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Abstract: Introduction. Transtension is a system of stresses that tends to cause oblique extension, i.e. combined ex-
tension and strike slip. Syn-volcanic transtensional deformations of the lithosphere may provide two possible scena-
rios for control of magmatic processes. One scenario assumes ascending sub-lithospheric melts that mark the perme-
able lithosphere in a transtension area without melting of the lithospheric material; products of volcanic eruptions in
such a zone show only the sub-lithospheric mantle material; components of magmatic liquids do not reveal any con-
nection to the lithospheric structure. Another scenario yields a direct control of melting in lithospheric sources in an
evolving transtensional structure. In this case, spatial-temporal changes of lithospheric and sub-lithospheric compo-
nents are a direct indication of the evolving transtensional zone. In this paper, we present arguments in favor of the
transtensional origin of the lithosphere-derived melting anomaly along the Wudalianchi volcanic zone, which are
based on the study of components in the rocks sampled from the volcanic field of the same name.

Analytical methods. Trace elements were determined by ICP-MS using a mass-spectrometer Agilent 7500ce and
isotopes using a mass-spectrometer Finnigan MAT 262. The methods used were described in the previous papers by
Rasskazov et al. [2011] and Yasnygina et al. [2015]. Major oxides were measured by “wet chemistry”.

Structural setting of the Wudalianchi zone. This zone extends north-south for 230 km at the northern circuit of
the Songliao basin, subsided in the Late Mesozoic - Early Cenozoic (Fig. 1).

Timing of volcanism and variations of K:0 contents in rocks from the Wudalianchi zone. Rocks, dated back
to the Pliocene and Quaternary, show the stepwise increasing K20 content interval along the Wudalianchi zone from
the southernmost Erkeshan volcanic field (5.6-5.8 wt %) to the northernmost Xiaogulihe-Menlu volcanic field
(2.0-9.5 wt %) (Fig. 2).

Spatial-temporal clustering of volcanoes in the Wudalianchi field. In terms of the general Quaternary evolu-
tion of volcanism in Asia [Rasskazov et al, 2012], spatial-temporal distribution and compositional variations of vol-
canic products, we distinguish three time intervals of the volcanic evolution: (1) 2.5-2.0 Ma, (2) 1.3-0.8 Ma, and (3)
<0.6 Ma. The Central group of volcanoes showed persistent shifting of eruptions from Wohushan (1.33-0.42 Ma) to
Bijiashan (0.45-0.28 Ma) to Laoheishan (1720-1721, possibly earlier) to Huoshaoshan (1721) (Figs 3, 4, 5). No spa-
tial-temporal regularity of eruptions in volcanoes of the Erkeshan field and Western and Eastern groups of the Wu-
dalianchi field reflected background activity.

Sampling. Representative sampling of rocks from the Wohushan-Huoshaoshan volcanic line was aimed to identi-
fy changing geochemical signatures along the whole volcanic line and in the course of eruptions in each volcano (Figs
3, 6, 7). For comparisons, the background volcanoes were also sampled.

Silica and alkalis oxides. On the total alkalis-silica (TAS) diagram (Fig. 8), data points of background rocks are
distributed along the dividing lines between highly and moderately alkaline series mainly in tephriphonolite and
trachyandesite fields with a few samples in the phonotephrite field. Background rocks from some volcanoes (e.g.
Yaoquanshan and Weishan) are highly alkaline (phonotephrites and tephriphonolites). Background rocks from other
volcanoes (Longmenshan, Jiaodebushan etc.) are moderately alkaline (mostly trachyandesites). In background rocks,
Naz0+Kz0 range from 8.6 to 9.7 wt %, SiO2 from 51.6 to 55.0 wt %. Phonotephrites from the Erkeshan field are com-
parable with the Wudalianchi background rocks of this type.

Data points of rocks from the Central group of volcanoes are also distributed along the discriminating line of high-
ly and moderately alkaline series, mainly in the phonotephrite and trachyandesite fields. Almost all samples from the
first volcano (Wohushan) fall within the data field of background rocks. Rock compositions of the second and third
volcanoes (Bijiashan and Laoheishan) changed on each of them from similar to the background to the ones distin-
guished by the lower silica and alkalis contents. On the Bijiashan volcano, eruptions were exhibited by trachyande-
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sites of a lava shield and by basaltic trachyandesites and phonotephrites of a volcanic cone. The trachyandesites were
comparable to the background rocks, the basaltic trachyandesites and phonotephrites differed from them. On the
Laoheishan volcano, rocks were subdivided into three groups: (1) basaltic trachyandesites and phonotephrites, (2)
trachyandesites, and (3) phonotephrites. The first group was recorded in pyroclastic material from the late volcanic
cone and lavas from the northern bocca, the second group in pyroclastic material from the northwestern edge of the
late crater, and the third group in bombs from its southwestern edge. On the fourth volcano (Huoshaoshan), rocks are
basaltic trachyandesites and phonotephrites.

In terms of Naz0, K20, and SiOz contents, peripheral lavas of volcanic fans in the Bijiashan, Laoheishan, and Hu-
oshaoshan volcanoes were close to background rocks. The contents of these oxides, differed from the background
signatures, characterize rocks from volcanic cones in a linear progression that demonstrates the transition from com-
positions of the Wohushan volcano, close to background ones, through the intermediate values in the Bijiashan and
Laoheishan volcanoes to the final compositions in the Huoshaoshan volcanic cone.

In the background rocks, K20 concentrations range from 4.8 to 6.0 wt % with its relative decrease in the rocks of
the beginning and end of volcanic evolution. Initial lava flows with K20 contents as low as 4.0 wt % erupted along the
Laoshantou - Old Gelagiushan north-south locus from 2.5 to 2.0 Ma and in the final cone of the Huoshaoshan volcano,
erupted in 1721, fell to 3.2 wt %. Since 1.3 Ma, irregular spatial-temporal distribution of volcanic activity reflected
dominated background processes. Between 1.3 and 0.8 Ma, eruptions took place at the South Gelagiushan volcano and
along the west-east locus of the Lianhuashan, Yaoquanshan, West Jaodebushan, West Longmenshan volcanoes. In the
last 0.6 Ma, three groups of volcanoes erupted: Western (North Gelaqiushan, Lianhuashan, Jianshan-Jianshanzi, Cen-
tral (Wohushan, Bijiashan, Laoheishan, Huoshaoshan), and Eastern (Weishan, East Jaodebushan, Xiaogoshan, West
and East Longmenshan, Molabushan). Background eruptions continued in the Western and Eastern groups, whereas
the Central group displayed stepwise shift of activity from the southwest to the northeast. Under such a regular vol-
canic evolution, relative reduction of K20 abundances took place in final eruption products of the Huoshaoshan volca-
no (Fig. 9).

Other major oxides. Changes of rock compositions along the Wohushan-Huoshaoshan line, from the close to the
background signatures at the first volcano (Wohushan) through the contrast major oxide contents at the Bijiashan and
Laoheishan edifices to notably different from the background ones at the Huoshaoshan cone, are illustrated further by
diagrams of SiOz vs. MgO, Al203 vs. MgO, CaO0 vs. MgO, and P20s vs. MgO (Figs 10, 11).

Trace elements. No sufficient difference is found between primitive mantle-normalized patterns plotted for rocks
from different volcanoes (Fig. 13). Nevertheless, specific variations of rock compositions in the Central group of vol-
canoes close to the background and different from them are shown on the diagrams of Ni, Cr, Rb, Zr, Ba, Th, Sr, and
La/Yb vs. MgO (Figs 12, 14, 15). A similar behavior was observed, on the one hand, for Rb and Zr, on the other hand,
for Ba, Th, Sr, and La/Yb. In rocks from the Central group of volcanoes, which are compositionally close to the back-
ground ones, Rb concentrations increase from the first volcano (Wohushan) through the second (Bijiashan) to the
third (Laoheishan). In rocks that differ from the background ones, Rb concentrations increase from the second to the
fourth volcano and decrease in its final edifice. In rocks, close to the background ones, Zr concentrations decrease
from the first to the second volcano and increase to the third volcano. In rocks, distinguished from background ones,
relatively low concentrations of Zr at the first volcano change to elevated concentrations at the third and fourth volca-
noes with relative decrease at the final Huoshaoshan edifice.

Discussion. Sub-lithospheric continuum of components under East Asia comprises a material from convective
mantle domain with subducted slab (paleoslab) fragments of oceanic (paleooceanic) crust as well as delaminated
lithospheric blocks of orogens. Volcanic rocks from the Wudalianchi field show a sub-lithospheric end-member, which
belongs to this continuum. Lithospheric components of these rocks, however, have no connection with other sub-
lithospheric components. We refer the Wudalianchi rocks to a sub-lithospheric-lithospheric cluster of components
from the boundary between the lithosphere and sub-lithospheric convective mantle (Fig. 17). From the comparative
analysis of K20, other major oxides, and trace elements in rocks of early and late eruption phases in the Central group
of volcanoes, we infer that rocks were compositionally almost similar to the background ones in edifices of the first
volcano (Wohushan), partially close to the background rocks and partly differed from them in edifices of the second
and third volcanoes (Bijiashan, Laoheishan), and significantly different from the background rocks in the cone of the
fourth volcano (Huoshaoshan) (Figs 18, 19). We suggest that magma generation under the Wudalianchi volcanic field
was controlled by developing transtension of a layer at the base of the lithosphere that divided and shielded sources
of the underlying homogeneous sub-lithospheric convective mantle and the overlying enriched heterogeneous litho-
sphere. The sub-lithospheric magma source had 87Sr/86Sr=0.7052, sources of the boundary shielding layer the same
and lower Sr-isotopic ratios, and sources of the overlying region the same and higher ratios (Fig. 20). Through the
extremely low row of data points for rocks from the Huoshaoshan volcanic cone in 87Sr/86Sr vs. 87Rb/86Sr plot, we get
an estimate of about 98 Ma for the isotopic system closure at the base of the lithosphere with the initial 87Sr/86Sr apa-
tite-related value 0.70485 and the underlying convective mantle domain with Rb/Sr=0.092 (Fig. 21). We infer that the
development of transtension governed time and space of the locally introduced convective mantle component
through the boundary shielding layer on background of melting enriched mantle material above the latter (Fig. 22).
The 2.5-2.0 Ma local eruptions of sub-lithospheric liquids, derived from the axial part of the north-south zone of
transtension, were followed by the 1.3-0.8 Ma background melts from a wider transtensional segment of the enriched
lithospheric region. Afterwards, in the past 0.6 Ma, background melting of the enriched lithosphere sharply outlined
edge portions of the transtensional segment, whereas simultaneous local sub-lithospheric melting propagated along a
crack that originated within the boundary shielding layer due to concentrating tectonic forces at the central portion of
the transtensional segment.

Key words: Potassic rocks; trace elements; Sr isotopes; transtension; asthenosphere; lithosphere; Wudalianchi;
Northeast China
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AHHoTanusa: BeegeHnue. TpaHCcTeHCHs NpPeACTaBAsAeT COO0N CUCTEMY HAaNpPSXKeHUH, BbI3bIBAIOLIYI0 KOCOE pacTsikKe-
HUe JuToCchephl — coueTaHUE ee PACTsHKeHUs U cfBUra. CUHBYJIKaHU4YeCKHe TPaHCTeHCHOHHbIe JedopMaliy JUTO-
ceprl MOTYT 06eCIeYUTh iBa BO3MOXKHBIX CLieHapHUs KOHTPOJISI MarMaTH4YecKHUX npoueccoB. OAUH U3 HUX NpeAIo-
JlaraeT BOCXOJslive MoAJUTochepHble paciaBbl, 0603HaYawIlMe MPOHUILaeMble YYaCTKH JUTOChephbl B 06/1aCTH
TPAHCTEHCUHM 6e3 IUIaBJeHUs JUuTochepHOro MaTepuana. [IpoAyKTEl BYJKaHUYECKUX U3BEPXKEHUH B TaKoW 30He
npeJcTaBeHbl TOJbKO MOAJIUTOCGEPHBIM MAaHTUHHBIM MaTepHasoM. KOMIIOHEHTB! MarMaTUYeCKUX paclJlaBOB He
O0OHApPY>KMBAIOT HHUKAKOW CBA3M C TPAHCTEHCHOHHOH CTPYKTypo# sinTocdepsl. [lpyroi cueHapuil BbIpaxkaeTcs B
HeINoCpeJCTBEHHOM KOHTpOJIe IJIaBJeHUsl JUTOCPEepPHBIX UCTOYHUKOB B 3BOJIIOLMOHUPYIOLIEH TpaHCTEHCHOHHOU
CTpPYyKType. B aTOM c/lydyae npocTpaHCTBeHHO-BpeMeHHasl CMeHa JIMTOCPepHBIX U MOAJIUTOCHEPHBIX KOMIIOHEHTOB
CJIy>KUT NPSIMBIM IPU3HAKOM 3BOJIIOLMOHUPYIOLIEH TPAaHCTEHCHUOHHOM 30HbL. B HacTosllell cTaTbe Mbl NPUBOAUM
apryMeHThbl B [10/1b3y TPAaHCTEHCUOHHOM NPpUPOABI TUTOCHepHON pacnjaBHON aHOMAIMU ByJIKaHUYeCKOH 30HbI Y a-
JITHbYY Ha OCHOBe MCCJIeJOBAHUM KOMIIOHEHTOB ByJIKAHUYECKUX NOPOJ, OAHOMMEHHOT0 MOJIs1.

Ana/mmTnyeckue Metoabl. CojepkaHUsI MUKpPO3JIEMEHTOB onpegeseHbl MeToAoM ICP-MS Ha Macc-cnekTpo-
MeTpe Agilent 7500ce, a OTHOLIEHHS U30TONOB — Ha Macc-ciekTpoMeTpe Finnigan MAT 262. cnosib30BaHHbIE METO-
JIMKY 0XapaKTepU30BaHbl B pe/liecTBYOWMNX paboTax [Rasskazov et al, 2011; Yasnygina et al, 2015]. lleTporeHHbIe
OKCH/ibl OTIpe/iesIeHbl METOAO0M «KMOKPOH XUMHUU».

CTPYKTYpHOE NOoJI0KeHHe 30HbI Y Ja/ITHbYU. 30Ha MPOCTUPAETCs Cy6MepUIMOHAIbHO 6osiee yeM Ha 230 KM Ha
CeBEpPHOM 3aMblKaHUU G6acceiiHa CyHJI1510, 06pa30oBaBLIerocs B [I03/JHEM Me3030€ - paHHeM KalHo30e (puc. 1).

Bospact u coaepxkanua K:0 B mopoaax 30Hbl YAaasAHbYHM. [lopofbl 30HBI YAa/lfHBYM, JAaTUPOBaHHbIE
IJIMOLLeHOM M KBapTepoM, XapaKTepU3YyIOTCA Moc/JefoBaTe/lbHbIM YBeJIUYeHHeM HHTepBala cofepxaHuil K20 oT
Haubosiee roxkHOro noJsisg Epkeman (5.6-5.8 mac. %) k HaubGosiee ceBepHOMy noJito Csorynuxe (2.0-9.5 mac. %)
(puc. 2).

IIpocTpaHCTBEHHO-BpEeMEeHHOe IrPyNnnUpoBaHye BYJIKaHOB N0Jid Y Aa/JdAHbYU. [Io TpocTpaHCTBEHHO-BpEMeH-
HOMY pacnpejieJIeHHI0 U COCTaBY NMPOJYKTOB U3BEPKEHUH MbI PasjiMyaeM ByJKaHW4YeCKHe WHTepBasbl 2.5-2.0 MJIH
JeT Hazag, 1.3-0.8 muH JsieT Ha3ag u nociaennue 0.6 MJH JeT. B IMHUHK YeTblpeXx By/JKaHOB LleHTpasbHON IpyIIIbI
MMeJla MeCTO eJJMHasl BO3pacTHas MOC/eL0BaTeJbHOCTh U3BepKeHnH: YoxymaH (1.33-0.42 muH sieT Hasapg), bug-
3uamad (0.45-0.28 muH seT Ha3apx), Jlaoxeiman (1720-1721 rr., Bo3MoXxHO, 60jiee paHHHEe U3BepKeHUs1) U Xyo-
maomad (1721 r.) (puc. 3-5). OTcyTCTBHe NPOCTPaHCTBEHHO-BPEMEHHOH PeTy/IIpHOCTU M3BepXKEHUH BYJIKAHOB Ha
nosie Epkeman u B 3anafHod ¥ BocToyHOH rpynnax ByJIKQaHOB 10JIs1 YAa/IsIHbYM OTPaXkao GOHOBYIO aKTUBHOCTb. B
¢$oHOBBIX MOpoAax onpejesieH guana3oH KoHeHTpauui K20 4.8-6.0 mac. % ¢ OTHOCHUTE/ILHBIM CHIDKEHUEM COJiep-
»KaHUH 3TOT0 OKCH/JA B MOPOJAAxX HayajJa M KOHIA BYJKaHUYECKOH 3BOJIOLMU. B Haya/bHBIX JIaBOBBIX IOTOKAX, U3-
JIUBIIMXCS B cCybMepUiMoHaJbHOHU noJsioce JlaomaHToy - [lpeBHuii 'enamomad B uHTepBase 2.5-2.0 MJIH J1eT Ha3af,
cogepxanus K20 cocraBasan 3.9-5.2 mMac. %, Ha $UHAJIBHOM KOHyce ByJIKaHa XyollaollaH, 06pa3oBaBIlIeMCsl B
1721 r., - cHwxanuck a0 3.2 Mac. %. PoHoBast aKTUBHOCTb MPOSIBUJIACH HA ByJiKaHe H)kHBIH ['estalfoliaH U ByJIKaHAX
Cy6IIMpPOTHOH MoJ10ckl JInaHxyamaH, Maowmoaninan, 3anaublii 3aoe6yman, 3anafubiii JJOHrMeHIIaH BO BpeMeH-
HOM uHTepBajie 1.3-0.8 MJH JyieT HasaA. B nocaegHue 0.6 MJIH JieT U3BEPTaiMCh BYJIKaHbl TpeX rpymnim: 3amnajHoi
(CeBepHblit Tesnantomian, Jlnanxyamas, /Isuanian-/3uamiansu), LlenTpanbHoit (YoxywaH, buasuaman, Jlaoxei-
waH, Xyowaouan) u Bocrounoit (Yaitan, Boctounbiii /[3some6yiaH, CsorouaH, 3anagHbld U BocTouHblit JIOHT-
MeHIIaH, Mosabyman). B 3anagHoi#t 1 BocTouyHo# rpynnax ¢oHoBasi akTUBHOCTb IIPOJ0JXKajlach, B TO BpeMsl Kak B
LleHTpa/sbHOM rpyMNIe aKTUBHOCTb BYJIKAHOB NOC/eA0BaTe/AbHO CMellalach C Ioro-3amnaja Ha ceBepo-BocTok. Takas
ynopsiioueHHas ByJIKaHUYeCKasi 3BOJIIOLMSA CONMPOBOXKalach OTHOCUTEIbHBIM CHIKeHHeM cofepxkaHuit K20 B mpo-
JyKTax GUHAJbHBIX U3BEPKEHUH By/IKaHA XyOIIaoUIaH.
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Onpo6GoBaHMe. [IpescTaBUTENbHOE ONPOGOBaHUE NMOPOJ, BYJKAaHOB B JIMHUM YoXyllaH-XyoOLIaollaH NMpPOBOJU-
JIOCh C LIeJIbI0 BbISIBJIEHUS] MEHAIOIMXCS FeOXMMUYEeCKUX XapaKTePUCTHK B X0/le U3BePXKEHUH Ha KaXK/[OM ByJIKaHe U
OT BYJIKaHa K ByJIKaHy (puc. 3, 6, 7). [l conocTaBJieHUH HCI0JIb30BaHbl JaHHbIE 110 COCTABY OPO/, BYJIKAHOB GOHO-
BbIX U3Bep)KeHHUH.

OKcuAbl KpeMHe3eMa U 1ieo4ei. Ha kiaccudrKauMoOHHOM AuarpaMMe 1eJIouH - KpeMHe3eM (puc. 8) durypa-
TUBHBIE TOUKH NOPOJ GOHOBBIX U3BEP)KEHUH CKOHLIEHTPHUPOBaHbI BJI0JIb Pa3/leJIMTEJbHON JIMHUU CEpUH BbICOKOH U
yMepEeHHOM I11eJIOYHOCTH NPEUMYILeCTBEHHO B NOJIAX TeGPUPOHOJUTOB U TPAXUaH/E3UTOB, B MEHbILIEH CTENEHH — B
nosie poHoTedppuTa. POHOBEIE MOPOALI OAHMX ByJIKaHOB (HampuMep, MaouoaHman u Yaiian) UMeOT BICOKOIIe-
JIOUHOU (POHOTEPPUTOBLIA U TePPUPOHOJUTOBBIN) cocTaB, GOHOBbIEe MOPOAbI APYrUX BYJKaHOB (JIOHrMeHIIaH,
J3si0e6y1an u ip.) - yMepeHHO 1eJIOUHOH (TpaxruaHzae3nToBbIi). Cymma mesodeit Na20+K20 B dpoHOBBIX mopoaax
HaxoAuTcs B uHTepBase 8.6-9.7 mac. %, SiO2 - B unTepBase 51.6-55.0 mac. %. PoHoTedpuTe! noss Epkeman como-
CTaBUMBbI C QOHOBBIMM NIOPOJAMH M0JIA Y AQ/ISHBYH.

durypaTuBHbIe TOYKH NopoJ LleHTpasbHOM IPYIIbl ByJIKAHOB TaKXe paclpefesoTcs BAOJIb Pa3feuTebHON
JINHUH CepUI BBICOKOW M YMEePeHHOM ILeJIOYHOCTH JAMarpaMMBbl LeJI04M — KpeMHe3eM, IPeUMyIeCTBEHHO B MOJIAX
doHOTEDPHUTOB M TpaxuaHZAe316a3anbTOB. [loyTH Bce 06pa3iipl nepBoro ByJikaHa (YoxyuiaH) HaxoAsaTcs B ¢urypa-
THUBHOM T0Jie $OHOBEBIX IopoJ. CocTaBel OPOJ BTOPOro U TpeThero By/akaHoB (Bujsuaman u JlaoxeHuiaH) MeHs-
JIMCh B X0O/le U3BepKEHUH KaXKJO0r0 U3 HUX OT 6JIM3KUX K GOHOBBIM JI0 OTJIMYABIINXCS OT ¢oHOBBIX. Ha BysikaHe Bupa-
3MallaH NPOAYKTHI BYJKaHUYECKUX H3BepKEHUH ObUIM NpeACTaBJeHbl TpaxHaHAe3UTaMU nepudepuu IHUTOBOU
MOCTPOHKH U TpaxuaHZe3ubasasbTaMU-POHOTePPUTAMU BYJKAaHHYECKOT0 KOHyca. TpaxuaHZe3uThbl ObLIM COIO-
CTaBUMBI ¢ GOHOBBIMU NTOPOJAMH, TPaxHaHAe31u6a3a1bThI-GOHOTeDPHUTHI 3aMETHO OT/IMYAINCh OT HUX. Ha BysikaHe
JlaoxellaH BbIJEJUJIOCH TPU TpyIIbl mopoA: 1) TpaxuaHAe3ubas3anbTbi-PoHOTePpUTHI, 2) TpaxHaHAE3UTHl U
3) doHoTedpuTsl. [lopoar! nepBoii rpymnIbl NpeACTaBIEHbl B TMPOKJIACTUYECKOM MaTepHaJse Mo3JHero ByJKaHHYe-
CKOT0 KOHyCa U B JIaBOBBIX IOTOKAaxX CeBEPHON GOKKH, OPOJbl BTOPOM IPYIIIbl — B MUPOK/JIACTUYECKOM MaTepHasle
3anaZHOM KpOMKHU N03/HEr0 KpaTepa, NopoAbl TpeTbel rpynnsl — B 60Mb6ax ero oro-sanafgHoid kpoMku. [Io cooTHo-
menusM Naz0, K20 u SiO2 nopojb! neprdepryecKUx JaBOBbIX LeiidpoB ByiKkaHOB Bujsuaian, JlaoxeimaH u Xyo-
HIa0oUIaH COMOCTABUMBI € IPOAYKTaMU GOHOBBIX H3BepKeHHUH. ColepKaHUs 3TUX OKCH/0B, OT/IMYalolHecs OT POHO-
BbIX, CBOHCTBEHHBI 10POJaM JIMHUU BYJIKAHUYECKUX KOHYCOB, B KOTOPBIX NMPOSIBUJICS NIepPeX0] OT COCTAaBOB MOPOJ,
ByJIKaHa YoxyllaH, 6JIM3KUX K GOHOBBIM, Yepe3 NMPOMeXyTOUHble COCTaBbl OPO/J, ByJKaHOB buasuaman u Jlaoxei-
1maH K GUHANbHBIM COCTaBaM NOPO/, BYJIKaHUYECKOT0 KOHyca XyolaoluaH (puc. 9).

Jpyrue merporeHHnle OKcHAbL. CMeHa COCTaBOB MOPOJA BJOJb JUHUM lleHTpasbHOM Tpynnbl BYyJKAaHOB OT
6/1M3KUX K GOHOBBLIM B NepBOM MOCTpoiike (YoxylllaH) yepe3 KOHTPAcTHbIe B NOCTpoiikax bujasuaman u Jlaoxeiian
K 3aMeTHO OT/IMYanLuMca OT GOHOBBIX Ha KOHyce ByJKaHa XyollaollaH JONOJHUTEJbHO WIJIOCTPUPYeTCcs Aua-
rpammamu Si02-MgO, Al203-Mg0O, Ca0-MgO u P20s5-MgO (puc. 10, 11).

MukpoajieMeHTBI. /[yl TOpo/| Pa3HbIX BYJIKAHOB He OTMEYEHO 3aMeTHBIX Pa3JIMYUi B 3J1eMEHTHBIX CIEeKTpax,
HOPMHUPOBAHHBbIX K NPUMUTUBHON MaHTHU (puc. 13). Oco6ble Bapual Uy NOPOJA ByJKaHOB LleHTpasbHOHN Ipynmbl,
6/IM3KUX K GOHOBBIM U OTJIMYAKIINXCA OT HUX, IOAUYEPKHYThHI, TEM He MeHee, Ha AuarpamMmmax Rb-MgO, Zr-MgO, Ba-
MgO, Th-MgO, Sr-MgO u La/Yb-MgO (puc. 12, 14-15). CxojHOe noBeJieHre 06HAPYKEHO, C OAHOM CTOPOHBDL, A5 Rb
U Zr, ¢ Apyroi cropoHsl — ajs Ba, Th, Sr u La/Yb. B coctaBax nopo/; By;sikaHOB LleHTpasibHOHM I'pyIIbI, 6JU3KUX K Po-
HOBBIM, Ha6JII0/]a/10Ch 110CJe[0BaTe/IbHOE NOBbIIIEHHEe KOHIleHTpauuid Rb ot nepBoro ByskaHa JMHUU (YoxyliaH)
yepe3 BTOpoH BysKaH (buzasuaman) k TpeTbeMy ByskaHy (JlaoxeiaH). B moposax, oT/IMYaOIUXCS OT GOHOBBIX,
BbISIBJIEHBI 00OLIMe NOBbILIEHHbIE KOHIIEHTPAaLMKU Rb oT BTOpOro o 4eTBepTOro ByJIKaHA JIMHUHM U OTHOCUTEJIbHOE
CHIDKEHUE KOHLIEHTPALUH 3TOro 3jeMeHTa B GUHAIBHOM NMOCTpOMKe YeTBepTOro ByJKaHA. B mopojax, 6JM3KHX K
($OHOBBIM, KOHIIEHTPALMU ZI' CHHXKAIOTCS OT NMePBOT0 BYJIKAHA KO BTOPOMY, a K TPETbeMy — BO3pacTaoT. B nopozax,
OT/IMYAIIMXCA OT GOHOBBIX, CPABHUTEbHO HU3KHE KOHLEHTPALMU ZI 1epBOT0 BYJIKAHA CMEHAIOTCS NOBbILIEHHbI-
MU KOHLEHTPaLUsIMU TPeTbero U 4eTBepTOro BYJKAaHOB C JaJbHEHIIMM OTHOCHUTENbHBIM CHWXX€HHeM KOHIleHTpa-
LIUH 3TOTO 371eMeHTa B QUHAIBHOHN NOCTPOHKe 4eTBEPTOrO BYJIKAHA.

06cyxaeHnue. [logmurochepHblii KOMIOHEHTHBIH KOHTHHYYM B BOoCTOUHOM A3HHU COAEPKUT MaTepHas U3 JoMe-
Ha KOHBEKTUPYIOILEN 06J1aCTH MAaHTHUH C Cy6AyLIUPOBAHHBIMU CJI360BBIMH (Ma/1€0Ca360BbIMU) GparMeHTaMu oKea-
HUYeCKOH (Iasle00KeaHUYeCKOM) KOphl, a TAKKe JleJJAMUHUPOBAHHBIX JIMTOCHEPHBIX 6JI0KOB OPOTreHOB. Bysikanuye-
CKHe NopoJbl N0J1A YAQISAHBYU COZepKaT NOJAJIUTOCPEPHbIA KOHEUHbIH KOMIIOHEHT, KOTOPbIA NPUHAAJIEXHUT K 3TO-
My KOHTHHYyMy. JluTocdepHble KOMIOHEHTBI 3THX IIOPOJ, OJHAKO, He UMEIT HMKAKOro OTHOIIEHHS K JAPYruM
nojauTochepHbIM KOMIOHeHTaM. [lopoJibl YAa/NAHPYM OTHOCATCA K NMOAJUTOCHEPHO-TUTOCPEPHOMY KOMIIOHEHT-
HOMY KJIacTepy, XapaKTepH3yIolleMy IPaHULy MeXJy JUTochepol U NoAIUTOCPepHON KOHBEKTUPYIOLIeH MaHTHel
(puc. 17). U3 aHanusa cogepxkanuit K20, [pyrux neTporeHHbIX OKCHAOB U MUKPO3/JEMEHTOB B MOPOJAAX PAHHUX U
no3aHux ¢as usBepkeHUM LleHTpasbHON IPyNNbl BYJIKAHOB C/eJyeT, YTO COCTaBbI IOCTPOEK MepBoro BysakaHa (Yo-
XyllaH) NOYTH He OTJIHUYaJIUCh OT GOHOBBIX, BTOPOr0 M TpeTbero BysakaHoB (buasuaman u Jlaoxeiman) 6bpl1d 4a-
CTHUYHO GJIM3KH K QOHOBBIM M YAaCTUYHO OTJIMYAJIMCh OT HUX, @ YUeTBepToro (Xyolaouiad) CyleCTBEHHO OT/IMYa/IMCh
oT ¢oHOBBIX (puc. 18, 19). [IpeanosiaraeTcs, 4TO reHepalys MarMm MoJ BYJKaHHYECKHUM IojieM YJaJssHbYH KOHTPO-
JINPOBAJIach Pa3BUTHEM TPAHCTEHCUU B TPAHUYHOM CJIO€ OCHOBAaHUSA JUTOCPEPHI, pa3/ie/aBLIEM U IKPaHUPOBaBLIEM
HWCTOYHUKU MOACTUJIAKILEH rOMOTeHHOHN NoJJIUTOCPEePHON KOHBEKTUPYIOLIEH MAaHTHH U NepeKpPhIBAKIEN reTepo-
reHHOU oborauieHHoU uTochepsl. [loaauTochepHbI UCTOYHUK MarM o6J1a7ja oTHoueHueM 87Sr/86Sr=0.7052, uc-
TOYHHKH 3KPAHUPYIOLIETO €051 — TAKUM e U 60Jiee HU3KUMHU OTHOLIEHHUSMH, HCTOYHUKH BbllIesiexallel sutocoe-
pBI - TAKUMH Ke U 6oJiee BBICOKUMH oTHoueHUAMH (puc. 20). [lo npesesbHO HU3KOMY psifly GUTYPATUBHBIX TOYEK
MOpoJ BYJIKAHUYECKOr0 KOHyca XyollaollaH Ha Auarpamme 87Sr/86Sr-87Rb/86Sr mosiyyeHa olleHKa 3aKpbITUSL U30-
TOMHOM CHUCTeMBbI B NOAOLIBe JUTOCHEPHI 0KOJIO 98 MJIH JIeT ¢ HayaabHbIM 87Sr/86Sr 3HaueHueM 0.70485 B anaTuT-
coJleprKallleM UCTOYHUKE U MOJCTUAILIEM J0MeHe KOHBEKTUpYtoleld MaHTUU ¢ Rb/Sr=0.092 (puc. 21). PazBuTtue
TPAHCTEHCUU OMpeJie/isiio BpeMsl U MeCTO JIOKaJIbHOTO INOCTYIJIeHUs] KOMIIOHEHTa KOHBEKTUPYIOIed MaHTHUU U3-
MO/, FPAaHUYHOTO0 3KpaHUpPYIOLero c1osl Ha GpoHe MJaBjJeHUs 060rallleHHOro MaTepyasaa Haj HUM (puc. 22). Jloka/b-
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Hble U3BEPXKEHUS MOJUTOCHEPHBIX BBIIIJIABOK U3 0CEBOH YaCTH Cy6MepHUIHOHAIbHONW MarucTpajbHOH 30HbI TPaH-
CTeHCUU UHTepBasa 2.5-2.0 MJIH JIeT Ha3aJ, CMeHWIUCh B nHTepBasie 1.3-0.8 MJIH JieT Ha3aJ H3BepKeHUsIMH POHO-
BbIX BBIIJIABOK U3 G0Jiee MHUPOKOro TPAHCTEHCHOHHOI'O CerMeHTa o6oraleHHOH obJiacTu iutocdepsl. B nocieanue
0.6 MJiH JieT POHOBBIE BBINJIABKU U3 060TrallleHHOH JuTochephl pe3dye 0603HAUYMUIM KpPaeBble YaCTH TPAHCTEHCHOH-
HOT'O CErMEHT3, a JIOKaJIbHbIe NOAJNTOCepHbIe BbINJIABKH PACNpPOCTPAaHUJIUCh B/I0JIb Pa3pbiBa, 06pa30BaBLIEToCs B
rPAaHUYHOM 3KPAHUPYIOLIEM CJIOe IPHU KOHIEHTPALUHU TeKTOHUYECKUX YCH/IMH B LleHTPaJbHOM 4acTH TPaHCTEHCH-

OHHOTI'0O CerMeHTa.

KirodyeBble ci0Ba: KasileBble mopoAbl; MUKPO3JIEMEHTbI; U30TOIIbI Sr; TPAaHCTEHCU; aCTeHoccbepa; JmTocd)epa;

Y pansaubuy; CeBepo-BocTouyHblit Kutait

1. INTRODUCTION

Transtension is a system of stresses that tends to
cause oblique extension, i.e.,, combined extension and
strike slip [Neuendorf et al, 2011]. Syn-volcanic trans-
tensional deformations of the lithosphere may provide
two possible scenarios for control of magmatic pro-
cesses. One scenario assumes ascending sub-lithosphe-
ric melts that penetrate through the lithosphere in a
transtension area without melting the lithospheric ma-
terial. Products of volcanic eruptions in such a zone
show only the sub-lithospheric mantle material. Com-
ponents of magmatic liquids do not reveal any connec-
tion to a lithospheric structure. This was the case for
16-13 Ma volcanic eruptions in the Vitim Plateau [Chu-
vashova et al, 2016]. Another scenario yields a direct
control of melting in lithospheric sources in an evolving
transtensional structure. In this case, spatial-temporal
changes of lithospheric and sub-lithospheric compo-
nents are a direct indication of the evolving transten-
sional zone.

In East Asia, lateral motions are well recognized
along north-south faults (e.g., Tan-lu, Tsushima, Central
Sikhote-Alin). Right- and left-lateral displacements in
some of these faults, however, are controversial [Jolivet
et al, 1994; Gilder et al, 1999; Zhang et al,, 2003; Utkin,
2013]. It is not clear whether these faults affected the
lithospheric magma sources. In this paper, we present
arguments in favor of transtensional origin of the litho-
sphere-derived melting anomaly along the Wudalianchi
volcanic zone that extends north-south for 230 km at
the northern circuit of the Songliao basin, central Hei-
longjiang Province, Northeast China. The Wudalianchi
volcanic zone is exhibited by rocks of potassic series
distributed along a chain of volcanic fields (from south
to north): Erkeshan - Wudalianchi - Keluo - Xiaogu-
lihe-Menlu [Wang, Chen, 2005; Zhao et al.,, 2014]. Three
volcanic fields (Wudalianchi, Erkeshan, and Keluo)
were described also as the WEK zone [Zhang et al,
1991, 1995].

The potassic rocks were examined together with
Cenozoic potassic-sodic basalts from the whole East

China within a common continuum of mantle sources
as the end-member with enriched Sr and Nd isotopic
signatures (87Sr/86Sr>0.7055, 143Nd/144Nd<0.5123) and
low Pb isotopic ratios (20¢Pb/204Pb<16.55, 208Ph /204Pb~
~36.5) [Zou et al, 2000]. From such a taxonomy of
sources, the most enriched Wudalianchi-type compo-
nent was assumed to occur in the mantle of any part of
East China or at least within the asthenospheric mantle
domain of the North China craton and Xing-Meng block
[Choi et al, 2006; Chen et al, 2007]. The common con-
tinuum of Cenozoic rocks was assumed also to exhibit
the direct generation of the erupted Wudalianchi li-
quids from the mantle transition zone [Kuritani et al,
2013]. This idea was based on the crystallization tem-
perature estimate for the nucleus of olivine pheno-
crysts from rocks of the Laoheishan and Huoshaoshan
volcanoes, which exceeded the temperature estimate
assuming a conductive heat transfer in the lithosphere.
Firstly detected essential geochemical differences
between potassic and potassic-sodic basalts from East
China [Zhang et al, 1995] have been confirmed in many
studies. Sources of potassic basalts were referred to
the enriched post-Archean sub-continental lithospheric
mantle, comparable to the global EM1 OIB component,
unlike sources of potassic-sodic basalts that were con-
sidered as derivatives from the depleted sub-lithosphe-
ric mantle, comparable with the depleted global DMM
OIB component [Zhang et al, 1995; Zou et al, 2003,
2008; Choi et al, 2006; Chen et al, 2007; Chu et al,
2013]. Significant discrepancies were found between
geochemical signatures of mantle xenoliths from potas-
sic-sodic basalts of China and their host lavas [Basu et
al, 1991]. On the contrary, geochemical characteristics
similar (although not identical) to those of host lavas
were defined in xenoliths of spinel peridotites from
potassic volcanic rocks [Zhang et al, 2000, 2011; Chu et
al, 2013]. In such a change of compositional relations
between mantle xenoliths and volcanic rocks, clear
specifics of lithospheric origin of the potassic rocks
from the Wudalianchi zone stood out, unlike sub-litho-
spheric nature of potassic-sodic basalts from other
areas. Potassic melts were considered to be generated
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from a phlogopite-bearing garnet peridotite source
[Zhang et al, 1995, 2000; Zou et al, 2003; Chuvashova et
al, 2009; Chu et al, 2013].

Rock compositions from the Laoheishan and Huo-
shaoshan volcanoes were subdivided to groups with
various SiO2, K;0, and other major oxide contents.
From mutually convergent trends of data points for
rocks from the Wudalianchi and Nuominhe volcanic
fields on a plot of initial 87Sr/86Sr versus 103/Sr, the
initial 87Sr/86Sr=0.7052 was accepted as a signature for
a common component, the origin of which was ex-
plained by the involvement in melting of a material
from the sub-lithospheric convective mantle. From cal-
culations of mixing models in coordinates of Sr and Pb
isotope ratios, sources for potassic liquids were re-
ferred to the lithosphere-asthenosphere boundary and
mostly to the sub-continental lithosphere [Chuvashova
etal, 2009; Rasskazov et al, 2011].

Rocks from the Wudalianchi zone remain geochemi-
cally poorly studied. Compositions of most volcanoes
have not been described yet or have been characte-
rized by one or two rock compositions. The controver-
sy over the issue of potassic volcanic rock sources re-
quires additional arguments based on detail sampling
of eruption products. To elaborate the idea of the spa-
tial-temporal evolution of magmatic processes at the
lithosphere-asthenosphere boundary and connect the-
se processes with tectonic features of the study area,
we present and discuss the data on the Wohushan-
Huoshaoshan volcanic line that has the key significance
for understanding the structure of a source region for
volcanic rocks of the Wudalianchi field.

2. ANALYTICAL METHODS

Analytical studies of rock samples were performed
in the Laboratory for Isotopic and Geochronological
Studies of the Institute of the Earth’s Crust SB RAS.
Trace elements were determined by ICP-MS technique
using a mass-spectrometer Agilent 7500ce and iso-
topes using a mass-spectrometer Finnigan MAT 262.
The methods used were described in the previous pa-
pers by Rasskazov et al. [2011] and Yasnygina et al
[2015]. Major oxides were measured by “wet chemist-

ry”.

3. STRUCTURAL SETTING OF THE WUDALIANCHI ZONE

Terranes of the study area were initially assembled
during the Early Paleozoic and accreted to the North
China craton by the Xilamulun River-Yanji Suture Zone
at the end of the Permian [Wang et al, 2016]. In the
eastern part of the Central Asian Orogenic Belt, Middle
Phanerozoic oceanic crust subducted to the south un-

der the North China craton and to the north under the
Erguno-Hinggan block. The Sonidzuogqi-Xilinhot mag-
matic arc was active at about 320 and 280 Ma, as it was
inferred in the study of zircons from sandstones of the
southern, central, and northern Greater Hinggan. This
arc included the Zhengdashan pluton, located to the
south-east of Nenjiang city. The Nenjiang-Balihan left-
lateral strike slip fault bounded the western side of the
Songliao basin that was subsided in the Late Mesozoic -
Early Cenozoic [Han et al, 2012a, 2012b; Wang et al,
2016] (Fig. 1, b). This displacement might result in
stretching crust of the Songliao basin limited by the
area of the northern end of the Wudalianchi zone.

According to Wang et al. [2007], the Songliao basin
includes the lower unit, characterized by a fault-
bounded 130-110 Ma sequence of intercalated volca-
nic, pyroclastic and epiclastic rocks (geochemically ac-
tive continental margin type) and the upper unit domi-
nated by non-marine sag-style sedimentary sequence
of siliciclastics and minor carbonates. In the recent
study by Wang et al. [2016], it was suggested that the
Aptian and pre-Aptian retroarc evolution was followed
by the Albian to Companian strike-slip motions under
transtension and afterwards (since the Maastrichtian)
by inverse development under compression. The three
tectonic cycles are referred to the syn-rift (150-105
Ma), post-rift (105.0-79.1 Ma), and structural inversion
(79.1-64.0 Ma) stages. Volcanism was characteristic of
the syn-rift and post-rift stages.

Volcanic fields of the Wudalianchi zone are control-
led by the Xiaogulihe-Wudalianchi fault - one of the
structural elements at the northern circuit of the Song-
liao basin [Wang, Chen, 2005] (Fig. 1). Potassic volca-
nism is limited to the north by the Greater Hinggan
Frontal and Nenjiang faults and to the south by the
Central Fault of the Songliao basin. The Keluo and Xiao-
gulihe-Menlu volcanic fields are separated from each
other by the Erenhot-Hegenshan suture. The Keluo,
Wudalianchi, and Erkeshan volcanic fields correspond
to structural elements, characterized by local thinning
of the crust to 33.5 km, and occupy the southeastern
flank of the Nenjiang-Balihan fault with the thinned
crust (Fig. 1, a), whereas the Nuominhe field reside in
its northwestern flank with the thickened crust. The
transition from the Songliao basin to the Greater Hing-
gan corresponds to the Marginal Gravity Step that ex-
tends along the entire eastern margin of Asia with
stagnating slabs beneath [van der Hilst et al, 1991; Fu-
kao et al, 1992, 2001; Bijwaard et al.,, 1998; Zhao, 2009].
In East Asia, the crust and lithospheric mantle is con-
siderably thinner than in Inner Asia. Under the central
part of the Songliao basin, the lithosphere is as thin as
80 km, getting thicker towards its northern part [Zhang
etal, 1995].

It is noteworthy also that potassic rocks are located
almost in front of the currently active directly-sub-
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Fig. 1. Location of the Wudalianchi volcanic zone relative to (a) crustal structural elements of the Late Mesozoic - Early Ce-
nozoic Songliao basin, (b) the Nenjiang-Balihan strike-slip fault (NBF) bounded the Songliao basin in the west, and (c) the
currently subducted Pacific slab.

In (a), the Wudalianchi volcanic zone corresponds to the Xiaogulihe-Wudalianchi fault (X-WFZ), stretching from the Greater Hinggan
Frontal fault (GHFF) and Nenjiang fault (NF) to the Central Fault of the Songliao Basin (CFSB). Scheme (b) shows the Erenhot-Hegenshan
Suture Belt (EHSB) and Sonidzuoqi-Xilinhot Magmatic Arc (SXMA). In (c), contour lines of the depths in increments of 50 km to the top of
seismically active subducting Pacific slab [Gudmundsson, Sambridge, 1998] show the Hokkaido-Amur slab flexure [Rasskazov, Chuvashova,
2016] and the Marginal Gravitational Step of East Asia [Romanovsky, 1999; Li et al, 2006]. (a) and (b) are modified after [Wang, Chen,
2005] and [Han et al, 2012a, 2012b], respectively.

Puc. 1. PacnosioxkeHue ByJIKaHUYECKOW 30HbBI Y JITHbYU OTHOCUTEJBHO (a) CTPYKTYPHBIX 3JIEMEHTOB KOPbI M03/IHEME30-
30MCKO-paHHeKalHo30McKkoro 6acceiiHa CyHJisio, (b) caBuroBoro passioma Hanbuzsn-banuxan (NBF - Nenjiang-Balihan),
orpaHHYMBaIOLIEro c 3anaja 6acceits CyHJs0 U (c) HbIHe cy6Aynupyomero THX00KeaHCKOTro ¢136a.

Ha cxeme (a) ByJikaHH4YeCKast 30Ha YAa/NssHbYU COOTBETCTBYET pa3JiIoMHO# 30He Csoryuxe-Yaansubun (X-WFZ), npoTsiruBaroueicsi ot
®ponTanbHoro passnoma bosbmoro Xunrana (DMFF) u pasnoma Haubngsas (NF) go LenTpanbsHoro pasioma 6acceiiHa Cyniasio (CFSB).
Ha cxeme (b) mokasaHbl: mwoBHbIN nosic IpenxoT-XereHmaH (EHSB - Erenhot-Hegenshan Suture Belt) u marmatuyeckas ayra CoHuf-
3yoku-CunnHxoT (SXMA - Sonidzuogqi-Xilinhot Magmatic Arc). Ha cxeMe (¢) mo U30JMHUAM TJIyOUH € maroM 50 KM KpOBJIM CyOAyLUpY-
fomero TuxookeaHckoro cia6a [Gudmundsson, Sambridge, 1998] noka3ansl Xokkaigo-AMypckas ca36oBast ¢siekcypa [Rasskazov, Chuva-
shova, 2016] v kpaeBast rTpaBUTaLMOHHas cTyneHb BocTouHol Asuu [Romanovsky, 1999; Li et al, 2006]. Cxemsl (a) u (b) npuBeJeHsl, co-
OTBETCTBEHHO, 10 pabortam [Wang, Chen, 2005] u [Han et al., 2012a, 2012b] c ©U3MEHEHUSIMHU.

ducted Hokkaido-Amur flexure of the Pacific slab
(Fig. 1, c¢). Under the Wudalianchi area, the Heilon-
gjiang S-wave low-velocity anomaly was defined in
tomographic models of Yanovskaya and Kozhevnikov
[2003] and Wei et al. [2012] at depth of about 100 km.

4. TIMING OF VOLCANISM AND VARIATIONS OF K;0
CONTENTS IN ROCKS FROM THE WUDALIANCHI ZONE

Volcanism of the Wudalianchi zone was concentra-
ted mainly in the Keluo and Wudalianchi fields. In the

former, eruptions occurred since 4.6 Ma, in the latter
since 2.5 Ma. The older ages of rocks from Keluo [Zhang
et al, 1991, 1995] were not confirmed [Zhao et al,
2014; unpublished data of the authors]. On the small
Erkeshan field, located at the southern end of the zone,
volcanic eruptions of three cones (two twin volcanoes)
occurred in the time interval from 0.56 to 0.36 Ma
[Wang et al, 1996, Wang, Chen, 2005; Guide book...,
2010]. On the Xiaogulihe-Menlu field, situated at the
northern end of the zone, eruptions were referred to
the Holocene and compositions of volcanic rocks were
described as ultrapotassic [Wang, Chen, 2005]. Such
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rocks with K;0=8.7-9.5 wt % and K,0/Na,0=4.3-4.9
[Wee, 2002] were found in the northwestern part of the
Xiaogulihe-Menlu field, whereas rocks with K,0=1.96-
2.14 wt %, dated at 1.00-1.28 Ma, were located in its
southeastern part [Zhao et al, 2014]. In rocks from the
Wudalianchi zone, these K;0 contents are the lowest.

Histograms in Fig. 2 demonstrate a change of K,0
contents in rocks from a narrow range of 5.6-5.8 wt %
in the Erkeshan field to wider intervals in the Wuda-
lianchi and Keluo fields that show decreasing values to
3.2 wt %. In rocks from the Keluo field, this interval is
expanded also due to increasing K;0 to 7.0 wt %. In the
Xiaogulihe-Menlu field, the least and most potassic
rocks yield a total range from 2.0 to 9.5 wt % K30. In
this paper, we focus on causes of decreasing K,O con-
tents in rocks from the Wudalianchi volcanic field. Va-
riations of KO contents in the Keluo and Xiaogulihe-
Menlu rocks will be considered elsewhere.

Volcanic rocks from the Xunke field to the east of the
Wudalianchi zone are dated back to the Pliocene and
Quaternary [Liu et al, 2001; Zhao et al,, 2014].

5. SPATIAL-TEMPORAL CLUSTERING OF VOLCANOES
IN THE WUDALIANCHI FIELD

The main Wudalianchi field of 14 volcanoes [Zhang
et al, 1995; Wang et al, 1996; Guide book.., 2010] (Fig.
3) is supplemented to the west and southwest with
three small volcanic areas: (1) Lianhuashan edifices,
(2) Jianshan, Jianshanzi edifices, and (3) Laoshantou
lava flow [Zhao et al, 2014]. Most of the volcanoes have
lava pedestals, crowned by slag or slag-lava cones.
Diameters at the bases of such cones are 500-1200 m,
and heights range from 40 to170 m. As a rule, the cones
contain craters. The spatial distribution of the cones
was described in [Wang et al, 1996, Wang, Chen, 2005;
Guide book..., 2010; Zhao et al, 2014] with respect to
the northeastern or both northeastern and northwest-
ern volcanic lines.

Potassium-argon ages were obtained for both the
main Wudalianchi field and satellite volcanic areas.
Seven volcanic phases were defined [Wang et al, 1996;
Liu, Taniguchi, 2001; Liu et al, 2001; Wang, Chen, 2005;
Guide book..., 2010; Zhao et al, 2014]. Considering the
general Quaternary evolution of volcanism in Asia
[Rasskazov et al, 2012], spatial-temporal distribution
and compositional variations of volcanic products, we
distinguish three time intervals of the volcanic evolu-
tion: (1) 2.5-2.0 Ma, (2) 1.3-0.8 Ma, and (3) <0.6 Ma.

The lower limit of the initial eruptive interval was
constrained by the K-Ar age of 2.52+0.06 Ma for the
Laoshantou flow [Zhao et al, 2014], and the upper limit
was designated by the age of 2.076+0.054 Ma for the
0ld Gelagiushan flow [Wang et al, 1996]. In the 1.3-0.8
Ma interval, eruptions occurred in the Wohushan and

West Longmenshan volcanoes at about 1.3 Ma, in the
Yaoquanshan volcano at about 0.93 Ma, and in the
Lianhuashan, West Jiaodebushan, South Gelagiushan
volcanoes at about 0.8 Ma. Volcanoes of this interval
distributed along a west-eastern bend, with the excep-
tion of the South Gelagiushan volcano, activation of
which together with the Lianhuashan volcano marked
the northeastern line of eruptions. In the last 0.6 Ma,
three groups of volcanoes erupted: Western (North and
South Gelaqgiushan, Lianhuashan, Jianshan-Jianshanzi),
Central (Wohushan, Bijiashan, Laoheishan, Huoshao-
shan), and Eastern (Weishan, East Jiaodebushan, Xiao-
gushan, West and East Longmenshan, Molabushan). As
compared to the edifices of the 1.3-0.8 Ma interval,
those of the last 0.6 Ma shifted northeastwards in the
Eastern group and southwestwards in the Western
group (Fig. 4). The final eruptions took place in the
Central group on the Laoheishan and Huoshaoshan
volcanoes in 1720-1721 AD [Liu and Taniguchi, 2001],
in the Western group on the Jianshan volcano at about
0.12 Ma, and in the Eastern group on the East Long-
menshan and Xiaogushan volcanoes at about 0.19-0.17
Ma or 0.32 Ma [Zhao et al, 2014].

The Central group of volcanoes showed persistent
shift of eruptions from Wohushan (1.33-0.42 Ma) to
Bijiashan (0.45-0.28 Ma) to Laoheishan (1720-1721,
possibly earlier) to Huoshaoshan (1721). No spatial-
temporal regularity of eruptions in volcanoes of the
Erkeshan field and Western and Eastern groups of the
Wudalianchi field reflected background activity.

Fig. 5 illustrates a jumping character of volcanic
shift along the Wohushan-Huoshaoshan line. Activity
of the first (Wohushan) volcano ceased simultaneously
with the beginning activity of the second (Bijiashan)
volcano (within error of K-Ar dating). Further, erup-
tions at the second volcano stopped simultaneously
with transfer of activity to the third (Laoheishan) vol-
cano. Likewise, volcanic activity jumped from the third
to the fourth volcano (from Laoheishan to Huoshao-
shan) in 1720-1721.

6. SAMPLING

Representative sampling of rocks from the Wohu-
shan-Huoshaoshan volcanic line was aimed to identify
changing geochemical signatures along the whole vol-
canic line and in the course of eruptions in each volca-
no. For comparisons, the background volcanoes were
also sampled with a priority to the Yaoquanshan and
Weishan volcanoes, located in close proximity to the
Wohushan-Huoshaoshan line. Temporal inconsistency
of eruptions assumes that these two volcanoes belong
to the Eastern group.

Data on chemical compositions of rocks from the
Wudalianchi area have been published mostly with
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Fig. 2. Structural setting of the Pliocene-Quaternary volcanic fields with potassic, ultrapotassic, and potassic-sodic rocks be-
tween the Songliao and Amur-Zeya sedimentary basins.

Histograms (b-g) demonstrate variations of K20 contents in lavas from different volcanic fields (explanations in the text). The colors of
rock groups with different contents of potassium in the histograms match the coloring of the volcanic fields in the scheme (a). Volcanic
rocks of K series are located along the NS trending Wudalianchi zone and those of K-Na series along the WNW-ESE Nuominhe-Xunke
zone. Data sources: Zhang et al, 1995; Liu et al, 2001; Wang, Chen, 2005; Chuvashova et al, 2009; Rasskazov et al, 2011 and unpublished
data of the authors.

Puc. 2. CTpyKTypHOE I0JIOKEHHUE IIJIMOLIeH-4YeTBEPTHYHbBIX BYJIKAHUYECKUX MT0JIeH C KaJIMEeBBIMH, YIbTPaKaJUEBBIMU U Ka-
JINHATPOBBIMH NOPOIAMHU MEX/Y 0CaZloYHbIMU 6acceiiHaMu CyHJisi0 1 AMypo-3eHCcKUM.

'ncrorpamMmmsl (b-g) LeMOHCTPUPYIOT BapHaLuu cojepkaHui K20 B s1aBax M3 pasHbIX BYJIKAHUYECKHUX NoJied (06bsICHEHUS B TEKCTE).
[IBeTa rpynn nopoy, ¢ pa3HblM COJlep>KaHHeM Kaslus Ha FMCTOrpaMMax COOTBETCTBYIOT pacKpacKe BYJKaHWYECKHX IoJsiel Ha cxeMe (a).
ByJsikaHM4YecKHe Nopo/ibl KaJHeBOH CepUH PACIOJIOXKeHb! B10/Ib CYyOMepH/MOHAIbHON 30HbI Y AaNSHbYH, KAJUHATPOBOM CEpUU — BJIOJIb
30HbI HyoMuuxe-CloOHKe ¢ MPOCTUPAaHUEM 3ama/i-CeBepo-3amnaj — BOCTOK-IOr0-BOCTOK. MicTouHMKYM faHHBIX: Zhang et al, 1995; Liu et al,
2001; Wang, Chen, 2005; Chuvashova et al, 2009; Rasskazov et al.,, 2011 v Heony6JIMKOBaHHbIE JaHHbIE aBTOPOB.
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Puc. 5. Bpems akTuBHoCcTH 3anagHoH, LlenTpasbHo# 1 BocTouHOM rpynn ByJIKaHOB Ha noJie YaansgHbud. [lociegoBaresib-
HOCTb U3BepKeHU! B JIMHUM lleHTpa/IbHON IpyNINbl ByJIKAaHOB YOxylllaH-XyolLlaolllaH BblJe/ieHa roayonIM 1iseToM. CTpe-
KU 0003HaYalOT CKauYKOOOpa3Hoe cMellleHHe U3BepxkeHUH. CxeMa cocTaBJieHa o paboTe [Guide Book..., 2010] c gonosHe-

HUSIMU U U3BMEHEHUSIMHU (CM. TEKCT).

references to volcanoes without indications their exact
locations. For example, major and trace-element con-
tents for eight samples from the Laoheishan volcano
were reported by Hsu and Chen [1998]. Phases of erup-
tions in this volcano were compositionally different,
however. Without information on the locations, these
data cannot be properly interpreted. Sr, Nd, and Pb iso-
topic ratios have more pronounced characteristics of
rock groups than the major oxides or trace elements.
These analytical results from [Zhang et al, 1995; Zou et
al, 2003; Chu et al, 2013] are used here to extend the
data sets for individual volcanoes (Table).

Wohushan - the first edifice in the sequence of vol-
canoes — was sampled in cones 1 and 2. Four samples
of slag and porous basalts were selected from cone 1
(W-14-6 - W-14-9) and five samples were taken from
cone 2 (W-14-1 - W-14-5) (Fig. 6). The previously pub-
lished composition of sample W1-32 from the volcano
[Zhang et al, 1995] is similar to the one of rocks from
cone 1.

Bijiashan - the second volcano in the sequence - is a
vast lava shield crowned with a cinder cone. Samples
Bd-14-1 and Bd-14-2 were taken from the lava pedes-

tal of the volcano on its southern periphery. These
rocks are compositionally comparable to sample B-1a
[Zhang et al, 1995]. Samples Ch-07-31, Ch-07-32, and
Ch-07-33 were selected from the southern and south-
eastern parts of the cinder cone and the adjacent lava
flow.

Laoheishan - the third volcano in the sequence - re-
vealed two phases of activity. An early pyroclastic cone
(not sampled) was partially destroyed by the explosion
that created a somma-crater occupied by a new pyro-
clastic cone with a new crater (Fig. 7). Agglutinate and
vesicular glassy basalt samples Lo-11-5 - Lo-11-7 were
taken from the late cone. Compositionally, these rocks
are similar to lava samples Lo-11-11, Lo-11-12, Lao-09
that were picked up from the northern bocca of the edi-
fice. This group is comparable to samples A-2 [Zhang et
al, 1995], LE 6-4, and LHK-1 [Zou et al, 2003]. Volcanic
bomb sample Lo-11-8, taken from pyroclastic debris
deposited on the southwestern edge of the late crater,
is compositionally similar to samples A-65 [Zhang et al,
1995] and LW5-2 [Zou et al, 2003]. Other samples re-
lated to the final crater of the edifice show a compact
group of compositions: a piece of black glass from the
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Fig. 6. A sketch-map of the Wohushan volcano showing sampling sites. For simplification, index “14” is skipped in the
sample numbers shown in the figures (W-1 means W-14-1 etc.).

I Puc. 6. Touku oT60pa 06pa3LOB Ha CXeMaTHYECKON KapTe ByJiIKaHa YoxyuaH. [Jis ynpolineHus HoMepa 06pasioB MpuBe-

JeHbl 6e3 «14» (W-1 Bmecto W-14-1 1 T.1.).

northwestern edge of the crater (Lo-11-9, Lo-11-10),
red slag, lapilli and bombs 1.2 km to the south of the
crater (samples Lo-11-13A, B, C). Similar compositions
were reported for samples L-13, A-4 [Zhang et al,
1995], LS3-1, HL9720, and NDW2-2b [Zou et al, 2003].
Huoshaoshan - the fourth volcano in the sequence -
unlike other edifices, is composed of porous basalts
that formed a volcanic cone and surrounding lava
flows. Samples H-07-1 - H-07-20 were taken from the
cone and adjacent lava flow (Fig. 3, b). Sample H-11-14
was picked up from a flow at a distance of 1 km south
of the cone, and sample Lo-11-15 at a distance of 2 km
east-northeast of it (in the garnito site). The previously
published compositions of rocks from the cone of this
volcano were: H-38 [Zhang et al, 1995], HS2-2, HK-2,
HN6-1 [Zou et al, 2003]. Samples HSS2, HSS5 were

taken from a flow to the northeast of the cone, and
samples HSS6, HSS8 from a flow to the east of it [Chu et
al, 2013].

7. SILICA AND ALKALIS OXIDES

On the total alkalis-silica (TAS) diagram (Fig. 8, a),
data points of background rocks are distributed along
the dividing lines between highly and moderately alka-
line series mainly in tephriphonolite and trachyande-
site fields with minor samples in the phonotephrite
field. Background rocks from some volcanoes (e.g.
Yaoquanshan and Weishan) are highly alkaline (pho-
notephrites and tephriphonolites). Background rocks
from other volcanoes (Longmenshan, ]Jiaodebushan
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Fig. 7. Locations of samples on a sketch-map (a) and cross-section AB (b) of the Laoheishan volcano. Scheme of the edifice is

modified after [Xiao, Wang, 2009; Guide Book..., 2010].

Puc. 7. MecronoJioxkeHre 06pa3noB Ha KapTe-cxeMe (a) u paspe3e AB (b) BysikaHa JlaoxeimaH. CxeMa nocTpoiku [Xiao,

Wang, 2009; Guide Book..., 2010] c yTOUHEHUSIMHU.

etc.) are moderately alkaline (mostly trachyandesites).
In background rocks, Na;0+K,O range from 8.6 to
9.7 wt %, SiO; from 51.6 to 55.0 wt %. Phonotephrites
from the Erkeshan field are comparable with the Wu-
dalianchi background rocks of this type (Table).

Data points of rocks from the Central group of vol-
canoes are also distributed along the discriminating
line of highly and moderately alkaline series, mainly in
the phonotephrite and trachyandesite fields. Almost all
samples from the first volcano (Wohushan) fall within
the data field of background rocks. Rock compositions
of the second and third volcanoes (Bijiashan and Lao-
heishan) changed on each of them from similar to the
background to the ones distinguished by the lower sili-
ca and alkalis contents. On the Bijiashan volcano, erup-
tions were exhibited by trachyandesites of a lava shield

and by basaltic trachyandesites and phonotephrites of
a volcanic cone. The trachyandesites were comparable
to the background rocks, the basaltic trachyandesites
and phonotephrites differed from them. On the Laohei-
shan volcano, rocks of the second phase of eruption
were subdivided into three groups: (1) basaltic trachy-
andesites and phonotephrites, (2) trachyandesites, and
(3) phonotephrites. The first group was recorded in
pyroclastic material from the late volcanic cone and
lavas from the northern bocca, the second group in py-
roclastic material from the northwestern edge of the
late crater, and the third group in bombs from its
southwestern edge.

On the fourth volcano (Huoshaoshan), rocks are ba-
saltic trachyandesites and phonotephrites. In the pe-
ripheral parts of the lava fan, samples HUO-11-11 and
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Symbols in the ellipses: BC - background compositions; W01, WO2 - compositions of pyroclastic rocks from cones 1 and 2 of the Wohu-
shan volcano; BCB, LCB - close to background compositions in the Bijiashan peripheral flows and bombs of the late Laoheishan volcanic
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phase 2); LF - final pyroclastic material related to the late crater of the Laoheishan volcano (eruption phase 2); HI - Huoshaoshan initial
compositions of peripheral lava flows; HF - Huoshaoshan final compositions of the cone. Analyses are recalculated to 100 % without loss
on ignition.

Puc. 8. luarpammer Na0+K;0 - SiO; (a) u K20/Na;0 - SiO; (b) ByJIKaHUYECKUX TOPOJ,.

0603HaueHud B asutnncax: BC (background compositions) - ¢oHoBbie cocTaBbl; W01, W02 - cocTaBbl NUPOKJIACTUYECKUX TOPOJL KOHY-
coB 1 u 2 BysikaHa Yoxymas; BCB, LCB (Bijiashan, Laoheishan close to background) - 6;i113kue k GOHOBBIM cOCTaBbl HEpUPEPUITHOTO TTO-
TOKa ByJIKaHa buzi3uaman 1 60M6 Mo3AHero Kparepa BysikaHa Jlaoxeian (BTopas ¢asa usepxkenuii); BT, LT (transitional) - nepexoa-
Hble COCTaBbl HAa KOHyCe BysKaHa buj3uaman u Ha BysikaHe JlaoxeiaH (BTopast ¢asa usBepxkeHuit); LF (Laoheishan final) - cocTaBsl
NUPOKJIACTUYECKHX [T0OPO/J] 03/JHEero KpaTepa ByJikaHa JlaoxedaH (BTopas ¢asa usBepkeHuit); HI (Huoshaoshan initial) - HayasnbHbBIE
cocTaBbl nepudepruuecKUx JaBOBbIX NOTOKOB ByJsikaHa XyowaomaH; HF (Huoshaoshan final) ¢uHanbHbIe cocTaBbl H3BEpKEHUM KOHYCa
3TOrO e ByJIKaHa. AHa/In3bl IpuBefieHbl K 100 % ¢ HcK/II0YeHHeM U3 CYMMBbI IOTepb IPYU NPOKaJMBaHUU.
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Fig. 9. The diagram of K,0 vs. Na,0 for volcanic rocks. The
symbols are given in Fig. 8.
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YcoBHBIE 0603HAUYEHUsI CM. Ha puc. 8.

HUO-11-14 overlap with the background rocks under
the elevated silica and alkalis contents (about 52-53
and 9 wt %, respectively). The rocks of the cone con-
siderably differ from the background rocks. The pho-
notephrites show a decreasing SiO; content to 49 wt %
at the alkalis content about 9 wt %. The trachyan-
desites demonstrate a decreasing alkalis content to 7
wt % at SiO content about 53 wt %.

In background rocks, K;0/Na,O vary from 1.1 to 1.8
(Fig. 8, b). Rocks from the Wohushan, Bijiashan, and
Laoheishan volcanoes have comparable ratios. Flows of
peripheral parts of the lava fan in the Huoshaoshan
volcano have elevated K;O/Na,O ratios (1.26-1.29)
within the ratio range of background rocks. The rocks
from the Huoshaoshan volcanic cone display a trend to
the K;O0/Na;O interval of 0.82-1.20 with transition
from potassic to potassic-sodic series.

Background rocks show KO0 and Na;O contents in
the ranges of 4.8-6.0 and 3.3-4.5 wt %, respectively
(Fig. 9). Among rocks from the Central group of volca-
noes, the K;O contents decrease from the near back-
ground values in rocks from the Bijiashan and Laohei-
shan volcanoes through concentrations in the Wohu-
shan rocks, transitional compositions in the Bijiashan
and Laoheishan volcanoes together with peripheral
lavas from the Huoshaoshan volcano to the final com-
positions of the Huoshaoshan volcanic cone. The final
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trachyandesite pyroclastics of the Laoheishan volcano
reveals the K;O contents as high as 5.5-5.8 wt % (i.e.
within the background level), whereas the initial Lao-
shantou flow shows the K;0 content as low as 4 wt %
[Zhao et al.,, 2014].

We infer that, in terms of Naz0, K;0, and SiO, con-
tents, peripheral lavas of volcanic fans in the Bijiashan,
Laoheishan, and Huoshaoshan volcanoes were close to
background rocks. The contents of these major oxides
differ from the background signatures and characterize
rocks from volcanic cones in a linear progression that
demonstrates the transition from compositions of the
Wohushan volcano, close to the background ones,
through the intermediate values in the Bijiashan and
Laoheishan volcanoes to the final compositions in the
Huoshaoshan volcanic cone.

8. OTHER MAJOR OXIDES

Changes of rock compositions along the Wohushan-
Huoshaoshan line from the close to background signa-
tures at the first volcano (Wohushan) through the con-
trast major oxide contents at the Bijiashan and Laohei-
shan edifices to notably different from the background
ones at the Huoshaoshan cone are illustrated further
by diagrams of SiO; vs. MgO, Al,03 vs. MgO, CaO vs.
MgO, and P»0s vs. MgO (Figs 10, 11).

The MgO contents of the background rocks vary
from 5.4 to 7.0 wt %. As contents of this oxide increase
to 8.2 wt %, the transitional compositions of the Bi-
jiashan and Laoheishan volcanoes, initial and final com-
positions of the Huoshaoshan volcano show decreasing
Al;03 concentrations up to 12 wt % with increasing
Ca0 to 8 wt %. The SiO; and Al;03 contents of the tran-
sitional groups of rocks overlap with both the initial
and final compositions of rocks from the Huoshaoshan
volcano, unlike the CaO contents that differ from the
final compositions. The transitional compositions re-
veal CaO scattering between 6 and 8 wt %. In the initial
lavas from the Huoshaoshan volcano, the CaO contents
coincide with the lowest values of this interval, while
the contents in the final lavas of the volcano have a nar-
row range of 7-8 wt %. At maximal concentrations of
Ca0 and MgO, trends of transitional compositions in
the Laoheishan volcano and final compositions in the
Huoshaoshan volcano intersect.

Plots of SiO; vs. Mg0O and Al;03 vs. MgO emphasize
similarities of rock compositions from the Wohushan
volcano and low-Mg groups of rocks from the Bijiashan
and Laoheishan volcanoes to background compositions
and their differences to compositions of the transition-
al groups with elevated MgO contents from these vol-
canoes. The diagram of Ca0O vs. MgO demonstrates CaO
scattering of background rocks from 5 to 6 wt %. The
CaO contents in the final pyroclastic material from the
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I Fig. 10. Diagrams of SiO vs. MgO (a) and Al;03 vs. MgO (b) for volcanic rocks. The symbols are given in Fig. 8.
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Laoheishan volcano correspond to the lower values of
this range (5.0-5.4 wt %), while the contents in the
Huoshaoshan rocks and compositionally similar Bijia-
shan and Laoheishan rocks rise to the range of 5.9-6.6
wt %.

A plot of P,0s5 vs. MgO (Fig. 11, b) reveals a wide
range of P,0s concentrations in the background rocks
(0.9-1.3 wt %). Concentrations of this oxide as low as
0.90-0.95 wt % are characteristic of rocks with a limi-

572

ted range of MgO contents, 5.4-6.1 wt %. The elevated
values between 1.2 and 1.3 wt % are observed in rocks
with the full range of MgO, 5.5-6.8 wt %. Rocks from
the Central group of volcanoes reveal opposite P;0s
trends for the low- and moderate-Mg compositions.
The lower P;0s5 concentrations of 0.85-1.00 wt % are
defined for the full MgO ranges of 5.3-6.6 and 6.8-8.1
wt %, the elevated ones of 1.02-1.21 wt % are limited
to the MgO ranges of 7.6-8.2 and 5.5-6.8 wt %. Data
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I Fig. 11. Diagrams of CaO vs. MgO (a) and P05 vs. MgO (b) for volcanic rocks. The symbols are given in Fig. 8.

I Puc. 11. /luarpammsel CaO - MgO (a) u P,05 - MgO (b) By/iIKaHHYeCKHX OPOJ,. Y c10BHbIE 0003HaUYeHUs CM. Ha puc. 8.

points of the final pyroclastics from the late crater of
the Laoheishan volcano show P;0s concentrations of
0.9-1.1 wt % within the background range. On the dia-
grams of Ca0 vs. Mg0 and P;0s vs. MgO, data points of
the final pyroclastic material from the Laoheishan vol-
cano occupy the lower parts of the data fields for the
background rocks.

9. TRACE ELEMENTS

Background rocks show relatively low concentra-
tions of compatible trace elements Ni and Cr (respec-

tively, 120-156 and 120-180 ppm). In rocks from the
Central group of volcanoes, which overlap with the
background ones in terms of MgO contents, concentra-
tions of Ni and Cr vary within the same ranges and par-
tially exceed the background concentrations. In the
moderate-Mg transitional rocks from the Bijiashan
and Laoheishan volcanoes, Ni contents increase to a
range of 160-220 ppm and Cr contents to a range of
150-280 ppm. The Ni and Cr concentrations for pe-
ripheral flows of the initial Huoshaoshan eruptions
fall in these intervals, but Ni and Cr contents for the
final cone of the volcano differ markedly. As MgO de-
creases, Ni and Cr contents in these Huoshaoshan rocks
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decrease, respectively, from 210 to 120 ppm and from
260 to 180 ppm. The start of the downward trend coin-
cides with the Ni data field of transitional rocks from
the Bijiashan and Laoheishan volcanoes. The reduction
trend of Cr concentrations in rocks from the Huosha-
oshan volcano coincides with the data field of transi-
tional rocks from the Bijiashan volcano and with a start
of a trend of transitional rocks from the Laoheishan
volcano. In transitional rocks from the Laoheishan vol-
cano and peripheral lava flows of the Huoshaoshan vol-
cano, Cr concentrations are relatively low (Fig. 12).

In diagrams of trace elements, normalized to the
primitive mantle composition, rocks from the Central
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volcanic group demonstrate uniform spectra, as it was
shown by previous studies [Hsu, Chen, 1998; Chu et al,
2013]. The presented patterns for volcanic rocks from
the Wohushan and Huoshaoshan volcanoes show Ba, K,
La, and Pb peaks, Th-U, Nb-Ta, and Ce troughs, and no
significant anomalies from Pr to Yb (Fig. 13).

No significant differences are found also in terms of
rare earth elements between the rocks from the Cen-
tral volcanic group. Nevertheless, their specific fea-
tures, similar to the background signatures and dif-
ferent from them, are emphasized on plots of Rb vs.
MgO, Zr vs. MgO, Ba vs. Mg0O, Th vs. MgO, Sr vs. MgO,
and La/Yb vs. MgO (Figs 14, 15). A similar behavior is
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Puc. 13. ConocraB/ieHUe CIEKTPOB HECOBMECTUMBIX 3JIEMEHTOB, HOPMUPOBAHHBIX K MPUMUTUBHOW MaHTHH, JJIs TIOPOJ,
ByJIKaHOB YoxyuaH (a) u Xyouwaowat (b). 11 HOpMUpOBaHUs UCII0JIb30BaH cocTaB [McDonough, Sun, 1995].

shown, on the one hand, for Rb and Zr, and on the
other hand, for Ba, Th, Sr, and La/Yb.

In rocks from the Central group of volcanoes, which
are compositionally close to the background ones, Rb
concentrations increase from the first volcano (Wohu-
shan) through the second (Bijiashan) to the third
(Laoheishan). In rocks, which differ from the back-
ground ones, Rb concentrations increase from the se-
cond to the fourth volcano and decrease in its final edi-
fice (Fig. 14, a). In rocks close to the background ones,
Zr concentrations decrease from the first to the second
volcano and increase to the third volcano. In rocks dis-
tinguished from background ones, relatively low con-
centrations of Zr at the first volcano change to elevated
concentrations at the third and fourth volcanoes with
a relative decrease at the final Huoshaoshan edifice
(Fig. 14, b). While analyzing similar behavior of Rb and
Zr, one can notice anomalously low concentrations of
the latter element in rocks from the second volcano
(Bijiashan).

On diagrams of Ba vs. MgO and Th vs. MgO (Fig. 15,
a, b), data fields of low-Mg volcanic rocks from the Cen-
tral volcanic group are distributed randomly within the
data field of the background rocks. Meanwhile, mode-
rate-Mg rocks (distinguished from background ones)
show repeated configurations of data fields. Similarly,
rock compositions vary in plots of Sr vs. MgO and
La/Yb vs. MgO (Fig. 16, a, b).

10. DISCUSSION

When interpreting the potassic volcanism as a de-
rivative of mainly lithospheric sources, we rely on its
distinct dependence on the lithosphere structure
formed during the subsidence of the Songliao basin,
and suggest that spatial-temporal distribution of vol-
canic activity and rock compositional variations are
controlled by transtension developed along the Wuda-
lianchi zone. While searching for regularities of magma
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generation beneath the Wudalianchi field, we compare
rock sources along the Wohushan-Huoshaoshan line
and in background volcanoes and link a local stepwise
compositional change of eruption products along the
line with a crack that propagated in a layer of the litho-
sphere base in the central part of the transtensional
segment.

10.1. COMPONENTS OF POTASSIC ROCK SOURCES
Sub-lithospheric continuum of components under

East Asia comprises a material from the convective
mantle domain with subducted slab (paleoslab) frag-
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ments of the oceanic (paleooceanic) crust, as well as
delaminated lithospheric blocks of orogens. Volcanic
rocks from the Wudalianchi field show a sub-lithosphe-
ric end-member that belongs to this continuum, but
lithospheric components of these rocks, however, have
no connection with other sub-lithospheric components.
We refer the Wudalianchi rocks to a sub-lithospheric—
lithospheric cluster of components from the boundary
between the lithosphere and sub-lithospheric convec-
tive mantle (Fig. 17).

An enriched mantle source begins to melt at lower
temperature than a depleted source due to elevated
concentrations of fluids. Incompatible fusible compo-
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nents are concentrated in low-volume liquids, whereas
compatible elements of slightly melted medium are
held in a restite. As the degree of melting increases,
concentrations of incompatible elements in melts de-
crease and concentrations of compatible elements, on
the contrary, increase. Such a change of liquid composi-
tions occurs in the enriched mantle under rising tem-
peratures. In a study of melting enriched sources, one
should trace a relative role of compatible and incom-
patible elements that have isomorphic relationships in
crystal structures.

We examine a behavior of strontium that isomor-
phically replaces calcium in apatite, clinopyroxene,

garnet, amphibole, plagioclase, calcite, and possibly in
other calcium-bearing minerals. In terms of a compati-
ble oxide Ca0, rocks from the Wohushan, Bijiashan, and
Laoheishan volcanoes (except final pyroclastics of the
latter volcano) fall between the background rocks
(Ca0=5.0-6.3 wt %) and rocks from the Huoshaoshan
volcanic cone (Ca0=7.1-8.1 wt %). Wide ranges of Sr
concentrations in the background and final Huoshao-
shan rocks are comparable with the range of this ele-
ment in transitional rocks from the Laoheishan volca-
no. Similarly, narrow ranges of Sr concentrations in
rocks from the Wohushan, Bijiashan, and Laoheishan
volcanoes close to background, are comparable with

577



S.V. Rasskazov et al.: Sources of Quaternary potassic volcanic rocks from Wudalianchi, China...

Sr, ppm
1900 -

1700 A

1500 A

1300 A

1100

La/Yb

100 -

90 A

80 A

70 A

60

50

MgO, wt %

MgO, wt %

I Fig. 16. Diagrams of Sr vs. MgO (a) and La/Yb vs. MgO (b) for volcanic rocks. The symbols are given in Fig. 8.

I Puc. 16. /luarpammsl Sr - MgO (a) u La/Yb - MgO (b) By iIKaHU4Y€eCKHX NIOPOJ,. Y CJI0BHbIE 0603HAUYEeHUsI CM. Ha puc. 8.

the range of this element in transitional rocks from the
Bijiashan volcano and initial Huoshaoshan flows (Fig.
18, a).

In transitional rocks from the Laoheishan volcano,
increasing CaO contents are accompanied with increa-
sing Sr concentrations from values of the initial erup-
tions at the Huoshaoshan volcano to the maximal val-
ues of its final eruptions. Thus, in terms of CaO and Sr
contents, a common source material is defined in these
two volcanoes.

In rocks from the early to late volcanoes of the Cen-
tral group, CaO contents were increasing with expan-
ding ranges of Sr concentrations. This is indicative of
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the temporal intensification of melting processes.
Strontium concentrations in the Wohushan rocks, close
to the background values, decrease slightly to the tran-
sitional ones from the Bijiashan volcano and reach a
minimum in rocks from the final Huoshaoshan cone.
Taking into account the decreasing low limits of Sr con-
centrations in the material erupted at the Laoheishan
and Huoshaoshan volcanoes, one has to admit this
trend as an indication of a possible change of sources.
On the diagram of CaO/Sr vs. MgO (Fig. 18, b), tran-
sitional rocks from the Laoheishan cone are compara-
ble to the initial Huoshaoshan rocks and, consequently,
belong to the same source. Each of these volcanoes
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evolved with the changing erupted material due to its
outcome from an additional source. On the one hand, a
source for bombs from the late Laoheishan crater was
similar to the background one, while most of its erup-
ted material was affected with crustal contamination,
which resulted in a remarkable decrease in CaO/Sr, as
well as Ca0 and MgO contents (see the next section).
On the other hand, a source of rocks from the final Huo-
shaoshan cone produced the material with a higher
degree of melting, expressed in an increasing CaO/Sr
ratio at lower Sr concentrations and elevated CaO con-
tents.

Low CaO/Sr ratios at low MgO contents in the back-
ground rocks and higher CaO/Sr ratios at elevated MgO
contents in the transitional compositions of the Bijia-
shan and Laoheishan volcanoes, as well as in advanced
compositions of the Huoshaoshan volcano (Fig. 18, b),
reflect activity of two contrasting types of sources, re-
spectively, with low and higher temperatures of melts
reflected in low and higher degrees of melting. In fact,
all rocks from the Central group of volcanoes show
Ca0/Sr ratios in excess of those in the background
rocks. This difference demonstrates a general change of
magma generating processes from margins of the Wu-
dalianchi field to its central part.

A common P;05-Sr trend and individual P,05-CaO
trends for different groups of rocks (Fig. 19, g, b) indi-
cate that Sr concentrations in liquids are governed by

melting of an apatite-bearing source, whereas CaO
contents depend on involvement of other Ca-bearing
minerals in background sources of the Western and
Eastern groups of volcanoes, on the one hand, and in
sources of the Central group of volcanoes, on the other
hand.

In apatites from metasomatized mantle xenoliths, Sr
contents reach 4.4 wt % at Zr concentrations of 22 ppm
and less [Exley, Smith, 1982; O'Reilly, Griffin, 2000]. The-
refore, small-volume melt fractions from an apatite-
bearing source can be traced by high Sr concentrations
and Sr/Zr ratios. Such a high-Sr component with
Sr/Zr>5 indicates initial isotopic ratio 87Sr/86Sr=
=0.70491 defined at intersecting trends of transitional
compositions of the Laoheishan volcano and final com-
positions of the Huoshaoshan cone (Fig. 20, a, b). The
final rocks from the Huoshaoshan volcano demonstrate
a trend of mixing between the high-Sr component of a
mantle lithospheric source and a common component
of sub-lithospheric convective mantle with the parame-
ters [Chuvashova et al, 2009; Rasskazov et al, 2011]:
103/Sr=~1.4 1/ppm (Sr=~700 ppm), Sr/Zr=~2, initial
87Sr/86Sr=0.7052. Transitional compositions of the
Laoheishan volcano show another mixing between
the same high-Sr component and less-Sr one (Sr=1300
ppm, 103/Sr=0.77 1/ppm, Sr/Zr=~3) with strontium
isotope signature similar to the value of the common
sub-lithospheric source. It is likely that the less-Sr
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component originated from the small-degree (as com-
pared to sub-lithospheric material) melting lithosphe-
ric medium that experienced transformation by fluids,
rising from the sub-lithospheric convective mantle.
Components with the same Sr-isotope ratio and vary-
ing concentrations of Sr characterize transitional rocks
from the Bijiashan volcano as well as the background
rocks. The latter show also the higher Sr-isotope ratios
at relatively low Sr/Zr values (2.2-3.2).

On the diagram in Fig. 20, b, additionally plotted da-
ta points of flows sampled near the Laoheishan volcano
[Chu et al, 2013] are subdivided into two groups. One
group falls on the trend of transitional rocks from the

late volcanic cone of this volcano, another group shifts
to the field of background compositions, enriched by
radiogenic strontium.

[sotopic heterogeneity of sources for the lava flows
related to the Huoshaoshan volcano is obvious from
the data on samples taken from lava flows to the north-
east and east of the volcanic cone by Chu et al. [2013].
Data points of these samples, shifted from the data field
of the volcanic cone, demonstrate notably increasing
87Sr/86Sr ratios. Points of both the northeastern (gar-
nito site) and eastern samples fall on the trend of tran-
sitional rocks from the Laoheishan volcano and, there-
fore, demonstrate Sr-isotope heterogeneity typical for
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this volcano. The trend of mixing between low-Sr
sub-lithospheric and high-Sr lithospheric components
characterizes the rocks sampled only from the final
Huoshaoshan cone (see Fig. 3, b).

10.2. TIMING OF PROCESSES IN LITHOSPHERIC AND
SUB-LITHOSPHERIC SOURCES

There were some attempts to constrain timing of
enrichment events for the WEK source by model iso-
topic ages. The estimate of 2.4 Ga was obtained from
the two-stage Pb evolution model and the estimate of
800-900 Ma from the Nd (Tam) evolution model. It was

inferred that “...the WEK lithospheric mantle source
was modified during an early Proterozoic metasomatic
event and was then isolated until the onset of the
potassic magmatism” [Zhang et al, 1995, p. 1293]. A
similar model approach was applied to explain the
geochemical characteristics of the Wudalianchi basalts
as derivatives from a deep stagnant slab. It was pro-
posed that both the potassic- and EM1-like signatures
of the basalts originated from the mantle transition
zone, metasomatized by K-rich sediment fluids ~1.5 Ga
ago through a stagnation of an ancient slab [Kuritani et
al, 2013]. These and other Pre-Cambrian estimates
assume a complex nature of protoliths involved in
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The symbols are given in Fig. 8. Additionally shown are contrasting Sr-isotope compositions of lavas related to the Huoshaoshan volcano
taken to the northeast of the cone (HNE - Huoshaoshan, northeast), to the east of it (HE - Huoshaoshan, east), and also Sr-isotope compo-
sitions of rocks from the Laoheishan and Yaoquanshan volcanoes and the Erkeshan volcanic field [Chu et al, 2013]. The value of initial
87Sr/86Sr=0.7052 of the sub-lithospheric component is obtained with lower inverse Sr concentrations for olivine leucitite from the
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melting without any geologically reasonable grounds
related to the Late Phanerozoic geological setting of
potassic series.

It is noteworthy that the character of geological evo-
lution of East Asia such as Mesozoic inland migrating
volcanic arcs, multiple magmatic intrusions, subsidence
of the Songliao and other basins etc. is indicative of sig-
nificant Late Phanerozoic sub-lithospheric activity of
the upper mantle. On the background of the complex
protoliths signatures in a source region, one should
find a way to register these processes.

Because of the short period of radiogenic 143Nd ac-
cumulation, time-integrated 143Nd/!*4Nd values might
yield only slight variations related to Late Phanerozoic
geological events on the background of significant
isotopic heterogeneity created by long-term accumula-
tions of this isotopes in older protoliths. Similarly,
an uranium-lead isotopic system is also insensitive for
age definitions of a younger lithospheric material be-
cause of strong older isotopic heterogeneity of Pb in a
source region (i.e. older heterogeneous lithospheric
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substrate for potassic series). Meanwhile, a significant
effect of radiogenic isotope accumulation after homo-
genization and differentiation can be expected in a
Rb-Sr isotopic system due to anomalous enrichment
of a source region for potassic series with radioactive
isotope 87Rb. The inferred change of melts from litho-
spheric to sub-lithospheric sources along the Wohu-
shan-Huoshaoshan volcanic line makes the most pro-
bable Rb-Sr isotopic registration of timing for convec-
tive homogenization of the sub-lithospheric material in
rocks from the Huoshaoshan volcanic cone.

We suggest that a rubidium-free mineral phase (i.e.
apatite) yields an initial Sr-isotope ratio in a source of
the lithosphere base, while the common convective
mantle component characterizes the time-integrated
87Sr/86Sr at a homogeneous reservoir of the evolved
Rb-Sr isotopic system. Through the extremely low row
of four data points for rocks from the Huoshaoshan
volcano in the diagram of 87Sr/86Sr vs. 87Rb/86Sr, we get
an estimate of about 98 Ma for the isotopic system clo-
sure at the base of the lithosphere with the initial
87Sr/86Sr apatite-related value of 0.70485 and the un-
derlying convective mantle domain with Rb/Sr=0.092
(Fig. 21). This event corresponds to the transition from
the syn-rift to post-rift stage of the Songliao basin evo-
lution, according to Wang et al. [2016]. According to the
estimates, the thermal influence of the convective man-
tle material on the lithosphere base decreased in the
Mid-Cretaceous, at the time of a “superplume” state of
the Earth's mantle [Larson, 1991], when avalanche-like
collapses of paleoslab fragments from the transition
layer into the lower mantle could provide reverse hot
flows from the lower to the upper mantle beneath su-
ture zones and adjacent areas of the Phanerozoic
paleooceans closed in Central and East Asia [Rasskazov,
Chuvashova, 2016].

10.3. CRUSTAL CONTAMINATION

The anomalous velocity structure of the crust im-
plying the currently existing shallow magma chambers
was identified through a local reduction of S-wave
velocity in a depth range of 15-22 km under the Huo-
shaoshan, Laoheishan volcanic edifices and adjacent
areas of the Wudalianchi field, using the receiver func-
tion method [He et al, 2003]. This anomalous structural
heterogeneity of the crust beneath the volcanoes was
confirmed also by results of magnetotelluric sounding
[Zhan et al, 2006].

Chemical parameters of crustal contamination are
obscure in the Wudalianchi eruption products due to
enriched compositions of mantle magmatic liquids
[Zhang et al, 1995]. Crustal xenoliths, often partially
molten, were detected in all edifices of the volcanic
field and were specifically emphasized in the Huoshao-
shan volcanic rocks [McGee et al, 2015]. A trend of in-
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creasing Sr-isotope ratios with increasing inverse con-
centrations of Sr in rocks from the Huoshaoshan cone
(see Fig. 20, b) is interpreted here as an evidence for
mixing between components of the lithosphere base
and the sub-lithospheric convective mantle. The trend
was not significantly distorted by any crustal admix-
ture. A small admixture of the lower crustal material
(2-8 %) to the Yaoquanshan, Laoheishan, Huoshao-
shan, and Erkeshan rocks was assumed from variations
of 187Qs/1880s ratios [Chu et al, 2013].

[t is noteworthy, however, that sufficient contamina-
tion by the crustal material is quite obvious in the final
pyroclastics related to the late crater of the Laoheishan
volcano. Multiple small quartz-feldspar xenoliths are
dispersed in the material that has low-Mg content
(Mg0=5.5-6.4 wt %) and, as compared to other low-Mg
rocks from the Wudalianchi field, show elevated con-
tents of Si0z (52.3-54.0 wt %), K20 (5.3-5.8 wt %),
Na,0+K;0 (9.2-9.5 wt %), Ni (145-180 ppm), Zr (500-
560 ppm) at lower contents of Al,03 (13.5-14.2 wt %),
Ca0 (5.0-5.4 wt %), and Ba (1500-1680 ppm) (Fig. 8-
12, 14, 15). On the plot of initial 87Sr/86Sr vs. 103/Sr,
three samples of this unite demonstrate elevated
87Sr/86Sr (0.705365-0.705410) and yield a typical
trend of crustal contamination - increasing Sr-isotope
ratios with increasing inverse concentrations of this
element (see Fig. 20, b). No compositionally similar
rocks occur in other volcanoes of the Central group.

Major element contents similar to those of contami-
nated rocks from the Laoheishan volcano were deter-
mined in samples taken by Chu et al. [2013] from the
Huoshaoshan lava flows. The reported trace-element
concentrations of the samples and Sr-isotope ratios
differ, however, from the parameters obtained for the
crust-contaminated rocks. For instance, Zr concentra-
tions of the Huoshaoshan lava flows were defined in a
range of 382-418 ppm.

10.4. CONTROL OF POTASSIC VOLCANISM BY DEVELOPING
TRANSTENSION ZONE

The transtensional nature of magma-controlling
processes was well pronounced in the Keluo and Wu-
dalianchi volcanic fields; extensional structures were
expressed with northeastern volcanic loci under the
general north-south direction of the zone (azimuth
353°). However, the fact that magmatism was not uni-
form along the zone is demonstrated by both different
timing of volcanism and northward widening ranges of
potassium contents in rocks (see Fig. 2).

Eruptions of olivine-leucitite magmas on the Keluo
volcanic field with MgO contents as high as 14 % re-
flected the adiabatic ascent of hot material in the sub-
lithospheric convective mantle, focused in the oblique
lithospheric fault of the Wudalianchi zone. These high-
temperature magmas erupted along the northeastern

(azimuth 51°) 42-km long line extended from the
Dangzishan volcano in the southwest to the Xishan
volcano in the northeast with a lateral widening up to
20 km in the field’s center. An angle between the orien-
tation of the Dangzishan-Xishan volcanic line and the
general strike of the Wudalianchi zone is 58°.

In rocks from the Wudalianchi field, MgO contents
do not exceed 8.2 wt %. Unlike Keluo, this field shows
magmatic processes that might develop without any
additional heat supply by the adiabatically upwelling
convective mantle. At the beginning of volcanism at
2.5 Ma, the thermal regime of the sub-lithospheric ma-
terial under this area was probably close to the state of
the ambient mantle. Such a material had no excess
buoyancy flax and did not intrude into the lithosphere
base.

On the Wudalianchi field, the initial lava eruptions
of 2.5-2.0 Ma were displayed along the oblique locus of
the main transtensional zone. A line of lava flows was
directed at azimuth 7-8° A small deviation of the
oblique magma-controlling crack relative to the gene-
ral strike of the zone (approximately 14-15°) is con-
sidered as an evidence for local decompression that
initiated melting of the low-viscous sub-lithospheric
material in the central part of this zone, which was only
7-10-km wide and extended within an active 20-km
wide transtensional segment (Fig. 22, a).

After the volcanic lull of 2.0-1.3 Ma (Fig. 22, b), the
less viscous lithosphere began melting. The 40-km
wide magmatically active transtensional zone and the
20-km wide Wudalianchi volcanic segment were com-
parable with these parameters of the Keluo volcanic
field. The melting northeastern fragments deviated
from the general strike of the zone by angles from
47° to 52°, i.e. less than 58°, which is the angle charac-
teristic of the deviation of the Dangzishan-Xishan
line in the Keluo volcanic field. Reducing angles are
indicative of the development of magmatic processes
beneath the Wudalianchi area under conditions of
the less viscous lithosphere than beneath the Keluo
field. Unlike concentrated high-temperature reactiva-
tion of a single melting locus under the Keluo field, the
lower-temperature processes in the mantle portion
of the lithosphere beneath the Wudalianchi field pro-
vided for the development of a couple of sub-parallel
oblique melting loci comprising a transtensional seg-
ment (Fig. 22, c).

In the last 0.6 Ma, the transtensional zone expanded
to 55 km, although the width of the segment (about
20 km) remained relatively stable (Fig. 22, d). In the
marginal parts of the segment, melting spread from the
initial north-south magmatic locus in the axial part of
the transtensional zone in opposite directions - from
the southwest to northeast at the eastern margin and
from northeast to southwest at the western margin
(see Fig. 4).
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Along the Wohushan-Huoshaoshan line, volcanic
activity progressively shifted in the central part of the
transtensional segment from the initial melting locus in
the axial part of the transtensional zone northeast-
wards and was generally consistent with the temporal
shift of activity in the Western group of volcanoes. The
rate of volcanic shifting from the Laoshantou flow
through the first entries of volcanic eruptions in the
Wohushan and Bijiashan volcanoes to the Laoheishan
one was about 0.8 cmxyear-! on average. This rate
could correspond to the lateral convective propagation
of the sub-lithospheric material from the initially reac-
tivated axial part of the transtensional zone. It is likely
that the further rapid shift of volcanic activity from the
Laoheishan to Huoshaoshan cones over a distance of
3.5 km was provided by the crack propagation in the
lithosphere.

10.5. CHANGES OF SOURCES

An estimated temperature at the lithosphere-
asthenosphere boundary under cratons at a depth of
200 km is as high as 1300 °C [O'Reilly, Griffin, 2010].
Under the off-craton regions of continents, a heat flux
(that is generally higher than under cratons and the
lithosphere-asthenosphere boundary) is recorded at
shallower depths. The reference of the Wudalianchi
erupted magmatic melts of 1720-1721 to the transition
layer source was based on the assumed craton-like
conductive heat flow of 40 mW/m? in the lithosphere
[Kuritani et al,, 2013]. This estimate of the current con-
vective heat flow in the lithosphere can hardly be ap-
plied to describe the thermal state of the lithosphere
base within the Wudalianchi segment as a part of the
volcanically-active transtensional zone developed in
the past 2.5 Ma. The lithosphere base was affected by
warming up and should be characterized by elevated
temperatures that ultimately might approach the esti-
mate of the rift geotherm of Mercier [1980].

Taking into account the hypothesis on space-time
control of volcanism by the developing Wudalianchi
transtensional segment, we speculate that a primary
heterogeneity of the transtensional segment was crea-
ted at the lithosphere base in the course of the Late
Mesozoic - Early Cenozoic deformations of the litho-
sphere when the Songliao basin subsided. This assump-
tion is consistent with the Mid-Cretaceous (98 Ma) clo-
sure of the Rb-Sr isotope system at the base of the
lithosphere and the underlying convective mantle. In
the Quaternary, the lithosphere base, that underwent
transtensional deformations, was partly affected by
fluids rising from the underlying convective mantle. A
boundary layer of the lithosphere base shielded an
overlying region of background melting from the sub-
lithospheric convective mantle. The revealed spatial-
temporal changes of components in melts that erupted

in the Wudalianchi field mark deformations in the
lower part of the shielding layer bordering the convec-
tive mantle domain, as well as deformations in its top
that bourdered the enriched region of the lithosphere.

We suggest the following sequence of the processes:

1. Melting was initiated at the boundary between
the shielding layer and the underlying convective man-
tle in the time interval of 2.5-2.0 Ma. Magma-genera-
ting decompression effects were concentrated along
the narrow north-south melting locus and resulted in
effusions of the Laoshantou and Old Gelagiushan flows
marked the initial low-angle oblique fragment of the
transtensional zone.

2. The subsequent lack of efficiency of the magma-
generating processes resulted in a lull of volcanic activ-
ity in the time interval of 2.0-1.3 Ma. The initial reacti-
vation of the transtensional segment could provide,
however, the separation of fluids from the sub-litho-
spheric mantle and their penetration into the deformed
parts of the shielding layer and partly into the overly-
ing enriched region. The mass-and-heat transfer dis-
torted the conductive lithospheric geotherm through
increasing temperatures in the enriched region above
the asthenosphere-lithosphere boundary layer.

3. At about 1.3 Ma, the temperature of the lithosphe-
re base was elevated enough to initiate background
melting of the lithosphere in the transtensional seg-
ment. By 0.8 Ma, the entire segment was enveloped by
melting. The source of the first volcano of the Central
group (Wohushan), which occurred in the background
melting region, was followed by the material from cone
2 of this volcano, characterized by the initial 87Sr/86Sr
values about 0.7052, which are indicative of the occur-
rence of the source material modified by the sub-
lithospheric mantle fluids.

4.In the past 0.6 Ma, background melting of the
lithosphere advanced into the northeastern sector of
the transtensional segment. This melting areal was
firstly accompanied with magma generating processes
beneath the second volcano of the line (Bijiashan),
eruptions of which began with the material from the
background region and continued with the material
from the shielding layer modified by the sub-lithosphe-
ric mantle fluids. Later on, the sources of the third and
fourth volcanoes of the line (Laoheishan and Huoshao-
shan) were activated. The Laoheishan volcano could
have erupted before 1720. The initial phase of the short
(1720-1721) activity in the Laoheishan volcano was
exhibited by the pyroclastic material of the late cone
and, afterwards, in a half of year after the end of its ac-
tivity, by lava flows of the Huoshaoshan volcano. In
both cases, sources were reactivated in the shielding
boundary layer at the lithosphere base that had been
modified by fluids that ascended from the sub-litho-
spheric convective mantle in the Mid-Cretaceous and
Quaternary. The final explosive phase of the Laohei-



shan volcano, which resulted in formation of the late
crater, was provided by eruptions of liquids derived
from the background lithospheric source and contami-
nated by the crustal material, whereas the final phase
of the Huoshaoshan volcano was supplied by eruptions
of liquids from the boundary shielding layer mixed
with the sub-lithospheric material.

11. CONCLUSION

The Wudalianchi zone, traced with the Pliocene-
Quaternary potassic volcanic rocks, is strictly control-
led by the lithospheric structure in the northern circuit
of the Songliao basin that subsided in the Late Mesozo-
ic - Early Cenozoic. The rock compositions vary along
this zone in a stepwise pattern from the Erkeshan field
(K20 content of 5.6-5.8 wt %) to the Xiaogulihe-Menlu
field (contrasting K»O contents of about 2.0 wt % and
7.2-9.5 wt %). This study has been focused on clari-
fying the character and nature of spatial-temporal vari-
ations of K;0 contents in rocks from the Wudalianchi
field, which range from 6.0 to 3.2 wt %.

Considering the spatial-temporal compositional va-
riations of rocks, we distinguish three time intervals
of the volcanic evolution in the Wudalianchi field: (1)
2.5-2.0 Ma, (2) 1.3-0.8 Ma, and (3) <0.6 Ma. At the be-
ginning, lava flows erupted along the north-south
Laoshantou - Old Gelagiushan locus, then in the South
Gelagiushan volcano and along the west-east band of
the Lianhuashan, Wohushan, Yaoquanshan, West Jiao-
debushan, West Longmenshan volcanoes, and, finally,
in three groups of volcanoes: Western (North Gelaqgiu-
shan, Lianhuashan, Jianshan-Jianshanzi), Central (Wo-
hushan, Bijiashan, Laoheishan, Huoshaoshan) and Eas-
tern (Weishan, East Jiaodebushan, Xiaogushan, West
and East Longmenshan, Molabushan). The Western and
Eastern groups exhibited irregular background erup-
tions of the last 1.3 Ma, whereas the Central group
showed the stepwise northeastward shift of volcanic
activity with an average rate of about 0.8 cm per year.
On the one hand, the background erupted liquids
displayed the limited range of K;O concentrations
(4.8-6.0 wt %), on the other hand, the migrated erupt-
ed melts demonstrated relatively reduced K,O contents
at the beginning and at the end of the volcanic se-
quence.

The representative sampling revealed the stepwise
changes of rock compositions in the Central group of
volcanoes. On the first volcano (Wohushan), the rocks
were compositionally close to the background ones. On
the second and third volcanoes (Bijiashan and Laohei-
shan), the rocks were compositionally both close to
the background rocks and different from them. On the
final cone of the fourth volcano (Huoshaoshan), the
rock compositions differed significantly from the back-
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ground ones. The background rocks showed specific
compositions: Si0z 51-55 wt %, Ca0 5.3-6.8 wt %,
MgO 5.3-7.0 wt %, K;0/Na,0=1.1-1.8 wt %, and
Ca0/Sr 31-45. The final Huoshaoshan rocks demon-
strated decreesing SiO; to 49 wt % and increasing
CaO to 8.1 wt %, MgO to 8.3 wt %, CaO/Sr to 65.

From the analyses of the major, trace-element and
Sr-isotope data on the volcanic rocks, we suggest that
the stepwise propagation and jumps of volcanic activity
along the Wohushan-Huoshaoshan line were ac-
companied by both the introduction of sub-lithospheric
component into the melting region and melting of
the crustal material. Extremely contrasting sources
were defined in the 1720-1721 eruptive products, that
included final pyroclastics from the late crater of
the Laoheishan volcano contaminated with the crustal
material, and the final lavas from the Huoshaoshan
cone containing the admixture of the sub-lithospheric
mantle component.

The established spatial-temporal variations in the
rocks compositions are explained as a result of the
magma generation control by the north-south trans-
tensional zone in the layer of the lithospheric base that
shielded the underlying sub-lithospheric convective
mantle from the overlying more enriched lithosphere.
Sub-lithospheric liquids were distinct due to the initial
87Sr/86Sr ratio of about 0.7052, melts from the bounda-
ry shielding layer due to the same and lower ratios, and
those from the overlying enriched lithosphere due to
the same and higher ratios.

We proposed that the local venue of the convective
mantle material from below the shielding layer and the
melting enriched background material above it was
governed by transtensional deformations. The erup-
tions of sub-lithospheric melts from the axial part
of the main transtensional zone, which took place at
2.5-2.0 Ma, were followed by the propagation of the
background liquids from the wider segment of the en-
riched lithospheric region at 1.3-0.8 Ma. In the past 0.6
Ma, background melting progressed at the margins of
the transtensional segment simultaneously with local
melting along the crack that propagated in the bounda-
ry shielding layer under the central part of the back-
ground melting region.
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