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Abstract

The origin of the very young (0.5 Ma to 1721 AD) Wudalianchi-Erkeshan
(WDLC and EKS) highly potassic basaits northeast (NE) China has been the
subject of considerable ddba In this study, we prest new major-, trace- and
platinum group element (PGE) data togetiwth Re-Os, Lu-Hf, and Sr-Nd isotopic
analyses for these potassic basalts in ordrtber constrain their source. It has been
shown that the WDLC and EKS basaltsvénaunradiogenic to only moderately
radiogenic osmium isotope ratios witHOs*%®0s ranging from 0.1187 to ~0.17, and
only slight PPGE (Pt and Pd) enrichmeng$ative to IPGE (Os, Ir and Ru). The
positive correlations betweefi’'0s/*®0s and 1/0s suggestsaththese basalts have
probably experienced about-28% of lower continentadrust addition during magma
ascent. Moreover, the incorporation afub-continental thospheric mantle
(SCLM)-derived, primary sulphides anar PGE micro-alloys during magma ascent
seems likely in some basalts, whicheggrve particularly unradiogenic Os
compositions. The complex interplay ofysatures derived from crustal and SCLM
contamination means that the Os dgm systematics of the basalts do not
unequivocally fingerprint the sourcé the WDLC and EKS basalts.

The strong enrichments of light ragarth elements (LREE) and large ion
lithophile elements (LILE), high-K, EM1-lik&r-Nd-Hf isotopic characteristics, and
particularly strong fractionain of the heavy REE ((Sm/YpE 9.7+ 0.6), suggest
that the WDLC and EKS basalts miginoriginated from phlogopite-bearing

garnet-peridotite in the 3GA. Combined with low Ce/Pb ratios (~9.4-13.5), the most
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likely source of WDLC and EKS basalts ®&CLM that has been metasomatized by
delaminated old, lower continental crust.ig's different from previous hypotheses
that implicate a dominantly asthenospheric source with a contribution from
delaminated ancient SCLM or subducteeamc crust with sediments, or a SCLM
source that has been metasomatized by rdelised from deep asthenosphere during

the Proterozoic.

Keywords. Re-Os isotopes; PGE; sulphide; Si-Nf isotopes; potassic basalts; NE

China

1. Introduction

Cenozoic volcanic rocks, predominantlkaline basalts, areidely distributed
in Northeastern China (NE Chin&jig. 1), and form an important part of the West
Pacific volcanic zonde.g., Zhang et al., 1991, 1995, 1998, 2000; Zou et al., 2000,
2003; Liu et al., 2001; Choi et al., 2006hen et al., 2007; Yan and Zhao, 2008)
However, their petrogenesis remains gquoal, despite numerous detailed prior
investigations of the area. Interprgti the significance ofthe composition of
Cenozoic alkaline basalts from NE Chindusther complicated by the complex and
varying structure for the mantle beneatfs tregion, as suggested by earlier studies
(e.g., Zhang et al., 2000; Zou et al., 2000, 2@0I3pi et al., 2006Chen et al., 2007;
Yan and Zhao, 2008; Zhang et al., 2011)

Among the Cenozoic basalts in NE Chittae three potassic volcanic areas of
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Wudalianchi (WDLC), Erkeshan (EKS)nd Keluo (KL), together comprise the
Wudalianchi-Erkeshan-Keluo (WEK) volcaniteld. This field is located in the
Xing’'an Mongolian Orogenic Belt (XMB8) at the boundary between the
northwestern margin of the Songliao Basin and the Great Xing'an Ranges, in the
western Heilongjiang Province, NE Chiffaig. 1). The geochemical features of the
WDLC, EKS and KL basaltée.g., Zhang et al., 1991, 1995, 1998; Zou et al., 2003)
are similar to those dEM1-derived basalt&Zindler and Hart, 1986and dramatically
different from those of Cenozoic bétsafound elsewhere in eastern Chf{eay.,Zhou

and Armstrong, 1982; Peng et al., 1986; Song et al., 1990; Zhi et al., 1990; Basu et al.,
1991; Fan and Hooper, 1991; Liu et al., 1994; Chen et al., 2007)

Although the peculiar composition of tiEK potassic basalts in NE China has
been well documented, the origin of intraplavolcanism in this region is still the
subject of debate, resulting in several competing theories as to their origin: (i) Based
upon their Sr-Nd-Pb isotopiand trace elemental fingeipt, which resembles an
EM1 mantle component, it has been sugegtdhat the WEK potassic basalts were
produced by small-degree (5 ~ 7 %) melting of ancient SCLM, which has
subsequently been overprinted by Brozoic metasomatism after its formation
(Zhang et al., 1995, 1998, 200@) phlogopite-bearing garneeridotite sarce within
the 120 km thick lithosphere at this localitgs been suggested as a probable source
(Zou et al., 2003)(ii) Based upon the similarities iimcompatible trace element
concentrations with OIBChoi et al. (2006argued that the WEK basalts originated in

the shallow asthenosphere which contdiagments of delaminated SCLM from the
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eastern North China Craton (NCC). Theelik presence of “plum-pudding” mantle
(e.g., Phipps Morgan and Morgan, 198@neath NE Chiné-lower et al., 1998and
basaltic Sr-Nd-Pb-Hf isotopic charadgtics resembling a DMM-EM1 array have
been cited as strong evidence aganSICLM origin for the WEK basal{€hoi et al.,
2006) (iii) Mixing FOZO (Focal Zone; Hart et al., 1992nd LoMu (low U/Pb;
Douglass et al., 1999antle sources, instead of BM1-like SCLM mantle source,

has been advocated @hen et al. (2007)iv) More recently,Kuritani et al. (2013)
argued that the WDLC and EKS basalts originated from a mantle transition zone
which has been metasomatized by K-risediment-derived fluids ~1.5 Ga ago,
through the stagnation of an ancient slab.

In addition, although whebkale contamination of the WDLC and EKS basalts
by the upper crust can largely be discodnteased on trace elemental and Sr-Nd-Pb
isotopic resultgZhang et al., 1995, 1998; Zou et al., 2Q@8¥vious studies have not
been able to unequivocally exclude the gassinfluence of lessvolved lower crust
in the petrogenesis of the WDLC and EKS bagaltseang et al., 1995, 1998; Zou et
al., 2003) Unlike the lithophile-element basedSd-Pb isotope systems, Os isotopes
can be particularly sensitive to crustal contamination which generates isotope ratios
that are distinct from those of mantle sour@eg., Chesley and Ruiz, 1998; McBride
et al.,, 2001; Chesley et al., 2004; Jung et al., 20Raaltic melt, contaminated
during its ascent through old continental crust, should develop a radiogenic Os
isotopic signature. In contrast, basaltggioated from an enriched old lithospheric

mantle source would retain unradiogenicotdy moderately miogenic Os isotopic
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compositionge.g., McBride et al., 2001; Chesley al., 2004; Rudnick and Walker,

2009) Therefore, Re-Os isotopes, togetheith PGE elemental abundances can
provide important constraints on the relatimgolvement of crustal materials in the

petrogenesis of the veyypung WDLC and EKS basalts.

Accordingly, this study presents newjorg, trace- and platinum group element
(PGE) abundances together with Os, Hfl &r-Nd isotopic data, for the WDLC and
EKS potassic basalts to further constrainrtbeigin and the nature of the underlying
SCLM. Since the nearby Keluo basalts cam&bundant mantle xenocrysts, they have
not been investigated fdRe-Os isotopes and PGE geatisry here. Based upon
new analyses, it seems likely that the WDLC and EKS basalts were mainly generated
in SCLM which has been metasomatized regycled old lower continental crust
materials. Although crustal contaminatidaring magma ascent has not materially
affected the elemental abundances of ingatible, lithophile elements and the
Sr-Nd-Hf isotope systems, evidence for Idegrees of lower crted contamination is

preserved in some basalts with particularly low Os abundances.

2. Geological Background and sample descriptions

The XMOB, part of the Central Asigdrogenic Belt (CAOB), is a composite
fold belt more than 1500 km wide, formédring a long period (Paleozoic to early
Mesozoic) of subduction and collision betwedbe Siberian Craton in the north and
the NCC in the soutliSengor et al., 1993)The potassic basalof the WEK field,

located in XMOB(Fig. 1), are distributed over an area of >1400°kdmong them,
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the WDLC and EKS potassic basalts werapted from about 0.5 Ma ago onwards
(Zhang et al., 1995; Liu et al., 200Iwo of the Wudalianchi cones, Laoheishan and
Huoshaoshan, erupted during 1719-1721 Adepading to the Qing Dynasty Records
(Zou et al., 2003)The potassic rocks cass mainly of olivine leucitite and leucite
basanite.

The samples studied here were collected from lava flows related to the
eruptions of Laoheishan (LHS) (1724D), Huoshaoshan (HSS) (1721 AD) and
Yaoquanshan (YQ)0.25 Ma, Zhang et al., 199%pm the Wudalianchi volcanic area,
and lava flows related to the Erkeshan erup{@d6Ma, Liu et al., 2001from the
Kedong (KD) volcanic areérig.1). The sample locations (latitude and longitude) are
listed in Table 1 The detailed descriptions ofetsamples and petrography of some

representative samples are shawthe electronic supplement.

3. Analytical methods

The rock samples were first sawn irtbips, and surface contamination was
completely removed during this step. The samples were then further split into small
chips using a hammer wrapped in soft keldBmall chips devoidf surface alteration
and mantle or/and crustal xemgsts, were chosen anaahed with 10% hydrochloric
acid in an ultrasonic bath for about haiff hour. After ultrasonification, the chips were
cleaned three times with deionized wat8ubsequently, selected rock chips were
crushed using an alumina ceramic jaw bars and then were ground into a fine

powder in agate shatter-boxes. This paetli20-30g of powder for each sample.
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3.1. Elemental analysis

Major element data for whole-rock samples were obtained by X-ray
fluorescence spectrometry (XRF) on fusedsgl disks using an Axios-Minerals
instrument at the Institute of GeologgdaGeophysics, Chinese Academy of Sciences
(IGGCAS), following the procedures @hu et al. (2009)Precision is 1-3% RSD for
elements present at >1 wt%, and about R9® for elements present at <1 wt%. A
Chinese basalt reference material, GSR-3% ®am@alyzed during the same period, and
the values determined are well within the range of consensus V@&aefRREM,

http://georem.mpch-mainz.gwdg.§lélable 1)

Trace element concentrations, includithg rare earth eleemts (REE), were
determined by inductively coupled plasmaass spectrometry (ICP-MS) using an
Agilent 7500a system at IGGCAS, lifawving the procedures described @hu et al.
(2009) Basalt reference matesaBHVO-2 and BCR-2 were measured to monitor the
accuracy of the analytical proceduredathe results are in good agreement with

reference value@€GeoREM,_http://georem.mpch-mainz.gwdg)ddable 1) Precision

is generally better than 3%r most elements based on replicate analyses of several
samples.

Sulfur concentrations were determined at the National Research Center for
Geoanalysis, Chinese Academy of gital Sciences, using a high-frequency
infrared absorption spectrometer (H#4B, Wuxi High-speed Analyzer Co., Ltd.,

China), following the procedures describedChu et al. (2009)The detection limit



177  for S was about 50 ppm.

178

179  3.2. S-Nd-Hf isotope analyses

180 Strontium, Nd, and Hf isotope compositions were determined at the State Key
181 Laboratory of Lithospheric Evolution, IGGG. A combined chemical procedure for
182  Lu-Hf, Rb-Sr, and Sm-Nd isotopic analydesm one sample digestion was used, as
183 described in detail byrang et al. (2010)The Rb-Sr and Sm-Nd isotopic analyses
184 were conducted using an Isoprobe-T thar ionization mass spectrometer made by
185 Isotopx Company (formerly GV instruments). Measuf&r®sr and***Nd/A*Nd

186 ratios were corrected fanass-fractionation usinSrPéSr = 0.1194 and**Nd/A*Nd

187 = 0.7219, respectively. During the period of detdlection, the measured values for
188 the NBS-987 Sr standard and the JNdi-1 Nd standard #i@m°Sr = 0.710245- 16

189 (2 SD, n = 8) and*¥Nd/*Nd = 0.512117% 10 (2 SD, n = 8), respectively. Lutetium
190 and Hf were measured using a ThermdieisNeptune multicollector ICP-MS system
191  (Yang et al., 2010)Hafnium isotopic ratios were normalized*(eHf/*""Hf = 0.7325
192 and*"®u/*™Lu isotopic ratios were normalizagsing Yb isotopicatios. During the
193 analytical session, an Alfa Hf standard wasasured 9 times and the average value of
194 YHf/*'Hf was 0.28218% 5 (2 SD). The USGS bdsaeference materials BCR-2
195 and BHVO-2 were measured for Rb-Sm-Nd and Lu-Hf isotopic composition to
196 monitor the accuracy of the analyticalopedures; the results are in excellent
197 agreement with the reported reference values(GeoREM,

198 http://georem.mpch-mainz.gwdg.fi€fable 2) The procedural blanks were about 40
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pg for Rb, 300 pg for Sr, 20 pg for Sm, 60 pg for Nd, 10 pg for Lu and 40 pg for Hf,

respectively.

3.3. Re-Os and PGE analyses

Re-Os isotopic compositions and PGE abundances were determined at the State
Key Laboratory of Lithospheric Evolution, IGGCAS, following procedures similar to
those described Byearson and Woodland (2000)

In brief, about 2 g or 4 g of finely ground sample powder (200-400 mesh), and
appropriate amounts of a mixédRe**°0s spike and a mixet’ir-**Ru-**Pt1%Pd
spike were weighed into a clean, dry, chilled P§rérrosilicate glass Carius tube.
For 2 g samples, 3 mL of purifiedormcentrated HCI and 6 mL of purified
concentrated HN©Owere added to the tubejcathen the tube was seal&hirey and
Walker, 1995)for 4 g samples, the amounts of these acids were scaled up accordingly.
The Carius tubes were put insteel pressure vessel @ning water tgprevent the
explosion of the Carius tubes, as described in detdjlilt al. (2007) The digestions
were performed at about 285G for 48-72 h in an oven. After opening the tubes, Os
was extracted from the aqua regia solution into,GCbhen and Waters, 199@nd
then back-extracted into 4 mL of iBor 4 g samples, the amounts of ¢&hd HBr
used were also scaled up. The Os sampte further purified via microdistillation
(Birck et al., 1997)The total procedural Oslank was 0.2-1 pg with ¥'0s/*%0s of
about 0.16. The blank Os cointion on total Os was less than 1% for all samples

and the blank correction waherefore negligible.
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Rhenium, Ir, Ru, Pt and Pd remainingdgqua regia were separated from the
matrix and purified first by anion exahge chromatography g 2 mL of AG 1x 8,
100 - 200 mesh resin. The Re and Ru fraotvas further purified using a small anion
exchange column packed with 0.2 mL resin (AG &, 100-200 mesh), whereas the
Ir-Pt and Pd fractions were further pueidi to remove Zr and Hf using Eichr6saN
columns. Total procedural blank was ab@ut5 pg for Re, 2 pg for Ir, and 15 pg for
Ru, Pt and Pd. The maximum blank coti@ts were < 10% for low-Re samples.

Osmium isotopic compositions were measured at IGGCAS on an Isoprobe-T
mass spectrometer operated in negative ion njGdeaser et al., 1991; Volkening et
al., 1991) Purified Os was loaded onpatinum filaments with Ba(OH)as an ion
emitter and measured as QsMost samples were measured using a single ETP
multiplier in peak-jumping mode, while some samples with relatively high Os
concentrations were run in static maoole Faraday cups. The measured Os isotopic
ratios were corrected for mass fractionation usti@s*%®0s = 3.0827%Shirey and
Walker, 1998) The in-run precisions for Os isotopic measurements were better than
0.2% (2 RSD) for all the sargs. During the period of easurement of our samples,
the ¥’0s/%®0s ratio of the Johnson-Matthey standard of University of Maryland
(UMD) was 0.11378t 4 (2 SD, n = 20) on nano-gram sized loads measured with
Faraday cups and 0.1138 (2 SD, n = 13) on 3.5-175 pg sized loads measured with
the electron multiplier.

Measurements of"Re/®'Re, **Ur/*%3r, 1*4pt/%t, 1°Pd %%Pd and®Ru/*'Ru

were conducted at IGGCAS using a TherRisher Neptune Multi-Collector ICP-MS



243  system with an electron multiplier in pepknping mode or using Faraday cups in
244  static mode, according to the measured sigriehsity. The intderences of HfO (on
245 Ir and Pt), ZrO (on Pd) were confirahéo be negligible by scanning 8%r and*®Hf

246  peaks before sample measurement. Masgifmation was corrected using Re, Ir, Ru,
247 Pt, and Pd standards that were interspengdtthe samples. Some Ru samples were
248 run on the Isoprobe-T mass spectrometer in negative ion mode after a further
249  micro-distillation purificéion step, following the mcedures described Becker and
250  Walker (2003) In-run precisions fot**Re/®'Re,**1r/*%3r, 99PtA%%pt, 1°Pd%%Pd, and
251 *Ruf®’Ru were typically 0.1 - 0.5% (2 RSD).

252 The USGS basalt standard BHVO-2 wasasured to monitor the reliability of
253 the whole procedure. The Re, Os, Ir, Ru,d"td Pd concentrais and Os isotopic
254 ratio are in agreement with the reported val{Msisel and Moser, 2004; Shinotsuka
255 and Suzuki 2007)(Table 3)

256

257 4. Results

258 4.1. Major and Trace elements

259 Bulk-rock major and trace element compositions are presentddbie 1

260 Consistent with previously reported resylisiang et al., 1995the WDLC and EKS
261 basalts have highJ0 abundances ranging from 4.50 wt% to 6.09 wt% ag@/KaO

262 ranging from 1.09 to 1.67. The Si@bundances range from 49.0 to 53.5 wt%. The
263 MgO, CaO and AlO; abundances range from 4.459.47 wt%, 5.09 wt% to 7.44

264 Wwt% and 12.2 wt% to 14.4 wt%, respectivélynese basalts have relatively low g
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values (100M§/(Mg®*+Fe™), falling between 61.9 and 70.6, except for sample YQ-4,
having Md value of 55.3. The loss on ignition (LOI) values range from -0.2 to 0.1
wt%, consistent with the generally lodegrees of alteratn of these samples.
Negative LOI values of some samples prebably due to the oxidation of FeO to
FeO3 being more significant than loss of vdles. Consistent with previous reports
(Zhang et al., 1995; Zou et al., 2003; Chen et al., 20408€)WDLC and EKS basalts
have relatively low CaO and patrticularly low-8% at a given MgO content compared
to the basalts from elsewhere in NE ChjRay. 2)

The WDLC and EKS basaltsave high rare earth element (REE) and large ion
lithophile element (LILE) concentrations. On a chondrite normalized REE diagram
(Fig. 3a) the WDLC and EKS basalts show wmih REE charactesiics with strong
LREE enrichment ((La/Ylk) = 51.0+ 2.5). The heavy REEare also strongly
fractionated with (Sm/Yly) = 9.7+ 0.6. These samples also have uniform primitive
mantle-normalized trace element patteifag. 3b) with strong LILE enrichment and
pronounced enrichment of Pb and K, slightichment of Zr and Hf, and significant
depletion of U, Th, Nb and Ta. Ce/Pb ratimfsthese basalts show slight variations
(10.6 £ 1.3), and are much lower thidne values of ocean island bagéiB; 25+ 5,
Hofmann et al, 1986)The La/Nb ratios of most balts are greater than 1.2. Ba/Nb
ratios range from 23 to 29.

Most WDLC and EKS basalts have I@&wcontents, ranging from lower than 50
ppm to 100 ppm, except for a single Lid&mple, LHS-6, having a S content of 140

ppm. These concentrations are much lothan those of mid-ocean ridge bas#its



287 1000 ppm, e.g., Gannoun et al., 2007)

288

289  4.2. -Nd-Hf isotopes

290 The Sr and Nd isotopic compositionstbé WDLC and EKS basalts are listed
291 in Table 2 The basalt sampldsave relatively higf’SrP®Sr ratios varying between
292  0.7051 and 0.7057. TH&Nd/A*Nd ratios range from 0.5123 to 0.5125. The Sr-Nd
293 isotopes of the WDLC and EKS basaltsse more evolved (i.e., Sr isotopic
294 compositions are more radiogenic and Nd isotopic compositions are less radiogenic)
295 than those of mantle xenoliths carried in nearby Keluo bagéitsng et al., 2000;

296 Zhang YL et al., 2011and Cenozoic basalts elsewhere in NE Cliéng., Chen et al.,

297 2007; Yan and Zhao, 2008jig. 4a) The Tom(Nd) model ages of these basalts range
298 from 918 to 1057 Ma. Consistenttivpreviously reported resul{€hang et al., 1995;

299 Zou et al., 2003)%'SrP°Sr correlates negatively with*Nd/*Nd, demonstrating
300 Sr-Nd isotope systematics similar to ENEindler and Hart, 1986)ig. 4a)

301 The Lu-Hf isotopic compositions of the WDLC and EKS basalts are also listed
302 in Table 2 The Lu/Hf ratios range from 0.0018 to 0.0030, which are far lower than the
303 value for modern chondrit€0.0332, Blichert-Toft and Albarede, 1997The

304 YOHf/Y"'Hf ratios vary from 0.2825 to 0.282{able 2; Fig. 4h)In term of Hf

305 isotopes, the WDLC and EKS basalts are atewe evolved (i.ehave less radiogenic
306 Hf isotopic compositions) than the mantle xenoliths they ldsang et al., 2011)
307 (Fig. 4b) Similar to Nd model ageshese basalts give uniformpy(Hf) model ages

308 ranging from 879 to 1076 Ma. On the Hf-Mabtopic correlation diagram, no obvious
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Hf-Nd decoupling is seen whe&mmpared to MORB or OIB-ig. 4b)

4.3. Re-Os isotopes

Re-Os isotope data for the WDL&hd EKS basalts are given Table 3 In
general, compared with Cenozoic basaltsmfrother intraplate localities such as
Columbia River, Hannuoba, South-Eastgi®E) Australia and Central Europe
(Chesley and Ruiz, 1998; McBride et al., 200iang and Zhi, 2010; Jung et al., 2Q11)
the WDLC and EKS basalts havegher Os and lower Re conterjisg. 5a) Most
samples have Re concentoats less than 0.1 ppb. The prixception is one analysis
of sample LHS-6, giving Re conceations of 0.895 ppb. The WDLC and EKS
samples have Os concentrations randiogn 0.029 ppb to greater than 0.2 ppb. One
analysis of sample LHS-6 gives extnely high Os concentration (1.55 ppb).

The ¥0s/®*0s values of most samples range from 0.13 to 0.17, which
overlaps with thé®’0s/*®0s ranges of OIB basalts summarize®hirey and Walker
(1998)andHarvey et al. (2011)and MORB glasse.g., Alard et al., 2005)The only
exception is the high Os concentration slEmMiHS-6. Two analyses of this sample
yield low *"0s/%0s values of 0.1187 and 0.1245, respectively. As showiginsh
compared with the Cenozoic continentasalts from Hannuoba, SE Australia and
Central Europé€Chesley and Ruiz, 1998; McBride &t, 2001; Jiang and Zhi, 2010;
Jung et al., 2011the WDLC and EKS potassic bésagenerally have much lower
age-correctedf’0s/*%0s ratios.

Replicate analyses of s® WDLC and EKS basalt§able 3)not only rarely
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gave reproducible Re and Os concatitns, but also feed to reproducé®’0st%®0s
ratios. Especially, replicate analysessafmple LHS-6 gave highly heterogeneous Re
and Os concentrations, and Os isotopic ratio. The hiff@s**0s ratio of sample

LHS-6R relative to LHS-6 correspondsth a lower Os concentration.

4.4. Platinum-group elements (PGE)

PGE data for the WDLC and EKS basalts are presentédhi®e 3 In general,
the WDLC and EKS basalts have low P@&@ftindances, ranging from 0.0244 to 0.282
ppb for Ir, 0.0525 to 0.364 ppb for Ru, 0.2400.971 ppb for Pt, and 0.0571 to 0.295
ppb for Pd. Similar to the Re and Q@®ncentration measurements, the PGE
abundances in replicate anagsof some samples also vary considerably, far beyond
analytical uncertainties(Table 3) Despite this, as shown irFig. 6 the
chondrite-normalized PGE patterns (andhdee PGE element rasp are generally
reproducible. The WDLC and EKS basal®w only slight PPGEnrichment relative
to IPGE ((Pd/Ipy = 1.9 = 1.1) (Table 3) Exceptionally, consistent with its
un-radiogenic Os, sample LHS-6 has relatively high Ir and Os concentrations relative
to Pt and PdFig. 6). Additionally, sample LHS-6 and LHS-6R (particularly LHS-6)

have elevated Os/Ru and Os/Ir ratios caref to those of the other samples.

5. Discussion
5.1. PGE and Os isotope heterogeneity in the WDLC and EKS basalts
Mantle sulphides and refractory PGE-rialhoys have parts-per-million (ppm)

to weight percentage (wt %) concentrations of R@fg., Lorand and Alard, 2001;



354  Walker et al., 2002; Pearson at, 2004; Lorand et al., 2010, 20138yaking them
355 prime candidates for a source of a possilriugget effect”. For example, a 20 ug
356 mantle sulphide with an Os concentration of 20 gprg., Alard et al., 2000, 2002;
357 Pearson et al., 2002; Harvey et al., 2006, 2010, 2011; Lorand et al., @0t&8)ns
358 twice as much Os as 2 g of basalt with an Os concentration of 100 ppt. Therefore, the
359 heterogeneous distribution of a componeat ttontains anomalolyshigh Os (+ PGE)
360 abundances throughout the sampled rock powder could account for the observed
361 heterogeneities in replicate basalt analy{§esle 3) Although no discrete sulphide or
362 PGE alloy grains have been observeditie WDLC and EKS basalts, a “nugget
363 effect” due to incorporation of such mangleases during the ascent of basalt through
364 the SCLM should be considered. Indeedg ihclusions enclosed in xenocrystic
365 material in basaltic lavdsave been previously suggestas a mechanism to account
366 for unradiogeni¢®’0s/®0s and elevated Os concentratiéas)., Widom et al., 1999;
367 Jackson and Shirey, 2011)

368 Although analysed samples of the WDB6d EKS basalts were hand-picked to
369 avoid obvious xenolith debrispicroprobe analyses of olivine "phenocrysts" showed
370 that minor proportions of the olivines aremtia xenocrysts (i.e., a few olivine grains
371 from samples LHS-4 and KD-4 have B090, CaO < 0.10 wt %Table S1) cf,,

372 Sobolev et al., 2007; Jackson and Shirey, ROBny sulphides hosted within
373 xenocrystic graingde.g., Burton et al., 1999%vould not have t& opportunity to
374 become dispersed within a larger volumenwlt. If its hostwas not recognized as

375 xenocrystic at the time of basalt prepamat this could reaty account for the
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elevated Os (+ IPGE) abundance and unradiog&fs/*®0s in some WDLC and
EKS samples, especially for LHS-6. Moreover, the WDLC and EKS basalts with
relatively high Ni and S content haveethighest Os concentrations and least
radiogenic Os isotopic compositioffsg. 7a-d) also consistent ith the incorporation

of sulphide. Since it is possible thatfreetory alloys could be mechanically
transported in an ascending méitg., Ballhaus et al., 20Q6)he heterogeneous
distribution of refractory alloys may also pessible to cause the “nugget effect” in
WDLC and EKS samples. This is supieat by the relatively low Pt and Pd
concentrations relative to Ir and Ru in these samples compared to OIB and MORB
(especially LHS-6)(Fig. 6) In addition, Cr-spinel xenwogsts, of probable mantle
origin, are observed in sample LHSfBig. S1b) Although spinel itself is more
Os-rich than silicate mantle phag@sirton et al., 1999; Haey et al., 2010, 2011}t

is unlikely to account for a significant proportion of mantle-derived PGE itself.
Consequently, it appears that sulphidefGE alloys enclosed in xenocrysts are the
most likely candidates for the heterogenddy PGE concentrations and Os isotopic
compositions in the WDLC and EKS basalt.

Although the incorporation of moderatealgdiogenic, interstitial metasomatic
sulphides from the SCLM also seems toabglausible source of heterogeneity, in all
likelihood those sulphidesould be dissolved by a S-undersaturated (raisberg et
al., 2005; Sen et al., 201ahd its PGE budget homogeniagidhin a relatively large
volume of melt compared to the volume saflphide dissolved. It seems that this

process would not account for the PGE taeneity between different powder splits
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of the same sample.

5. 2. Crustal contamination

Since basaltic magmas have higbncentrations of lithophile elements,
Sr-Nd-Pb-Hf isotopes and lithophile elemeats not particularly sensitive to minor
crustal contamination. This will be espaty true for the LLE- and LREE- rich
WDLC and EKS basalts. However, evarninor amounts of crustal contamination
have the potential to significantly alterettDs isotopic compdgn of a basaltic
magma with low Os concentratioft., Lassiter and Luhr, 2001; McBride et al., 2001,
Xu et al., 2007; Qi eal., 2008; Jung et al., 2011j is possibleghat some of the low
Os WDLC and EKS basalts have beefe@kd by crustal contamination during
magma ascent, in particular, at degreed #re not easily deted using lithophile
elements. Therefore, tH8'0s/*0s and PGE systematicé the WDLC and EKS
basalts potentially allow this small degree of crustal contamination to be quantified.

As argued above, it is possible that some WDLC and EKS basalts have
incorporated some primary sulphides (sudels enclosed in silicate minerals, i.e.,
Os-rich, Re-poor, evolving in low-Reneironment and preserving unradiogenic
osmium isotope ratios) or PGE alloys of SCLM origin during magma ascent.
Moreover, most of these basaltssbaelatively low MgO content§Table 1)and are
thus unlikely to be primary melts, suggestthgt Os concentratns in the WDLC and
EKS basalts were also liketp be strongly affected hgifferentiation. Consequently,

it is likely that the basaltic magmas arrived in the crust with a range of Os



420 concentrations. As a result, it is difficult to constrain the degree of crustal
421 contamination by assimilation—fragtial crystallization (AFC) modelingDePaolo,

422 1981) Nevertheless, as shown ling. 8 there is a significant covariation between
423  ®'0s®®0s and 1/0s (R= 0.47), demonstrating thatseems likely that the WDLC
424 and EKS basalts have beaffected by minor crustal contamination during magma
425 ascent. An Os isotope ratio c. 0.128 is com®d to be representative of the parental
426  basaltic magma as suggested by previous st(eligs McBride et al., 2001; Xu et al.,
427  2007; Jiang and Zhi,@0; Jung et al., 2011)herefore, we assume the parental
428 magma of the WDLC and EKS basalts to have roughfi@s/%®0s of c. 0.128, but

429 with varying Os concentrations (abdub3 ~ 1.6 ppb, based on samples analyzed in
430 this study, Table 3 when they arrive in the lowesrust. Consequently, if an Os
431 isotope ratio of 0.8 and Os amntration of 49 ppt is takeas being representative of
432 the lower crust(Saal et al.,, 1998; Chesley et al., 2Q0#)e degree of crustal
433 contamination observed in the WDLC aB&S basalts can be modeled by simple
434  binary mixing. It is found that the additi of about only 3.5% of lower crust can
435 replicate the observecbvariation betweer®’0s/®0s and 1/0s (R= 0.47;Fig. 9

436 fairly well. Nonetheless, as shown iaig. 8§ it is possible that some samples,
437 especially from different volcanoes, have experienced different degrees of crustal
438 contamination ranging from 2% to 8%. &hough correlation Ieen the Pd/Ir and
439  ®'0s/®®0s (Fig. 8) (R? = 0.39 is also consistent with mdr crustal contamination in
440 some basaltic melts, since the samples with high Pd/Ir ratios are a result of low Ir

441 contents, not high Pd contents.
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Nevertheless, there remains the posgjbthat some samples with radiogenic
Os isotopes, which plot above the line for 3.6#&rustal contamiation, result from
preferential melting of iterstitial sulphide (sulphides occurred along boundary of
mineral grains, Re-rich, Os-poor, evalgi in high-Re envonment and having
variable and radiogenic osmium isotopéias) in a metasomatized mantle source
(Alard et al., 2005; Schulte at., 2009; Harvey et al., 201and / or the addition of
minor SCLM-derived interstitial sulphides during magma as¢erg., Sen et al.,
2011) This is particularly true for the YQ sgles, as reflected by their radiogenic Os
but relatively high Os concentrations. However, we still prefer that the YQ samples
have experienced a larger degree of crugiatamination since their Pd contents are
low. In contrast, the samples which plot below the line for 3.5% crustal contamination
are probably due to the incorption of SCLM-primary sulphides.

Addition of minor amounts (2 ~ 8%) of lower crust would not have much effect
on incompatible elements and Sr-Nd-Pb-Hf isotopic ratios for the LILE- and
LREE-rich WDLC and EKS basalts. For exampf we assume the local lower crust
having Nd concentration of 20 ppfRudnick and Gao, 2003nd ***Nd/**Nd of
0.51265(Wu et al., 2003)8% contamination of lmer crust only shift thé*3Nd/*4Nd
of the WDLC and EKS basalbf about 0.000007. Similarlyycorporation of primary
mantle sulphides or the addition of tamsomatized sulphides would also have
negligible effect on the lithophile element systems and Sr-Nd-Pb-Hf isotopes. As a
result, no correlation exists between Gxapic compositions and incompatible trace

element ratios such as Ce/Pb and La/Nial &r or Nd or Hf isotopic compositions
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(not shown); indeed, there are very limitetiations in Sr-Nd-Hf isotopes and Ce/Pb
and La/Nb ratios, especially for YQ samp{éables 1 and 2)
5.3. Source of the WDLC and EKS basalts — SCLM vs. asthenosphere

It is highly debated that the EM1-likedtures of the Cenozoic basalts in NE
China originated from either ttf®CLM or the asthenospheric manteg., Basu et al.,
1991; Song et al., 1990; Zhangadt, 1995; Zou et al., 200&hoi et al., 2006; Xu et
al.,, 2012; Kuritani et al., 2013)Based on the highly potassic, LREE and
LILE-enriched trace elemental characteristithe strong fractionation of the heavy
REE (HREE), low AIO; content at a given MgO, significant excesse&’fhh, and
Sr-Nd-Pb isotopic characteristicghang et al. (1995andZou et al. (2003suggested
that the WDLC and EKS basalts wereelik produced by small-degree melting of
phlogopite-bearing garnet periitetin metasomatized SCLM he presence of garnet
constrains the depth of the magma source to 80-12Z&met al., 2003)However,
several studies kWa suggested thalelaminated cratonic lithosphere from eastern
China may exist locally in the shallow asthenosphere beneath NE @hinaXu et
al., 2005; Choi et al., 200&)nd that basalts from thiegion may preserve evidence
for re-melting of this reservoir. Theyaared that the asthergseric mantle beneath
eastern Asian is characteriziegl two distinct, large-scaldomains — one a mixture of
DMM and EM1 components, and the athee mixture of DMM and EM2. More
recently, some autho(Xu et al., 2012; Kuritani et al., 20Largued that the Cenozoic
basalts in NE China originated from asthenospheric mantlgource containing

recycled oceanic crust materials. Theeyggest that the subtted Pacific slaljHuang



486 and Zhao, 2006and / or the stagnant ancient Pacific gkabritani et al., 2011)n the
487 mantle transition zone have contributiedthe Cenozoic magmatism in NE China.
488 This is reasonable as the re-melting of upwelling asthenospheric mantle containing
489 recycled oceanic or lower continental croas widely been invoked to account for the
490 evolved Sr-Nd-Hf isotopic coposition of intraplate basal{s.g., Sobolev et al., 2007;
491 Chen et al., 2009; Zhang &, 2009; Xu et al., 2012)

492 As discussed above, crustal contamination has not played an important role in
493 the formation of the WDLC and EKS basalfherefore, consistent with previous
494  studies Zhang et al., 199570u et al., 2003)data obtained in this study, including
495 low Al O3 content at a given MgQFig. 2a), high K content, LREE and
496 LILE-enriched trace eleental characteristic§Fig. 3a, b) particularly strong
497 fractionation of the heavy REE ((Sm/Xb¥ 9.7+ 0.6), EM1-like Sr-Nd-Hf isotopic
498 characteristicgFig. 4a, b) all suggest that the WDLC and EKS basalts mainly
499 originated from a phlogopite-bearing garnet peridotite in the SCItM presence of
500 phlogopite and rutile in some Keluo and WDLC xenolifisang et al., 2000; Zhang
501 YL et al., 2011)also supports that the SCLMeneath WEK area has been
502 metasomatized by K-rich silicate melt.

503 In the model involving daminated ancient SCLM from eastern China that
504 exists locally in the asthenosphere beneath NE Ql@hai et al., 2006)amphibole
505 and phlogopite will breakdown htgh pressure (> 3 GPah@are thus not considered
506 to be stable in the asthenospheric maflass and Goldstein, 199 oreover, a

507 delaminated ancient SCLM from eastern China is also unlikely to be the source



508 material for the EM1-like ginature because the delamewArchaean SCLM beneath

509 eastern China does not have an EM1-like composigon., Chu et al., 2009 and

510 references therein) Therefore, it seems plausible that phlogopite-bearing
511 metasomatized SCLM rather than an astispheric source caining fragments of

512 delaminated ancient cratonic mantle may provide a source for the WDLC and EKS
513 high-K basalts.

514 In the model that the potassic- and ENKE natures of the basalts originated
515 from the mantle transition zone, which has been metasomatized by K-rich
516 sediment-derived fluids ~1.5 Ga agoadigh the stagnation of ancient slab and

517 further recent hydration by the stagoa of the subducted Pacific sl@uritani et al.,

518 2013) it is difficult to envision such a process because of the great distance (>2000
519 km) between the WEK provincesd the active Pacific bduction zone (Japan Arc)

520 (Zhang et al., 1998; Zou et al., 200B) western NE China. Significarft°Th

521 enrichments in WDLC basalts alsaiggest that the source rocks were not
522 metasomatized by fluids released dgrirecent (< 350 ka) subduction of Pacific
523 sedimentgZou et al., 2003)Furthermore, it has long beeacognized that LILES,

524 such as Ba, Rb, and Sr are fluid-mobile and have elevated concentrations in sub-arc
525 environments, while fluid-immobile elements such as Nb and Ta, are largely
526  unaffected by contributions of fluids from the subducting gkafzulus and Powell,

527 1986) A mantle source which has been metaatized by a subduction-related fluid
528 would be enriched in radiogenic @Brandon et al., 1996/Vidom et al., 2003)Due

529 to the effect of preferential melting afetasomatic components for Os isotofeeg.,
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Sen et al., 2011; Harvey et al., 201helting of such a mantle source would produce
melts with slightly increasin§’0s/*®%0s along with increasing Ba/NEhesley et al.,
2002) Such a trend is absent in the WDLC and EKS basaits 10) In contrast,
some samples especially YQ samples with hfgBs/®%0s have relatively low Ba/Nb
ratios. In fact, the WDLC and EKS basditave very low Ba/Nb ratios with limited
variability (23-29).

Consequently, it seems most likely thia¢ WDLC and EKS mainly originated
from low degree melting of a SCLM source metasomatized by an EM1-like signature,
rather than an EM1 signature asthenospheric mantle source.

In terms of Os isotopes, the WD and EKS basalts generally have
unradiogenic to moderately radiogenic Os isotopic compositidH®sf®0s =
0.1187 ~ 0.17). In principle these relativeDIB-like Os isotopic values are not
inconsistent with an asthenospheric originu et al., 2008;Harvey et al. 2011)
However, as discussed before, the meas@sdsotope ratios caot be attributed
solely to the mantle resarir from which the basaltsvere produced. Most of the
1870s%80s values have been elevated by up to8% crustal contamination and / or
the effects of incorporating metasomatic sulphide en route to the surface, while the
most unradiogenic values may be deceptivew because of the incorporation of
xenocryst-hosted primary sulphide. Similatlye relative flat PGE patterns ((Pdylr)
=1.9 £ 1.1) compared to MORB and O(Big. 6) could indicate the contribution of a
SCLM source for the WDLC and EKS basaltdd, like Os isotope ratios, can also be

interpreted in a number of ways. Therefanetwithstanding the clear utility of Os
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isotopes and PGE in fingerprinting the sosrod basalts that ka not experienced
complex historieg(cf., Shirey and Walker, 1998; Day, 2013hese tools do not
unequivocally distinguish between an astbepheric and a lithpseric source for the

WDLC and EKS basalts.

5.4. Nature of the SCLM underlying the WEK area

As discussed above, the WDLC and EK&salts mainly originated from the
underlying SCLM. Despite this, as the WDlaDd EKS basalts have more evolved
Sr-Nd-Hf isotopic signatures than thosenoéntle xenoliths carried in nearby Keluo
highly potassic basal{@hang et al., 2011(Fig. 5a, b) the role of peridotite with the
composition similar to that of Keluo xenoliths can be largely discounted in the
petrogenesis of the WDLC and EKS basaltoreover, since the Keluo xenoliths
mainly comprise spinel lherzolites andfaurgites with minodunites and wehrlites,
they should have been located in thd.BCabove the source dghe WDLC and EKS
basalts (garnet peridotites). Therefore, it is possible that the lithospheric mantle
underlying the WEK area is layered, at leastearms of Sr-Nd-Hf isotopes, i.e., the
lower part of lithospheric mantle (the pati@hsource of the WDC and EKS basalts)
has more radiogenic Sr and less radiogeNd and Hf than the upper part of
lithospheric mantle (represented by the Ketnantle xenoliths), despite their similar
Nd and Hf model aggghang et al., 200Q)rable 2)

The crustal growth in XMOB during the &merozoic is significant, as reflected

by the radiogenic Nd-Hf isotopic ogositions of granites in the argag., Wu et al.,
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2003; Zhang et al., 2010)vhile the potassic rocks onmating from the underlying
SCLM have EM1-like Sr-Nd-Hf isotopic gnatures as demonstrated above. This
suggests that the SCLM beneath the WE#&ads decoupled from the overlying crust.
Previous studies argued that the SCbkheath the Phanerozoic XMOB is ancient
and have been metasomatised extensively by-@Gi@ersaturated potassic magma
that was likely generated from low-degr partial melting of deep asthenosphere
during the Proterozoi(Zhang et al., 1995, 2000; Zou et al., 2003; Zhang YL et al.,
2011)

EM1-like signatures of the WDLCnd EKS basalts cannot be owed to
metasomtism by melts derived from subduatedanic crust related to the closure of
the Paleo-Asian Ocean in the Paleozoid Baleo-Pacific Ocean during the Mesozoic.
Their isotopic compositions fall outsides the range for those of oceanic basalts and
MORB that are believed to be derived primarily from the asthenospheric mantle.
Especially, the very unradiogenic Pbotpic signatures of the potassic rocks
(*°Pb*Pb=16.3-17.3), which require a long-teresidence (>2 Ga) of low U/Pb in
the mantle source, indicate that the Riidpic signatures of the WEK basalts cannot
be attributed to modifications by Phanzoic subduction events in the reg{@mang
et al., 1998) Moreover, the partial melting of pdotite cannot cause a large U/Pb
fractionation and, therefore, the melt gerted from low-degre partial melting of
asthenosphere cannot have a significanlifferent U/Pb ratio from that of the
depleted mantluritani et al., 2013)Therefore, it is also difficult to derive the very

unradiogenic Pb isotopic signaés of the potassic rock®€PbF*Pb=16.3-17.3) with
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the model presented @hang et al. (1995ndZou et al. (2003)

As lower continental crust is known to be depleted in U relative tgeRp,
Rudnick and Gao, 2003yiven enough time it will develop unradiogenic Pb isotopic
compositons. Consequently, based on low Ce/Pb (~9.4-13.5) and EM1-like Sr-Nd-Hf
isotopic signatures, in conjugation with |8 isotope ratios’{Pb?*Pb = 16.61 to
17.06) as reported byhang et al. (1995andZou et al. (2003)different from the
previous studie§Zhang et al., 1995, 1998; Zouadt, 2003; Kuritani et al., 2013)ve
suggest that the mantlewgce of WDLC and EKS basaltave been metasomatised
by recycled old lower continental crust madési(i.e., an EM1-lik signature). It is
likely that some pyroxenite would be formadthe SCLM if mantle peridotite was
metasomatised by melt containing a cdmittion from lower crustal materialg.g.,

Xu, 2002) Some pyroxenite xenoliths were found in WEK bas@ftsang et al.,
2000) consistent with such an explanation. This is also supported by the relatively
low CaO abundance at a given MdBg. 2b) for the WDLC and EKS basalts, as
melts of pyroxenite are generaltyw in CaO owing to the doinant effect of residual
clinopyroxende.g., Herzberg, 2011)

It is likely that the present lower crust in XMOB is significantly different from
earlier crust at this locality. As therare probably some Precambrian fragments
present in NE Chin@/\Vu et al., 2003; Meng et al., 201®&)is likely that the original
crust in WEK area was old. i$ possible that the origindwer crust together with
SCLM foundered probably dung lithospheric thinning in eastern China that started

in the Mesozoic. The delamination of thal dbwer crust is prolidy related to the
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multiple subduction events in this region. Subsequently, the newly-formed SCLM
beneath the WEK area was metasomatisethély contributed from the delaminated
lower crust. The whole SCLM benbatthe WEK area was extensively and
contemporaneously metasomtised as reflected by the similar Nd (Hf) model age
between the mantle xenolitlfZhang et al., 2000; Zhang YL et al., 20Hnd the
potassic basalt§lable 2)in this area. It is possible that the lower part of the SCLM
have been affected more stronglyanhthe upper part othe SCLM. This
metasomatism leads to the SCLM underythe WEK area having more radiogenic

Sr and less radiogenic Nd and Hfotigpic compositions than the overlying
Phanerozoic crust.

Conclusively, consistentith previous studie§Zhang et al., 1995, 1998; Zou et
al.,, 2003) we suggest that the WDLC and EKS basalts originated from
phlogopite-bearing garnet peridotite withtihe SCLM. During low degree of the
partial melting of the SCLM, metasomaticnggonents such as phlogopites are easily
melted and their high-K characteristicgperted into the WDLC and EKS basalts
(Zou et al., 2003)In contrast, garnet is mainly retained in the mantle source. This
leads to significant®°Th excess in the WDLC and EKS basdffsu et al., 2003)
Similarly, hafnium isotopes could uniquetyace contributions from the SCLM if
melts are derived from garnet-bearing SCLMng et al., 2011Given sufficient time,
the strong increase of Lu/Hf relative to Sm/Nd in mantle with significant garnet would
result in trends that deviate from tleust-mantle Hf-Nd isotope array, towards

radiogenic'"Hf/*""Hf at a given***Nd/***Nd (e.g., Salters and Zindler, 1995; Bizimis
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et al., 2007; Chen et al., 2005owever, the WDLC and EKS potassic lavas have
very low Lu/Hf ratios(Table 2)and do not show Hf-Nd isotope decoupling on Hf-Nd
correlation diagramgFig. 4b) This also indicates #éow degree melting of the
phlogopite-bearing garnet peridotites, andsaguently the Lu-Hf isotopic signature

of garnet in the SCLM has not been expdrinto the resultig basaltic magma.

6. Concluding remarks

(1) The WDLC and EKS highly potasdi@salts show uniform REE and trace
elemental characteristicad relatively homogeneous Sr-Nd-Hf isotopic compositions,
but heterogeneous Os isotopic composgi ranging from 0.1187 to ~0.17. It is
possible that some samples with radiogebs isotopic compositions may have been
contaminated by minor amounts of lower crustaterials, while other samples, with
un-radiogenic Os isotopic compositiomaay have incorporated small amounts of
mantle materials such as xenocrgested primary sulphides and / or PGE
micro-alloys during magma ascent througe tverlying SCLM. Both the correlation
between thé®’0st%®0s and 1/Os, and the positive correlation betw&&ds*0s
and Pd/Ir are consistent with these sg@s. In contrast, the minor crustal
contamination and incorporation of sulges in the SCLM have an insignificant
influence on the lithophile elemerdad Sr-Nd-Hf isotopic compositions.

(2) The strong enrichments of LRE&nd LILE, and EM1 like Sr-Nd-Hf
isotopic characteristicsuggest that the WDLC an&KS highly potassic basalts

mainly originated from metasomatiz&CLM. Combined with the WDLC and EKS
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basalts having Ce/Pb ratios (~9.4-13.5) miaster than typical OIB and MORB, and
low °PbF%Pb ratios, it seems likely that tiseurce of WDLC and EKS basalts is
SCLM that has been metasomatized byaminated old lower continental crust
materials. Furthermore, since the WDLC and EKS basalts have more radiogenic Sr
and less radiogenic Nd-Hf isotopic compositidhan the SCLM xenoliths carried in
nearby Keluo highly potassic basalts,e thithospheric mantle underlying the
Wudalianchi-Erkeshan-Keluo (WEK) area likely layered, at least in terms of

Sr-Nd-Hf isotopes.

Acknowledgements

Roberta Rudnick, Richard Walker, Hong Zhong, Lihui Chen, Yanjie Tang and
Jifeng Ying are sincerely thanked for helpdiscussions and cotmgctive suggestions.
Yan-Bin Zhang, He Li, & Cao, Hongyue Wang, Dingshudue, Qian Mao and
Yuguang Ma are thanked for their help on ICP-MS, XRF and EPMA analysis. This
work was financially supported by Natidnidatural Science Foundation of China
(NSFC Grants 40873008, 41273018 and 41273024 )tlze Institute of Geology and
Geophysics, Chinese Academy of Scien@&GCAS Grant ZC1002). Yigang Xu
(reviewer), an anonymous reviemand Laurie Reisbergdigor) are sincerely thanked

for their constructive comments which greathprove the quality of this manuscript.

Figure captions



684 Fig. 1 Sketch map of Northeast (NE) Chi@odified after Chen et al., 20Q7n
685 which the Cenozoic basalts, Great XingRanges, Songliao Basin and the locations
686 of the Wudalianchi, Erkeshan and Keluocaniic rocks are shown. Dashed line is the
687 approximate boundary between the Mor€China Craton (NCC) and Xing'an
688 Mongolian Orogenic Belt (XMOB); Abbreviationsf volcanic fields are as follows:
689 WDLC (Wudalianchi), KD (Kedong)KL (Keluo) and HNB (Hannuoba).

690

691 Fig. 2 CaO vs MgO (a) and AD; vs MgO (b) for WDLC and EKS basalts. Solid
692 circles: this study; Open cies: WDLC and EKS data frordou et al. (2003)and
693 Chen et al. (2007)Crosses: data for basalts from NE China elsewf@nen et al.,
694 2007; Yan and Zhao, 2008)

695

696 Fig. 3 Chondrite-normalized rare eartklement patterns (a) and primitive
697 mantle-normalized trace element patterns (b) for the WDLC and EKS basalts.
698 Chondrite normalizing values are frdvasuda et al. (1973)ivided by 1.2; Data for
699 OIB, N-MORB and primitive mantle are froMcDonough and Sun (1995)

700

701 Fig. 4 Sr-Nd (a) and Hf-Nd (b) isotope diagrames WDLC and EKS basalts. In (a):
702 literature data for WLDC and EKS basalts are friéeng et al. (1986), Basu et al.
703 (1991), Zhang et al. (1995, 1998) and Zou et al. (20B@)d for lower continental
704  crust (LCC) in WDLC and EKS area is basedvdn et al. (2003)Field for Cenozoic

705 basalts in eastern China is basedGiren et al. (2007and Yan and Zhao (2008)
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MORB, OIB, BSE, EM1 and EM2 end members are féamdler and Hart (1986)n
(b): MORB and OIB fields are based &alters and White (1998}he bulk Earth
Y781f/1""Hf value (BSE) and the Md#e-Crust array are based d@iichert-Toft and

Albarede (1997)

Fig. 5 Re vs. Os (a) and Os concentration¥%s/*®0s (b) variation diagrams. Data
sources: Central Europeéiung et al., 2011 HNB, HannuobdJiang and Zhi, 2010)
SE AustraliaMcBride et al., 200%1)Columbia Rive(Chesley and Ruiz, 1998Keluo
mantle xenolithgZhang et al., 2011)MORB and OIB fields are fronshirey and
Walker (1998) OIB TH, ocean island basalt tholeiites; OIB AB, ocean island alkali
basalts. In (b): Samples with ©9.8 ppb are not ptted for clarity;**’Os***0s ratios

are all age-corrected values.

Fig. 6 Chondrite-normalized PGE patterng M/DLC and EKS basalts. Chondrite
values are fronMcDonough and Sun (19959rimitive mantle (PM) values are based
on Becker et al. (2006)Data for OIB-Canary Islandlkali basalts with calculated

parental melt of 12 wt% MgO, and MORB are basedag (2013) and references

therein LCC (lower continental crust) values are base®&odnick and Gao (2003)

Fig. 7 Diagrams of Os concentration vs. Mintent (a), Os concentration vs. S content
(b), *’0s®0s vs. Ni content (c) antf’Os*%®0s vs. S content (d) for WDLC and

EKS basalts.
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Fig. 8 1¥’0s/®%®0s vs. 1/0s. The solid lines represent binary mixing lines modeled as
follows: (1) basaltic magma arrived in tleeust with variable Os concentrations
(about 0.03 ~ 1.6 ppb, based on samples aadlyn this study) but similar Os
isotopic compositions (we assutfé0s/*%0s = 0.128); (2) addition of 2%, 3.5% and
8% of lower crust’€’0s/*®%0s = 0.8 and Os concentration = 49 [g#al et al., 1998

to the basaltic magma. The line for additmf3.5% of lower crusis consistent with

the regression line (the dashed liné,7R0.47) for data points from all the volcanoes.
The arrows show the trends for additionl@fer continental crust (LCC), secondary

sulphides and primary sulphides.

Fig. 9 '*’0s/®0s vs. (Pd/If) for WDLC and EKS basalts. The solid line denotes the
regression line for all the data points exckp LHS-6R. Symbols and arrows as in
Fig. 8 The Os isotopic composition and (Pd{Igf LCC are about 0.8Saal et al.,

1998)and 46(Rudnick and Gao, 2003)epectively.

Fig. 10 *’0s/®*0s vs. Ba/Nb for WDLC and EKS basalts. Symbols a&iin 8
Trends for contamination of mantle soerof basalts by subduction-related fluids,
fields of Ba/Nb and®’0s/**®0s for the subduction fluids and the lower crust based are
based onChesley et al. (2002Numbers along trend lines represent percentage of
fluid required to influence the mantleource. Large numbers along trend lines

represent the Os in ppt rfesubduction-related fluidsised in the two-component



750 mixing model (the mantle source of WDLAhd EKS basalts is assumed to be 1000
751  ppt). The real trend shoufmbssibly toward more radiogen©s along with increasing
752  Bb/Nb ratios due to the eftt of preferential meltingf metasomatic components in
753 mantle source for Os isotop@sg., Harvey et al., 2011

754

755  Supplementary materials:

756  Detailed descriptions for WDLC and EKS samples;

757  Petrography of representativergaes for WDLC and EKS basalfSigure S1)

758 EPMA data for olivines in WDLC and EKS basd[isible S1).
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