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1. INTRODUCTION 3. RESULTS 5. COMPARISON WITH PYROXENITES

Peridotite melts~ 5 GPaaredifferent incompositionto 97SB68 and it isunlikely that peridotite wasthe sol e source of theferropicrites. Melting of
Phase relations of ferropicrite 97SB68 are - agarnet-pyroxenite sourcemay havebeen significant. A comparison of peridotiteand pyroxenite meltswith 97SB68isshownon Figure8.

shown on Figure 5. Data points are from

Evidence for the existence of heterogeneous or 'marble cake' convecting mantle’ is provided by rare, high MgO (~ 15 wt. %) primitive magmas
with anomalously high abundances of FeO* (~ 13.5to 16 wt. %>°) that occur in large igneous provinces (LI P; e.g. Deccan, Ethiopiaand Parana-

60

Etendeka). Some have incompatible trace-element and radiogenic-isotopic ratios (Sr, Nd and Pb) that resemble those of ocean-island basalts - experiments using: (i) 1 atmosphere furnace - \ ey . : | . | T Ko
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(OIBs). Thissuggeststhat they are predominantly derived from the convecting mantle’ . Theferropicritesaremildly-tosub-akalineand havelow | (diamond symbols), (ii) K2-Type piston ' 55 -
contents of Al,O, (< 10wt.%) and heavy rare-earth el ements (e.g. Lu = < 0.18ppm); thisis consistent with theincreased stability of garnet, dueto i cylinder apparatus (circles), (i) Boya- . ;
the high FeO* content in the ferropicrite mantle source. It has been proposed that the source of the high FeO* may be garnet-pyroxenite stresks England Type piston cylinder apparatus

derived from subducted mafic oceanic crust’ (triangles), (iv) SPI-1000 multi-anvil
| apparatus (sguares). The liquidus phase is

olivine up to ~ 2.2 GPa, which isreplaced by
pyroxene and then garnet at 5 GPa. At 3 GPa,

We have undertaken a series of melting experiments on aferropicrite from the ParanaEtendeka e SUbSO“du.S. EESE0EgE 'S PYroxens, \g
garnet and olivine. A marked inflection is :

. . . . . . . 1 ' o ] ’ <
continental flood basalt (CFB) province in NW Namibia (Fig. 1). 75 experiments have been seen in the solidus, just below 3 GPa. . I Dovof , | A 97SB68 O GALMPY90

performed over awide range of temperatures (1000 to 1750°C) and pressures (1 atmosphereto 7 Although pyroxeneis succeeded by garnet as = . | Peridotites @
: . : .. : . . lgure - (KLB-1, KR4003,
GPa) in order to constrain the anhydrous phase relations at conditions appropriate to those in the liquidus phase around 5 GPa, the J . PHN1611)

. . . . . .. 0 s 0 =Ry = MPY90 FI ureB
upwelling mantle plumes. The main aim of the experiments was to establish the conditions of positions of both liquidii are extremely close ————— —————— — I
.. _ _ 3 il 7 0O 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
petrogenesis of the Parané& Etendekaferropicrites and to gain further insight into the composition and acotectic-likebenaviour isobserved. Pressure (GPa) Wt% MgO Wt% MgO Wt% MgO

of the Early Cretaceous Tristan plume starting-head.

@ Eiondoka food basalts 4 Thephaserelationsof 97SB68indicatethat ferropicrite primary melt separation occurred at either: . . : ; e : :
1 Age of magmatom | P P P y =P AlLO, concentrations of MIX1G partial melts decrease and SO, contentsincrease with increasi ng pressure, dueto the presence of residual garnet,

i) ~2 2 GPaat theolivi liqui _ i i ithanolivi - ith : such that 5 GPameltsof MIX1G aresimilar to 97SB68 (Fig. 8). Na,0 concentrations of 5 GPameltsare also similar to 97SB68 but all the garnet
() GPaat theolivine-pyroxeneliquidusco-saturation point, with an olivineand pyroxeneresi duebut with garmet absent; or pyroxenite melts have lower K,O and FeO* and higher CaO concentrations than 97SB68, which probably reflect the composition of the starting
1) ~5GPaat th - liqui - ' ' ith ' itholivi I inth ; = material . : L
(i) ~> GPaat thegarmnet-pyroxeneliquidusco-saturation point, with agarnet and pyroxeneresidue, butwith olivinetotally consumedinthemelt Partial melting of equal proportions of basalt and peridotite (GA1,,MPY90,,) at 1500°C and 3.5 GPa produces a picritic melt that is similar in
composition to 97SB68 (Fig. 8; the percentage of GA1 isindicated in bold next to each open circle along the trend line). Other analyses of

I - GA1/MPY 90 partial melts are not available, but low-degree melts of mixed runs containing > 50% peridotite are expected to be nepheline-
I o7sm00 normative picrites”. Webelievethat amixture of 75% basalt and 25% peridotite may yiel d amelt composition similar to 97SB68 at ~ 5 GPa.

@ Parana-Etendeka ferropicrites

@ Associatedhigh-re lavas Figure 6 shows a comparison of 97SB68 and = e —
other Paranéd-Etendeka ferropicrites™ with et
picritesfrom Disko | sland and Nuussuag™, East

0.8
50 .

0.6

45 |
0.4

40 .
0.2

0.0

Figurel

N
o
-

Temperature (°C)

92 90929292029292020

Wt% MgO

=
=
o
o

PARANA-ETENDEKA
CFB PROVINCE

2. EXPERIMENTS
2.1SartingMaterial

Sample 97SB68 was collected from aferropicrite flow at the base of the Paran& Etendeka CFB succession in NW Namibid'. It was used as the . - Greenland®, Hawaii?, the Skye Main Lava

starting material becauseit has: e se e sees Series® and Siberia® . Also shown are 6. CONCLUSIONS

e — I - - Siberia aluminium depleted and al uminium undepleted
A low loss-on-ignition value (0.43 wt. %) L 0w _ph | oy T R komatiites. It isapparent thelow AlLO, (9 wt.%; Theresultsof our 1 atmosphereto 7 GPa experiments on aferropicrite from the Parana-Etendeka CFB have allowed usto constrain thefollowing

andispetrographically fresh (Fig. 2). A7 Ay : ' 6 - & Komatiites . ¥ ] Al-depleted komatites Table 1) and fractionated HREEs (e.g. mantle processes operating during theinitial sub-lithosphericinpact of the Tristan mantle plume. A model isshown (Fig. 9), expressed asaP-T plot
Nuusuaq

Chondritic ratio

Petrology dominated by olivine N SRt Y | (hiend ¥ S 5 - . | R ! [Gd/Yb]n = 3.1%) indicate that garnet was a with the solidii (+ 50°C) of fertile peridotite KL B-1*, garnet pyroxenite MIX1G" and theliquidus of 97SB68. Mantle potential temperature (Tp)
phenocrysts (up to 30 modal %) with -y = o4 N Disko + residual phase at thetime of melt separation. We
clinopyroxene. Plagioclase only occurs AUV ST S - 3. O ! ' therefore propose that the primary melts

inthegroundmass(Fig.2). | PRl 0 ot a0 RO\ ' ) . _ separated from their mantle source region at 5
Olivine phenocrysts with relatively high o R TR S gg gl = o S A - ) GParather than 2.2 GPa. , _ . , . L :
NiO contents (Fig. 3), which, combined VRN S e S Y - ol | | | : | | | ' 1. Itisunlikely that the primary Parana-Etendeka ferropicrite melts were generated from a purely peridotitic convecting mantle source. The

with relatively low Fo contents (Fig. 4), £ AL o . “ . . e res_ults of our experiments su.ggest that the primary melts separated from either an plivi ne-pyroxene r.esi due at ~ 2.2, GPa or a garnet pyroxene
cannot bedueto olivinefract onation. W SR Fig A gt 7 . 0.80 0.85 0.90 0.95 ALOTIO, Figure 6 residueat 5 GPa. Of these, high-pressure melting of a garnet-pyroxene rich mantle is more plausible since the Parang-Etendekaferropicrites are
| SMPAMEN pax 0 U Olivine Mg# Figure 3 characterised by low Al, O, contentsand fractionated heavy rare-earth element ratios(Fig. 6).

adiabats of 1300°C, for ambient mantle and 1550°C, thought to be appropriate for impacting mantle plume starting heads™*’ are al so shown, along
with thebase of continental lithosphere~ 125 km™ and the base of continental crust ~ 35 km.

n r
. . L] o [ ]
97SB68 (I‘,Dz M |;1G GA1l M Pf(go GA15ol\/fI PY 90s, GA175|\C/]I PY 90,5 KLrIIB-l KRéllOOS HKI-66 PH Nl-(1611 Tem pe rature ( C) F | g U I' e 10
SO, 46.91 50.05 45.56 50.35 44.74 47. 48.95 44.48 44.90 48.02 43.70 E | = 3 B 1200 1400 1600 1800 2000
TiO, 1.75 1.97 0.90 1.49 0.17 ) 115 0.16 0.16 0.22 0.25 = B o PiCI’iteS Komatiites Ferropicrites

Al,O4 9.09 15.76 15.19 16.53 4.37 10.4! 13.49 3.59 4.26 4.88 2.75

High bulk MgO (14.94 wt. %), FeO* (14.90 wt. %) and NiO sonon g ou e w2 2 en S 4 PERIDOTITE VS. PYROXENITEASTHE PRIMARY " 0 2 At 5 GPa the ferropicrite | : | —r

CaO 8.08 11.74 11.48 9.60 3.38 A 8.05 3.44 3.45 297 3.26

(0.07wt. %; Teble1) Towmom oW omonm s & R on o8 ou . | OP|C SOURC liquidus is a 1650°C, which is - £
Further characteristics of the bulk-rock composition of 97SB68, o o | oo FERR PI RI T E U R E similar to the solidus of Slica 1 s | . Lithosphere

Total 100.31 100.00 99.20 100.00 100.00 100.01 100.02 99.75 98.94 99.46 98.11

such asahigh [La/Nb]n ratio (1.4) and eNd value (2.2), suggest LI S T R N = R ' . undersaturated garnet-

FeO* = Total Fe expressed as FeO

that the dominant contributing Zfer ropicrite melt source region e e e 200 | 3 | b R | OnFigure 7 the bulk-rock composition of 97SB68 iscompared to those of experimental melts of peridotite (a; KLB-1, PHN1611 and K R4003) pyroxenite” (Fig. 9). At these
resided inthe convecting mantle'. o S it ot e e 0o sk inrel 100 e ot 09 TN & e, 2009 : N and pyroxenites (b; Hk66, MIX1G, G2 and GA1/MPY 90). We use a projection from diopside onto the pseudo-ternary system Mqg,SiO, (Fo) . pressures and temperatures, the

d Coesite eclogite crysallised from average oceanic crust (Yaxley & Green, 1998)

e 205 e e v iy & e, 1999 CaAlSi,O, (CaTs) SiO, (Qz)™. The En - CaTsjoin represents athermal divide between silica-saturated and silica-undersaturated compositions. garnet-pyroxenite solidus would

g Mixture of 75% GA1 and 25% MPY 90 (Yaxley 2000)
h Fertile Spinel Iherzolite, Kilborne Hole crater, New Mexico (Takahashi, 1986; Takahashi et al., 1993; Hirose & Kushiro, 1993) 1 _ 1 A1 1 1 _ 1 A1 1 1 . .
e e e Table 1 Samplesplotting to theleft of the Fo-An join are Ne normative, thoseto theright of the En-Anjoin are Qz normative and those in between are Hy . be intersected by an upwelling

k Garnet Iherzolite, Thaba Putsoa kimberlite (Kushiro, 1996) norma‘tlve It can beseen tha[ ) .
e The Paran&-Etendeka ferropicrites are distributed across the Enstatite-Ca-Tshermak thermal divide’, although most ferropicrites (including plume with a mantle potential

97SB68) plotinthesilica-poor region. temperature of 1550°C.
e 97SB68isamongthemost Fo normativeof the ParanaEtendekaferropicritesand plotsclosetothefield of 3 GPaperidotite melts.
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worldwide picrites (Fo85)". On Figure 4, MgO and FeO* Figure 7a CaTs (a Peridotites:

8 b solidusi k
contentsof 97SB68 (star symbol) and other are Parana-Etendeka KLB-1 partial melts™ are plotted as trends with pressure valuesindicated in bold. KR4003

ferropicrites(closed Symgol s)are compareqstothO_Se of meltsof melts” (unfilled fields) and PHN-1611 melts® (hatched fields) are separated into pressure & 3. Subsequent upwelling and melting of the Tristan plumewould be restricted by thick overlying continental lithosphere (Fig. 9) . Intersection of
fer tlleﬁger Idotites KLB-1, al;ld PHN-1611", olivine websterite y - Peridotite starting Intervals. Peridotite partial melts at low pressure are silica-saturated; those at ~ 3 GPa are the peridotite solidus would occur at ~ 4.5 GPa, for a Tp of 1550°C, and only limited melting would occur beneath a~ 125 km thick lithosphere.
HK66™, quartz eclogite G2° and silica-undersaturated garnet : g ' | material closeto 975B68inthesllica-undersaturated region of the projection. More extensive peridotite melting, and hence dilution of garnet-pyroxenite derived melts, would occur beneath thinner oceanic lithosphere and

: : / (KLB-1, KR4003, ' |Cri ' . S . . . . e
pyroxenite MIX1G". Also shown are other Parané-Etendeka : PHN1611) Ch . ?oi?tczterdegaiz?wvz’t Véegg)gﬁztehrrattggﬁ ggngrgier_;cggl igtgcr;gffkﬁirha;\el?gur?rgftggnrgtanaﬂg may explain the apparent abbsence of ferropicritesin intra-plate oceanic settings. In Ol B successions, ferropicrite magmas may be difficult to form
' dueto the absence of thick lithosphere. They may berare because: 1) Ol Bsdo not represent the emplacement stage of the plume; i1) the exposureis

ferropicrites(closed circles), aswell asthemelt composition of a , - . . . I
e @ & Sesn bessn 4 cetdaiie sevilne mEiets p Jid pyroxene may indicate that the co-saturation point at ~ 5 GPais a minimum depth of melt _ ; ot _
| P J | ] A5 separation. Thisrequires: (i) total consumption of residua olivine during mantle melting and usually not deep enoughin OI B sectionsto seetheinitial stage of magmatism.

12,13, .
(GAL,MPY90,, " opencircle). impliesthat theoriginal sourcewas|essolivine normativethan theliquidus co-saturation melt

Using aK, of 0.32", the olivine is in equilibrium with the bulk- . _ - . o .
. N composition at 5 GPa'’; and (i) the source composition to beless olivine-normative than the 4. The results of our study are in agreement with previous investigations which have proposed that mantle plumes consist of both garnet

rock Mg# of 65 (where Mg# = Mg/(Mg + Fe* ); Table 1), and : . firgt malt composti . . . S
oy . ] K position produced. Both of these factors are inconsistent with a peridotite : idotite (Fia. 10). Th . h g o lithosohere that h .
suggests that the bulk-rock composition of the ferropicrite has / : e s i s o ey ey S \?V%:ﬁ:(netr;:;eu ;r\:\?eﬁ?rr]gigﬂjtri é Ig. 10). The garnet pyroxenite may relate to the presence of subducted oceanic lithosphere that has been entrained

not undergone significant modification by olivine fractionation . - - oz were produced are not consi stent with the phaserel ations of 97SB68. Peridotite meltsthat are
or accumul ation since melt generation. I\/IlOO (wt 0/3)5 20 25 : closest in composition to 97SB68 wereformed at 3to 3.5 GPabut the 97SB68 phaserelations
g ' Figure4 I Y 97SB68 withinthispressureinterval indicateameltinequilibriumwith pyroxeneonly.

@ Silica undersaturated
@ Parana-Etendeka ferropicrites garnet pyroxenite (MIX1G)

O Eclogite/Peridotite (GA1/MPY90) B R E F E R E N C E S

Quartz Eclogite (G2)

Wetherefore believethat the composition of 97SB68 isrepresentative of aprimary mantle plume derived melt and an appropriate starting material . @ GALMPY90, melt ¢ b roxenites _ ‘Allégre, C. J. et al. Phil. Trans. Royal Soc. Lon. A297, 447-477 (1980). °Gibson, S. A. et al. Earth Planet. Sci. Lett. 174, 355-374 (2000). *Gibson, S. A. Earth Planet. Sci. Lett. 195, 59-74 (2002).
for our experimental study. i livine' Websterite (HK 66°°) partial melts at ~ 3 to 3.5 GPa (stippled fields with pressurein “Ulmer, P. Contrib. Mineral. Petrol. 101, 261-273 (1989). “Takahashi, E. et al.. Phil. Trans. Royal Soc. Lon. A 342, 105-120 (1993). “Takahashi, E. & Kushiro, |. Am. Mineral. 68, 859-879 (1983).
Figure 7b GPa indicated) are silica-undersaturated and most are slightly more Fo-normative than . : 'O'Hara, M. J. Earth ci. Rev. 4, 69-133 (1968). *Hirose, K. & Kushiro, I. Earth Planet. Sci. Lett. 114, 477-489 (1993). *Pertermann, M. & Hirschmann, M. M. J. Geophys. Res. 108, 2125-2142
975B68. HK66 meltsbecomesilica-saturated at pressures<1.5GPa. _ - (2003). “Hirschmann, M. M. et al. Geology 31, 481-484 (2003). K ogiso, T. et al. Earth Planet. Sci. Lett. 216, 603-617(2003). “Yaxley, G. M. & Green, D. H. Schweiz. Mineral. Petrog. Mitt. 78, 243-
satu? a?tegg’tjgr LZ) %ngg;(gir)epg\reg er gg;lj t?r((l)lgf g;eng IGZI dg ;rt‘ﬁet%e as'lt'z-r téﬂ%rrpe?tgel\laldﬁr/ ie dSIeI.I ((3332 255 (1998). “Yaxley, G M. (iontr-i b. Mineral. Petrol. 139, 326-338 (2000). “Takahashi, El.SJ. Geophys. Res. 91, 9367-9382. 5\Na| ter, M. 3 (1998). J.Petrol. 39, 29-60 1986). oK ushiro, 1. Geophys
partial meltsat higher pressures may become more M gO-I’iCh but the nature of the starti ng G2 Mono. 95, 109-122 (1996). "W, K. et al. J. Geophys. Res. 95, 15817-15827 (1990). “Arndt, N. T. (1994). Archean komatiites. In: Condie, K. C. (ed.). Archean crustal evolution. New York:
materia isli kely to still produce metsthat arelessolivine-normativethan 97SB6S. Elsevier, pp.11-44. “Thompson, R. N. et al. J. Petrol. 42, 2049-2081 (2001). *Lightfoot, P. C. et al. Contrib. Mineral. Petrol. 128, 139-163 (1997). “Fram, M. S. & Lesher, C. E.J. Petrol. 38, 231-

2.2 Experimental and Analytical Procedures Partial melts of Silica-Undersaturated Garnet Pyroxenite (MIX1G™™: hatched field) 275(1997). “Norman, M. D. & Garcia, M. O. Earth Planet. Sci. Lett. 168, 27-44 (1999). “Scarrow, J. H. & Cox, K. G J. Petrol. 36, 3-22 (1995). “Wooden, J. L. et al. Geochim. Cosmochim. Acta 57,

All e_xperi TENSTERE perfc_)r_med In the Experi mental Petrology L_ab_oratory (Magma Factory), at Tokyo_ | nsti_tute of Technology”. Melting phase A1 B 7 Increasein MgO with pressureand meltsat 5 GPaplot closetotheferropicrite. 3677-3704(1993). “Hirschmann, M. M. G® 1, 2000GC000070 (2000). *McK enzie, D. & O'Nions, R. K. J. Petrol. 32, 1021-1091(1991). “White, R. S. & McKenzie, D. J. Geophys. Res. 100, 17543-
relationsaswell ascompositionsand modal proportionsof all coexisting phaseswere successfully determined in 60 of the run products. - ei The starting compositions of Eclogite / Peridotite (GA1 / MPY90%*) mixtures and o) S e 70 o oy 100
: ' sandwich experiments at 3.5 GPa are illustrated as a trend line with the percentage of GA1 | = Mo = -

e latmosphereexperimentsused aquenching furnace, with oxygen fugacity controlled at the QFM buffer. h - ol shown inbold. It must be noted that thisisnot amixing line, sincethe En-CaTsjoin represents T
e Experimentsranging between 1.1 and 3 GPawere conducted using (i) a non-end-loaded ET-type and (ii) an end-loaded Boyd-England-type ' o athermal divide. It islikely that at > 3.5 GPathe picritic partial melt of GA1., MPY 90, will - —
iston-cylinder apparatus. All experimentsused theYs-inch, talc Pyrex assembly’. _ - become more olivine normative and, therefore, move further away from the composition of : ACKNOWLEDGEMENTS
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