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PETROLOGY OF ULTRAMAFIC XENOLITHS IN FISSURE 
ALKALI BASALTS OF THE ASSAB REGION (AFAR, ETHIOPIA) OOO 

RIASSUNTO. - Oggetto della nota è la petrologia di alcuni xenoliti ultrafemici, inclusi nei 
bawd alcalini fissurali della Regione di Assab (Etiopia), rappresentati da harzburgiti tettonitkhe 
a spinello e da pirosseniti oliviniche, interprctabili come materi:!le del mantello $Upe:riore sotto. 
stante l'areale . 

Sulla base dei rapporti tessi turali e dci caratteri 51rutturali entrambe le famiglie di xenoliti 
mostrano di aver subito una completa equilibratura della paragenesi durante lo stesso evento. 

Sulla base della composizione chimica delle fasi mineralogiche all'equilibrio, olivina lorsleri­
cica, dinopirosscno diopsidico, ortopirosseno enstatitico e spinello cromilero, le temperature di 
equilibratut1l sono stRte valutate in accordo con le metodiche più realistiche finora proposte. 

La stima delle temperature di equilibt1ltura per rocce femiche ed uhrafemiche è londa­
mentalmente basata sulla determinazione sperimentale del solvus enstatite-diopside, nel sistema 
Mg.SiA - MgCaSiA (fra gli altri dtiamo DAvlS e BoYD, 1966; WAJ.NER e LUTI!, 1974; 
Nuuu e WYLLtE, 1974), e su modelli semiempirid che tendono a ccnsiderare gli effetti degli 
altri componenti, presenti nci complessi si$lemi narurali (WOOD e BANNO, 1973; SAXENA e 
NEHRu, 1975). 

A questi ultimi metodi, che sembrano o\'viare, almeno in parte, ai limiti drastici di appli­
cabilità dei dati sperimentali su scmplid sistemi sintetici ai complessi sistemi multicomponenti 
naturali, sono da attribuire i dati più realistici: la loro utilizzazione pa gli xenoliti hKrzburgitici 
e pirossenitici considerati lornisce valori di cira 1050'>-1100" C per le tempernture di equilibt1ltura. 

La ripartizione Mg . Fe·· fra coesistenti olivina e spinello, utiliv.ata da vari Autori 
(IRVINE, 1967; }ACKSON, 1969; MEDARIS, 1975; EVANS e FROST, 1975; STROII, 1976), non sembra 
a tutt'oggi calibrata sperimentalmente in mod" sufficiente per poter offrire buone gar:mzie di 
applicabilità, come funz.ione geotermometrica, ai complessi 1ist~ naturali. 

La solubilità di AI.o. negli ortopirosseni coesistenti con una fase alluminifera (granato o 
spinello) ~ considerata come una utile funzione geobarometrica ed ~ stUI investigata sperimen­
talmente in semplici sis temi sintetici. 

Nel tentativo di rendere utilinabili i dati sperimemali per la stima ddle pressioni di 
associazioni naturali WOOD e BANNO (l973), MAcGRECOJ. (1974) e STROH ( 1976) hanno proposto 
alcuni modelli di estrapolazione. 

Utilinando il grid propostO da MAcGJ.EGQR (1974), basalO su dati sperimentali nel semplice 
sistema MgO - AltO. _ SiO., e tenendo conIO dei fallori corrl:'ttivi indicati dall'Autore stesso, 
~ stato ottenuto un valore medio di pressione di cira 20 Kb, per l'imervallo stimato di tem­
perature. 

Applicando la formula di STROH (1976), baUta sul modello di WOOD e BANNo (1973) e sui 
dati sperimentali di MAcGREGOI. (1974), sono stati ottenuti valori grossolanamente variabili da 
g a 1~ Kb. L'eccessivo divario tra i valori ottenuti, che copre gran parte dell 'intervallo di 
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pressioni per il campo delle peridotiti a spi~lJo alle Icmper,lture considente, e la possibilità 
di valori non correlli (come: sostenuto da WOOD, 19n) nd dati di MAcGllEG01. (1974), supporto 
sperimentale di mlrambi i metodi di estrapolazione, rendono pt:l.ticameme non ulilizzabili conet­
tamente entrambi i metodi. 

In conclusione per quanto riguarda le harzburgiti, interpretabili dal punto di vista rompo. 
sizionale come materiale del mantello impoverito per fusioni pani;li, i valori di temperatura 
calcolati sono le~mente inferiori a quelli dedotti per fusioni parziali in condizioni allidre del 
materiale dci mantello. 

L'ipotesi di rapporti primari del tipo residuo refrattariO"fuso prodol!o tra questi noduli 
c: le lave im;assanti appare meno immediata rispetto all'ipotesi che: questi materiali equilibrarono 
in tempi precedenti al loro inglobamemo accidentale da parte dei basahi fissurali, anche se: i 
limiti di attendibilità dei valori calcolati non consentono interpretazioni univoche, 

AlISTRACT. - The temperature and pressure of equilibration of some ultramafic xenoliths 
enclosc:d in fissure alkali basalu of tbe Amlb Region (Emiopia) have been evalUlled OD tbe 
basi! of minerai cllemìstry of pyroxenes, olivines and spinels, ppplying some of the methods 
so far proposc:d. 

The more rdyabil:: values for tempcratufCS, caku!ated by methods ",hich more dosely 
approach the real behaViOUf of compia natural systems, averagc I05()o·UOOO C. 

Methods for pressure evaluation seem tO nec:d further expcrimental improvements before 
being usc:d ",ith any degrees of confidente: pressure values for our xencliths, evaluated by means 
of few proposed models, add no contributions to the pctrographical evidence$. 

Regaroing harzburgites, temperature values we bave obtained are slighdy lower man thosc: 
inferred for melting oonditions of anhydfO\l$ IIWltle materiali tbe hypothesis that their equi· 
libration is due IO evenfS earlier than tbe genesis of the endO$ing lavas would Ippear more 
immediate. 

Vel il is to be pointed out da! IhI: limiu com:eming the adequlCY Ind tbe degrec:: of 
rel)'lobility of tbe p~ methods for temperature and press~re evllu.at ion might le.ro.ve spacc: 
\O tbe hypothesis of gcnetic relationships bctween harzburgitit: xenoliths, considered IIS rdractory 
residua, and me enclosing fissure Ilklli baSllt •. 

Inlroduc lion 

The Afar and Red Sea geodynamic evolution was preceded and accompanied 
by continental and oceanic volcanism, the former rdatecl to continental rifting, the 
latter to crustal drifting away (as summarized by BARBEIlI et aL, 1972, and GASS, 1973). 

A funher, more recent, volcanism, whose composition ranga from ankaramitic 
to hawaiitic basalts (DE F INO el aL, 1973), devdoped in the Assab Region in con­
nection with an E-W fault system, transverse to the main MNW -SSE structure. 

Xenoliths considered in this paper are associated with these fissure alkali basalts. 
As discussed by many Authors (FORIIES and K UNO, 1967; WHlTE, 1966; AORI, 

1968; JACKSON and WRIGHT, 1970; WVLLJll, 1970), xenolilhs can represent extra neous 
material or can be genetically rdatecl to thc enclosing lavas: if so, either they are 
produca of magmatic crystallization (crystal adcumulates) or they are parts of the 
mantle material, primary or depleted, from which lavas generateci by partial mdting. 

The different rock types enclosed as xenoliths in fissure alkali basalts of the 
Assab Region can be grouped, on structural, textural and compositional basis, in 
two main classes: 
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- Upper Mantle xenoliths; 
- Crustal xenoliths. 

To the first group bclong tectonitic ultramafics, mai nly represented by spinel 
harzburgites, minor green olivine-pyroxenites and spi nel bearing olivi ne-pyroxeni[es, 
rarely websterites (according to [he lerminology of M OORES, 1973): the various rock 
types ca n be primarily associated in one single xenolith, the py roxenites occurring 
as bands within the harwurgites. 

The second group consists of gabbroic rocks, with minor pyroxenites and 
peridotites, sometimes interlayered within one single xenolith, which are characterized 
by relic magmatic layered structures and complete metamorphic reequilibration 
textures. 

As pointed out in a previous work (OrrONELLO et Al., 1975), only tectonitie 
ultramanc xenoliths can be genetically related to the enclosi ng lavas, of which may 
represent both parental material and refractory residua. 

Aim of the present paper is lO investigate the condit ions of equilibration of 
some harzburgitic and ol-pyroxe nitic xenoliths of the fiTSl group on the basis of 
minerai ehemistry, and to di scuss genetical relationships between harzburgites and 
the enclosing fissure alkali basalts. 

Petrography 

Two pyroxenitic xenoliths (labeled 2493 and 2490) and [WC harzburgit.ic ones 
(2488 and 2206) have been taken into consideration. 

The modal analysis gave the following proportion for their four phases (olivine, 
ortho- and c1inopyroxenes and spi nd ) assemblages: 

01 opx opx .p 

2493 30 15 50 5 
2490 40 15 44 

2488 70 25 3,5 ' , 5 
2206 75 20 3,5 , , 5 

F or what concerns textures, harzburgite samples are characterized by xeno­
morphie aggregates of poligonal grains with gent!y curved boundaries and almost 
no elongation; the grain size for olivine and orthopyroxene is medium to coarse, 
whereas c1inopyroxene and spinel are much smaller and often cluster ne:lr greater 
enstatite crystals (c: protogranular texture . according to MERCIE.II. and NICOLAS, 1975). 

This simple textural pattern involves ali the minerai components and it suggests 
rearrangement of the whole assemblage during a single phase of equilibrat.ion: the 
extreme scarceness of reciprocal exsolutions in pyroxenes supports this facto 

Deformation effects occur but IIS kink bandings in both olivine and pyroxenes. 
Pyroxenites show a generai smaller grain size, with olivine and pyroxenes in 
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equigranular and equidimensional individuals forming a mosaic-like textures, while 
spinel occurs as small grai ns confinc=d along the ooundaries of major pha5eS. 

Such textural relationships therefore teslify that ali the minerai phases in each 
xenolith have undergone crystallization in mutuai equilibriu m conclitions. 

Minerai chem islry 

Analitica/ t~cnjquu 

Analyses were carried aut with thc MA.C. electron microprobe of the 
Department of Geology, University of Western Ontario (Canada). 

Far ali the dements the excitation voltage was 15 Kv, the speci mco current 
approxi matdy 0,01 ma and tbe electron spot siu: about l ,O mieron. 

.... " 2493 "'" ...... ,,. .,. ,,. 
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" ... 2206b ,,. ... .,. .,. 
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4. 12 3.01 ,." ,." 
2.50 ,." 2 . 53 5 . 14 
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0.106 0.099 o.", 0 . 102 

0.070 0 . 023 0 . 078 0 . 01) 

0.010 0.(0) o.'" 0.001 

0 . 0'76 0 . 1" 0 . 076 0.149 

0.939 1.789 o.m 1.817 

0 . 921 0 .039 0 . 818 0 .017 

0 .0 43 0.020 0 .040 0 .017 

o."" o."" 
2 .019 2.0~ ' .<m 2 .0}6 

, .~ ,.~ ,.~ , .~ 

0.466 0 . 021 0 . 469 0.020 

E1ements were analyzed by using dinopyroxene (LUD.98), orthopyroxene 
(CER-99), olivioe ~EX·133) and spine! (5-4) standards: Na and Ti were analyzed 
using an albite and an ilmen ite standard respectivdy. 

The originai LUD ·98 standard analysis was corrected by MACRAF. Ouly 1971) 
and a slight correction was also yelded to MEX·133 ~tandard analysis. 
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The data werc rcduced utilizing twc. computer programs, CoNE :md ABFAN 
(Bovo, FI~Gf.R and CHAYES, 1968). The 'fÌrst program averages counts, evaluates 
statistical parameters and makes instrumtntal corrcctions. The output of CoNE is the 
initial approximation to the composition. ABFAN corrects the composition from Com 
for assorption, Auorescence, backscatter ;J nd stopping power. 

Piroxen~! 

Five pyroxene pairs are listed in T ab. 1. As fo r sample 2206, which presents a 
thin (few mm) clinopyroxene-rich band, the minerai phases were analyzed in both 
harzburgite (2206.a) and cpx-rich band (2206b). Plotting the data on tbe Ca - Mg -
Fe diagram (Fig. 1) the compositions cf clinopyroxenes are quite similar and fall 
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Fig. I. - PyrOIcnc p.urs composition, on c.. _ Mg - Fc diagram ~11d Mg - Fc ralias ,,( conisting 
oli"in<:l. Corrclalions (da,hed lincs) show Jnral1d .hift for harzburgitc and pyroIcnilc mincnls. 

in the diopside fidd near to the diopside-endicpside boundary: the only difference 
between harzburgite and ol-pyroxenite clinopyroxenCl. is given by a slight shift 
toward more ferriferous compositions for the latter ones. 

F urther differences a re shown in Al contents, which are some higher for 
ol-pyroxenites, and in C r contents, which are slightly higher in harzburgites. 

Creater separation characterizes orthopyroxenes where higher Mg contents 
correspond to the harzburgites: Al conteno. follow the same behavior as in clino­
pyroxenes. 
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Olillin~s 

Olivines (Tab. 2) are rich in farste rilC= (FOI/2 for harzburgites), with a slightly 
lower value for th C': pyroxenite ont': (Fo8U) (Fig. I), and relativdy high in Ni contento 

T ABLE 2 
Olivinn 

:s..ph 2493 "" ,- "'" 
~10 . .0.1' .' .16 40. 81 40.32 

r.o 101 11.69 ' .00 B, I} e. Il 

"" 47.12 ~.8) 51 .01 ".'0 
"" ,.'" 0 . 12 ,." 0.12 

:L 100.02 100. 1\ 100, 26 100.27 

S\ l"Ile, ..... l fo...ul&. (O • 6) .. 1.00' ,.'" ,.,., 0 . 981 

•• O,Ul 0 . 162 O. IH 0,165 .. 1 . 742 l . e)6 1.8., 1.867 .. O."'" ,. "'" ,."'" , ."'" 

Spjn~ls 

Spinels (Tab. 3) show quite constant MgfMg+Fe" ralios, ranging from o,m 
for tbe pyroxenite 10 0,734-0,738 for harwurgitcs, whereas they exibit a wider range 
in CrjCr+ Al ralias from 0,181 for thc pyroxenitc lO 0,281-0,430 for harzburgites. 

The Fe ' " comem is low for ali the samples, values for Fe'·'/Cr+ Al + FeH
• 

bei ng 0,053 for pyroxenite and rangi ng from 0,020 to 0,044 for harwurgites. 

TABLE 3 
Spin~ II 

s..ple l49) "" 
,,,.. ,,"'. 

"" le. 19 18. l1 11.24 11.26 .- 12. 16 11 . 45 10. 8' 11 . 12 

'.,0,_ .... ,." ,." , ... 
oll,O, 49.69 44.62 33.06 )6 . 26 

er.o, 15. 47 24.55 l5 . 15 3) .73 

:>: 100. 49 100.11 " ... 100. 35 

S' ..... e'",",l fo.....u. (o • 32) .. 6 .016 '.<m 6.~5 6.021 

•• H 
2 . 2" 2. 151 2.1l8 2.177 

•• ... 0 . 8l1 0.)18 0 .H2 0.701 

U 12. 2'13 11.1 56 8 .671 8.9n 

" 2.714 .. '" 6 . H8 6.242 

F, cationi disuibution 1$ alculalru f,~ 101:1.1 Fe, ","uming .h< 'Pinel i toichiomctry. 

In spite of the compositional variation among the harwurgite samples, these 
rocks are characterized by lower AI and Fc"· and coosequcntly highcr Cc cootcnts 
in compari50n with thc pyroxcnitc xcnolith. 



PETROLOCY 01' ULTRAMAI' IC XENOLITHS IN l'ISSURE ALKALI BASALTS ECC. 567 

Geothermometry 

The pnysical parameters of equilibration for oli,;,ine - orthopyroxene - dino­
pyroxene - spine! assemblages have ~n investigated by many Authors: tempe­
rature evaluations are mainIy based on e!emems partitioning among coexisti ng 
phases and on molcc.ular components aetivities. 

Pyro:unu tha-momctry 

Regarding temperature, on tne basis of the minerai ehemistry of coexisting 
Ca-poor and Ca-ricn pyroxene pairs, different metnods have httn proposed: a 
first one consisti ng in the ealcuiation of e!ements partitioning among coexisting 
pnases (KRETZ. 1963), the others based on tne evaluation of solid solution proportions 
and pyroxenes components activities (D.WIS and BOYD, 1966; WOOD and BANNO. 1973; 
NEHRU and WYLLIE. 1974; WARNER and Lum:, 1974; SAXENA and NEHRU, 1975). 

Limits to the applicability of tne KRETZ'S metnod, based 00 tne calculation of 
Ko~Mg-Fe) hl::tween coexisting pyroxene pai rs, arise from tbe effcc.t of cations 
otner than Fe and Mg, name!y AI and Ca, whien superimposes to the non-ideai 
two-sites occupaey effect of Fe and Mg; in addition the Ko coefficient ean aiso hl:: 
affected by the tOlai rock composition (as summarized by MAXEV and VOGEL. 1973). 

Moreover the Ko values we have obtained for our sampies (ranging from 0,806 
to 1,124), eonsistemly with KRETZ'S results far ultramafic indusions in basalts, are 
remarkably higher than the range of values ealculated by KRETZ for both magmatic 
pyroxene pairs (Ko ranging from 0,65 to 0,86) and the metamorphic ones (Ko ranging 
from 0,51 to 0,65); since they faU outside the proposed Ko(f plot they are inefftttive 
in order to evaluate temperatures. 

The two components Diopside - Enstatite system has bcen investigated estensive!y 
on theoretical and experimemal basis. 

Special attention has hl::en given tO subsolidus equilibria boundaries owing to 
the experienced correlation hl::tween the molccular proportion of enstatite exsolved 
in orthopyroxene - coexisting diopside and tc':mperature of equilibration. 

This proportion has been assumed as geothermomctric funetion, si nce it is 
eonsidered, on the whole, virtually insensitive to pressure variations between l and 
30 Kb, in the range 9OQ'>-14{X)O C. in spite of the slightly different hl::aviours of the 
pyroxene solvii explored at different pressures (DAVIS and BoYD, 1966; NEHRU and 
WYLLIE. 1974; W ARNER and Lum:, 1974). 

The temperature evaluation aecomplished by applyi ng the different cri teria 
propo6Cd by the cited Authors, aceording to their experimentally determined solvii, 
gave for our samples values averaging about 960" C. 910" C and 1070" C. respective!y. 

Limits to the applicability of these metods arise from the various problems 
involved in applying expqimental data from simple syntetic systerns to complex 
natural minerai parageneses, namely the effcct of additional e1ements, as Fe, AI, 
Cr and Na, which are present in natural pyroxene solid salutiom, and non-ideai 
sites occupancy for dino- and orthopyroxenes. 
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Experimental works confirm that the orthopyroxene component solubility in 
thc clinopyroxene phase increases with Fc addition [O the system, whereas the Al 
effeet is less understood (as osummarized by WOOD and BANI'O, 1973): ,15 a whole 
Authors agree that the experimemal results on the CaMgSi20a . Mg~Si206 join 
are uscful for equilibration temperature determination of pyroxenes containing up 
lO 3-4 AhOs Wl ro and fcw percents of FeSi03. 

A rough evaluation of the temperature value underestimation, due to the Pc 
cament disregarding, ca n be visualized utilizing a correet Ca/Ca + Mg + Fc ratia 
instead of the CalCa + Mg ratio in applyi ng the D.W IS and BovD method. 

Wooo and BANNO (1973), in the aim of taki ng imo accou nt the clfcct of 
additional components besides Ca and Mg and the different occupancies of tbe 
two cations sites in the pyroxene structure, assume that large ions QCCupy tbe M2 

site and the smaller ones of the octahedrally coordinated ions the MI site, whereas 
Fe" and Mg randomly distribute over the two sites in both pyroxene phases. 

To calculate equilibration temperature of two - pyroxenes assemblages they 
propose the following fo rmula: 

, . - 10202 

where 

,.. ) 
Me: opx 

and X's are molar fractions, assuming 

Such form ula gives fo r aur samples the following T val ues: 

Samplee 

2493 

2490 

2488 

2206a 

2206b 

T (OC) 

1022 

1045 

1015 

1116 

1119 
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Recc= mly 5"XEN" and N EHRU (1975), poiming out the Iimits involved in thc= 
use of solvus data for petrogenetical considerations, d iscussed thc=rmodynamic and 
cry~tal -structural problems concerning the Enstatite-D iopside solvus, consideroo as 
parts of two solvi, respectively with ortho- and cli no-structure for the CaMgSi20a 
and Mg2Si 20 a c=ndmembers. 

T hey prescm a non-ideai solution mode! for pyroxena. according lo which F e 
and Mg mix idc=ally 00 MI sites for both cii no- and orthopyroxenes, whilc= M2 

sites occupancy might be attributc=d to as tc= rnary solutions of Ca, Mg and Fc=; 
Ca - Mg mixi ng is a non-idc=al one and different in onhO- and clinopyroxene, 
whc=reas Ca and Fc= may be assumc=d as ideally subslituting at temperatures above 
1000' C. 

With this assumption, they proposcd thc= following formula for the equilibrium 
constant of two-pyroxenc=s asscmblagc=s: 

~-opx 
~_CPI ,.. 

/IIg- opx 

. ." 

n, [7 184 • 
[ " 

,.. 
Ca-cpx ,.. 
Ca- opx 

X's arc= molar fractions and T (i n °K) is the pyroxc=ne crystallization temperature 
providoo tbat thc= - R T In K. = 500 is satisfied. 

The solut ion of such oprc=ssions gave for om samples the followi ng tc=rnperature 
values: 

Sample s 

2493 

2490 

2488 

2206a 

2206b 

T (OC) 

1074 

1194 

1077 

1085 

1051 

The diffc=rent critc= ria followed in the aim of solving tc=mpc=raturc= determination 
problem by tbc= Authors quoted abov c= show an improvc= mc=nt of tbe rnc=thods mai nly 
due 10 more accurate approach to t hc= rc=al bchaviour of complex systc=ms. 

Namely the tentative c=valuation of effects of cations other than Ca and Mg, 
taken imo account by WOOD and BANNO (1973), and th c= hypothesis of non-ideai 
distribution, put forwa rd by SAXENA and NEHRU (1975), represent most effective 
improvements with rc=spect to the traditional solvus methods, and thereforc= data 
obtained applyi ng their for mulas scc=m to bc morc= realistic and rdiablc=. 

The slight discrc=pancies among the two sc=ts of data obtained applying thor 
formulas are to be referrc=d to the diffc=rc= nt assumptions on which the two methods 
arc= based : anyway, the d iffc=rc= ncc=s betwc=en thc mGin values given by the two 
methods (= IOSO~ C and = 1100" C, respectively) being cOllfinc=d within less than 

5 r", the degrc=c= of consistency sc=c=ms quitc= satisfactory. 
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InKDr-__________________________ ~ 
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o .• 

" o., o .• o. , 

Fig. 2. - Plott;ng oi our sarnplcs On the In Kn verSu. Y~ diagram of MF.DMI.lS (1975). Samplcs 
'ymbols as in Fig . l. 

Olillill~-spjnel the-rmometry 

IRVINE (1965, 1967) and ]ACKSON (1969) developed a method to evaluate equili­
bration temperatures based 00 Mg and Fe ++ partitioning between coexisling spi ne! 
and olivine. 

MEDARIS (1975), utilizing the lhcrmochemica! data compiled by ]ACKSON (1969), 
presented a In Ko versus y~ diagram, where 

Cr 
yBP"' _ ____ .. 

Or Cr + Al + Fe ++ 

IO spinel, and 

'TI = (~r . t~~r 
with X's representing molar fraclions (Fig. 2). 

OUf data: 

Samplea 'TI y'P 
Cr 

2493 1 , 00 0 , 17 

2488 1,39 0 , 28 

2206a 1,37 0 . 41 

2206b ',41 0 ,39 
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show a good agreement among the harwurgites, whereas the pyroxenite 2493 is 
characterized by lower values for both Ko and Y~. 

By plotting the data on the MEDARIS diagram, which reports calculated 
isotherms from 800" C to 1200° C, wc ohtain temperature values higher than 
1200° C fo r $3mples 2493, 2206a and 2206b, and a slightly Jower value for the 
sample 2488 (Fig. 2). 

InKC .-____________________________ --, 

, .. 
, .. 

. . ' 
o .• 

o .• ., o .• o., o .• sp 
Ve, 

700
Ge 

aooOe 
lIooGe 

10000 e 
1100 0 C 
l2OQoC 

Fig. J. - Plaain,lj af a ut ~mple$ on the In Kc vcrsus Y~ diagum or STIlOl< (197G). Sample. 
,ymbob :I.~ in Fig. I. 

As ]ACKSON (1969) and MEDAR IS (1975) pointed out, 5(:vere limits in 5uch tem­
perature evaluation ar i~ from the uncertainties in the thermochemical data, which 
could affe<:t the calculateci temperature values by errors as mu,h as ± 300" C. 

Temperature values obtained by the method of ]ACKSON appear to be too high 
(EVANS and WRICHT, 1972; EVANS and FRosT, 1975), nameIy 100°_300" higher than 
temperatures of equilibration obtaied by other methods, such as thase oosed on 
pyi'oxenes chemistry. 

In the aim of obtaining more realistic values, EVANS and FROST (1975) propose 
a tentative empirical calibration of the spineI-<llivi ne geothermometer: on the basis 
of microprobe-a nalyzed high-grade metamorphic aod magmatic pairs, they draw 
the 700° C aod 1200° C geotherms on the In Ko versus Y ~~ diagram. 

Recently STROH (1976), revising and interpreting the thermochemical data in 
JACKSON (1969), matches them with the In Kc values at 700" C, deduced from the 
data of EVANS and FROST (1975), to give the va riation in In K., with temperature 
(F;g. 3). 

By using the cal ibrated In Ko versus Y~ diagrarns by EVANS and FRosT (1975) 
and by STROH (1976), we obtai n remarkably lower values of the spineI-olivine 
equi libration temperature for our samples: they range from =< 750" C to :::.: 950° C 



572 l' . C1MM INO, G. M. PEDEMONTE, G. B. l'lCCAROO 

far thc harzburgites (2488 and 2206), :lnd :::::: 8000 C far thc pyroxenite (2493). 
T emperature values are not in good agreement with thc most reliable values 

obtained from the pyroxenes thermometry, even if it i~ nor necessary (as pointed 
out by EVANS and FROST, 1975) that thc quencing-in temperature for Ca - Mg - Fe 
exchanges in pyroxenes is the same as for Mg - Fc exchanges between olivioc 
and spinel. 

These sensible differences between thc values obtained by pyroxenes and olivioe­
spine! thermomctry confirm thar Mg - Fe partitioning between olivioe and spinel, 
in natural systems with FeO, Fe20a, along with MgO, 5i02 :md AbO" s(!cms to 
be so far nOl sufficiently calibrated for geothermometry (SrnoH, 1976), in n:speet of 
the pyroxenes thermometry; then it should not be used fo r that purpose. 

Pressure evaluation 

The solubility of alumina in orthopyroxene eoexisting with :m AhOs-rieh phase 
is eonsidered as a geobarometrie funetion and it has been experimemally teste<! in 
simple systerns (BOYD and ENGUND, 1964; MAcGREGOR, 1964; BOYD, 1970; MAcGREGOR, 
1974). 

WOOD and BANNO (1973), WOOD (1974) and STROH (1976), in the aim of improving 
pressure estimates for natural multieomponent systems, deve!oped mode!s taking 
imo account the effeets of additional eomIX>nents. 

We bave attempted an estimation of equilibration pressure fo r our xenolirns 
using the petrogenetic grid proposed by MAcGRE.GOR (1974), ba;;ed on experimcntal 
data in the three eomponents MgO - AbOa - Si02 system, and the formula 
deve!oped by STROH (1976), whieh is based 0 0 the mode! of Wooo and BANNO 
(1973) and on the experimental results of MAcGREGOR (1974) and implies a simple 
solution mode! for olivine, aluminous orthopyroxene and spinel. 

On struetural and paragenetical basis we recogniu:d that both harzburgitic and 
pyroxenitic xenoliths underwent a erystallization evem responsible for their 
four phases equilibrium assemblages in spine! peridotite faeies. 

Assuming an averaged temperature range of about l05O"-llOO° C, the represen­
tative points of OUT samples fall within the garnet peridotites fie!d of the 
MAcGRECOR's grid, in contrast with the petrographie eharaeters (Fig. 4). 

They give ao average pressure value of = 25 Kb, with partial averages of 
= 22 Kb for pyroxenites and = 1J Kb for harzburgites, using T = 10500 C, and 
slightly higher values assuming T = 1100" C. 

MACGREGOR (1974) points out that the grid is valuable for Ca-free ultramafie 
rocks, while corrections are required when applied co two pyroxenes assemblages, 
as Ab03 content in enstatite deereases af about 2 wt '1'0 from Ca-undersaturated to 
Ca-saturated assemblages in the same pressure and temperature eonditions 
(Born, 1970). 

Taking into account 5ueh suggestions and making eoarse correetions to the 
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anaIyticai data, sampie points piot withi n the spine! fieid or aiong me spine!-garnet 
boundary, in beuer agreement with the petrographic characters, giving an average 
value of pressure af == 19 Kb, with partiai averages of == 15,5 Kb fo r pyroxenites 

T r-----------~~~~ 

' 600 

' «>0 
Ipinll 

"00 

1000 

. 00 

,o '0 ,o 4 0 Kb 

Fig. 'I. - Plotting of our umples on the grid or MAç{;ncolt (197~), without anv correc,ion. Sampks 
,ymbob as in Fig. I. 

and of == 21 Kb for harzburgites, using T = 1050" C, and sIightly higher values 
assuming T = 1100" C. 

The discrepancy can be referred both to the different buIk composition effect 
(as pointed out by FR lseH, 1974) and to the nature and proportions of the coexisting 
mineraIs : in fact the two rock types we are considering show a systematic variation 
in the pyroxenes AbOa content (Iower fa r the harzburgites), obviousIy owed to the 
diflerent processes responsibie far their formation. 

In eflects, while harzburgites shouId represent refractory residua of a depietion 
process by partial me!ti ng on primary mantle material, pyroxenites are to be 
ascribed to deep $tated crystallization of me!ts. 

Regarding the method of evaluating pressure of equilibration, severe Iimits tD 

the applicability of the grid Iie in tbe extension of experimental data on simple 
systems to complex naturai muhicomponent systems, where the A!:zCh content is 
Iower than in simple MgO - 5i02 - AhOa or Mg5iOli - CaSiO" - AbOa systems 
(S"'OH, 1976). 

Accordi ngly WI"LSHIRE and JACKSON (1975) urge caution in application of 
MAcGREGOR'S grid, since they note Iarge inconsistencies in calculated temperatures 
and pressures. 

• 
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Thc equalion aE STROH (1976): 

(9)116 - 5 , 065 

i5 based 00 equilibrium between olivi ne, aluminous orthopyroxene and spine!, 
according to the rcactioo: 

olivinc opx solid solUlion spinel opx solid solution 

App!ying tbis mode! la our samples (for explanation cf theoretical and calculative 
supports lo the STROH'S formula, see Appendix in STROH, 1976), wc obtain pressure 

values broadJy ranging from 8 to 16 Kb, for T = 1100° C, thc harzburgitcs being 
charaClerized by the lower values, the pyroxenite by the higher C'ne. 

As pressure values determined utilizing MAcGREGOR'S experimemal system must 
be systematically high for compJex system where the (XMJ!}.!, (XM,).P and (X.d).P 
terrns are important, the pressure va[ues obtained following the STROH'S method 
could be more re!iable, at least taken as nominai values, with ali the uncertainties 
involved in the method. 

As pointed out by STROH (1976), an incorrect mode! or incorrect initial expe­
rimental calibration could be at fault singly or in combination, to give physically 
impossible results. 

WOOD (1975), testing MACGREGOR'S experimental data from the thermodynamical 
point of view, shows that MAcGREGOR'S data are correct in the garnet fie!d, whereas 
the data in the spine! fie!d are incorrect, and in disagreement with uther experimems. 

Since these data represent the experimental support for hoth the proposed 
methods, large uncertainties arise about their applicability, expecial1y for pressure 
evaluation of natural spine! peridotites. 

In conclusion it is apparent that further improvements 011 ~xperimental data 
are needed on the olivi ne, orthopyroxene and spine! system, before the relationships 
in the system can be used with any degree of confidence (WOOD, 1975) to deduce 
realistic values of equilibration pressures far natural assemblages. 

Regarding om xenoliths, thc range in pressure values, obtained by applyi ng 
MAcGREGOR'S and STROIÙ methods, covers large!y the spine! peridotites fie!d for the 
considered temperature values, and adds no contribution to the petrographical 
evidences. 

Final remarkll 

The comparison of the above discussed methods for temperature and pressure 
evaluation on the basis of minerai chemistry stresses how, in spite of recem 
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improvements, their applicat,on to complex natural systems stili faces against im­
portant problems at least partially unsolved, namely the values of thermodynamical 
parametcrs involved in phase reactiolls, the crystallochemical propcrties of mineraI 
phases at different temperature and pressure condilions and the effeet of bulk 
ehemistry on the element panitioning among coexisting phases. 

Moreover, eXpe'Cially for what conceros harzburgites and other depleted ultra­
mafics affected by partial melting processes, further uncenaintics are due to the 
stili searee knowledge of the cristallochemical ~haviour of the refractory phases 
during the melting processes and its possible dependenee on the degree of partia! 
melting. 

DitICussio n 

Summing up previous data, the eonclusion can ~ drawn that the examined 
xenoliths have undergone a complete equilibration at temperatures of 1050°·1l()(f C 
and al uppcr mantle depth. 

Focussing the attention on harzburgites, significant problems arise on tbe 
interpretation of their petrologieal and textural characters from a genetical point 
of view, in the aim of a tentati ve correlation with the geodynamical cvolution of 
the Afar • Red Sea system. 

Thc different stages of this evolution (eontinental rifting, crustal drifting, 
transverse fa ulting) are marked by dilferent voleanic events conneeted 10 parti al 
melting processes, and consequent dcpletion, of the uppcr mantle. 

Thc pctrographic features of the harzburgitc xenoliths support the hypothesis 
of a strict cooncetioo with sueh processes, sincc their • protogranular texture :t 
should be referred, aecording to MERCIER and Nu:ou.s (1975). to an equilibrium 
rcerystallization during the partial mehing of mantle primary peridotites. 

In a previous work (OTTONELLO et Al., 1975), in which the genetie relationships 
of harzburgites with enclosing fissure alkali basahs have been investigaled 00 the 
basis of traee elemenu dislribution, the conclusion has been drawn that these 
xenoliths represent neither primary mantle material nor the parental rock of the 
enclosing lavas but they can be eonsidered the refractory residua of a small-degree 
(6-10 %) partial meIting process which produced the enclosing basalts. 

Temperature values wc have ohtained are slightly lower than those inferred for 
melting conditioos of anhydrous mantle material, then the hypothesis that the 
equilibration of harzburgite xenoliths is due to events earlier than the genesis of 
the enclosing lavas would appear more immediate. 

Yet il is to ~ pointed aut that the limits above mentioned concerning the 
adequaey and the degree of reliability of the proposed methods for temperature 
and pressure evaluation might leave space to the hypothesis of genetie relatipoships 
hetween the harzburgite xenoli ths, considered as refraclory residua, and the enclosing 
fissure alkali basalts. 
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