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Abstract
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drag away from the ridge is in turntoomioemmomedi 4

plumes. We find that the pplessmseshoeenrdyrptlgendi et

ah@)—ptnimgeaeationpdendengbyi dgewaartd ffilreswt udaribiivyeesy

compet it ipolna tbheegdmeang Yra@adit e matbeitat

pl ume fl ow along the base of the sl oping | ith:¢

away fromOumher esuldgtthdaagpgbbhdghy trriodhgge sp |l eaxteer td rsa
r—at-her—than—sudveitwhonc ho ns hpeldus i-dmeaou lriiaognh to blsaerr gvealt vi

absplhuaeselnictehospherad oirhjdaspreadbng ridges, suc

RiRe s €




34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55




56




57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

1 I ntroducti on

Mi-dcean (rMOResAldot sagproag stawae g ifoornsdeep materi al

sur face o f HtohwesevEew otnhi atr se noti sall maneagt, her show

i nteraaotisome tcearsneesdr iadsg ep liugnike r @ a h. Dfoufh ® B@EBnantle

plumes revealed by seismic tomograghsench and Romanowic2015; Montelli et al., 2004inore
than 20 plumesrrefound to be associated with nearby ridges).1a; Ito et al 2003) Fume-ridge

interactionis manifested byieophysical and geochemical anomahémqg the ridge axi.qg.,high

mantle potential temperatu(®alton et al., 2014)enriched radiogenic isotope anomali€sishman

et al., 2004; Douglass and Schilling, 1999:; Yang et al. 2Git adjacent lineations of seamounts

(Ballmer et al., 2013bGeissler et al., 2020; Léat and Merle, 200%urthermore plumes may

promotemigration of MOR spreading centei@dliler et al.,1998: Mittelstaedt et al., 2008, 2011

Whittaker et al., 2015hsevidenced bguccessive ridge@mpstowardsmantleplumese . g lcelanda t

AmsterdamSaint Paul and Galapagos hotsgbtardarson et al., 1997; Maia et al., 2011; Mittelstaedt

et al., 2012)The interaction dynamics of a ridge with anas and offaxis plume has been widely

studied and modeled in analogaed numerical experim&s) revealing that thenajor controlling

factorsinvolve the ridge spreading rate, plume buoyancy flux and their spatial digfanomis et

al., 2018 lto et al., 1997Kincaid et al., 1996; Ribe et al., 1995; RiH®96; Sleep, 1997 Indeed,

most plumeridge interaction systems are associated with spmeading ridges and small mantle

plumes and short plurmidge distances (Fig.1b)However, numerical studies systematically

investigatingthe effectsof these parametermn plumeridge interaction and quantify the controlling

forcesremainscarce
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As has been noted previously, buoyant plumes tend to spreadndddealong the sloping base

of the lithospheréMorgan, 1978:Schilling, 1991: Small, 1995Reqions of divergent mantle flow

beneath MORSs represent the lowest dynamn@ssure reqgions in the oceanic asthenosphere, and thus

tend to suck ambient asthenospheric and plume materials towards the spreading beinter, . 2 0 1 4

On the other hand, the viscous drag at the base of the plate tends iothersgeading plume material

away from the MORRIibe and Christensen, 1994, 1999deed plumespreading at the base of the

lithosphereis governed by the competition dfenchward viscous plate draos. ridge-ward

gravitational and pressudrivenforces( Ki nc ai d . Ehese gravitationaPa@dbtgctonic forces

compete with other to control the regime of pluritgle interaction, but their balance remains to be

quantified.

The distribution of hotspots with classified as plungge interaction (ridgevard spreading) vs.

no interaction platedrag spreading) also still remains enigmatic. Plungge interaction is much

more common near the Mifltlantic ridge (MAR) than near the East Pacific Rise (EPR) (Fig. 1a).

Near the EPR, only the Pukapuka and Sojourn ridges displayesligance of ridgavard flow of the

magmatic source, but these volcanic ridges have been attributed to a horizontally propagating viscous

finger or smaklscale convection, and not a mantle plufBallmer et al., 2013b; Clouard and

Bonneville, 2005; Harmon et al., 201 A pr evi oysledd uchekperbopased 2LIOA8
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Fhtsstudyblizedwo-dimersional By numereabmedes vl d e o upwel 1T ng mant

the spreadi ng hee rstuagrr otumddonmgv ep umes o f r ben MORBpmM

Zo&Ei g. l1c) | resul ati saupdojtiasc etftiPelst eob Rabled e yo fe t a l

Rowl ey and) Hoowetvee, r ,2 0f 2a2s t p le & ddsr asgo r neaandti laef] rpal Inusnoe

the MRRncaid,e39@&@) eadilBfg§5to the typically par:

as nean RHbwaiaind C h.MWhetherghe snxaeased shr8aglirdiés in the Pacific vs.

Atlantic promote ridgevard vs.platedragplume flow remains an intriguing guestion.

The principal goal of this study t® investigate the process of plumeége interaction, with

emphasizingn emphasien the effects of model parametersthe ridgesuction-versuplatedrag-We
demonstrate-thatdge suction-antvard vs.platedrag on-plumes-are-influenced by tidéstinctive

such athelarge shear force along the beigeof theoceanic plateThis process-of pladrag instead

ofplume,ridge suction-on-plumemay-suppertheex—p-+—a-a-h-tseading rate, and plunnelge

distanceFinally, we use our model ressito interpret the difference ofturalplume-ridgeinteraction

ab-s—ealprepystems in different oceammrticularlythe striking difference betweethe East Pacific

Rise-and Atlantic in this regard
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128  refers to the plume buoyancy fliwofnHoggard (202Q)Black lines denote the regions of two LLSVPs
129  under the South Africa and Pacific Ocdarsvik et al., 2006)b) Histograns of influential factors

130 of plumeridge interaction systems

131
132
133
134

135

136

137  plumeridge distance is taken from GPla(d4iler et al., 2016; Whittaker et al., 2015plumeridge

138 interaction systems link to slespreading ridge and small mantle plumes and short ptidge

139 distance.c) Sketches of ridgeuctionrward (top panelandplate-dragplume flow (bottom panel)

140 mode proposed, respectively.
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Figure 2. Model setup(a) Initial composition and boundary conditiofi$ie oceanic plate consists of

half-space cooling part and the therreguilibrium part. A 50-Myrs-old mid-ocean ridge sets in the

middle of the model based on halface cooling temperature structure. A thermal and chemical

anormal mantle plume locates at 660 kplored-boxesrefer-tDifferent colors indicatehe initial

rock typetypesand correspaiting newly formed molten rock typesellow arrowsarealseshowihe

half-spreading rates imposed interimathereck-boexethosphere (i.e., from 20 km to 120 km in depth)

to simulate ridge spreadinp) Initial tested ridge and plume configurations). lqitial tested plune

ridge distance

2 Numerical model |l i ng
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2. Model l ing method

Wel o expl eriet hpolsupnmee r e dayred | mlt eceonmadoutchte rsii anudk at i o

bytilizing -médeh bp@phlleerdmac@dYWwBi ch 1 s based on
di fference met hod -i eoenhbi nteedcGeniiyghu eam@ad kK ¥u.e nT h 120 (
model ing frameworgkgus@aslsbapdaodiblsy ebailgata endair ke r s

to jointly solve equartoimems uonf acman f£@rpvy gtyied g ga ft

nd®» m (1)
— — "Q ™ (2)
"0 — nJp O O O O (3)

whevreef etr bveetl @ ¢ it thgee v i astt areiscsPttheen sporfd sieu rdedn driet y
gravity petbhgrtanigomn t Cmdaheadaetr i cvaaptiivibteg at f | u>
Addi t iH,HaHJ y adnartehreadi oacti ve, adiabati c, shea
respectivel y.

We emplangNewtoni phastscpdOpGareywd ogiydi Wudr,e 2ndQ 7

The viscous r htehset rgpgisci e me@ad at onexnadn dcTapne ebsep P Ir e |

Vi scosxprydbysdde—effeacst iovbelmeve csmmaesittye di ffusi o

cr emeapt er i al ( Eq. (4)) .
— — — (4)
i n whi cahd are the diffusion anme gp ed toicwadli yo,n
further computed: as Eq. (5) and Eq. (6)
— -0, Aop— (5)

—~ -7- Agp— (6)
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wheRies t he TpsetsbBar ee mpsertahteurseeecond i nvarjant of
I's the diffusion disl|l ocAlH, & @weeleemsttraainm it aboe
exponetmthimaglaotri vati on energy, activationThveol um

pl astic-béebBadescribedriaygetrhgi @Buweicked,erli Dh8; |

accordin)g &md)ERg. ((78

- — (8)
i n whiasshks he vy i eQids hset rreoscsk, ¢ oihtehsei oenf faencdt i ve f r i c

The effectiveofvirsoccokssi tiys thlniboeoemebbabnedsbyus

plastic deformlaeo loogwsydien—ebdhaewmodr | ke e mdei mmn

viscosity attained between ductile and brittl

- i El- A~ (9)

Parti al mel ting, me | to—exi-e-abbttavrneo hanl dshopaescdcnaski &

compli @t dd ei nmoad ed i my IGiefr iy ad2®dyth3et—hroo-d@mét—t+—e xt r a

H—n-earty—wiathhd ctaalnepuelEagtt Bull(eBa me | t0 f rafct i me & r ust

to increase with temper atEwrg: (dmMd are calcul at
0 nmwh e Y

0 wh e YOy i)

0 pwhe'w Y
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Wh-ew lee fYe ant are the solidus and |l iquidus t

t—ytpyepreesspectitakbkby from Katz et al. (2003).

Il n our model |, me | t extraction is modeled 1in
(Gerya et Bhe ,eXt0rldbgted melt is assumed to mov
added to the bottom of the crust. Partial me | t
to the Dbortusotm eonfd tcheenwerted into hot mafic macg

The amount of extracted me | t during tthiee ev
Lagrdmagiramar k(eGesr y a., TRHel 3t)ot al amount ofalmed t
hnetxoc | tullee samount of previ ousEgy-Jlelx)t:r acted mel t

0o 0 t0 @1 )

whet ® refers to t he tot al me | t fnrmaecltti oex terxatc

b
the—-crust
The effectmafei demamomhar eamfisdpends 6 n atatnsdo mes| t
cal cul(eGeeadyaaset lalher 2a01%; .G 2020)
T p b b —_(12)
whet g _an d’ j are the reference densitiessofheh

crust density at given pressure and temperatu

! "F P I Ycwyp 10 m _(13)
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the oceanic plMvre, vaomnudc gtelre tthlmear &bl ueceuwi Itiob rdiewsn

oceanilcn patrher. wor ds, the ther mal age of t he |
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264 boundetlipemgiemp osbe0d0 km fsridine uenadcalr v i n t tolae ntt lmé h o s

265 | mposaeedddr ead( RiGay r at e

266
267 Talell. Rock physical properties used in the num
Parameters Sedi me Ocean C Mant | e Plume Refer%®i
FIl ow | aw Wet qu Basalt Dry oli Wet ol
Preexpone Al 1.9771 4. 8011 3.9¢d%1 5. 0201 1
Acti vat i®nKnkore r 154 238 532 470 1
Activati o Uatl. 0 0 1 0.8 1
Exporent 2.3 3.2 3.5 4 1
Co h e sd A 21 170 21 170 21 170 21 170 1
Ef fective friect 0. 6/0. 0.6/0. 0.6/0. 0.6/0. 1
De n si( K 2600 3000 3300 3270 2
Radi oact i@ewiees 27 F0 2.27T10 2.2%F10 2.5F10 2

268 a: 1(Ranalli, 1995) 2-(Turcotte and Schubert, 2014)
269  Other physical parameters used for all rocks include: gas corR&B814 JKmol?, thermal

270  expansion =3x10°K, compressibilityl =1x10-!1Pa?, heat capacit€p=1000 J kgtK ™.
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C o n v e ridgesbrgading rates control gravitational and presdtven plumedriving forces

(Fig. 9d). Increasing the spreading rate of the ridge implies a smaller dynamic pressure gradient,

because the pressugmdients related to the plate thickness difference at the ridge and plumeh

is dependent on the spreading rate. A-faseading ridge also implies a smaller gravitational gradient,

because iteaves a more shallowldipping lithospheric basé@. h urslatvelys t r ong pl at e

combined with relatively small preglsair@afame g

flow for high spreading rates.
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610 Figure 89. Model results influenced by different half spreading raf@sEffect of spreading rate on

611 ridgesuction-versavard flow \s. plate-drag-viseesityflow. Viscositysnapshots are showimodel

612 M7-M9, M82-M84, Table S1 in supplementary materialfFa sstpr eadi pgomatdagepl u

613 d+ag@i oamot es pl ume Maodeldwilrgreanicircle re@easentepkiieg pume flow

614 and ridgeward plume flow in red(b) Dynamic evolutions of ridgedctionward andplate-dragen

615 plumeflow, revealed by defined ridgaictionfraction—t+he—mnat o obfme—d+ f f er

616

gmeading flagtierf e q). (d) 4

617 Shear force Ks) between moving plate and plume material under diffespnéading ratesie)}

618 Ovepressure differench O-Pplume—Pridgd(d) Pressure gradietietween plume head and ridge

619 centersfin different half spreadingatesate models. Thesverpressure-in—+idgelid and plumedash

620 lines are themeamplume gravitation anddlynamic pressurex—50—50-km-bex—in{aygradient,

621 respectively.

622

623

624 4 Discussion
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Natural observations showahthere are only very few hotspots indicative of rithgad plume flow

close to the East Pacific Rise (EPR) (Fig. 10a), in contrast to many such hotspots in the Atlantic and

Indian oceansA previous study(Jellinek et al., 2003proposed that fastpreading ridgest-2

—Plate-drag-dominatedat such athe EastPacifieriseé?

Effe efficiently convey any

surrounding plumesntirely-tdnto the spreadingentersenterfrom the deep mantle (Fig. 1c), which

leads to fewer hotspotseng-thenearby fasspreading ridges. Howevebased on our modeling results,

we-propose-thdastspreading ridgesre-morelikelfendto pushawayplumepromoteplate dragflow

of the spreading plume materigroviding an alternative explanation to tfedatively absence of
hotspotsalong theEast-PacificRiseEPR We discuss thesessibitityviability of this assumption

combinegbotential explanation by comparimgth geological and geophysical observations (&idg).

Firstly, the plate drageffect of fastspreading ridges on plumes is evidenced by geophysical
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theEastPacificrisd/e locate the positions of the mantle plumes at the martle boundary (CMB)

and the associated hot spots on the surface basgldlmiseismic tomographfdacksoret al., 2021 ;

Koppers et al., 2021A lateral offset between the deep and surface positions of plumes is a common

feature, indicating the deflection of plumes due to mantle flow. Specifically, a large portion of plumes

located in the Atlantic are tdd towards the midcean ridge. However, only very few plumes in the

Pacific are tilted towards the m@tean ridge; indeed, the majority of plumes are tilted away from the

ridges, indicating the significant effect of plate drag on plumes beneath fast Blath observations

are consistent with the predictions of our models with domiplatédragplume spreading
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Figure 10.A comglation of hotspots along with spreading ridgegshe Atlanticandthe Pacific (a)

Distribution of surfacéotspots (circles) together with desitpjected source locations at CMBE e

dot9 of the plumes based ddackson et al., 2021Plumes in magenta circles are mantle plumes

interacted withridges(lto et al., 2003) and plumeshot interacted with ridges are shown as green
circles, whose size refers to the plume buoyanc ard et al., 2020Yellow dots are MORB
samples mapped in X(b) Plot of radioactive isotopes ratios along ridge MORB samples. The data
are downloadefrom the PetDB Databashkt{p://portal.earthchemrg/). The colored symbols refer to
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