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BOHUHUTDBI BO BPEMEHHM U TIPOCTPAHCTBE: IETPOTEHE3UC U
IFT’EOAMHAMUWYECKHE OBCTAHOBKH OGPA30BAHUA

A. A. lllunaHcKum
T'eosnozuveckuti uncmumym PAH, Mockea, Poccus

AHHOTanusA: BOHMHUTBI NOJYYHIM LIMPOKYIO U3BECTHOCTD 6Js1arojaps rjiyb0KOBOAHBIM HCCJIeA0BaHUAM NpeAAyTo-
BBIX 06J1aCTel COBpEMEHHBIX 30H IVINTOBOU KoHBepreHnuu H0ro-3anagnoi Ilanuouku. OfHaKO OHU HMEKOT HMIUPO-
KOe pacrnpocTpaHeHHe U B 0QUOJUTAX CKIAJ4aThIX M0SCOB, KOTOPble TPAJULMOHHO PaCCMAaTPUBAIOTCA B KauyecTBe
OKeaHHW4eCKOH KOpPbI reoJIOrH4ecKoro npouioro. [1ocko/bKy G0HUHUTBLI HE U3BECTHBI B CPeJMHHO-OKEaHHYeCKHX
xpeOTax, Heu36€eXHO BO3HUKAET BONPOC 0 NPUpo/ie 0PHUOIHUTOB.

OO6LIenpUHATO, YTO NMOJ, GOHUHUTAMU NOHUMAIOTCS ByJKaHUYECKHE TOPO/ibl, KOTOPbIE YAOBJIETBOPSIOT CJAeLy-
IOIIUM KPHUTHYECKHM IapaMeTpaM COCTaBOB (B mepecyeTe Ha cyxod ocTaTok) - Si02>52 Bec. %; Mg0>8 Bec. % u
Ti02<0.5 Bec. % [Le Bas, 2000]. Vx knaccudrkaiys oCHOBaHa Ha Pa3/IMYUsAX B XUMHUYECKHX, 3 He MUHepaJoTHYecKux
COCTaBaX, U NPHUHATO Pa3JIMYaTh JBe KpYyIHble IPYNNbl GOHUHHUTOB — BbICOKOKaJbLMEBbIE U HU3KOKa/bIHeBbIe
[Crawford et al, 1989]. C 60HMHUTAMH1 NPOCTPAHCTBEHHO U TeHETHYECKH CBSI3aHbl MPUMHUTHUBHBIE OCTPOBOJY>KHbIE
HU3KOo-Ti J1aBbl, YTO Mpeonpeae/ a0 He0OX0AUMOCTb BhIZie/IeHUs 000CO0JIEHHOW MarMaTU4eCKOM cepuu, U3BECT-
HOM Kak 60HUMHHTOBas cepus [Pearce, Robinson, 2010]. CoO6cTBEHHO GOHUHUTHI SIBJISAIOTCS Haubosiee GppaKIMOHUPO-
BaHHOH BETBBIO Cepuu, KOTOpas GepeT HayaJo B INUKPUTOBBbIX HU3KO-Ti pacmiaBax. XapakTep pacrpejeseHust
CIeKTpa MaJlbIX 3JIEMEHTOB GOHMHUTOB HArJIsiJHO MOKAa3blBaeT HEOObIYaWHO BBICOKYIO CTENEHb JieNeTaluy MaH-
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TUHHOTO UCTOYHUKA MPU OLHOBPEMEHHBIX CBUJETENbCTBAX UX HAJICYOAYKIMOHHOIO reHe3uca, HanpuMep OTpULa-
TesbHbIX aHoMausAx Nb(Ta) u Ti. CneKTpbl MasbIX 3JIEMEHTOB GOHUHUTOBOW CEPUU TAKOBBI, UTO, BO-NIEPBBIX, HC-
KJIIOYAeTCsl yJacTHUe KaKoro-Jubo BKJIAJa B UX METPOreHe3UC MaTeprasa KOHTUHEHTAJbHOW KOPbI U, BO-BTODBLIX,
TpebGyeTcs MJaBjieHHe MAaHTUUHOTO UCTOYHHUKA, 60Jiee IeNJeTUPOBAHHOTO O CPAaBHEHHIO C JIEPLOJUTOBOM MaHTH-
eli, reHepupyoed paciaBsl MORB. B To »xe BpeMsi reoxvMusi mopoJ, 60HHHUTOBOU CepUM JeMOHCTPUPYET UX OT-
YEeTJIUBYIO CBSI3b C TOJIEUTAMH OCTPOBHBIX AYT — CTPYKTYP, B KOTOPBIX MPOUCXOJUT GOpPMHUPOBAHNE IOBEHUJIBHBIX
MOPLUNA KOHTHHEHTAJbHOMN KOPBbI.

B cTaTbe 060011eHbI IUTEPATYPHbIE AaHHbIE 110 36 06'beKTaM HAaxX0Z0K GOHUHUTOB B COBPEMEHHBIX 00CTaHOB-
KaX, opHONNTaX U PaHHEJOKeMOPUHCKUX 3eJleHOKaMeHHBIX Noscax. [lokazaHo, YTo mopoAbl GOHHHUTOBOW CepUH
$opMHUPOBaANTUCE HA TPOTSXKEHUH BCEH reoIorniecKoi UCTOPUU 3eMJTH.

[leTposioruyeckast yHUKaJbHOCTb IOPOJ GOHUHUTOBOM CEPUU COCTOUT B TOM, UTO /IS UX TeHe3uca TpebyeTcs co-
YyeTaHUE PA3JUYHBIX GAKTOPOB, KOTOPOE MOXKET PEaJM30BbIBATHCS TOJBKO B OINpeJieIeHHbIX, U O4eHb OrPaHUYEeH-
HBIX 110 MECTY JIOKAJIM3aLKH, Te0JMHAMUYECKUX 06CTAaHOBKaX. Bo-NepBbIX, MPOUCX0XKAEHUEe UCTOYHUKA 6OHUHUTO-
BBIX MarMm TpeoyeT NpeJBapUTeJSbHOr0 UCTOIeHHUs BEpXHEMAaHTHHHOI0 pe3epByapa OJHUM HJIM HECKOJbKUMH 3MHU-
30/IlaMU 3KCTPAKLMUHK 6a3a/bTOBBIX PACIJIABOB; T.€. HCTOYHHUKOM SIBJISJIACh TapUOypruToBasi MaHTHs. Bo-BTOpBbIX,
JIaBbl OOHUHUTOBOW CEPUU XapaKTEPU3YIOTCS 3aMETHON 060TaleHHOCTbI KPYMHOUOHHBIMU JUTOQUIBHBIMU 3J1€-
MEHTaMH U JIETKUMU peJKO3eMeJIbHbIMH 3JIEMEHTAMH II0 CPAaBHEHHWI0 C HECOBMECTHMBIMH BbICOKO3apsiJHbIMH
“oHaMu. Takue UX reoXMMHUYeCcKHe XapaKTePUCTUKHU YKa3blBAlOT HA aKTUBHOCTh BOAHOTO GJIIOMAA, KOTOPBIN A0JI-
eH 6bLT ObITh UHQUIBTPUPOBAH B MAHTUWHBIM UCTOYHUK GOHUHUTOBBIX paciiaBoB. HecMOTpsi Ha Heompe/eieH-
HOCTH B 3KCIEPUMEHTATBLHOM MOJEJTUPOBAaHUH PACIJIABOB 60HUHHUTOBOW CEPUH, COCTaBbl KOTOPHIX 3aBUCSAT OT MHO-
rux GpaKTOpOB, BKJIKOYAIOUINX CTENEHb JIeMJIETAllMd MAHTUHU U QJIIOU/IHBIA PEXUM IJIaBJIE€HUs, CYLECTBYET sICHOCTh B
TOM, YTO AJisl UX TeHepalud TPe6YITCs aHOMaJbHO BBICOKHE TeMIlepaTypbl U NMPUCYTCTBHE BOJOCOJEpPKallero
¢duronia B 3aMeTHOM KoJindecTBe. Ha ocHOBe COBpeMeHHOU TeOpHUH JAeKOMIPECCHOHHOTO IJIaBJeHUs] BepxXHel MaH-
TUU GbUIM MPOBeJeHbl PacYeThl YCJIOBUN reHepaly NePBUYHBIX PACIIaBOB GOHUHUTOBOM CEPUH Pa3JIMYHOTO BO3-
pacTa, YTO MO3BOJIMJIO YCTAHOBUTD OTUYET/IMBbIN 3BOJIIOLMOHHBINA TPEH/| UX U3MeHeHUs1. [loka3aHo, YTo paHHe0KeM-
Opuiickue GOHUHUTOBBIE CepUH GOPMUPOBAIUCH NPU G0Jiee BHICOKHUX CTEIEHsX IMJIAaBJeHHs rapLOypruToBOd MaH-
Tuu (30-40 %), a bopMUpOBaHUE MAaHTUHHBIX PACIVIaBHBIX KOJIOHH ITPOMCXOJUJIO HA CYIeCTBEHHO OOJIBLINX TJIy-
6uHax (3.5-4.0 I'lla), yeM B panepo3oiickom 3oHe (2.5-3.0 I'Tla).

HUccnenoBaHusi COBpEMEHHBIX NPOSIBJIEHUH GOHUHUTOBOTO BYJIKAHU3MA JIEMOHCTPUPYIOT, YTO OHH JIOKAJIU30Ba-
HBI TOJIbKO B 30HaX NHTPAOKeaHUYeCKOH IJINTOBOM KOHBEpPreHL[UH, U HET HU OZHOTO0 JJOKa3aHHOI'0 PUMepa, CBU/Je-
TeJIbCTBYIOIEr0 00 MHBIX re0JUHAMHYeCKHX 06CTaHOBKAaX X GopMUpoBaHus. biaroapss MHOrOYHCIeHHBIM HaX0/-
KaM HopoJ 60HHHUTOBOM CepHH, B HACTOsLee BpeMsl CTaJI0 0YEBU/IHBIM, YTO OOJIIIMHCTBO 0QHUOJIUTOB MHUpa Map-
KUPYIOT popMaLiy He JPEBHUX CPeAUHHO-OKeaHNYeCKUX XpeOGTOB, a NaJe030HbI CIpeJUHTa B HAACYOAYKIIMOHHBIX
006CTaHOBKAax Ha rPaHMIAX OKeAaHHWYECKHUX IJIUT re0JIoruieckoro nmpouuioro. [loHMMaHue reojuHaMU4ecKol o6CTa-
HOBKHU GOPMUPOBAHUSI GOHUHHUTOBBIX CEPUH OBIJIO CBSI3aHO C T€M, UTO OPHOJIUTHI CYyNpacyO6AyKIMOHHBIX 30H CBsi3a-
HBI C HAYa/IbHBIMU CTAaUSIMH BO3SHUKHOBEHHUS HHTPAOKEAaHUYECKUX OCTPOBHBIX AyT. C $U3N4YEeCKOH TOUYKU 3peHwUs,
[JIaBHBIM YCJIOBHEM [UJIsSI HavyaJla CyGAYKIUU SIBJISIeTCS BOSHUKHOBEHHE TPaBUTALlMOHHON HECTAOW/JIBHOCTH B OKea-
HUYeCKOH inTochepe, IPUBOASAILIEH K ee IOJIHOMY PAcKOJIy UM KOJJIAIICY, A CJIe[J0OBAaTeNbHO, K IEKOMIIPECCHOHHOMY
IJIABJIEHUIO BEPXHEH MaHTUU U UHULHMALMU TOTPYKEeHHUsI OJHOHM YacCTH IJIMTHI 0/, APYTYI0. ITO sIBJEHUE, KaK U re-
HeTHU4YecKasl CBSI3b GOHUHUTOB C 0QUOJUTAMY, JIETJIO B OCHOBAaHUE «IpaBUjia MHULUALMU CYy6ayKuuu» (subduction
initiation rule, SIR) [Whattam, Stern, 2011].

TeopeTnuecky, koJsanc JuTochepbl MOXKET IPOM30UTH B JIBYX Cly4asax: 1) Korja B CONPUKOCHOBEHHE IPUXOJAT
IJIUTHI C PAa3HbIMU TePMa/IbHbIMU XapaKTePUCTUKAMH, HAPUMEDP MPU TPAaHCPOPMHOM COBMEIIEHUH IIJIUT PA3HOTO
BO3pacTa - JpeBHEHN, X0JI0JHOH, U MOJIOJIOH, ropsiueit [Stern, 2004]; 2) korjja MecTo HUHULMALUU CYyOAYKIIUU onpejie-
JIsieTCs NMJIOTHOCTHBIMU HEOJHOPOAHOCTSIMH Ha T'paHHULIAaX HOPMaJbHOM OKEaHUYeCKOH JIUTochephl U YTOJILEHHON
OKeaHUYecKol JIUTochephl MIIOMOBOM MPUPOJLI, T.e. OKEAHUYECKUX IJIATO WM TPACCEPOB BO3JEHUCTBUS TOPSIUUX
TOYEK - aceCMUYECKUX XpPeOTOB WM cuMayHTOB [Niu et al, 2003]. Xopolio U3BECTHO, YTO MOJbEM MaHTUHHOIO
IJIIOMa IPUBOAUT K 0C/Ia6JIEHUI0 TPOYHOCTH JTUTOCPEPHI U MOXKET BbI3BAaTh PacKoJl KOHTUHEHTOB. Ho, moMumo 3to-
ro sIBJIeHUs1, BHeJpeHue IJII0Ma B JIUTOCPEPY CYLIeCTBEHHO U3MEHSIET ee MJIOTHOCTHbIe XapaKTePUCTUKU. [IpUBHOC B
BepXHHE FOPU30HTHI MAHTUU U OKEAHUYECKYH0 JUTOCepy pacljaBoB U3 0GOTAl€HHOrO IJIyGMHHOTO MCTOYHUKA
JIOJDKEH MPUBOJUTHL K pedepTUIU3alMy paHee JelJIeTUPOBAaHHON MaHTUM. [0 Mepe OXJaXK/JeHUsI TaKOH mpolecc
Oy/ZileT BECTH K YIJIOTHEHUIO lepepaboTaHHONW MaHTUHHBIM IJIIOMOM BeEpXHell MaHTHUH, 3 BOSHUKIIUHI B 06J1aCTH Ie-
pepaboTKU HOBBIH CErMEHT JIMTOCOEPHI CO BpEMEeHeM MOXeT MPUO6PECTH OTPHULATENbHYIO IJIaByYecTb. ITO 06Y-
CJIOBJIEHO TeM, 4To BysiKaHUThI OIB 3aMeTHO o6orarens! Fe u Ti. KpoMe Toro, xopouo usBectHo, uto Fe-Ti 6a3aib-
ThI/Tab6PO IKJIOTUTUIUPYIOTCS TOPa30 GbICTPee UX MarHe3uaabHbIX 3KBUBAJIEHTOB.

[To-BUAMMOMY, MPOLECC YCTAHOBJIEHHS CTALHOHAPHOTO PEXHMa CyOAYKIUH TpeOyeT HEeKOTOPOro mepuoja ak-
KOMOJAIWH, CBS3aHHOTO C 06pbIBAMHU CJ136a U, KaK CJIe[CTBUe, KOHTPACTHOCTbI0 TEKTOHUYECKUX PEXUMOB Ha I10-
BepxHOCTHU. [[pUYMHON MasOrIyGUHHOTO OTPbIBA CJ136a MOIJIA CTATh IJIOTHOCTHAsI HEOJAHOPOJAHOCTD MOTPYKaBLIeH-
csl IMTOCOEPHI, HAIPUMEP ee JIOKa/bHas MepeyTsKeJeHHOCTb npoayktaMu OIB marmatusMa. BaxxHedmumu reogu-
HaMH4YeCKUMH CJIEeJCTBUSIMU 3TOTO SIBJISIOTCS, BO-IEPBBIX, KPAaTKOBPEMEHHOE CHUJIbHOE TepMasJbHOe BO3MYyIeHHe
Ha/l Y3K0JIOKAJIM30BaHHOH 06,/1aCThI0 C/1360BOT0 OKHA U, BO-BTOPBIX, 6BICTPHIN armudT ee Ha/ICyOAYKIIMOHHON 06.1a-
cty. Takol MexaHH3M XOpOIIO OG'bSCHSET KPaTKOBPeMeHHOCTh (3-5 MJH JsieT) U GoJibliMe 06beMbI BYJIKAaHU3Ma,
CyIIeCTBEHHO NpeBbILIAOIINe 06'bEeMbI BYyJIKAHM3MA B PEXXUMax CTALMOHAPHOH cy6aykuuu [Stern, 2002, 2004). An-
audT HaACyOAYKIMOHHON 06/1aCTH IPUBOJUT K 06pPa30BaHHUI0 HA MeCTe BUCSIYEH MJINThI 0QHOJUTOBON «IIaThop-
MbI» — QYH/AAMeHTA /IJIs1 OCTPOBOLYKHOU MOCTPOHKH.

B paHHeM fj0keMGpPUH GOHUHUTOBBIN MarMaTU3M NpPeJCTaBIeH HUPOKO, A KOJMYECTBO HOBBIX HAX0/I0K JPEBHUX
OOHMHUTOB HEYKJIOHHO Bo3pacTaeT. COTr/IacHO He/laBHO ONMyOJMKOBAaHHBIM OlleHKaM, 06'béM GOHUHHUTOBOTO Marma-
TH3Ma B apxXee MPUMEPHO COOTBETCTBYET 00'beMaM KOMAaTUHUTOB [Furnes et al,, 2014]. YcTaHoB/IeHHE TTOPOJ; GOHUHU-
TOBOH CepHH, acCOLMUPYIOIIUX C PparMeHTaMH Napal/iesibHbIX JaeK U MeTabasutamu IAT-tuma B ApeBHeHLIEeM
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coxpaHuBIIeMcs KoMIiekce Mcya, mo-BUAMMOMY, YKa3biBaeT Ha TO, UTO MPOLECCHl CY6AYKIMU UMEIOT KOPHH, MPO-
CTHpalolyecss K Havyaly reoJIoTHYeCKOW UCTOpUU 3eMJH. [10CKOJIbKY MpoLecchl HHULMALUK CYyOAYKIUN TPeOYIT
packoJsia OKeaHU4eCcKOo# IMTochephl Ha ee MOJHYI0 MOIIHOCTD, paHHeJoKeMbpHuiicKas tuTocdepa Mo peoIoTHYeCKUM
CBOMCTBaM /10 ee OCHOBaHMs J0OJDKHA 6blIa HAXOJUTHCS B 06JIACTH XPYIKUX WM XPYNKO-IJIACTHYECKUX AedopMa-
Ui, [[pyruMy cl10BaMH, Takylo JUTocepy MOKHO pacCMaTpPHUBaTh KaK KECTKOe TeJo, CIOCOOHOe MPOTHUBOCTOATh
KOHBEKTHBHOM HeCTabUJIbHOCTH, YTO SIBJISIETCS aTPUOYTOM IJINTOBOW TEKTOHUKH [Sleep, 1992]. MomHOCTh apxei-
CKOM OKeaHU4YeCKOH inTochephl olleHuBaeTcs B 85-120 kM, Tor/1a Kak COBpeMeHHOH — MpUMePHO B 60 KM.

B oTsimune ot paHepo30iCKUX GOHMHUTOBBLIX CepUH, poZ0OHAYaJbHbIe PACIIaBbl PaHHELOKeMOPHUHUCKUX CepUi
dopmupoBanucek Ha riay6uHax ~120-130 kM, T.e. B 1moJie CTabUIBHOCTH ajMasa. YYUTHIBAas TO, YTO NMPUMUTHUBHEBIE
pacmiaBbl I[peBHUX OOHUHUTOBBLIX CEPUM HECYT METKH Cy6AYKIMOHHOTO BJIMSHHS, MOXKHO AyMaTh O CIIOCOGHOCTH
IJIyGOKOTO0 MOTPY>KEHUS CJI300B B paHHEJOKeMOPUHCKYI0 MaHTHIO. TakM 06pa3oM, MOXKHO M0JIaraTh, YTO B paHHEM
JIOKEMOPHHU IeHCTBOBAJ MEXaHU3M TOJICTOIJIMTOBON TEKTOHUKH, KOTOPBIA K HEONPOTEPO30I0 MOCTENEeHHO CMEHMUII-
Cs1 HA ME€XaHU3M TOHKOIJINTOBOW TEKTOHUKU. MaHTUHHO-IIIOMOBOE BO3/lelicTBUE HA JIUTOChEPY 3eMJIH — CKBO3HOE
sIBJIEHUE Ha MPOTSIKEHUU BCel reoJIorHYeCcKOM HCTOPUH, KOTOPOe ompejiesisieT BOSHUKHOBEHHE B HEH CyleCTBEH-
HBIX MJIOTHOCTHBIX HEOJJHOPOAHOCTEN U, KaK CJIe[CTBUE, MECT MHULMALUKU CyOAYKIMA U POCTA KOHTUHEHTAJNbHOHN

KODBIL.

KiroueBble c10Ba: 60HUHUTBI; MHULUALUS CY6AYKIMH; MAHTUHHBIN IJII0OM; 3BOJIIOLUS T€0OAUHAMUKH 3eMJIH

1. INTRODUCTION

Boninites attracted much attention at the end of the
20th century, primarily, due to deep-sea studies of
forearc slopes in the modern plate convergence zones
of the southwestern Pacific. At that time, however, de-
tailed geochemical studies of many ophiolite sections
revealed the presence of boninites unknown for mid-
oceanic ridges, but abundant in juvenile island-arc
basements. Following the common postulation that
ophiolites are remnants of the ancient oceanic crust,
ophiolites in fold belts were largely interpreted as relic
sutures which mark sites of paleo-ocean closure. As the
boninite findings were ever-growing in both the classi-
cal fragments of the ‘ancient oceanic crust, e.g. the
Troodos in Cyprus, and Semail in Oman, or ‘classical
sutures’ such as, the Main Urals Fault in Russia, this
inevitably raises the question on the ophiolite nature.

Another problem concerns the evolution of boninitic
magmatism as boninites have been discovered in the
early Precambrian greenstone belts. Until recently, it
was believed that in the early stages of the Earth evolu-
tion, ‘dry’ komatiitic volcanism was predominant and
then followed by ‘wet’ boninite volcanism [Hall,
Hughes, 1993]. However, the komatiite abundance in
the Archean seems to be well overestimated. Ko-
matiites are lacking in many belts and constitute less
than 5 % of the volcanic rocks in most Archean green-
stone belts [de Wit, Ashwal, 1997]. Detailed geochemi-
cal studies of mafic-ultramafic complexes in greenstone
belts show that a majority of olivine spinifex-free ‘ko-
matiites’ and ‘komatiitic basalts’ belong in fact to the

The heavy is the root of the light.
(Lao Tzu, Daodejing, 5th-4th century BC)

boninite series rocks. According to [Furnes et al., 2014],
boninitic magmatism has been occurred through the
geological history of the Earth. However, aspects of its
evolution have not been thoroughly discussed in the
literature yet.

Thus, the aims of the paper are to provide an over-
view of the boninitic magmatism occurrences through
space and time, track its evolution, and propose a geo-
dynamic explanation of this highly informative phe-
nomenon.

2. DEFINITION AND GEOCHEMICAL CHARACTERISTICS
OF BONINITES AND THE BONINITE SERIES

The International Union of Geological Sciences
(IUGS) classification of the high-Mg volcanic rocks
defined a boninite as a volcanic rock with the following
arbitral chemical composition recalculated to 100
wt %: Si02>52 wt %; Mg0>8 wt %, and Ti0,<0.5 wt %
[Le Bas, 2000]. The Ti content is strongly constrained in
the classification as a critical requirement because of
titanium is the most incompatible among the major ele-
ments, and its low content in primitive melts indicates
that their mantle source was highly depleted. Boninite
definitions in many publications are very similar to the
above-mentioned one. According to [Crawford et al,
1989], SiO content in boninite lavas exceeds 53 wt %,
and Mg#>0.6, where Mg#=Mg/[Mg+Fe2+]. It was re-
commended in [Taylor et al., 1994], to classify volcanic
and hypabyssal rocks as boninites if Si0,>53 wt %,
Ti02<0.6 wt %, and 7<Mg0<25 wt %.
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The above definitions of boninites are based on
chemistry, rather than on mineralogy of these rocks.
Neither mineralogical nor petrographic characteristics
could be included in the classical definition of boninites
as the modal mineralogy of phenocrysts show highly
variable compositions, and their textural patterns vary
widely also. The traditional approach distinguishes
between two major groups of boninites, high-Ca and
low-Ca [Crawford et al, 1989], characterized by
Ca0/Al;03>0.75 and <0.6, respectively. Boninites with
intermediate ratios are grouped as low-Ca type 3 bo-
ninites. The upper pillow lavas of the Troodos (Cyprus)
ophiolite are distinguished as the tectonic and pet-
rographic type of high-Ca boninites. Low-Ca type 1
boninites are best represented by the Cenozoic lavas
of New Caledonia. Low-Ca type 2 boninites include
high-Mg andesite lavas of the Baja peninsula, California
and the Shikoku Island, Japan. The latter of very special
geochemical characteristics and tectonic settings have
their own names, bajaites and sanukites, respectively
[Rogers, Saunders, 1989; Tatsumi, Ishizaka, 1981].
Low-Ca type 3 boninites are most fully represented in
the Bonin Islands, Japan where the boninites have been
described for the first time at the end of the 19th cen-
tury.

Despite the fact that two clearly different geochemi-
cal groups (high-Ca and low-Ca boninites) are recog-
nized, geodynamic settings for particular types of bo-
ninitic magmatism occurrences have not been specified
yet [Meffre et al., 1996]. The assemblage including both
high-Ca and low-Ca boninites and intermediate-Ca bo-
ninites have been reported from the Mariana island arc
[Arculus et al., 1992]. In other occurrences, such as the
Troodos, Oman and Josephine ophiolites, only high-Ca
boninites are present [Cameron, 1985; Crawford et al.,
1989; Ishikawa et al., 2002; Harper, 2003]. Low-Ca and
intermediate boninites are dominant in the Ordovician
ophiolites of Newfoundland [Bédard, 1999] (Table 1).

Boninites are spatially and genetically related to
primitive island-arc low-Ti lavas, thus generating a
need for recognition of a separate magmatic series
known as ‘the boninite series’ [Pearce, Robinson, 2010;
and others]. The less differentiated rocks of the series
are known from the literature as low-Ti tholeiites,
LOTI, [Brown, Jenner, 1989] or low-Ti ophiolite basalts
[Sun, Nesbitt, 1978], and they are typical of numerous
ophiolites. In many cases, the boninite series volcanic
rocks are represented mainly by primitive lavas
(Mg0>12 wt %) that can be termed as picrites or mis-
takenly classified as komatiitic basalts or basaltic ko-
matiites [Cameron et al., 1979].

Crystallization of low-Ti tholeiite melts can be sche-
matically given as follows: olivine — clinopyroxene —
plagioclase, and the scheme for MORB melts is: olivine
— plagioclase — clinopyroxene [Cameron et al., 1980;
Natland, 1981]. This difference is due to drastic distinc-

tions between water-saturated melts of the boninite
series and dry melts of the komatiitic and tholeiitic
series. The komatiitic series trend is generated by dry
mantle melting and directed towards a field of MOR
tholeiites, while the boninite series trend reflects the
evolution of the primary composition towards the
quartz apex, which is typical of wet melting at gradual-
ly decreasing temperature and pressure. Distinctions in
the compositional trends of the high-Mg volcanic series
are well depicted in the projection of the normative
basalt tetrahedron Ol-P1-Qt plotted by using the data on
the boninite series of the North Karelian greenstone
belt and the komatiitic series of the Kostomuksha
greenstone belt in the Baltic Shield (Fig. 1).

The trace elements patterns of the boninites demon-
strate strong depletion of the mantle source and con-
current evidences of their suprasubduction genesis,
such as, for instance, negative anomalies of Nb(Ta)
(Fig. 2). Different types of the boninites have spectra
of the same type with distinct negative anomalies of
Nb(Ta) and Ti, positive anomalies of Sr and Zr(Hf) and
apparent enrichment in large-ionic lithophile (LIL) ele-
ments (Rb, Ba, Cs, U, and Th) relative to N-MORB. Such
a kind of the trace elements patterns clearly suggests
that (i) petrogenesis of boninite series should be ex-
cluded any and even a minimum crustal input, and (ii)
melting requires a mantle source more depleted in
comparison to the mantle lherzolite that generates
MORB melts. In other words, melts of the boninite se-
ries seem to be derived from a depleted harzburgite
mantle source [Hickey, Frey, 1982; Crawford et al.,
1989].

On the other hand, there is geochemical evidence
that there is a direct link between the boninite series
rocks and island-arc tholeiites (IAT), taking into ac-
count the commonly accepted idea that juvenile conti-
nental crust portions are generated in the island-arc
zones (Fig. 3). Thus, the boninite series rocks are of
crucial importance for deciphering crust-forming pro-
cesses through the geological history of the Earth.

3. BONINITES IN THE GEOLOGICAL TIME AND SPACE

The global occurrences of boninite series rocks are
shown on Figure 4 and at Table 2. Boninites have been
discovered in all the continents, except South America,
which is attributable to the fact that South America is
still relatively poorly covered by geological studies. The
boninite series rocks are described in various sequen-
ces through the geologically documented history of the
Earth, from the most ancient Eoarchean Isua belt in the
southwestern Greenland to the recent eruptions of sub-
marine volcanoes in the northeastern Lau basin. The
only lacuna in their history is the Mesoproterozoic, the
period of relatively passive tectonic events, possibly
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¢ Komatiite series @ Boninite series

Ol Opx Qz

Fig. 1. A comparison between normative compositional
trends of the boninite and komatiite volcanic series in ter-
nary projection olivine-plagioclase-quartz from diopside
[Walker et al,, 1979]. The both volcanic series are from the
Archean Karelian Craton. Modified after [Shchipansky,
2008].

Puc. 1. [losioxxeHue GUTypaTUBHBIX TOUYEK COCTaBa IMO3/-
HeapxeHCKUX BbICOKOMarHesuajbHbIX ByJKaHUTOB Ka-
penbckoit ['30 B npoeKLMM HOPMATUBHOTO 6a3a/71bTOBOIO
Tetpasapa Ol-Pl-Qz u3 BepumHbl guoncuga (Di) [Walker
et al, 1979]. 06e ByJKaHWYECKHE CEPUU M3 apXeHCKOTO
Kapenbckoro kpaToHa. MoaudunupoBaHo u3 paboThbl
[Shchipansky, 2008].

related to the existence of the stable supercontinent
Nuna [Cawood, Hawkesworth, 2014].

Contemporary settings for generation of the bo-
ninite series rocks are known in the areas of intraoce-
anic island-arc systems of the southwestern Pacific,
specifically the Izu-Bonini-Mariana (IBM) and Tonga-
Kermadec island arcs. Boninites compose mostly fore-
arc slopes, forming the lowest stratigraphic levels in
the island-arc architecture. These regions are natural
laboratories for comprehensive studies of the boninitic
magmatism coupled with geodynamic modeling of its
genesis. It is noteworthy that since the Paleocene on-
wards there is a strong link between boninites and
ophiolites, as confirmed by the data on the Cape Vogel
Peninsula, Papua New Guinea (see Table 2). Actually,
this genetic link has long been known [Sun, Nesbitt,
1978; Cameron et al., 1979] and led to introduction of
the term ‘suprasubduction zone (SSZ) ophiolite’ in the
1980s to acknowledge that some ophiolites are more
closely related to island arcs than to ocean ridges
[Pearce, 1982]. This term was readily accepted in the
literature, and the majority of the known ophiolite
complexes, including the largest ones with the com-
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pletely preserved sequences, e.g. Troodos, Oman, were
classified into the SSZ type.

According to [Sklyarov et al., 2016], there are four
main types of boninites in the ophiolite sequences
(Fig. 5). Type 1 bonninites spatially coexists with ophi-
olites, although compose (or belong to) other tectonic
units. Type 2 boninites presents as later constituents of
ophiolite sequences, such as crosscutting dikes or lavas
on top of section. Type 3 includes island-arc tholeiites
and basaltic andesites coupled with boninites, which
are replaced by younger MORB or BABB affinities. Type
4 boninites occupies the whole mafic portion of ophio-
lite sequences, together with island-arc tholeiites
and basaltic andesites, and all the components of such
sequences (gabbro, dykes, and lavas) have clearly bo-
ninitic affinities.

These types of the boninite-bearing ophiolite se-
quences are recorded through the entire Phanerozoic
and Neoproterozoic. The Neoproterozoic boninite

OrT T T T 17T T 71711 T 11 T T T T T 71
10

LA K

B \‘ A<} high-Ca boninite

I (emm\ low-Ca boninite

L N /\/\// -
1 / vV

L1 11 L [ L1 | N N O
5
RbBay ThNbLaCeSrPrNd ZrHfSmEuGdTiTbDyHoY EFTmYb

ROCK / PRIMITIVE MANTLE

Fig. 2. Trace elements patterns of different boninite
groups from Izu-Bonin arc by comparison with N-MORB.

Note the negative anomalies of Nb (Ta) and, conversely, positive
anomalies of Zr (Hf) and Sr, both typical of supra-subduction
zone volcanics. Strong depletion in REE and HFSE of the boninite
compositions with respect to N-MORB is clearly visible.
Averaged boninite compositions are from [Pearce et al, 1992].
N-MORB and primitive mantle values are from [Hofmann, 1988].

Puc. 2. My/bTH3/1IeMeHTHbBIE AUarpaMMbl pPa3HbIX T'EOXU-
MHUYECKHUX Ipymn 60HUHUTOB U3y-BOHMHCKONH OCTpOBHOM
JyTH.

3aMeTUM XapaKTepHble [JJi1 G0HHMHUTOB U WUHJUKATOPHbIE JJIf
neTporeHe3uca ByJIKAHUTOB B Ha/lCYOAYKIIMOHHBIX 06CTAaHOBKAxX
oTpuuaTteabHble aHoMaaud Nb (Ta) u Ti », HA060pOT, MOJIOKU-
TesibHble Zr (Hf) u Sr. fIcHO BUAHBI TakXkKe reoxMMHUYecKue pas-
JIN4YUsl B YPOBHe 001lel JeNeTalud HEKOTepeHTHBIMU 3JIeMeH-
TaMU MexJy 60HUHUTaMU U TosernTaMu MORB. CocTaBbl 60HU-
HUTOB N0 [Pearce et al, 1992]. lpumuTuBHasA MaHTUs U MORB no

[Hofmann, 1988].
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Fig. 3. Spidergram for trace-element compositions of the continental crust and juvenile arc melts (boninite, arc tholeiite),
modified after [Stern, 2002].

Elements on the horizontal axis are listed in order of their incompatibility in the mantle relative to melt; elements on the left are strongly
partitioned into the melt whereas those on the right are strongly partitioned into a peridotite source. Note the characteristic enrichments
of subduction zone outputs relative to MORB with respect to fluid-mobile LIL elements and the relative depletion of these in HFSE, and
HREE. Note also the overall similarity of continental crust to juvenile arc crust.

Puc. 3. CnaiizeporpamMma pacnpeseseHus1 MajbIX 3J1eMEHTOB B KOHTHHEHTAJbHON KOpe U B pacljaBax IOBEHUJIbHBIX OCT-
POBHBIX IyT (6OHMHUTA U OCTPOBOAYKHOI'0 TOJIEUTA), MOAUPHUIIMPOBAHO U3 paboThl [Stern, 2002].

[To ropu3oHTaNbHOM OCH rpadrKa 3JIeMeHThI PacloJIOKeHb! B OPsS/IKE X HECOBMECTUMOCTH B MAHTHU OTHOCHUTEJIbHO paciyaBHOH da-
3bl. B JIeBOM YacTH CIEKTPOB PACIOI0KeHbI 3JIEMEHThI, COBMECTHMbIE C PaclljlaBaMH; B IPAaBOH YaCTU — COBMECTHUMBIE C IEPUJOTUTOBBIM
HMCTOYHHUKOM. 3aMeTHM XapaKTepHoe JJIs1 CY6AYKIMOHHBIX 30H 00oraliieHre MOOGUIbHBIMU KPYTHOMOHHBIMH 3JIEMEHTAaMHU, CBSI3aHHOE C
bJIIOMIHBIM TPUBHOCOM, U, HA060POT, JleNJIeTAlUI0 BBICOKO3aPsAHBIX HOHOB U TSKeJbIX peJJKUX 3eMeJsib o cpaBHeHUIo ¢ N-MORB. 06-

series are widely distributed in the Altai-Sayan area of
the southern frame of the Siberian Craton [Simonov et
al, 1994; Dobretsov et al, 2005]. More ancient boninite
series are discovered in the Archean and Paleoprotero-
zoic metamorphosed fold belts that are often jointly
termed as ‘greenstone belts’, regardless of the meta-
morphic grade.

As a rule, the rock assemblages composing the
greenstone belts were strongly tectonically trans-
formed and dismembered that gives a zero chance for
preservation of a complete ophiolite sequence. None-
theless, the Early Precambrian greenstone belts main-
tain vestiges indicating that rock assemblages of ocea-
nic provenance were involved in the tectogenesis of
the belts [Shchipansky, 2008; Rosen et al., 2008; Furnes
et al, 2015]. These are mainly the isotopic and geo-
chemical signatures of the lack of crustal contamina-
tion or affiliation of the mafic-ultramafic assemblages
of the greenstone belts to the ensimatic island-arc set-
tings. In the latter case, the presence of the boninite
series rocks is a critical support to the suprasubduction
ophiolite interpretation of the greenstone belts se-
quences.

paujaeT Ha ce6s1 BHUMaHHe 06Luee CXO0ACTBO reOXUMHH KOHTHHEHTaJIbHOHN KOPbI U IOBEHUJIbHOH KOpPbI OCTPOBHBIX AYT.

Besides the isotope-geochemical data, some boni-
nite series from the Archean greenstone belts do pre-
serve field evidences on the ocean lithosphere exten-
sion. We reported a fragment of the suprasubduction
ophiolites with sheeted dikes in gabbroids and me-
talavas of the boninite series (~2.8 billion years) in
the Iringora locality of the North-Karelian greenstone
belt [Shchipansky et al., 2001, 2004]. Later on, relics
of a sheeted-dike complex were discovered in the
Garbenchifer formation from the Eoarchean Isua su-
pracrustal belt, southwestern Greenland [Furnes et al.,
2007, 2009]. This suggests that the boninite series
rocks and the SSZ spreading have been genetically
related since the early stages of the Earth's geological
history.

The early Precambrian boninite series differ from
the Phanerozoic ones by the presence of both boninites
and komatiites in some greenstone belts, such as the
Bogoin (Paleoproterozoic), Abitibi (Neoarchean), and
Koolyanobbing (Mesoarchean) belts, which is related
to mantle plume fingerprinting into intra-oceanic con-
vergence zones (see Table 2). It should be noted, how-
ever, that data on the Phanerozoic boninite series often
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I Fig. 5. Models illustrating four tectonic types of boninite occurrences in ophiolitic sections, after [Sklyarov et al, 2016].

I Puc. 5. Ueanu3upoBaHHble pa3pe3bl «TEKTOHUYECKUX» THIIOB GOHUHUTOB, 110 [Sklyarov et al., 2016].

suggest the mantle plume involvement in their petro-
genesis that will be discussed below.

4. PETROGENESIS OF THE BONINITE SERIES ROCKS,
AND THEIR EVOLUTION IN TIME

The boninite series rocks are unique because of
their genesis requires the set of conditions which is
possible only in specific geodynamic settings within
spatially limited locations. Indeed, the origin of a bo-
ninite source requires prior depletion of an upper
mantle reservoir by basalt melt extraction in one or
several episodes, which means that mantle harzburgite
was such a source [Hickey, Frey, 1982; Sun, Nesbitt,
1978; Duncan, Green, 1980, 1987]. Boninitic melts are
primitive and, at the same time, highly silicic with very
low absolute concentrations of incompatible trace ele-
ments (Nb, Ta, and Ti) and rare earth elements; this
suggests melting of residue peridotite at relatively shal-
low depths.

In fact, contents of Cr and Ni in the boninite series
rocks are high. The strong and fast depletion in Cr sug-
gests that chromite was among the main liquidus pha-
ses at the early stages of the primary melt fractiona-
tion. Depletion in Ni and simultaneously increasing
contents of SiO; indicate that olivine played an im-
portant role in magmas fractionation to Mg#~0.70. As
noted above, the subsequent crystallization phase was
clinopyroxene replaced then by plagioclase.

The boninite series lavas are considerably enriched
in LILE and LREE in comparison to HFSE. Such geo-
chemical characteristics suggest active infiltration of
hydrous fluid into the mantle source of the boninite
melts [Pearce et al., 1984, 1992; Pearce, 1982, 2003;
Crawford et al., 1989; Bloomer et al., 1995; Stern et al.,
1991]. The presence of fluid water in the mantle wedge
is also a prerequisite to lower the solidus melting tem-
perature of a refractory source.

While the ideas concerning the source of the bo-
ninite series melts are commonly consistent, there is a
disagreement in estimated P-T conditions for genera-
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tion of parental magmas, i.e. primitive high-Mg and
low-silica melts [Cameron, 1985]. In [Duncan, Green,
1980, 1987], the MgO content is estimated at 15-16 %
for the primary Troodos boninite series melts genera-
ted by mantle harzburgite melting at 7-8 kbar at a
temperature of 1360 °C. In [Sobolev et al., 1993], P-T
estimates show larger depths and higher temperatures:
2-3 GPa; 1380-1450 °C; MgO content of 17-22 wt %.
Resulting from the melt inclusion studies, the Neopro-
terozoic boninite series from the Altai-Sayan segment
of the Central-Asian fold belt were crystallized at
T~1330-1150 °C from a water-saturated (up to 3.9
wt % H20) primary melt at depths of about from 60 to
90 km [Dobretsov et al., 2005].

It has been experimentally determined [Kushiro,
1990] that adding 4.4-6.6 wt % H:0 into the mantle
substance reduces the melting start pressure by almost
2 kbar and lowers the temperature by ~150 °C. Expe-
riments with refractory harzburgite under anhydrous
and H;O-undersaturated conditions [Falloon, Danyu-
shevsky, 2000] show that the high-Ca boninite petro-
genesis requires temperatures as high as ~1480 °C
and a pressure of about 1.5-2 GPa in the presence of
2-3 wt % H:0.

Notwithstanding significant uncertainties in the bo-
ninite series melt models (which compositions are de-
pendent on many factors, including the mantle deple-
tion degree and the fluid melting mode), there is a ge-
neral consensus that their genesis requires anomalous-
ly high temperatures and the presence of a water-con-
taining fluid in considerable quantities. In this case,
temperature anomalies mean temperature values con-
siderably exceeding those in the ambient upper mantle,
which are sufficient for MORB generation. In the re-
cently introduced theory on decompression melting of
the upper mantle, a potential mantle temperature (Tp),
i.e. a temperature at the lowest point of the mantle co-
lumn, is set at ~1350 °C for generation of the parental
melt for N-MORB [Langmuir et al., 1992; O'Hara, Her-
zberg, 2002]. This melt corresponds to a picrite compo-
sition (13 wt % MgO0), and MORB13 composition model
is perfectly matched to the fractionation trend of
tholeiitic melts forming N-MORB [Niu, O'Hara, 2009].
Figure 6 illustrates the idea that the generation condi-
tions of the boninite series rocks and MORB are diffe-
rent. Comparison of the MORB and boninite composi-
tions with similar Mg —-number gives grounds to chal-
lenge the geodynamic model suggesting that boninites
could form in zones of stretching above the mid-ocean
ridges in supra-subduction environments (see also
[Metcalf, Shervais, 2008]). What petrogenetic condi-
tions may be responsible for the boninite series rock
genesis? Did any evolutionary changes occur in such
conditions through the Earth's history?

Answers to the above questions can be derived from
the theory of upper mantle decompression melting and

50

-
(=)

MORB13

—_

Tonga boninite13

Rock / Primitive Mantle

oY 1 T T Y Y
Rb Ba U ThNbLaCeSrPrNd ZrHf SmEuGd Ti Tb DyHo Y ErTmYbLu

Fig. 6. A comparison between trace element compositions
of the parental melt for modern MORB expressed as
MORB13 [Niu, O’Hara, 2009] and the recent boninite with
~13 wt. % MgO from the Tonga fore-arc [Falloon et al,
2008].

It is clear that a petrogenesis of boninite series seems to be unre-
lated with an extensional environment characteristic of a MORB-
forming magmatic column. Primitive mantle values are from
[Hofmann, 1988].

Puc. 6. CpaBHeHMe cOCTaBa MaJbIX 3JIEMEHTOB pPOJOHA-
YaJbHOro pacnsiaBa coBpeMeHHbIx MORB, BripaxkeHHOrO
kak MORB13 [Niu, O’'Hara, 2009], u coBpeMeHHOT0 GOHU-
HUTa ¢ cogepkanueM MgO ~13 Bec. % u3 npejayroBoi
o6saactu Tonra [Falloon et al,, 2008].

W3 pucyHKka cienyeT, 4YTO neTporeHe3nc 60HHHUTOBOM CEpUU He
MOeT OBITh CBSI3aH C 06CTAaHOBKAMHU DPACTSKEHHUs], B KOTOPBIX
006pa3yloTcs pacilJlaBHble KOJIOHHBI ToslenToB MORB-Tuma. Ipu-
MUTHUBHAs MaHTHs 110 [Hofimann, 1988].

its key concept of accumulated fractional melting. If the
latter is the case, the mantle source begins to melt in
small amounts during decompression; typically, melt is
extracted after 1-2 % melting by buoyancy-driven po-
rous flow; and the residue continues to melt in small
increments during decompression. This process takes
place repeatedly as decompression progresses from an
initial high to a final low melting pressure. The small
melt fractions mix in transitional crustal magma cham-
bers to make an aggregate primary magma melt. Each
melt droplet contributing to the aggregate is in equilib-
rium with a specific source which composition varies
from the initial relatively fertile to the depleted final
composition. An aggregate fractional melt is not in
equilibrium with its residue; only the final drop of the
melt extracted is in equilibrium with the residue [Her-
zberg, Rudnick, 2012]. In solutions of the mass balance
equation, mean values of residue, pressure and melt
amount are used for simplicity. This facilitates solving
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Fig. 7. A plot illustrating possible relationships between mantle potential temperatures (Tp) and primitive magma liquidus
temperatures (Tiq) for the modern boninite series (Tonga, Troodos) and the Archean ones (Abitibi, North Karelian green-

The diagram is simplified by showing a dry solidus applicable to both MORB and the boninite series, because a hydrous melting will take
place below the dry solidus and the boninite series have a more depleted mantle solidus than MORBs. Tp and Tiiq for boninite series rocks
have been calculated from the appropriated compositions using software PRIMELT2.XLS [Herzberg, Asimow, 2008]. Data source: Troodos
[Pearce, Robinson, 2010]; Tonga [Falloon et al, 2008]; Abitibi [Kerrich et al, 1998]; North Karelian greenstone belt [Shchipansky et al,
2004]. Data for the Kostomuksha komatiites were taken from [Puchtel et al, 1998].

Puc. 7. WinrocTpanus COOTHOLIEHUH MeXJy MaHTHHHBIMHU NOTeHIMaJbHbIMU TeMnepaTypaMu (Tp) U JMKBHUAYCHBIMH
TemneparypaMi (Tiq) TPUMUTHUBHBIX MarM coBpeMeHHbIX (ToHra, Tpoogoc) u apxeiickux (A6utu6u, CeBepo-Kapenbckuit
3eJIeHOKaMeHHbBIHN M0sic) G0OHMHUTOBBIX CEPUIL.

Al/lanaMMa NOKa3bIBaeT yNpoIlleHHble COOTHOLIEHHUS, NOCKOJIbKY IOKAa3aHbl COJIUAYCbI 6e3BO,£[HOl"O IJIaBJIeHUSA,; B NpHUpoJie MOKpoe
IJIaBJIEHHUE 6yaeT MOHWXaTb COJIUAYC, @ UCTOYHUK A4 GOHUHHUTOBBIX cepuﬁ ABJIsieTcs1 6oJiee AeNJIETUPOBAHHBIM U TYrOlJIaBKHUM, YeM
HWCTOYHHUK OJid MORB. Tp )54 Tliq pacCciUTaHbl IO Bbl60pKe COOTBETCTBYIOIIHUX YCJIOBUAM MOJEJIMPOBAHUA COCTABOB C IOMOLIBIO ITpOrpam-

mbl PRIMELT2.XLS [Herzberg, Asimow, 2008]. UcTrounuku fanHbix: Tpoogoc [Pearce, Robinson, 2010], Toura [Falloon et al, 2008], A6utu-
6u [Kerrich et al, 1998], CeBepo-Kapenbckuii nosic [Shchipansky et al, 2004). lns1 cpaBHeHUs1 TOKa3aHbI AaHHbIe 10 komatuutaM Kocro-
Mmyku 1o [Puchtel et al., 1998].
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general problems of decompression melting with re-
gard to the mantle columns formed in differing, i.e.
plume or mid-ocean ridge, settings. Using the data on
the most primitive compositions, that are mainly con-
trolled by olivine fractionation, it becomes possible to
calculate parental melt compositions and potential

mantle temperatures corresponding to the melting ini-

tiation depth of the given mantle column [Herzberg et
al, 2007; Herzberg, Asimow, 2008].

Figure 7 illustrates relationships between potential
and liquidus temperatures of the most primitive com-
positions of the modern (Tonga forearc and Troodos
and upper pillow lavas) and Archean (Abitibi and
North Karelian greenstone belts) boninite series. The
potential mantle temperatures for their generation dif-
fer by 150-200 °C. This difference refers to the assem-
blages generated by mantle sources of an almost simi-

lar type (mantle harzburgite) due to its melting in the
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Fig. 8. Change in parental melts of boninite series compositions in time on the petrogenic grid MgO vs. FeO [Herzberg, Asi-
mow, 2008].

Dotted curves with arrays are fractionation paths from the primary melts to evolved boninite compositions. Data source are for Tonga
[Falloon et al, 2008]; Troodos [Cameron, 1985], Jiagnan [Zhao, Asimow, 2014]; Flin Flon [Wyman, 1999a]; Abitibi [Kerrich et al, 1998];
Iringora ophiolite, North Karelian greenstone belt [Shchipansky et al, 2004]. See the text for explanations.

Puc. 8. iaMeHeHUe poAUTEBCKUX COCTABOB 60HUHUTOBBIX CEpUN BO BpeMeHU MeTporeHetTudeckoi cetke Mg0O - FeO [Her-
zberg, Asimow, 2008].

To4yeuyHBIMU KPUBBIMH CO CTPeJIKaMH MOKa3aHbl TpeH bl GPaKLMOHUPOBAHHUS OT IIepBUYHBIX PACIJIAaBOB K 60HUHUTOBBLIM cocTaBaM. Mc-
TOYHUKH JJaHHBIX cocTaBoB: ToHra [Falloon et al, 2008]; Tpoogoc [Cameron, 1985], xauzsu [Zhao, Asimow, 2014]; ®aun Oaon [Wyman,
1999a); Abutu6wu [Kerrich et al, 1998]; Upunoropckue opuonutsl CeBepo-Kapenbckoro nosica [Shchipansky et al., 2004]. CM. 06'bsicHeHUS

B TEKCTe.

presence of hydrous fluid. So, this phenomenon may be
thought of as a result of the secular cooling of the Earth.
The gradient of 50-70 °C/Ga suggests evolutionary
changes in geodynamic processes in the Earth's history,
rather than any significant transformations in tectonic
mechanisms responsible for the continental crust
growth. A nearly similar difference in the potential
temperatures for the plume magmatism in the Earth’s
history is also noteworthy [Herzberg et al., 2007].

The evolution of boninitic volcanism in the Earth's
history is clearly revealed in Figure 8 with regard to
the definition of potential mantle temperature, envi-
saging a relationship between a mantle melting degree
and a depth whereat the magma column is initiated due
to decompression melting. The petrogenetic grid is
used to show the calculated primary melt compositions
of the Late Archean (North-Karelian and Abitibi belts),
Paleoproterozoic (Flin Flon belt), Neoproterozoic
(Jiangnan belt) and Meso-Cenozoic (Troodos, Tonga)
boninite series, and a few fractionation trends are gi-
ven for illustration of differentiation paths. It is clear

that the early Precambrian boninite series were gene-
rated at higher degrees of mantle harzburgite melting
(30-40 %), and the mantle melting columns occurred
at considerably larger depths (3.5-4.0 GPa) than during
the Phanerozoic eon (2.5-3.0 GPa). The knowledge of
the P-T differences of the boninite series petrogenesis
is important for understanding the evolution of geody-
namic processes in the Earth's history that will be dis-
cussed below.

5. GEODYNAMIC SETTINGS OF BONINITE OCCURRENCE

Almost all the boninitic magmatism occurrences, re-
gardless of its age, are genetically associated with in-
tra-oceanic subduction zones (see Table 2). The mo-
dern boninitic volcanism occurrences revealed by the
recent studies are localized only in the intra-oceanic
plate convergence zones, and there is no proven exam-
ple that would evidence any other geodynamic settings
for their generation. Considerations of petrogenesis of



the boninite series rock melts also imply their em-
placement above the zones wherein the oceanic litho-
sphere slabs are dehydrating and sinking into the man-
tle. It is established that in the modern intraoceanic
island arcs (Izu-Bonin-Mariana, and Tonga-Kermadec),
the boninite series volcanic rocks build up the perido-
tite-gabbro sequences of the forearc slopes and indi-
cate the initiation and growth of juvenile island-arcs
[Pearce et al., 1992; Stern, Bloomer, 1992; Stern, 2004].

It should be noted that a genetic link between the
boninite series and ophiolites was recognized well be-
fore the deep-sea drilling and dredging studies of the
forearc slopes of the Tonga and Izu-Bonin-Mariana arcs
[Miyashiro, 1973; Cameron et al., 1979]. Numerous dis-
coveries of the boninite series rocks [Pearce, 2003,
2008; Stern, 2004; Metcalf, Shervais, 2008; Sklyarov et
al., 2016] have given grounds to conclude that the ma-
jority of the world’s ophiolites mark paleo-zones of
spreading in suprasubduction environments at the an-
cient oceanic plate margins, rather than past spreading
at ancient mid-ocean ridges. Thus, boninites are petro-
logically unique rocks providing a perfect indication of
paleogeodynamic settings in the oceanic plate conver-
gence zones through the Earth's history.

The new paradigm of geodynamic settings for the
boninite series generation was based on the hypothesis
that SSZ ophiolites are related to the initiation of intra-
oceanic island arcs [Stern et al., 1991; Stern, Bloomer,
1992]. This raised the questions of how and where
subduction zones were initiated [Stern, 2002, 2004]. In
terms of mechanics, a prerequisite for subduction initi-
ation is gravitational instability in the oceanic litho-
sphere, which can lead to its tearing followed by de-
compression melting of the upper mantle and sinking
of one plate under another. This phenomenon, as well
as the genetic link between boninites and ophiolites, is
encapsulated as the subduction initiation rule (SIR)
[Whattam, Stern, 2011].

In the model proposed in [Stern, 2004], this condi-
tion is satisfied when plates of differing temperature
and density are juxtaposed across a transform fault or
fracture zone, i.e. theoretically, in case of the interac-
tion between plates of different ages, i.e. an old cold
plate and a young hot plate. Along the fault, the gravita-
tionally instability of the ancient crust makes it sink
with a down-dip component of motion, while a lateral
component is lacking. The model suggest that upon
initiation of sinking of the slab/plate, the overlying
slab/plate is subject to stretching, the partially deple-
ted mantle is rising to melt due to its decompression,
and a large input of water from the sinking slab sets up
conditions for extremely high extents of fusion. Later
on, the slab motion vector acquires a lateral compo-
nent, which stops the decompression, and, consequent-
ly, terminates melting of the depleted mantle. Thus, a
true subduction regime is established for generation of

Geodynamics & Tectonophysics 2016 Volume 7 Issue 2 Pages 143-172

the normal island-arc tholeiitic and calc-alkaline vol-
canic series.

Another subduction initiation concept is proposed
in [Niu et al., 2003]. It establishes a link between loca-
tions of subduction zones and density inhomogeneities
at the borders of the normal oceanic lithosphere and
the oceanic lithosphere thickened by mantle plume
impingement, i.e. oceanic plateaus or hotspot tracers -
aseismic ridges or seamounts. This concept is suppor-
ted by the data on the Tonga boninites that are con-
fined to the intersection of the aseismic ridge of the
Louisville hotspot and the paleotrough of the Tonga-
Kermadec arc [Turner, Hawkesworth, 1997]. There is
also evidence that the initial stage of the Izu-Bonin-
Mariana arc development was associated with mantle
plume fingerprinting at the Manus back-arc basin
[Macpherson, Hall, 2001].

The boninite series volcanic rocks often have en-
riched mantle-plume isotopic and geochemical signa-
tures [Sobolev, Danyushevsky, 1994; Taylor, Nesbitt,
1998]. The involvement of the mantle-plume thickened
lithosphere in the petrogenesis of boninites would thus
resolve the long debate on anomalously high tempera-
tures for the initiation of partial melting of the depleted
refractory mantle harzburgite as high heat inputs can
be ensured by the ascending hot mantle plumes [Fal-
loon, Danyushevsky, 2000].

The presence of mantle-plume products is also re-
vealed in the SSZ ophiolite sequences, which isotopic
and geochemical compositions are well studied, such as
the Pindos, Josephine, Koch, Magnitorsk (Southern
Urals, Russia) ophiolites, etc. (see Table 2). In the early
Precambrian sequences, the boninite series volcanic
rocks are also associated with mantle-plume deriva-
tives, komatiites, as well as OIB-type metavolcanic
rocks [Shchipansky, 2008].

Apparently, the occurrence of mantle-plume deriva-
tives in the intra-oceanic subduction initiation zones
does not seem to be random. It is recognized that a
rising mantle plume can decrease the strength of the
lithosphere, which may lead to the breakup of the con-
tinents [Courtillot et al, 1999]. In addition, an em-
placement of mantle plume head at the lithosphere can
significantly change its density characteristics. The in-
gress of melts generated by the enriched deep source
into the upper layers of the mantle and the oceanic
lithosphere would lead to refertilization of the previ-
ously depleted mantle. While cooling, the upper mantle
transformed by mantle plume impingement becomes
denser, and a new lithospheric segment may gradually
become negatively buoyant. The reason is that OIB vol-
canic rocks are considerably enriched in Fe and Ti.
Besides, Fe-Ti basalts/gabbros are known to being ec-
logitizated faster than their magnesium equivalents.
Figure 9 shows the experimentally determined garnet
stability fields for basalt compositions differing in
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Fig. 9. Experimentally determined Grt-in curves for com-
positionally different basalts: Fe-rich basalt (Mg#=41), oli-
vine tholeiite (Mg#=55), and high-Mg basalt (Mg#=69).
Note that relative abundances of garnet shown at the inset
vary significantly also. Modified after data of [Molina, Poli,
2000].

Puc.9. JxcnepuMeHTa/JbHO OIpejie/ieHHble IN0Ji CTa-
OGUJIBHOCTH IpaHaTa [/ 6a3a/JbTOB Pa3/MYHOI0 COCTABa:
»)eJsie3uctoro 6asanbra (Mg#=41), OJIMBUHOBOTO TOJIEUTA
(Mg#=55) u BricOKOMarHe3uanabHOro 6asanbra (Mg#=69).
3aMeTHM, YTO OTHOCHUTEJIbHbIE KOJHUYECTBA rpaHaTa, Io-
Ka3aHHble Ha Bpe3Ke, TAKKe CUJIbHO BapbUpyloTcsa. Mo-
AuduuupoBaHo U3 pabotsl [Molina, Poli, 2000].

magnesium numbers. Clearly, ferriferous compositions
show the earliest occurrence of garnet in quantities
considerably exceeding those in case of olivine tho-
leiites and, especially, high-Mg basalts. This metamor-
phic transformation at the crustal base of the thickened
oceanic island builds seems to be a critical factor dis-
turbing the gravitational stability of the lithosphere.
Garnet is denser by almost 15 % than pyroxenes, am-
phiboles and olivine, which means that ‘density eclo-
gitization’ can take place in the reworked lower litho-
sphere. In this case, even if only the lower crust is
foundered, tearing of the lithosphere seems to be inevi-
table.

Actually, potential gravitational instability of the
lithosphere seems to be directly dependent on a vo-
lume of the mantle-plume productivity and the thermal
status of reworked lithosphere segment. It is not com-
mon that such factors are favorably combined; anyway,
lithosphere breakup and initiation of new subduction

zones is highly probable. It is noteworthy that the po-
larity of subduction is predetermined by the thermal
status of the lithosphere - hot lithosphere is positively
buoyant, while cold lithosphere is negatively buoyant.

The model in Figure 10 shows the global-scale che-
mical and density inhomogeneities of the lithosphere
as a result of a superplume event. The term ‘super-
plume’ was coined by Roger Larson in the early 1990's,
when the author has advocated that mantle-plume vol-
canism was the strongest in the mid-Cretaceous time
(124-83 Ma) [Larson, 1991]. This event resulted in the
emergence of giant oceanic plateaus, such as the On-
tong Java, Manihiki, Kerguelen, and Columbia-Caribbe-
an. It is believed that four currently active hotspots
in the Pacific Ocean, which are traceable in the oceanic
seafloor, are associated with this superplume. Few
other tracks seem to have been cut off in the subduc-
tion zones. Other hotspot tracks in the Pacific are
younger (Paleogene-Neogene) and may be not associ-
ated with deep plumes [Clouard, Bonneville, 2001]. Ac-
cordingly the numerical simulation of a termochemical
superplume at the core-mantle boundary, protuber-
ance emissions of the deep matter to the surface are
represented by hot jets or large igneous provinces
which impacts are observed even at the upper mantle
[Farnetani, Hofmann, 2011]. This phenomenon may be
responsible for the occurrence of the first-order chemi-
cal and density inhomogeneities and the initiation of
the most extended plate convergence zones. This sce-
nario seems to be realistic for the initiation of the Izu-
Bonin-Mariana arc in the early Eocene.

Another subduction initiation scenario assumes a
closer link between subduction and the geodynamics
of individual hotspots. As already mentioned, the
youngest boninitic magmatism occurrences in the
northern Tonga are spatially associated with the Louis-
ville hotspot track. Its forearc structure includes the
Vitiaz paleo-trench (age of ~4 Ma) and the modern
trench located further in the ocean at a distance of
about 500 km. A unique double-subduction picture is
revealed in this region by detailed seismotomographic
surveys. A fragment of the younger and more gently
dipping slab of the oceanic lithosphere is clearly visible
above the current subduction zone [Chen, Brudzinski,
2001]. The shallow-depth slab detachment was dis-
cussed in detail in [Shchipansky, 2008] as the factor dis-
turbing a lithospheric barrier and creating extremely
favorable conditions for generation of the ophiolitic
boninite series (Fig. 11).

It is quite possible that the shallow-depth slab
break-off resulted from the compositional density in-
homogeneity of the sinking lithosphere, such as local
charging by OIB magmatism products. The key geody-
namic implications of this phenomenon are, first,
strong short-term thermal disturbance over the nar-
row slab window, and, second, fast uplift of its over-
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Fig. 10. Sketch illustrating an emergence of large refertilizited, or reworked, mantle (RM) region due to a superplume event.

This gives rise to a creation of lateral compositional buoyancy contrast over normal oceanic lithosphere (DM) and, thus, to a subduction
initiation with time. Superplume cartoon is after the numerical simulation of a thermo-chemical plume [Farnetani, Hofmann, 2011].

Puc. 10. CxeMa, WIIOCTPUPYIOLIAA MO/ieJib 06pa30BaHUs GOJIbUIUX 06beMOB pedepTHUIN3UPOBAHHOH, UK TepepaboTaH-
Hoii, MaHTUU (RM) B pe3yJibTaTe CylepiloMOBOTO COOBITHS.

B pesyJibTaTe co BpeMeHeM BO3HHUKAET XMMHUKO-IJIOTHOCTHOM KOHTPACT 110 OTHOLIEHHUIO K HOPMaJIbHOH oKeaHU4YecKoit intochepe (DM),
4TO U ONpejesisieT MeCTa MHUIMALKHU Cy6AyKIUMHU. F306paXeHre cynepIIloMa JaHO M0 pe3y/bTaTaM YHCJIeHHOTO MOJIeJIMPOBaHHUS Tep-
MOXUMUYecKoro mitoma [Farnetani, Hofmann, 2011].

riding plate [van de Zedde, Wortel, 2001; Buiter et al,  the suprasubduction plate, an ophiolite ‘platform’ re-
2002]. This mechanism provides a reasonable explana-  placed the hanging plate and provided a basement for
tion for the short-term (3-5 Ma) volcanism which was  the nascent island-arc build. It is essential that the
by far more voluminous that the steady-state subduc-  uplift of the ophiolite ‘platform’ could have attained
tion volcanism [Stern, 2002, 2004]. Due to uplifting of  the morphological stability as the previous episode of

Fig. 11. Cartoon depicting a variety of the partial melting
Low-P melting processes during shallow-level slab break-off [Shchipan-
of oceanic crust sky, 2008].

Note that in this case different portions of the upper mantle, i.e.
__________________ lherzolitic asthenospheric and harzburgitic lithospheric, should
Melting of lithospheric be partially molten. Crustal part of the detached slab provides a
(harzburgite) mantle source for aqueous fluids enriched by subduction-related chemi-
cal components. Loci of low pressure and high pressure melting
of metabasic oceanic rocks are shown also.

H20, LREE, Na, Si

High-P melting Puc. 11. [IpyHiMnuanbHasg cxeMa MpoieccoB YaCTUYHOTO
of oceanic crust IJIaBJeHNUs] B 06CTaHOBKE MaJOrJIyOMHHOTO JileTauMeHTa

Asthendsphere melts c136a. MoauduiupoBaHo U3 paboTsl [Shchipansky, 2008].

O6paTUM BHHMaHHE, YTO B 3TOM C/y4ae B 06JIACTh IJIaBJIEHUS
BKJIIOYAIOTCS pa3/IMYHbIE COCTaBJSIONME BEPXHEH MaHTHH -
JIEPIIOJIMTOBAs acTeHochepHasi MaHTHs, TapLGypruToBasi JUTO-
cdepHast MmaHTusi. KopoBasi YacTh OTOpPBaHHOIO €J136a SIBJISIETCSA
MOCTaBUIMKOM BOAHOro ¢uitonja U Cy6AyKIMOHHOW KOMIIOHEH-
Thl. [l0Ka3aHbl TaK}Ke BEepOSITHbIE 06J1aCTH HU3KO6apUYECKOTO U
BbICOKOOApUYECKOTro (aZaKUTOBOTO) IJIaBJIEHHUsS MeTaba3UuTOB
OKeaHHUYeCKOH KOpBL.
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Fig. 12. An illustration of the model of boninite formation when a reworked lithosphere caped by OIB volcanics initiates a
non-stationary subduction.

The model is largely based on the available data from the modern Tonga arc [Sobolev, Danyushevsky, 1994; Turner, Hawkesworth, 1997;
Chen, Brudzinski, 2001; Niu et al, 2003; Falloon et al, 2007, 2008; Resing et al,, 2011]: a - lithosphere charged with Fe-rich melts gets nega-
tive buoyancy as it cooled, and starts to sink. Lithosphere tearing leads to raise asthenospheric mantle and triggers intensive melting that
includes boninite series melts (see fig. 10); b - as a result of the shallow level slab break-off, a new subduction should develop and, as a
consequence, a new trench occurs at a distance of a few hundred kilometers oceanward from the older trench. Detached slab fragments
lead to a lithosphere extension, thus forming a tight back-arc trough characterized by occurrences of local multi-spreading centers where
younger boninites can also be formed. See the text for more details.

Puc. 12. Winroctpauus Mogend GopMUPOBaHUSI GOHMHUTOB MOApPa3yMeBalolleidl HHUIMALUI0 HECTAMOHAPHOU CYyGAyK-
[IUM NIPY yYacTUU epepaboTaHHON U Harpy:xeHHoi OIB BysikaHUTaMu JJUTOCHEDHI.

Mogesib ocCHOBaHa Ha MHOTOYHCJIEHHBIX JJAHHBIX [0 COBpeMeHHOU ocTpoBHOU ayre ToHra [Sobolev, Danyushevsky, 1994; Turner, Hawkes-
worth, 1997; Chen, Brudzinski, 2001; Niu et al, 2003; Falloon et al, 2007, 2008; Resing et al, 2011]. a - nutocdepa, OTAroIIeHHas1 60raThl-
MU 3KeJIe30M pacIyiaBaMH, [0 Mepe OXJIQKJEHHUs MPUoOpeTaeT OTPULATE/bHYIO IJIaBYyYeCTh U HAUMHAET MOrpyXaThCsl. Pa3pbIB JIUTO-
cheprl IPUBOJUT K MO bEMY acTeHOCOEepHOH MaHTHUH U BbI3bIBAET HHTEHCUBHOE IJIaBJIeHHe, BKJII0Yas reHepalyio MarM 60HUHUTOBOU
cepud (cM. puc. 10); b - B pe3ysibTaTe MaJOrJIyOMHHOTO 06GpBIBA €/136a BO3HUKAET HOBasi 30HA Cy6AYKI[MH, HOBBIN eJi06 KOTOpOoH pac-
[10J1araeTcst Ha PacCTOSIHUM B HECKOJIBKO COTEH KUJIOMETPOB B CTOPOHY OKeaHa OT IMpeAllecTBYyIoIllero xeynoba. OTopBaHHbIe pparMeH-
ThI ITaJIe0c/136a TPOBOLUPYIOT pacTsXKeHHe JTUTOCPepD, YTO BbI3bIBAaeT GOPMHUPOBaHKE Y3KOT0 3a[yTOBOTO TPOTa, XapaKTepHU3YIOLero-
csl pa3BUTHEM MYJIbTHU-CIPEAUHIOBBIX [IeHTPOB, TZle MOI'yT GOPMUPOBAThCA Gosiee MosIoAble G0OHUHUTHI. CM. TEKCT JJ1s1 GoJiee JleTaslb-
HOU MHOpMAIHH.

intense mantle melting leaved the mantle strongly de-
pleted. This resulted in the emergence of a lithospheric
keel capable to resist the convective instability of the
surrounding mantle.

Figure 12 shows the above-described model based
on the modern geodynamics of the northern termina-

tion of the Tonga arc. The top panel shows the subduc-
tion initiation and generation of boninites in the fore-
arc region. The bottom panel shows the modern sub-
duction zone and paleoslab fragments under the
emerging Lau basin. In the samples dredged from the
Lau basin, the presence of the subduction fluid compo-



nent is evidenced by higher contents of H20 in glasses
and enrichment in large-ion lithophile (LIL) elements
[Falloon et al., 1992; Danushevsky et al., 1993; Pearce et
al., 1994]. The fact that compositions of these basalts
significantly differ can be explained by contribution to
their petrogenesis of various mantle sources, including
mantle plume input. Besides, active eruptions of bo-
ninites take place at present time [Resing et al., 2011].
Thus, boninites occur in a variety of combinations in
different tectonic settings in time and space, i.e. in the
fore- and back-arc environments. This indicates that,
firstly, it is an established phenomenon, and, secondly,
the subduction initiation process may be not as simple
as described by the ‘subduction initiation rule’ (SIR)
model [Whattam, Stern, 2011].

It seems likely that the subduction regime should be
stabilized after a certain period of accommodation as-
sociated with the slab break-off event/ or events and
resultant contrasting tectonic regimes on the surface.
During this period, movements caused by the frontal
subduction compression are rapidly replaced by strike-
slip motion, which leads to the occurrence of a complex
rift system with both hot spot volcanism and volcanic
seamounts [Falloon et al., 2007, 2008].

Considering the ophiolite sequences worldwide, it
has been noted that, although their magmatic che-
mostratigraphic progression is almost similar [Pearce,
Robinson, 2010; Whattam, Stern, 2011], the relationship
between boninite series and other members of ophio-
lite sections are variable and may significantly differ
from the ideal ophiolite sequence, known as a ‘penrose
ophiolite’ [Sklyarov et al, 2016]. In the literature,
there are numerous cases showing the lateral
variability of the ophiolite sequences within the local
regions and therefore suggests non-stationary settings
of ophiolite-forming processes. These increasingly
compel the conclusion that ophiolites are commonly
associated with the subduction initiation environ-
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ments, rather than with spreading in the mid-ocean
ridges.

6. SUBDUCTION INITIATION IN THE EARLY PRECAMBRIAN

As described above, generation of the early Precam-
brian boninite series was developed by mantle harz-
burgite melting of high degrees (30-40 %), and the
mantle melt columns started at greater depth (3.5-
4.0 GPa) as comparing with those from Phanerozoic
eon (2.5-3 GPa). What are the geodynamic implications
of these facts?

It is well known that the early Precambrian cratons
are underlain by the depleted subcontinental litho-
spheric mantle (SCLM) or a lithospheric keel (root) ex-
tending into the diamond stability field. This phenome-
non has never reoccurred in the later history of the
Earth, and its origin has been widely discussed in the
literature [e.g. Herzberg, Rudnick, 2012; Shchipansky,
2012, and references therein]. In the Phanerozoic,
strong depletion of the upper mantle is associated with
generation of the boninite series in the subduction ini-
tiation zones. The above overview of the global bo-
ninite occurrences gives abundant evidence of bo-
ninitic magmatism in the early Precambrian, and the
discoveries of ancient boninites are progressively
growing. Accordingly to the recently published assess-
ment, the volumes of the Archean boninite volcanics
and komatiites appear to be almost roughly similar
(Fig. 13) [Furnes et al., 2014]. Discovery of the boninite
series rocks with fragments of sheeted dikes and IAT-
type metabasites in the oldest preserved complex Isua
strongly suggests that subduction dates back from the
early Earth's geological history.

A prerequisite for subduction initiation is the ocea-
nic lithosphere breakup through its entire thickness. It
follows thus from Figure 6 that, first, the early Precam-

100
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é 757 [ Boninitic volcanism
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Fig. 13. Percentage lithology of komatiite and boninitic volcanism represented at given age intervals, relative to total of
mafic and ultramafic magmatism in the Earth history, according to [Furnes et al,, 2014].

Puc. 13. CooTHoweHNs] 06bEMOB KOMAaTUUTOBOIO U GOHMHHUTOBOI'O BYJIKAHM3Ma B MPOLEHTaX OT 061ero o6beMa MaduT-
yAbTpaMadUTOBbIX acCCOLUALN B UCTOPUH 3eMuH, 1o [Furnes et al, 2014].



A.A. Shchipansky: Boninites through time and space...

Phaneroic
thin-plate tectonics

Early Precambrian
thick-plate tectonics

LIGHT

LIGHT l HEAVY HEAVY
graphite
diamond
andesitic crust TTG crust
. boninite, OIB boninite, komatiite
graphite
|/ diamond

\/

Fig. 14. Sketch illustrating distinctions between subduction initiations in modern thin-plate and Early Precambrian thick-
plate tectonic settings. The dotted lines depict a conventional graphite/graphite transition relative to lithospheric mantle.

Puc. 14. CxeMa, WIJIIOCTPUPYIOLAS Pa3IuYUsa B UHUIMAIMU CYOAYKIIMH, B 00CTAHOBKAX COBPeMEHHON TOHKOIJIMTOBOU U
paHHe0KeMOPUICKON TOJICTOMJIMTOBOM TEKTOHUKHU. ToueuyHOU JIMHUEH YCI0BHO MOKa3aHO NoJoxeHUe $a30BOTO Iepe-

xoJa rpaduT/asMa3 OTHOCUTEJBHO JUTOCPEPHON MaHTHH.

brian lithosphere as a unit should have rheological
properties providing for brittle or brittle-plastic de-
formations. In other words, such lithosphere can be
considered as a rigid body capable of resisting the con-
vective instability that is an attribute of plate tectonics
[Sleep, 1992]. The Archaean oceanic lithosphere thick-
ness is estimated at 85-120 km, whereas the modern
lithosphere is ~60 km thick [Herzberg et al., 2010].

Second, unlike the Phanerozoic boninite series, pa-
rental melts of the early Precambrian series were ge-
nerated at depths of ~120-130 km, i.e. in the diamond
stability field. Given the fact that the primitive melts of
the ancient boninite series clearly have the subduction
influence signatures, it is reasonable to believe that
deep sinking of the slabs into the early Precambrian
mantle was highly possible.

Third, extensive melting of the early Precambrian
upper mantle for the period of subduction initiation
implies that it was subject to strong depletion through
the diamond stability field. During the accommodation
stage, the new sinking slab/slabs are cut off the asteno-
spheric heat input thus leading to quickly cooling of
overriding forearc lithosphere. This model provides an
explanation of the origin and stability of the cold dia-
mond-bearing SCLM that has not been subject to any
convective perturbations, at least, since 3.0 billion
years [Boyd et al., 1985].

The differences between the modern and early Pre-
cambrian subduction initiation settings are schemati-
cally shown in Figure 14. The main distinction is that
thin-plate tectonics covers the period from the Neopro-

terozoic to the present time, and thick-plate tectonics
refers to the early Precambrian. Today, the oceanic
crust is ~6-7 km thick on average, and this requires
~6-7 % melting. In general, about 1 km of oceanic
crust is produced for every 1 % of partial melting (i.e.
1 km/1 % melting) [Herzberg, Rudnick, 2012]. Accor-
ding to available petrological estimations, the Archean
MORB-type oceanic crust thickness ranges from ~20-
25 km [Abbott et al., 1994] to 40-60 km [Herzberg et
al, 2010]. In other words, the Archaean oceanic crust
should have been, roughly, 3 to 6 times thicker than the
modern crust. Such estimations scatter is due to the
problem of validity of mantle potential temperature
(Tp) computations for the ambient Archaean upper
mantle as preserved off-arcs mafic volcanics of that age
are very seldom [Pearce, 2008; and others].

Anyway, thickening of the Archean oceanic crust is a
prerequisite for generation of tonalite-trondhjemite-
granodiorite (TTG) gneisses composing the bulk Ar-
chean continental crust. Both tonalite granitoids and
their high-pressure analogues (adakites) are observed
in modern suprasubduction settings, although in much
smaller amounts than the basalt-andesite-rhyolite se-
ries.

7. CONCLUSION

The boninite series and its most fractionated end-
member, boninites, are not just a simple unit of the
suprasubduction sequence, but also a vivid indicator



of initiation of intra-oceanic convergence zones. Being
directly related to ophiolites, boninites and low-Ti
basalts/picrites give direct evidence that the oceanic
lithosphere stretching was related to subduction initia-
tion. This means that the age of SSZ ophiolites or, more
precisely, SIR ophiolites [Whattam, Stern, 2011] may
show the age of paleo-oceans only in the first approxi-
mation. The oceanic lithosphere itself may be much
older. Indeed, the modern boninites of the northern
Tonga arc, the Eocene IBM boninites and ophiolites
of Papua New Guinea cannot evidently correspond to
timing of the Pacific or Indo-Austarlian plate life. More-
over, the Phanerozoic folded belts show multi-su-
turation signatures rather than mono-suture architec-
ture.

The records of MOR-type ophiolites are very seldom
as comparing with the large occurrences of the SIR
ophiolites including the well-known sequences of
Troodos, Semail, or Newfoundland [Shervais, 2001; and
others]. The completely developed MOR-type includes
ophiolites of 12-9 Ma age in the Macquarie Island lo-
cated at the boundary between the Pacific and Austra-
lian plates, and the Neoproterozoic ophiolites of Gabal
Gerf, the Arab-Nubian shield [Pearce, 2008; Whattam,
Stern, 2011, and references therein]. A rarity of the
MOR type in the ophiolite continuum stems well from
the fact that physically it is almost impossible to em-
place true MORB crust at a convergent plate boundary;
rather sediments and fragments of seamounts may be
scraped off of the sinking plate [Stern, 2004].

It is now recognized that SIR ophiolites are volu-
metrically major in the Earth's geological history (see
Table 2 and [Furnes et al., 2014]). As shown above, a
prerequisite for subduction initiation is a lateral com-
positional buoyancy contrast within the lithosphere
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which would led to its collapse and consequently to
form zones of intra-oceanic plate convergence. An im-
pingement of mantle plume into the pre-existing litho-
sphere appears to be the most obvious among the
known mechanisms controlling the global geodynamics
of the Earth. However, mantle plumes themselves do
not seem to be responsible for continental crust grow-
ing, even in the case of Iceland plateau placed directly
above the hot mantle plume head [Martin et al., 2008].
However recently subducted oceanic plateaus crust
revealed the capability to produce a juvenile continen-
tal crust similar to Archean TTG via its partial hydrous
melting [Hastie et al.,, 2010]. It is vital also, that high-
pressure adakites are also found in association with the
Tonga boninites related to the hot spot track [Falloon
et al., 2008]. Furthermore, the mere fact that boninites
tend to be compositionally close to the bulk composi-
tion of continental crust suggesting that the crustal
growth processes began with the subduction initiation
(see Fig. 3).

Thus, lacking direct influence on crustal growing at
the intra-oceanic island-arc zones, mantle plume
events could have acted as ‘remote triggers’ of theses
process and predetermined subsequent loci of subduc-
tion initiation zones. Such a kind of the self-organized
geodynamic system of the Earth may have originated
as early as Eoarchean, and its further evolution was
mainly operated by the secular cooling of the planet.
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