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GIOVANNI B. PIeGARDO·, GIULIO OrrONELLO·· 

PARTIAL MELTING EFFECTS 
ON COEXISTING MINERALS COMPOSITIONS IN UPPER MANTLF. 

XENOLITHS FROM ASSAB (ETHIOPIA)'" 

RIASSUNTO. - In questo lavoro vengono studiati 9 xenoliti ultrafemici inclusi in vulcaniti 
alcaline nxenti della regione di Assab (Etiopia): vengono analizzati e discussi in particolare 
la concentrazione in elementi maggiori ed elementi delle Terre Rare (REE) ed il loro patriziona
mentO per le fasi mineralogiche coesistenti: olivina, ortopiros.seno, clinopirosseno e spinello. 

Dall'analisi delle concentrazioni e del partizionamento degli elementi maggiori fra coppie 
di minerali coesistenti, e tenendo conto delle caratteristiche stfUllurali e paragenetiche, si può 
concludere che l'associazione mineralogica complessiva dei diversi campioni analizzati ha subito 
cristallizzazione all'equilibrio sotto condizioni relativamente uniformi. La stima di tali condizioni. 
secondo le metodiche dedotte dai più recenti dati sperimentali, indica temperature di circa 1100~ C 
e pressioni comprese fra 9-10 e 21-22 kb, consistenti con il campo di stabilità dcile peridotiti 
a spinello. 

Questo evento di equilibratura metamorfiCli tende a mascherare gli effetti di qualsiasi pro
cesso la roccia abbia sublto in precedenza. 

Nonostante ciò, variazioni più o meno regolari possono essere riconosciute per alcuni para· 
metri composizionali delle diverse fasi mineralogiche (principalmente ortC). e clinopirosseni) e. 
inoltre, risultano evidenti buone correlazioni in vari parametri composizionali fra le varie coppie 
di minerali. In particolare, clinC). e ortopirosseni mostrano paralleli decrementi progressivi nei 
loro componenti Ca-Tschermakitici e ferriferi, acrompagnati da incrementi nei componenti magne
siferi, l'olivina varia composizionalmente fra 7,89 e 11,61 in Fa, mentre gli spinelli mostrano 
solo una leggera variazione relativa nei loro componenti MgAl.o. e FeCr.o •. 

Il partizionamento fra fasi coesistenti mostra l'esistenza di ben definite correlazioni positive 
di vari parametri (ad esempio: Fe/Mg e Cr/Al) fra coppie di fasi coesistenti: in particolare 
per i pirosseni. il decrementO parallelo del rapporto Fe/Mg, in entrambe le fasi, è accompagnato 
da incrementi paralleli del rapportO Cr/AI (e decremento nel contenuto in Al totale). 

Può essere quindi concluso che le fasi silicatiche mostrano ttends di variazione parallela 
verso composizioni arricchite in Mg, accompagnati, per clinC). e ortopirosseni, da decremento 
nei loro componenti Ca·Tschermakitici. 

Deve essere ricordatO come i campioni analiuati, che mostrano una composizione harzbur
gitiQl (essendo il cpx presente soltanto in pochi % ), abbiano mediamente contenuti in TiO., 
AJ.O., Cao, Na,O e K.o più bassi, e più elevati in MgO, rispetto alle composizioni stimate per 
il mantello superiore primitivo, e debbano essere quindi considerati come residui refrattari di 
un processo di fusione parLi aIe, piuttosto cht: materiale non impoverito. I !.fends composizionali 
sopra descritti devono essere, a nostro parere, considerati come gli effetti di tale processo di 
fusione parziale sulle fasi costituenti, residuali dopo il processo di impoverimento. 

In generale va ricordato come, sebbene tanti e lali siano stati i contributi sperimentali alla 
comprensione dei meccanismi genetici dei fusi basaltici per fusione del materiale del mantello, 
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non sufficienti dali paiono a tutt'oggi esistere sul comportamento delle fasi mineralogiche del 
mantello superiore (e cioè di soluzioni solide complesse) dumnte processi di fusione paniale 
progressiva sotto differenti condizioni P-T. 

~ generalmente riconosciuto come la fusione parziale progressiva produca continue varia
zioni nella composizione mineralogica dei residui refrattari, progressivamente eliminando diverse 
specie cristalline, ma le fasi residuali sono spesso considerale invariate in composizione, durante 
il progredire della fusione, oppure le loro variazioni non sono sufficientemente considerate (ad 
esempio: nella modellizzazione dei processi genetici dei fusi). 

I risuhati dei dati sperimentali esistenti (vedi ad esempio: MYSEN e BoETTCHER, 1977) 
mostrano un buon accordo oon le nostre osservazioni, mentre analoghi trends composizionali 
sono evidenti per le fasi mineralogiche di vari massiççi di peridodli alpine, che mostrano di 
aver subho processi più o meno spinti di fusione parziale SOlto condizioni ascrivibili al mantello 
superiote (vedi ad esempio: PICCARDO, 1976; DICK, 1977 ). 

Considerando i contenuti ed il frazionamento delle Tene Rare (REE) (dati in; OrrONELW 

et al., 1978 a e b; OrrONEt.LO, in prep.), va innanzitutto osservato come i vari campioni 
analizzati per roccia tOla le mostrino patterns, normalizzati rispetto alle concentrazioni condritiche, 
arricchiti in LREE e relativamente impoveriti in HREE. 

Sebbene tale carattere, comune agli xenoliti ultrafemici di questo tipo, sia interpretato 
da vari Autori come contrastante con il carattere residuale di questo tipo di rocce e ascritto a 
contaminazione da parte del fuso inglobante o da parte di componenti geochimici non meglio 
definit i, i dati di roccia totale per i nostri campioni mostrano un buon accordo con i risultati 
dei calcoli di bilancio di massa sulla base delle composizioni in REE delle singole fasi minera
logiche dei vari campioni (OrrONELLO, in prep.). 

A riguardo della composizione in REE delle fasi mineralogiche (vedi: OrToNEt.LO et al. , 
1978 a e b; OTTONELLO, in prep.) e considerando in particolare il partizionamento fra e1ino- e 
ortopirosseni, va rimarcato come i rapporti fra le attività delle REE nelle due fasi mostrino 
caratteristiche simili per tune le coppie investigate, con massimi localizzati al Ce. Le variazioni 
nel rapporto delle attività dello stesso elemento nelle diverse coppie di pirosseni è riferibile a 
sostituzioni parallele che interessano l'A! nei siti Z e le REE nelle posirioni M. della fase cpx. 

Evidenti condazioni con gli elementi maggiori suggeriscono l'esistenza di effetti di dipen
denza dalla composizione in elementi maggiori per la distribuzione delle REE fra cpx e le fasi 
coesi$lenti. 

Sebbene il quadro globale del partizionamento delle REE nelle fasi considerate sia 
molto complesso, comunque l'evoluzione dei valori del partizionamento sembra conelabile con 
le variazioni nei parametri considerati indicativi del carattere più o meno residuale dopo fusione 
parziale per questi materiali. 

Variazione dei valori di partizionamento fra fasi oolide coesistenti probabilmente si verifica 
durante un processo di fusione parziale progressiva. Inoltre, si può dimostrare che l'attività 
di tali elementi in fusi naturali è una funzione complessa dell'attività dell'()'" - in tali liquidi 
(FUSER, 1975 ). 

Tali constatazioni, assieme alla mancanza di dati riguardanti l'attività delle REE nei fusi 
naturali, suggerisce cautela nell'utilizzazione di assunzioni semplicistiche (ad esempio: costanti 
coefficienti di partizionamento solido-solido e solido-liquido) durame la modellizzazione geochimica 
dei processi genetici dei fusi naturali. 

ABSTRACT. - Reequilibrated tectoniric spinel peridotite xenoliths from Assab preserve 
evidences of a depletion event sufIeroo hl' these residual materials prior tO the equilihrium 
crystallization in a narrow range of temperalUres (about 11000 C) in the spinel peridotite 
$tability field. 

Well definoo corrdations exisl for the major compositional parameters among diflerent 
minerai pairs. Ali the silicate phases show trends of paraUe! variations toward more Mg.rich 
compositions, accompanied by decrease in the Ca·Tschermak component in pyroxenes. The 
recognized compositional trends, which ate asctibed to effects of progressive pattial melting, 
are in good agreement with expcrimental results of quencing runs on similat materia!$. 

REE partitioning picture in these materials appears quite complex but dear composition 
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dependenty efl"ectS of thc REE diSlribution lmortg clinopyroxene Ind 1M coexisting solid phases 
Cln be envisaged. These evidences, Ilong with thc llCk of dati concerning REE activities in 
n.turll mdts, suggest gl'elt care in luempting geochcmical modelling bISed on tllese elements. 

Inlroduction 

T nis papcr is a repor( of present day knowledges on e!emental distribution 
bclween coexisting solid phases in reequilibrated tectonitie spine! peridotite xenolitns 
from tne Assab Range (Ethiopia). 

Possible effects of a partial me!ting event, wnicn operated on the solid as
scmblages prior LO tne equilibrium crystallization, are discusse<! in terms of crystal 
enemistry. 

REE partitioning picture in lhese materials is also brieAy resumed and attention 
is focuscd on possible eomposition dependency effects on the trace partitioning 
bclwcen coexisting residual solid phases and the liquid. 

Bulk rock m a jor elemen t eh emi81ry 

As previously dcscribed (C IMMINO et aL, 1976; OrToNELLQ et aL, 1978 a), the 
considered ultramafic xenoliths, on a textural basis, show the effects of a complete 
equilibration event, which operated on the whole fou r phases assemblage, without 
having recorded later reaction or usolution phenomena. 

Paragenetically, they main ly consist of olivine and orthopyroxene, whereas clino
pyroxene and spi ne! are always confined to few percents. Their harzburgitic minerai 
assemblages are in agreement with the major e\cment bulk rock chemistries (tab. 1): 
in faet, wnen the analyzcd Assab spine! peridotites are eomparcd witn tne estimated 
eompositions for primitive upper malllie by different Autnors (i.e. WYU.IE, 1971; 
MMLOE and AOK I, 1m), none of our samples approacnes the proposed compositions. 

T he systematic differences in several componentI, and particularly the lower 
values for Ti~, FeO, Na~, K~, AltO, and Cao, and tne higner valucs for MgO, 
are on tne whole in good agreemcnt witn a residual cha racter after a partial melting 
evento Considering some compositional parametcrs, often utilized as indues of 
depletion, rough covariances can be visualized among tne diflerent samplcs. 
In particular, tne AbOs :lnd DO contents and tne FeOtot./MgO ratios 
show crude parallel decreases, accompanied by parallel opposite variation of the 
MgO contcnts. 

~Iajor element minerai chemislry 

Constitucnt minerai phases of tne harwurgite xenoliths have bttn separatecl by 
hand-picki ng, since optical investigations as weU as microprobe surveys (sce: CIM
MINO et aL, 1976) have snown no exsolution textures and a compositional nomo
geneity among and within crystal grains in the same sa mple. Pure clear minerai 
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grains were sep:u:tled and repeatedly cleaned by ultrasonic washing and rinsing with 
distilled water before crushing: purity i5 bclieved within 98 and 100 7e. 

Major dement determinations were carricd out by colorimetric and atomie 
absorprion procedurcs (analyst: A. MAZZUCOTf.L.Ll, Istituto di Petrografia, Università 
di Genova; proceclures as describcd in: BAsso and MAZZUCOTF.LLI, 1975; MAZZUCo

TELLI, 1978, in press). 
The analyzed minerals are 9 olivines, 9 onhopyroxenes, 9 clinopyroxenes and 

6 spincls: data are presemed in tahles 2, 3, 4, 5. REE data are nOI reported. as they 
are available in alher contributions (OrrONELLO et al., 1978 a and b; OrroNELLO, 
in prep.). 

TABLf. l 
Mi/ior elementr bufk fode chemisfry 01 Auob spinel peridotites and monile e$limated compositions 
alteT WHITE and H ARRIS (in WYLLIE, 1971 ) and MAALOE and AOKI (1977) (M.A). Data 
lor samp!el JG9, lG17, JG18, JG19 Irom OrroNELW et al. (1978 a). Tota! iron expresred as FeO 

>C. lG12 JG1~ lG16 JG17 lG18 JG19 lG28 lG51 ~,n ~=. (M./I.) 
•• H • • u u ... u u ... 

Sto, H.H '44.15 45.00 H.50 44.l9 H.46 44.52 44.50 43.60 44.50 44.20 H.71 
"l"10~ O. OJ O.OJ 0.02 0.02 0.01 0.02 0.04 0.03 O.Ol 0.15 0.10 0.16 
/11,0, 0.98 0.80 1. 00 0.99 1. 04 0.78 0 .78 0.78 1. 01 2. 55 2.70 2 .• 6 
Cr,O, O.ll 0.2' 0.26 0.22 0.28 0.25 0.25 0.28 O.lO O.lO O.U 
hO tat. 1.95 7.66 8.57 8.0l 8.90 7.94 7.87 1.99 1.H 8 .65 8.29 8.15 
~, O. , 2 0.1l 0.10 0.10 0.14 0.12 0.12 0.11 0.13 0.14 0.1 S 0.18 

'" o .l2 O.H o . lO O.ll O.ll 0.l2 0.32 o .lO 0.33 0.20 0 .26 .. ' 44.88 44.50 43 . 02 44.68 U.57 44.9S 4S .06 H.81 n.S4 41. 10 41.l0 41. 00 ,., 0 .85 1.09 1. 25 0.78 1.76 0 . 7l 0.68 0 . 80 0.60 2.n 2.40 2 . 42 

"",0 0 .06 0.09 0.11 0.09 0. 11 0.08 0.04 0 . 07 0.05 0 .2 5 0.25 0.29 

',' 0.01 0.01 0 . 02 0.01 0.02 0.02 0.01 0.01 0.01 0.015 0.015 0.09 
P,O, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.06 

... ~ .. , n.75 99.62 99.66 99. " 99.60 99.68 99.70 99.U 99.85 99.98 99 . 90 100.20 

Ali iron is considered as Fe2 ' in the olivines and pyroxenes, although the minor 
amounts of Na m ortho- and clinopyroxenes m'Y indicate small amounts of Fes+ 

m th, acmite end member. A, fo, " spincls, ,h, proportions of Fe20s ,od FoO 
are obtained assumi ng no cation omissions ,od the spind stoichiometry. 

Clinopyrounes 
Based on six oxigens, cation 10tal average 4.016 (c:r = 0.013), in good agreement 

with the theoretical value 4.(0). Since silicon cations avcrage 1.888 (c:r = 0.025), 
more than one half of the 10tal AI cations (mean value 0.180, c:r = 0.035) appear to 
be tetrahedrally coordinated. le must be mentioned, however, that a small error in 
the Si determination leads to a i::lrge error in the AI'Y/A1Y' ratio, and it is better 
assumed that octahedrally coordinated aluminum rcachs half of the total Al (see 
discussion in: WOOD, 1974). 

On the whole, the analyzcd clinopyroxenes fall in the diopside field and appear 
similar in their major e1emem compositions, particularIy fo r Ca (mean value 0.833, 
c:r = 0.018), Mg (mean value 0.920, c:r = 0.025) and Fe (mean value 0.099, c:r = 0.011) 
atom proportions. Accordingly, the related e1cmental ratios range betwecn narrow 
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Fig. I. - Compo~ition~1 variat10ns fOf" clino. 
pyrol<cnes. F\llI squaces rcfcr to samplcs 3GI2 
~nd 3G5 1, which show. m~inly on thc tOOlI AI 
verWI Fc/Mg diagram. an ~nomaloul bchavioor 
with res.pcct lo thc othcr samplcs. In pan ic\lbr. 
!hoe samples clur1y fall outsidc lhe trend 01 
parallcl incrUK 01 total Al and Fe/Mg, while 
they follow Ihc Si-toUI AI C().nrianc:c trcnd: thoe 
fnl\lres can be interprete!! ~J diffcrenccs in thc 
rclative vari~tionl of thc Tschermakitic and Fc· 
-bcaring componenti .. A .imilar anomai<l\u bcha. 
viour U aloo shown by 3G I2 oplt (ICe rtg. 2). 

ratio, suggcsting co-variance with Fe as 
corrdation with Al. 

limits, the Mg/Mg +Fe and Ca/Ca+ 
+Mg+Fe ratios averaging 0.903 (O'" = 
= 0.012) and 0.450 ( O" = 0.009), respecti
vcly . 

Rdativdy wider ranges are shown 
by AI (range 0.135-0231), Na (mean 
value 0.050, (f = 0.014), Cr (meall value 
0.039, O" = 0.006) and Ti (mean value 
0.008, • = 0.002) . 

The correlations existi ng among thc 
various compositional parameters are not 
stricking, except fa r the good negat"ive 
correlation between silica and total AI 
(see fig. 1) : however, the Fe/Mg ratios 
show crude positive correlations with 
the AI and Na contems and the Ca/Mg 
ratios, and negative corrdation with thc 
Cri AI ratio. Moreover, the AI coment 
increases with increasing Ca/Mg ratio 
and with decreasing Cr and AI contents . 

T aking into account such evidences, it 
ca n be recognized that the different di
nopyroxene compositions indicate a 
rough trend of progressive paralld 
increasc: of Fe, Ca and AI, accompanied 
by more or less paralld increascs in their 
Mg and Si contents. Such a composi
tional trend can be interpreted as a 
progressive parallcl decreasc: of Fc, Ca 
and AI, accompa nied by more or Icss 
paralld increasc:s in their Mg and Si 
contents. Such a compositional trend can 
be interpreted as a progressive decreasc: 
of Ca-Tschermak (CaAbSiOe) and Fe
bearing (i.e. Fe2Si20e) components of 
the dinopyroxenes salid salutiom, ac· 
companied by a paralld increase in Mg
bearing end mcmbers (i.e. Mg2Si206). 
Less convincing dcductions can be made 
on the behaviour of Na, since it shows 
positive corrdation with the Fe/ Mg 

acmitic component, but slightly negative 
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TABLE 2 

Maior e/ement chemistry 01 clinopyroxenu Irom spind p"idatile xenoliths 

01 the Auab Range (Ethiopia) 

>c. 

S10, ~2.91 50.97 
.\l,0, 3.46 5.09 
TiO, 0 . 16 O.ll 
Cr,D, l , SO 1.30 
no tot. 2.97 l.88 
"'JO 16.98 17.8\ 
C.O 20.96 20.97 
N.,O O. W 0.60 

Total 19.57 99.93 

Sl 1.928 1.854 
AIIV 0.072 0.1 46 
U vJ 0.076 0.072 
Ti 0.004 0.008 
Cr 0.043 0 . 037 
F..... 0.090 0.088 
lIoj Q.nl 0.966 
c. 0.816 0.817 
N. 0.042 0.042 

301S lG16 

50.86 52.H 
S.l6 4 . n 
0.21 O.H 
1.20 1.4' 
3.81 l.S4 

16 . 48 16.50 
21.34 21.26 

0 . 48 1.00 

99.H 100.35 

1.861 \.895 
0.139 0 . \05 
0.092 0.07' 
0.006 0.006 
0.035 0 . 042 
0 . 117 0.\08 
0.199 0.89' 
0.836 O.UI 
0.034 0.070 

4.018 4.021 

JG17 

51 . 20 
3. '9 
0.31 
1.06 
3.U 

16.54 
22.09 
0.77 

9'.40 

1.883 
0.111 
0.056 
0 . 009 
0.031 
0.106 
0 .907 
0.87\ 
0.055 

4.001 

TABLE 3 

5~. 31 
],14 
0 . 41 
1.14 
1.04 

17.05 
21.16 
0.60 

99.45 

1.913 
0.081 
0.048 
0 . 0" 
0.050 

0.093 
0 . 929 
0.829 
O.OH 

4.004 

le19 

51 . 90 51.80 
1.22 4.75 
0 .40 0.32 
1.20 1.22 
1.16 3 . 38 

17.35 n .54 
20.88 ~1.21 

0.72 0.56 

99.32 100.02 

1.904 1.885 
O.OH 0.115 
0.043 0.088 
0 . 011 0 . 009 
0.035 0.035 
0. 101 0.101 
0 . 949 0 .897 
0.821 0 . 827 
0.072 0.056 

4.0H 4 . 015 

le51 

51.00 
4 . 68 
0.28 
1. 60 
2.61 

16.90 
21.110 
0.52 

1. 967 
O. l ll 
0.069 
0 . 008 
0 . 0 4 6 
0.082 
0.922 
0 . U5 
O.OH 

4.019 

Ma;or element chemùtry 01 orthopyroxenes Irom spinel peridotite xenoliths 
01 the A ssub Range (Ethiopia) 

>c. 

Sia, 54.77 
AlzO, 2.79 
TiO, 0.01 
Cr,O, 0.73 
r e O tOt. 6.19 
M';O H.18 
C. O 1 . 58 
N.zO 0.12 

Toul n.S8 

SI 1.909 
u IV 0.091 
AlVI 0 . 024 
Ti 0.001 
Cr 0.020 
r .. >+ 0 . 180 
Mq '. 735 
Ca 0.059 
Na 0.008 

Total 4.029 

Orthopyroxenu 

1012 

53 .80 
4.04 
0.06 
0.14 
5.12 

l4.65 
1. 54 
0.01 

1.857 
0.141 
0.021 
0.002 
0.020 
0.165 
1.781 
0.057 
0 . 002 

4 . 050 

let 5 

54.n 
4.63 
0.02 
O.ro 
7. 18 

10.96 
1.1l 
0.08 

l • !/OS 
0.09l 
0.098 
0.001 
0.022 
0.210 
1.6to 
0.042 
0.005 

1 . 988 

le16 

H . 96 
1 . 19 
0.06 
O.H 
6 . 72 

12 . 51 
1.22 
0.12 

99 .80 

1 . 91l 
0.088 
0.051 
0 . 002 
o.on 
0.195 
1 . 687 
0.045 
0.008 

4.0tO 

le17 

55 . 10 
, . ~ 

0.02 
0 . 62 
6 . H 

n.55 
1. 13 
0 .22 

99.79 

1.9n 
0.078 
0.025 
0 .001 
0.017 
0.187 
1.738 
0.042 
0.015 

'.025 

le18 

54 . )6 

2 . H 
0.02 
O. H 
6 . H 

14 . 49 
1.24 
0.08 

1.896 
o. t04 
0 . 010 
0 . 001 
0 . 007 
O. tel 
1.791 
0 . 04' 
0.005 

le19 

54.82 
2.81 
0.06 
0 . 66 
5 .91 

3],96 
1.18 
0.11 

1 . 907 
0.091 
o .on 
0.002 
0 . 0 19 
0.172 
I.Ht 
0.044 
0.007 

4.028 

le28 

54.22 
1.82 
0 . 08 
0 . 01 
6 . 97 

32 . 21 
l. 15 
0.08 

1 . 898 
0.102 
0.055 
0.002 
0.022 
0 . 204 
1.680 
0.043 
0.005 

4.013 

leSI 

54.22 
3.74 
0.02 
0.70 
6.70 

l2 .67 
1.44 
0.02 

1.894 
0 . 106 
0 . 048 
0.001 
0 . 019 
0 . 196 
1.70t 
0.054 
0.001 

'.020 

Cations totals average 4.023 (O' = 0.019) per formula unit, d ose to the ideai 
4.000 value. Silieon and aluminum eations average 1.900 (O' = 0.017) and 0.139 
(O' = 0.029), rcspcetivdy. Similar to c1inopyroxcnes, much more than half of thc 
AI cations appa rcntly occupies tetrahedral sites, but the real Al partitioning among 
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Fig. 2. ~ Composi!iollal var iations for ortho
p)'roxcncs. Full squares rden lo 3GI2 opx, which 
show. an anomalo". o.,haviour (mainl)' 011 thc 
lotal AI VCf.II' Fc/Mg diagram) wilh res!",ct to 

the Olhcr sampks, analog<M.l.ly lo 3G I2 epx (se<: 
Fig. I~ 

Olivirus 

fo ur-falcl and six-fold positions can be 
masked by small analyticai errors in
volving systematically low values for 
silicon. 

Orthopyroxenes are enstatites and 
show no important variations in their 
compositions, as for as Ca (mean value 
0.048, fI = 0.007), Mg (mean value 1.721, 
fI = 0.058) and Fe (mean value 0.188, 
(] = 0.015) cations per six oxigcns, and 
consequently in their Mg/Mg+ Fc and 
Ca/Ca + Mg + F e ratias, averaging 0.901 
(a = 0.010) ,nd 0.024 (a = 0.003), 
respectivcly. 

Aluminurn shows a small range of 
variation (0.103 -0.190); average numbers 
of a ther cations, occurring in small (00-

centrations, are: Ti = 0.001 (a = 0.001), 
Na == 0.006 «(7 = 0.0(4) and Cf = 0.019 

(a = 0.005). 

As for clinopyroxenes, rough cor
re1ations are recogniza.ble among some 
compositional parameters, concordant, 
0 0 the whole, with those ones identified 
in the cpx compositions : in particular, 
the Al contents increases with increasing 
~t./Mg and Ca/Mg ratias and decreasing 
Si contents (see fig. 2). Accordingly, 
progressive decreases in Ca-Tschermakitic 
and Fe-bearing components, accompanied 
by parallel increase in enstatitic compo
nents, can be visualized. 

Based 00 four oxigens, catioo tota15 average 3.029 (u = 0.029), d ose to the 
stoichiometric valuc 3.000. There are a nly little deficiencies af silican (mean value 
0.971, (1 = 0.020) aod excesses of six-fold coordioated catians, bei ng 2.058 «(1 = 0.040) 
the mean value af I: (Fc + Mg + Ni). 

The Fa contents af the analyzcd alivi ocs show a relatively narrow range af 
variation (7.89 - 11.61), the mca n valucs being 9.13 «(1 = 123). Thc N i contcnts 
range from 0.005 to 0.010 (mcan value 0.007, (1 = 0.002), in good agreemcnt with 
contents shown by alivioes from mantle materials. 
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Spillds 
When re<:alculated 00 the oosis of four oxigens, assuming spine! stoichiometry 

and no calioR omissions, [he spi ne! compositions show a remarkable homogencity 
in the Mg (range 0.702.0.755, meao value O.7?}, (1' = 0.019) and Fe2 • (range 
0.245·0295, mean value 0.270, (1' = 0.018) contcots. Cr and A I contents exhibit a 
significant nearly reci procal variation, tneir range being 0.337·0.526 and 1.565 - 1390, 
respectivdy. Accordingly, the C rjCr +AI ralios vary Qver the r:mge 0.177 -0.276 
(mean value 0206, (1' = 0.038), wit h only a rel:u ively small variation in the 
Mg/ Mg+Fe2

• ralio (range 0.704-0.755, mean value 0.729, II = 0.018) (fig. 3) . 
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I-ig. 3. - Alomie: proportions of Fe" ve" ... , Mg (Fig. l -I ) ~nd Cr '-e'SuI AI ( l--lJI. 3·11) for .Ile 
11l31yud splnds. Thc: linn in I and II ddinc iOlid iOlutions for which Mg + Fe" = 1.00 and 
Al + Cr = 2.00, rcsp«tivdy: tbe d~Jhcd tine in Il indint~ the mr:lln ulue 1.912 ol (Al + O ) 
fM OUr an~!)"ud sampb. In FilI. 3·111 Ihe an~ly:r.cd sampl~ are plottcd on tbe Cr/Cr+F"" dialIram. 
Ficld, A and B rder, rcsp«tivdy, IO spind compositional uriations fCf" alpine peridOl:ites of wc 
Klamath Mountain. (D.clt, 1977) and of thc We>lern Alps and Nortru:rn Apennine. (PICCA"DO, 1976; 
E"",ST, 1978: E""'ST aoo P'CCAIlDO, 1978, in press). 

The FeS
' values show a significant range of vanatlOn, 0.062 -0.112, without 

havi ng sure corrdations to the other chemical parameters, bUI a dubitative negative 
corrdation with me CrI AI ratio. 

Owing to the relatively homogeneous Mg/Mg + F e2+ values. no clear co-variance 
ca n be recognized with the Cr/Cr+ Al ralio: only disregarding sa mple 3G lS. a 
rough negative correlation seems to exist (see fig. 3-1II) between the two chemical 
paramerers, indicating thar the smaU compositional variation could be mainly due 
to opposite parallel variations of the MgAI2Ù4 and FeCr2o.. components. 
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To\.BLE 4 

Ma;or a~m~nt ch~mistry 0/ olillinu /,om spina pmdotit~ :unolùhs 
0/ rh, Assab Rang~ (E/Mopia) 

". lOl2 lOlS lOIfi 30'7 lOl' 3019 l02e l051 

810~ 3'.85 le .40 40. 5 ' 40.00 40.00 l8 . 110 li. IO 39.90 38.83 ." 51.00 52.11 '1." 52.\7 47.55 52.21 51.12 50.64 52. '0 
reO tot. 8 .43 8.94 10.24 a. " 11 . 11 1.25 '.61 g.H l.n 
",o o.n 0.40 0.)0 0.2' 0.46 o.n 0.41 0.11 0 .42 

"l'Otai ".66 n.91 91.01 IO' .l6 ".12 g9.U ".11 100.10 n.l2 

" 0 .'77 0.946 , .00s O. ," 0.'97 0.956 0.156 O.nl 0 .957 

;:h 1.ln I.'" 1.773 1.110 1.766 1.912 I.to2 1.1" L'H 
0.113 O.I*, 0.2'2 0.110 0.231 0.170 0.177 O. lto 0.154 

"' 0.007 o.~ o ... 0.= 0.00' o ... 0.010 0.006 o.~ 

"I"Otal 3 . 022 1.054 2.U6 ).Ol2 1.004 l.O44 3.045 l.O23 l.O43 

To\.BLE 5 

Ma;or el~m~nt ch~mistry 01 spinels Irom spind pm'dotiu uno/iths 
01 /h~ Assab Rang~ (Ethiopia) 

3012 "" le" le" 1021 lOS' 

klJOI 47.4) 41.14 48.93 42.H 41.00 n. 80 
C~,O. 20.00 16.11 n.fO 24.0\ 11.51 '6 . 00 
'.,0. l.O' 4.l0 5.55 4.01 4.n t. " 
~ Il.05 12.41 11.32 10.5' , 2.'5 12.n .... 11.51 17.'0 1'.n Il.H '1. 19 Il.lI 

Total 101 . 05 loo.n ,oo.n 99.41 n .n '01.19 .. 1.5' o 1.55 t 1.550 1.190 l. sn 1.565 
Cri. 0 .42 7 0.359 O.lla 0.526 0.316 O .H1 

~I+ 0.062 0.011 0.112 0.081 0.087 0.098 
0.295 0.210 0.254 0.245 0.216 0.271 .. 0.702 O. no 0 .146 0.755 0.724 Q.728 

Total 2.9" l.OOO 1.000 1.000 l.MQ 1.001 

Major element partitioning 

507 

After the pioneering paper on d ement partitioning between coexisting phases 
by RAMBERC and DE VORE (1951), numerous workers dealt with experimental and 
theoretical aspttts of element fractionation as a way fo r investigating crystallization 
conditions of natural assemblages (sce: SAXENA, 1973, for mai n references). 

Prior to discussing the mai n characteristics of major deme~t partitioning in 
our ana lyzed samples, let us brieAy recall few fundamental statements, particularly 
considering the simple partition reaction involving exchange of two comlXlnents 
(A and B) between two coexisting phases (I and Il) (a$ recently summarized by 
ERNST. 1976). Such a reaction may be written as 

'" 
(where l and m are the exchan.'!:ed moles of ions), or as 

'" 
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(dividing by 
cnange (L1G) by 

and letting m/l = n), and 
meam of thc Van't Hoff 

it is related to the Gibbs free energy 
cquation, in thc farm 

'" 
(where a indicates elcmcnt activity), or in the farm 

'" 

(where X", and Xn are mole fractions), if thc activity coefficicnts are af unit value 
as for ideai salutians. 

Al equilibrium conditions (L1G = O) 

", 

Regarding the temperature and prcssure inAuence 011 thc distribution coefficient, 
il appears evident from the emhalpy change (..1H") and thc volume change (.1VO) 
of the reaClion (differentiating with respect lo T and P) tbat thc Ko variation 
wit h T should be smaller al higher temperatures, where Ko wiU more c10sely 

g 

I ~ ,., 
+€ 

• • ,., • 
• • , 

'I 
, " 

,., 0.3 (A I)., . 

Fig. 4. _ l'otal AI cn·nrianec in the diffc,en! 
p)'roxene pairs. l'he AI ••• 1 Al... m"an value is 
exp'es~ as m"an Nernsl distribUlion codlicient 
(K~D), even if AI appcars IO be 100 con",ntraled 
for NernSl infinile dilulion. 

approach unity: 0 0 thc contrary, KD does 
not ae.pear to be significantly affected by 
pressure variation. 

F inally, it must be mentioned that 
the KD values for crystallochemically 
complex silicates possessi ng different 
structural sites for the exchangeable 
cacions, strongly depend on sublauice 
distributions and, moreover, that che 
treatment of element partitioning among 
coexisting complex natural solid solutions 
su ffers for the simplc assumption of 
ideai, ion-for-ion, exchange behaviour. 

Regarding the ana lyzcd Assab Range 
mantle xenoliths, thei r bulk rock and 
constituent minerai chemistries generally 
range over relativcly narrow limits; ac
cordingly, hereafter we'lI simply discuss 
distributions of those elements (i.e. Fe, 

Mg, Cr, Al) which show clear relationships and systematic variations, disregarding 
Icss convincing correlations among otner chemical variables. 

First1y, before analyzing Fc/Mg and Cf/AI partitioning among (hc suitable 
minerai pairs, Ict us emphasize the well dcfined positive corre13tion between the 
total AI contents of the coexisting pyroxene pairs (fig. 4), accompanied by less 
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evident parallel variations fo r both spinel-cli nopyroxene and spinel-orthopyroxene 
palrs. 

Pc and Mg parlitioning 
Fe~ ' and Mg partitioning among cocxisting olivine and orthopyroxene, fi rstly 

theoretically discussed by R AM IlERG and DE VORE (1951) and MUE.l.LER (1964), have 

.c Fe/ Mg .c Fe/Mg ,. , .. / 

/ // , , /, 
" !,.\ ,., 

/ .. : 
;.I 0 .05 / ". / 

/ " ,. 
/«l' 

C", ... 
0 .001 0 ,08 " , .. 0.001 0 .05 " .. 

m Fe/ Mg m Cr/AI 
, .. 

/ 
.. / 

~ , 
.. , , 

, . , 

;/ " ," " 
0.05 / O.Ol 

."' ."' 
0 .001 

,~ " , .. 
0 .001 0.05 " 

,. 
Fig. 5. - Fe/Mg ano Cr / AI part irioning among ,u it~ b1c minerai pairs from the anal)"ud xenolith •. 
Lincs repre""nting thc Kn mean valuts are al ... rcportro (sce text for discuuion). Thc dashcd linc on 
thc ot ·opx diagram rcprc..,nts thc 1100_1.1006 C cxpcrimcmal p.artitioning curvc by LA~tME" (1 968). 

been demonstrated by experimental investigations (i.e. LARIMEIt, 1968; MEDARIS, 1969) 
to be nOl significantly sensitive to temperature effects in the range 800_1300° C and, 
accordingly, not uscfu l fo r geothermometry. 

The range 0.748 - 1213 (mean value 0.941, (T = 0.145) in the Ko values obtained 
from our analyzed ol-opx pairs is greater than the restricted range (1.06 - 121), 
experimentally determined by URIMER (1968), and the representative points of our 
samples (as shown in fig. 5) fall bclow the experimental distribution curve. 

The departure from lhe experimental partit ioning of the KD values for ol-opx 
pairs from ullramafic xenoliths (as discussed by MEDARIS, 1969) can be imputed lo 
introduction of alumina in natural orthopyroxene solid solutions rather than 10 
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discquilibrium. This s<:effiS la be the case, cven il a c1l.':ar corrdation docs not cxist 
betwcen Ko and Al content of the orthopyroxcnes. 

Fe2
' and Mg fractionation bctwcen cocxisting pyroxenc pairs has bccn firstly 

discussc::d by KRf.:rz (1961, 1%3) and BARTHOLOMÉ (1961, 1963), who recognizcd that 
different Ko valucs are shown by magmalic (Ko cange 0.65-0.86) and metamorphic 
(K[) cange 0.51 - 0.65) pyroxene pai rs, whert:as Kn valucs far pyroxene pai e! from 
ultra mafie xenoliths in basalts are generally remarkably higher. In thc hypothesis 
of ideai 50lid solutions, Fe-Mg panitioning has becn utilizcd by theS(: A l! thors 
in order to evaluate temr-=raturc of equilibration. 

Thc calculated cpx-opx Ko valucs for aue analyud pyroxenc pairs (utilizing 
thc tOlal Fe as divalent) range aver rather narrow limits (0.940-1.112, disregarding 
the anomalous value 0.n4 of samplc 3G5I), approaching unity and averaging 0.984 
(O" = 0.(97) (scc fig. 5). These homogencous K D valucs testify for relativdy uniform 
conditions of equilibration far ali the analyzcd pyroxene pairs. 

It must be mentioned that, hesides thc quite similar distributions, thc different 
pyroxene pairs show a certain ra nge of variation in their Fe/Mg ratios, obviously 
for both dino- and orthopyroxenes, and posilivdy rdated, going from re1alively 
Fe-richer pairs (i.e. 3G I5 and 3G28) to rdatively Fe.poorer pairs (i.e. 3G9 and 3G19). 

Tne distribution of Fe and Mg betwcen olivine<lìnopyroxenc pairs show rather 
similar Ko values, ranging from 0.800 to 1.120 (mean value 0.939, O" = 0.(99). 
confirming rdativdy uniform conditions of equilibration (fig. 5). Moreover, similarly 
to the co·va riancc of the Fe/Mg ratio for cpx and opx, a concordant small range 
of variation i$ also shown by the Fe/Mg ratios of the olivine<linopyroxene pairs, 
from rdativdy more Fe.rich pairs (i,e. 3G15 and 3G28) to rdativdy more Fqxxlr 
pai rs (i.e. 3G9 and 3G19). 

Fe-Mg partitioning among cocxisting oi<px pairs has been recently calibrated 
as a gcothcrmomeler (POWEU, and POWELL, 1974): the proposed form ula is net 
used hereafter, since the demental partitioning among coexisting pyroxene pairs 
Sttms, at present, a more rdiable approach to geothermomet,ric measurements 011 

natural assembLages (Stt next section). 

NOl very different K D values are shown by the Fe-Mg fractionation among 
olivine-spind pairs, ranging from 0229 to 0308 (mean value 0.265, a = 0.031). 

The dement partilioning between coexisting ol-sp pairs, firsdy investigated by 
IRVINE (1965, 1967), has heen subsequently utilized by JACKSON (1969) and MEDARIS 

(1975) in the attempt of evaluating temperatures of equilibration fa r natural as
semblages, and il has hecn recently calibrated (EVANS and FROST, 1975; STROH, 1976) 
by using temperature estimates from natural minerai assemblages. Such a thermo
metric method is so far generally considcred not sufficiently calibrated fo r geother
mometry (Stt: STROH, 1976) and le» reliable with respect to the pyroxene 
thcrmometry : accordingly, it has not here been used far this purpose. 

Fe/Mg Ko values for clinopyroxene-spinel and orthopyroxene-spinel palrs are 
quite similar. the mean values being 0310 (a = 0.050) and 0306 (O" = 0.045), 
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r(:spectively, testifying for a strong relativ(: iran (:nrichment in the spinel phase and 
re!atively narrow limits of equilibration conditions. 

Cr and Al partitioning 
Cr and AI frac tionation betwe(:n coexisting spinel-clinopyroxen(: and spine!

orthopyrox(:ne pairs (as Cr / AI ratios) fram OUT x(:noliths, on the whole, do not 
allow any important condusion, but a re!atively uniform distribution. In fae t 
(disregarding 3G 18 Kn, whieh shows quite different values with respect to the 
other analyzcd pairs), sp-cpx Ko range from 0.893 to 1.665 (mean value 1289, 
u = 0350) and sp.opx Ko range from 1380 to 2.320 (mean value 1.838, u = 0.347). 

Considering Cr-AI fraetionation between dino- and orthopyroxenes, concordant 
partitioni ng is shown by the differcnt pairs, with a slight disproportionation in 
favour of the C'-rieh phase, the Ko averaging 1.453 (CI = 0249). A well defined 
correlation exiStS among the Cri AI ratios of the coexisting pyroxene pairs, varying 
from relatively AI-richer pairs (i.e. 3GlS and 3G28) to relatively Al-poorer pairs 
(i.e. 3G9 and 3G19). 

Pyroxcne thermometry 

The elemental partitioning among coexisting pyroxene pairs have been experi
mentally and theoreticalJy investigated by several Authors (D AVIS and BOYD, 1966; 
WOOD 3nd BANNO, 1973; WARNER and L UTB, 1974; Sr.x ENA and NEHRU, 1975; MYSEN 
and BOETTcHER, 1975 a and b; MYSEN, 1976; L INOSLEY and DlxoN, 1976; WULS, 
1977; and many others) in order to evaluate the temperatur(: conditions of equili
bration for natural assemblages. 

F irstly, experimental data on the D i-En solvus have been empirically applied 
to natura! Fe-A!-poor pyroxene pairs by DAV IS and Boyo (1966), whieh recognized 
that th(: Ca/Ca + Mg+ Fe2 t ratio in clinopyroxene solid solution, coexisting with 
Mg2Si20o-rich orthopyroxene, is a funelion of temperature, since this solvus li mb 
appears practically insensitiv(: to pressure. 

Later on, WOOD and BANNO (1973), starting from the solvus data by DAVIS and 
BoYD (1966), introduced a eorrection procedure whieh adapts binary Di-En relations 
to multicomponent system behaviour, using an ideai two-sites so!ution mode! and 
correcting the aetivities of Mg2Si20a in both opx and cpx phases for concentrations 
of cations other thao Ca and Mg. aecordi ng to the formula: 

'" 
where 

0.1 ' 
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and X's art: molar fractions, assuming 

m 

Suhsequently, new experimental data by dissolution and reversed runs have 
been performed (i.e. NEHRU and WYLLlE, 1974; MORI and GREEN, 1975, 1976; MVSEN 
3nd BoETI'CHEll, 1975 a and b; MVSEN, 1976; LINDSLEY and DIXON, 1976) 00 this solvus. 

NEHRU and WVLLIE. experimentals, together with a simple mixi llg model for 

the pyroxenes solid solUlions, were utilized by SAXENA and NEHRU (1975) fo r 
deriving the following semi-('mpirical formula, applyable to natural AI-Fe-beari ng 
pyroxene palrs: 

," ,"' "p I !ll!. ,"' (IMI . ,"' , .. . . . , • , -, . n c._< • c.-< . 10-< • '" ," ," 1114 ,"' (IMI . ," , 
"t-Op' "I-U_ u, n Co-op' Co-op' h-o .. 

where X's are mola r fractions and T (in °K) is the pyroxencs crystallization tem
perature, provided that thc:: - RT In K. = 500 is satisfied. 

Thc: MYSEN and BoETTCHER (1975 a and b) and MYSEN (1976) c:xpc=rimc:ntal data 
00 natural Ihc:rzolitic materials duplicated thc: D.WIS aod 80YD (1966) rc:sults, con
firming t he pressure-i ndipc:ndc:nt nature of the diopside limb, aftc:r carrectian for 
thc: prc:sc:nec: af Ca-Tschc:rmak camponc:nts, 

On thc: other hand, LINDSLE1' and Dlxo~ (1976), aftc:r invc:stigations by rc:versc:d 
runs on the synthetic binary Mg2-Si206-CaMgSi20e systc:m uoder diffc:rent prc:ssurc: 
conditions, poimc:d out that iocreasing pressure is aeeompanicd by rising tc:mpc=ralure 
00 the diopside limb, aod (hat sensible diffc:rcnces c:xist at high tc:mpc=raturc:s with 
rc:spc=et to thc: D ... vls and BoYD data, In ordc:r to utilizc the solvus data of LINDSLEY 
and DIXON (1976) a provisional assignc:mc:nt of thc confioing pressurc: is required, 

Following a rc:ec:nt comributioo (ERNST and PICCAROO, 1979, in press), herc:after 
wc: utilizc: as geothc:rmomc:tric funetion the partitioning of Mg and Ca be:twec=n 
cIXxisting pyroxc:ne pairs c:mploying thc: c:xperimental determination of thc: Di-En 
miscibility gap al 15 kb total pressurc: by LINDSLEV and DlxoN (1976, fig, I, pg, 1292), 

Aeeording to thc seheme proposed by WOOD and BANNO (1973) for assignc:mc:nt 
of site occupancies (c:.g. Ca 0 0 M2 sites for both cpx and apx), M2 structural sites 
arc: involvc:d and thc: c:xchangc: rc:action may be: written; 

(IO) 

and thc: c:quilibrium conSlant K~M. ) 

• ~G ' /n 
(H) 

Sincc: phase equilibrium data and mlOc:ral analysc:s arc: available in tc:rms of 
mole fractions, utiliziog mole fraetions quotic:nts (rathc:r than activity quotients) 
c:xtrapolatc:d by the ' L INDSLEY and D lxoN c:xpc=rimentals, the plot of thc:ir natural 
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logarithms versus the reciprocal of the absolute temperature defines a slightly curved 
line (see: ERNST and PICCARDO, 1979, in press, fig . 7 a), instead of the theoretical 
straight line, reAecting the non-ideality of this system. 

In order to evaluate equilibratioll temperatures for our analyzed samples, Ca 
and Mg activities for both cpx and opx have been calculated according to the scherne 
proposed by WOOD and BANNO (1973), corrected fo r the presence of ot her cations, 
but leaving the activity quotients only in terms of M2 site populations (see: ERNST 
llnd P1CCARDO, 1979, in press, for more details). 

TABLE 6 
Nominal /empera/ures 01 equifibra/ion lor cpx-opx pairs 01 the ASiab spinel peridotite xenoli/hs 
ea!eu/ated wi/h /he method proposed by ERNST and P'CCARDO (1979, in pre5s), /oge/her wi/h values 
ob/ained by /he WOOD and BANI"O (l973) (WB) and SAXENA and NEHRU (1975) (SN) me/hods 

dllJllj>t. ','e_uturu in °c 

(W . 8·1 (S . N·l 

". '170 ',35 1102 
J(;'2 1164 llH 1101 
3G15 1118 '099 1178 
3G16 1099 1113 1108 
3G17 1 D48 l D15 1031 
3G18 1131 11\1 1060 
3G19 1104 '088 1101 
3(;28 1112 1082 1120 
3G51 1128 1082 1105 

"""U'ile 1119 1097 1103 

Std.devht1on la _36 la_ 38 '.-39 

T he nominai temperature values obtained in such a wa)', together with the 
tc':mperature estimates by the WOOD and BANl<òO (1973) and the SAXENA and NEHRU 
(1975) methods (scc tab. 6) show narrow ranges of variation, dilTerences among 
the values obtained with the same method being confined within lO 'fo. 

Il must be concluded that the mantle tectonite xenoliths so fa r analyzed from 
the Assab Region have undergone complete equilibrium subsolidus crystallization 
under remarkably similar temperature conditions. Regarding the temperature absolute 
values of such equilibration, the mean values of the nominai temperatures obtained 
using the quoted met hods show an excellent agreement at about 1100" C. 

Geobarometry 

Methods far evaluati ng pressure conditions of equilibration have been deve!oped 
in recent years (i.e. O'HARA, 1967; MAcGREGOR, 1974; Wooo. 1974; AKELLA, 1976; 
HERZBERG and CHAPMAN, 1976; STROII, 1976) by utilizing experimental results 0 0 

the Al contents of ortho- and clinopyroxenes in equilibrium with pyrope-rich garnet, 
spine! or plagioclase, using synthetic and natural peridoti te compositioos. 

Particularly fo r the spine! peridotite field, based on experimemal data on the 
ternary MgO-Ab03-Si02 system, MACGRECOR (1974) emphasized that the AI content 
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of opx in equilibrium with MgAbO. spine! markedly increascs with increasing 
temperature and decreasing pressure, resulting in Ab0301)~ isopleths with positive 
P-T slape, similar lO the isopleth trending in the garnet stability field. 

Thc methods for evaluating prcssure (i.e. MACGRf..GOR, 1974; STROH, 1976) based 
on M,\CGREGOR'S experimentals seem actualJy nOl useful for geobarometry, since more 
recent expcrimental data (see data and discussiollS in: WOOD, 1975; OSATA, 1976; 
HUZBERG and CHAPMAN, 1976; PRESNALI., 1976), in contrast with MACGREGOR'S results, 
ali have demOllStrated that the prcssurc cflects on AbOl solunility in pyroxene.s 
cocxisting wilh ~pinel is much more temperature than pressure dependcnt, the Ab03 
isopleths being more or less paralld to the pressure axis and the solubility increasing 
with increasi ng temperature. 

Knowing the nominai temperature of equilibration, pressure limits ma}' be 
roughly evaluated from the experimentally determined petrogenetic grids for 
aluminous Iherzolile bulk compositions (i.è. WIl.LIE, 1970; GREEN :md RINGWOOD, 
1970): al equilibrium temperature~ of 11000 C (as for our analyzed samples), two 
pyroxenes spinel-bearing assemblages are stable between 9-10 and 21-22 kb. 

It must be concluded that the analyzed xenoliths testify for a mantle section 
which underwent a complete subsolidus equilibration at about Il()()'> C and IS ± 6 kb. 

Rare earlh element com position and partitioning 

As il has been previously described (see: OrroNELLO et al., 1978 a and b), 
the Assab spine! peridotites so far analyzed for rare earth elements (REE) 
display a LREE enrichment relative lO chondrites, while depletion in HREE 
are observed. 

Il is at prèsent well known that the LREE over HREE enrichments shown 
by residual spinel peridoti te xenolilhs is a common feature of this assemblage (see: 
N..\GAS"WA el al., 1969; FRF.Y el al., 1971; RF.ID and FREY, 1971 ; PHILPOTIS et al., 
1972; FREY and GREEN, 1974). Some Aulhors consider this fealure contrasting with 
the residual characler of these rocks, mainly on the basis of argumentations con
ceming the more or less .. incompatible)o character of the different rare earlh elements . 
However, as it will be briefly discussed hereafter, these argumemations seem lO 
be not compelling. 

Moreover, the measured REE concentrations in the Assab xenoliths (see data 
in: OrrONELLO et al., 1978 a and b; OrroNELLO, in prep.) exhibit good con
cordance with the resu\ts of mass balance calculation involving REE compositions 
of si ngle phases in the different samples (OrroNELLO, in prep.). This observation 
indicates that the measured REE fractionation in the materials under consideration 
is a typical feature of this assemblage and cannot be ascribed to contamination 
from the host magma. 

Regarding the constituent minerai compositions, clinopyroxenes show chondrite
normalized REE patterns wide\y variable both in shape and absolute REE contents, 
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Fig. 6. - Cp~/op~ REE partitioning "ersus d illerence! in the ionic radii of single REE relative lO 
Ca in VIII-foM coordination with o~igell (for value 011 thc abscissa axis) (after Or-rONEI.1.0 et al., 1978b, 
modilied). Areas compriscd belwecn dashed lines rdlttt unccrtainty in the Nd value for opx. Data 
from OSUMA CI al. ( 1968) (solid triangles) alld from PIIII.POTTS et al. (1972) (upen square$) are 
rcported for comparison. ( e ) (A) = c~trapol3ted valuci. 

which range over about one order of magnitude, orthopyroxenes exhibit a more 
restricted range in lheir REE concentrations and have weakly U-shape profiles 
(with a negative LajLu fractionation) (0rr0~F.LW et al., 1978b). 
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Olivines display quite irregular REE patterns: this fcatu re may be imputed to 
the faet that REE do not occupy definite positions in the olivi ne crystai lattice bur, 
more probably, occur as clusters or aggregates (MORRIS, 1975; OrrONELLO, in prep.). 

Spinels exhibit a strong LREE/HREE fractionation, and most of the analyzed 
samples have higher LREE contents with respect lO chondrites. Either positive and 
negative Eu anomalies can be visual ized in the spinel patterns (OrrONf.l..LO, in prep.). 

Thc main fea.turcs af REE partitioning between coexisting pyroxene pairs from 
the analyzed samples are visualized in fig. 6 (from OrroNELLO et al., 1978 b, 
modified), where cpx/opx REE concentrarion ralias are pJotted verSllS the difference 
between the Ca ionie radius value in VIIl-fold coordination (selected as optimum 
site dimension for M2 site in clinopyroxenes) and REE ionic radius values in 

'00 

• • • 

0,113 

• ll.1. 

Si O / 0·0 2 Cp I I 2 Op I 

0.115 0.117 

Fig. i. - REE. concenlra\ion ratios ,'crsu. si1iCl 
,,,[io. lor [Ile analyzcd p)'roxene pairs: Cao ioo· 
plellls in dinopyro~cocs are alw reportcd (after 
OrTO!<F.LLO CI al., 1978 b). 

VIII-foid coordination with oxygen. The 
p:mition patterns drawn in fig. 6 consist 
of two branches dcparting from an 
inRectlon point located at Nd or Cc 
(which ionic radii in VlII-fold coordi na
tion are almost equal to that one of Ca). 

Taking imo account the structural 
effects of the two phases and applying 
the 11YA..W.'S (1974) theory 00 local lattice 
deformation, OrroNELLO et alii (1978 b), 
have shown that the patterns of REE 
activity ratios between the two phases 
exhibit constant features for the investi
gated pyroxene pairs with maxima of 
activity ratios located al Ce. 

The variabi lity in the activity ratio 
for a same rare earth element in different 
pyroxene pairs has been imputed by 01-
TOl\'ELLO et alii (1978 b) lO coupled 
substilutions involving Al in Z positions 
and REE in M2 positions in the cpx 
phase. This inference is supportcd by the 
existence of a clear correlation between 
tbe ratio of the total REE content in the 
{wO pbases and their silica ralio al given 
Ca valucs in clinopyroxene (see fig. 7, 

from OrroNELLO et al., 1978 b). This correlation can be in fact imputed to analogy 
of substitution of an hypolhetical Tr3>Ra+ Ab06 component and a Ca-T schermak 
component in the cpx phase (see: OTTONELLO et al., 1978 b, for more detailed 
discussion). 

Tbc aoove argumentations imply tbe recognilion oE composition dependence 
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efTects on the REE distribution between cpx :md the coexisting solid phases. In 
summary, the REE partitioning picture in the solid assemblages under consideration 
appears quite complex: however, the evolution o{ partition values can be correlated 
with parameters which are generally believed to be indicative of the residual character 
oi the wholc assemblage and, moreover, crude correlations can be visualized with 
the major elemcnt compositional trending, as described in the former section. As an 
example, the two pairs of samples (3G15-3G28 and 3G9-3G19, respectively), 
previausly taken as indicative of slightly different stages of depletion (the former 
ones indicating less depleted lithotypes), on the basis of ma jor element compositions, 
in a concordant way plot along different trends on the diagram of fig. 7. 

This should allow the modellization of partial melting events operating on 
these materials provided a sufficient knowledge on P, T and compositional effects 
on REE activitics in the liquid phase. Unfortunately, little is known on this subject 
;lIld some thermodynamic considerations suggest great care in formulating over
simplified assumptions. 

It has been shown recently (FRASER, 1975) that the ionic concepts on the nature 
of silicate liquids, expressed by T oop and SA},IIS (1962 a and b), can be improved 
taking bener imo account the real complexities of their structure and explaining 
the behaviou r of altervalcnt trace elements (MORRIS and H AS KIN, 1974; PAUL and 
D OUGLAs, 1965). 

According to FRASER (1975), three types af matrices can be envisaged in the 
silicate liquid: the cation and the anion matrices, as already described by T oop and 
SAMIS (1962 a and b) and MASSON (1968) deriving the TEMKIN'S (1946) approximation 
{or ionic solutions, and the structon matrix, which is defined by the atoms which 
fo rm the centers of polyanions or 'l structons :.. Tne importance of this third set 
oi sites is evident when it is considered that REE could dissociate in the silicate 
Iiquid accordin~ LO (WO different reaction scnemes: 

(11) 

(I)) 

where in reaction (12) LnzOs is seen as a basic oxide (Ln = lanthanides) and in 
reaction (13) as an acidic oxide. At equi librium, two constants for reactions (12) 
:md (13) can be described as: 

" . ' ~m)' .~2-
"1.n

1
0) 

( 14.1) " . 

where a represents activity and K b and K. are the constants for basic and acidic 
di ssociation, respectively. 
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From expressions (14-1) and (14-11) il can be derivcd the activity ratio between 
species Ln" aod LnO; : 

Assuming ideai ffilxmg (TEM KI N, 1946) of Lo3 ' in the cation matrix and 
of LnO; in thc suucton matrix, i.e.: .. ... 

h co llo •• {U , O 

aod expressing the total COnlcnt of Lo' 3S: 

h ".~cto .. 
(16 , l) 

(11) 

FRASER (1975) dcrived il generai expression fo r the activity of trace dcments with 

amphotheric behaviour in the liquid : 

I 
.. ,.,. 

• cotlo .. 

O,o hLOO; I 
• , ,,~«ORO 

(11) 

(equation 25 of FRASE..R , 1975). Equation (18) says that the activity of Lo' in tbc 
liquid is dependcm 00 thc relative proportions a. and (1-«.) of Ln" ::tnd LnO; in the 
catien and structon matricc$, respectivdy, while equation (15) describes the relative 
activities of the Lnh :md -LnO; species as a funetion of a~_ and the square 
root of the K.fKb ratio. 

Activity of 0 2
+ in magmas of complex composition dcpcnds on the nature and 

relative concentrations of metal oxicles and on the degree of polymerization of 
fu nctional groups SiO!- , wich in turn dcpend on silica content for a g iven liquid 
(cf. Toop and Snll s, 1962 a and b; H ESS, 1971; FilASER, 1975). 

For a given Ln cationsfI: n structons r:uio in a si ]jcate liquid, equation (18) 
predicts that tne activity of a trace elemcnt with amphotneric behaviour will depend 
on its relative proportions 35 ion and st ructon. Equation (15) indicates that na: 
and n (1 - a:) proportions are inA ucnced by ao""". Magma composition will tnus 
affcct the activities of tne trace elemcnts with amphotneric benaviour and, generally, 
an incrC3se of ao" will result in divergency of tne activity values of tne two species, 
wnich will lend to decrease and increase, respectively. 

Effects of ao" on these values will be different for d if1e rent trace elemenls 
and the divergcncy will be more pronounced for c1emenls whose oxides have a 
better defined basic o r acidic benaviour, lhan for elements wilh intermecliate 
characler. 

Varialions of K . and K b ca n be expccted ranging from La to Lu: thesc 
variations snould likely results in an increase of the K./K b ralio lhrough the REE 
scries. Unforlunately, to OU t knowledge, no quantitative data are al present available 
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concerning these values, thus calculations of REE's activities in melts of different 
composition c::annot be performed. 

Nevertheless, il is evident from the above argumcntations that great care is 
needed in defining the character of these elements during magmatic processes 
involving liquid and solid phases of changing composition. For inslance, owing 
to present day lack of experimental and theoretical data, we do not believe that 
it is at present possible to state unambiguously [hat LREE are more easily slabilized 
than H REE in the liquid phasc. This assumption, however, has been made by 
several Authors and has lead to built-in deductions about the nature of residual 
materials which, at least in some cases, contras[ with the natural evidences. 

Discussion 

When major e1ement compositions and e1emental partitioning among coexisti ng 
minerai pairs are considered, it can be conduded that the whole assemblages of 
the different analyzed samples have been equi librated under relatively uniform 
conditions: such equilibration partly tends to mask the effects of whatever process 
the rocks had undergone prior to tha[ evento 

However, as it has been shown in the previous sections, more or less regular 
variations in some chemical parameters are recognizable within the compositions 
of the different minerai phases, mainly for dino- and orthopyroxenes, and, moreover, 
co-variances of several chemical parameters belween different minerai pairs are sti li 
recognizeable. 

Summing up the data discussed in previous sections, it can be emphasized that 
dino- and orthopyroxenes show progressive decreases of their Ca-Tschermakitic 
and Fe-bearing components, and olivine compositions vary from Fa 7.89 to Fa 11.61, 
whereas spinels only show small parallel variations in their MgAb04 ::md FeCr204 
components. 

The elememal partitioning among different minerai pairs indicates that well 
defined positive corrclations exist far the mai n compositional parameters (i.e. Fe/Mg 
and Cr/AI ratios) among dif1erem minerai pairs. Considering in particular the 
variations of the Fe/Mg :lOd Cr/AI ratios (as well as the AI absolute values) fa r 
the differem pyroxene pairs, the parallel decrease of the Fe/Mg ratio in both phases 
appears to be accompanied by increase in the Cri AI ratio (and lowering in the 
total AI content). 

Disregarding less convincing corrclations, it can be conduded that ali the silicate 
phases show trends of parallel variations towards more Mg-rich compositions, ac
compan ied by decrease in the C.,-Tschermak component for both dino- and ortho
pyroxenes. 

We must here recall that the analyzed xenoliths, which show on the whole an 
harzburgitic composition (cpx being generally confined to few percents in volume), 
are lower in TiOt, AbOs, Cao, Na20 and K20, and higher in MgO, than primitive 
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upper mamle estimated compositions (se<:: WYLLlE, 1971; MMLOE and AOKI, 1977), 
suggesting a residual character after a partial melting processo 

Wc believc that the outlined compositional trends can be easily recognizcd as 
effects oE that partial melting event 00 thc conslituent mincrals, resulting in the 
depleted character of the whole rock. 

To this purpose. Jet us brieAy discuss some points concerning prescnt day 
knowledges 00 partial melting o[ rnantle material, particularly for thc effects 00 

thc residual minerai concentrations and compositions. 

00 the whole, il must be outlined that, even if so many experiments have 
been devdopcd in reccm years concerning thc mechanisms of magma genesis by 
partial melting of peridotitic upper mamlc (sce REAY and I-lARRIS, 1964; KUSHIRo, 
1969,1971; KUSHIRO et al., 1968, 1972; ScARFE et al., 1972; GREEN, 1973; YODEk, 1976), 
not sufficient data sccm so fa r to exist on the behaviour of the upper mantle minera!s 
(i.e. complex selid solutions) during progressive partia! melting processes under 
different p and T conditions. 

It is generally believed that progressive partia! melting produces continuous 
changes in the compositions of the refraclOry residua, successively e1iminating dif. 
ferent crystalline phases, but the residua! phases are often considered as unchangeab1e 
in composition during partia! melting, or their variations are not sufficiem!y taken 
illto account (i.e. in models for magma genesis). 

Some cxperimental works (i.e. KUSHIRO et aL, 1972; MYSEN and KUSHIRo, 
1977), on the other hand, have described the compositional variations of eoexisting 
phases with degree of melting on natural mantle eompositions. MYSEN and KUSHIRO 
(1977) experimentals on a starting material similar to the estimated eomposition of 
primitive upper mantlc (thcir 1611 sample) during incrementai melting under 20 kb 
total pressure, ean be taken as the experiments the most closely approaehing the 
physico-chcmieal conditions of dep!etion far our analyzed samples. 

T he ehemical trends of their analyzed silieate minerals show progressive loss 
in Fc, AI, Na and Ca, in the suitable phases, accompanicd by Mg and Cr gain, 
duri ng increasing melting. Particularly for the initia! stages of dcp!etions, when a 
clinopyroxene phasc is stili present among the crystalline residua, thc A!· and 
Fe-bearing components in orthopyroxenes and Al- and Na-bearing components in 
dinopyroxenes seem lO be the most rapid!y released. 

A main discrepance exists with our analyzed samples, since their dinopyroxene 
phase show a pigeonitie rather than a diopsidie character. H owever, similar runs 
on diffe rent stating materia! (i.e. sample 66 SAL-I of MYSEN and KUSHIRO, 1977), 
richer in AI and Ca and poorer in Mg, have shown qualitatively simi!ar overall 
chemical trends for the si!icate minerals, the presence of diopsidic clinopyroxene 
within the residua! crystalline phases and, moreover, the existence of a chemica! 
trend for the spinel phase towards more Cr-rich compositions. 

Similar compositional trends are shown by the suitable residual minerals of 
differellt alpine peridotite bodies, which are believed to have undergone pania! 
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me!ting processes under upper mantle conditions (i.e. PICC ... RDO, 1976; DICK, 1977) : 
in particular, the orthopyroxcne gelS progressive!y depleted in AI, Fe and Ca, and 
re!ative!y enrichcd in Mg, and the spine! depleted in the MgAb04 component, 
going from more Iherzolitic (less depletcd) to more harzburgitic and dunitic (more 
depleted) t ypes. 

Considering the available minerai chemistry data on alpine spine! peridotites 
(sce discussion and references in: DICK, 1m), simi lar mineralogical trends are 
clearly recognizeable, apparently recording differem degrees of mclting and deplction 
for the different peridotite bodies. 

In conclusion, the recognizcd compositional trends for our analyzed samples ca n 
~ ascribed to e({ects of progressive partial mclting, within a restricted range of 
variatioll . Our data are, on the wholc, in good agrcement with existi ng cxperimentai 
resulu as well as minerai chcmistry data on mantle compositions. Morcover, since 
recrystall ized clinopyroxene is sti li prescnt in nur sa mples, it has been shown that 
this phase is progressivcly dcplcted in its Ca-T schermakitic and Fe.bearing 
components. 

Our results, together with the discussed experimental data, strongly suggest 
thal residual minerals cominuously change their compositions during progressive 
partial melting: tlms, such cffecu must be no more dis(('garcled when models of 
magma genesis are discusse<!. 

In altempting the geochemical moddling of mag matic processes, it is actual1y 
a generai rulc to describe trace partitioning between Iiquid and solid phases by 
means of partition valucs, thought as simple concentrat ion ratios of the si ngle trace 
elements between the phases of imerest. This appro.1ch large!y derives from the 
consideration lhat trace elemems obcy lO thc laws of dilute solutions, but also 
from the neccssity of comparing calculated and obscrved concemrations in natural 
melts. 

H owever. the partition of a [Tace elcmcnt bclween two phases (either liquid 
or sol id phases) is governed by the ralio of the activities of the element in the 
phases of imerest. Concentrations are linkcd to activities by activity and solvent 
coefficients, which depend on strutturai and compositional parameters (cf. IlY ... "' .... 
1974; MOIUtIS and H ... SKI N, 1974; FRASf.J., 1975). These coefficiems may or may not 
be constant, for a givcn system, depending on the ideality of the distrihution process: 
neven heless, activities and activity and solvent coefficiems are pressure, temperature 
and composition dependem. 

Ali these complexities make exu emely difficult lO evaluate distribulion laws 
(as the partition values are) which could approach the rcal processo The introduction 
oE a c ca rrier :t in the cxpression of the distribution coefficient, as suggested by 
Mcl NTIRE. (1963). is useful only in the rather improbablc case that trace an carrier 
ions behave idemically (sce also: FR"'SER, 1975). Moreover, il is almost trivial to 
recall that activity coefficiems of ions of different valence could exhibit divergent 
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rdations in liquids of differenl compositions (LEW IS and RANDALL, 1923; MclNTIRE, 

1963). 
In spite of thc complexities .. bove oUllined, REE panitioning between solicl and 

liquid phases has been oftcn interpretcd by Aut hors onl y in l(rms of sirople control 
by structure and composition of thc salid phases, ignoring REE activities in the 
liquid phase. Moreovcr, almost dogmatic assumptions about the morc or len incorn· 
patib!e or residua! ch:l racter of these elements during partial mehing or crystalliz.1tion 
processes has lccl la dangerous circular paralogisms about the nature and rdations 
of m;lteria!s involved in natural processes. Thc (ammonl y aecepted vicws that oceanic 
tholciitcs result by parlial melt ing on an alrcady deplcted mantlc material and that 
residua! mant!e cannot <:xhibit LR EE over HR EE cnrichments seem to pertai n lO 

this kind of reasoning. 
Conccrni ng our analyzed Assab spincl peridoti te xenoliths, thc REE pa rtit ioning 

pict ure appean quit <: complex. REE partitioning among coexisting sol id phases 
appea rs to be mainly governed by composition dependency effecls, which lead IO 

cOlllinuous modincations of thc REE partition valucs betwee n cocxisting solid phases. 
Thc evolution of the partition values likcly occurred during a partial melting 

evcnt at different degrees of partial melting are lestificd by major clcment bulk 
and constituent minerai chemistries. 

These cvidences, a long with thc impossibility of describing rigorously REE 
activi tics in mclu of diffcrent compositions, suggest great care in gcochemical 
modclling mainly based on mass balance argumentations concerni ng these elements. 
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