project was to investigate thempositionalvariation and age stcture withinthe
lithospheric mantle beneath the North China Craton usin@®&esotopesystematics
and HSE abundanceés mantle xenolithsThe new elemental and isotopic data for
xenolithic peridotites from this study provide new insights into lithogphbmning

under the North China Craton.

The peridotites from the central region of the North China Craton record a
north-south coupled composition and age dichotamyhe underlyinglithospheric
mantle. The age dichotomy is characterized by ~1.8 Gholjpheric mantle in the
northern portion and ~2.5 Ga lithospheric mantle in the southern portion. The younger
lithospheric mantlecompared to overlying Archean crust in the northern paqrtion
suggesta major lithospheric thinning eveat ~1.8 Gan the rorthern portion of the
centralregion of theNorth China CratonThe similarity in age between crust and
lithospheric mantle in the southern portion suggests ~2.5 Ga cratonization in this
region. The diachronous formation of lithospheric manttethe cemntal regionwas
associated witithe amalgamation of the craton and, in turn, provides significant

constraints on thkwng term constructioof the craton.
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In contrast to the Paleoproterozoic lithospheric thinning and replacement in the
northern portion of lie central region of the North China Crat@n,number of
previous studies have documented Phaneroibimspheric thinning and replacement
beneath the easteportion of theNorth China Crator{e.g., Menzies et al., 1993;
Griffin et al., 1998 Gao et al.2002; Wu et al, 2003, 2006; Chu et al., 2009; Yang et
al., 2010. However, the exact timing and mechanisaswell as spatial variation, of

the lithospheric thinning and destructi@main poorlyconstrained.

Throughoutthe Phanerozoic era, the North @iCratonwas surroundedby
several majorollision/subductiorzones (Fig. 71; Li et al., 1993; Xiao et al., 2003;
Tomurtugoo et al. 2005 The lithospheric mantldeneath the North China Craton
along its marginswas hydrated and weakened by melts/fludksived from the
subducted slabs, and later shortened and thickened by subsequent cootitinant
collisions. The collisional processesould also have causé high-pressure
metamorphism of lower continental crughat resuled in the formation of
garna-bearing assemblages withigher densities tharthe underlying lithospheric
mantle(Xu et al., 2006) This, in turn, may haveesulted indensity instability in the
overthickened lithosphergHowever,calculatiors show thathe transformation ofLO
to 20 km mafic lower crust into denser garrAeearing assemblag@sould not provide
sufficient negative buoyancy to balance the positive buoyane@f km refractory
lithospheric nantle compared to ambient astbgphere and initiate lithospheric
removal untilat least 55 Ma later (Morency et al., 200&hich is consistent with the
observation that lithospheric delamination occurretilO0 Ma later than the

continentcontinent collisiongGao et al., 2004; Huang et al., 2007)
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Depth (km)

Pacific

Fig. 7-1. Schematic ® diagramof a model ofupper mantle flow beneath the North
China Craton(modified from Zhu and Zheng, 2009). The top pl&atopograpic

map. The structure of the stagnant slab (dark blue), cratonic lithosphere (green) and
the mantle convection pattern are shoin the profiles. Black arrows mark stable
convection, andmallred and blue arrows matke directions ofocal disturbed flow.

Large brownarrows mark subduction/collision along the margins of the North China
Craton (NCC) Late Paleozoic collision algnthe Central Asian Orogen in the north;
Triassic collision along the QinlinDabie Orogen in the south; and Pacific plate

subduction in the east since the Jurassic.
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The new datdrom this dissertation and previous datathe literature regarding
xenoilthic peridotites in theastern portion of thorth China Craton suggest ttibe
removal and replacement of lithospheric mantle occurred prior to the Trassie
eastern edge of the craton (Yang et al., 20i0jhe Early Cretaceous its interior
(Gao et al., 2008; Zheng et al., 2007; this studyd after theCretaceous on the
westernmost boundary of the NSGL (this study). This temporal evolution matches the
westward subduction of the PalPacific plate beneath eastern China, and
tomographicstudies (Huang and Zhao, 2006how that theforward edgeof the
subducting slab reactiethe NSGL at depth of ~400 km(believed to be the
westernmost demarkation of the Phanerozoic thinn@gffin et al., 1998).Such
comparative temporal and spatial coateins between lithospheric thinning and
subduction of the Pale®acific plate suggest that subduction of the Pakerific

plateplayed a significant role in the lithospheric thinning and replacement.

Subduction of the Paleacific plate beneath easteriChina sinceat leastthe
Jurassic(Zhou and Li, 2000; Li and Li, 2007yenerated massive amounts of
melts/fluidsfrom the mantle wedgdurther weakened the subcontinental lithospheric
mantle, andnitiated backarc convectiori.e., eastward mantle comitow) thatmay
havegradually remove the base othe lithospheric mantle upward and westward by
lateral shear stress (Fig-1J. In the ovetthickened lithosphere in the northern and
southern margins of the eastern portion of the North China Cratorertieval of a
lower portion of the lithospheric mantiea eastward shear streamuld initiatethe
foundering of denséower crust and underlying lithospheric manflde foundered
lower crust experienced partial melting and produced silicic melts theteck with

upwelling asthenospheric mantle, which replaced the foundered lithospheric mantle.
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The melting of the metasomatized asthenospheric mantle yielded voluminous

Mesozoic mantlelerived mafic igneous rocks that are characterized by

=]

c ont i noehemical signatgre (e.g., hi§fsr°Sr= 0. 705 t o0 . 711,

-4 to -21, and norradiogenic Pb isotopic compositignglative to the Paleozoic
kimberlites and peridotites; Huang et al., 2007 and references th&@amet al.,
2008. Along thewesternmost boundary of the eastern portion of the North China
Craton, the lithosphere likely did not experience significant thickening in the
continentcontinent collisions alongthe margins. As a result, relict Archean
lithospheric mantle was sampleat shallow depthB in this region (e.g., Hebi
peridotites; Fig. 21), wherethermatmechanical erosion was the main mecharfsm
lithospheric removalanddelamination did not occum the weak zones, such as the
TanLu fault that developed in tHearly CraaceouqXu et al., 1987; Zhu et al., 2005)
the upwelling of hot mantle materiahay have acceleraté the removal and
replacement ofthe lithospheric mantle byhe observed young, fertile manpeesent

in this region(Gao et al., 2002; Chu et al., 2009)

Mesozoic mantlalerived mafic rocks witii c ont i nent al 06 geochem
indicate thecontributionsof lower crustthat was delaminated, then melted and added
to the mantle sourcelhe eruption time of Mesozoic mantierived mafic rocks
marks the tning of lithospheric delamination: migurassic in the northern margin of
the eastern North China Craton (Gao et al., 2004)Lantel Cretaceous in treentral
andsouthern margin (Zhang et al., Z)@ao et al., 2008 This observatiormay be
explained bythe change indirection of the Pacific plate irthe Late Jurassi€arly

Cretaceous from roughly southward to northwestwara et al., 2007)
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In summary, the subduction/collision zones along the northern and southern
margins of the eastern portion of tNerth China Craton weakened the lithospheric
mantle via fluids/melts derived from the subducted slabs and shortened and thickened
the lithosphere via subsequent collisionshile westward subduction of the
PaleePacific platebeneath eastern China triggeithe extensivedestabilization of the
North China Craton and itshospheric thinning that likely evolved from east to west.

It is noted that the NSGL extendsrth and soutlof the North China Craton, and is
roughly parallel to thenmarginof the subduting Pacific plate Hence,subduction of
the Pacific plate mapave alsoled to the lithospheric thinning in the South China
Block, but the lack of lithospheric thickenimg this blockmay have precluded the
operation ofmultiple mechanismssuch as delamation) of thinning other than

thermatmechanism erosiotiue tobackarc convection.

Despite the new insighfgrovidedfrom this studyon mantle peridotites, a number
of questions regardinthe age ofmelt depletion of mantlperidotites as well ashe
formation and evolution of the North China Cratemain These main questions and

possible future directions are outlined as follewsvo categories

1. General application of R@®s isotopesystematicsto dating melt depletion of

peridotites

Determiningthe age ofmelt depletion of geridotiteis necessaryo investigate
the origin of the lithospheric mantle sampled Ipgridotite. Tkere areuncertainties to
be addressed in order to better date these mantle withsughthe ReOs isotopic
compositionof peridotites can be accurately and precisely determine@<Reodel
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ageshave large uncertainties, given the diversed®eevolutionary parameteisr the

mantle(see section 5.1 of Chapter Five for more detaflspetter understanding of

the ReOs ew | uti on f or the Earthos Gmennthel e t hi
significantheterogeneity in modern convective upper mantle, it is difficult to use Os
isotopic compositionso distinguish posArchean peridotites from modern convective

upper mantle. Aobuststatistical methodnustbe establishetb determine how many
randomsamples are required to distinguish a suite of Proterozoic or early Phanerozoic

samples frommodernconvective upper mantle.

2. Lithospheric thinning andedtructionof the North Chaa Craton

In order to @in a better understanding of processes that ledithtospheric
thinning anddestructionof the easterrNorth China Cratonseveralfuture directions
may be pursuedFirst, the original lithospheric mantle beneath the eastern North
China Craton prior to the Mesozoic thinning is not veblaracterizedpther tharvisa
samples fronthree Ordovician kimberktlocalities. Whetkr lithospheric mantle in
other regionswas the same as that sampled by the three Ordovician kimberlitic
localities remairs an openguestion Whether this question can be addressed depends

on whether similar or older volcanic centers bearing xenoliths exist and can be found.

Second, Enost all of the mantle xenoliths carried in the MesoZoénozoichost
magmas e garnefree spinel peridotites/pyroxenitesnd representan already
relatively thin or thinning lithosphere. The eruption sagethe magmsaprovide only
a lower limit for the timing of lithospheric thinning in these regions. By contrast,

mafic magmaglerived from the mantle can provide the formation depth and reflect
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the nature of the mantle sourde.g., Xu et al., 2009) Investigations of
mantlederived magmas that may or may ncarry mantle xenolithscould provide

additionalsignificant constrainten the timing of lithospheric thinning.

Third, there is a need for dating additionshmples from Fuxin and other
MesozoieCenozoic localities using R@s isotopesystematicsan order to determine
the age of peridotitegoresent at these timeBecause bthe lack of garnet peridotites,
it is difficult to determinewhether there was a vertical composition and age
stratification of lithospheric mantle that contains both refractory and fertile peridotites
(both types of peridotitesften have overlapping edglibration temperatures at P = 1.5
Ga as the presswd@ependence of the thermometers are probably not)large
Investigationof the verticaldistribution forthe two types of peridotiteshould be
donein order to consain the thinning process, as an -ape&tified lithosphere would
not be consistent with removal of lithosphere via delaminag@amplingfragments
of the thinned or thinning lithospheric mantle.g., Gao et al., 2008)r mantle
peridotites previously emplaceat crustal levels(Qian and Krmann, 2010would
lead todiverse interpretationsfor the origin of the peridotites.Consideration and

evaluation ofsuchscenarios woulthenefit our understanding of the thinning process.

Fourth lithospheric thinning mape accompanied e generaton of melts that
react with peridotites. The study of such melts preserved in perid@geginse.g.,
Chen and Zhou, 2006or carrying peridotites (e.g., higllg adakites diorites or
basalts Gao et al., 2008W.L. Xu et al., 2008 would provide infamation on the

nature and source of the melts (e.g., delaminated lower crust, or subducting slab),
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which may, in turnprovide newinsights into the processes and/or driving forces by

which the lithosphere was removed and replaced.

Finally, previous studis tend toconsider different processesproposed for
lithospheric thinning andlestruction of the North China Cratam isolation (e.g.,
Zheng et al., 2001; Zhang et al., 2003; Gao et al., 2@abHhof theseprocessess
partially supported byreservedn a variety ofrocks, although no one process can
account for all observationsThe possible connection of thegeocessesn the
destructionof the craton as briefly mentioned aboveneeds to besystematically

considered in a broadscale under ambienPhanerozoic geological events
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