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Y1ate1: MOUNT MCKINLEY, ALASKA 

As the highest point in North Amer1ca, 
it symbo11zes the power of geo1og1cal 
processes 1n theCord111era. 



( 

{ .. 

; 

COLOURED PICTURES 
Images'en couleur 

t 



.. 

( 

ABSTRACT 

Four ultramafic xenolith localities along the northern 
Rocky Mountain Cord.illera are', c ompared to a fifth sui te that 
oceurs alang an extension of this trend at Nun1vak Island, 
1n western Alaska. Whereas aIl rive suites contain harz­
burg1te (group 1) xenoliths ,with coarse equant textures and 
Cr-d1ops1de-rich sp1nel Iherzo11te (group 3) xenol1ths w1th 
granoblast1c textures, roeks d1rectly equivalent to the 
dominant porphyroclast1c-textured spinel Iherzo11te (group 2} 
xeno11ths t'rom the Cord1llera are absent at Nun1vak. Instead, 
Nun1vak samples w1th modes s1m1lar to the Cord111eran lher­
zolite-2 xenol1ths have coarse textures, contain e1ther 
amphibole, ~ca or more commonly, hydrous f1ne-gra1ned melt 
zones. Che~cal analyses show that both the compos1t1onallyl 
barren harzburg1te-l and depleted Iherzo11te-2 (or equ1valent) 
xeno11ths can bie der1ved by 1ncreas1ng degrees of pseudo­
invariant partial melt1ng from parent compositions equ1valent 
tO."those of fert1le pyroxene-rich Iherzo11te-3 xenol1ths. 
Thé continental l1thosphere beneath the Cor~1llera appears 
to be s1gn1f1cantly more fert1le than that with ocean1c 
arr1n1t1es, as beneath,Nunivak Island. 
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\ SOMMAIRE \ 
On compar~ les x~nol1the5 ultramaf1ques récoltés à quatre 

endro1 ts dans/ le Nord de la' cordillère deBy R('}ch~uses â une 
suite qui provient d'une' continuati'on de ~et axe, sur l'fIe 
Nunivak, dans la partie. occidentale de l'~laska. Quo1que 
les cinq suites contiennent des x~no11th~s de harzburg1te al 
texture grenue-!"quante (gr-oupe-l) et' de lherzolite â spinel/le 
+ diopside chromirare et ! texture granoblastique (groupe-3)~ 
les roches qui !quivalent le groupe pr!dominant danp lés 

.localiti4s de la cordillère (groupe-2: Iherzol1te'à spinelle 
et à texture porphyroclast1que) manquent à Nun1vak.~ A leur 
place, on trouve une suite â composition modale semblable 
mais à grain grossier; de plus, "ces roéhes contiennent 501 t 
de l'amphibole, du mic'a ou, le plus souvent, des zones 
hydrat!es ! grain fin qui ont passé â l'état de fusion. 
Selon les résultats d'analyses chimiques" les compositions 
harzburgitiques, â composition st4rile (groupe-X), et Iherzo­
litiques, g~och1m1quement appauvries (groupe-2), résulter­
aient d'une fusion partielle pseudo-invariante progressive 
d'une roche-mère semblable en composition à une lherzolite 
fertile riche en pyrox~ne. La lithosphère continentale sous 
les Rocheuses semble décidément plus fertl1~ que la litho­
sphère a affinité océanique, comme celle qui se trouve sous 
1 ' ! le de Nuni vak . - '. 
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STATEMENT OF ORIGINAtITY - , 

Regional comparisons of basalt-hosted u1tramafic xenol1th 

local1ties lnclude'global surveys (Forbes & Kuno 1965) or 

surveys of geograph1cally llm1ted areas in France (Brown et 

al. 1980), Japan (Takahashi 1978) and British Columbia 

'"' CL1ttlejohn & Greenwood 1974, Fiesinger & Nicholls 1977). In 

thls study, xenollth localitles hav.e been compared over a 

~~much larger area, effectively 1ncluding the length of the 

o 

Canadlan Cord1llera and Alaska. The data base avai1able for 

the Jacques Lake, Castle Rock, Fort Selkirk and Prindle 

Volcano loca11tles has been s1gn1flcantly augmented by the 

author's statist1ca1ly-based f1eld work during the summer of 

1980. This study ls also sign1ficant in that 1t lncludes the 

Nunivak Island xenolith suite collected by D. M. Francis 

dur1ng the summers of 1972 and 1973. AlI of the analytlcal 

data presented, lnc1ud1ng modes, mlneral and calculated bulk 

compositlons, were obtained by the author wlth one exceptlon:~ 
R • " 

minerai compositions for the Nunivak Island xenolith sulte 
l 

--were supplled by D. M. Francis. Consequently, the description 

of the Nunivak Island samples 15 cons1dered separate1y in 

Chapter 6, with frequent reference ta-the petrological obser­

vations and inferences of Fra~cis (1974, 1978). 
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1. INTRODUCTION 

Ultramafic rocks found in alpine type plutonic complexes, 

in ophiolites and in xenolith suites of alkalic basal~s, 
, 

k1mberlites and carbonatltes (Carswell 1980) are the onl~ 

known samples of the upper mantle and deepest layers of the 

Earth's crust. Petrological studies of ultramaflc xenoliths 

have provlded important constraints oh the composition of the 

upper mantle (Carter 1970, Ringwood 1975) and evidence of .., 

deformational (Basu 1975, Carter & Ave 'Lallement 1970, 

Mercier & Nicholas 1976) and metasomat1c processes (Boettcher 

& O'Neill 1980, Francis 1976a" Wass 1979, 1980) that oceur 

there. Numerous experimenta1 studies on such xenoliths and 

compositionally slmplifled analogues have estab11shed tne 

stabl1ity fields of upper mantle mineraI assemblages in terms 

of te~perature and pressure. ~any ~eno11th studies have 

relied on the trace element and isotopie chemi.s'4.ry composition 
o 

of s~ples to reconstruct the petrogenetic hlstory .of the 
, -, 

upper, mantle (Frey & 'Green 1974, 1978, Mendes .& Murthy 1980) . 
• • 

More recently, c omplementary isotopie stud1es have focus,ed' 

on the relationship between crusta1 and upper mantle xenoliths 

and their hos-t basalts CRoden 1982). In addition, severa1 

regional studies SBrown et al. 1980, Takahashl 1978) have 

correlated the distribution of rock types and the eomposi~ 

tional and deformatlonal characterist1cs of specifie xenolith 
. . 

populations w1th tectonic enviro~ent. 

Recent studies of basalt-hosted ult~amaf1c xenoliths from 
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the northern Rocky Mouptain Cordi11era (Fig. 1) have described 

both -indi,vidual xenol1th loca1ities (Brearley et al. 1982, 

?uJii & Scarfe 1981, 1981b, Hamilton & Scarfe 1982) and 

groups of comparable localities in western Canada (Fieslnger 

& Nicholls 1977, L1ttlejohn & Greenwood 1974, Sca~fe et al. 

1982)." Nichol1s et al. (1982) exami.ned the compos1 tion of a 

varlet y of xenolith-bear1ng and related basalts in western 

Carada, and compared the compositions of the eptrained ultra-

mafie xenoliths with those caleulated for the partial meltlng 

of a pyro1ite model mant1e: they relied predom1nantly on 

limited~ p~ev1ously pub11shed, data for the xenollth~. 

This'paper presents the resu1ts of a study of xeno1ith 

suites found in late Tertiary to Quaternary a1ka1i basaIt 
\ 

cinde~ canes and maars, which extend along the Rocky Mounta1n 

Cordi1lera in western Canada and Alaska (Fig. 1). In this 
~ , ' 

study, per1dotl.te xeno11 ths :fr,om the Jacques Lake, Castle 

Rock, Fort Selkirk, and Prlnd1e Volcano clnder cones are 

compared w1 th those from Nuni vak. Island, ~the latter 1y1ng 

off the western coast of Alaska (Francis 1974, 1976a, h). 
\ 

Although the four Cordilleran loca1lti€s have been previous~y 

described (Poster et al. 196~, Litt1ejohn & Greenwood 1974, 

Sinclair·~t al. 1978), the volcanic stra~~graphy and xenolith 

population at each has been carefully restudied by the author 

in the field. The distri bution',9f lithologies was sta tisti-

cally determ1ned and used ta select ~epresentative groups 

of ultramafic xenoliths samples from each suite for further 

study. Special attent10n was glven to the variations in 

2 
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Flgure 1: 'REGIONAL MAP 

cGeo1ogy é omp1:1ed from T1pper et al. (198+), 
Churk1n et al. (1980), Belkman et al. (1981) and 
Slnc1a1r et 'al. (1978). .' , . 

Stars: Xeno11th 'loca1ltles 1nc1uded ln thls 
study: JL Jacques Lake, CR Castle Rock, FS Fort 
Se1klrk, PV Prlndle Vo1cano, NI Nun1vak Island. 

'Squares: Other known xeno11th loca11tles: 
1) Lltt1eJohn & Greenwood (1978), 2) Fles1nger & ~ 
Nlcholls (1977), 3) Nlcho11à et al. (1982); 4) 
Scarf-e et a.l.:, (1982), 5) Fuji1 et al. (1981), 
6) R. Forbes, pers. comm. 1981, n J. Hoare, ·pers. 
comm. 1981, 8) C. Bacon, pers. comm. 1982. 
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modal proportions, textures,.and the mineraI compositions of 

the xenoliths. Although each suite 16 disttnctiv,e, the five' 

groups of xen?liths are shown to be sim~lar or complementary 

.in many respects. Compos1tional variations seen in the\ 

pyroxenes and in the calculated wh()le-roGks show that most 

of the xenollth samples ar~rr~lated b~varying degrees of 

partial meltlng of a single parent mantle compos1tion that 1s 
\ 

common to aIl the localit1es. This common petrogenetlc trend 

can be demonstrated desplte tSré'presence in t.he Nunivak Island 

suite of a significant volatile component that is absent, in 

the four Cordilleran localitie~. The results of thls study 

are used to speculate on the causes of the variable degrees 

of depletion observed in each suite, on the. nature of 11tho­

spherlc heterogenelty benéatn this are& of western North 

America and on the variations in re onal tee tonies as Implled 

by the xenollth p~pulàtlons. 

4 
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2-. FIELD RELATIONS , 

REGIONAL GEOLOGY OF THE. C8RDIL~RA 

In Canada,' the Rock'y Mountaltl Cordillera reflects the. 

formation ,of a constructive plate margin'to the west of the 

North Ameriean craton ln Paleozoic tlme, follbwed by the sub-

ductlon of the adjacent oceanic plate ben~ath the vo1ean~c 

arc of ari easterly dipplng subduction zone, w1th the arc 

eventual1y col1iding and accreting onto/the craton ln Mesozo1c 

tlme (Atwater 1970, Templeman-&luit 1979). The northern 

Cordillera has bee'n divided by Tipper et ai. (1981) into five 

major be1ts that trend northwest thr9ugh Brlt~sh Columb1a, 

Yukon and eastern Alaska (Fig. 1). In the east, the Cordll1era 

conslsts of Pa1eozolc and Mesozoic m1ogeosync1inal and 

continental shelf sed~ments that have been folded and thrust 

over the craton to form the Mackenzie-Rocky Mountaln Belt. 

To the west, this tectonlc belt'ls separated by the Northern 

Rocky Mountaln Trench - Tlntlna fault system rrom the Omineea 

Belt, whlch comprlses a gea~tiellnal core-zone of Paleozolc 

and late Preeambrlan sch1sts and gnelsses eut by granitlc 

stocks of Mesozole age. Further to the west, the Teslin­

Plnchl fault system separate5 the Omineca Belt from the 

Intermontane Belt., a. broap"( tectonie depress10n contalning a 
- \ 1 i-' 

thlck pi le of Me 50z01c and la te Paleozo1c eugeosync li081, 

volcanic and sedlmentary rocks. The western margln of the 

Intermontane Belt ls abruptly te~nated by theoCoast and 

Cascades Belt, a complex of predominantly Me50zo1~ quartz 

5 



., 

'1 

( 

\. 
\ J 

dlor1tic b~tholiths and cry~talline metamorphic ro~ks. The 
\, , 

Coast and C~scade~ Belt· i\s in ,turn bounded by the Denali-

Yalakom taul system~ wh1ch separates ,it from the St~ Elias 
., . 

and Insular elt of eugeosynclinal volcanic and sedimentary , . 

rocks in sout eastern Alaska' and the outer 1slands of north­

ern British,co~umbla. Were 1t'not for the intervening 
\ 

emplacement of'.the predominant Coast Pluton1c complex of the 
1 

, 1 

Coast and Casca~es BeIts, the Intermontane and the St, Elias 

apd in$ular Bel~,s would be ,largely indlS~lligU1Shable in 

western Canada (Tipper et al. 1981). , 

The five tectonic belts are'contlnuous Into eastern Alaska, 

but the1r extension becomes compl~x within 300 km of the 

Canad1an border in central Alaska. C,hurkin et al. (198,0) 
l , 

have tentative1y corre1ated Pa1eoZoi? continental sedimentary 

rocks from threejkey areas adjacent to the Yukon-:oTânana 

upland province of' the Omineca Belt in eas~ern and central 

Alaska. They proposed that the continental margin' in the 

Brooks Range or northern Alaska ls, ;~lated to that seen in 
--.1 f 

the Mackenzie-Rocky Mountà1n B~lt and has been offset along 

the Porcupine megashear. The reconstruction of' Churk1n'et al. 

(1980) 5uggests that the trans1tion (equlva1en~ to th~ Omineca' 

l3elt) between the miogeo5yncllnal rocks of th,e Mackenz1e- . 

Rocky Mountain Belt and the eugeo5ync11nal rpcks of the 

Intermont,ané Bel!; 1'o110w5 a d'eformed ar,cua te trend trom east-

centr~l to southwestern Al~ska (Fig., 1).' 

'In Canada,'thêse 'flV~ Cordl11eran belts have tor~ed the 
. 

relatively stable western margln of the North Amerlcan 

6 
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tecton1c plate throughout Cenozo1c t1me. During this period 7 

s1gnificant plate motion vas restricted to dextral trans-

current offset along the Fairweather-Queen Charlotte fault 

system7 which separates the St. ,Elias and Insular Belt from 

the Pacifie tecton1c plate, and to subduction of the Pacifie 

plate beneath the Aleutlan trench (Atwater, 1970, Bevier et 

al. 1979). Cenozoic tectonic activity al~o resulted in the 
, ~ 

eruption of locally voluminous voicanie 'rocks throughout the .. . 

Intermontane Belt. The studies of Sev1er et al. (1979) and 

Souther (1977) su~gest that this r~flects the reso1ution of 

motion between the North American and Pacifie plate~ ,into 
" 1 

north-s6u~h-trend1ng tens10nal components as represented by . . . 

the'Mt. Gar1baldi, Stikine and.,Wrangell Volcan1c Belts; or 

in blqck f,aulting àssoc1at~d w1th ea~t-w~st~trend1ng,trans­

-currerit fault1ng, as represente,d by the Anahe!Jn Volcanic Belt·. 

Whereas the Gar1bald1 and ~rarigell belts are thought t? be 
. ' 

calc-alkallne, the Stikine and Anaheim Volcan1c Belta have 

dlstinétly alkaline afflnlties and conta1n basalts.ttiat are 

éomposlttonally equivalent to isolated alka11ne basaIt ~h1elds 
" , ' 1 

and c1nder cones of Quaternary a~d late Tertiary age that ' , 

oqcur in areas adjacent' to thé boundary between the Omlneca 

and Intermon~ane Belts along the length or the Cordillera. 

These iükallne ba'salts span the compos1tlonal range .alkali ' \ ...... 

olivine basal't" basan1te, nephelinlte 7 and ankaram1te 

{Nidholls et al. 1982). 
, 

. The rive xenolith localities considered in this study aIl 

'occurring at Rece,nt to late Tertiary àlkallne eruption c'enters 

7 
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are restricted to a narrow band parallel to the deformed 

Cordilleran structure for a distance of 3300 km. The ~acques 

Lake, Fort Selkirk and Prindle Volcano cinder canes lie either 

wlthin the Omineca Belt or close to 1ts border, within the 
/ . ~ 

Intermant~ne Belt. The Castle Rock locallty~ part of the 

Mount Edziza Complex,.a1so aeeurs wlthin the Intermontane 
.. / 

Belt. Whereas this volcanic camp1ex may 'be r~lâted ta the 
, , .. 

Stlklrie arch, which cross-cuts the Intermontané Be1t ln a , / .-
. / / . 

northeasterly dlrect19f1 .!.,<c;uth~r }977).'J the r10unt E~zi~a Com-
\ '.' /. / " , 

plex als~ Iles on 'a . utheas~~rly.extenslon of the Teslln 
~ 

t'ault Syst:ID (T~ lemari-~).u~t/980 ).= The Castl'e, Rock locall ty 

may therefor be tecton1ca~ related,to ~he'Fort Selkirk and 
, / . . 

. Prindle lcano, l?cal~t1è~, bath of which ,Ile ,close' to the 
/" 

Tesl fal.llt. In ',contrast-, the relatl vel:'y young age and 
, / .' '.-

stlnctly aceanlc character of the Nunlvak Island basement . . . . , / ' . ~. 

suggest t9at the llthosphere ben~ath this' 19.eàllty .maY,be 
/ ': ' 

much ~lnner.than thatlb~neath' the Cordilleran xenollth 
/ / 

/ 

/ 
n • / 

~e Jacques Lake , /" 

/ . .. 
map< ref.: HorseflY"B.C., 1:50,000 sheet, 

• / • > 

south of Quesnel "Lake anc:1. Jus~, liorth 0 the sma11~ Jacque:i 

tak~ ;n ·é'astern Brltlst:l ~~bla .. ; e ,baSe/nt (~~kS 1~ t~lS 
-/ar~ eonsist '01' 'présamb~lan t~â;ly- Pa1'€ô~olc ~~artzit~; , • 

/ .. '/' ..) . / 

/ ,/.,~pqIl.1~ te .. ~~~. Ilm~st~ne,. c~ .e.re: ~~ ~ws .Of, -~~ka~l~!-lCl';r basaIt 

~- ahd. a~d?lte of Mesozo c age ~C~pb~:-'l 126.l~1 Tlpper et al. 

.. .. / 
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1974). These were later intruded by hornblende-biotite 
, ~ 

granite, granodiorite, diorite and syenite .. The local,erup-

tion of basaIt flows of m1d-Tertiary age was followed by 

1so1ated eruptions of alkall olivine basa~t as breccia and 

turr in late Tertiary to Quaternary time. The latest phase 

of volcanlc ativity in this area ~ppears to haye been centered 

southeast of Jacques Lake, in Wells Gray Provincia1 Park. 

The relatively recent cinder cane at Jacques Lake rises 

210 'm to an elevatlon of 1120 m, and has a dlameter of 0.8 

to 1.2 km. The cone 18 built of succèsslve layers df coarse 

tuf t, whlch are weIl exposed on'lts southern rlank. Contem-

poraneous lava flows were n~t observed. Xeno11ths occur 
. 

sparsely through the upper third of the cone, becom~ng more 

common in the uppermost unlts. Most of the 88 xenol1th 

samples counted are small (2 to' 5 cm) fragments of lnltlally 

larger xenollths. In the Jacques Lake (JL) su1te, spinel 

Iherzolite ls the predominant xenollth llthology (Table 1); 

miner proportions of harzburgite, websterlte and basement 

rocks aIse occur. Small (1 to 10 cm) basalt.fragments and 

, anerthoclase megacrysts are also commonly found ln the tutf. 

CASTLE ,ROCK 

The Castle Rock c1nder c,one (Long. l30,lj OW, 'Lat. 51,5loN; 
, ~ . 

map ref.: Klastllne River, B.e.; 1:50,OpO sheet, 1040/16 
/~"" ' 

west) ls a satellite vent of the Mtj_ Edziza Volcanic Compléx, 
( 

ly1ng about 52 km east of Telegrap~Creek, British Columbia. 

In this area of the Intermon~ane Belt, a.basement complex of 

9. 
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Table 1: LITHOLOGIES PliESE~l IN 1Hf XENelITH SUITES 

--------------------------------------------~-----

1 JACIJOES J CAS'lIE FCB1: 11'IiI'N,J:IE YUNIVAK 
1 LAKE J .JlCCI< 1 SELKIRK 1 VCICÀ~C 1 ISLAND* J 

------------------I---------j---------I---------I---------,I---------~ 
. Duni te an d i 1 l' ' J j 

Uarzburgite 1 8.0~ 1 7.4' 1 14.1~ 1 14~5% 1 6.8% , 
-------------- J -------- I------..:.-J--------j,-,----o---I--...:.-..--- J 

Spinel 1" J 1 1 1 1 
Lherzo.Lite 1 B/,J.a t 83.9' , 8C.8~ f é9.5' 1 84.4~ 1 
-----~------------l---------l---------l---------t---------J---------1 
Websterite, 1 4.6~ t 1.2" 1 3.7'- t 7.8' 1 0.3% J 
clinopyroxenite J i ç.t' j J 2.2' l , l' 
crthopyroxeIl~te J j 1.2' j 0 .. 2' J 1.9' f 1 

; 

~ --------.......-..-.----- J -------- J'--------l---.-----I------~~ J ---------1 
I=lag ioclase 

, lher zcli te 
. 1 

1 
1 

3.9% ,. 

------------------j---------I-~-------I---------J----~-~--J--------~J 
, Plafic Granulite 1 C.6'. O.'8~ 0.5' 1 0.8% 

Felsic Gr~nulite J 1 ~. 7' 1 0.4' 1 -", 1 0.1$ J 
-~--------------I---------I------~--J~--------J------~--J----~---l 

Gab b t 0 ' !:- oP 1 - l' - j - l '7. 65b 1 
---.---------~----j-~-------J---------J----~----I---------J------------1 
, ether 'ctustal j '" JI' j J 
lithologies ..3.4l J 1.5' j J i 

---~------------.I-------- J---------1-------~--------~ J~------ j 
!otal salllples '1 1 
Counted j 88' 1 3313 1 51:2 r 6112 J 3297 i 1 

------------------J---------J---------J---------J---------J ----J 

• Data for the Nu~ivak lslanq xeoclith' suite, taken fIcn Francis (1974), 
include iddingsitized e~uivalEDts where apFropriate. 
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predom1nantly Mesozoic sandstone, conglomerate and inter­

mediate volcan1c rocks was intruded in the lateOMesozoic ~y 

granodior1te and quartz diorite plutons. Throughout Most or 
- \ -

the "late Cenozoic, Mt. EdziZ\a and the adjacent Spectrum Range 

erupted to fOI~ a volcanic complex covering an area of 
1 

nearly 2000 sq. km. Souther ,( 1972, 1977) and Souther & 
, 

Symons (1974) have shown that the basal sh1eld of the Mt. 

Edziza Complex consists or th1n, flat-lying flows of columnar 

basaIt that formed durlng Pliocene time. The main Gomposite 
1 

cone of the Mt. Edziza Complex was built up of ,a:, series of 

erupt1ons, each or which began with alkaI1 basait; thesec were . . 
later followed by more fractlonated magmas, 1ncIuding trachyte 

and thick flows of sodie rhyo11te. In recent times (since 

10,000 years), volcan~c act1vity has been reflected in the 

development of over thlrty satellite cinder cones of porphy­

r1tic aIka11 olivine basaIt. These occur around the flanks 

-'df tpe main v~lcano, along Mess Creek Valley, west of tàe 
"" ~ ~ ( 

Mt. Edziza, and on the Klastline plateau; east of'Mt. Edziza. , , 

Castle RCX!k is the la:t'gest vent-) 'on 'tth~ Klas,t11ne plateau 
,,f.'\ l :l 1 

(P~te 2), r1~ing 20~m on the n~rtheBn edge o~ the plateau, 
" 

to an elevat10n of I8pb·m. 'The-- local.:!-ty consists of a volcan1c . ,..' 
neck surround~ by a cone'of ves1~ular, subglacial pillow 

1 ~ .~ 

basaIt and tuff breccia, Iargely str1pped' away to ~he n.orth." 
, ) . " 

Xenolithswere foùnd in the uneroded remn~nt~ of 'the,volcantc 
, . . .'. 

n~ck and' along t'he surface of ~he cinder .cone, near 'th~· stumni.t. . , 

Some areas to the east orj'e. summ1t '~ontain as many a,s fift':r 

fI:agments and' intact xeno ha per aquape met r. " Most ~o'r' . . , 

1 -

.' 
'0 

. 
~. 

Il 

" 

'. 
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Plate 2: CASTLE ROCK LOCALITY 

- Inciudes a remnant volcan1c <,neck (center r1ghtl 
partially surrounded by dark basaIt tuff (v1ew to 
the southwest). Xenoliths are 1ncluded in the 
neck and are locally very abundant in l,Borne areas 
near the top of the c1nder cone- (centerl. 

I-

I 
\ 

\ 
\ 

1 
\ 

1 

P'late 3: FORT SELKIRK LOCALITY 

Located on the southwest side o~ the cinder cote 
w1thln 50 m of the top, this exposure shows an 
1ncrease in the proportion' and 'size of fragments 
inc~uded in the turf (Iayering 1s lnc11ned at about 
40 degrees, from ~pper r1ght to lcwer Ieft; field 

1 assistant i5 about 1.5 m 1n he1ght L - Xeno11 the 
I\!\ are common in B: 10 m hor1zon compos'ed of 2 to 25 mm 
,., s1zed 11tM.c basaIt fragments. 
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the 338 xenol~th samples e~urite~were round ,to be intact, 

w1th an average diameter of 5 to 6-cm. They are typically 

ellipsoidal, orten flattened, and occasionally twisted, 

giving the impression of plastic deformatlon. In ,the Castle 

Rock (CR) suite, spinel lherzollte 113 the predominant rock 

type (Table 1). Smaller quant1ties of websterite, harzbur-

git~, ortho- and clinopyroxenite, plagioclase lherzolite, 

marie and fe181c' granulite and basement rocks are also 

included in the CR xenol1th suite. 

FORT SELKIRK , 
The Fort Selkirk cinder cone (Long. 137,150 W, Lat. 62,450N; 

< 

map ref.: Dark Creek, Yukon and V-01cano Mountain, Yukon; 

,1:50,000 sheets, 115I/11\·~nd 115I/14) lies 4.5 km southea8t 

of the junction betwee~ the Yukon and pel1y Rivers in ~hé 

central Yukon Territory. ~he basement rocks in th1s ar~a of 

the Yukon-Tanana Up1and consiat of Prec'ambrian to late faleo-

zoic schist and gneiss, over1ain by-Mesozo1c basic to inter-

mediate volcanic rocks, and intruded by late Mesozoic 

granodiorite and granite plutons (Bostock 1936j. The Carmacks 

volcan1c series of basalt, .andesite, dacite and trachyte 
.< 

flows, breccias and tuffs were erupted on this basement in 

the Tertiary.; They were succeeded by the late Tertiary ta 

Quaternary Selkirk series of, basaIt flows, brecclas and turfs 

(Sinclair et al. 1978). 

The Fort Selkirk clnder can~ rises 170 m ta an elevation 

of 710 ID, with a diameter of 1.5 to 2.2 km. It is composed 
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of thin stratified tuff-sheets bul1t upon a platform of 

veslcular Selkirk basaIt flows. Distal port1on~ of the 

original cone have been partially eroded by the Yukon River, 

whereas remnants of the volcanic neck are exposed west of the 

'preseht summdt. Several excellent exposures or the cinder 

cone's cross-section show that although ~bsent in most of 

the stratigraphie section, xenoliths appear and become common 

in the upper 50 m of the volcanic ejecta (Plate 3). Lithic 

fragments or basaIt, the most common fragment type, rapidly 

increase in size from l cm ta 2 m upward. Xenoliths become 

common where these fragments average 4 to 6 cm. Most of the 

512 samples counted from Fort Selkirk (FS) are xenolith 

fragments found in the tuff sheets and a1so in remnants of 

the volcanlc neck. Intact xenollths average 3 to 5 cm in 

dlameter and typically areellipsoidal in shape. The FS 

xenolith p0pulatlon (Table 1) consists predominantly of spinel 

lherzollte with a smaller proportion of harzburgite, and rarer 

websterlte and mafic and felsie granulite. 

PRINDLÈ VOLCANO 

Prindle Volcano (Long. 141,40ow, Lat. 63,43°N; map ref: 
, 

Tanacross, Ak., 1:63,360 sheet, C-2) lies 65 km northeast or 
Tetlin Junçtion from the Alaska H1ghway in 'eastern-Alaska. 

In this area of the Yukon-Tanana Up1and, the basement rocks 

consist of Precambrlan or Paleczoic quart z-b1ot1 te ~'sch!st: and 

gneiss, quartz-serioite sehist and quartzite. This basement 

1s overlaln by Mesozoic c'onglomerate and sandstone, and was 
, 
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later intruded by large plutons of Mesozoic diorite, biotite 

granodiorl te and granl te (Foster 1970, Fos~_er -et al. 1966, 

Mertie 1931, 1937). Tertiary volcan1sm for~ed loeal1y w1de­

spread felaie and marie lavas, breccias and turfs. These 

were 3ucceeded by .sma1ler isolated 'flows and breccias of 

late Tertlary to Quaternary olivine basàlt. Prindle Volcano 

appears to te among the most recent in' this area. 

Prindle Vo1cano (Plate 4) 16 unglaciated and ~onsi~ts of· 

a c1nder cone of basa1t brecc1à and tuff r1s1ng 109, m above 

an upland ridge to an elevation of 1250 m, with a diameter 

of 0.9 to 1.2 km. The we11-preserved central crater has been 
" 

breached to the south by a small flow of alkall ollv~ne 

basalt that extends down-slope for 6.5 km to the southeast 

before turning southwest and continuing for another 4.5 km 

along the west aide of the East Fork of the Dennison River . 

Xenollths are common on and near the top of the cinder cane 

rim and in exposed cross-sections of thebreached south~rn 

flank of the cane. Rare xeno11ths were round sparsely 

scat,tered along the base of the lava flpw up to 4.0 km from 
" , 

the cinder cone, and a150 rare1y as bombs. Most of the 642 

xenollth samples counted are fragments, many of whlch suggest 
. , 

orlg1nally.lntact xenoliths with an average diameter ~f 4 to 

6 cm C.Plate 5). Where abeerved, intact xenal1 the typically 

were round to be elther flattened ovoid or crudely rectan-

gUlar in shape. 

tield studies at 

The xenoli th po\ula tian det'ermined trom 

Prindle Volcano (Table 1) sh~s that s~inel 
/ 

Iherzo11te 13 predominan" however) harzburglte and websterlte 
-~ l 'C, 
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Plate 4: PRINDLE VOLCANO 

In th1s v1ew taken to the southeast, the breached 
crater wall can ce seen (lower and r1ght of center). 
Xeno11ths are commonly round in exposed areas 
w1thin 10 m oC the r1m. 

Plate 5: XENOLITH SIZE AND SHAPE 

A representat1ve group of Iherzo11te xenolïth 
samples r~und at Pr1ndle Volcano. The red 1ncre­
ments on the sc ale are 5 cm in length. Note 
the often tw1sted oblate and rectangular sample 
shapes. 

\1. 

---------------~--------------
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also are common. r1agloc1ase 1her~o11te, c11nopy~oxenlte, 
\ 

orthopyroxeni te and marie granulite are present in m1nÇ)r . 

proportions. A number of the u1tramaflc xeno1iths eounted 

are dlstinct1y'rédd1sh, presumab1y due ta, pervaslve idd1ng­

s1tlzat1on. 

NUNIVAK ISLAND 

Nun1 yak Island (Long. 166°W,' Lat. 60 0 N;, map rei'.: Cape 

Mendenhal1, AK., 1:63,360 sheets, D-3 and D-4) 1s located 

approx1mately 50 km from the western coast of Alaska, south-

west· of ,the floodpla1ns of the Yukon and Kuskok1m Ri vers. 

The geology of the 1sland was stud1ed by Hoare et a~. (1968), 

and 1t differs from that of the four C',ord1lleran local1tles 

in several respects .. Where exposed on the island ànd on the 

ma1nland nearby, the basement rocks are' middle 'Mesozoic ln 

age, conslderably younger than the basement at the other 

local1 t1es. These rocks c on.sLst of s'andstone, conglomera t'e 

and siltstone, wlth lesser amounts of andesit1e volcanic 

rocks. The- volcanic history of' Nunivak, 15 dominated by th~ 

late, Tert1ary «6.1 Ma) ta Quaternary erupt10n· of th1n, 

w1despread flowa of ol+v1ne tholeilte basaIt that now cover 

most of the Island. Numerous sma1l alka~1 basaIt c1nder 

cones and minor flows of basan1te have been shawn ~a have 

Iow 87sr;86sr rat10s (0.7025 - 0.7033), SIm1lar to that in 

the more volum1nous olivine thole11tes (Mark 1971).'. Recent 

rare-earth-element stud1es have suggest,ed .that these basalts 

were not contaminated 'by continental crust and~~ that the1r 

17 

.. 



( 

, , 

,source 18 Isotoplca11y s:t.in11ar to that of modern oceanic 
-

basalts (Menzles & Jturt~y' 1980, Roden 1982) . 

.u~tramaf.1c and granullte xenollth suites co11ected'fr-o,m 

overrthirty a1kall basal~ cinder cones and maars on -Nunlvak 

Island have ceen desc~ibed by Francls (197~, 1976a', ,ob, c, 

1978) . 
- '" , ~ 

The overall xeho11th population, based on near1y 
~ , 

3,300 samp1e~ (Table 1) 18 shown for comparlson wlth" th~ 

Cordilleran locàlltles. The Nunlvak Island xenolith popu-

, , 1ati-or is domina ted by spinel 1herzol1 te, wi th lesser quan­

tit-les or harzëurgite a.nd pyroxene granulite, and'minar 

proportions of c11nopyroxenite; wehr1ite and websterite . 

.. 
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3 . PE~OGRAPHY 

Sample groups were chosén from the field samples collected 

(Table 1) at the four Cordl1leran localities and Nunivak 

Lsland to represent the~relati~e proportlons of ultramaflc 

xeno11th lith()logi-es-at each site. ,Almost a11 of the Cordil-

leran samples,were found to cons1st of the four-phase 

assemblage olivine + orthopyroxene + clinopyroxene + spinel, 
- , 

_ w1th spinel absent or rare in on~y three samples from the_ 

Castle Rock sulte (CR5, CR47, and CR49). The Nunivak Islan~ 

s~1te (~escribed separately in Ch~pter 6) 15 distinct in that 

many xenoliths contaln ei~er amphibole, mica, or most commonly 
" 

f;ne-gralned zones of olivine, clinopyroxene~ spinel, glass, 

amphibole ,and/or mica. 

MODAL COMPOSITION 

, Most memberB of the sample grq.ups were point-counted to 
i 

determine modal c omposi tion (Appe~dix l) 'Using an automated 

traversing,stage. The,ultramafic xeno11th'populatlons of 

the tour Cordilleran suites are very sim1lar.ln their ra~ge 

of dominant lithologies and 1n-their average modal composition . ' .. , 

(llsted ln Appendlx 1 and ~hown recalculated without spinel 
, 

or minor phases in Fig. 2}. Most xenoliths range c~mposl­

tionally -from harzburglte ta spinel Iherzolite, with variable 

but lesser proportions of-elther pyroxene~rich spinel 

iherzollte or olivine websterite (Fig. 21 also present, 

following the classification system suggested by Strecke1sen 
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Figure 2:' XENOLITH MODES 

Modal composit1ons determ1ned from point­
counting; traverses included at le~st 80% of 
t.l1e area ''of each section, w1 th an average of 
1500 points counted for ~ine-grain~d samples 
and 3000 points cou~ted for coarse-gra1ned sam­
pIes. The modal composit1ons shown are recal­
culated w1thout spiriel or other minor phases. 
Nun1vak Island ultramaf1c xenol1ths were recal­
culated 1n terms of anhydrous equ1va1ents using 
the proportions of olivine, clinopyroxene, spine1 
and glass reported by Francis (1914, Table 6-13). 
Samples that are not ultramafic or that appear 
substantlal1y 1nhomogeneous on a thin-section 
scale were not counted . 
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(1976) . 

Spinel Iherzo11te (Table 2) 1s the pre~ominant- xel}ol1th " 
- -

~lithology at each of the four Cord:llieran local:lties.- In 

the CR suite (and~fso -in the NI suite) pyroxene-rich litho-
---..--' 

logies are comparatively rare, and there is a more l:lmited 

modal range of olivine-rich harzburgite to spinel lherzo1ite. 
, 

The JL, FS and PV suites, in contrast, ~re characterizetl by 

smaller 
, ./', . 

proport:lons of harzburgite _( which may form a distinct . , , 
separate t'rom the dom:1nant s'pinel Iherzoli te\ 11 thology , , 

group, 

at PV. In add1t:lon, the PV suite donta1ns a relatively large 

var1ety of pyroxene-rich litho~Ogiés includ1ng orthopyrox­

enite, webster1te and clinopyroxen:1~e, which constitute 12% 

of the suite (Table 1). The JL and FS suites, are sim1lar _to 

PV, w1th lesser, but 'significant proportions of pyroxene-rich 

lit401og1es broaden1ng the modal range in each suite. 

The ultramaf:lc xenolith samples from each o~/the Cordil-
./ 

./ 

leran suites can be divided into groups, bas;d largely on the 
/ , 

modal proportion of olivine. AlthOUg~e groups d~f1ned ',' 

vary rrom the c1asstflcatlon 9~~ke1sen (1976), they 

subdiv1de the xenolith lith ogies into categories wh:lch 

correlate w:lth variat s 1n the1r p_h~~e chem:15try and appear 

petrogeneticall~ ignificant: 

Grou 1. Harzburgite (olivine) 76 modal %1: 

~
J.~PYroxene-poor per1dotites :ln which the primary _ 
baal variat:lon 15 the ratio ol:lvine vs. orthopyroxene, 

with little change :ln modal cl1nopyroxene. - , 
/. c> 

/' Group 2. Lherzol:lte (ol:lvine + 60 to 76 modal %1-: 

/~/// per1dotites characterizep. by ~ large modal variation 
in the ratio of olivine to ortnopyroxene + clinopyro-

/ ( xene, with little var~ation in the ratio of 
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Table 2: AVERAGE ,dCDIL CCMPCSI1IO~ OF.IBNCIITH SOI~ES 

----~------------~----------------~------~----------- .. 

CL~.V,;. ".1 CP'~ '"' CPX SPLNEoL 
----------------------------~-------------------------------------" . 1 

. J 1 J • , J 
JACCUES LAKE 56.5 1 28.1 J. 13.4 1 ;2.0 1 

1 1 1 j 

----------~----~--------------------~--------------------~----~---
~ 

" 
l, 1 JI 

1 
1 

J • 
CAS T LE RPCK' d 23.7 1 10.6 1.5 1 

J j. ... e J. . . ------------------------------------------------------------------
PORT SELKIBK 

PRl NOLE VOLCANO 
J 
1 
J 

63.; 

51. 5 ' 
1 
1 
L 

24. O' 

28.2' 
1 

1 
'f 

10 .. 8 

17.7 

J 

l, 
1 

r 
1 

1 

1.9 

2.6 
. ' 

------------------------------------------~-----------------------' 
AV EBAGE 
1100E FOR 59.9 

) 

l' 
1 

25.4 
1 

,1 
ï 

12.8 , 1 
~ J 

1.9'"'. 1 
COR OI1LERA ~ J j 

--------~-------------------------~----------------~-------------

. . 
-----------~------------------------------------------------------

., ' fi f 
NUNIVAK ISLAND* 67.2 20.0 J • 11. 1 1.7 

J 

~---~---------------~---------------------------------------~------

* l ncludes Nuni yaK Islan d hy d Ieus peridoti tes reca leu la ted .. 
ta ,100 % using proportions of an hydrous equi valent Fbas€s~ 
reported by FL'ancis (1974, TallE 6-13). 
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orthopyroxene to clin~pyroxene. 
? 

, Group 3. pyroxene Iherzol1te (olivine - 30 to"60 
modal %): comparatlvely clinopyroxene-rich samp1es 
that are gradationâl' ta group 2 Iherzolite xenoliths 
in the CR and NI suites, where they appear to be only 
extreme members of group 2 Iher,zol1 tes. However, a 
distinction between xenoliths of,group 2 and 3 in the 
other suites is strongly suggested by the chemistry 
of the Iherzolite pyroxenes (Chapter 4). 

~ 

Group 4. Websterite.(olivine < 30 modal %): pyro~ 
xenites wlth a large modal range in the ratio of \ 
orthopyroxene to clinopyroxene. This group 15 equl­
valent to Ti-augite xenoliths (group III described by 
Frey & Prinz (1978) which are characterlzed by the 
green color of their clinopyroxenes. Although several "'\' 
peridotite xenoliths are present in each suite, they \ 
are not the primary focus of this study. 

COMPOSITE XENOLITHS 

Several types of composite xeholiths, sim1lar to those 

described ~y Irving (1980) and Scarfe et al. (19821 are 
.~ 

included in the sample gro~ps, part1cularly in the CR and pv. 

suites. In one variety, sharp bands 1 to 2 mm thick of 

dio~1dic websterite typically eut olivln~-rlch Iherzolite 

xenollths (Plate 6Al. In the other variety, the comp~site 
\ 

nature ranges from irregular modal heterogeneltY'on a 10-to-

20 mm scale to xenollths contalnlng two distinct ro~k types 

(Plate 6B). Boundarles bet~een rock types in suc~ ,larger 

composite samples range from gradational over a distance of 

1 cm, to sharp, with widths less than Imm. These latter 

composite samples ar~ typlcally pyroxene-rlch lherjo11te or 

olivine websterlte, distlnctly enriched in clinoPÇroxene 

relative ~to the banded ol1vlne-rich composites. 

• 
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Plate 6: COMPOSITE XENOUTHS 

A. PV8: Lherzolite eut by-diops~4Je we~sterite 
ve in, approxima te ly 1. 5 mm -1.1;1 thiekne s s (t'ie Id 
of view - 25 mm). '\ / -

• 

.. 

B. CR22: Contact bet.een lherzo11te .(upper r!ghtl 
and websterite, each'" f9t;"J1l1.n& ,distinpt Il thologies. 
on a band specimen scal~ crield of vie. • 22 mmL 
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Plat~ ,7: XENOLITH TExTURES-
" 

~ 

A.' Fs8: -Coarse-equant texture ~ith very r~w 
oliv1ne porphyroclasts in a sample w1th distinct 
harzburg1tl~ arrlnlties (field or vlew - 25 mm 
in each), with vlrtual a~sence ot splnel. 

'lI>-

" 

, \ 

B. PS3:' The porphy,roclast;1.c· texture' occurs w1 th_ 
an lncrea.:31ng proportion.of subordinate neoblasts 
and in the modal proportion o~ pyro~ene and 'sp1nel . 
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TEXTURES 

Xenollth textures were studied uSing the classirlcatIon" 

schemes or MercIer & Nicolas (î976} and Harte (1977)~ Both 

studies derined textures ln terms or predominant grain-size 

aridthe ratio or porphyroclasts ( 3 to 4 mm graIns) to 

neoblasts Cs;rains < 1 mm).· Th~se studies 'supp'ort a, de for­

matlonal suectrum of xenollth textures ln which coarse-grained 

equant (CE) textures an~eal, via Increase in the growth of 

~eoblasts, to the porphyrQclastic (POR) texture, mosaic . 
, 

porphyroclastic (MP) texture CHarte 1977: olivine porphyro-

clas.ts < 10%) and granulablastic (GE: equant; GT: tabular) 

textures ln 'which porphyroclasts are very rare or absent. 

The sàmp1es in each suite show a range of textures (Table 

3) tha t vary continuously in the ratio of porphyroc lasts ta 

neoblasts (Plate 7). Few samRles contaln less than 10% of 

either porphyro~lasts or neoh~asts. This prompted the 

réderInit~on of the mosaic porphyroc1astic class of Harte 

(19.7T} in this study to include samp1es with up to 30% oli,vine 
1 

porphyroclasts (Table 3). The JL and FS xeno1ith suItes are 

generally coarser-grained, with textures ranging from CE 

(olivine porphyroclasts > 4 mm) to predominantly POR and 

rarely MP textures. GE textures are not developed ln the JL 

and FS suites. In contrast, the CR and PV xenolith suites 

are comparatlyely flner-gralned, wlth textures ranging from 

coarse POR to GE, wlth MF texture being predominant. 

Wlth few exceptlons~ a distinct texture is typlcally 

-as50clated wlth each of the composltiona1 groups deflned for 

25 

\ 



\.. 

( 

26 

\ 

. , 
• 1 

4 

l 
-----] 

! COLbURED PICTURES 
f Images en couleur 



• < 

(~ 

Plate 7: XENOLITH- TEXTURES (Cont.) 

. 
" 

C. CR5-4: The mosaie porphyroc la8tlc texture 18 
aSBoclated wl th predominant neoblast proportions 
and 1.-8 o.ften characterlzed by elongate splnel 
grains and groups or gralns. 

D. NI.69: 
ent1rely 
the most 

" . 

. ' 
\ . 

A .flne .. grained texture eomposed almost .~ _______ ---
ot neoblasts 15 commonly asso~th 
pyroxene-rle h 11 thol.oS1-es-r-

-------------- -------

.. 
...-----
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Table 3: CLAS~IEIC~TlaN CF lENOLI!H TEXTURE5 
~--------------------------~----------------

1 porph}1J:'cclasticl Mosaic }Granuloblastic 
1 1 Forphyroclastic l ' 

----~-~~~-j---~----------I----------~----l-------~----~--l-----~~-----
1 Oli vine 1 1 J J J 
Pocphyro- J <9U;\ .( 70' ; 1 30% 1 >10%. 

, blasts 1 - j . .J 
--------I---~---------- -- -----_.:.-----1--------------1-----...:------
Olivine 1 -1 1 J 
Porphyro. J 4 mm 1 ]-4 mm 1 2-J mm J >2 mm 
Grain 5Z. J J 1 1 
----------I------------~-l-------~-------I---------------I--------------
Preferred 1 ( / s1 ig h tly 1 varia t li' 1 eguan t: None 
Olivine 1 ansènt l 'lonçd.te 11 tOI elongate Il tCltabular: II to 
Orientatn o 1 1/ fcliaticn 1 foliation Jfoliation 

~~~;~~~--- r~:~~-:~~~~-:-X~~îî:~~~~~~~- ~~~~~-~:~~~;~~~; ~ ~;~~mi:~~;î~-' , 
Optical J .some wavy , j kink tallds li I€xtinet.cn"ly inj strain-free 
Var,iationsj e.xtinction~ j ta fcliation laliv. por};hyrc. i neoblasts 
----------I-----------~--j--------------~I-------------~-J --------------
Spinel f "hol1y-leaf" leondensEd hollYI l ' 
Habit l "'lin o~ otw. 1 leai,ctten JI 1 interStitial J inte..cstitial 
(see 1 ?rtuopyrQxene ; te f (li a tion 1 1 
Leloy) . J 1 grû~ns 1 + intEtstitiall t 
----------I--------------J--------------~I---------------j--------------
Spinal ,da:cK -reù,L;rOWnj dark reà ,brown J medium 1:.r:own 1 light brown 
Color 1 or reddisb 1 to medium 1rcwDJ to light j ta olive 

1 bro"lll 1 and tan 1 b.r:own 1 g.r?en 
--~-------I--------------j-------------I------------l----~--..._~-
Rock 1 HdI:'zbur'1ite J HaI2CUI:gite 1 Sp. Lher2. t cpx-rich Sp_ ------------
Type 1 & cpx-l-00I: 1 to Sf. Iberz. 1 ta epx-rieh llherz. to Oiv. 

1 Sp. Lherz. J j sp. LheI'z. 1 Websterite 

----------1--------------1---------------1---------------1--------------

( 
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the 'Cordilleran suites (Fig. 3). In each suite, the harzbur­

gite samples are the coarsest-grained samples, typically with 

CE or relatively coarse POR textures .. The larger range of 

modal compositions observed in the ·lherzolite samples is 

reflected by the range of their textures, predom~nantly 

betw~en POR and MP with lesser GE. However, the textures of 

lherzolite samples are flner~gra1ned.~han.those_of harzburg1te~ 

-and are typ1cally 1ntermediate in texture between the ~OR and 

MP classes. The pyroxene Iherzolite samples are typically 

the finest-grained. xeno11t~s at each locality. Although the1r 

"textures can range from POR to GE, the rnaJority of the pyro­

xene Iherzolite 'samples exhib1t MP or GE textures. Pyroxene 

Iherzo11te samples with CE textures are absent. The texturaI 

ranges of gr~up 3 and group 2 Iherzolites appear to overlap, 

but the finer-gra1ned n~1ure of. the former i3 apparent in 

each suite. 

MINERALOGY 

In the ultramafic xenoliths stud1ed, olivine 1s 11ght 

green and occurs as both equant to elongate porphyroclasts 

(2.0 to 4.0 km) and -as equigranular to tabular neoblasts 

(0.5 to-,O.9 mm). 
"'1 ~ tlp 

Kink bands are typically developed in aIl 

olivine porphyroclasts, but are,characteristically absent in 

neoblasts. In a number of xenoliths,. earlier kink bands have 

been subJect to a later deformation,. as suggested by the 

bending br kinking of ear11er structures. An anomalous wavy 

extinct1on, reflecting,the development of subgrains is 

29 
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Pigure 3: COMPARISON OF XENOLITH 
MODES AND TEXTURES 

- ----

. , 

The modal dependence of xenoltth.texture5 15 shown 
compared to the modal p~rçent or allvlne in the 
polnt-counted samples'from each xenollth sulte. A 
predominant trend towards riner-gralned textures 
with decreaslng modal olivine characterizes each 
ot the sui tes. Y axis indica'tes. the modal olivine content. 
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ObSerVed~~~ne w1th well-developed 

tion is prererentially developed in the 

kinl< bands'. Altera-' 
, , 

olivine porphyroclas~s. 

Here, reddish-brown iddingsite, generally with a rine-grained 

opaque phase, commonly oc.curs as ve+ns réplacing 011 vine 

along grain m~rgins or ~ubgrain boundaries~ and as masses at 

triple junctions. In contrast, olivine neoblasts are altered 

only in the few samples that' show pervasive iddingsitization" 

• Orthopyroxene, li-ght to dark brown in celor, e,xhibl ts 
, -, 

habits sim1lar to t~6se or o~ivine in the ultramafic xenoliths. 
-

It rorms porphyroclasts (2 ta 4 mm), typically smaller ând 

more eq~ant than coexisting qlivine, and equi~ranu~ar neoblasts­

(0.5 to 0.9 mm)~ In many samples, a fine-grained recrystal-

lizatlon assemblage arter orthopyroxene ls observed along the 

outer (0.01 to 0.02 mm) margins or the grains: This feature 

15 partlcularly apparent in orthopyroxene in, direct contact 

'with the enclosing basaIt, suggesting a reaGtion between the 

orthopyroxBne and the host basaIt (Plate 8). In addition, 

sorne orthopyroxene porp~yroclasts contain exsolved clino-

pyroxene lamellae paralleI to their (100) planes. In a few 

samples~ spinel rorms equant inclusions in orthopyroxene 

porphyroclasts. Neither exsolutlon ~èatures nor inclusions 

were found in orthopyroxene neoblasts. 

In the Cordilleran peridotite xenoliths, clinopyroxene is 

typically a b~ight green diopside, incontrast to the 

clinopyroxene or websterite samples which are.typically a 

dark green augite. In the perldotite samples, clinopy~ex~ne 

ls suberdinate in grain, slze te the ether silicate phases, 

31 
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Plate 8: XENOLITH-BASALT CONTACT 

Signs of a breakdown react10n involving the three 
silicate phases (FS6) in contact with the host 
basaIt. In_th1s picture~ individual olivine grains 
'(on the left and right margins) show little reac-
tioh, whereas both orthopyroxene (center) and 
c11nopyroxene (left of center) are characterized by 
a f1ne-gra1ned margin of breakdown products. 

'" 

Plate~: BREAKDOWN OF CLINOPYROXENE 

Signs of d1sequilibrium along grain boundaries and 
fractures in c11nopyroxene lJL51 in the inter±or 
of the xenolith sample U'ield of view ;:: 3.5 mmL 

:' 



~ 

' .. 

-1'1 

( 

( 
32 -----------------,~ 

, COLOURED PICTURES 
Images en couleur 

r • 



( 

1 
1 

l 

most commonly occ~rring aa neoblasts (0.5 - 1.5 mm), and only 

rarely as porpbyroclasts (2.0 - 2.5 mm). In samples with CE 

and coarse POR textures, ~linopyroxene typically occurs 

adjacent ta orthopyroxene porphyroclasts. Th1s spatial 

association of py~oxenes declines in samples with increasingly 
'\, 

finer-grained textures. A clQse spatial association 15 also 

evlden~ between clinopyrcxene and spinel in sampJ~s wi~h CE, 

POR and MP ~extures, Dut aga1n 15 not obse:-~ed in those vith 

GE textures. An apparent breakdown of èlinopyroxene along 
" 

grain boundaries (Plate ?), sl~ilar te that previously 

d~scribed 1~ orthopyroxe~e, ls common. However, in clino-

pyroxe~e tr~s reaction rix 13 net limited te grains near the 

marg1n of the xencllths, but 15 found thro~ghout the samplea. 

It 15 partlcu:arly we::-èeveloped in gra1ns adjacent te fine 
..l 

alterat10n veins (described belbw). Exsol~tion lamellae of 

orthopyroxene in rare c1inepyroxene perphyroclasta are occa-

a1onal:y enco~~tered. :n a few instances, orthopyroxene forma 

two :iist1na.".: sets' cf lnte~sectin.g lamellae, paral:el tG the . . r 
(100) and (Cal) pla~es of.the host c:lnopyroxene gra1n, 

resp~c ti ve::'y.J 

Among the xenolith su!~es stud!ed~ 5p!~el shows the 

greatest varia~1or. ~~ appea~an~e and nab1t ~Plate 7). Sp1nel 
. . 

colors ~ar.ge :~om nearly cpaq~e, ia~k ~ed and brown te med~um 

brown, I~ the :orà!:ler~n 

per1do~i~es~ spfne: ~s fc~~d w!th the :ol:owing ~~b1ts, in 
-

orde~ ct decreas1r.g :~equency: . lI) 1so1ated, interst1t1al 

1. 5 mm/0L gr-oups gra1ns with anhedra: shapes (C.5 
Ct 

or 
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"trains" of irregular grains, parallel to the foliation or 
the xenolith and probably derived from a single, much 1arger, 

, 
parent grain; (3) the distinct1 ve "holly-leaf" habit (Mercier 

'& Nicolas 1976), in whlch splnel grains (1 - 2 mm) are Inter­

grown w~ th orthopyroxene + c l1nopyroxene (Pla te 10); (4), 

occasional, subrounded blebs as inclusions (0.2 - 0.8 mm) . 

within olivine or orthopyroxene; (5) very rare poikilitlc, 

grains enc losing ort.hopyroxene Inc lusions. In about 20% of 

the peridotite, xeno~iths, especially those with coar3er~ 
• 

grained te~ture~, an opaque rim 15 ooserved on the marglns of 

intersti tial spinel grains. This feature l's not round ln any 

of the samples with finer-grained textures. 

Flne veins, 0.2 0.8 mm in thickness, commonly eut the 

ultramafi~ xenoli ths. The ve'ins consist of flne-grained 

(0.2 - 0.5 mm) olIvine, clinopyroxene and light brown glass, 

with or without plagioclase (Plate 11). Splnel may also be 

present as small (0.05 - 0.10 mm) grains wlthln 'veins. In a 

websterlte sample (CR48}, several small (0.5 'mm) grains or 
yellowlsh-brown phlogoplte occur in s1m11ar flne-grained 

zones (Plate 12). Silicate grains adjacent to the velns 

exhl61t the bêst-developed alteration of the types prevlously 

described .(1.e., iddingsitization in olivine, breakdown of 

grain bound.arles ln pyroxene). Spin'el adjac~nt to the veins 

13 rlmmed by the opaque a1teraticn. These veins appear to 
1 

be derived-from a source externa1 to the xenoliths, as thei~ 

·th,1ckness typ1c.al1y inc'reasès toward the xenol1 th margins. 

Ho-wever,.t the a'lteration reflected by the veins and 1ddings1te 

., 
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Plate 10: "HOLLY-LEAF" SPINEL TEXTURES' 

This d15tlnct1~e sp1nel texture 18 round in coarse­
gra1ned samples (CR 3 l 'intergrown vith large ortho-

, pyroxene porphyroc lasts, occas1onally w1 th smaller 
,clinopyroxene -graine present (field of v1e,W' - 3.5 mmL 
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P-iate 11: AL'l'ERÀTION- VEINS 

In many samples, cross-cutt1ng ve1n~ are found 
that lncrease ln thickness toward the xenolith 
marg1n. The breakdown of large orthopyro~ene , 
porphyroclasts (left of center) and' ~arkened cor­
onas aroun~ splnel can be seen ln PS15 (field.of 
vlew • 3.5 IIÎm). 

. , 

. 
Plate 12: THE LON! PHLOGOPITE 

A websterlté xenollth trom .the Castle Rock sulte 
(CR'48) conta1ns' the' only traces of a hydrous phase 
ln the r80 s~mples studled fram the four Cordtl­
leran suites .. In thls sample, pleochrolc yellow­
brown sp1nel 15 occaslonally round ih fine-gralned 
zones (field of vlew • 1.75 mm) . 
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'mayb-e unrelated to the transport of the - xeno11 ths in the 

host ~às~lt~ This v1ew Is supported by the preferential 

d~yelopment of lddlngsltlze ln samples with abundant oliv1ne 

pbrphfroclasts. In coexist1hg a~nealed neoblasts most 1dding­

sit1~ation appèars to b~ o~ly a relie of the larger parent 

olivine grains. 
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4. MINERAL CHEMISTRY 

Port y ultramafic xenoliths were chosen from the tour' 

Co~dilleran localities for èhemical analysis of thelr major 

mineraI phases. The x~moli th samples chosen for analysis 

span the range of textures and modal compositions round at 

each Cordiiieran Iocality. The mineraI analyses were per­

formed with an M.A.C. electron microprobe, e'quipped with 
, 

Krlsel automation, at the Geop~ysical Laboratory, Carnegie 

,Instlt~te of Washington, D.C. Standard operating conditions 
ri 

included a filament, current of 1200 nA at 16 kV and a beam 

dlameter of approximately 15 jJ.m. Matrix correct1'ons were 

made uSing the Bence-Albee technique (Bence, & Albee 1968), 

with alp:~ factors taken from Albee & Ray (970) .. Anaiyses 

tor whlch elther total cations or welght percent oxides 

difrered Dy more than !1.5S from the expected Ideal values 

vere discarded., The accepted m1ner~l comp'asitions are com­

piled in Appendlx 2. Mineral, compositions from a group of 

Il Nunivak Island ultramafic xenollths are aiso Included in 

Append1x 2 ro~ comparison ,(Prancis 1914, unpu~lished data). 

Aithough the range of major element concentrations are 

almost equivaIènt,at each locality. as seen by the ratio 

(100 X Mg)/lMg + pe) or "Mg number" of the xenolith'm1nerals, 

lFig. 4), they are' distinctive ~for each of the xenolith 

groups.. Harzburglte samples are ch~racterlzed by the most 

magneslan ,olivine, or~hopyroxene and cllnopyroxene; the 
, 

coexisting spinel compos~ions are the most iron- and 

38 ' .. 
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, 1 • chromium-rich.' The silicates ln the lherzoli te samples have 

lower Mg numbers in compar1son to tho8e. or the parZburg1te 

group, whereas spinel 15 more magnesian than those of group 1. . . , , 

~n pyrox~e lherzolite samples the silicate minerals'are" uni­

formly the least magnesian, whe~eas the coei1'sting spinel i8 

the Most magnesian.' The few group 4 peridoti te samples 

analyzed are cqaracterized by low Mg numbers for aIl of the 

phases, 1nc lud1ngl spi!1el. 

OLIVINE 
; 

Olivine tS the predo~lnant mineraI present in the xenolith 
, . 

samples. 'The individual compositions report'ed for, olivine 

(Appendix 2) represent ,the average of 2 or, 3 spots from at 

le,ast 3 grains per sample. Olivine i8 homogeneous, both 

acros~ 1ndividual grains and within samples. For 23, of the 

,25 samples analyzed, the -Mg number, or forste"ri te content ot 

olivine, ranges from 88.5 to 9+.7 (?ig. 4). These olivine 

compositions are sim11ar to those round ln many other suités , 

'of sblnel iherzoli~e xenollths (Carswell 1986, Fr~y'& Pr1nz , , 

1978) and they are Mg-rich compared to most estimates of 

~l1vlrie'(88.0,- 89.5) co;nPosltion~ l'n the P:r:l~t~ve upper ... 

'mantle (Carter 1970, Ringwood' 1966). The olivine contalned 

ln the harZbu!glte sam~les are conslstently the most Mg-rich 
- ' 

(Ptg. 4), whereas'thbse of the pyroxene Iherzollte'samples 
. , 

lte vithin the estlmated range of.primitive olivine composi-

tions. The'iherzolite samples contain olivine with Interme­

_ dlate compositions. The two group 4 samples analyzed ',(CR31 ~ 
; 
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. F1gure 4: Mg 'NUMBERS ,OF XENOUTH MINERALS 

The Mg numbers (100 X Mg/(Mg + Fe» of the four coex­
lsting mineraIs in samples from the Cord+lleran suites. 

", Note that the left ... hand .scale (1ncreas1ng toward ~n.e 
top) ls used for the silicate phases~ whefeas the 
r1ght-hand. ,sca.1e .(decreaslng toward the top) used' for' 
sp1nel 15 1nverted, ta maintaln cons1stency wlth the 

. d1stribut1on of sil1ca'te phases'. . Legend: ' 5 Jacques 
Lake j 4 'Castle Rock; 3 Fort: Selkirk; 2 Pr:1.ndle Valcano; 
1 Nun1 Yak Island.; 
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PV39) contain olivine with ,Mg numbers (86.7, 87.6, respec­

tively) lower than this range. The Mg~Fe distribution or, 

olivine is further considered in Chapter 7. 
, . 

Although olivine does. vary in maJor-element 'compositions, 

, ve~y little mincir-element substitution was found in the 

samplee analyzed. Nickel and manganese ~oncentrations are 

low but relatively constant between samples (average: 0.35 

,0.40 wt.% NiO, 0.10 - 0.16 wt.% MnO). Calcium·'i,S present in 

varlably low concentrations, rang1ng-from'only 0.05 to 0.16" 

wt. % CaO. 
" 

ORTHOPYROXENE 

Orthopyroxene 15 the more common and abundant of the two 

inosil1ca te pha'ses in the Cordi1leran xenol1 th samples. The 

compositions reportëd ror orthopyroxene (Appendix '2) rep~esent 

the average of at least 4 spots for each o~ 3 grains per 

section. The majarity of the 'compositions from 29 Cordilleran 
-

xenoliths have. slight1y higher Mg numbers (89.9 to 92.4) than 

·the coexisting oli v'ine (Fig. 4), although the range or compo'\"' 

sitions'observed in these two phases is nearly Identical. 
1 • t ( 

'Most orthopyroxene in xenoliths forms a narrow, well-defined 
1 ... t ,_ 

cluster wit'h low calcium concentrations, in the enstatite 

field of the pyroxene quadrilateral (C~Si03-MgSi03-FeSi03' 

,1g. 5).' The ~~r1dotite group 4 samples are again exceptional 

with CR37 anp PV39'contain~ng distinctly iron-rich orthopyro­

xenes. 'In. addition, the group 4 samples .3L1,3L19, CR30~ and 
. 

~R37'~ slightly calcie compared ta the predominant cluster 

41 
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F1gure 5: PYROXENE QUADRILATERAL 

The compositions of coex1st1ng orthopyroxene and 
clinopyroxene in the analyzed xeno11th samples 
plotted in terms of the relative proportion of the 
,end-member components in the system Cas103-~gSi03-
'FeSl03 . 
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. F1gur-e 5; 
IN O~THOP!RoXEN! 

This Ishows ~he ~!str!but!Qr. ~f,~etrated~a::y and 
oc.taHed~a::';,· :;:::c::-~i!"late~ a:~1nWt çal:::\J.'::'a~ed "fer 
' .. ,...~ ~"".- ,.... r..;l ' ... "'~ • ha"" li -. ,.....,... h ..4 .. ,. ... Q.~ •• oPJ.~xe .. e ~J _Ss~_ •• €: ~ w !\~ .. e'1:.:.a_5 t.e .. _ .. -
!'e'~en:::e betwee!"l the aya!:'at:e, tet:-ahed:-a: s1 ':es 
(based :::r. • :a:!ons, .ne the ~oncer.tra:!on ~~ s::1ca. 
~e.j!!'rerence be:ween :ota: a:~num and A'::'~ !s 
aSI5!.gned +.;::: the :)c tahedra: s! te. :c'::'cr::: ode, :-ed 
harzburg!te; g:-een :herzb:!~e; ye:':ow ~yroxene Iher-
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equivalent range of concentrat1ons 15 observed in 'each su1te, 

w1th aluminum in orthopyroxene increas1ng in the sequence 

harzburg1 te to Iherzol! te' tq pyroxene Iherzo11,te. The'. 

orthopyroxenes analyzeâ from group 4 xenolith samples (aR31 

and' PV39) -have an1fonn':'y.h1gh élluminum contents, comparable 

to those Ç)f the pyroxene lherzol1 te samp les. 
ç 

If compared to the survey made by Stephens & )awson (1977), 

which Inc:uded ::'u9 ç~thopy~oxenes f~om klmberllte xer.cllths, 

most of the Cor1!11erar. O~~hO?yroXene samples would be 

assigned ~c the :r-A:-enstat:te g~oup la~ge:y on the basls of 

the!~ A: ~on:ents. S:ephens & Jawson 5uggested that the 

compos~t18ns of the :~-Al-er.statlte group 1rop':'y some garnet 

"Coinponen~ ort hopyroxene 

~he :or.cen~ra:~or.s ~~ :~:an~~~ &nct sodl~, althcugh low • 

in the orthopy~oxene Q~ xenc:!:hs; a~e'pos1t!ve:y correlated 

with a':"-..un1nt.:.r:: c(':r.tent 'Fig. -. and ~rog~essl'Ie::'y !nc:',ease in 

the above seq~er.c e 0:' xenQ:'l -:h gr-oaps:' :::hromi"'..u:: content, !.,n 

contrast, 15 !nve~sely corre::'ated :0 tr4t 0:' a:um1nu= ln the 

xeno':"1 th o~thcpyroxene 5 :?lg. 7). The s~ cf other ~han 

pyroxene g~adr!~a~era::' :::om'!?cnents ': "Qthe~s ~ornponent", 
' . 

::amercn &: ?ap1ke :98: 1 

.. " -+ • " ". .... , , " ct ~ • h' ' 
rl. + re- ,ca.l.C ..l..La,;e : r-om stOlC ~o-

metry 1~ Appenè!x 2: T :r- + ~! s~bs:!~ut!ng'ln :he octahe-
-

dra::y :~c~~!nated crystal::'og~apt!c sites in,orthopyrcxene 

are ::'ow ~or the :ord!::eran xenoliths. 

'!'he manganese concentration in o::,thopyroxene appears- ta .' 
~ 

be 1ndependent of bath aluminum concentration (P1g. 7)'and 

45 
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Pigure 7: MINOR ELEMENTS IN ORTHOPYROXENE 

A compar1son of minor elements wlth the concentration 
of total alumina based on 4 c~tlons ~or orthopyroxene. 
Color code: red harzburg1te; green lherzolltej yellow 
pyroxene Iherzolltei uncolored grou~·4.per1dotl~es. 

A. more AI/4 cat10ns vs.' mple Tl/4 cations 

B. mole Al/4 (!at1oRS vs. mOle Na/4 cations 

·C. mole Al/4 cat10ns vs. mole Cr/4 cations 

D: mole Al/4 cations vs. - mole Mn/4 cations 
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Mg number~(Appendix 2) .. O~thôpyro,ene from the JL su1te 18 
'. 

uniformly lo!" ln Mn content, siIIUlar- to~ manY.,.,of the sample.8 

from the other sui te's. However 1 in the CR, ?S and PV Buttes, . . 
, , 

Mn cone entra ti0!l appears ,to be blmodal . (Pig: 7), wi th ·many 

of the lherzollte and pyroxene Qlherzollte samplea ~ontainlng 

nearly tw1ce the.Mn observed in the maj csri ty pfxenoll th 

" o'rthopyroxènes. 

, 
CLINOPYROXENE 

: A variable, but tYP1callY low proportion of c 11nopyroxene 

18 present'in most of the Cordl11eran xertol1th samples. The 

clinopyroxene compositions (Appèndix 2) represent the averages 

. of ~t least 5 spots for eaeh of 3 grains peI' sample. The 

c I1nopyrox'ene 'in xenol1 ths exhi bi t greater C ompos! tional , . ' , 

variation than that seen in either olivine or orthypyroxene. 

Mg'numbers of clinopyroxene'are higher (89.9 ta ~3.8) than 

those 'or cOèx~stlng sii1ca te pha'ses (Flg .. ~). Al though the 

maj'or1 ty of the analyzed c l1nopyro~enes form a distinct 

cluster ln the dlopside field of the pyroxfne quadrl1ateral 

(Fig. 5 )', many or. the c U:,opyroxenes from the JL and CR' 
" 

xenollth ~ulte~ are endlopslde ln composition. The clino­

pyroxene conta1ned ln the group ij perldotite samples plot ln 
-

the aug! tic, f1~s of the pyroxene qU~3rl:lateral (P1g. 5). 

Another illustration of the composl t'1onal variation of 

c11nopyroxene 1n the xenolf ths (Pig" 5) 15 obtained by 

com~arlng the ratio Ca/(Ca + Mg) w1th the alumJnum content 

(F'1,g. 8). The c l1n,opyroxene compositions' form a band along . 
\ 
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Figure 8: COMPARISON OP Cal lC'a + Mgl VS. 
A l IN CLINOPYROXENE 

The variation in the' pyroxene quadr1lateral compo­
nenta Ca and Mg ls shown to be comparat1vely small 
compared ta the concentration or'co~x1stlng total 

. al,uminum between the xenol1 th samples. Color code: 
red harzburg1tej gr~en Iherzolltej yellow pyroxene 
lherzolite;' uneolored group 4 per1dotites. 
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wh1ch"the aluminum content progress1·veiY Increases troin ,the, 

~g~te to the Ih~rzol1te 'and pyroxeriè 'lherzol1te groups 

w1th 11ttle change 'in the Ca/CCa t-Mg) ~at10. In contrast, 
, , 

the augi tic group 4 c l1nopyroxene sample,~ JLl, CRI, CR3'( ~nd 
, . 

CR55 have compar,atlve~y high aluminùm conten~s, but
l 
exhiblt, . 

, , 1 , 
a ,range df Ca/(Ca + Mg) values. . 

The va~1ation of a+um1num contents of c11nopyroxene in-

'the xenol1ths Is accompan.1ed by a w1de ra'nge, of the aluminum 

çl~strlbut1on between tetr~h,edral and octahedral s1 tes . (~fg. 

9). The experlments ot ,H~rzb~rg-(191à) supPQrt a charge 

~~lanee mod~l fOrLCaMgS1206-CaAI2si06 BoI1d solut1?n~ in 
wh1eh Al and Mg m1x randomly in the Ml octahedral slte;'Al 

, 
1n the tetrahedral' s.+te ls coupled to its nearest neighbor, , , ' 

Al in'the Ml site; and S1 qnd Al in 'the tetrahedral sites 

are ordered. The expression of Jenkins & Newton (191~) for 

the ae ti vi ty of CaMgSi2o.6 as~umes "one-s1,te" 1deal mix:1:ng, of 
, 

~ and" Al on tl?-e -Ml octahedral site, .with the octahedral and 

tetrahedral Al atoms linked and not su,bsti tuting :1ndepen-
, , 

dently. Unllk~ Alv1/Al iv rat10s in coextst1ng orthopyroxene, 

those of cl1nopyroxene are 'typ'1callu greater than 1 in the P 

Cord111eran xenollth samples. The more aluminous cl1no-

pyroxenes, predomlnantly from the ,JL and FS,suites, have a ' 

higher proportion' of oct~hedrqlly coo~dlnated alumdnum ~han' 

that typlcal of the CR-PV suites. 

Although the pyroxene Iherzolite xenol1 ths irrc·lude 

cl1nopyroxenes with major element compos1~ions' that overlap 

those of the Iherzo11te xenoliths, the compos1t1onal ldent1ty 
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Figure 9: DISTRIBUTION OF ~11v and Alv1 ' 

'IN CLINOPYROXENE 

This shows the distribution of tetrahedrally and 
o~tahèdrally coord1nated alum1num calculated for 
cl~napyroxene by assumdng that Aliv equals the 

1 -

,difference between the available 'tetrahedral sites J 

(based on 4 ca~ions) and the concentration or 
sillca. The difference between total aiumdnum and 
Aliv 1s assigned to the octahedral s1te. Calor 
code:, red harzburgite; green ,lherzolite; yellow 
pyroxene Iherz.ol1 te; uncolared group 4' per1dotites. 
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of the ,group 3 xenolith~ 1s best il1ustrated by t~e high 

~~oncentrations of A~, Ti and Na (Fig. 10) 1n the1r clino­

pYroxen~. The minor cations in clinopyroxerte can be evaluated 

in. terms of .the mole percent of the "others components" 

(Camerson & Papike 1981) Na', 'R3 (the sum of ~lVi, Fe'3+', Cr 

and Ti), and Al iv. These minor elements substitute in the 

M2 octahedral, Ml octahedral and tetrahedral cry.stallographic 

sites 1n clinopyroxene, ~espect1vely . The range of each of 

the "others components" is approximately equivalent in the 

four Cordil1eran suites (Fig. 11) however, the proportion of 
1 • 

'each consistently 1ncreases between xenolith groups in the 
, • ' ..... 1 

iequence harzburgite te Iherzellte te pyrexene l~erzolite. 

Of the thr.ee "others components", the R3 group 'shows thé 

best linear correlation with the concentrations quadr11ater,al 

components (Fig. 11), and reflects the1r variable cencentra~, 

tions 1n the bulk composition. The proportion of R3 component 
1 • 

. (Fig. 11) ·is als·o.:reflected in a concurrent variation in 'Al1V
, 

vi iv ~ 'as seen by compa:r:'ing it .to correlation between Al and Al '" 

(Fig. 9) .. This i~.supported by the models of coupled 

substitution o~ the aluminum in clinopyroxene between the 

.octahedral and tetrahedral crystallographic sites. 

Among the "others components" the greatest, var,~ation 15 
- i v ' ' ~, 

observed between the Na and Al component s ftl the Cordll-

leran cllnopyroxenes. Although Na and Aliv approxlmate a 

positive linear correlation increasing in the sequence 

ha~~bur~ite to lherzolite to pyroxene lhetholite, two minor 

groups 'of ~amples depart from the trend. The group 4 
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Figure 10. MINOR ELEMEN~S :N CL:NOPYRCXENE 

A compar1son of minor e:ements with the :oncent~a-
.. tian of total aluminum based .-:r. J :!·atior..~ ~c:­

c11nopyroxene. Cc:o~ c~èe' ~eè r4rz~u:-g!te; g:-een 
,lherzo 11 te ;.' yellow py!"oxene :'he:-zo:': te., unc 0 lore.d 
group 4 peridatites . 
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Figure . "OTHERS. :OMPONENTS" IN :LINOPYROXENE 

A compar1son of "éthers components" (other t'han 
pyrçxene quadr11atera: components: Cameron & Paplke 

,1981) !.r. mole pe·!'cent for ::: :lnopyroxene. C olor 
code: r-ed harztlurg!.te'; green Iherzol1te; yellow 
pyroxene Iherzollte; uncolored group 4 perldct1t~s. 

A. quad components v. R3 (sum of Alv1 + r1,+ 
Cr + Fe+3 ) 

B. qua-d components vs. Na 

C. quad components vs. Ar1 v" 

D" Na vs. A\V 
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c1inopyroxenes are relatively enriched in AI.IV component 7 

whereas cllnopyroxenes from the hydrous Nunivak Island, 

\ 
. ' ' 

xeholiths are much more enriched in Na cemponent (discussed 

rurther in Chapter 6). 

A comparison of tli'e behavior of a compatible'miner element 

(Cr) with respect to a readily fusible e1ement (Na) in the 

c1inopyroxenes-is presented in Figure 12. Stesch (1981) 

noted that Cr3+ bas an lonic radius sim11ar te that of Mg~+ 

and shou1d be readi1y Incorporated into the M2 site in,clino­

pyroxene. A large increase in Na i s ac'q.ompanied by only a 

slight decrease in Cr (Fig. 12) in the sequence harzburg1te 

to 1herzo1ite to pyroxene Iherzolite. The average chromium 

,content of c1inopyroxenes from the FS suite appears to be 

uniform1,Y greater than that from the other three suites .... 

.. 
SPINEL 

Sp~ne1 is present as.a ubitqu1tous minor phase in the 
•. r 

Cordilleran xeno1iths. The spine1 compositions rep~rted 

(Appendix 2) represent the average of at 1east 5 s~ts for 

each of 3 ~rains per sample. Spine1 shows the greatest 
..r 

compositional variation of the four phases analyzed (Fig. 13). 

The Mg numbers of spinel are inversely correlated to those 

of the coexisting silicate phases, with the spinel mg 

numbers increasing in the sequence harzburgite to lherzolite 

to pyroxene lherzolite. The mole proportions in Appendix 2 

were 'calculated by assuming that, Iron in excess of that 

required to fill the oc~ahedral site was present as Fe. 

, , 

\ 

1 - . 
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Figure 12: COMPARISON OF Cr VS. Na 
IN CLINOPYROXENE 

\ 

f 

The distribution of chromi~ and coexisting sodium 
based;on 4 cations in cl~~dPyrOXene shows the varfa­
tian in compatible vs. fusible components. Color 
code: red harzÈurg1te; green lherz~lite; yellow 
pyroxene lherzol~~e; uncolored group 4 peridotites. 
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Figure 13: COMPARISON OF ~/~ + Fel VS. 
Cr/Cer + Al) INI~ 

The distribution of the two solid-solution se~es 
that comprise the major elements in spinel. -~Note 
the large proportion of aluminous spinel composi­
tions present ip the Cordilleran suites. Color 
code: red harzburgite,; green lhel\zol1te; yellow 
pyroxene Iherzolite; uncolored group 4 peridotites. 
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There i5 a strong correlation b~tween spinel colbr (as 

observed in thin section) and the rafio Cr/(Cr + A~; the 

highest values being found in the dark red and brown spinel, 

intermediate values in medium brown spinel, ànd the lowest 

values in greenish brown spinel. The ratio Cr/(Cr + Al) - 1 
decreases in spinel with increaslng Mg numbers in the sequence 

harzburgite to Iherzolite to pyroxene lherzolite. The 

pyroxene lherzolite and many of the lherzolite xenoliths 

conta~n spinel compositions that form a prominent group 
''-__ 0 , 

within the p1eonaste field (Fig. 13). Hpwever, in each suite, 

the spinel population extends to Cr- and Fe-rich compositions 

along a Iinear trend ra~ging from picotite to magnesio-

chromi te. The r j ori ty, of the CR spinels (similar to the CR 

clinopyroxenes) are dePleteJ in aluminum compared to those of 

the JL, FS and PV suites. 

The concentrations of the minor elements titanium, 

manganese and nickel are correlated with variations in the 

major element contents of spinel in the Cordilleran xenoliths . 

(Fig. 14). Titanlum contents are l\W, but increase slightly 

" :from the harzburgl te to the 1h,erzoli te and" pyroxene lherzo-

lite spine~~. However, the titanium content of spinel in 

many of the group~4 samples and also in the harzburgite 

samples JL15.and CR44 are significantly higher than the 
i>-

majori ty of spinel compositions. The manganese content .of 

spinel exhibits a reciprocal relationship to that bf titanium 

being relatively concentrated in the harzburgite spinel, and 

decreasing in the Iherzoli te and pyroxene lherzoli te s'pine 1. 
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Figure 14: MINOR ELEMENTS IN SPINEL 

A comparison pf minor e1ements based on 24 cations 
with the ratio of Cr/(Cr + Al) for spine1. Color 
code: red harzburg1te; green Iherzol1te; yellow 
pyroxene Iher~o11te; uncolored group 4 per1dotites. 

A. Cr/(Cr + Al) vs. mole Ti/24 cations 

B. Cr/(Cr + Al} vs. -mole Mn/24 cations 

C. Cr/(Cr + Al} vs . mole N1/24 cations 
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In contrast, however, the mos~ Nl:-rich cOI!lPos~ tions are the. ' 

m~st ,aluminous w:Hh Ni dècreasing' in splnel .from pyroxene 

lherzoli t;;e samples to Iherzolite and harzburgi te samples! 

FrQm single lonie -radi1 cri teria., i t ls expec ted tha t N1 2+ 

wotild be a compatible element'in spinel, substltuting for Mg . 

or Fe in the tetrahedral posi tion. However, Burns (1973)' 

2+ suggested that Ni may favor octahedra1 coordination in 

" 

spinel as 1t will attain even higher crystal :field stab1l1- ~ 

zation energy in this'position. 
',' 
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5. _ GEOTHE~MOBAROMETRY 

Estimations of the- temperature and pressure conditions 
, . 

of equ111br1um for ultramafi~ xenq11~ are based on 
(J 

experimental studies of the phase equilibria observed for 
- \ 

s1mp11f1ed analogues of natural Iherzolit~ compositions. 

Most recent studies have dealt wlth the four-component CaO­

'MgO-A1 2 03-S1D2 (C-M-A-S) system. Since the greatest varia­

t10n in the compos1tions of xenolith minerals- oceurs 1n the 
,~ ~ 

py~oxenes, speoial emphasis has tradit10nally been focused 

upon the,d1opside-enstat1te solvus. Several of these 
\ 

. ' 

.approache$ are rev1ewed in this chapter and applied to the 

'Cordilleran xenolith composit1ons. As most thermodynam1c 

or experimentally based est1mates of equ1l1br~um pres~ure 

for spin~1-bearing,lherzo11te compositions are only us~ful 

at the pressure-dependent phase~transformation boundaries, 

other criteri~ inçluding pe~rographic and geophysical infor­

mat1on, must be used to obtain estimates of equilibrium 

pressure for the Cordilleran xenoI1th samples. 

1 .. 

DIOPSIDE-ENSTATlTE SOLVUS RELATIONS r 

The Pioneerln, stud1e s of Davis & Boyd (1966)_ exam1ned 

the temperature relations of the diopside-enstatite solvus 

.in the system MgSio3-CaMg~i206 at 30 kbar. Coneern1ng 

co~xisting pyroxenes from kimberlite xenoliths, these 
, \ ~ ~ , 

experiments showed that the extent of solid-solution be ween 

Mg-r1ch elinopyroxenes and caleie orthopyroxenes 1s propor-
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'1 t~onal to temperature an~ re~ative~y i~8en8itive to ,pressure. 

The experiments, of Mori & Green (f975) and Linds1ey & Dixon 

(1976) determined the diopside-enstatite solvus between 

approximately 900 and 15000 e and 5 to 40 kbar pressure. Both 

studies conflrmed the temperat~re dependence of 'the solvus 
, \' 

an? emp"hasl;z;e :t~e greater extent of mutual so11d-solutlon in 

d10pslde compared to that ln enstatlte. Mori & Green (1975) 

observed that at low temperatures « 900'/C) there ls Il ttle 
, - , , 

perceptlb~e pressure'effect on the pyroxene s~lvus. However, , , 

. o· 
at hlgher temp~ratures (> 1200 C) the pyroxene solvus wldens 

considerably with fncreaslng pressure. 
~ 

Wells (1977) has revised the pyroxene geothermometer of , 

Wood & Banno (1913) uS'ing the dlopside-enstatite solvus 

determinatlons of Llnds1ey & 'Dlxon (1976)' wl th the emplrica1 

expression :, 

T(K) :Il 

7341 

cpx 
3.355 + 2.44X '+2 

. fe 
ln 

, 
With this equat1on, Wells (1977) was able to reproduce most 

exper1menta11y determined temperatures to wlthin 70oe, and 

his 'geothermometer has bèen widely ci ted in the recent 

li teratur~. 
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THE SOLUBILITY OF ALUMINUM IN PYROXENES OF THE LHERZOLITE 

ASSEMBLAGES 

Aluminum substitution in coexistingJe~statite and d10pside \ 
o 

solid solutions has a significant effect on the pyroxene 

solvus and thus on the equll1brium temperatures est1mated 

from th~_pure enstat1te-diepside solvus. The calculation of 

Al solub1lity ln orthopyroxene presented b~ Wood ' & Banne 

(1973) assumes a model of activit~-composition relations in 
(\ 

which octahedral Al in orthopyroxene ls restricted compietely 

to the smaller Ml octahedral site, whereas tetrahedral Al 15 

rest!lcted completely to the neighborlng Si(B) slte. Oanguly 

& 'Ghose (1979) showed that Al may substltute for a maximum 

of ode half of the Si atoms in the Si(B) sites, or one 
. . 

quarte~ of the total Si atom5, leadlng to the,end-member 

vi )iv stoichoimetry of (Mg3Al ) CAlSi3. 012 

st01cho~me~ric composition of pyropic garnet) for Al-ortho-

pyroxene. 

Obata (1976) examined the solub1li ty of Ai203 in 

orth<?,pyroXene f for s1mpllfied Iherzoli te assembl~geà' and 

showed that aluminum lsppleths are lns~ns1t1ve'to ~ressurë 

ln the sp1nel Iherzo11te f1eld or stabl11ty. However, the 

experlments descrlbed by Danckworth & Newton (~97~) show tbat 

-the high Cr content or 5pl~el may 
. , 

greater temperatures (up to 700 Cl 

e'xt~nd its stabilit:y to 
t ' 

and lower .pressures than 
i' 

ln the simple C-M-A-S system. They concluded that spinel 
~) '\ 

must have a very high molar éontent of MgA120 4 to warrant 
-use of enstat1te lsopleths as a geothermometer. In addition, 
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,Herzberg (1978) showed that the solubi1ity of a1uminum, as 

the calcium tschermak component CaA12Si06, in comple« 

diopB1de-CaTB-~nstatite clinopyroxene Bo11d solutlon~ in t • 

Bpine1 Iherzo1ite can be represented: 

CaMgSi 206 + MgA1204'~ CaA12S10§ + Mg2Si04 
diop sp CaTs fo 

and for garnet 1herzo11tes: 
't 

Ca2MgA12Si3012 =.CaMgSi 206 + CaA12Si06 
gar d10p CaTs 

\ 

Herzberg (1978) noted that the high content of aluminum in 

c1inopyroxene 1n the spinei Iherzolite rie~"~trOnglY reduce~. 
the amount of Mg2Si206 that can be dlsso1ved 1n c11nopyroxene, 

and fai1ure to take th1s 1nto account can resu1t in tempera­

ture uncertaintles of up to I50oC. 

OTHER GEOTHERMOMETERS 

Because of uncerta1nties caused by aluminum in the 

pyroxene, solvus geothermometera, severai other geothermo­

meters h~ve been proposed. Hervig & Smith (1980) proposed a 0 

g~othermometer based on sod1um ~xchange·between coex1st1ng 

Ca-poor orthopyroxene and Ca-rich è 11.nopyroxene. A camplex 

distr1bution between pyroxenes i8 theoretica11y expected, 

as Na couples with Al, Cr and Fe3+. ~rpria1nglY, the 

distr1b~t1on coefficient (KD) for sodium contents between 

coex:1st1ng c1inopyroxene and orthopyroxene has a I1near . 
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relation to the reciprocal or the estlmated (Wells 1977) 

temperature. Consequently" ~he H~rvlg & Smith (1980) 

geothermometer: 

7525 . T(oC) = ~ ________ __ 
273 

3.16 + ln KD 

1s expected to be accurate to w1thin !100oc. Pa~tlcular1y 
, 

important is the expected lncrease 1n sens1tiv1ty of the Na 
" 

geothermometer w1th decreaslng temperature, in contrast ~o 

those based on diopside-enstatite solvus. 

Fuj11 & Scarfe, (1982) used exper1ments near the so11dus 

temperature of splnel Iherzolite compositions at 10 kbar to 

recal~brate.the olivine-spinel geothermometer developed for 

layered maric intrusions (Jackson '1969, Roed~r et-al. 1919). 
\ 

Ass~ng a reciprocal solution model for spinel and a simple 

solution model for olivine, the eq~librium temperature for 

-the pa~tition1ng'or Fe and Mg between olivine 'and spinel can 

be obtained rrom the eqùat1on: 

RT1nK' - 4. o:xSP 3+ + 10~O (1-2Lq;)-\ Fe .. l'Ig 
, , 

294~ - 1.81T + (3644 - 'O.15T)~~ 

The exper1mental tempe~atures determined'by,Fujil & ~carfé 

Cl2821 a~e lower than the temperatures calculat~d using the 

Wells (~i771 geothermometer ro~ Iherzolite compositions. 
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EQUILIBRIUM'TEMPERATURE OF-THE CORDILLERAN XENOLITHS 

Equilibrium temperatures were calculated for the samples 

from the four Cordilleran xenoli th sui tes and for thQse from 
• t-;' 

Nun1vak Island (Table 4) us1ng the geothermometers of Wells 

(1977), Hervig & Sm1th (1980) and Fuji1 & Scarfe (1982) • 
. 

The geothermometers based on A1203 isopleths were not used 
, 

in this study beçause of' the large uncertalnty that remalns 
'. , 

ln the application of the experlmental data ca1lbrated in 3-

or 41-component systems to natura1 assemblages. The r&su~ts . 
obta1ned using the o11vine-spinel geothermometer of Fujii & 

Scarf'e (1982) are suspiclously low, with Many of' the calcu-

- la t.ed tempera tures -in the range of 400 to 7 oooe • However" 

the variation between Fe and Mg in spinel ia small compared 

to that between Cr and ~l. The efrect~ of' the latter 

substitution are not 1ncluded in the calculat10n ~f this 

geothermometer. The Hervig & Smith (1980) geothermometer 

yields temperatures whose values and range much more c10sely 

approximate thosè·from the, Wells (1977) geothermometer. 

Urtcertainties in the strict application or the results f'rom 

the Hervig & Smith (12801 .geothermometer arise a~ present 

owi~ to the 1ack of experimental câlibration. 
'-

Calculated, equi11brium temperatures of coexlstlng 
. ,,' ''''' 

Cordilleran pyroxene samp1es (Table 5) range" trom. 8610 C to 
1 ~ • ~ 

12070C using the Wells tl9771 geothermometé~. The tempera-.. 
/' 

tures calcu~ated tor xenolith groups 1, 2 and 3 def1ne a 
, 

,. narrow temperature range of 60 to 100°C at eaèh,locality. 
1 

The average pyroxene temperature for the JL, CR and .NI suites 
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Table 4: CALCULATED EQUIIIBRIOH TEdPEBATUBE5 
-------------------------_.-.-_---------

'lEMFEBATURE (C) 
HERVIG. FUJI! 

WELLS 6 SMITH & SCABFE 
SAH.PLE GROUP ( 1977) (1980) (1982) 

-------------------------------~~----------
1000 1 1 947 925 845 
10007 ' 1 966 1053 417 
10010 1 1029 1194 482 
10002 2 989 1100 422 
10004 2 1013 1251' 758 ' . 
10006 2 1001 700 488 
10008 2 928 1047 605 
10013 2 ,972 1121 '192 
100-16 2 927 887 398 
10068 3 970 1048 747 
300,69 3 1038 1046 758 
20038 1 859 366 

(=-) - 20015 2 946 785 SOq 
",---, 20029' -2 617 

20008 3 899 809 
:20046 3 934 792 666 

20039 4 903 ' 659 608 
30008 1 971 839 3-87 
30006 2 953 839 ,559, 
30020 .2 992, 962 603 
300'2u 2 932 772 ' 
30003 2 92tt' 847 
30012 J 997 919 '. '756 

, 30022 .3 960 867 64-5 
40003 1 1010 Al32 . 
40015 1 1012 851 518 '. 

/ 400'14 1 969 803 412 
40017 2. 1005 856 541 
40054 2 913 885 , 

40061 2 512 951 '4 1> ' 
.. -660 ' 

40010 3 951 866 67C 
40030 lJ 11!.6' 1136 6~9 
40055 4 '- 545 
40037 4 1206 1162 643 
50015 1 1005 96,2 422 
50005 2: 977 1091- 603 
50011 2 916 713 1 497 
50006 10f7 

1 

749 3 924 1 

50008 3 955 801 
50009 3 ' 996 909 662 
50001 " 1183 l1i5 650 

( 
S(J019 4 1018 11 4 

" 
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Table 5: COK~ÀBlSCH CF WEl~S (1911) ~E~PERATOEES 

------~~~~~-~-~-~----~---~--~~----~-----~-~---

Têmp. J~cques 1. çastle J Fort J ~rindle 1 Nunivak 
Lake. 1 Rock J Selkirk 1 Volcano 1 ISland 

-------...... ,--... -------... ---, J ~----~..-- ........ J-......-.-.---~--- j_ ..... _ .... _ ... ~-~ .. - J _ .. ~~_ .... _-
1 1 1 

o J 
1200 C 1 

J CB31(12O,E) 1 
j , J 

, 1 Ji. 1 ( 11 83 ) 
1 
i 

ô 1 
1150 C _ J 

1 
j' 
1 

o .• 
1100 C 1 , 

1 JL19(1078) 
J ,-, 

1050
d

C 1 
1 

J 
j 

1 
i , 
1 
1 
1 
J 
1 . 

• J 
J 
J , 
J 

J • • 
1 JL6(1017) i 
• JL15(1005) 1 

1000~C 1 JL9 (99b) r 1 
1 • 
1 JL5(977) t 
, J'Jo 11 {9,76) 1 

o ., j 
950 C 1 JL"B (955) 1 

J • 
1 _ 1 
J 1 

o 1 j 
900 -c - , \ . 1 

• J 
l , 
l , t 

o 1 1 
850 Cl' j 

... j 
1 , 
J 
" 

. 1 
CB30(1126) " 

'1 , 
. , 

ÇR15(1012) 
CB3(1010) 
C811(10C5) 

• 1 
j 

J 
1 
1 
1 
1 
J 
j 
1 FS 12 (997) 
J ES26(992) 

C854(973) 1. 
Ca"4(96S) j IS8 (971) 

j -1522 (960~ , 
CB10'(951) J 156(953) -

\ 

1 
, FS28 (932) 
J P53 (92e) 

. 1 
1 
1 
i 
J 
1 

. 1 

• ---_ 1. 
j J 
J 1 
1 J 
1 J 
1 J 
J J 
, J 
j J 
J j 
j 1 
1 J 
J j 

f J 
, j 

J j 
, 1 
J , 
1 1 H169(1~38~ 
J 1 ll110(1029) 
1 1 
J J NI4 (1013) 
J ~ 1 N.I 6 ( 1 0 0 '1 ) 
J - J B12 (989) 
f J N113 (972) 
1 1 N.l68 (970) 
J .1 N.l7(966) 
1 PV15 (9'46) • BI~ (947) 
j j 
J PYQ6 (934) 1 118 (928) 1 

J 1 N.I16 (921} 
J j 
1 [»V39 (9(3)' J' 
,. PVé(SSSi 1 
l ~ 
J ' 1 
, PV38 (859) J 
i 1 

~~~~-,~~~~~~~~,~~6~~~~~J~~~~~~~~I~~~~~~~~~I~~~-~-

• calculated US~1l9 tbe geotheracleter torlolated hJ Wells (1977), " 
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(988, 981 and 980°C, respective1y) are near1y ident1cal'. The 

average pyroxerie temper~ture for the F~ s~ite (962°C} is 

approximately 250éiÎ\10wer~1 and' that of 'the PV suite (9080C1 

'is d1st1nctly 1ower, than that of' the ·JL" CR and NI xeno11th 
°'1 

'" 'sù1 tes. 
, . ~ 

These reau1ts Are in general agreement w1th the 

pyroxene temp~.ratures réported by Scarfe et aJ. •. U9821, and 

suggest, that 'a rather restr1cted temperature range 1a be:f:ng 

sampled by xeno11 ths f'rom southern and' central Bri t1sh ". 
, \ 

Columbia. N1cholls et al. (19821 a1so sbowed t~t the tem-

pera ture range represented by ~e~o11 th5 trom the At lin Lake 

and YUkO~ (Fort Selkirkl ~oca~it~és in the northern qordillera 

"15 Iower than that 'of more southern loca11ties in British 

Columbia. 

The ',caIçuIated pyroxene temperatures support a sui-pri-
, . 

singly homoge~eous d1str.lbutlon ot' thè xenollth groups at .. . 
, -..., 
Most of thè loe,al:f, ties. ~sed on the temperature dependence 

-
established tOI" thè d1opslde-enstatite. solvUs~ the d1str1~ .. , ~ .. 

. " 

bution of ·clinopyroxenes in <FigUre 9.. would' pred:t..ct 
. ,," 

temperatures ot equi11br1um to'decrease in the s~quence 
. " , 

~:.-=--' harzburglte to Iherzo11te tt? pyroxene lperzol1.te. Only in 
, , . 

·the Castle Rock suite doès the distribution o~ temperatures~ 

'approximate. the order expected. ' Xn the- remainlng suites, 

the tempera ture range of the xenol1 th groups l, 2 and 3 
" . 

{. 

largely ·overlap.' The group, ; perldotite sampl~s have the 

h1ghest calculated temperatures, 1~ the range lDOO to 1200,oC. 

Of aIl the -xeno11th sampr~s~ only these haveotemperatures 

" that approach the magmatlc temperatures of' ballltlt. The, mueh 
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lower temperature~ calculated for groups 1, 2 and 3 most 

reflect subso11dus re-equlllbratlon w1 thln the 11 thos6here" 

PRESSURE INDICATICNS FROM fYROXENE' COMPO~ITIONS ' . 

, Several attempts have beel:l made to estab11sh the equ~11-

brat10n pressure or ultramaf1c xenol~th assemblages based 
, <, 

on their pyroxene compos1~1ons. Bell & Davis (1965, 1967) 

1nvestigated the d1ops1de-jade1te so11d solution serles a,t 
.. , 

high pr~ssures (30 t6 40 kbar) and found that the jade1te 
1 - ' 

content o'r c11nopyroxene so11d so~ut1:ons 1ncrea,s~s sign1.fi-

cantly with' pressure, accompanled by a smaller decrease in , 

the proport1on of Ca-Tsche~s co~onertts. Although the 

Na content or cli~opyroxene (Pig. 12) ha~ an overlapping 

range of values +n the four Cordille.ran sui te's, the averagé 

value for the c11nopyroxenes in each suite 1ncreases 1n the 
J 

sequence CR to PV to PS to JL. This suggests that the . 
comparatively jade1te-r1ch JL and FS c11nopyroxene compos1-

-, 
, e 

tions have equ111brated at comparat1.vely tügher pressures 
, . ' 

than those or the o,ther xeno11th suites. " However" in the 
, ~ r t ~ , 

,anhydrous Iherzolite x,no~1ths, there 1s, no 6ther phase .. ' 
, 
present that, can butter Na ln cllnopyroxene. In add1 tion, ,v 

Na 1nçreases trom the harzburg1te te th; Iher~o11te and 
, -, -

pyroxene Iherzo11t~ c11nopyroxénes. Alternately, the 
" 

var1at1on in Na contents may s1mply repr,esent,variat1ons 1n 

bulk compo$1t1~n ot the xeno11t~s. 

A po,sslble pressure d1scr1m1l1&nt _11es in the ratio of 

Allv to Alv1 1n c11nopyroxenes. Wood U976'l ~howed 
<" , - 1 

, ' 

" 

/ 

" 

1 
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experimentally that in Ca,MgS1 206:-CaAI2Si06 sol1d ,solutions 

coe'xisting wl th anorthi te and quartz, an increasing 'mole 

f-ractlon, of CaAl2si06 ,is' directly associa,ted with increaslng 
~,.~ .. ~ ..... , 
pressure (10 t~ 25 kbar). ~he major1ty of the Gordill~ran 

" ' . ' 

samples (Fig. 9) raIl on a line that Intercepta the Al vJ '~Xi~ 
vi· " , , _J' • 

at 0.10 atoms Al /4 cations, whereas ~ome ot,the pyroxene-
\ 

.'r1ch lherzolite (grçup 3) 'samples and the Nunivak.hYdrouB . 
'/ 

lherzolite group appear to be shifted to higher concentra-

tions of Alvi • The h1gher conten~ of octahedral aluminum 

may indicate higher equil1bration pre~sures~for the pyroxene 

lherzolite (group~3~ and the NI hydrous lherzolite xen~llths 

c.~mpared. ,to the maj~r1ty of.. the samples. However, this 

distr1but1on could retlect the h18her Na 'contents of tbese' 

clinopyroxenes, wh1ch would requ~re hig~er Alvi/AIIV ratios 

to'stabI1ize them 1n the pyroxene structure. 
",,/ 

PETROGRAPHIC INDICATIONS OF PRESSURE OF EQUILIBRIUM 
, " 

" 
Another approach, userul 1n est1~t1ng' ~he range ot 

equillbrium pres~u~e of spinel Iherzol:1 te xeneiiths, utillzes' 
~~ -

the appearance of assemblàge'8 transi t10nal te 8~·able bigher 

or lower.pr~sur~ ones. The d;~t1nct1vè "holly-~ear" tex~~e 

ot spinel (P~ate lQl Intergrown vith enstatlt" observed 1n . . 
sever~l ot the cQarse-'textured Cord11l.erin xeno11ths, has 

\ l ' 

been related in other' suites to the brealcdown ot rellc~ 
~ 1 ... 

garnet in recrysf;al11zed garnet Iherzo11 te.' Reid & Dawso~ . 
o • 

a9.7?1 descrlbed garnet ··coro~s IJl/tilb;-amaflc xeno11tba tram 
"" . ,;' " 

the Lasha1nè (Tanzanial carbonatlte vo1ca,no. Thê'y suggested 

ta 

"" . 

, 
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that if the .react1on had gone td\~OmPle~1~n, th~ or1g'1nal 

garnet probably would have ceen. ieplaced by clusters of 'two 

pyroxenes + spinel. Reid & Dawson (1972), noted.that ~hese ' 
- " coronas, 1f formed as a ,result qr-1ncorporation in the ris1ng 

, , 

host magma, are unusual' in that ',:the garnet t;~act1o~cc~red 

in a "dry" carbonat1t1c anicaram1t~,w1tbout t,he a,dd1t1on or 

H20. 

Smith (1977) descr1bed'two pyroxene 
\ J • 

- spinel c~uaters 1n 
e' . \ 
spinel peridot1te xenol~ths from the Green Knobs k~m~er11te, 

. - .. . \. ' 

d1atreme in Colorado.. In these rocks, pyroxene - splne,l' , 
\ 

ag~egatrs (6.0 mm) cons1st of equant, a~hedral enstattt~ 

and diops1de w~th 1nterstit1al spinel, ~cçasionallY pres~d~ 
• as. coarse blebs or "f1ngers" vi thin ,diopside and' enatat1 te. 

S~th (1977) suggested that the pyroxene '- spin~l clusters, . , 

form from the react10n of o11v~ne and garnet. The var1able 

proport1on of sp1nel 18 expla1ned by relating 1t to the 
, , . 

amounts or tetrahedral Al 1n the parent and product,pyroxenes. 

Smith (19171 proposed that the transition'trom garnet to 

spinel per1dot1te ind1cated by th1s tèxture probably rerlects 
- , 

. a decrease in p~essure, e1th~r dur1ng teetonic up11rt tol-
,- - \ ... , ~ 

lowing eros1op. or during upward ~tle convection. 

Those ~Çord111eran xeno11th samp.le's' that eonta1n "holly-
\ 

leaf" ~p1,n~1 text~es or show spatial assoelatlon between 

pyroxen~\and sp1nel eould poss1bly ~epre8ent equi11br1um 
\ ~ l " 

pres~ure8>~ear the ma~um ot the sp1nel ,lherzol1te' stab111ty 

fleld. - In ~d,ltion, the \presence, of pl.ag1oclase lher.zollte 
. \ 

and granulite "enollths in the CR, PV" and NI suites' ('rable 1) 
\ 

\ 
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~nd:lcates .that xeno1l ths from at -least' several sul tes may , 

hav~ equ11lbrlÛin at the' minimum pressure of the sp1ne1 . l 
l ' 1 • 

. . 
,lherzo11te stabl11ty·rie1d. \ Thus the onIY,~onstra1nt on ~he 

, ~ .. 1 

pressure range ~~Ch th~se xeno1tths, sampled. 1's the eXperl- , 

mént~11Y deter~ned stabi'l1 ty field for spinel-bearing 

1herzo11te, between the garnet- or p1ag1'ocl,ase-bear1pg 

1herzo1lte stabl11ty rields. 

EQUILIBRATION OF ~HERZOLITE ASSEMBLAGES 

Early est1mat-es of pressure o~ .equ1llbrat1~n for u1tra-
, . 

marie xeno1it,h c,omposi,tlons rèiied on the pyroxene-ca11brated . 
1 .' \ 

P-T gr1d, of O'Kara (1967). ùsing exper1mental results.in the 

~ystem CaO-MgO-AI203-S102, O'Hara (1967) showed that ~n 
. -

anhydrou's spinal Iherzol1te assemblage w:as sta~le 'between 
. 

. 10 and 25 këal" pressure, w1tn plag1oc1ase lherzol1te stable' . ' 

\. ' 

at lower pressures, and garnet 1herzo1ite stable' at hf,gh.er .. 
pressures. Later experimental results, however, '111ust~ated 

1mportant.prob1ems w1th the s1mplif~ed compos1t1ons used by 
11 

O'Ha~~because ot the 801ub1l1ty of alum1num 1n 'pyroxene •. 
/ 

Danclewerth • Newton 0.978'1 emplôyed hyd.rothermal . ; \. .' ' . . 
reversa:rs to tac111tate t,he at'ta1nment of equ11ibr1um 1n the 

reaqt10n .of spinel Iherzol1te' to gamet ~herzol1te 1n ,the 

system, M80-A12'03-Si02~·' The~r e~-eriment!1l' 1s0Ple:h" tiat~ . , ..... . 
show tbat the mass-balanced equation'ro~ the un1var1ant 

J • 

equ111br1um 18: .. . 

. 4 \ ' 4 2 en + 0.75 sp'. gt + 0.75 olv 
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Ganguly & Ghose (191-9) showed thà.t the transition represented 

,oy this react+on can be rewr1tten: 

~4S1'4012 + MgA12 04 - 'MgJA12Si3012 "t;(Mg2S104 
OpX sp opx:y ,01v 

,; 

. 
The introduction of CaO causes little change 1n the . 

,f \ • 

équi11'bp~um constants for, the 3"c~mponent system ... Obata 
,'.' , \ 

(19-161 round tba:t 1n the C-M-A-S\~ystemJ the reaction cpx + 
~ ,\ 

opx + sp • gt + fo curves sign1fic~tly and is nearly vert1-
o " 

cal below 800 C,' wbereas the react10n an + fo .' cpx + opx +. 

sp cûrves in the oppos1 te direction in tem.p~rature and 
, ~ 

pr~ssure. spaëe. In the petrogenetic gr1d or Herzberg (1918) 

the iptersection o'r _ the -alum1num isopleths t'or c I1nopyroxene 
J ' 

1n Iherzo11te ass~blages limdts' the minimum stab111ty of 
" , 

garnet Iherzo11te àt' a 'pressure 'of 16 kbar and the maximum 

stab1lity field of plagioclase Iherzo11te at a pressure 

sl1ght~i ab ove 8 1tl)~. 
~ 

cTenk1ns Be Newton 0.2.1'2.1 employed hydrothermal reversaIs ,,' 
"in thei~ experimentai determnat10ns of the' spinel Ihé~z0i1 ~e 

to garnet Iherzo11te inversion. Ca1culat10n or the dT/dP 
-

slope of this react10n 1n the C-M-A""S system support the mass 

balanced equation: \ 
\ 
\ 

1.500 opx + 0.500 cpx + Q.760 sp • 1.000 gt + 0.160 olv ~ 

. 
Jlenlt1ns·-& Newton 0.9.791 suggested that natural per1dotitic 

compositions can reta1n garnet-bear1ng assemblages in ~he , 
presence of rree H20 at depths as low as ~O to 40 km with1n 

... ~\.. !I.. 
-'".,., 

\ 
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the lower contlnental crust. They conclude that the subcon­

tlnental upper mantle will be in the splnel lherzollte fleld 
t of stabl1l ty 'only in except10nal areas of h1gh geothermal 

grad1ant. 

CORDILLERAN GEOTHERM 

Ranal11 (1980) adopted a unique approach to est~mates of 

equl11brlum pressure and temperature ln the Cordll1eran 

l1thosphere by applylng m1cro~heological equatlons of ollvlne 

deformatlon to rheologlcal propertles. Geotherms for the 

8anadian shield and Cordillera are constructed by combln1ng 

estlmates or surface heat-flow and geochemical models witb 

pyroxene equilibrat10n temperatures. Addlt1onal,constra1nts 

assume Rao's & Jessop's (1975) estlmate of T = 400 to 5000 C 

at a depth of 40 km under the shleld, from an average heat 

flow of 0.94 HFU, and Caner's (1970) estimate of temperature 
o ' of 750 C at a depth of 35 km beneath the southern Canadian 

Cordillera where heat flow ls approx1mately 2 HFU. 

To best approx1mate the ~ange of equilibrium conditions 

represented by the Cordil1eran xenollth samples, the sample 

groups are rsuper1mposed on Ranal11's (19801 Cord~leran 

geotherm (Flg. 151 uslng the tempera tures calc,ula ted from 

Well's (19771 geothermometer. ,AlI samples fall ln the pres-

sure range of the splnel Iherzolite stabi11ty fleld and the 
" ( 

dist~lbutlon in Figure 15 supports, the suggestions of O'Neill 
" ~{ 

CI~811 and Scarfe et al. Cl~821 that xenolith suites may 

ref1ect a very 11mited range of equil1bration conditions. 
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Figure 15: APPLICATION OF THE CORDILLBRAN GEOTHERM 

,The distribution of samples from each xenolith ~ 
~ suite on the Cord1lleran geotherm of,Ranal11 (1980). 

The temperatures assumed are those calculated using 
the geothermometer or Wells (1971)~ The pressure­
dependent phase-transformation bouhdaries result 

'fram the exper1m~nts of Herzberg (1978). 
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The major~ty of t~e samples from each loèa11ty and aIl those 

from xeno11th groups l, 2 and'3 are conr1ned,to the pressure 
. 

range of Il to s11ghtly less than 16 kbar, assuming this 

geotherm. However" /1 t appears tha t the Cord111eran xeno11 ths 

(

'SU1tes h~ve sampled an average depth that decreases 1n~the 

. sequence JL - CR - FS - PV, a1though this correlat1'on c1ear1~ 

1s a d1rect ref1ect1ôn of the ca1cu1ated temper~ture·s. The 

presence of s1gnif1cant plag10clase lherzo11tes 1n the PV 

su1te agrees w1th 1t's lower estlmated pressure. App11cation " . . , 
of Ranal1i's (1980) geotherm 15 also supported by the 

apparent max1mum equ111brat1on depth of about l6 km for-the 
, " 

xeno11th samples. This 1s-1n close,agreement w1th the 

exper1mentally determined min1mum stab11ity of gamet lherzo­

l1te. Oniy the group 4 per1dot1te Bamples yleld anomalously 

great depths. However, the major-element compos1t1ona of 

these samples 1s suff1c1ent1y d1stinct to ass~e they may 

not be appropr1ate to a hypothes1s of equi11brat1on us1ng 

the assumed,geotherm. 

fi 
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6. ULTRAMAFIC XENOLITHS FROM NUNIVAK ISLAND 

\ ;he suite or ultramaflc xenalltha studled by Francis 

(1974, 1976a, b, c, 1978) 'fram aikali basaIt cinder canes 

and maars on Nunivak Island, Alaska, consists almast entirely . 
of samples of harzburgite and 'spInel'lherzollte, approxi-

mately haIt of which contain amphlbole~ mIca or more cammonly 
, i 

fine-gralned.zanes after these phases. Nunlvak Island ls , 

unique in that It ls the anly basalt!c ~enaiith locaiity 

througho'ut Alask~ or the ent1re 'Canadian Cordillera in which 
, . . 

hydrous~ Cr-diapside-bearing uitramafic' xenallths have bèen . 

dacumented •. A representatlve g~aup of 29 Nunivak Island (NI) 

ultramaflc xenollths were Included ln the present study. 

Although important difrerences' eXist between~the NI xenallth 

suite and those of the four Cordilleran localitles, the 

xenoiiths from these five areas do appear to he sim1lar in 

many respec ts .. 

TVo distinct groups of anhydrous ultramaf1c xenollths 

'can be recognized ln the NI suite: I} harzburg1te and 

ollvin~-rlch <.) 76 modal 1 o11vlne} <"spinei lherzollte, and' 
" 

21 pyroxene-rlch splnel lherzolite. !n terms or modal compo-

sltian, these two NI groups are,èqulvalent to the harzburg1te 

and pyroxene lherzoilte groups of the Cord1l1eran xenolith 
, ) 

sul tes. In addition, ultramar.ic samples contalnlng hydrous 

phases make up nearly 501 of the Nunlvak ~sland xenollth 
, . 

~ , " 

suite. The modes of these samples were recalculated in terme 

of anhydrous equ1valents (Pig: 21, us1ng the propor~ions of 
" 
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olivine, clinopyroxene, spinel and glass reported by Francis 

(1974, Table 6-13). Whereas the ol~vine enrichment in the 
\) 

\ . 
hydrous NI samp1es may partlally result rrom the reca1culation 

1 

or hydrous to anhydrô~s components~ these xeno1ith5 are 

typically enriched in clinopyroxene compared to the harz­

burgite (group 1), and cluster around tne average of NI modal 
'. -

compositions. The resu1ting average modal composition of the 

Nunlvak Island suite, 67.2% oliv, 20.0% opx; ll~2% cpx and 

1.7% .splnel, 15 considerably more refractory than the average 

modal compos~tlon at each or the four Cordilleran suites 

(Table 21, desplte the evidence for a relatively abundant 

volatile component in the Nunivak Island suite. 

Xenolith textures in the Nunivak Island suite were 

classified by Francis t1974, 19~6a, b, c, 1976} into,three 

basic groups: coarse equant, coarse tabular and granulo-

blastlc: Francls adopted the coarse tabular texture, in 

preference to the porphyroclastlc category of Mercier & 

Nicolas (19761, owing to the high porphyroclast/neoblast 

,ratio ot: such rocks in the NI suite Oiarte 19771. Xenolith 

textures were assigned to the NI suite in Figure 3 by com­

paring the predominant.size of olivine porphyro61asts in 

these samples with those or the Cordilleran xenoliths. At 

Nunivàk, anhydrouB harzburglte-and olivlne-rieh lherzo11te 

have coarse equant or eoarse tabular textures, equivalent 

to those of tne Cordilleran harzburgite samples, whereas the -, 
'-!! .. --.... 

anhydrous pyroxene Iherzolite samples have finer-grained 
, 

textures, equlvalent to those of phe pyroxene lherzolite 
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group. These granuloblaat1e xenoliths comprise approximately 
, , 

10% of the NI 'xeholith population (Francis, 1981, pers. comm.) 

compared to 60% coarse equant and .30% coarse tabular xeno-

liths. 

The hydrous NI peridot1te samples are predominantly coarse 
~ 

tabu1ar in texture, ,aIthough hydr~üs per1dotite xeno11ths 
, 

with coarse equant' texture are not uncommon, and at 1east , 
\ '- ' 

two hydrous peridotite xeno1itha vith find-grained texturés 
'U 

(NI10067 and NI10211) are also included~ the Nunivak Island-

suite (Plate 13). Francis (1976a) noted the dist1nct 

orthorhombtc to monocI1nic symmetry or the ra~r1c def1ned by' 
" 

the porphyroc1asts in both coarse texturaI groups. There 

appears to be a continuous gradation between.xe~oiit~s 'w1th 

coarse" textures at Nun1vak. Nevertheless, Francia (1914, , 

,:976a, b, c~ 1978) recog~d the slgnlf1cant de~artu~e ot 

the Nunj.vak Island suite rom the continùous spectrum of 

textures ln mant1e xenolit s descrlbed by M~rcier & Nicolas 

(1976). These author.:i proposed' a continuous, sequence of 

coarse t'o porphyroclast1c to granuloblastic textures vith 

increasing de~ree or derormat~on of the xen~liths. Whereaa 

xeno1iths vith c'oarse textures appear to be gradational (Fig. 
" 3t, an abrup~ texturaI d18cont~nulty exists between xenoliths 

wlth coarse tabular texture and those in which granuloblast1c 
, 

textures are developed. 

- The mineraI compositions, of the Nun1vak Island xenolith 

suite comp1e~ent those of the Cord111eran su1~es in many 

respects; this i8 especially evident in the pyroxene and 
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Plate 13: NUNIVAK ISLAND AMPHIBOLE LHERZOLITE , 

,NI67 1s shown here as an example or the contras­
ting appea..ranc,e of the hydrous Nuni.vak Island 
aamplea compared to that o'r the anhydrous Cord:1l ... 
leran samples (.Plate 11. In th+s suple, yelloWiah 

',bro)m amphibole 1s a consp1cuous minor phase. This 
sample 1a unu8ual in that 1t also represents a 
co~arat1vely rare var1ety ot. NI hyd~ous samples 
character1zed, ~y .t'1ne-gra1ned textures "Lrield of 

, v1ew • 25 mmL 

... 

\. 
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spinel ,compos1tio~s. The distribution of aluminum in NI ,-

. ' 

orthopyroxene i5 comparable to that of the Cordilleran 

orthGpyroxène for the harzburgitè and pyroxene lherzolite 

samples (Fig. 6}, 'nth "Aliv approxi~tely equal' to Alvi 

However, in' the Nunivak !sland suite, orthopyroxenes wit'h 
. 

,int~rmediate aluminum content are charac~er1zed by a higher 

ratio' of Alv1/AliV than o~thopyroxenes vith equ1valent , 
- ' aluminum contents from the Cordilleran suites. Most ot the 

NI orthopyroxenes with higher ratios of Alv1/A11v ar~ from 

hydrous xenolith samples with coarse tabular .textures.' The 

concentrations ot both Ti and Cr in Nunivak Island ortho­

pyroxenes are equivalent to those or the Cordiller$n group 

of 'samples (Fig. 7!, and manganese ,concentrations are 

uniformly low'in the NI orthopyroxenes, comparahle to that 

in the JL suite. However, Na contents ot orthopyroxenes 

from Nunivak Island ~rzburgite and hydrous. lherzolite sam~ 

pIes are distinct from those or the Cordil1eran suites, with 

Na inéreas1ng to comparat1vely h1g~ concentrations indepen-
, , 

dent or -the aluminum' -content. 

A comparison of clinopyroxen~ compos~tions shows that 

the Nunivak,~sland clinopyroxenes are consistently more 

magne sian and less calc1c CP!g. 5t than those trom the 

equivalent Cord111eran xeno11ths. The distribution ot 
" , 

aluminum between tetrahedral and octahedral sites in the NI 

l,c11nopyroxenes (l'ig. li tollowa that seen in the coexisting 

orthopyroxene, with thé' aluminum distribution sh1tted to 

higher ratios ot A~V1/AI~v in the clinopyroxene ot hydrou8 
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NI ~herzolites with intermediate aluminum concentrations. 

Betwe~n the hydrous Iherzo11te and the pyroxene-rich ~I 

xenoliths~ Francis (1978) ndted a population gap in terms of 
" , 

alum1num concentrations in NI c1inopyroxenes. Nearly haIt 
, .' 

, -

of the clinopyroxenes analyzed ~rom the four Cordilleran 

suites fall within this,'gap. Tlie concentration o:f'Ti and Cr, 

vary with total aluminum'content (Fig. 10) over the range ,of 
, 

NI clinopyroxene com,positiôns, . sim1lar te t,hat seen ln the 

Cordilleran su·i tes. ~- ""The' c 11n~pyrô~tne from NI hy~rous péri-, 

dotite samp.les. are, however, anomalously e!U"ich:d in Na, 

\ 

compar~d to the ~ordillet~ samp1es, {F;f.g. Il). \ 

Spinel compositions iri~nivaR Island ultrama:fic x~noliths' 
ç .. , 

are largely equivalent to those of the Cordil1eran xen~liths, 
:,: .. r,.. ..... , ~ ~ • • 

with spine1 containéâin ~éarse-textured NI sam~les compara-

tively rich in Fe2+ and Cr, and that contained in the .. 
granuloblastic-textu~ed NI xeno1iths rlch in Mg and Al (Fig. 

14). In NI xenollths with coarse textures, equant to elongate 
\ . 

.. . / \ 

. (0.2 to 0.5 mm) spinel +nclus'l,ons are ,common in ollvine.g 
.. \"\ ... 

orthopyroxene and amphibole. s~ar spinel inclusions are 
, . \ 

raÎ"'e ,in' the coarse-grained xenol.1. ' s trom ,the Cordilleran 
.~ 'Q. , 

suites and absent altogether in xen~~iths with granuloblastic . \''0: 
, \\ 

textures from any of the locali ties. \": e spinel inclusions 
'\ \ 

, " \ 

contained in olivine and 'orthopyroxene ',~ both more aluminous .­
\\ 

and more magne sian Lslm1lar te spinel c~o\ tions in the 
, \ 

pyroxene IherzolltesL than coexisting inter \1 ial spinel in 

these rocks. "In co~ast, splnel lnCluslons~; htbole 

are enr1ched 1n Fe and Cr w1th respect to 1nter~~1 sp1nel 
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or splnel "lncluslons ln coexlstl sllj.catè, phases. 

The ,!08t ObV1\OU8 dlstlnction 0 "~e Nun1"ak xenol1ths 

::::o:::t~9::~~:::~.~::.::a::: :vs::
n
:: ::~:ma~:::US 

beneath th1e local1ty., The hvdroue NI X~o11ths a~e slm1lar 
J \ ' 

in many respects. to the Cordj.11eran 1herzoltte samples. 

Although the cqa~se textures Most often ·associateà wlth the 
, ~""\l' • 

hydrous NI xen01~hk have hlgher POrPhYrocla~t/neob1ast 

rat~os and a bett ~derlned penetra lve, foliatlon than the 

Cordi11eran group \~amp1eS, ese xeno1lth groups 

are lntermedlate ln a1n slze and ln composl-
'~ 

tlon between the harzb' gité and the pyrox ne 1herzolite 
, ' ~ , 

groups'.' Two important d "stinct1ons that ca e made between 

the~e two groups lnclude ~ h1gh ratl0 of Alv Allv and 
he Na-rich character of pyr~ enes ln the NI po u 

h1gher pre~ , res (Francis 1276a . , 

thls hydrous compon' ~t is uneertaln, 

zoning in spine~ lnc 1 

r det"ormat1on ln larger amp 
, 

metasomat1c eomponent (Pran\ ~,s 1274, 1976a, 

s prôposed tha t even the 'c 1" opyroxene 

eet this proeess" It 18' pOS 1b1e that the , 
\ vl 1v ~ 

ano~ s~Y high A IA1 rat1?s and Na concen 

the c11~o yroxene ln the NI hydrbus 1herzol1tes 
, ' 

, re!'lect1cili 
, \, 

the 
/, ( 

matie \~yent, and do not 
1 
\ . \ 

highe:t' press~r ,s. Thus, he .hydrous xeno11ths may corr 
\ \, 

\, 

to Cordj.lleran~type lherzo1~e xeno1lths or gr~up 2 
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sUbsequently a~rected by the 1ntroduct1on of a volat1le 

phase. 
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7. BULK COMPOSITION OF ULTRAMAFIC XENOLITHS 

t.J 

The bulle "compositions of -23 Cordilleran and Il Nunivak 

Island samples were calculated (Appendix 3) usi~g their modes 
o , 

(from point-counted thin sectiorys) and mineraI compositions. 

The proportion and àverage composition of hydrous mineraIs 

and fine-grained zones and glass in-NIl, NI2, NI6, NIlO, NI13 

and NI16 were included in the calculation of their bulk 

compositions. In this cbapter the major and minor element' 

variations in these calculated compositions are described, 

and the possibTe factors controlling these variations are 

reviewed. 

MAJOR ELEMENT DISTRIBUTION 

Among the major elements, the concentration of silicon 

is comparativèly uniform in the xenolith samples, ranging 

trom 34.7 to only 39.1 cation % Si for 32 of the 34,calculated 

bulk compositions. The relative variation of Fe (total iron) 

is sim1lar to that of Si, with Fe concentrations typically 
~ , , -

ranging from 5 ~o 6 c~t10n S in the harzburg1t~, Iherzolite 

and pyroxene lherzolite samples. In contrast to both Si and 

Fe, a much greater variation occurs in Mg concentrations, ,~ 

"with magnes1um ranging l'rom 40 to ~lmost 60 cation % in ·the' 

bulk compositions ot ,the xeno11ths. Because Mg is the pre­
~ 

dominant element in each or the calc~lat~d bulk compositions, 
~~" . 

" ' 

yet ,shows the grea test maJ or-e lement V~ria tion between the 
p 

xen~11th s~ples, tpe distribution l' the less ~onqentrated 
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elements is compa~ed to that of Mg. 

The distribution of Mg and Fe in the xenolith bulk 

compositions is shown with that of the analyzed mineral 

compositions in Figure 16A. Superimposed on Figure 16A is a 
, a 

"sail" diagram, wh1ch has been used by Hanson & Langmuir 

(1978) and Langmuir & Hanson (1980) to relate the composi­

tions of various mafie voleanic r'rocks (consider-ed quenched 

liquids) to primitive mantle compositions"w~th which they 

could have equilibrat,ed. A complementapy sail diagram (Fig. 

16B) related the compositions of partially melted residues 

'" to temperature and degree of depletion from any initial mantle 
, 

composition. Soth diagrams can be constructed by assuming 

t~e Mg and Fe concentration and Fo content of the olivine in 

a mantle source and a value for the olivipe Fe/Mg Kd (Hanson 

& Langmuir 19781. The position of the ealculated residual 

:f"ield on the Mg-Fe distribution 15 critica'lly dependent on 

the compositiol1 of the assumed primitive mantle (point P in 

Fig'. 16Bl. The res1dual field in Figure 16B is~ caleulated 

for py:roli te-l (R1ngwood 19.66 L a widely accepted hypothe-

tical c~mposition propo3ed to represent pristihe mant1e. 

\ 
Two trends are observed in the Mg-Fe distribution of the 

,\ 1 \ 
xenolith bulk compositions in Figure 16. The majority of 

xeno1ith samples from each locality, including the harzbur-

gite, lherzolite and sorne members of the pyroxene lberzolite 

" group lie within the residua1 field of pyrolite in the sa id 

diagram. The Mg-Fe distribution of these samples follows a 

hype~~olic curve (trend A in Fig. 1~Bl with respectoto the 
~ 
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Figure -16: COMPARISON OF Fe VS. 
·Mi ;çN BrrLK COMPOSITIONS 

'. A. Fe-Mg dis'tribution for minerals and rocks. 

'Q 

Mineral (so11d' 'circIes) from analyzed composi-
tions, whereas rocks (open circlesl are calculated '",.. 
composit1ons. Sail diagram for melt f'1eld calcu-
lated assuming a pyro11te source by the' method of 
Hanson & Langmuir (19781 and Langmuir & Hanson 
(1980). P in,dicates Pyrolite mantle, C indicates Carter's 
mantle. ' 

B. Residu&l field calculated assundng a pyrollte 
source. Color code: red harzburg1te; green lher­
zo11 te;, ye llow pyroxene lherzol1 te; unc olored group 
4 peridot! tes. 
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orig1n .. The~NuniYak Island x:no11ths, includ1ng the hydrous 

lherzolites, are' indistinguishable witp respect to the1r 

Mg-Fe distribution from those of the Cordilleran suites. If 

trend Ais' produced by partial melting, then its coherent 

character would suggest that the major1ty of the xenolith 
'" ..... p 

samples represent vârying degreea of depletion of mantle' 
1 
1 

sources w1th a common composition at each of th~ five loca-
\ 

lities. Assum1ng a pyrol~te initial composition, the 

harzburgi4e bulk compositions would correspond to residues 

formed by 20 to 30% partial melting, whereas the Iherzolite 

bulk compositions would correspond to 15 to 25% partial 

melting and those pyroxene lherzollte bulk compositions that 

lie, within the residual field would reflect up to 15% 

partial melti~g. Although these numbers are somewhat depen-

dent on the assumed mantle composit~on, trend A approx1mates 

an isothe'~l melt1ng lIne for a reasonable mantle, ;tnodel. 
~ 

This suggests that if this compositional variat10n is pro~uced 

by partial melt1ng, it approx1mates an isothermal process. 

Whereas the bulk compositions of some pyroxene 1~erzo11te 

samples plot with1n the residual field, the composit1ons of 

several other pyroxene lherzollte samples are comparat1vely 
~ . . 

Mg-poor. These samples lie outsid\ of ,the res1dual'f1eld 

and appear to define a distinct trend B in Figure l6B. Trend 

B appears to èe linear and confined to a uniform band of 

Mg-pe distributions t~t extends from.the origin and 1ncludes 

the compositional ranges of the coexlsting olivine, o~tho-

pyroxene and clinopyroxene. Consequently, the bulk 

89 



(! composition variations that derine trend B appear to represent 

a mixing 11ne towards larger proportlons or pyroxene wlth 

respect to olivine. 

The ~-Fe distributions of the calculated xenolith 

compositions are essentially a function of the relative 

abundance of olivine and orthopyroxene (O'Neill 1981) in 

the xenollths •. Al20
3 

and CaO, however, are control1ed by 
" 

. the compqsitlons as weIl as the abundance of the pyroxene 

phases. Even so, there is a strong I1near correlatlon 

between both Ca and Al and Mg. Ca and Al unlrormly increase 

through the sequence harzburglte, lherzolite and pyroxene 

Iherzo1ite bulk composltions~ This progressive enrichment 

or both Al and Ca parallels a regular increase in proportion 

of modal .c 1inopyroxene. The transi t,ion between harzburgl t;e 
o 

and Iherzo11te occurs at about 1.7 cation % Al and about 6 

modal % cllnopyrQxene, wh~reas the transitlon between lherzo­

lite and pyroxene Iherzol1te occurs at about ~.5 cation % Al 

and about 12 modal S c I1nopyroxene_. 

MINOR-ELEMENT DISTRIBUTION 

The dominance of the major elements in a calculated bulk 

composition has the effect of diluting many of the individual 
, 

minor elements reported in the mineraI analyses to trace 

levels. However, slgnlricant varia~ions are apparent in the 

abundances of Na, Ti,:Cr and Ni. These elements exhibit 
'1' 

equlvalent concentration ranges in the bulk compositions of 

aIl five xenolith sultes. There Is a systematlc correlation 
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'between the c~ncentration levels of these elements and the 

xenolith group type. 

The concentrations of Na and Ti in the calculated bulk 

compositions define almost identical distributions compared 

to Mg (Fig. 17). A wide range in concentrations of both Na 
• 

and Ti occurs in the xenolith samples (Na: 0 to 1.0 mole %; 

Ti: 0 to 0.12 mole %). Harzburgite bulk compositions have 

a lim1ted range of uniformll low Na and Ti concentrations 

(Na: a to 0.16 mole %; Ti: a to 0.01 mole %) comparable to 

~ny of the Iherzolite samples. However, the range of abun­

dance of Na and Ti in the lherzolite group is much larger 

(Na: 0.05 ta 0.39 mole %; Ti: /0.00 to 0.06 mole %). The 

significantly higher Na conten~ Qf the hydrous NI lherzo1ite 

bulk probably reflects the metasomatism that these samp1es 

have experienced. The pyroxene 1herzolite composit~onB 
, . 

aS50ciated with trend A (Pig. 16B) ref1ect a regular increase 

in the concentrations ot both Na and Ti (Na: to 0.70 mole %; 

Ti: '. to 0.09 mole S l from the Iherzo1i te group. In contrast, 

pyroxene' 1herzolite bu1k compositions assoc1ated with trend B 

(Fig. 16Bl have d1st1nctly h1gh and relative1y uniform Na 
, , 

and Ti concentrations compàred to regu1ar increase seen 

between the 1herzo11te group_ and the former subgroup of 

pyroxene lherzo1ite samp1es. The abundance of Na and Ti' in 

the ca1culated xeno1ith bu1k compositions cannot be accounted 

for by variation in the modal proportion of clinopyroxene in 

the samp1es alone. The range tr~m harzburglte to pyroxene 

Iherzo11te 15 character1zed by a 4- to 6~to1d increase'1n 
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Figure 17: MINOR ELEMENTS IN BULK COMPOSITIONS 

A comparison of minor elements vs. Mg in cation per-
cent. Color code: red harzburgi te; gre,en lherzol:tte; ,;' 
yellow pyroxene lherzollte; uncolored group 4 per:t­
dotites. 

A. Mg vs. Ca 
" ......... , B. Mg vs. Al 

C. Mg vs. Na 

D. Mg vs. Ti 

E. Mg vs. Cr 

F. Mg vs. Ni 

G. Mg vs. Mn 
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modal clinopyroxene but a 10-fold increase in the bulk con-
" o \ 

centrations' of both 
\ 

Na and Ti. This requires that both the 

modal proportion and Na and Ti contents of clinopyroxene 

must inerease. 
'. 

The distribution of Cr in the calculated bulk composl~ __ ~ 

tians parallels that of Na ~Ad_!rL--'l!here-~~-- --
- --- ---

signifieantly more sea tter J and a poorer separation of the , 

xenoli th groups in terms of' Cr. The distribution of' Cr 

appears to be a function 'of the modal proportion of' clino-, 
-~---

pyroxene. . There i5 no apparent di stinc t~oJ1-in-~ontents 

between the xenolith samples that defined trends A and B in. 

Mg-Fe distribution. StoBch (1981) has evaluated the possible 

" temperature ana compositional dependeneies or Co, Ni, Sc and 
, 

Cr partitioning under upp~r-mantae conditions. The 

variations in the olv/cpx an~ o1v/opx partitioning coeffi-
, -, 

cients t'or J'Cr appear to be temperature dependent. 

Ni decreasee linearly in the sequence harzburg1te (0.22 
, 

to 0.19 IIlole % Nil to Iherzoli te CO. 20 to 0.11 co mole % Nil to 

pyroxene lherzollte CO.15 to 0.11 mole % Nil,groups. This 

concentration variation in bulk Ni 1s the reverse of the 

concentration variation of Ni in the spi~el of the xenolith 

samples. As seen 1n Chapte~ 4, the MoSt Ni-rich spinel i5 

round in the pyroxene lherzolite samples, whereàs the most 

Ni-poor spinel ie found in the harzburgite samples. This 

suggests that the modal proportion of olivine is controlling 

the bulk Ni concentratIon. Stosch C12-811 has proposed a 

compositional errect exIsts for the sp/olv and sp/cpx 
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par-tition coefficients. Sp/olv partit1fn ~oefficients for 

""" Ni are about l for lherzo11tes that are e,s~ntially undepleted 
\ 

or only slightly depleted, but are sign1fic~ptly lower in . ~ , 
\ ' 

severely depleted Iherzo11tes or harzburg1tes.\ 
\ 

In contrast to Na, Ti, Cr and Ni, the concent\a~ion of 
\ 

Mn appears to be relat1vely uniform in aIl of the xenoliths 

despi te "'the increased C oncent,ration of Mn 0~served--1:f( sp'i~els 

~, in harzburgite group xeno11ths. This probably reflects the~ 

~---~-_lOW modal proportion of spinel (0.5%) iin these samples. ,', 
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8. DISCUSSION 

'" ~ The major1ty of xenolith ~amples from aIl five localitles 

" dlsplay a coherent pattern of' colnpoS1tlonal. v;rlat1on. There­

~fore, lt 1s 11kely that these were aIl formed as a result of 
'" 
a 'f ng le petrogenet1c proce,ss. The constra1nts that are 

"'-"" reqUl~ by applying petrogenetic modela to the compositional 
'\, , 

varIat1ort~ described for )he Cordilleran and Nunivak Island 
'~ f 

xenollth suft~s are revi~wed.in this section. The phase " "' relations derl~~~ from experimental and theoretlcal melting 
"~ 

studies of slmplit":1"ed and natural perIddti tes are eval.uated 
\ 
~ 

ln terms or the modal\,and chemical variations observed in 
'", 0 

the xenolith samples. These results are compared to yield -, ' . 
~ . a model for the evolution o( the range of xenoli tn composi-

'\ 

tlons from the fi ve sui tes. '~se parameters or the xenoll th 

samples that reflect condltions ~,the time of the1r eruption 

with the host basalts ~r~ used to"~ustrate the nature of 

the contemporary 11thosphere heneath ~e Canadlan Cordll1era 

and Alaska. Finally, the tectonic lmpl ~atlons or the 

distributIon of ultramaf1c xenoliths at t e five localities 

are c onsidered. \ 
\ 

PETROGENETI C MODELS .. 
, -
Any meaning that can be drawn f.rom the Cordilleran and 

the Nunivak Island xeno11th sultes" must consider the nature 

of the1r relationship to the alka11c basalt host rocks at 

each locality. Two basic alternatives ex1st: Il the samples 
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are true "xenoliths" or forelgn rocks accldentally entrained 

~n the rising host magma ·or 2) the xenolith samples are 
\ 

"cognate"~ and bear a d~re~t genetic r~lat~onshlp wlth their 

host basalts. Although the incorporation or the xenolith 

samples in the basaltic hosts may be more understandable 

_ as:_ an "accidentaI" relation ) the diagnostic 
_Id' ..... ~ 1([ 

test of this alternative i8 the la~E C1f9~irect composi-
<> 

tional relation between them. 

Two principal models have been proposed for the petr~-
, 

genesls of ultramafic xenoliths." Each places specif1c " 

constraints on thej.r modes and mineraI and bulk compositions. 

The Most commonly applied model assumes that the xenoliths 

represent the residué of a partially melted lherzolitlq 

mantle. 'The more widely accepted variant ot: a partial 

melting model-holds that the xenoliths r~present the residue 

arter the extraction of sorne .magmatic component whlch 15 
"-..--'" "\ unrelated to the b#~~ basalts in wh1ch they are entrained. 

/ ' . 
A less llkely variat1en or the partial melting model sug~ests 

\0 

that the xenollths represent the upper mantle res1due that 

coexisted with the hast basaltB. In this case, :the ~enolith 

sampIls wou{d be cognate. 

O'Hara (12671 proposed a cognate origin for spinel 

lherzolf.te xenolith~, relating them to their host magma. In 

this model, the partial melting of garn~t peridotlte ta 

depths in excess of 100 km would generate parental 
, 

hypersthene-narmative magmas that evolve1rowards nephel±ne~ 

normative cOmPosJtions by the separation of crystals that 
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form spinel Iherzolite accumulates. Alternately, the 
• 

xenol~ths may be accidentaI, and yet represent crystallized 
o 

accumulates formed i~ a manner similar to O'Hara's, prior 

to their entrainment in their hosto 

, Lherzolitic assemblages are known to have fractionally 

crystallized and accumulated in the basal portions of layered 

mafic 1nt~usions (Wager & Brown 1966). In these sequences 

the lithologies have distinct contrasts in modal composition. 

The majority or- xeno11th samples, however, are character1zed 

by a uniform variation in modal composition, largely 

trans1tional in the proportion of one or both pyroxenes to 

oliVine. W1th1n the xenolith suites, the only samples which 

are characterized by the distinctive modal compositions 

commonly associated with accumulate origin are the few 

pyroxenites and rare dun1tes. In these samples, the modal 
, ' 

proportion of spinel is s1gnif1cantly higher than in the 

major1ty of xenol1th samples. However, several of the per1-

dot1te xeno11ths (3L6, FS20, PV39) also conta1n greater than 

5 'modal % spine l, a,s C ompared to the typical range" of" 0.5 
, , 

to 3.0 modal % sp1nel in the majority of'xenolith samPles 

(Appendix 1). An accumulate or1gin may ~e 5upported by 

modal pr.oportions for these sample~. 

Little support for a cumulate model can he derived from 
;f 

an examination of xenolith textures. Cumulate per1dotites 
• 

that f"orm by fract10nat1on of a basaltic magma are charac­

terized by distinctive ~extures eWager & Brown l266L which 

vary in the proport10ns of cumulus phases~~d phases whiëh 
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have crystallized from an Intercumulus liquide Poikilitlc 

textures are common in cumulate lithologies. However, the 

great majority of xenolith samples lack cumulate petrographie 
-" 

'\.:'. characteristics. Despite the range ot: xe no li th textures 

observed among the t:ive suites, most samples display equ1-

granular textures that vary only in the ratio of porphyro-

clasts vs. neoblasts. 

The composition of the xenolith phases are remarkably 

uniform, showing no evidence of", the composi tional ,zonation 

commonly associated with a fractionally crystallized origin 

(Wager & Brown 1966). The olivine contained in the majority 

ot: xenolith samples shows a small range in composition (Fo88 -
, 

Fo92) comparable to most estimates of the composition of the' 

primitive upper mantle (olivine = Fo88 - Fo90) (Carte~, 1970, 

Ringwood 1966). Only xenoliths CR37 and'PV39 have relatively 

Fe-rich olivines (Fo86 - Fo88) characteristic ~ those 

produced by fractional crystall~zat1on. The pyroxene compo-

sitions from the harzburgite, lherzolite and pyroxene lherzo-

lite xenolith groups are also relatively Fe-poor. Only the 

group 4 samples CR37 and PV39 contain'orthopyroxene which are ~ 
relat1vely Fe-rich. The majOrlty of the clinopyroxehes form 

a tlght group in the pyroxene quadrilateral ÇF1g. 51, whereas 

the group 

augite 1"1 

In contras 

r dotite samples plot in the endiops1de and 

displaying distinctly more Fe-r1ch compositions. 

the inyerse relationship in Mg/(P~ + Pel 

between coex sting silicates and spinel in the majorit~ of 

xenolith samples, these gro~p 4 per1dotites are also a~omalous 
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in having both Fe-rich silicate and spinel compositions, 

compa~!~le with a cumulate model. 

Further discrimination between the accumulate or partial 

melting models can be drawn from the distribution of compa­

tible minor elements in the xeno'li th IJÜnerals. Such elements, 

vith solid-liquid partition coefficients greater than one, 

are expected to concentrate preferentially in the solid phase 

as opposed to the coexisting melt. Assuming an initial 

partition coefficient of 10 in the parent composition 

(approXimately equivalent for example, to Ni in olivine or 

·Cr in clinopyroxene), 30% fractional crystall1zation will 

change thé- abundance ratio in the result1ng cumulate trom 10 

to' 3.33, whereas 30% partial melt1ng will change their abun­

dànce ratio in the remaining residue from 1.00 to 1.38 (Frey 

& Green 1974). In the xenoliths, the nickel concentrations 

of olivine are approx1mately uniform ~O.20 to 0.27 mole SNi)" 

and similar to the concentration of Cr in the coex1stlng 

clinopyroxenes CO.50 to 0.75 mole % Cr}. The small range in 

concentration of Ni in olivine and Cr in clinopyroxene are 
1 

thus more compatible with a partial melting model. Comparable 

variations in concentration are observed for aIl of the 

compatible minor elements in the silicate mineraIs. With1n 

the xenolith suites thère ls a slight lncrease in the concen-

trations of compatible minor elements in the sequence pyroxene 

lherzolite -to Iherzo11te to harzburgite, suggestlng that this 

sequence may correspond to an increasing degree of partial 

melting. 

. . 
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Complementary solld-liquld partitioning relations can be 

expected ror those minor elements wlth ratios less than one, 

r which prererentially partition into a liquid as opposed to 

a coexisting solid phase. In the xenolith cllnopyroxenes, 

a relatively wide range of sodium contents (Fig. 12) is 

accompanied by almost no change in Cr. content. This is a 

classic signature of a partial melting proce~s. A fractional 

crystallization process would produce the inverse or the 

distribution se en in FIgure 13. The large varIation 1n 
, 

readI1y rusible elements, such as Na and Ti in pyroxenes or 

xenolith samples with 1Ittle variation in compatible element 
;i 

,( 
content~, does not support an origin by an» 0' Hara-type model. 

However, the gradatlonal depletion of Na and Ti ln the 

-sequence harzburgite te lherzollte to pyroxene lherzollte 

can be readily accounted for by the partîal "melting of a 

primitive source with an initial composition s1m1lar to the 

pyroxene lherzolite samples. 

A final consideration or the alternative models of 

petrogenetic origin May be derived from the ca1culated 

pyroxene equi11br:tum-,temperatures. The majorl ty of these 

temperatu~es t850 to lOOOoCL are too low to have been in 

equillbrium with basaltic melts, which typica11y range in 

temperature from 1200 to 1500oC. Most or the calculated 
-~ 

pyroxene equillbrium t~peratures are clearly subsolidus and 

refute,the posslbility of a strict application of O'HaraJs 

(12P7 t model to the maj ori ty of the xenoli th samples. The 

only samples with distinctly higher pyroxene equilibrium 
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temperatures'are the group 4 perldotltes (JL1, JL19, CR30 

and CR37) in the range of 1100 to 1200oC. These calculated 

temperatures are compatible with equilibration from a basa1tic 

melt. Because of the abundance of petrographie and composi-

tional evidence, a partial meltlag qr1g1n for the maJ9:ity 

ot the Cordilleran and Nunivak Island samples will be assumed 

in the following discussion. 

THE NATURE OF THE PARTIAL MELTING PROCESS 

The term "partial fusion" has been used by Presnall (1969) 

to indicate melting of some portion less than the who1e. In 

a natural system, this process i5 probably lntermediate 

between that of equl1ibrium melting and fractional melting . 

An equlllbrium melting process ls ohe in whlch a l1quid 

produced by melting contlnua11y reacts and re-equlllbrates 

wlth lts depleted source. In contrast, a tractional meltlng 
~ 

process is one in which the liquid 15 immedlately iso1ated 
, f 

trom the source as it lstformed. The 11qu1d does not continue 

to react with the source even though the latter may continue 

to me1t. Presnal1 (12621 showed that fractlonal melt1ng 

resu1ts ln a dlscontlnuous liquld path comprlslng dlstinct 

eutectlc composltions, approximate1y invariant in major­

element composition. However, these liquids wou1d exhib1t 

a continuQus range of trace-e1ement contents beeause or the 

progressive variation or partition coefficients (Yoder 12781. 

Addition of heat to the sys~em whi1e a constant eutectic 
't 

liquld is produced results in no 1ncrease in temperature 
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even though the depleting source continuously changes in 

composition. If heat i3 continuou3ly supplied, the production 

of melt will eventually haIt when one of the major phases has 

been consumed. Melting resumes as soon as the temperature 

is raised to that of the invariant point govern1ng the 

initial system minus the consumed phase. 

In his review of basalt genesis, Yoder (1976) supported 

the view that the initial melting of primitive sourèe material 

in the upper mantle takes place in an invariant-like fash1on. 

Minor melting « 1%) of a pristine source may involve only 

accessory minerals and fluids located along grain boundaries 

and in inclusions in the silicate phases. Consequently, 

major melting of a mineral assemblage probably commences at 

the junctions of the principal silicate phases. Presnall 

et al. (1979) showed that discontinuities or cusps in the 

solidus curves for mantle materials result from their inter-

sections, at an invariant point, with a subsoliduB reaction. 

Melting begins at the lowest-temperature cusp, and this 

temperature wl1~ determine the depth of melting and control 

the composition or the pr1mary melt. 

Kushiro's (1269l experiments at h1gh pressures show that 
, 

up to 30% partial melting bf a parent mantle composition is 

pseudo-invariant. The melt produced is relatively restricted 

in major element composit1on, but varies largely in fusible 

("basaltic-magma-yielding"L compo~ents. This eutectic-like 

composition 15 continuously generated from the res1due as 

long as aIl four principal phases are still present. The 
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residuum from the partial fusion of an oli.vine-rich Iherzo­

lite is a more ~gnesian olivine-r1ch Iherzolite, charZ'burgite 
", 

or guni te. 

Mysen & Boettcher (1975) have experimenta11y examined 

the phase relations of natural lherzolites at h1gh pressure 

and temperature, with controlled activities of H20, COa and 

H2 " The phase relations of the four sample compositions in 
v ' the pres,ence of near1y pu're H20 vapor (XH

2
o == 1. 0) are 

sim11ar. AlI hydrous peridotlte solidi (X~20 == 1.0) exhlb1t 

temper'ature m:1nima, probably related to the breakdown of 

amphibole, alundnous pyroxene and spinel to give a denser 

garnet-bearing assemblage. The addition of phlogopite in 
1 

the experimental.charge shows that the K-bearipg phases 

phI + amph + liq coexist over extensive pressure intervals. 

In addition, phlogopite appears stable to temperatures above 

the upper temperature stability 11mit of amphibole, suppor­

ting the suggestion (Mysen & Boettcher 1975) that phlogopite 

ls a refractory hydrous ~neral ln the upper mantle. Mysen 

& Boettcher (1975) used CO2 to ,reduce Xa20 and f H20 , result1ng 

in a shift of the solidi to higher temperatures. T~e 

mlneralogy of the run products with CO 2 added d1ffers from 

that in the CO2-free charges in one important respect: modal 

orthopyroxene at any temperature and pressure with ~20 < 0.5 

is significantly higher than with more H20-rich vapors. The 

solub11ity of CO2 in silicate liquida Increases and probably 

reaches a maximum at ~ 0.25 to 0.20, whereas the solu---H20 

bl1ity of H20 decreases. 
'.' 
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In 1ater experiments, Mysen & Kushiro (1977) determined 

the compositional variations with degree of partial melting 

for ~wo undep1eted garnet peridotite xeno11ths, PHN-1611 and" 

66sAL-1 at 20 kbar and 35 kbar. The samples dirfer in solidus 

temperature and the temperature and degree of me1t1ng at 

wh1ch phase changes ooeur. For example, the loss of c11no­

pyroxene oecurs with 60% melting of 66sAL-1 vs. 25% me1t1ng 

of PHN-1611. The me1ting ranges at 20 kbar can be divided 

1nto three d1st~nct1y dirferent fields according to the 

minera10gy of the residue: olv + opx + cpx (+sp) + .L; olv + 

opx + L; olv + L. The der1ved 11qu1da that are assoc1ated 

w1th the three me1t1ng ranges are oliv1ne tho1elite, tho1ei-

1~ic p1cr1te and per1dotit1c komati1te, respect1ve1y. My~en & \ 

Kush1ro (1977) concluded that each me1ting range of per1dotite 

y1e1ds a restricted melt composition that var1es only w1thin 

narrow compos1t10na1 limita. The width of these melting 

interva1s depends on the bulk composition of the per1dotite. 

Using beta-track.mapping tec4rt~ques, Scarfe et al. (1219.1 

experimental1y stud1ed invariant melting behav1or, emphasizing 
~ 

the importance or low degrees or"partial melting. They 

round that the var1ation in the composition of the coexist1ng 

solid phases corre1ates we1l with the me1ting relationships. 

Fo~ example, the Mg/CMg + Fe} content of olivine and ortho-
'-i 

pyroxene var1es on1y s11ghtly in the initial melting inter-

val, but shows larger increases where a phase is lost and an 

inflection ocèurs in the melting curve. Scarfe et al. (12121 

concluded that the f1at slope or the' melting curves at 
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temperatures Just above the solidus and the almost constant 

composition oC l1quid and coexisting solid phases in this 

interval suggest that melting is approxlmately invariant, 

the composition or the liquid being determined by the phases 

present in the residue, not by their proportions. 

Jacques & Green (1980) presented a recent experimental 1 

study of the anhydrous melting at 0 to 15 kbar pressure of 

pyrolite and 

the presence 

an alum1nous 

_TinatUi 10 peridotite. Their results indicate 

of a narrow Cield close to the so11dus in which 

phas coexists w1th olivine, 2 pyroxenes and 

liqu1d. Th1s alumdnous phase melts comp~etely w1thin 25 to 

300 C of the so11dus (in the case of alum1nous spinel _by 

continuous reactlon to chrome spinello The clinopyroxene­

bearing field for these peridotites extends sorne 75 to lOOoe 

above the solidus. The upper stab11ity lim1t of orthopyroxene 

lies approx1mately 150 to 2000 C above the so11dus of both 

peridotites and increases slightly with pressure. The per­

centage of melt o~ta1ned from the melt1ng of both per1dotite 

samples increases rapidly in the initial stages of melt1ng, 
~N 

and then increases at a steady rate, whereas the proportion 

of res1dual phases decreases regularly. Jacques & Green 

C19~Ol suggested that alkali olivine basalts and more under­

saturated rocks are der1ved from lherzo11te assemblages at 

low degrees of partial melting and at pressures greater than 

10 kbar, and probably 15 kbar, leav1ng a resldue of o11vine + 

c11nopyroxene +/- sp1nel or garnet depend1ng on pressure. 
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EVOLUTION OF THE XENOLITH SAMPLES 

A partial melting model may be applied to the four 

Cordilleran and Nunlvak Island xenolith suites by highlighting 

the observed variations that may reflect'petrogenetic control. 

Among the Most unirorm featu~es of the five ultramaftc 
~ 

xenolith suites is the range in modal proportions. A common 

trend can be seen in the distribution of lithologies from 

~ach suite (Fig. 2) defined by the predominant gro~p of 

lherzolite samples and the range of either more olivine- or 

pyroxene-rich lithologies. Pyroxene-rich lithologies are 

comparatively abundant at the 3L, FS and PV xenolith locali-

ties. Samples from these three suites appear to def1ne a 

modal distribution which varies in the ratio of olv vs. OpX + 

cpx. An extension of this distribution would intersect the 

opx-cpx axis in Fig~1e 2 at about 60 modal % orthopyroxene. 

However, samples w~th greater than 76 modal % olivine'appear 

to diverge from the trend. In the CR suite, samples from 

the harzburgite xenolit~.group define a linear distr1but1on 

with a unlform modal clinopyroxene content but a variation 

in the ratio of olv vs. opx. ,This ~nrlection between the 

modal distribution of harzburgite and lherzolite samples 1a 

aiso weakly apparent in the PV and FS suites. 

The residue produced by the initial partial melting of 

a pyroli~e-like mantle would have pyroxene lherzolite to 

lherzolite composition and would coexist with a ~seudo-invari­

ant melt. The transition from lherzolite to harzburgite 

residue compositions may reflect the 1055 of cliqopyroxene , 
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in the source at higher degrees of pqrtial melting. Accor-

ding to suph an interpretation, ~he modal cllnopyroxene 

observed in harzburglte group xenoliths wouln have formed by 

exsolution from orthopyroxene during subsolidus re-equilibra-

tion. 

The variations in mineraI compositions can be readily 
. 

interpreted according to a partial me1ting model. For the 

major+ty of 5amples, the Mg-Fe distributions of olivine, 

ortho- and elinopyroxene (Fig. 16A) and of splnel (Fig. 13) 

derlne narrow ranges. In addltion, there ls litt le v~riatlon 

in the ratio of Ca/CCa + Mg) in clinopyrox~~es from the 

harzburgite, Iherzollte and pyroxene lherzolite xenolith 

groups (Fig. 6}. However, signirieant compositional varia-

tions oeeur in the fusible element contents o~ both pyroxenes 

and spïnel. This 1s shown by the progressive depletion or 

alum1num in the sequence pyroxene Iherzoltte to lherzollte 
, 

to harzburgite ror each of these three phases. "The dlstr1bu-
"1:' ", 

tion or sodium and titantum elosely follows that of aluminum 

in the xenolith pyroxenes (exclud1ng the comparatively 

anoma1ous Na-rlch cl1nopyroxene of the hydrous NI samplesl. 

This progressive depletfon of the fU5,ibl.e elements Al, Tt 

and Na ln the sequence pyroxene Iherzolite ta lherzolite to 
p 

harzburgite i5 interpreted to refleet an increase in the 

degree of,melting these xenoliths represent. 

The variations in mineraI chemistry between xenollth 

groups are reflected in the calculated bulk compositions. 

The distribution of the compatible major elements Mg and Pe 
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in the bulk compositions is derived from thelr solid solution 

in each of the four mdneral phases and shotrld therefore , 

reflect any common petrogenetic process that affec~ed aIl 

four. In contrast~ Ca i~ held in pyroxene solid-solution~ 

whereas aluminum 1s controlled by mutual saJ,ld-50lution among 

bath pyroxenes and sp1ne~. The concentration of both Ca and 

Al in the bulk compositions i5 correlated with both the modal 

proportion ot these phases and their individual compositions . 

. A s1m1lar pattern r variation is displaye'd by the fusible 

elements Na and both preferentially partltioned into 

clinopyroxena. e rapid depletion of both Na and Ti (Fig. 17) 

in the transi ion from pyroxene lherzolite to Iherzol1te is 

followed by comparati vely smaller degrees '-Of depletion in the 

transition from lherzolite to harzburgite. In fact, tbe 

~ange of Na and Ti concentrations in the ~rzburgite bulk 

compositions largely overlaps the lower range of lherzolite 

bulk compositions. The variation of fusible minor elemetlt,g 
. 

in ~he bulk compos1tions suggests that Na and Ti are func~ 

tionally controlled by the modal amounts of clinopyroxene. 

A surpris1ngly slmilar conclusion can he drawn tor Cr in 
~ . 

the bulk composit1ons~ In both pyroxenes and spinel, Cr 
\, 

contents t'ollow the tr~d expected of a compatible element, 
.~ ......... '\ 
iZ~~- ~\_ 

typically 1ncreasing from'that of the pyroxene Iherzollte 
Il 

group. Tet the highest Cr contents in the calculat~d bulk 

compositions are from samples in the pyroxene Ihe~zo11te 

\ 

xenolith group. Depletion of Cr in the bulk compositions 

occurs predom1nantly ln the range of pyroxene 1herzo1ite and '-
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Cr concentrations in Iherzolite ~~Zolite compositions . 

bUl~~os1tions overlap those of harzburgite'bulk composi-

tions in a s1m11ar manner to that seen for Na and Ti. 

The compositional variations in each of the xenolith 

suites appear to reflect a common partial melting process, 
, " the principal differen~es between the suites lying in the 

average degree of depletion of a\common primitive mantle 

composition which characterizes each suite. The close 

\ , 

sim1larity in the composition of ,the pyroxene Iherzolite 

samples and that of pyrolite-l (Table 6) suggests that th1s 

xenolith group may approximate anhydrous undepleted upper 

'mantle that 15 prese:qt in some proportion beneath each of 

the samp1e loca1ities. The xeno1iths of the lherzo11te and 

harzburgite groups (Fig. 16B1 can be re1ated by increas1ng . 

degrees of partial melt1ng or parental cGmpos1tlons that are 

approximately equivalent to .. the pyroxene Iherzolite group. 
, ' 

Thus the lherzo11te and the harzburg1te xenol1t~ g~oups repre­

sent upper mantfe that 1s composit1onally depleted and tlarren, 
\ 

respect1vely;" in terms of fusible components, compared to a 

"fertile" cli'nopyroxene-r1ch lherzo11te source, as represent.ed , 
by ~roup 3 xeno1iths. Thft façt that the trend def1ned by the 

hydrous perldotites at Nun1vak Island (F1g. l6Br- 15 identical 

to that' of the anhYdr~~ Cordilleran suites indicates that 

the late Na7rich metaso~t1c fluids had 11ttle effect on the 

maJor-element chem1stry of the upper mantle beneath. th1s . 

looallty. 
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THE COMPOSITION OF THE PRIMITIVE CORDILLERAN MANTLE 

The high fusible element content of es with pyroxene 

lherzolite compositions forms the basis for istinguishing 

this group from the otherwise continuous lherzolite xenolith 

group. Pyroxene lherzolite samples from each of the four 

Cordilleran and Nunivak Island suites were used·to calculate 

an average undepleted upper mantle composition (Table 6). 

Although several other pyroxene lherzoli~e bulk compositions 

·."plot out~ide the residual field (fig. 16B), th~se samples 

may be prciducts of fractional crystallization, as shown by 

the Fe-rich nature of their clinopyroxene and the1r high modal 

proportions of sp1nel. The pyroxene Iherzolite samp~es 

chosen in Table 6 (with the exception of FSI2) plot wfthin 

the residual field (Fig. 16B} and cluster about the. lower 

range of trend A. J 
, 

1 " The most widely used estimate of the undepleted upper 

mantle is that of pyrolite-l ÇRingwood 1966), composed of --
three part s "synthetic" alpine peridoti te and one paJït 

Hawa1ian thole11te. Pyrolite-l 1s thought to be a reasonable 
'-- it' 

\ 

approximation of the upper mantle composition in areas of 

continental alkal1 basaIt volcanism (Frey & Prinz 12781. 

Although the averaged compositions or the xenolith suites 
. 

(Table 21 are significantly depleted in ~ibl~ components . 
relative to the pyro11te model, the pyroxene lherzolite bulk 

compositions chosen in Table 6 clo'sely approx1mate that of 

pyrolite (Table 61 1n their contents of the major ox1des. 
-

In addition, ,Ehe concentrations of compa~1b,le minor el'~ments 
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Table 6: UNDIPIE!Et HANTLE COft~05ITJOI5 

JL CR FS FV NI 
SAMPLE 50009 40010 30012 20C46 10069 1 3 4 

------------------------------------------------------------------------
5I02 45.76 I+q.68 45.67 44.26 43.96 44.85 45.20 42.86 44.71 
'1I02 0.14 O. 11 O. 18 C.10 O. 15 0.14 C.71 0'.33 O. 16 
AL203 3.94 3.88 ij.60 3.71 4.01 4.03 3.=4 6.99 2.46 
eH203 0.4Q 0.46 0.36 0.37 0.44 0.4 T 0.48 \ o. 1 ~ 0.42 
tlGO 37.38 3~.12 36. C7 "0.27 39.41 38.44 37.50 . \35.07 41. 00 
FEO 7.4b 7~. 72 7.75 8.41 8.13 7.89 8.C4 7.22 8. 15 
MliiO 0.12 0.15 0.16 C.18 0.10 0.14 O. 14 0.14 O. , 8 
NIO '0. 17 0.22 c. 17 C.20 0.19 O.~ 0 0"1 20 0,.26 
CAO 4.17 ·3." 2 4.61 ~.35 3.46 3.60 3.C e 4.37 2. Q2 
liA20 0.41 0.24 c: Q2 C. 15 0.34 0.31 0.57 0.4'? 0.29 
-----------------------------------------------------------~ ... _----

TOTAL 99. ~9 100.00 99.99 100.00 100.00 100.00 9S~46 97 .. 81 ,100': 05 

!lOLA Ji P /WPOl1TIQU 5 BASED ON 100 CA'IICNS 
. \ 

---------------------------------------------------------------------~--
SI 38.68 37. SE 38.78 37.14 36.90 37.80 38.tl4 37.07 37. -~ 1 
'II 0.09 0.(,7 b. 11 0.,06 o. C9 , 0.09 0.45 0.21 o. 1O, 
AL 3.92 ·3.85 4. ôd 3.67 o 3.97 4 .. 00 3.55 7. 12 2 .. 43' 
CR 0.,,9 0.31 0.24 0.25 0.29 0.27 . 0.32 0.12 0 .. 28 
MG 47.09 49.0'4 45.65 50.36 49.31 48.29 47.~3 45.21 51. 14 
FE 5.27 5.1.13 51 50 5.90 5.71 5.56 5.72 5.22 5.70 
aH 0.09 0 .. 11 o. , 2 O. 13 0'.07 0.10 0.

0 
la 0.10 o. 13 

NI 0.12 u .. 15 0.12 0.13 0.13 0.14 0.14 o. 17 
CA 3.78 3. CS 4. 19 2. 11 3. 11 3.25 2.81 4. 05 2.17 
NA o. b7 0.3.9 0.69 C.2q 0.55 0.51 C.94 0.75 0.47 

-----------------------------------------~---------------~----------
OXYGEN5 140.54 139.53 11+C.S7 139.01+ 138.85 139.77 14C.36 140.53 138.63 

M G/ If G + FE 0 • 89 9 . o. 90 0 J. 8 52 0 • 8 S 5 o. a 9 6 0 .. 89 7 o. € 93 o. a 9 6 o. 90 0 ' 

'" AL/Al+SI 0.092 0.093 0.106 C.C90 0.097 0.096 O.'tCES 0.161 0.061 

/ 
1: Average of 5 Cordl1leran undepleted samples 

2: Ringwood (1966) Pyrolite-l, 3 parts dunlte + l part. Hawailan 
tholellte 

3: Carter (1970) model based on spinel Iherzolite from Kflbourne 
Hole, N.M. ~ 

4: Maaloe & Aoki (1977) model based on continental spinel Iherzo­
lite, with estimated Ti02 and Na20 weight percentages 
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Cr, Mn and Ni are very s1m11ar in the pyroxene 1herzo11te 

bulk compositions and pyro1ite (Table 6). The average bulk 

compositIon of the five pyroxene Iherzo11te samples appears 

to be slIght1y h1gner in A1 20
3 

and CaO compared to pyrolite; 

however, the concentrat1ons or these ox1des approximate that 

of pyroli te for severa,l of the f1 ve samples. 

In contrast, pyrol1te has a s1gnificantly greater concen-

trat10n of Na 20 and Tl'02 than any of the Cordlll;ran pyroxene . 

Iherzolite samples. The Na 20 contents of pyro11te are only 

approached by JL9 and the hydrous Nunivak Island Iherzolite 

samples, whereas the TI02 content of pyrolite 1s almost f1ve 

t1mes greater than the most Ti-r1ch bu1k compo51t1o~ (0.15 

wt. %; NI69) ca1culated for the xenolith samplés. Kuno (1969) 

s-qggested tha t the Hawa1ian' t'hcle11 te composi t10n used by 

Ringwood (1966) was atypical1y h1gh In~1ts aikali and t1tan1a 

contents compared to common olivine tholelites. Fr~y & ~rinz 

(1978) have shown that pyrolite-l 1s enriched in Incompatible 

elements relative to the source region for the most mid-ocean-

r1dge basal ts. 

o Carter 09701 estimated the vapor-free C ompesi t1en of 

the undeP{eted upper mantle based on a study of sp1nel 

Iherzo1ite and ~ehr11te xenol1ths from Kilbourne Hole, New 

l'lex1co. ~arter's (197GI da~a show that sample& 1n wh1ch the 
o 

forster1~e ~ontent or olivine is between 86 and S8S are rare. 

BecaUl5e cr the differences between test ures, modes ·and c ompo-

s:ttfons of samples cm ei ther side of this range, Carter 09101 
\ 

suggested that both partial f~s1on and part1al crystal11zat1on 
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play a dominant role in the genesis of ultramafie xenoliths 

and that the eompositional interval between their expected 

produets représents the undepleted composition of the upper 
• mantle. The dif~erences between Carter's model and th~ pyro-

lite model (Rintwood '1966) ooeur mainly for those ox~de8 that 
v , \ 

show a preferenc~ for incorporation in the liquid phase; for 

example, Ti02, Na 20 and K20. Carter (1970) noted that some 

of the difference between these models for the fusible , 

components may result because of their imm~diate incorpora­

tion into the liquid phase with very low degree~ of partial 

melting. With respect to the Cordilleran average, the Carter 

(1970) model is lower in the content of the compatible 

elements Mg, Fe and Cr. Carter's estimation does not fall 

along the Cordilleran partial melting path (trend A in Fig. 

16B) in Mg-Fe space but lies within the field of pyroxene 

Iherzolite-3 sample3 with cumulate affinities. This suggests 

that ~ better estimat~ trom Carter's data might arise Ir some 

pristine mantle compositions were assumed to be included in 

the Ih~rzolite population at Kilbourne Hole. (' 

Maaloe & Aoki (19771 estimated thé composition of the 

'\ upper mantle based on a compar1son of whole-rock composi­
"/ 

tions of splnel Iherzo11te and garnet Iherzolite xeno1iths. 

They showed that the chemical composition of continental and . " 

oceanic spinel Iherzolltes are very slm11ar wlth the excep­

tion of CaO, Na 20 and~Ti~2' Maaloe & Aoki (12771 assumed 

·that the primitive mant1e should have a magnesia content 

slightly lower than that of the average spinel lhe~zolite; 
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they.proposed a value of 41.0 wt. % MgO. The rema1ning 
t 

pr1~t1ve ox1de-contents were est1mated for cont1nental sp1nel 

lherzolite of this magnea1a content, with the exception of 

Na20 and T102, which are estimated to approx1mate the higher 

values of ocean1c spinel lherzo1lte. The model of Maaloe & 
. 

Aoki (1917) auggesta a slightly.~~-rich and Al-poor mantle 

cbmpared to th~ ~verage undepleted Cordilleran composition. 

A1though the fus~le e1ement contents are close1y comparable 

between these t~o estimates, Maa10e & Aoki's (1977) model 

composition lies between that of the 1herzolite and pyroxene 

lherzolite xenolith groups in terms of Mg and Fe, and suggests 

that their mantle ~ slightly depleted relative to the pris-
\) 

tine Cordille'ra . 

The distribution of Cordilleran and Nunivak Island samples 
1 

-support Carter's (1970) assumption that products of both 
\ 

part1al melting and fractional crystallizat10n are present 

in the xenolith suites and t~t the compositions that most 

c10sely approx1mate the undepleted upper mantle should be 
, 

intermediate between these. Although trend A (Pig. l6B} doee 

not 1ntersect the compos1t1oQ of pyro11te, an extension of 

1t would inc1ude an upper mantle composition that might be 

appropriaze as an alternate Cordillèran primitive mantle. 

Both the calculated Cordilleran mant1e and pyrolite are Mg­

poor compared to the parzburg1te and lherzo11te xenolith , 

groups. In addition, the curvature suggested by trend A 

1mplles that the Cordilleran model may be slightly Fe-rich 
-

Gapproximately 6.0 mol~ S Fel or poaaibly more Mg-rich 
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compared to pyrolite. 

Ir the approach of Maaloe & ~oki (1977) of assum1ng an 

appropriate Mg co~tent is adopted, the Cordilleran primitive 

mantle would have an Mg mole % approximating that of pyrolite~ 
" 

In addition these Cordilleran and pyrolite-l models appear 

comparable (Fig. 17) for elements that display regular varia~ 
-

tiens in concentratioh, suèh as Ca, Al and Ni. If the 

metasomatized Nunivak Island sampies and those Cordilleran 

samples consistent with a cumulate model of orig1n are 

excluded, estimates for the primitive Cordilleran upper mantle 

contents of fusible elements can be made. Based on the 

distribution of Na and Ti for the range of xene11th samples 

(Fig. i7), the Cordilleran primitive mantle appears to have , . 

values of about 0.50 cation % Na and 0.08 cation % Ti. These, 

concentrations are considerably Na- and Ti-paor campareq ta 
, 

that ~r pyrolite-l. 'However, the pyrolite-l model suggests 

distinctly Cr-poor compositions compared to the metasomatized 

Nunivak Island samples; it may provide a reasonable estimate 

of the Cr values of the primitive Cordilleran mantle. 

THE CORDILLERAN LITHOSPHERE TODAY 

It i8 possible that the partial melting episode(sl that 

resulted in the xenolith compositions may have occurred long 

ago. Although a cognate orlgin would Imply, that the evolu-, 
tion or the xenolit~ compositions occurred in a comparatively 

recent geolog1c timeframe, littie evidence can be drawn from 

the maJor1ty or samples to support this model except that 
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they have been entrained in basaltic hosts of lat~ Tert~ary 

to Recent ages. This association requires that the xenolith 

samples reflect the comparatively recent compositions a~d 

phys1cal conditions of the lithosphere, regardless of the 

petrogenet1c model adopted. Estimates of physical equil~-

brium ,paramete~s for the xenoliths can be used with th~ 

variation in xenolith textures to illustrate the nature of 

the contemporary Cordilleran and Alaskan lithosphere and 

the degree of its heterogeneity throughout this region. 

The pyroxene geothermometer of Wells (1977) yields cal­

culated temperatures that are rather un1form. The equilibrium 

temperatures of the harzburgite, Ihe~zolite and pyroxene 

Iherzolite samp1es deflne a narrow range (60 to 110oC) in 

each suite. Most are several hundred degrees too low to 
. 

reflect equ11ibr1um with an extracted melt. One can conclude 

from th~s that the maJority of xenolith samples ref1ect 

subsolldus re-equi11bratlon following their depletion by 

part1al meltlng. The only consistent departure from thls 

range of calculated temperatures 13 ror the group 4 perido-

t1te samples, whlch have been shown to be dlstinctly higher 

than those calculated for the predominant xeno11th groups l, 
6 

2 and 3. 

There 1s 11ttle evldence for the systemat1c variation 1n 

temperature expected from partial melting, except in the CR 

suite. In thls suite the calculated, results (F1g. 15)_ suggest 

that temperatures increase between xenollth groups over a 

narrow range ln the sequence pyroxene 1herzol1te to Iherzo11te 
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to harzburg1te. Although in the rour rema1ning suites, a 
r 

heterogeneous distribution or calculated temperatures between 

the xenollth groups is apparent, a consistent decrease in 

equ~librat1on temperatures can be seen between the Cordil­

leran xenoli th sui tes in the sequence JL = CR> FS > PV (Table 

5) . 

At pre~ent, quantitative estimates or the equilibrium 

pressure conditions for the xenolith samples are much less 

reriable than those of temperature. Nevertheless, several 

compositional parameters, Buch as the distribution of Aliv 

vs. Alvi d th ti f th j d it t t an e propor on 0 e a e e componen , sugges 

that the Cordilleran xenoliths have sampled a range of depths 

that dec rease in -the sequence JL> FS > PV > CR. Both of these 

fusible components are shown to be correlated (Fig. Il) by 

coupled solid-solution in the torm NaAIS1 2 Q6' and their varia-

tion in th1s sequence could be der1ved entirely from differing 

degrees or depletion with partial melting {Yrancis, pers. 

comm. 1~821. However, if both the distr1bution of Aliv vs. 
vi Al and the proportion or jadeite are str1ctly related to 

. 
partial melting, their average value for each suite should 

be correlated to the average degree of depletion as reflected 

in the1r average modal composition (Table 21. The degree of 

depletion increases in a spmewhat d1tferent sequence, than-

that proposed to represent the sampled depth at each locality, 

i. e ., PV > JL). FS "" CR'> NI . 

The ',rariat1on in pressure-dependent aluminous phases in 

the xenolith suites also suggests that the depths sampled by 
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the xenoli ths decreases in the sequence JL) FS > PV> CR. 

Although not specifically considered in this study, the fact 

that plagioclase lherzolite and granulite (Table 1) sample~ 

are predominantly restricted to the PV, CR and NI suites 

supports their comparatively low pressures of equilibrium 

(8 to 9 kbar). A maximum pressure range in the xenolith 

suites is 'ind1iated by the reaction of garn~t to form two 

pyroxenes and spinel, possible evidence for which lies in 

the occurrence of "holly lear" spinel textures observed in 

some sampîes. Samples containing this texture are virtually 

restricted to the JL and FS suites and altogether absent in 
. 

the PV suite. This sequence varies slight~y ~rom the results 

obtained us1ng Ranalli's (1980} Cordilleran geotherm. (Fig. 
\ 

151. ~owever, the latter application is largely dependent 

on the distribution of calculated pyroxene equilibrat10n 

temperatures. 

In the Cord11leran su1tes, there is a gradational varia-

tion in the ratio of porphyroclasts to neoblasts from coarse 

equant (CEL to granuloblastic-textured (GEL xenoliths, with 

Intermedlate porphyroclastic (YORl or mosaic-porphyroclastlc­

textured CMPl xenollths dominating the population. M~rcier & 

Nicolas (~9761 suggested that this type or texturaI spectrum 

represents recrystallization with deformatlon increas1ng from 

CE to POR to GE textures. If 'the texturaI var.iations are a 
. '\ 

result df ~artial melting, then the polarlty expected 16 

opposite to that observed in the Cordi11eran suites, i.e., 

GE (pyroxene Iherzolltel recrystal11zing to POR (lherzolite} 
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and then GE (harzburgite) compositions, because an increased 

degree of recrystal11zat1on would be assoc1ated w1th an 

increased degree of depletion. Interestingly, Basu (1977) 

described a sim1lar suite of sp1nel lherzolites from'San 

Quintin, BaJa California, in which the sequence expected 

from both partial melting and metamorphic recrystallization 

agree, i.e., CE (pyroxene lherzoLlte) to POR (lherzolite) to 

GE (harzburgite) compositions. 

The ultramaf1c xeno11th textures may reflect postmag-

matie recrystal11zation in response to deformation. Recent 

etudies by Ave' Lallement et al. (1980) 'suggest that only the 

relatively coarse original (paleoblast) grain size is clearly 

a function· of depth. Application of a refined single pyroxene 

thermobarometry technique (Ave~Lallement et al. 1980) and 

careful determination of grain sizes for xenoliths in basalts 

show a general increase in paleoblast grain-size and the 

decrease of dirferential stresses with depth. The identical 

textural character of granuloblastié ultramafic and some 

granulite xenoliths from several of the Cordilleran suites 

suggests the Increasing importance or crustal deformation 

processea extendlng ~elow the depths of plagioclase stability 

,(26 km), auch that granuloblast1c textures grade into porphy-

roclast1c and coarse equant textures with 1ncreasing depth . 
• 

The correlatIons observed between chem1stry and texture 

m1ght he explained by a model in whlch dJfferent groups of 

xenoliths represent partial melting residues from dirferent 

depths. Maaloe & Aok1 11~771 did not consider the composi-
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t10nal d1fference between spinel and garnet Iherzol1te as 
" 

ev1dence for a systematic chemical variat10n 1n the mantle 

w1th.depth. However, the garnet lherzolite from beneath the 
a 

A.t'rican continent does appear to deviate in composi,tion from 

garnet lherzolites elsewhere, as weIl as from continèntal 

and oceanic sp1nel Iherzolites. Maaloe & Aoki (1977) ,. 
suggeste~ that the Afr1can garnet Iherzolites could be con-

sidered residual compositions from a spinel lherzolite, and 

might represent a primitive homogeneity. Carswell (19801 has. 

reviewed various Iherzoli-te' xènoli th studies tha t 1ndica te 

the existence of lateral and vert1cal variations in the 

composition o~ the uppermost mantle. He suggested that there 

may be an overal1 chemical zonation t~ the upper mantle above 

the asthenosphere with the level of depletion ir. fusible 

components decreasing with depth. With respect to the 

Cordilleran xenolith suites, this would imply that the most 

depleted samples of the harzburgite group represent the 

deepest mantle compositions; these wou Id be overlain by less 

depleted mantle res1duals" 

If degree of partial melting is signiricantly variable 

over small distances, then texturaI variations may merely 

reflect its operations. I~ this 1s the case, a likely ana-

logue for the mantle source-region of the xenolith suites 

would ~e that of a high-grade migmat1tic terrane w1th 

gneissic bandfng of leucosome and melanosome. In such rocks 

partial melt1ng results in the segregation of felaie melt 

into bands·that alternate with layers of mafic rcesidue in a 

/ 
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lit-par-lit arrangement. In regions or shear stress or high 

thermal gradients, the melt component could become relatively 

mobile compared to the residue, resulting in a complex mixing 

or "marbling" or these uni ts. Whereas direct equi valents 'to 

the leucosome-melanosome re)ationship in a banded gneIss are , 

now known in a rew composite xenoliths only, a suite of 

xenoliths with contrasting compositIons and textures could 

have been derived from juxtaposed layers withln the mantle. 

Rhodes & Dawson (1975) have described lherzollt~ xenoliths 

that show signiricant variatIons in 'the level of deformation 

over distances of only cm, Indicating that derormation may 

he very localized. The variabillty in the extent of partial 

melting over small areas\'that such a model implies would not 

only explain many of the exceptions to the generally syste­

matie variation of xenolith composItion with texture (Fig. 3), 
- '\ 

but also the surprising homogeneity or the caIcuIated sub-

solidus equ1Iibrium temperatures between the xenollth groups. 

Variations in the composition of the lithospheric upper 

mantle are clearly reflected in the range and relative pro-

portions of the individual groups of xerioliths at each 

locality. Each xenollth suIte contains a'variable proportion 

of compositionally "fertile", pyroxene lherzolite xenollths. 

These samples have been interoreted to approximate a common . . 
undepleted upper-mantle compositIon. Although both the CR 

and PV xenolith suitesappear to have sampled approxlma~ely 

eqùivalent pressure ranges, their distInctly different popu-

lations (Pig. 2L suggest that the CR mantle r~s been rnuch 
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more extensively depleted in fusible components, which in 

turn reflects considerably higher degrees of partial melting 

at this locality. 

Francis (1978) showed there is a distinct gap in the 

Nu~vak Island suite in terms of the gradational variation 

in grain size and in the ratio of porphyroclasts vs. neoblasts 

between xenoliths with coarse equant to tabular textures 

and those with granuloblastic textures. This gap occurs 
.' 

almost exactly in the position associated with pyroxene 

lherzolite compositions in the Cordilleran xenolith suites. 

The NI suite i5 comparabl~ to the CR suite in that it prob­

ably reflects comparatively high degrees of partial meltlng, 

resulting in a very minor proportion of pyroxene lherzolite 
, 

compositions in the extensively depleted lithosphere beneath 

th1s'loca11ty. The rive xeno11th su1tes can therefore be 

divided 1nto two 11tholog1cal associat1ons: Il The JL, FS 

and PV suites.of xenoliths with a limited proportion of 

harzburgite and a large proportion of 1herzolite and pyroxene 

Ihèrzo11te samples (Pig. 21; 21 The CR and NI su1tes with a 

much lar,ger proportion of harzhurgi te, a lesser p~oport1on 

of st1ll predominant lherzo11te and relatively few pyroxene 

Iherzolite samples. 

TECTONIC IMPLICATIONS OF THE XENOLITH'SA~~LES 

The result5 of many studies suggest that large reglons 

of partia1-melt ~esiduum must be present with1n the earth's 

upper mantle in addition to less depleted and comparatively 
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pr1st1ne.matèrial. Sorne .reel this partial meIt1ng oceurs 
-
within the low Velocity zone (LVZl in the mantie. However, 

considerable controversy exists as to the variations in 
.!> 

upper mantle compositions .beneath di.ffering tectonic environ­

ments. Carter (1970) mainta1ned that the earth's upper 

mantle beneath the continents may be composed ma1nly of 

residuum ma terial. Ringwood (1975) ha's also proposed that 

the uppermost mantle ha s' a dominantly refractory, resi~uai 

composition. In contrast, Green & Lieberman (1.2761. present'ed ' 

" a model of éhemical zonat1oh w1th1n the oceanic mantle which 

-predic ts tha t the deeper part of the Low Veloci ty Zone LLVZ l 

is depleted in incompatible elements and overlain by an 

enriched layer) owing to continuous upward migration of' a 

small fraction «''2%). of' melt of olivine me111itite composi­

tion. Ave'Lallement et al. Cl2801 suggested that continental 

extension zones most closèly approximate the "average" oceanie 

mantle. 

Di.fferences in the lithologie association between the 
, -

CGrdilleran and Nuni yak Island xenoli th sui tes can be corre ... 

lated with the regional geological eharacter of the 
,) 

l.:1thosphere at each locality. The.TL suite, erupted only 

25 km from the most westerly exposed member of the Rocky . -

Mountain thrust belt, has probably sampled the upper mantle 

beneath a comparatively continental-type crust. A sîmilar 

conclusion must hold for the FS and PV xenol:tth suites, which 

occur wi thin the Om1neca Belt, approximately along the 

CordiJc1êran strike w1 th the JL sui te. AlI- three of these 
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sù1tes are characterlzed .by a relatively high proportion of 

pyroxene lherzolite samples. In contrast, the mbre deplete~ 

CR suite, erupted in the Intermontane Belt many ki~ometers 

west of any exposed continental basement rocks, may have 

sampled a lithospherl? upper mantle beneath crust that ls . 

transitional in character be,tween that of a craton and .th~t 

of a continental margln. Thus, the contrast between the JL, 

FS and PV xenollth suites and the CR and NI xenolith suites 

5uggest that the continental lithospheric upper mantle 

beneath the Omineca Belt i8 relatlvely und~pleted compared 

to that beneath the Intermontane Belt further to the west 

or' that beneath Nunivak Island. 

Yoder (1978) rev1ewed two melting models that have 

reverseq sequences of melt composition as a function of depth. 

In the "hot-subducting-plate" process a invariant-llke liquid 

i s constrained to one horizon, whereas in the "diapiric" . 

process, that iiquid i's spread over a vertical distance of 
, , 

at least 35 km. Ir these sources are tapped from the top 

then, in the hot-subducting-plate model, the magma represen­

ting the smaller degree of melting will be -intruded or 

extruded first', whereas in the dlapiric model the magma 

representlng the greater degree of melting will be first. 

Conside~able geophysical data are available for southern 

British Columbia. Blackwell Cl969L defined a high heat-flow 
. 

lineament of up to 9.Q ml'i/m2 striklng northwest along the 

northern Rocky Mounta~~s of the U~ited States. He ~uggested 

that"' this thermal anomaly results from lQcalïzed. convection 
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cells ~n the deeper mantle. Je s--S op & Judge (1971) have shown I.b 

that the th~rma1 anoma1y extends !nto Canada wlth heat ~low 

of 80 mW/m2 along a line west ~f and paral:el :0 the Rocky 

tain Trench. Uslng global heat-f"low :neasurements, Pollack 

have shown tl"..a t 11 thospheric thicknesses ' 4 

slio~ no special transitions at ~ ontlnent-Ooc ean boundaries. 

The kharp gradient~ generally 'occur wi th!.n the cont1nents 
... 

themselves and may De correlated w1th reg10ns of h1gh heat- " 

fl~, such as the Cord111er1lr:l thermal anomaly zone. 

}W1Ckens (1977) presen~ed the resu::'ts of se1sw~c wave 

pro~~,ies in southern British Columbia. These show a shallow 

LVZ of 40 to 50 km thickness, capped with a 15 to 20 km 

'crustal 11d under the south-central Intermontane Belt. Ta 

the east and north :he cap ls <;hicker at depths from 20 to 

40 km, underlain by a low-seismic-veloc1ty zone from 50 te 

70 km th1ck. The character of" the upper-mantle LVZ ta the 

.. northwest 1s similar ta the mantle structur~s 1n the,east, 

~ggesting a sh1ft of the deep structure to thê west rela-

ti ve to the surfie ial tec t on1e trend. W1ckens (1977) sug'\-

gested that these variations eould pesult if" a sUbducting 

plate was descending beneath ~:astern edge of the Coast 

l' 

Crystalline Be 1 t and continued under the Intermontane Bel t. 

The slope 1mp11ed by the top of" the LVZ 1s about 20 degrees 

from the-horizontal, d1pping to the northeast. As th1s 

region ~ relatively aseisrn1c, a plate re~ant, if it exists, 
~ • t,.~ 

must be dormant, wi th only the thermal tra,ce above the much 

deeper plate being detectèd C.Wickens 19771. 
{ 
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( Application .of the poss1ble melt1ng models to the 

Cord111e~an and Nunivak Is:and xeno11t~ loca:!tles can be 

ill~st~a~ed by ~he1~ ?o:~a~!~ aS~Qc~at~cns. 7he J~, FS and 

PV su1tes a:-e !'ound !:: alka:! basaIt -:!nder- SQnes that were 
, 0 

eruJ::ted ei ther ;:m or nearby f:'at-:y~ng thole!! t--!c :asalt 

shielà.s c:;~ ~ert!ary age. ,:,r...!s,!:;. aàà!tior. te :he lack of 

geophysi::: a;, e',r!dence !"cr a s"C.bdu2 t!ng p:a te :.enea tt the 

O~~e~a Belt, !s sons!stent w1t~ a 1iap!ri~ ~ode: ~Qr :hese 
'\ . 

three srtes. A:thougr: the Nun1vak Island vo:car;lc :-ocks are, 

much :nor-e voluminous, these consist of thcle!!t:~ basalts, 
• 

overlain by the xeno:i th-bearing alkal!r:e basa: ts. Thus, a 

d1apiric :nodel may be suggested for the N: sui te as weIl. In 
• '1 

contrast, the CR suite 15 assoc1ated with the cycll:::al Mount 

Edz1za volcanic campIez, each se!":ies cf whic!:. begar; w!'th the 

) 
eruption of prim1 ti ve alkaline basaIt of almost constant 

composition. This may support e1ther a subductihg plate or 

another model requlr1ng a uniform heat-source that results in 

the accumulation of a large volume of l1quid in a subcrustal 

reservolr. , 
Màaloe (19.82 t has shawn .that the c omposi tions deri ved 

o 

from partial meltlng will depend on ,the permeab11ity of the 

upper mantle source. For the extreme, batch melting .involves 

an 1ncrease in degree of partial melting to a permeabil1 ty 

threshold .followed by magma segregation, whereas fract10nal 

melting occurs only if the mantle i5 permeable at very low 
, ~~ 

_degrees of partial melt1ng. Maaloe (J.2..82} propoBed that an 

( intermediate type of partial melting, called critiéal melting, 
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occurs where the ascending mantle first undergoes batc~ 

melt"ing to a certain degree of partial meltlng that represenJ;s 

the p,ermeab1li ty thre shold. Beyonâ thi-? threshold, the magma 

gene~ated ls c,ont1nuously squeezed out of the res1duum and 
k., 

accumula tes as horizontal layer!? of liqu1d d1spersed through-

out the melt1ng reg10n. 

Al though the lim1 ted var1ety of vo1can1c rocks a t the .TL, 

FS, PV and NI localities does not readi~y support a crlt1cal 

melting model, it may be applied to,the CR suite. The large 

volume of volcan~c rocks contâlned in the Mount Edz1za Com­

,\ plex might 1mply some component or batch melt1ng. This 15 
\ 

a150 supported by the comparative homogene1ty of the alka11ne . ' 

basalts that begin each cycle of the Mount Edziza Complex. 
,. 

Accumulation of melt in a large magma chamber may have 
4 

occurred. In the CR xenolith suite~ the products of this 

accumulation may be reflected by 'the group 4 samples. In 
\ 

add1 tion, the pyroxene-rlch portions of composi te samples may 

represent recrysta11ized melt as predicted by Maa10e (1982). 

Nicholls et al. (1982) suggested that in southern British 

Columbia the higher temperature (> lOOOoC) portions of the 
'\ 

mant1e~were sampled by magmas ris1ng from a topographie high 
~ 

in the lo~ velocity zone. They sr.owed ~hat the primary melts 

of nephe11nite, basan1te and alka11 olivine basaIt compos1-
, 

tion, from loca11 t1es throughout Bri tish Solu.;nbia c~ould be 

generated by bet~een 4 and 1: ~ partial melting o~ pyro:lte., 

N1cholls et al. 0.982). propcseà tr...at, a1~hough <;hese cêlcu-

lated r;anges of" partial mel t::ng seem appropr1ate, . the :"ênge 
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in res1dual compos1t1ons 15 too restr1cted for the xeno11th 

compos1tions to represent the 'source mater1~1 f'or these 

basalts. However, a more complete sampling of the Cordil­

leran xeno11th local1t1es does, in fact, correspond to what 

N1cholls et al. (1982) predicted for mantle res1d,uum. The 

three Cord11leran xeno11th suites, JL, FS and PV, wh1ch are 
." 

characterized by a relat1vely larger proportion of !'fert11e" 

or pyroxene-rich xenolith, occur at 1so1ated cinder cones, 

with only minor associated basaIt rlow8. In,contrast, both 

the CR and NI suites, w1th relatively "depleted" xeno11Jh 
1 

populations are assoc1ated w1th long, ~olum1nous volcan1c 

histories. This suggest8 the poss1bil1ty that some corre-

lation exista ,'between the volume of' yolcan1c rocks erupted 

at each loca11ty and the average degree of' depletion due to 

partial melt1ng in the underly1ng mantle. 
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9. CONCLUSIONS 

, U1.tramat'1c xenoI1 thB~ are .round w1 th aIkaI1ne basal t host 

rocks w1thin the Omineca and Intermontane Belta 1n the 

Canad1an Cord11lera and the1r equ1valents 1n Alaska. The , , 
volcan1c centers or the t'1ve xeno11th su1tes cons1dered here 

range rrom 1so1ated erupt10ns that produced small c1nder 

cones at Jacques Lake, Fort Selk1rk and Pr1ndle Vo~cano to 
.' 

volum1nouB centers character1zed by e1ther the erupt10n of 

a wid~ .. ' range of composi t10ns as at Castle Rock to a bimodal . , 

su1t~ of exten~ive thole1it1c basaIt and lesser alkal1ne 
~ 

basalts as at Nunivak Island. Sp1nel Iherzol1te 15 the pre-

dominant 11 tholo,gy among the xeno11 th su1 tes, wi th var1able 

, but subordina te proportions of harzburg1 te, 011 vine webster-

1te, webster1te and gra~u11te l1thologies. 

A regular modal variat10n is seen in each suite between 

harzburg1 te, Iherzol1 te and pyroxene Iherzo11 te groups. The 

JL and PV suites have a larger proportion or pyroxene-r1ch 
. 

xeno11 ths than do the CR and NI suites, whereas the FS su1te 

1s intermed1ate between these end-members. Cordllleran 

xenoliths display a cont1nuous texturaI var1ation between 

coarse-gra1ned samples 1n which the rat10 of porphyroclasts 

to neoblasts 1s h1gh, to f1ne-gra1ned lithologies w1th a 

much lower ratio .. The, xeno11 th mineralogy 15 dom1nated by 

o11v1ne and orthopyroxene, which tend to form pO~~hyroclasts, 
, , . ') 

whereas clinopyroxene 18 typ1cally 5maller in gra1n s1ze. 

Splnel displays a var1ety of habits dependlng on the xeno11th 
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texture. 

AlI phases are essent1ally compos1tiénally homogeneous. 

Oli vine and 'orthopyroxene span a narrow range of maj or-

element compositions. C11nopyroxene shows a wider range in 

maj or-element composition, from those rich in the fusible 

elements Al, Ti and Na of' the pyroxene lherzolite samp1es, 

concentrat1ons'progressive1y decrease through those of the 

lherzoli te group to those of the, harzburg1 te group which are 

poor in such e1ements. S1m11ar minor-element variations are 

also evident in orthopyroxene, although to a lesser extent. 

Spinel has a comparatively w1de range in major e1ement 

contents. 

Pyroxene geothermometr~ sugge~ta that Most samples have 
\.' - ~ 

undergone subsolidus re":"equilibration, at about 960°C for 

the JL, CR and NI suites. The temperatures for the FS and 

PV su1tes are somewhat l~wer, suggest1.ng a decrease 'in the 
, 

temperature range sampled along the strike from southeast 

to northwest in the Cordil1era. Litt le evidenèe i s present 
.".. 

t'or any corre la tion betweel} the t"usib,le element contents of 

the samples and their temperatures, except perhaps ,for the 

CR suite. Group 4 samples i on the other hand have tempera-" , 

tures that approximate magmatic conditions. The'xenol1th 

3amples àppear to represent the range of the sp1ne1 l!5tab11ity 

t"1eld, wi th lower pressures characterized by the presence or 
abundant plagioclase 1herzo11tes and t"ine-grained textures 

in the ,!,V and CR sui tes, land higher pressures tor the JL 
,\ 

-----3uite suggested by the occurrence ot "holly-leaf" spinel 
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textures, coarse-grained textures and high Na contents. 

The N~nivak Island suite is characteriZed by higher 
~ 

modal proportions of oliv1ne- and orthopyroxene-rich litho­

logies, a comparative absence of pyroxene-rich lithologies 

and the presence of abundant amphibole, mica and fine-grained 

zones. Although the range of maJor-element contents for aIl 

four phases are sim1lar to that in the Cordilleran samples, 

the minor-element contents support the addition of a Jeta-
c 

somatic component, rich in some fusible elements. The NI 

su1te is distinguished by the abundant evidence of metasoma-

tically added hyd~ous phases compared to the four Cordilleran 

su1tes which are pract1cally anhydrous. 

~ W~ereas the concentrations of Ca and~Al reflect the modal 

proportion of pyroxene, the concentrations of Na, Ti and' 

Cr are not strictly related 'to the pyroxene modes in the 

xenolith samples. The ~ontinuous depletion of both Na and 

Ti in the transition from pyroxene Iherzolite ~o lherzol1te 

15 followed by comparatively smaller degrees of deplet10n 
~ 

in the transition from lherzolite to harzburgite, despite 

the continued decrease in modal clinopyroxene. A slmilar 

distribution is seen for the compatible element Cr, the' 

harzburgite bulk compositions are the most Cr-poor, despite 
~ 

the concentration of Cr in the group l mineraI compositions. 

This progressive depletion of the fusible elements, in the 

sequence pyroxene lherzol1te to Iherzolite to harzburgite, 

rerlects an 1ncrease in the degree of melting these xenolitha 

represent. The transition from lherzo~te to harzburgite 
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oc~urs at about 6 modal % c11nopyroxene and marks the degree 

of ~eplet1on associated with the errect1ve disappearance. of 

clinopyroxene. 

The harzburg1te, Iherzo11te and pyroxene lherzo11te 

xeno11th groups rrom the five suites der1ne a curved trend 

in Mg,-Fe spacé wh:1ch approx1mates an 1sotherm in the resldù&l 

field of pyrol1 te. The' NI samples rollow the same trend, 

despi te the metasomatism tha t they have experienced. The 

distribution ~f samples along this trend shows a common 
~ . 

process in which the degree or partial melting increases rrom 

< 15% in the pyroxene lherzoli te group t hrough the lherzoli te 

group tp ~ 25% in the harzburgite gj' oup. 

The principal d1fferences betwee the xenolith suites 
" l1e ,in the average degree of depleti n which characterizes 

each suite. The close similarity in\the comp0sitlons of the 

~yroxene Iherzolite samples and that ~Of pyrolite-l suggests 
\ that th1s xenoli th group MaY approximate anhydrous undepleted 

, 

upper mantle that 1B,present in some proportion beneath each 
. ~ 

of the sample,loca11ties. The xenoliths of the lherzolite 
-"-and harzburgi te groups' can be rela ted by increas1ng degrees 

of partial melt~ng of parental compos1 ti ons tha tare approxi-. 
-

mately equiva1ent to the pyroxene lherzolite group. Thus, 

these three sample groups represent mantle compositions that 
't'.;[..." 

are comp\ratively fert1le, depleted and barren, respectively. 

Variations in the composi tian or the 11 thospheric upper 

'mantle are clearly reflected in the range and relative pro-

portions of the 1ndividua1 groups of xeno11ths at each 
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loca11ty. The PV, FS and JL suites, character1zed by a 

h1gh proportion of pyroxene Iherzolite samples, sampled the 
Q 

relatively undepleted upper mantle béneath a comparatively 

continental-type crust. The d1st1nctly d1fferent populations 

at PV and CR sugges~~that the CR mantle has been more exten-

sively depleted in fusible elements, wh1ch in turn retlects 

considerably higher degrees of partial melting at thls 

locality. The absence ot hydrous phases sugge~ts that the 

levels of the Cordilleran upper mantle sampled are anhydro~s 

over a large area .. The NI suite i8 comparable to the CR 

suite in that it reflect~ comparatively h1gh degrees of 

partial melting, resultlng in a very minor proportion of 

pyroxene lherzolite compositions in the extensively depleted 

lithosphere beneath this locality. 

The results of this study suggest several avenues for 

further work. Although the majorlty of xenol1th suites 

throughout t~is reglon appear to be comparable to the 

anhydrous Cordilleran samples, a sim11ar suite to that of 

NI may be present at Alligator Lake, Yukon CC. Bacon, pers. 

comm. 1982) and also perhaps at the Mud Hills of southwestern 

Alaska, not far trom NI. These localities should be the 

principal targets of any furth~r field-oriented stud1es. In 

addition, the relat10nship between the Iherzolite and granu-

lite samples 1n those 5~ites in which the latter are weIl 

represented could essentially proylde ,a stratigraphie section 

of the upper litho8phere at these,localit1es. Flnally, there 

aPRea~s to be some relationshlp b,tw~en the average èegree 
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of deplet10n of the xenolith suI tés and the volume of 

volca~c produ~ts erupted at each suIte. Such a relationship 
~ 

cont11cts w1th Most prevaI11ng models 'ot ultramaf1c xeno11th 

paragenes1s, and should therefore be evaluated. 
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APPt:NJI,. 1 : ItOtAL. PHOfCll1ClIS Of ULIEA~AFH. '<fHll'IHS 

-~-------------------~--------------------------------------------------
'\( "-.... 

fl!J E 
SA.'!P lE f.('~r\ Gh peINTS 
NUHB Ef1 'rJ.2=' \...&.ASS CLV Ct) CC?1 S~ :uHh ~lClt ze NES CCUNTEO 

--------------------------------------------------------------~---------

J AC\.iU ES :.~\ r< == w unIII..)h CLL<J11i31A 

5000 1" da'rz ... -itd Sb. b" 3(:.4* 14. Ù. ù.]· 2.d 1508 
5000 ~ Sr r i.n..:~L. 2-df 70.0 H:.5 9.8 1.8 1.2 2520 
50003 Sp L.r.erz 3-f/:1~ Sc;,. 1 ~ , .. 5 1 d. 0 0.5 J~9 1~67 

50JO «+ Gdcuro 
50005- Sr Lherz ;'-fCB t«+.1· ... 2~_1* 10 .... • 1.5- tr. .2263 
~0006· ülv iieust. j-f/~P 314.2* Je.o* 1. 1. 1. 6.2- '- - ~O97 
50007 Olv .~IJ.:it j-P/.1P 39.8 ~7.1 10.2. 3.0 tr 1161 
5QOO 8 Sp Lnecz 2-11P 62.0 23.9· 12. O. 2.0· 2650 
5000S· Sp Lh~cz j-P/I1P 50.4· 2~.9* 20.6· 2.0· 3015 
50010 Sp L berz ~-f/.H 60.3 25.2 13. «+ 1.0 127b 
5001 1 - Sp LLl.erz L-l?/IU? 67.0 .. 2~. ~- ,8. O. 1.6- 1.2 2251 
50012 Sp Luerz 2-C/P 6ù.3 30.3 8. a 1.4 2244 
50013 Sp Lucrz 3 - :iF 53.7 21.0 12. 9 2.0 0.3 2341 
5001 1+ St: Lnerz ~-f/~P 60.5 ~8.2 7.4 1.9 1..9 389d 
5001 5. Hdrz l-CE 81.9.* 10.3- 1."*,ù.3* Qù10 
5001 t.. Sp !.Ll.~rz ~-C/i? ob.7 1.1 .. 3' 10.7 1 • 1 tr ~ù34 ..... 
50011 St' Laerz J-l1f ~ ... 8 33.5 9. 6; 2. 1 2784 
50018 liebs t 4-fGl1 a.b 45.9 42.2 3.0 / ' 0.3 4175 
50019 Sf- L41cl4:Z .. -1:/,12 71 .1 15.5· 11. 9. 1."· 0.2 .. 240 
50020 Clv weost J-~/MP ~0.5 33.0 22. 1 4.4 3041 

JL avecage mode 56.5\1 , 28.1 13.4 2.0 
) 

~ j , , 
C ASTLE 30CK, U.é!lTI~u C01Uti SI A 

4"000 1 Sp Lhec<:. 4~/MP 68.0 16.8 2.3 2850 
40002 Harz .::-~P 69.6 24.8 O.J( 25c39 
40003· Harz 1-C/P 82.8-.13.9· 2. tr 2~04 
40004 CompOS.l.te, Sf.l.nel Lher zcli te . and .etstEIite 
40~5 Harz 2.-C/P 70.5 21.7 1. 1819 
400 6 Sp Lhel:z 3-M2 5d.4 25.2 14.4 2. L 3463 
40007 Sp Lhecz ",-p/tiP 63.0 ~~.2 12.7 2.1 tr 25~5 
40008 Sp Lherz ",-MF 61.4 26.3 10.2 1.9 0.2 2400 
4000 S Sp Lh~rz 2-lH? 62.6 27.3 8.2. 1.9 2553 
40010* Sp Lhel:z j-~P/G 55.2* 211.9* 15.7* 3.1* 1. 1 1492 
40011 Sp Lherz 2-l?/MP 60.5 "J. 1 14.6 1.8 2091 
40012 Harz 2-P/l1P 69.3 24. 1 4.7 1.2 0.7 2538 
40013 Sp Lhe.r z 2-Ml?/G 09.5 2~.1 5.9 1.4 1. 1 3248 
40014 Sp Lherz .:!-i1P 63.0 20.ti 1'+. 5 1.4 o. '" 2629 
40015* Harz l-PCR 76.1* 18.3* 4.4* 1. 1 * tx: 2225 
40016 Harz!Jur :l.l.te, inhcmcg€nECU~ 
40017* Harz l-GE 60.5" ,27.8* 5. 1. O.G* tl: 2054 
4001 a Sp LneL'z ~-~E-/G 65.3 26.3 7.0* 1 .. 5* tl: 1576 

( -----------------------~_._------------------------------
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NUIIB EIi T,Pl,; C1ASS CL V Cf X cp=< SP Al1fH !lCA ZCNES CONI'lT[O 

--------------------..".-------------------------------------

CAS'I'LE t1 OC fi" , u..111j.5h CCLUaEIA 

~v019 Si-! 1Llt!L"Z l-C/F 83.2 10.7 5.6 0.5 2~31 

"Où20 5~ Ln2r~ ..::-J? 6ù.5 ~8.2 9."* 1.9~ tr 2460 
140021 Sp~nt:l L Lh::: Ei;.C l ~ tE, t-yrclEnE-r~ch J:.anding 
!400 22 COliif-ùS..i.te, .:)f~nel Laerzc.lite and \U: hs teri tE 
40023 darz 1-POB 81 .0 17.2 1.3 ù.4 24.71 
40024 Sp Lb~rz 2-MP 67.2 ~ 1.9 8.7 2. 1 2290 
l40025 Sil Lue.cz 2-tfP 60.9 ) 1 • 5 7. 1 0.5 1613 
40026 Sp Lherz ~-P/"P b7.7 18.9 12.7 o.t3 2055 
40027 Sp Lherz ]-PCh 59.0 ~6.4 11.8 2. '1 23j9 
~0028 Sp Ll1erz j-f/i1f 5B.7 ~a. 1 11.9 1.4 2951 

'\ 40029 S(I Lberz 2-E/L1E 67.2 ,,1.2 9.6 2.0 te 3867 
\ 

\ 110030* Sp Lnerz 4-P/MP 67.0 * 18.9* 13."· 0.8* 2762 
40031 Sp Lher:z. ~ 6d.7 2::.0 6.4 1.2 0.7 1850 
40032 Sp LLe.cz 2-.MP 64.6 23.3 10.0 2.0 , tr 2848 
40033 Sp Lllerz j-~fl 59.9 30.4 7.6 1.4 0.7 2484 
400J4 Harz ~-Gf· 71.8 " 2~.2 1.6 1.2 0.2 2639 
~OO35 Sr Lilerz 2-f/.H 65.9 2ij~O . ti. 2 1.1) o. j 216ti 
40036 St> Lnecz 4.-111? 60.1 ~e.5 e. 7- 1.8 0.9 2541 
40037* Sp Lherz ~-C/I? 57.0* 28.2* 13.2· 1.6· 291b 
40038 Sf' Laecz 2 61+.1 2(;.0 7.7 2.2 2463 
40035 Compos~t~, ~f~nel Lher zcli tE dnJ. WEDsterit€ 
40040 Sp I.llerz 2-.é/IH 61.9 ~9.6 6.8 1.4 r, O. J 2784 
4ù041 Sp Lherz 2-f/LiP b4.5 ;';'.7 1 1. b 1. 1 tr 2730 
40042 Sp Lhet'z ~-f/M~ 63.2 26.4 d.7 1.5 0.2 2652 
40043 Hat'z ~-P/i1P 67.7 ~6.5 5. 1 0.6. 2511 
40044. Harz l-C/P 85.9* 9.0· '-+.0· 0.3· tr ~938 
40045 Sp Lher:zr. 2- M l' 6ù.5 25.5 11.4 2.0 2700 
40046 Harz 1-dP 75.8 18.5 4. 1 * .1.3* 0.2 2414 
40047 Cpxellite 4 3.4 15.5 76.9 0.1 O. 1 ~341 
140048 Webst 4 27.1 ~8. 6 45.9 7.5 tr. 0.9 2373 
40049 iebst .. 18.1 39.7 42.2 2719 
40050 Harz 1-fCil 79.0 ~18.6 1.3 1.1 2254 
ijQ051 Harz 2-dP 68.6 25.6 4.4 1.3 O. 1 2715 
40052 Sp Lhtlrz 2-~J? 73.8 16.0 7.6 0.9 1.6 2551 
40053. Sp Lhe.cz 2-MP' 62.4 - 23.3 13. It 0.7 tr 2457 
40054 Sp l.nerz 2-LiP 02.6 24.7* 10.5* 1.8* 0.4 2388 
40055 Harz 4-12 CR 72.0* 24.5 2.9* 0.4* O. 1 2725 
40056 Harz l-C/? 77.8 20.2 1. 1 0.5 0.3 2419' 
40057 Harz 2-fCR 71.4 24.9 2.8 0.8 2258 
40058 Spinel. Lhet'zolite, inhclIog€DeOUS 
40059 Sp Laerz; ~-MP 61.8 ,,1.8 14.0 . 2. q 2514 
40060 S'p L htlrz J-f1P 59.7 30.9 7.6* 1.6* O. 1 2319 

~ 4006 1 * Sp L.llerz 2-f/MP 75.8 '" 16.6* 5.S* 1.7* '2459 
40062 s(-inel LüeczclitE, inhclIcg€neous 
40063 Sp Lll€CZ ",-l'1P 02.6 25.4 9 •. 3 2.7 2562 
40064 Spin€l Lheczolite, {:yrCX€De + spl.nel.jJandi ng 

( 
, 

------------------------------------------------------------------------
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FINE 
~r;o 1 ace" 
~~~;'~ r 'i r e 

- GR l>Ollf'IS 
c ~ass Cl. v ,CE X CP1 Si ~~EH ~I,A ZCkES CCUHtED 

----------------------- ---- r-----------------------------------­, 

CAstLE 'iioeK, d41 I15H CCLUjEI.\ 

400b ~ 
4000 tl 
40067 
40068 
40069 
40ù70 

Sp Lnér ~-f/~P 60.5 2:.9 
Jarzbur "1te, 1nnomo~eDecu~ 
Sp Luer }-rCH 57.2 2ï.l 
Sp Lhe4 j-~r 58.ü 27.7 
?lag~~c dS~ Lnerzo11te 
Gabbro 

11.0 

13.5 
12.3 

2.7 

2.1 
1.9 

é"R average lIode 64.2 :i.3.7 10.0 1.5 

FORT SELKIRK, U~ON 

30001 Harz L-CE 11.0 23.3 2.6 1.~ 
30002 Sp Lut! 2-E/MP 7û.0 10.8 16.4 2.4 
30003 Sp Lne 2-fCH 66.4 21.2* 9.2~ 3.0. 
30004 . Sr- Lhe z j-PCli 56.2 30.3 12.0' 1.2 
30005 Sp 3-fGR 5~.8 3C.9 7.0 2.3 
36U06* Sp L~e z ~-C/P 65.4* 2t.3* 6.8* 1.4* 
30007 Sp Lne 2-fCR 60.7 2J.1 11.0 3.1 
3ll00S* sp Lhe 1-CE 79.8* 14.3* 5.5*' 0.3'<....-
30009 Harz 2-CE 73.4 ,,0.1 5.0 0.1 ~ 
30010 Sp Lue z 3-HE ~9.8 2~.0 25.5 2.0 

• 30011 Harz L-fCB b8.8 26.2 3.5 1.4 
3Q012* Sp Lh~ ~-fOH ~7.0. 27 0 7* 22.7* 2.3* 

, 3001 3 S P L he z _ 2- k/ Mf 6.3. 9 ~ 4 '.9 a. ::1 2.4 
300"14 Sp Lnerz ',L-f/~P 62.8 . 25.3 9.6 2.3 
30015 Sp Lnerz 3-ctP 56.5 ~6.3 12.2* 2.9* 
30016 Sp Lnerz ,~-E/~P 63.3 "l.b 12.8 2.1 
30017 Sp l.her~ 13-POR 58.3 2S.9 9.3 2,.2 
3001,8 Sp Lherz 2-.fCB 63.4 ,,6.2 6.9 3.4 
30019 Sp Lterz 2-ECB 6502 22.4 10.2 2.',1) 
30020* Sp Lh~rz 2-C/P 74.3* 14.2* 9.6* 1.~. 
30021 Sfiue~ l.he4zclite, iohcŒogeneous 
30022* Olv w~bst j-fOR 39.3$ 28.8* 25.3* 5.1* 

, 

- ' 

30023 Spine~ Lhe~zolite, abuoëant fine graioEd melt Z'DE~ 
30024 spinel Lherzclite, extensive secondary a~tElati'D 

0 .. 8 
0 .. 8 
0 .. 2 
0.2 
tr 
OoL 
2. 1 
tr 
1.j 
O. ti 

0.2 
tr 

2:0 

0.3 
0.2 
0.1 
0.7 

1.5 

1879 

2i70 
2589 

3565 
2019 
3213 
2848 
2940 
252'4 
2798 
1464 
2159 
3273 
3327 
L051 
2971 
2690 
4115 
2441 
4684 
3223 
2934 
2964 

5189 

30025 Sp Lherz l-CE 78.9 14.0 5.5 0.8 0.8 2785 
30026 Sp Lnerz )-fqR 57.5 25.9 15.0 1.5. 0.1 4150 
30027 Sp Lhe4z 2-~CR 62.1 lS.5 17.3 1.0 tr 4148 
30028 Sp Lherz 3-C/P 57.4 3q.4* 6.1* 2.0* tr 3500 
30029 Spinel Lherzcl~te, small, coarse 9ra~ned samFle \ 
30030 Sp Lherz 2-C/P 70.3 19.7 7.2 1.9 0.9 3079 
30031 Sp Lherz 3-PCR Su.3 32.5 7.7 1.3 0.2 3271 
300~2 Sp Lnerz l-C/P 75.5 17.3 5.8 1.0 0.3 3149 
30033 Sp Lhe4Z 3-fCE 49.5 35.1 13.5 1.5 0.5 3tl51 
30034 Sp Lherz j-PCl1 '58.0 :i.:07 lJ~7 2.(5 0.2 .3531 

-------------------------------------------------------..---
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NUMS ER LI:ASS CLV Cfl C?I 

GH POINTS 
SE A~fh ~I(A ZCNES C~üSTED 

-------------------------~---------~-----------------------------------

FCHt SELKIRX, YJK~~~ 

30035 5l- LUèrz 8.9 ù.S 

YS avet"age mode 03.3 .~4.C 10.8 1.9 

,PBINDLE VûLCANO, A~~SnA 

20001 Uat"z' l-t'U?/G 77.5 20.5 1.1 
2000 2 \Ii e bs t Lt 14 • 7 " 1 • 8 If 3. 1 
20~03 Harz 2-MP/G 70.9 2~.3 3.6 

0.8 

1.3 
3.'0* 
2.8 
1.5 
2.9 

1.2 

0.4_ 

6.9 

0.6 

20004 Sp Laerz~ j-lU? 45.1 32.2 12.7. 
20005 Sp Lherz 3-~P 5d.O 23.9 15.3 
2000b Sp Lnecz j-p/ap 56.4 33.0 9.1 
20007 Opxen~te 4 7.9 74.5 14.1 
20008 Sp Lherz 3-GE 43.5 "0.2* 12.9. 3.4* .-
20009 Webst ~ 6.6 36.2, 40.3 9.1 7.8 
20010 Sp Lberz. 2-ctP 60.3 24.7 10.5 
2001'~ Compos~t~, JLOfsLde w€t~t€rite and 

2.1 2.~ 
S~~nel Lterzclite 

20012 ~afic Grdllul~tt t 
20013 Pla~iJCidS€ Lherzol~te 
20014 _Intermed~dte GraDul~te 

20015* Sp Lherz 2-PCR 60.0. 27.9* 
20016 Sp Lherz 3-i/~P 59.~ ~9.7 
20017 Sp Lhérz 3-~P 46.7 36.0 
20018 Sp Lht:!l:'Z' "J-::lH/G 53.1 30.6 
20019 spt Ln8rz .J=F/:1P 58.2 22.7 
20ù2U compos~t~, s~inel Lherzelite 
20021 Wcbst ij-C/P 29.9 1C.7 
20022 Harz l-GE 7b.8 ~0.6 
20023 Lherz 3-C/P 40.5 29.9 
20024 Plag~oclase Lherzol~te 
20025 Plag~ocldse Lherzol~te 

10.9* 1.1* 
8.6 2.1 

13.5 . 3.8 
14.2* 2.2* 
1b~1 2.5 

dDd Clivine 
53.3 tr. 
2.1 0.5* 

23.6 

0.2 
-, 

0.6 
Wel:steIitE 

1 5.9 

20026 Cpxenite ~ 11 • .2 4.0 84.3 0.4. . 
20027 composite, Spinel Lherzclite and Ti-augite Wecsterite 
20028 Sp. Lherzolite, inhomo9EDecu~ \ 
20029 Sp Lhecz 2-~e 62.8* 25.2 9.6~ 1.7* 0.7 
20030 ComposLte, Spinel Lherzclite and Diopside Websterite 
20031 Webst 4 10.4 47.0 26.8 13.4 2.~ 
20032 HarzDurgite, inhcmégenecu~ 
20033 Pldg~oclase Lherzplite 
20034 Sp Lb.erz 2-GE 61.0 
20035 Webst 3-GE 31.9 
20036 Sp Lherz 2-~P bU.5 

28.2 
47.~ 
25.7 

20037 Sp Lherz ~-P/ap 61.0 ~5.1 
20038* Harz l-P/MP 79.8* 16.7* 
20039*. Sp Lh~cz ~-C/i 82.0* 6.7* 

148 

8.6 
15. 1 
10.7 
12.0 
2.8* 
5.9~ 

2.2 
2.9' 
2.3 
1. 9 
0.4*· -
5.2* 

--2-. 8 
0.8 

0.3 
O. l 

4027 

2390 
1410 
22447 
1491 
1516 
144~4 

1"50 
1663 
1565 
1356 

'1453 
1168 
1479 
15d1 
219fl 

2609 
1407 
1759 

1853 

2865 

2402 
JI 

1946 
2171 
2144 
2443 
1921 
2845 



( 

( 

1 

J 

FlNE 
SAoiPlE 
NOMBEa ":LASS CloV CF 1 CPl 

G& POINTS 
SP lMfH ~ICA ZCNES CCU~TfD 

--------~------------------------~------------------------------------~ 

PRINOLE VOLCA~O, ALdSKA 

200qO Sp Lj,H~CZ 2-t?/.:1P 60.5 28.8 8.2 2.5 
20041 Sp Lacez j-:'!P 59.0 27.] 9.4 3.2 0.5 
2004~ Cpxenl.te ',li 21.7 13.5 61.1+ ~.J 1.1 
20043 Sr~nel Lhe~zcl~te, lnholcgEDeous 
2004ij Sp Lnecz 2-f/IHl 60.0 25.2 12.2 1wd 0.2 
20\lQS Sp r.ùecz 2-P/!1P 60.6 2E.0 8.8 2.6 
20046* Sp Lnecz )-P/M.P 57.6. 26.3* 10.1+* 3.1* 0.0 
200Q7 ,Sp Lhe.cz l-f/d2 78.5 15.~ 5.5 0.8 
20048 Co~pos~t~, Sp~nel Lherzclite and 7i-augite .etstErite 
20049 sp Lberz j-f/MP 52.8 26.6 17.0 3.2 ,- 0.5 
, , 

PYaverage mode 51.5 28.2 17.7 2.6 

2tl44 
2372 
1713 

231Q 
2378 
2228 
2233 

2342 

NONIVAK ISLA~D, l~lSKd 

10001* ~ebst I-fOR 
10002* Sp Lhecz 2-fOH 
10003 Si- Lherz 2-E/MP 
10004* Sp Lnecz 2-lUMP 
1000 S Sp L)1ecz 2-fG ft 
1000b* AlllplP Harz 2-C/P 
10007* Harz 1-fCR 
1000S* Harz 2-PGR 
1000 9 HaI:"z l-PCE 
10010* Harz l-fCii 
10013~ Amph Lne~z ~-PC~ 
1001b* Amph LA~~Z 2-PCa 
10021 Cpxeni te ij 

10022 Sp Lherz ~-POR 
10023 Sp Lherz 2-f/~P 
10024 Sp Lherz 2-PCH 
10025 Sp Lherz 2-POH 
f0026--........ Sp Lherz 2-MP/G 
10027 Sp Lherz 2 -C/ P 
10028 Harz 2-fOR 
10055 Harz 2-C/P 
10067 Amph Lherz 3-Mf/G 
10068* Sp Lherz 3-HP/G 
10069* Sp Lherz J-MP/G 
10070 Sp Lherz 3-GE 
10071 Sp Lnerz 1-POR 
10075 Sp Lhecz 2- }GB 
10211 Sp Lherz 3-l1P/G 
15001 HaI:"z ~-rCR 

NI average liAode 

2b.9 
72.2 
6'1 • .1 
70.7 
67.8 
74.5 
80.9 
74. 1 
82.0 
aJ.3 
62.8 
66.6 
18.5 
66.4 
71. 1 
60.5 
70.3 
62.7 
64 .. 0 
72.4 
71.4 
59 .. 0 
58.2* 
56.8* 
57.3 
78.4 
74.5 
47.6 
71.5 

~8.8 
13.2 
~ 1. 1 
18.6 
:';3.8 
16.2 
14. ~ 
~O. ~ 
le.o 

. 11. 1 
5.9 

15.6 
2é.7 
16.0 
~1.9 

31. LI 
~2.0 
~~.5 
23.2 
~1.8 
S.2 

17 .5 
3~.8* 
23.4* 
';,7.2 
10.0 
13 .. 0 
32.2 
18. 1 

65.2 19.7 

38.2 
6 ~,J 
5.8 
8.4 
b.2 
4. 1 
3.0 
3. b 
3. {:; 
0.7 
3.9 
t+. 9 

53.9 
12.8 
5.8 
7.0 
6.7 

11.3 
7.0 
5.0 
1. 7 
7.7 
7.1* 

17.0* 
12.6 
7.2 
7.9 
7.6 
J.b 

0.9 
0.; 7, 
1. 1 
2. 1 
1.2 
0.3 
1 • 1 
1.7 
1 3 
or. 6 -
1.2 
1 • 1 
0.3 
4.9 
1.2 
1.2 
1.0 
3.3 
1.0 
0.8 
0.3 
0.2 
1.9* 
2.8* 
2.9 
0.9 
1.0 
2.6 
0.4 

9.3 1.4 

5.2* 
7.5* 
2.9 
0.2 
1.0 

0.3* tI* 4.7*' 
0.5 
0.4 
3.1 
4.3* 

1.7* 0.1*20.4* 
4.~* C.l. 7.5 

0.6 

0.2 
3.9 

17.4 
8.5 7.3 

-r 1.2 2.4 
O.Lj C.2 2.8 

5.9 10.0 
C.b 

0.·5 C. 3 3.6 

0399 
2788 
3669 " 
21+15 1 
494+3 
2338 
3238 
1+060 
31&56 
2138 
3870 
J477 
3500 
3786 1 
]04b 
4093 
3640 
4026 
4214 
1+099 
4177 
3213 
3162 
2488 
2604 
4171 
1686 
2092 
4191 



1 ( 

J 

li . 

AbDrev~at~ons used: 
OLV= olivine, OP1= orthcpyroxELE; Cf X: clino~yroxeDe; ~f= s~inel; 
A~PH= amfnibole; F1NE G& ~CNE~= tine-yrainEd melt zcnef; 
HARZ= udrzhur~1te; S~ LHEBZ= ~I1nEl Iberzolit~; WEESI= ~etst~r1te; 

. CPXENITE= ortbo~yruxeoite; CP1E~ITE= clincpyroxenlte~ 
CLASS= xellolit~ (~rOUt nUi1Iber & JEllclitt texture 
tr= tr~ce amounts «0.1 œcdal ') Fresent. 

*= ~ineral or wn~ie reck coa~ositicns ava11atle 1D A~F€Idix 2 and 3. 
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APPENDI~ ~: a~NEBAL CCnfCSI~ICNS OF ULTRA~AF1C XENClltilS 
--~------- .. ------------------------------

U lU: CL l VIN E 

liONIVAL< ISLANù: CI..~PCSITICN~ FIlC!'! FliANCIS (19j~, lS75) 
TOTAL F;:; AS r EC 

SAMPLE 

5102 
TI02 
AL2C3 
CB20J 
MGO 
l'EO 
lUO 
CAO 

1u~U7 1J006 10010 iOOU8 10001 1CGC2 10016 
NI NI hl Ul NI ~.I NI 

4J. 08 
0.C2 
0.0 
ù. Ù 

5ù. 27 
8. qq 

0.10 
0.04 

l+O.90 
0.02 
U.o 
0.0 

5Ù.Ù2 
d.72 
0.12 
O~04 

qo.!:s 
C.01 
0.0 
G.O 

49.13 
8.;4 
O. 12 
C.CS 

4 O. 48 
0.02 
0.0 
0.0 

49.65 
6.84 
0.14 
0.06 

t> 
40 • .39 

0.ù1 
0·9 
0.0 

49.74 
9. J8 
0.13 
0.05 

40.75 
c. C 1 
G.C 
O.c 

~ S. 12 
9. 14 
C.1C 
O. (5 

~0.83 

0.0 
0.04 
0.02 

49.90 
9.35 
0.16 
0.05 

~---------------------~------------------------------------
TOTAL 99.15 99.82 99.20 <)9.23 99.~O 59.17 100.4~ 

l-

aOLAB PBOPOHTICNS EASED Ch • CAlleNS 

------------------------------------~-----------------------
SI 
TI 
AL 
CR 
MG 
FE 
MN 
CA 

0.I:JS7 
J.ùCO 
o. Ù 

D.O 
1. d27 
0.172 
D.OC2' 
J.OOl 

0'. ':198 
O.u Ou 
0.0 
0.0 
1.820 
0.178 
0.002 
v.OOl 

C.996 
G. ~OO 
c. C 
C.C 
1.821 
C. 180 
O.CC2 
C.COl 

0.994 
0.000 
0.0 
ù.o 
1. 81 ~ 
o. 182 
0.OC3 
0.002 

0.991 
0.000 
o.u 
0.0 
1.815 
0.186 
0.ù03 
0.ù01 

1. C C4 
, a.ccc 

O.C 
O.G 
1.6 C 1.4 
c. 1 e E 
C.CC2 
o. cel 

u. 9~3 
0.0 
0.001 
0.000 
1.t311 
0.190 
0.003 
ù.001 

-----------------------------------------~--~~--------------
J • ~ 97 .3 .9'39 3.9'36· J. ~ 95 '3.99 l' (t. CC 4 J. '393 

/ / 
il 

MG/(MG .. FE) 0.914 0.911 0.910 0.909 0.907 O.SC5 0.905 , 

/ 

\;. .... 

o 
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Uri! OLrVltiE 
" 

( NUNI VA.K ISLANù: CCM~CSITlcA!: FBO~ FliANCIS (1974, 1 ç ï 5) 
TOTAL Fi AS tEO 

. SAMPLl:: 10vvij lU G6 9 lG061l 10013 20015 2CC38 20046 
Nl NI NI NI EV EV p,v 

, 
~-----------------------------------------------------------~ 

S102 40. bJ 39.3 e 3<;.S5 40.08 4 ù. 91 "1.14 40.1 .. 
TI02 O. 0 1 0.0 0.0 0.0 
AL203 Il.O O.ÙJ C.02 0.'02 
CH203 o. C 0.03 c. C3 0.03 0.0 o. c 0.0 

" "GO 49.35 149.84 '18.61 49.37 50.5l 5C.39 49.50 
fEO 9.46 la. 11 10. ~9 10.91 8. Sil 8.75 10.20 
l!HO 0.12 ù .. 07 G.17 0.17 0.13 ~ 0.14 0.15 
l'HO ;.. 0.36 i 0.36 0.33 
CAO 0.Ù8 0 •. 1 C o. C6 0.07 0.04 C.C3 0.04 

----------------------------------~-------------------------~-
TOTAL 99.65 99.56 55.13 100.65 10 0.54 10C.E1 100.3b 

1 
. 

l'WLAB PIl.ùi OdIIl. NS EASEJ; Cl- 3 CATIeNS 

1 

/ --------------------------~-----------------~---------------
SI o.ssl O.96b C.~88 0.917 O. S 91 c. $ 55 ù.9UO 1 
TI ù.OLO ù. p"" c.e 0.0 
AL ù.o 0.001 o. CO 1 0.001 
CR 0.0 0.001 O. CO 1 0.001 0.0 D.C 0.0 
MG 1.SC4 1.822 1.792 1.794 1~824- 1. E 17 1.80 1 
é E O. 194 J.207 C • L 13 0.222 0.174 0.177 O.2vd 
!'iN 0.002 ù. a a 1 O.C04 0.004 ù.JÙ~ O.Gt;J 0.OÙ3 
NI 0.007 .-a.CC7 0.006 
CA . ù. 0 C2 Ù .003 c. CO...:: 0.002 0.001 ù. CCl o. 00 1 

-------------------------------------------------------------
OXYGENS 3.997 3.966 3. S89 3.978 3.991 3.S9S 3.980 , . 
~G/ (l1G+F E) 0.903 0.898 c. E94 0.890 0.913 o. S, l 0.896 

/ 
• 0 

1 
l, 

2.52 

,:..--



( 

) 

( 

\ 
f, utu OL.IVIN E 

TOTAL FE AS r 1:.0 

" 
SAl'lP.LE 2uù2~ 

PV 
2u03S 30C ca 

PV fi 

, '-

~! 

10 

30006 30020 30G~2d 30012 
PV PV F~ - IPV 

----------------------------------~-------------------------
S102 ~0.31 ~o.oo 40.82 40.34 4C.51.J ~O.ij2 _ 39.93 
CR203 J.O 0.0 0.01 0.01 0.01 o. C - 0.0 
liGO 49.32 47.84 :C.€4 5C.65 50.08 49.7é ~9.22 
PEO 1 u. 31 12. o~ 8.22 8.79 9.27 9-' 67 10.56 
:1NO 0.14 0.19 o. 10 0.12 o. 12 O. 14 0.13 
NIO 0~36 0.30 0.39 0.38 0.38 0.36 0.)6 
CAO 0.02 0.04 C.C4 c 0.04 0.-05 o. C4 0.06 

-------------------------------------------
TOTAL 10ù.4é lCO.41 HO.52 100.33 100.~5 10C • .3S 100.2~o 

MOLAE PBO~C~TIO~S EASht C~ ~ CATICNS 

------------~------------------------------------------------
SI O.9St4 0.')85 C.Ç88 0.979 0.986 C'.5E5 0.977 
CR v.u 0.0 C.OOO 0.000 O.JOO c. C 0 .. 0 
liG 1.795 1.756 1.833 1.832 1.815 1 .'E C7 1. 795 
tE u. ~ 1 i 0.240 c. 168 o. 178 o. -"18 B C.l<;7 0.216 
MN 0.003 0.OC4 C.C02 0.002 0.002 o. C C3 J.OOJ 
Nl u. OC 7 0.0 06 C.C08 o. 007 0.1.107 -O.CC? 0.007 
CA 0.001 0.001- c. 0 01 0.001 0.001 o. cel 0.002 

-------------------------------------------------------------
O.HGE~5 3.ge4 3.985 3.S88 3.979 3.986 3. $ES 3.977 

MG/ (MG+FE) 0.895 O.d16 C.S16 0.911 .o.9ù6 c. S 02 0.893 

/ 
if 

.' 
/ 

/ • / " . \ 

~ 

. -
'\ 

, 
"l ... 

~ 
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J' . ...... ~~ f ..., ~ _, , "'-,' b 

.... ~ "~ , " ;N 
" , 

fi p; C ) 1 , , 
G~Ivr5E 

, , 
U:U } , 

, 
/ :",r 

C_' TO'l(AL FE AS rEO 
, 
" 

';. , 

SAlIJ:.=I.E Q0044 40015 . QCOC3 40030 40011 ,4Cef 1 40010 
,1 

Cil Cii Cli CR CE. CE CR 
, ~ 

. { --------------------------~-----.-----------------~----------
SI02 ~O.5~ -iO.88 40.98 40.55 40.11 40.é2 40.35 
CRlO3 0.01 0.02 C.C 0.02 0.0 ' C. C 0.0 
IIpO 5ù.96 50068 ~0 .. q4 50.54 50.41 .. 9 .. S1 49.64 

,0 

(:'EO 8.29 8.51 a.~2 8.b4 8.7B 9.55 9.79 
11110 J.11 0.13 O. 13 0.16 0.10 Q. lS 0.13 

/tilO 0."38 0.39- 0.40 O.~6 0.41 O.4C 0.J8 , 
CAO o. Ob 0.10 C.C7 O. 13 0.05 0.11 0.05 "', -ç:.:----------------- --------.. ----
TOTAL !Où .. l5~ 100.71 lCO.S 4 100.40 100.52 laC. ï" 100.34 

. 
f ., 
! 

!tOLlR PBOPOhTIC liS BASEt Cri 3 CATIONS 
, 

..... 11 ~ 
~ -----------------------------------------

SI ù.~d2 0.988 C.S93 0.'984 O.9ag C.S€6 0.984 
CR \.l. GCO 0.000 0 .. 0 o.OCO o.ù o.c 0.0 
rtG 1.639 . 1.B26 1.622 .1.827 , 1. d22 1. EC6 1.805 
PB u.16E J.172 0.174 0.1 iS 0 .. 176 C.1S~ 0.21,)0 
lUi 0.002 0'.003 C.CC3 O.OOl 0.002 0.CC3 O.~O3 
Il J.~C7 0.008 C.C08 0.OC1 ù.ocs o. "8 o. 07 
CA 1.1.002 0.003 0.C02 0.003 O.ù01 0.CC3 0.001 

._~------------~------------------------------------------
~XYGJ::NS J. ~ ci 2. 3.-3d9 3.993 J.9b" 3.989 3.S€6 3.984 

ftG/.(~GH·t:) 0.916 \J.?1~ C.513 0.912 0.911 c.ÇCY 0.900 

'\ 

c 
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, 

mu OLIVINE 

( l'arAL FE AS FEe ", 

SAMPLE, 40055 40 G,] 7 ~CC15 50011 50005 500Gl 50009 
i' ! CR CR , J"l JL JL JI JL 

'. 
" --------------------~--------------------------, e' 

5102, 4J. ~5 'i0.08 '40.65 41.02 40.Q 7 40.6C 40.27 " 

1 CR203 J.02 0.05 C.C2 0.0 '0.0 0.(3 0.01 
;:. 

llGO 1t8.23 47.15 ~C.l0 50.38 50.25 50.le 49.70 ~ 

FZO 11.24 12.d9 8.62 8.72 9.39 5.45 9.85 
aNO ù.13 0.16 0.11 0.10 0.12 0.14 0.14 
NIa O.JI.& 0 .. 31 \ 0.35 0.39 0.17 0.34 0 • .33 
CAO 0.16 0.25 '0.05 0.04 0.05 0.16 0 .. 05 

-------------------------- ----------------- . ---
TOTAL 100.51' 100.89 ~9. 90 100. 6~ 100.45 100.S2 100.35 i , , 

Z!CLAR fBOPOLiTICNS B!Slt CtL2 ~A'IICNS 

-----------------------------~------------------------------
SI J. ~92 0.987 C.992 0.994 0.983 c. ç E4 O.9d2 
CR v.~oo Il.uOl c. CO'Q 0.0 0.0 o. C ( 1 J.OOO 
l!G 1. 76.3 1 .. 731 1.822"' 1.819 1.815 1. e 10 1.80b 
FE J.231 0.265 G.176 0.177 0.191 Q.1S2 O.~Ol 
lUi ù.V1J3 O.U03 0.002 0.002 0.002 c. CC] 0.O~3 
tH "'à:': a C 1 ù.OC6 0.CC7 0.oe8 0.003 0.(C1 O.OUQ 
C1l O.OOQ 0.007 O.COl 0.001 0.001 O.CC/4 0.001 

-------------------------------~----------------------~----
OlYGENS 3. ~:12 3 .. 9E1 3.S92 3.9/914 3.'183 3.~€4 3.982 

~GI (!G"PE) ù.ae~ 0.861 C.912 0.911 0.'105 C.5C4 0.900 

" 

( 
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DMX OLIVINE 

TOTAL FE AS FEe 
1 

SAMPlE' 50006 
JL 

------------------------------~------------------------------
5102 
CH203 
l!GO 
PEO 
l!NO 
NIO 
CAO 

IHJ.39 
0.01 

49.62 
10.30 
0.15 
0.35 
0.04 

/ 

--------------------------------------~---------~---------
TOTAL 100. a 6 

HOLAB PROPOiT~CNS BASED C~ 3 CATIONS .. 
--;~---------~~~;------------------4;----------------~-----

CR 
t.!G 
FE 
MN 
NI 
CA 

OXYGENS 

ù.ooo 
1.798 
0.209 
J.003, 
v.OC7 
J.001 

3. SS2 

!G/(JG+FE) 0.896 

1 
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" mu OR'IH021,BOiENE 

(-' 
"\ 

(1<314, 1515) NUNIVAK ISLAND: CCMPOSITICNS FROK FBANC.IS 
~OLE PBupoaTIüH FE3+'CALCDIAlfD H1O~ STOICHICl!E'IEY 

'-,,-
"-

SUIPLE 10001 10006 10010 10008 10016 100Cl 1000~ 
NI NI III NI NI hl NI 

-----------------------------~----------~--------------------
~, 5I02 57.13 56.32 ~6. 69 56.49 57.v7 55.17 56.44 

'II02 \ 0.01 0.03 c.C \ 0.03 0.01 0.,( 1 0.0 
" AL203 2.~6 1.03 2.27 3.37 2.78' 2.39 3.23 

CR203 ù.45 0.46 O.~2 0.43 O.!U O.QS 0.43 
liGO 34.2~ 33'.79 34.29 33.91 34.01 34. '11 ~3.22 
FEO 5.bO 5.77 5.19 5.81 5.82 6.111 5.98 
lUO o •. 1J) 0.12 0.01 . 0 .. 13 0.15 0.13 0.11 
CAO 0.59 0.53 0.54' 0.59 0.41 (j.55 0.58 
HA20 0.07 '0.03 0.20- 0.0'1 G.08 o. C ij 0.26 ------------_ ... _-----------------~ ... --------~-----
TOTAL 10ù.75 100.08 100.37 100.80 100.16 99. SS 100.25 

\ 

. 
~LAR PBOPCH1ICNS EAS1U; C li .q CA'IIGN5 

-------------------------------------------------------------
SI 1. Y~2 1.939 1.942 1.931 1.952 1. S 20 1~ 9'4 1 

':~) 
ALij ù.oIJa J.Obl o.css 0.010 0.04 a" c. è 8C 0.059 
TI o. o\~o 0.001 0.0 0.001 0.000 ·a.CC2 j.o, 
ALb 0.0 1 ().O6.l c.e34 0.Ob7 0.06" o. (17 0.072 
FE3+ o.o~ 0.0 " 0.023 0.0 0.0 O.C50 0.0 
CR 0.01 0.013 o. 014 0.0 12 0.012 0.C12 ' o. Q,12 
(1G 1.7 é 1.13~ 1.751 1.127 1.733 1. Î6é lr 703 
t'E~+ o. lôO 0.166 0.1143 0.166 0.166 0.127 0.172 
MU \J.oo" 0.OC3 0.G02 0.004 0.094 O.CC4 0.O~3 

~ 
CA ù.ù22 0.020 C .020 0.022 0.015 o. C2C 0.02,1 
NA 0.005 0.002 0 .. 013 0.003 ù.005 O.C03 0.011 

0 -------------_ .. ~--.... -_-.._~...---------..---------_ ... --.-.-.. 
( OXXGENS 0i 005 6.006 5.999 . 6.094 6.011 6 .. COO 6.003 

\ 

l!G-BUf'lBEil 0.916 0.913 C.925 0.912 0.912 O.Ç33 0.908 
" 

CAl (CA+1!G) 0.012 0.011 0.011 0.012 0':009 "o. C 11 0 .. 012 

/ 
/ 

( 
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c 

, 

UMX ORTllOPYàOXENI 
" 

NUNIVAK ISLAND: CCMPCSITI(N~ FRCM FEANCtS (1974. lSi~) 
~OLE PROPOHIIOH fE3+ CALCU1A7ED FROM STCICHI(~ETE\ 

SAMPLl:; 1000/4 
lU 

J 
10068 

NI 
10C69 'l 10d 13 

lU NI 
20015 2C038 

PV Pi 
20008 

PV 
--------------~-------------------~---------------------~---

5IC2 
TI02 
A L2r/3 
CR2G3 
li GO 
FEO 
ri NO 
CAO 
8A20 

55.53 
O.O~ 

, 3.76 
0.41 

')..i.OJ 
6.11 
0'.14 
0.61 
0.20 

55.2~ 
0.14 
4.57 
0.26 

33.45 
6.40 
0.13 
0.64 
0.15 

!4.f6 
0.17 
4.93 
0.33 

32.S3 
6.35 
0.16 
Q.e6 
C.15 

55.78 
0.04 
3.27 
0.41 

32.92 
6.78 
0.17 
0.60 
0.;27 

55~71t 
(l.05 
3.06 
0.50 

34.70 
5.47 
0.26 
0.50 
0.02 

56.78 
0.0 
1. i2 . 
0.34 

34.E 1 
5.S2' 
0.16' 
0.44 
o. C , 

55.0" 
û.ll 
3.75 
0.~8 

33.63 
6.65 
0.38 
0.43 
0.03 

------------~----~-~--~-------------------------------------
TOTAL 99.83 100.97 lCO.E4 100.24,100.30 9S.E7 10~.JO 

MOLAE PROPORTIONS BASE,C Cil 4 CATIONS 
. -------------------------------------------------------------

SI 1.518 1.885 ' 1.sa,1 1.923 1.908 1.556 1.8'93 
A1.4 0.115 c. 119~ -o. 077 0.092 O.C44 
Tl 

0.gE2 
o. 01 0.004 --'.1: (4 0.001 0.001 o.c 

0.107 --:; 
0.003 . 

~ A.L6 O.Oil O.j)~'c.cao O~ 056 0.031 O.C~5 "Ù.045 
f E3+ ~_1-1-----O .. 0 43 0",031 0.026 0.Olt6 c. Cl 0 ' 0.050 

~ 

CR - .011 0.007 C.CC9 0.011 ',0.01 ~ 0.CC9 ,o.ooa 
fiG 1.700 1.7C1 1. é78' 1.691 1.77 a . 1.777 1.124 
FE2. 0.165 0.140 O. lS 1 0 .. 169 0.110 C.1SE 0.141 
dN _ ù. OC" O.OC4 o.oes o.oc? o.ùoe O.CG5 0.0 11 
CA 0·.Q23 0.023 0.032 0.022 0.,018 o. C 16 0.016 
NA ,0.013 0.010 (.010 0.018 o. 00 1 ' o.c 0;002 . 

--_...:.-_----------...-.-------------------------------
OXYGEHS 5.999 6.000 6.000 6.000 6.000 "6. CG 0 6.000 

MG- HU ftBEli 0.912 0.924 O.S17 0.909 0.941 o. S le 0.924 

CA/ (C~+l'IG) 0.ù13 0.014 0.016 0.013 0.010 o.ce9 0.009· 

',. 
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OMI ORTHOPYROiENE 

!OLE PBOPORTIO~ FE3. CALCULAiED FROM STCICHICMETDï ,~ , 

, 
20046 20039 300e8 30006 30003, 3CO~C Ja922 

I?V PV" iS FS ES FS FS 

----~---------------------------------------------~-----~--
SI02 
TI02 
AL203 
CB203 
MGO 
F Eo.­
[fRO 
CAO 
8A20 

55.09 54.52 
O.l~ 0.17 
~.27 3.66 
0 .. 22/ 0.33 

-<--:T3.24 32.73 
6.éJ 7.70 
0.31 0.38 
().~9 0.1'" 
0.03 0.01 

56. "3er /55._ 6"2 
0.02 '0.08 
2.C6,' 4.2:3 
Cl.54 0.50 

34:.19° 33.41 
5.10 5.61 
0.13 0.11 
0.69 0.66 
0.02\ 0.04 

55 .. 00 
0.11 
4.33 
0.42 

33.'16 
5.92 
0.28 
0.54 
0.05 

54.66 
0.10 
4.;5 
O.SC 

33.39 
5.53 
C.~6 
tJ.66 
o.ca 

54.50 
0.11 
4.81' 
0.39 

32.85 
0:"12 . 
O.lJ 
0.70 
0.05 

---------------~~-~-----------~---------------~----_ .. ~--
TOTAL '1011.'42 99.9"l 'S9.7à 100.26' 100.41 100 • .33 99072 

,-

, 
MOLAR P&OEOBiLONS BASEC eN 4 CATIGNS 

n 

-------------------------------------~-------------
SI 
.\Lq 
TI 
AL6 
FE3+ 
CR 
L'tG 
FE2 
MN 
CA 
NA 

J, 

1.894 1.8~2 
0.lC6 0.108 
0.004 ' 0.OC4 
0.067 Q.042 
0.021 ù.049 
O.OCo 0.009 
1.70a 1.693 
o. lE3 \ 0.175 

'0.009 0.011 
O.018~ 0.016 
0.OC20.001 

1.941 
0.059 
0.001 ' 
0.024 
0.C21 
C.015 
1. ïE3 
C.126 
0.004 
0.025 
O~OOl 

1.911 
0.089 
0.002 
0.082 
0.0 
0 .. 01'4 
1.711 
O. 161 
0.003 
0.024 
0.003 

, 1.885 
0.(115 
0.003 

"0.060 
0 .. 041 
0.01'1 
1. 7~5 
0 .... 125 
o.ooa 
o. a2 0 
'0.003 

1.E7f 
"O. 12 ~ 
O. C C3 
0.C68 
C. C4 2. 
0.C14 
1.7C8 
0.126 
0.Ce8 
0.C24 
o.ces 

1.885 
'0.115 
0.003 
0.083 
0.019 
0.011 
1.693 
0.158 
0.004 
0.02& 
O.OOJ 

-----------------------------~~---------------------~-----
OXIGEji5 5.999 6.000 6.000 6.004 5.9~9 6.CCO 5.999 

HG-NUHBEB 0.913 0.9C7 0.934 0.914 O~931 C.S30 0.915 

CA/(CA+MG) 0.010 0.010 0 .. 01" 0.014 
o 

0.011 O.Clli 0.015 

159-
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UHI OBl'HOP tIi!=lX f l\E 

(~ ftOLE PROPPSTION FE3+ CALCUIA1'ED FROM STOIC.HIC ME!liï 

, 
SAMPLE 30028 30012 40044 40015 40003 qac 17 Q0030 

kS !S ca CR. cn Cf CR ' 

-~---..---... -....- ...... -- .... -~- .. ----------------------------------..--1 

5102 55.06 5'J.Sl 56.13 56.05 56.08 56.41 55.17 
TI02 0.12 0.15 0.C8 0.03 0.0 O.C.3 0.04 
AL203 3.C9 5 ... 9 2.-00 3.0.9 2.35 3.24 

.. 
4.68, 

ca203 0.53 0 .. 19 0.36 0.43 0.49 O.3a~ 0.41 
[!GO 33.69 3l.62 3~.18 34.2-1 34.56 34.11 32.57 
PEO 0.60 6.67 s. ~3 5.30 5.40 S.~2 '5.52 
tUIO b • .J.3 0.28 0.1'2 0.14 0.12 o.u 0.12 
CAO 0.Q2 0.61 O.EJ 0.68 0.'67 0.S8 1.41 
NA20 0.02 0.08 0.02 0.02 0.0 O~C2 0.11 --_.....-__ .. _---------..... --~-----_ .. ..--.-.-.-..--_ .. -----_ .... __ ---.-.-_-. . 
TOTAL, 100.66 100.66 lCO.3S 99.95 99.67 100.~~ 100.03 

/ .r~'" 

1 MOLAIt PliOP(lR'fluNS EiSED· C li .4 CATIONS 

" -------------------~-----------------~----~--~-----------
SI 1.911 1.03 11 1.939 1.n7 1 .. 9J2 1. S2S l.902 
AL4 o. caS 0.129 O.C61 0.073 0.068 O.Cil ' 0.098 
TI 0.003 0.004 0.CC2 0.001 0.0 o.c Cl 0.0'0 1 
ALb \ ' 0.036 ,0.093 0.020 0.052 \ 0.028 0.C60 0.092 
FEJ+ //" 0.033 0.029 C.C30 o. 009 ' 0.027 O. CC 1 0.0 
CR ,0.014 o.oes (;.010 0.012 0.013 o.e le 0.011 
MG 1.724 1.669 1.192 1.1~3 1.775 1. i" 4 1.674 
FE2+ o. 1'62 ù.lél 0.120 0.143 0.129 0.156 0.159 
tiN 0.010 0.008 0.003 0.0011 0.004 {l.ce3 0 .. OÙ4 
CA 0.015 Ù .025. 0.023 0.025 o. ()2 5 o.c~ 1 0.052 
NA 0.001 0.005 (J.OO1 0.001 0.0 o. CC 1 0.007 

--------------------- ---------------, 
OIIGEHS b.ooe b .. OOO 6.000 5.999 6.000 6.CC(j, 6.000 

MG-HUftBER 0.914 0.911 C .. 937 0.925 0.932 0.S17 0.913 

! CA/(CA+MG) 0.009 0.015 0.013 0.014 0.014 0.C12 0.030 
1. 
1 

" . 
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( CALCDtA1!D FEO! SlCICHIC~E1EY 

SAI1P,LE 14.00'61 "005-. 40C10 40037 50015 5e011 5v~05 
ca CR CIi , CR, J L ' Jt JL 

r . 
~------------------------------------------------------------5102 5~.O~ 55;09 ~5.G9 53.56 55.82 55.56 55.5~ 

1'102 0.08 0.09 0.12 0.24 0.07 0.C4 o.o~ 
AL203 3.93 4.09 4.2e 5.94 2.81 3.30 4.Ul 
CB203 0.31 0.36 0.~2 0.60 O.bl O.~6 0.44' 
aGa 33.65 33.56 33.55 .30.11 33.72 34.19 32.70 
FEO b.09 6.22 6.11 7.96 5.43 5.61 5.95 
MlIO 0.29 0.28 C",29 0.12 0.13 O.le 0.14 
C10 0.69 0.62 0.56 1.45 0.76 O.El 0.73 
HA20 O.O~ 0.04 0.05 0.11 0.09 O.Cl 0.19 -------.....,--.. _-..-.-~ .......... ....-..~.-.-----------_ ..... _ ..... --------
TOTAL JOO. 19 '100.35 lCO.33 100 .. 09 99.44 10C.SC 100.2.3 

MOLASqPBO~OITICNS SASED Ci " ClTIeNS 

~-.-~---~-----~~--~~~~----------~-------------.----~--------. , -

SI 1.H92 1.892 1.E91 1.809 1.932 1. S 16 ,1.914 
AL4 (J. ta cl 0.10B G.l09 0.131 o.ooe o. Cê4 a.Odo 
TI - ().00.2 0.002 -0.003 0.006 0.002 O.CCl 0.002 
AL6 0.051 Il.OS8 0.C6S 0.113 0.047 o.c!:o 0.093 
F.E3+ J.0146 C.039 o.-ojs 0.0 0.001 C.(17 0.0 

! CR o. Ù 10 0.010 0.006 0.011 0.017 o.e 15 0.012 
MG 1.72i4 1: 7-lB 1.717 1:566 1.1i40 1. ; 145 '.078 
FE2+ Ù.130 0.1"0 O. 1'62 0.232 0.15'0 0.143 0.111 ' 
lut 0.OC8 0.008 0.C08 o.oo~ 0.004 0.ce5 _ 0.004 
CA 0.025 0.023 o. O~ 1 0.O5~ 0.026 0.C23 0.027 
NA 0.003 0.003 . 0.00.3 0.OC1 0.006 O.CCl 0.013 

--------------------------~-------~------------------~-~--OiYGENS 0.000 6.000 5.S99 6~O02 6.000 S.S99 6.005 
-1 

\ 

j 
l 

l!G-HUl!lB.E~ 0 .. 930 0.925 0.9214 0.871 0.921 O.52~ 0.907 
J 

CAl (CA+I!G) 0.015 0.013 0.012 0.033 0.016 0.(103 0.01b 
.1 

,,' 

0 1 
( 

- 151 
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UJX ORTHOPY40lENE 

, 
MOLE, PRO,POlt'U,OIi i.EJ+ C ALC'UIA'IED f .GOl'! S?'CICHI 7ME'I F Y 

SAMPLE ' 50008 50019 fOOOl 500Q,9' 5000.6 
Jl. JL Ji JL; JL 

~-;~;-----:;;:~;--;;:~:--;::~--;~;~~~;:;;-----~7---------
TI02 ù.u9 0.09 0.26' 0.13 0.10 . 
AL203 ~.2~ 5.12 ~.61 4.76 5.20 

'CR203 0.21 0.43 C.Jt2 0~J3 0.22 
dGO 33.05 32.40 e2.03' 32.63 32.25 
PEO 0.26 0.10 6.C7 6.36 6.52 
liNO O. 15 0.14· 0.14 O. 13 0,. 15 
CAO 0.50 0.96 1.24 0.67 0.62" 
NA20 0.04 0.18' C.14 0.08 o..oa 

-~~_ .... -------------------------------------------
TOTAL 99.17 99.88.99.90 ·99.83 99.69 

, . 
f!OLAR PHOP~üTICNS EA,SEIi Ci " CA'IIC.NS ' 

--------------------- --_. --------------------------~--
SI 1.90 f 1.Ba 1 1 .. 869 1.89') 1.891 
A1~ 0.094" 0.119 a ~ 13.1 0.107 o.tos 
TI 0.002 O.()C2 0.C05 0.003 0.0)03 
ALb ù.O~l 0.090' o.css 0.081 0.103 
PE3+ 0.1.)(,4 0.025 O.C~l 0.oe9 0.0 
CR . o. OC '], ù.012 0.011 0.oe9 0.006 
:1G 1.703 1.b68 1 .. é 51 1.682 1. bb 6 
.f E2+ 0.177 . 0.152 0.le4 0.li5 0.189 
liN ù.OCij \).OC4· 0.004 0.'Ù04 ù.004 
CA o. C 19 0.036 0.;046 - 0.025 '0.023 
NA ù.oaJ 0.012 ' o.ces 0.005 0.005 . ' 

------------------------------------~--------------------~~-, 0 

OXIGEHS, 6. 000 6..,000 6.000 6.000 6.000 

\1' 

MG-NU/SBEB 0 .. 9C6 0.917 j).914 0 .. 906 . 0.89 e 

CA/ (CAtMG) o. Q 11 0.021 0.027 0.015 0.014 
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UMX.CLINOP1BOXEN{ -, .r.. 

NUNIVAK ISLA~D: CO!PCS~TIC~S FBCfl FRANCIS (1974, 1~75) 
!OLE PBOPORïIGN iE3+ CALCUIA!!D FBOH $TOICIC!ETBI . }. 

: 

SAtiPtE , 10ù 10 
NI 

10007" 10001 ,100U8 10016 
NI 

100C4 
, NI 

100~2 . 
NI NI Nt NJ:L-

. _ ... -----_.---..,----.......----~--------------------------
5102 
TI02 
AL293 
CR2Q3 
li GO 
PEO 
ttriO 
CAO 
HA20 

51.95 
ù.0-3 
5.6.l 
2.44 

53.lfe 
0.06 
i.71 
0.91 

!3.35 
0.13 
2.92-
0.E7 
17.~2 
2.lI5 
0.C8 

22.ca 
O.E7 

52.4-6 54.83 
O. la 0.02 
3.25 3.27 
'0.68 0.78 

53~56 
o.a 
4.~2 
o.ft: -

54.82 
0.07 d 
4.115 
0.90 ~ 

16.47 
2.'05 
0.08 

19.19 
1.3& 

17.07 
2 .. 35 
O.fO 

21.7C 
, 0.81 

17.lIQ 16.22 
2.47 " 2.42 
0.05 0.13 

23.01 19.89 
O.l&I8 2.12 

17.14 
'2.66 
o. C1 

20.90 
1. 11& 

16.55 
2~B3 
0.07 

16.77 
2.51 

-------------------------- -----------------
TOTAL 99.79 99.12 1 CO. 2lt 99':,. 90 99.69 làc.5~ 101.03 

, \ 

aOLAR PliGPyà1IONS .BASEL Cli 4' CATICBS \ 
• "J 

------------------------~------------------------~-----------SI 
- ,Uq 
Tl 
ALb 
.F E3+ 
CR 
~G 
FE2+ 
MN 
C/\ 
NA 

1.877 
ù.123 
J.001 
ù.116 
ù.030 
ooo C 70 
0.aS7 
0.032 
0.00.2 
0 .. 166 
O.C95 

1.947 
O~053 
0.OC2 
0.064 
0'.017 

, 0.026 
0.928 
0.055 
0.00'3 
0.848 
0.057 

'1 • 920 1 • 8 9 8 
c.cao 0.102 

'O.C04 0.003 
0.044 0 .. 037 

\'0.066 0.013 
0.02'50.019 
C.940 0.939 
0.C08 0.002 
O.CO.2 .0.002 
O~851 0.892' 
C.()61 0.034 

, 1.975 
0.025 
0.001 
0.1014 
O.OJé 
Q .• ù22· 
0.871 
0.037 
0.004 
Q.766 
Ooo tlla 

l.SlS 
O.CSl 
D.ces 
0.CS1 
0.04 
O.C19 
C.Sl~( 
O.Cll6 
0.CC2 
0.8C~ 
0.(79 

l.9~O 

'0 .. 060 
0.002 
0.126 
0.081 
0.025 
0.873 
0.002 
0.002 
0.712 
a .17t) 

--------------------------------------_ .... ------------------
OXYGENS b.OOO b.DOO 5.S99 6.000 6.000 6.000 5.999' 

t!G-NtJHBER 0.965 'O.g~4 C.9-92 0.998 0.960 O.9~2 0.997 

CA/(CU'MG) O.lI6,3 'O.4n 0.475 0.4a7 0.469 0~467 0.449 

r. 
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\ UMX CLIN02Ya04E~E -, .... _~.J 

..:NUN~VAK .rSLA~D: CCMPGSITICliS FRCl! FRANCIS (1 9'7U., 1 ç 7 5) 
MOLE PliOPOI1T.10N FE3+ CALCUIA'IED IBOM STCICHIC~E1FY 

, ' 

SAMPLE 10Ù06 1ù068 Hl013 1'0069 20038 2(;015 2°929 
zt NI NI 'N l il PV fV EV 

-------------------------------------~---~------------------, 
51 ... 51 S102 55.,7 ;2 52.05 !3.S1 53.27 53.37 ~2. 4,7 

TI02 0;02 '0.62 0 .. 01 0.63 0'.02 0.15 0.48 
AL203 4.1~ 6 .. B8 4.77 7.18 2.34 . 4.31 5.42 
CR.203 0-.8.2 0.64 C.96 0.63 0.90 C.S" 0.67 
liGO 15. ad ' 15~4 7 16.04 16. 15 16.65 16.47. 15.66. 
F EO 2.08 2.85 3.24 3.36 2.21 2.~ 1 2.54' 

.MUO 0.11 0.12 0.10 0.11 0.07 o.ce 0.09 
CAO 17.65 19.84 113.82 ,18.91 22.67 21. j3 ~1. 59 ; 
HA20 - 2.50 1.80 2 .. 44 1.83 0.78 0.99 1.03 

---------..-,..-------«----------"------------~--..~-
TOT AL 100. '0 8 1 00 .; 2 7 " 00. 19 100 .. 37 9 8 ~ 9 1 10 O. ~ 3' 99 .. 9 5 

HOLA11 PIWPOl:iTICNS EA SEl) C li 4 CATIeNS 
_ 0 

-------------------------------------------------------------
SI 1.993 1.669 1.925 1.845 1.950 1. S2 /1 1.901 
AL4 J.OC7 0.131 C. C75 0.155 O.05C C .• '76 0.099 
TI 0.001 0.011 0.000 0.011 o. ù01 0.CC4 0.0 13 
ALb ù.169 0.160 0.126 0.1/1,8' 0.051 0.1C7 0.1.3.2 
.F E3+ ù.oca 0.045 0~C90 0.082 0.028 0.CC4 (l.0 
CR ù.023 0.018 0.C27 0.018 0.026 O.CJ.o 0.019 
l1G 0.847 0.d28 O.S55 0 .. 861 0.908 O.HS 0.846 
fE2+ ù.078 0.040 0.C07 0.019 0.040 O. Ct3 0.077 
LiN ü.003 O.OC4 0.003 0.003 0.ù02 0.C02 0.003 
CA 0 • .0 76 0.763 0 .. 1~1 0.725 0.889 O.E3S 0.838 
NL il. 1-94 0.125 0.169 0.127 0.055 C.C6~ 0.072, 

-----~--------------------------------------------------~----1 

6.000 5.999 6.000 OXIGEHS 6.000 Ii.OOO 6.aoo 6.003 

ftG-HUfiBE.Ii 0.915 0.954 C.992 0.979 0.958 O.S34 0.911 

CA/ (CA+!G) 0.444 0.480 0.458 0.457 Ù.495 O.QS7 Q.498 

\ 
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UMX CL1NOPyROXENf 

( HOLE PROPORTION FE3 + c ALCU~A 'HD FROM STCICHI (l'E'IF ï 

SM!PJ.E ' 200 Id 20004 "OCC8 20046 20039 30CCE 30006 
PV EV EV PV ~V F~ FS 

--~----------------------------------------~---------------
S102 52.42 52.19 ~ 1.89 51.85 :1.17 53.S7 52.69 
TI02 ù.38 0.55 C.50 0.b3 0.9-0 O.C~ 0.31 
AL203 5.47 b.37 5.70 ,6.,38 6.32 2. ~ 4 5.75 
CR.203 0.61 0.63 9,~ 62, 0.60 0.714 1. ~6 1.05 
liGO 15 .. 56 15.34 l'S. 11 15.18 14.87 '17.~5 15.75 
FEO 2.68 2.15 2..7 J 2.82 3.23 2.C3 .2.33 

. 
MNO 0.01 0.09 0.09 O. ([7 0.13 0.e7 0.01 
CAO 21.35 21.09 ~ 1.29 20.82 21.15 21.$E 20.93 
HA20 1.25 1.40 1.26 1.41 1.30 O.7e _ 1.41 

---------~---------~-~--~---~-~------------------------
TOTAL 99.79 100.41 59.19 99.76 99.H 7 99.82 100;;.-29 

MOLAR PROPCRTICNS BA SEI: C li 4 CA'I;ICNS ,-

-----------------------------------------------------
SI 1. 8~9 1.81ti 1. S9lJ 1 .. S79 1.859 1.556 1.896 
A.L14 O. 101 -0.122 0.106 0.1~1 0.1 .. 1 C.CQ4 0.104 , 
TI 0.010 0.015 0.014 0.017 0.026 O.COl 0.008 
AL6 ù.132 0.148 G.139 0.151 0.130 C.C65 0.140 
FE3+ 0.018 0.024 0.011 0.018 0.029 o.c 0.016 

" 
CR u.017 0.018 0.018 0.017 0.021 0.C3tl 0.030 
MG O.E40 0.823 _ 0.822 0.820 0.805 0.9;2 0.845 
FE.l+ 0.063 0.059 0.0,72 - 0.068 0.Û7C o. CE2 0.054 
MN ù.002 Il.003 o. 003 0.002 0.004 O.C02 o. 002. 
CA 0.8.29 0.813 0.€32 0.808 o. il2 3 (1'. E~4 0.807 
NA o. '98 0.098 o. C89 0.099 o.o,~ 

. 
o. C4S 0.098 

------------ - -----------------_ .... --- - -------
OXIGEliS 6.000 &.000 5~999 5.999 6.000 6.CCS 6.000 

.. !G-RIH!BEB 0.930 C.933 C.920 0.924 0.920 ,c. S38 0.940 . 

CA/ (CAf'l!G) 0.491 O.4S7 0.503 0.496 O. 50é ' 0.418 0.489 

• ~ 

1 

( 
, 
~ 

J.6; 

'''' \ 



• 

, . 

f, 

1 

'-

HaLE PHOPORTION FE3+ CALcnlA~ED FGOM STOICHIC~E~bY 

SAPfP.LE 30015" 30020 30C22 30003 -30Q28 30012 140003 
FS FS ES FS FS -ys CR r , 

-------------------------~----~--~~-------------------------
5102 51.95 52.49 '-~2.41 52.44 52 .. 32 51.(:8 53.88 
TIa2 o. 4~ 0.34 

," 
C.43 0.44 C':52 O.E2 0.02 

AL203 6.06 6 .. 33 6.3i 6.66 '1'.>5.35 1.~2 
> 

2.46 
CR203 0 .. 63 0.91 o. e3 1 .. 00 1.17 CeE: 0 .. 89 
MGC 15. 15 15.31 15. 19 14.'81 15.49 14. S9 17.7b 
FEO 2..46 2.63 2.61 2.59 2.75 3.C4 2.11 
MNO o. C7 0;06 0.09 0.C9 0.11 0.C9 0.08 
CAO 21. i7 20.01 ~o. 43 20.4Q 21:'42 19. ~4 22.39 
YA20 1.38 1.42, 1.49 1.67 1.08 1.78 0.21 --------...-... _---------.,..----.---.------------~---------­~ 

TOTAL 99.65 99.50 99 .. es 100.14 100.21· 99.El 9'.80 

MOUR rliOFoaXIONS EASED eN " CATICJiS 

----------------------------------------------------------------
SI 1. 8€ 4 1.905 1.8S6 1.892 1.d95 1. no 1.956 
AL4 0.116 0.0 95 -0.104 O.lCa 0.106 0.130_ 0.044 
TI 0.013 0.0 C9 C. 012 0.012 0.014 O. C 11 0.00 1 
A.L6 o. 1 ~3 O"!J76 C.168 0.175 0.123 O. 1 S 1 0.061 
FE.3+ 0.019 Ù~'O 0.0 0.0 0.0 O. C 12 0.0 
CR 0.024 0.026 0.024 0.029 0.033 O.OlS 0 .. 026 
MG 0.819 0.828 0.819 0.796 0.d36 o. H8 0.961 
è E2. o. ù~ 6 0.080 o. C79 0.018 0.083 0.C80 0.064 
MN 0.002 Il. 0 02 O. 003 0.003 0.003 C. CeJ '0.002 
CA 0.827 0.778 0.792 0.790 • 0.831 C.J46 \0.871 
NA 0.097 0.100 0.105 0.117 0.076 C .125 0.015 

-----------------------------------------
OXYGENS 6.000 6.013 6. 003 6. 001 6.0<l2 6.(100 6.014 

, 
0.938 MG-HU 116ER 0.937 0.912 0.912 0.911 0.909 C!"910 

CA! (CA+MG) 0.502 0.484 0.492 0.498\ 0.496 G.Q8C 0.~7S 

\ 
\ 
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.. 
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o 
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O!~ CLIHOPYttCIE~E 
t> 

!OLE PROèOR~ICN FE3+ CALCOIAII~ fSO! SlOLCHIC!EtBt 

{ 

1 
SAftELE ~U044 ~OOlS QOC17 4ù020 40046 40CfC 40018 

~ C,B CH C.li ca 1 Cli CE. CB 

~-~--~----------------------------------------------------
SI02 !>4. 11 53.65 ~4.; 1 52.15 52.37 53. CC 
II02 0.1~ G.C8·' &J.Ol 0.30 0.14 c.o 
AL203 3.04 3'.75 3.73 4'. 11 5.05 4.17 
CB203 0.84 1.12 l;.91 0.61 O.BO 0.6E 

1 IIGO 17.32 16.90 16.66 16.9t: 16.17 16.67 
FEO 

.l. '" 
2.18 2. 17 2.32 2.23 2 • .31 

1I10~ 0.10 o.oa 0.05 0.08 0.09 o.ce 
CAO ~ 1.79 21." 7 ~l.fa 22.41 21.d1 21.45 
1.120 0.88 0.65 C.t3 0.112 1. 00 o.sa 

--------------------....-.---------------... 
TOTAL 1VO.36 S9.88 ,S9.S7 99.36 99.66 9Cj.n 

!OLAli ~RORORrlcNs EASEU tb 4 CATIeNS 

52.72 
0.10 
5.02 
O.bd 

16.34 
2.38 
0.09 

21.28 
0.98 

;: --~ ... 
99.5~ 

--;~~--------~:;~~-~~;~--~:~~~--~;~~--~~;;-~~~~;;-~:;~ 
AL~ ù.ù54 0.055 C.(!30 Ù.1CO 0.103 G.Ct7 0.089 
TI O.QC4 V.002 0.000 o.oca 0.004 0.002 O.Où3 ~ 
AL6 O.CiS 0.105 0.124 0.Oi6 0.113 0.116 0.1.25 
F E3 + o. 0 C 8 0 • 0 O. 0 O. 020 O. 03 OC. C C 9 o. Il 0 8 
CR ù.02~ 0.ù32 0.C20 0.018 0.02~ O.C1S 0.019 
iiG O.~29 0.913 C.90J 0.9~1 0.b73 C.ES7 J.B83 
FE~+ v.056 O.Obb 0.(66 0.051 O.ÙJS G.CEJ 0.064 
MN -(f:-U'trJ ù.oe2 0.002, 0.002 0.GV3 0.CC2 0.\)03 
CA • 0.840 C.834 O.€39 0.875 0.847 C.E30 0.826 
HA 0.Oé1 v.046 0.C44 0.030 0~07C 0.C62 0.069 

---------------------:r--------------------------------------
OXYGBNS b.C00-.4.020 6.035 6.000 6.000 6.000 6.000 

4G-NUMBEH 0.943 ~.93J C.9J2 0.948 0.956 G.S34 0.933 

CA/(CAHIG) 0."75 0."77 0.482' 0.467 0.492 C.4é1 0.484 

'l' 

1.67 

_ t 

i 

1 , 

Yi 
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" 

Dtil Cl.INOPïBOlftU 

( aOLE PROPORTION FEJ+ CALctlA7ED Hoa 
, 

STClcaI C!E'Ii 1 

~ . 
SAltPLE .. Oùtll ~ùOJO 4'C 10 40054 40055 4 CCC 1 40031 

Cu CH Cli Cli CR CF CH 

-------------------------~---~-------------------------------
SI02 52.13 52."7 ~2 ... 23 53.23 52.94 Sl.éS 50.76 
'fI02 0.31 0.16 C.49 0 • .32 0.14 C .1.1 0.52 
1L203 5.35 5.6'6 6.; 1 5.56 4.92 - 7 ... 21.4 7.1b 
CB203 0.74 C.89 C.71 0.75 0.96 C.lS 0.83 
!GO 10.20 17.39 15.03 15 .. 36 18.2!i 16.57 17.3.3 
FEO l. &,1 2.89 2.62 2.70 3.83 3.é3 5 .• ~,' 
ltllO O.Ob 0.11 0.C7 0.09 ,0.13 0.11 0.13 
CAO 21.38 19.17 2C.33 20.89 17.95 16.51 16.86 
1120 0.94 0.93 1.48 1.07 0.89 1.29 0.85 

._-----------------------------------------------~--.--
TOTAL 59.18 9j.77 59.17 99.97 100.04u 99. ~o 99.45 

+68 



1 ,J 
, ' 

U~I CLINOPYRC~EBE 

( BOLE °P~OPO~ItON iE3+ CALCü!A1!C liC" STOICHI(~Lt;y 

SAftPLE SOù 11 50015 !:iOCCa 50005 5000'.1 SOCC6 50019 
Ji JL JI JI JL JI JL 

~------------------~-------------------~--------------
SI02 53.26 53.90 !: 1. 56 5~.64 51.do 52"'; 1 5~.2 .. 
'l'I02 il. O~ 0.22 0.111 0.2<; 0.50 0."8 O.3tl 
AL203 1+ .,j e ~.", 1.15 6.32 7.23 7eil 6.97 
Ca203 0 .. 89 1.74 C.16 0.98 0.78 C.~2 o. a 1 
:lGO lô.72 lô.Ot 14.E5 15.44 15 • .2 9 1/4 .. sa lb.12 
FEO 2.23 2."3 2.61 2.76 2.83 2.€5 3.19 , 
ftNO 0.09- o.oa o. C7 0.09 0.09 0.(9 0 .. 10 ,/ 

CIO 21.73 19 .. 72 19.74 19.62 19.20 18. c.;c 19.08 , l 
lU2'O ù .. 8J 1.62 1.78 - ~.92 1.89 1.i5 1.28 , 

----- ._._------------ -- ---~---~-------------------~ 
t 

TOTAL 100 •• a 100.18 S8.99 100. 06 99.07 99.5C 100.17 

~(,H.Art PJÎùl'ORTICas EASED Cli 4 CA'IICllS 

---------~----------------------------~ .. ----
SI 1.920 1.9~J 1. €7t: 1 .. 893 1. e 71 1. E 54 1.881 
ALI+ ù.OEe 0.ùS7 0.t24 0.107 0.129 O.lC6 0.119 
TI o. ùQ,2 loi .006 C.013 0.oe8 o. 01" o. C 13 0.010 
AL6 0.106 0.131 0.183 0.161 0.179 c. ~23 0.177 
E E3. o. COl 0.0 ll.019 0.036 0.032 c. C 0.0 
ca v.025 o.OSO 0.022 0.028 0.022 o. C 15 0.023 

)tG .J.a98 J.8-é3 C.EC5 0.8.2 3 0.8..:'. .2 o. E 03 O.Bt;5 
F E2. û.006 0.07) O.C61 O~ 0 ... 7 C.053 o. CEt Ü.O~6 
M'N \J.003 ù. û Il.i! 0.002 0.OC3 O.OJ3 C. CC] 0.Oô3 

~ 

0.839 0.762 O.17~ 0.756 0.71+2 o. ;33 0.736 CA 
NA 'ù.ose 0<»'13 O.12b-0.13lJ 0.132 o. 123 0.089 

------------------------------------~---------------------, OI!GENS b.OCC 6.011 El.OOO 6.000 6.odo 6.C18 6.0ù6 

dG-NU aBER o. ~32 0.922 C.930 0.91+7 0.939 0 .. SC3 0.900 

CAl (CA+ftG) o. LlSJ O.IHI9 0.489 0.411 O.~1q 0."77 O.!'bO 

( 
; 

--..-...--- ---... --------------..,t~--



o 

( 

( 

,.OLE P&10PGiUIC~ foE3+ CALCULAnC FSOr! STOICùIC!E'IIiï 

SA5PL.:. 50ùOl 
Jl 

--------------------------------------------
5102' 
'l'ta2 
Al203 
C32C3 
~GO 

FEO 
~fiO 

CAO 
lià.20 

51.58 
ù.52 
7.37 

.0 .. 61 
17."2 

3 .. 72 
0.ù9 

17 • .33 
1. 11 

------------ ---------.--.,...---- -- - - - ---------
TOTAL 9~.95 

HOLAR ?&OPOHTICNS BASEe C~'4 CAT~C~S 

-------------------------------------------------,-----
SI 1. éSf 
AL4 J .. 1 ~11 
II o. a 1~ 
l'L6 0.108 
FE3+ O.lIC2 
CB o. ù2J 
I.~G 0.9311 
PE2+ u. 110 
eu ù.OOJ if. 
CA ù.6ôa 
tU 0.077 

-----------------------------_..-.-_----. -_. -
OIIGENS 6.0CO 

~G-HOft~ER 0.895 

CA/(CA+ftG) Ù.~17 

~70 

l 
i 

1 
'4 

f • i 

J 
t , 
l 
"' 4 

? 

" 
1-' 



UHX SPINEL 

( 
1 

NONIVAK ISLAND: CCa2CSITICNS FRGH FRANCIS (lS7~, 1~ï5) 
~OLE PROPORTlvN FE3+ CALCOLA!ED FBOM STOICaIC!E~E! 

SA IiFLE 10007 10002 10013 10010 10016 lOc.et 10006 
tU NI lil NI NI lil NI 

--------------~----------------------------------------------
5102 0.0 0.6 C 0.37 0.0 1.00 o.e 0.0 
TI02 O.O'::l 0.02 O.C5 0.0 0.01 O.C2 0.03 

) AL203 J 1 .. b 7 32.714 38.99 27_05 35.87 34.76 45.68 
ca20) 35.00 33.b9 ~7. 99 40.29 32.17 ) 2.01 ~1.49 
M,GO 17. OC 16.81 17 .. "6 17.13 16.79 17. ça 19.99 
FEO 15.63 15.40 14.97 1ij.5At lJ. ~5 14."1 12.32 
lfHO ~ ù. Oô 0.63 C.II4 0.73 0.61 c.!:c 0.35 
CAO 0.0 0.02 0.02 0.0 0.02 o.e 0.0 

" -------------------------.. -------------~--------------------
TOTAL ~9. 45 99.92 1CO.29 99.74 100.22 99.fO 99.86 

"OLAR PBOPO&.TIC MS EASEC (li ~4 CA'IIC},IS 

-------------------------------------------------------------
SI 0.0 0.138 G. CS) 0.0 0.227 o.e 0.0 
TI J.IJ lb O.OC3 c. cca 0.0 0.002 o.eC3 O.OOSt 
AL d.653 a.<175 10.~66· 7.498 S.592 s • .: 24 11.615 
1'E3+ 0.911 0.715 c. E 13 1.010 0.182 CoiS 11 0.713 
CR 6.415 6. '12b 4 .. 944 7.492 5.771 5.76C 3.666 
MG 5.674 5.763 ~. S 14 6.0C5 S.618 6.03 6 .. ~28 
FE2+ 2.119 2.248 :&. 183 1.850 2.427 1. S2 2 1.510 
,Hi ù.012 0.123 c. CSJ ù.1"5 0.117 C.CH:: 0.Ob4 
CA O.J ù.005 c .ce5 0.0 0.005 o.e o.(} 

------------------------------------------
OXYGENS 32.006 31.993 32.002 32.000 32.001 32,.CCl 32.001 

~ 

flG- HU ptB Eii 0.735 0.720 0.127 0.164 0.701 C.1es 0.810 
.... 

CBI (CR+AL) 0 ... 26 0.~C8 0.325 U.500 0.316 0.382 0.2140 

\ 
\ 

~11 

--_..-.- - .... ~ .. .. _.- ----- ----- ----.,..---



(-
UH! SPlliEL 

~UIUVAK ISLAdD: CCMI?CSITICIiS F·ReM FRANCIS (15714, 1~75) 
I!OLE PROPOiiTICN FE3+ CALCUiA~ED HOt! STCICHI(~.E'IEY 

SAMPLŒ: 10004 '10068 10C69 10001 20038 2CO~2 20039 
li! NI ILl N:t; PV IV, FV 

-------------------------------------------------
st02 0.0 0.06 c. 10 0.39 0.09 o. 15 o.ù~ 
TI02 0.13 0.0 O .. G j 0.22 0.02 o.e 0.2~ 
AL203 5u.:2 59.52 :8. :2 47. 16 27.02 22.S6 5q.02 
CR203 15 .. 29 a.30 8.~3 19. 19 37.18 43.~1.I 12.2~ 
aGO 21.32 21.56 ~ 1. 71 21.53 15.43 1'7.55 19.1 '-
FEO 12.8J 10.36 11.25 9 ... 31 19.94 13.5.2 13.95 
tfNO 0 .. 35 0.19 0 .. ~ 1 o. ~2 0.25 0 .. 25 0.14 
NIO ... 0.16 O.1ê 0.31 
CAO 0.0 0.0 ,- 0.0 o. Of 

------------------~~~---------------------------------------
TOTAL 100.44 100.02 55.93 98. oe 99 .. 09 9a.ES 100.06 

HOLA.B PROi-O.tiTICNS BASEC C~ ~4 CAllO NS 

-------------------------------------------------------------
SI 0 .. 0 0.012 0.020 0.08q 0.021 o. C36 0.00'8 
Tl Il.ùZO 0.0 0.0 0.036 O.OQq o.c 0.038 
AL 12. ini llJ.295 1 q. 037 11.966 7.603· 6. "61 13.390 
~'E3+ 0.~t:3 0.343 C.559 0.546 1.33j 1.122 0.510 
CR 2.533 1.337 1. 363 3.267 7'.018 8.339 2.032 
fiG 0.055 6.555 6.E19 6.909 5. ~~ 1 6. ~79 6.000 
fE2+ 1.2et 1.422 ' 1.366 1. t31 2 ... 451 1.672 1. Si44 
lU \).0&.2 0.033 C.036 0.040 C.051 C. C51 0.025 
dl 0 ... 031 o. C35 0 •• 052 
CA Ô.Ù 0.002 c.o 0.014 

-------- .... ----------------------------------
OIIGENS 3".OCo 31.999 .32.C01 31.957 32.002 J2.COO 32.013 

!lG- HU BB EB 0.838 "O.H22 (l. S30 0.859 0.69' O.'1S0 0.755 

Cil (ca+AI.) 0.169 0.086 0.C89 0.214 0.480 C.5éJ 0.132 

172 
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( 

( 

UMX SPINEL 

110LE PRùPORTION F E3" C ALCOUTED EliO M STOICHICf!E'I fi y 

SAMPLE 2\J015 .20018 ~COC8 20029 .2C046 2CCC4 30028 
EV fV EV PV PV EV FS 

------_.-~-------------~--~--------------------------~------
S102 
TI02 
AL203 
CB203 
li GO 
FEO 
MNO 

0.07 
0.09 

"5.23 
~J. 32 
19.16 
11.96 

0.16 

0.03 0.17 0.06 0.07 
0.06 0.10 0.01 0 .. 09 

58.54 ~8.1C 57.30 59.39 
9.38 'B.BO 10.80 8.16' 

20.17 a. ~ 3 20.21.,. 20.97 
11.83 1' .. ~ 1 10.S8 10.98 
0.14 0 .. 12 0.11 0.11 • 

C.l0 
,o. (€ 

59.92 
9.17 

21.36 
9.4: 
0.10 

0.06 
0.2-8 

43.66 
23.21 
17.25 
15.5b 
0.19 

tua ù •. H ,0 .. " 1 0 .. 4 1 0.36 O.' 4 1 o. " 3 0.35 
------------.,----.....C--------...--------------

TOTAL lOO.2b 100.56 1CO .. C4· 99.85 100.18 9C;.~1 100.50 

HOLAit PRvEGliII(,NS BASED C fi ~ 4 CATIONS 

-----~--------------------------------------------~---~---
SI o. 0 15 0 • a Co ,C .. 035 0.10 12 0 .. 0 1 4 c. C ~ CO .. 0 13 
TI U.01-5 0.oe9 0.015 0./011 0.014 0.C~2 O.04b • 
AL 11.5-41 14.166 lII.~ 11 13.987 14 • .3ÙQ 14.lt.3b 11.J05 
fE3+ 0.4090.2810.2630.2050.331 0.lE1 0.576 

f 
J.S94 1.523 1.430 1.769 1.318 1.3~0 4.0l1 

MG t o. 1 e 6 6 .. 113 6 .. :i e a 6. 251 6. Je 7 6 _ ~ c e 5. 649 
J: E2.+ 1 .. 7 5 al. 7 "'" 1 • E 6 3 1 • 6 7 9 1 .. 5" 5 1 • L :2 9- 2 • ~ d3 
MN O.ù29 O.J2"- O.C~l 0.019 0.019 o.e11 0.035 
H ù.Oij] 0.008 C.068 0.060 0.067 0.(11 0.062 

---------------------------------------- - - -
OXYGE~S ":'2. 004 .. J:l.OO3 ::2.C05 3.2.0 CJ 32. ùù4 32. CC4 32.015 

MG- HO MB.EH 0.719 0.780 0 .. 191 0 .. 788 O.d05 c.sa 0.712 

C1V (CR+AL) 0.257 0.1l97 O.C91 0.112 0.084 0.ce4 0.263 . 

..... 
-, 

113 

.' 

1 

J 1 

--~ ~~-_ .. - ""':. ---- --- ------"""'try;--.-----------------



(r 

! 
: 

/ 
/ 

/ 
1 

( 

'-

u~x SI?INEL 

MOLE, Pnt.H?OùTION PE3+ CALCUIA'IE.I: HOM 5 T C lC H l:-C l! E '1 F Y 

~ 
SAttPLl:: 30ùQ8 30006 30015 30020 30,003 3C012 30022 

iS FS iS FS FS F!: ES , 

-~-------------~-------------------------~-------------------
S102 o.ca 0.05 0.03 0.C9 O.ùb o. ce 0.05 
TI02 0.05 0.11 0.C6 0.12 0.'10, o. 14 0~09 
AL203 i8.75 51.52 ~ 1. ,,3 55.48 56.23 59.52 57.66 
CB203 "1.78 16.71 le .45 12.18 11.49 1. ~a 10.2&6 
MGO 16.48 ~0.12 10'.37 20.5C 20.6b 21.6C 20.88 
FEO 13 .. 35 ,11.21 11.31 10.60 10.64 11.1C 10 .. 57 
PINO 0 .. 21, 0.13 C.l0 0.11 0.09 C.le 0.12 ' 
}iIO o. 11 0.34 0.33 0.34 0.41 o. 'le O.3!:1 

-
----~------_ .. _-_ ...... _-~ r • ... --..-------........ ----------....---

TOTAL 100. a 1 100.19 .ç S. 88 99.42 99.6d 100.t ~ 100.00 

./.'tOLAR PHOPCR'r~CNS EASED C li 24 CA'IIONS 

---------------------------------------~---------~~----------
SI > 0.019 J.Oll : 0.006 0.019 O.Ù 12 0.(16 0.010 
TI J.ùC9 J.017 o.ces 0.019 0.016 O .. C~l 0.014 
"L 7. SjJ t2.SC .. 13.96ù 1J.t48 13.760 14_.1C~ 13.994 . 
FE3+ 0.363 "0.J65 0.305 0.279 0.308 0.flf4 0 .• 300 
C..ti 7.695 2.186 1.110 2.010 1. da 6 1.166 1.667 
."tG 5.722 b.324 6.28" 6.378 6.394 6.!2t& 6.409 
FE2+ 2.238 1.6112 1.ES3 1.571 1.5 .. 0 1.41 a '.521 
l'IN ù.U"l 0.023 O. C 18 0.019 o.ù 16 0.C17 0.0,1 
H~ v.\J21 v.058 ù.055 0.051 O.ùb8 ù. Ct 5 0.065 

------------~-----------------~-----------------------------
O.IïGE liS 32 .. 002 32.005 32.,COJ 32. 007 32.J05 32. C C 7 32.005 

ftG':" 1'0 I!B.EH 0.71.9 0.797 C.192 0.802 0.806 O .. E22 0.808 

CB/ (Ca •• L) 0.494 0.179 0.109 0.128 0.121 0.Ci5 0.106 

174 
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. *' 

'l '\ ,UM! ,5P.HIEl. 

\ (- dOLE PE\OPùHTICJlf FE3+ CALCUlA'lED UiOM STOICHI C l!E lli l 

SAf'tPLE ~où55 "00]7 110044 40003 40020 4001S 40017 
~R CR CE CR CH , CF CR, " . -------------------------------------------------------------

SI02 0.15 • O • .lJ 0 .. 14 -P.07 ù.1,.2 0.1 E 0.14 
TI02 0.25 0.36 C.29 0.02 0.18 O. C3 0.01 
AL20l J3. 99 49.58 29.C9 33.9S 48.00 43.~5 48 • .23 
CR203 32.2~ 15.4~, '40.02 35~ 77 19. tJ 1 25.7C 20~27 
l'lGO 17.41 18.96- 16. E7 17.41 20.15 1S.~5 J9.50 
F .EO 15.09 15.11 13.12 12.83 11.86 11. 16 10.62 

,---, 
..... "':~. 

liNO 0.20 . 0.13 C.~l O.lS 0.13 0.13 0.16 '. 
MIO 0.23 0.32 C.18 0.19 \~.30 0.30 0.31 

'" ------------------- ------------------
l TOTAl. 9J.51 100.23 59.92 10q.46 100.55 100.CO 99.30 , ) 

~ 

rlOJ.oA B ~liO.POJiTIC liS BASEt Cl 24 CATIONS 

---------------------~------------------------~--------.----) 

SI J.034 J.049 O. C33 0.016 0.026 0.C35 0.Q30 
TI 0.043 0.o5d c. C51 0.003 0.025 o.cés 0.002 
Al. ~. 172 12.467 8.010 9. 118 12.037 11.13'1 12.242 
Ftl+ 0.664 0.146 o. ijE4 0.406 O.5~ 1 G • .3"2 0.244 

1 

CR 5.838 2.611 7.393_ 6.439 3.333 4.436 3.~52 
MG ~.94.l 6.Q29 ~.E15 5.9C8 6.391 é.~fJ7 b.279 
E ~2+ 2.02b 1.9bO ~. 100 2.C31 1.:.i1C 1. 6~1 1.6b9 
MH 0 .. 039 Il .02.3 O.Oq. 0.037 0.023 C.C21.1 0.029 
NI 0.042 \l.055 0.034 0.035 0.051 o. (53 0.054 

-----------------~----~--------
1 

---~~-----~~~---~~-~-
OXYGENS 32 .. Ù 15 32.019 ]2.C 17 32.001 32.009 32.CC2 32.001 

/ 
1 flG-SORbU U.7-.6 0.755 C.137 0.744 C.803 O.7E7 0.790 

Cli/ (Clit'AL) ·0.389 ' 0.173 C.480 0.41" 0.211 0.~e5 0.220 

( 
175 



1 
i 

U1U SPIHEL 

eOLE PHOPO&T~ON ~EJ+ CALCOLAl!D EhOM STOICHIC~E!Fl 

. . ~ ~ 

-~~~::~--~::~::::~-~::~-_:::~~:~:_-~:~-
SI02 0.19 ".09 0.12 0 .. 13 0.16 0.15 l.l.oa 
TI~2 0.12 0.11 0.15 0.04 C.ù9 O.CQ 0.10 
AU03 Sli.53 51.12 ~6.'61 55.34 51.22 54.Cl 58.40 
Cli203 - 12.85 10.77 10.51 13.03 17.10 14.3E 9.46' 
!GO 20.94 21.07 ~1.33 20.8842C.81 2C.S.3 ~1.08 
P fO 1 O. 90 10.li 4 la. 55 10 .. 33 10. 24 9. S 1 10.00 
MMO 0.12 ù.13 C.09. 0.11 0.13 0.14 0.09 
li 10 O. 37' o. J 6 o. 31 o. 35 o. 37 o. J 5 ' o. 3-4 

------------------~-----------------------------------------
TOTAL 100.0~ 100 .. 09 59.79100.21100.18 5S.ES 99.61 

~-,-) 

MOLAR PROPORîlC~S EASEC e5 24 CAtIONS 

------------------.-----------------------------
SI O.Ù40 0.019 0.025 0.027 0.034 C.C31 0.016 

'1' l u.019 o .0~7 c.on 0.006 0.014 . c.Cct 0.015 
,il 13.362 1J.BE3 13.780 13.515 12. bd 7 13.27é H.t74 
PEJ+ 0.422 ù .. 323 C.425 0 • .:88 0 • .385 C.~é5 0.2.34 
CR 2.112 1.754 1.714 2.135 2.d42 2.36H 1.,539 
l'IG o.1J89 6.467 6.560 6.449 6.538 é.~Cb 0.464 
FE2+ 1.'ijij 1.11/5 1.3-;6 1.502 1.415 1.~44 1.4~6 

.iN O.O~l 0.023 C.Clb 0.C19 0.023 o. (25 0.016 
NI 0.062 O.ùbO 0.C61 o. uS8 O.ObJ 0.C~9 0.05b 

--~----------~-------------------------------------ùIYGENS 32.006 32.005 32.CC7 32.002 32.00q 32. C02 32.005 

8G-IU8BER ù.d 15 0.8116 o.e~ij "0.811 0.822 0.618 0.813 

Cil (CR+ A1.J 0.137 6.112 Q. 111 0.136 
\ 

0.183 C.l~l 0.098 
'. 

n, 
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U1U SPI1'lE .. 

( MOLE PkOPCR'IION FE3+ l:ALCUIA'UD FhOM STOICIIICl!E'IEY 

'SAMPLE 400bO 50 0,15 5eo 11 50005 5000.1 5CCC9 50019 
tI! , JL Jt . J-L JL JI JL 

-( ---------------------------_._----------
SI02 0.11 0.07 0.20 '0.10 0.16 o.ce 0.14 
TI02 0.C4 0.24 o.ca 0.13 0.38 0.,1~ 0.16 
AL203. 55. i 1 33.04 42. ~7 . 5).62 54 • .d2 56.15 55.08 
CR20J 4 U,.OJ 35 .. 08 ~~.61 15.63 11.53 S.3S 1·1 ~80 ... 

~/~ MGO 21.31 17.02 18 .. Sb 20.28 20.90 2C.~6 '21.17 
.r 'EO 9.80 14. Hl. 12.J3 12.03 11.39 10.ES 10.7b 

., furO O~O9 0.23 o. 17 0.15 0.13 0.13 0.10 
IUO 0.3€; 0.l4 C.23 0 • .38 0.36 ~.4C 0.41 

---------------------~----~-------~---------------~-
TOTAL 10ù.Ol 100.02 lCO. CS 100.J2 9~.b7 9S.€7 99.62 

\ . 
) 

aULAR'PROPOETICNS EASft Cli 24 CATIONS 

--~------------------------------------------------~-------
" SI O.OJ5 0.U16 -c. C44 O.C21 0.033' e.G16 Il.0~9 

TI 0.006 0.041 o. C 13 0.021 O:OoC C" ( 19· 0.025 
AL U.-05 8.945 11. COJ 12.795 13.455 14.(5 .. 13.'692 
.F E3+ 0.313 0.596 O.~51 0.536 0~5al 0.'::23- 0.477 
CR ~. 13J 0.371 Il.441 l.599 1.698 1.~25 1.939 
MG ô.578 5.628 0.165 é .. JS7 é.~éJ7 E .ff~5 6.558 
FEl. 1.35'4 ~.113 1.811 1.580 1.48 .; 1.~CS 1.393 
.iLi O.Clé 0.045 C .. 032 0.027 0.023 o .C23 0.018 
NI U.ÙbO 0.044 o. C41 0.Oé4 O:OoC a.Ct6 0.009 

------------------------------ ---------------------. 
CIYGEHS ..s2.ûCl 32.014 ';2.C04,,32.001 32. 0 1 9 3 ~ • CC 6 32·90b 

ltG-IiU ftB"EB Q.626 0.734 0.713 0.801 0 .. S14 G.EIO 0.825 

CB/ (~B.AL) 0.137 0.416 C.2ea 0.169 0.12" 0.C98 0 .. 1.26 

-

( -
( 
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'- -

mu. SPINEL 

eOLE p~rOPOuTICN EEJ+ CA1COIATED FBCM STOICHI(~E1EY 

SAt!PLf. 5Ul,)08 SOC06 
JL JI. 

--------------... --~---
S102 
rIa2 
AL203 
CIl203 
etGO 
FEo 
MliO 
tua 

ù. C6 
0.06 

58.84 
a~"'o6 

.i.l.16 
10.62 
0.11 
0.39 

0.05 -
ù.oa 

62.61 
5.20 

J.1.77 
9.83 

-0.10 
0.42 

--- ---:----~----~ ....... --
TOTAL 99.90 100 .. 06 

aOLAB PBOPOHTICNS BASED eN 24 CAT~CNS 

-----------------
SI 
TI 
AL 
FE3+ 
CR 
~G 

f E2+ 
;iN 
tH 

0.012 0.010 
0.009 0.012 

1".210 1'4.869 
0 .. 350 0.268 
1. ,,03' o.a28 
6.IIEJ. 6.539 
1. "69 1.389 
J.019 0.017 
~.üé4 ù.066 

-------------------
OUGENS 

I!G-80ftBEB 
( 

CB/ (CR+AL) 

32.003 32.1)05 

-a. tUS 0.825 

0.090 0.053 

118 
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-: "-, ), 

/ 

( 

OMI AMPtUBCl.E 

~aHIVIK I~LAN~: CCHECSITIChS lBCM.FBANc~s (197~r 1§75) 
'tOTAL J:E ,A~ tEe 

SA~PLE 10v 1'3 10006 laC 16 
NI NI Nl 

-- ... ---- ..... -----------------
SI02 4li.52 4êi.80 46. El_ 
1'102 Q. J 1 0.10 - 0.09 
.1L203 13.60 12.,.8 11.75 
ca203 ~.l7 2.30 2.66 
l!GO 17.9" 18.90 le.93 
FEO 4.04 3.li2 3.33 
,ln 0 ù.la '0.06 0.11 
.CIO 9.13 8.90 9.41 
8120' 3.79 4.83 ".44 
K20 1.27 0.93 0.V2 -... --------------_ .. ---------~ .. _~-
TOTAL 97.67 9d.72 S8.C6 

MOLAR PHOPCBTlCNS EASft Ch ~3 CXyGENS 

------------ .... _-------.... 
SI u.768 0.8ca O.E05 
TI v. Où~ Il.DCl O.CCl 
AL J.277 0.254 O.~39 
ca ù.o32 0.0..31 0.036 
MG 0.1461 il.·~ 136 C.IIS7 
FE J.CS8 0.049 a.clIs 
:1N J.OOl o.ùel 0.002 
CA J • .1 dO 11.165 0.174 
tU Q 

0.127 0.162 0.1119 
ft 0.028 0.020 C.C16 

-~---------...---...... - ..... ---
CIllaIS 1.9J7 1.978 1.S57 

l!G/ (I!G ... PE) 0.888 0.9C8 C.910 

CIV (CR+AJ..) ù. lOS 0.110 (J.132 

l< 

~ 
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/ 

( 

fJèlX lUCA 

NUNIVAK ISLAND: COlŒCSITICNS FRCI1 FRANCIS (1974, 1~75) 
TOTAL FE AS FEe 

Qll} 

SAMPLE lG013 10006 10016 
NI NI NI 

.---------------~---------~-------
SI02 3a,oJ 3d.31 39.91 
Tla2 0.45 0.14; 0.20 
AL2e3 - -"17. ~ q 16.72 11.750 
CR203 2.02 2.~8 2.17 -
l1GO 22.96 23.5.3 ~3. 76 
FEO ~.co 3.75 341~"3 

l1HO 0.05 0.05 0.05 
HA20 0.95 0.82 1.47 
K20 • 8.5''4 9.19 7.30 

-~-------------------------------TOTAL 95.11 54.99 S6.04 

MOLAB PROPORTICNS EASED eN 22 OXYGENS 

SI ù.tb~ 0.659 C.688 
TI O. OC 6 O.OC2 O.C03 
AL O • .J 56 0.339 0.361 
CR 0.027 0 .. 034 ' C.030 
MG 00589 O.6e3 0.610 
FE 0.058 0.054 0.049 
l'IN 0.001 0.001 0.001 
NA ù.032 0.027 0.049 
K ù.1S8 O.2Ù2 O. 1-60 

----------------------------------
CATIONS 1.9",0 1.920 1.951 

lfG/ (l'IG+FE) 0.911 0.918 0.925 

CR/ (CU+1L) O.C72 0.090 0.076 

1.80 

' .. 
r f 

1 
l 
1 

l 
1 
( 

l 

j 

, 
'- 1. ~ ,_ " ..,.~.. ~.~, ...... ,._,~,.!,l...~*~ .. .j,,; : ~«- .................. , ~ > ... <_~.lA~;~;;.:!,.~ .... ~..:...tH~~"'"t.~~*'_4.11i'~~,~~~;.ll,:."~,~"u..,,, ... ~ ~ ......... _~=J..;.=;..'; .. ~m1~.ir ,.d,,;;~ ••• i'KQ.b.;......~.!.l.....: ... ;..d::.":~.J~~UA._~~~ 

- .. 
---------- ._-- -- ~--~ r"~_ ~"-- .. ---~..-----'--ot_t---



J. 

.. . \ 

1 \ 1 \ 
, 1 
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~ _"'p_ .. p_~ ___ ~._. ~.- ...... t~~."!<,,,,'<.,,,"-,,, .Jr 

" 

• 
Ui1X GL.l5S 

NUNIVAK i.;i.LA~D: COMPCSIT1CIS PliO! FBANCIS (19,14, H1S') 
TOTAL PX; AS F~C 

• il 

SAMPLE 10UOo 10010 10002, 10013 10001 
" NI NI 51 NI NI 

-----------------------------------------------
SI02 59.05 58.99 ~S. 61 51.61 ~2.90 
XI02 O. 10 0.16 C.18 -0.53 1.32 
AL203 26.56 20.81 ~3_ Sil 22.68 22.29 
Ca203 O. 14 O.O~ G. 15- 0.46 0.05 
tlGO 1.43 3.60" 4 .. 00 4.44 4.30 
PEO 0.54 2.77 3.37 - .3.85 3.78 
lUi 0 0.01 0.01 0 .. 03 0.09 0.06 
CAO 2.33 6.58 ~ 7.46 '8.29 9.11 

. MA20 7.98 ~.57 3.45 -4.39 3.94 
K20 2.3.2 2.10 1 • .q2 3.23 2.00 ---......--------... ---------------. 
TOTAL, 100.46 99.80 99.51 99.57 99'" 75 

MOLAn PIlQf'CRTl(' NS USED Cli 100 CA'IICNS 

-----------------~---------------------------~-
SI ~1. 77 53.57 5C.90 46.69 48.19' 
TI o. 01 0.11 0 ... 12 0.36 0.90 
AL 27.44 22.34 ~5. 72 24.18 23.93 
ca 0.10 0.06 O. 11 0.33 0.04 
MG 1.lH 4.87 5. 1i6 ,) 5.99 5.134 
FE o. 4~ 2.10 v .2 .. 58 . 2.91 2.8ti 
liN o. 01 0.05 C.02 0.07 0.05 
CA 2. 19 6.40 i7.'::2 8.04 8.89 
NA 13.57 d.05 6.12 7.7Q 0.96 
K . . 2.59 2.43 1.66 3.73 2.32 • 

& -----------------------------

OXYGEHS 157.53 159.64 160.04 153.'60 156.44 

ftG!(f!G+FE) 0.825 0.696 0.679 0.673 O.67G 

• 
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, '. 

lPPBBDli J: C1LÇO'LA~'fa c.:ClFCSITIOIS 01 ULTR1!li'IC IfICLI'f9S .. ----~--------------------.... ~-_ ........ ~ .... ---.. --~_._-
, 1 

O~TlilllÀF le ~'EàC.L.I~ 
. Q 

( IUL X'SES 1l0.1iftALIZED TO 10C i'l.l 
TOTAL FE AS fEO, 

~ 

SlltPLE 10010 10007 lCC C2 1000t 10010 1 CO 13 10008 
bl !U .' }il H~ tU il III 

'" -----.... ---...----------------------------------------....---
5102 "2.76 43.19 . ~4. 4 1 "4.33 44.15 43.C1 1.13.61 
TI02 0.01 0.02 C.Ol 0.0" 0.0 O. Cl 0.02 
lL203 0.81 0.78 1.59 1.24 1. ti 2 3.C5 1.57 

\ CB203 0.45 0.48 C.~2 0.32 0.75 0.E7 0.47 
lfGO ~tb. 711 46.65 lj2.94 44.54 42.44 35.13 '65.04 
lBa 8.2b 7.93 8. 11 7.82 7.95 S.C5 8.09-
lIJJO 0.11 0.10 0.10 0.12 0.15 0.16 0.13 
C10' iJ.7J 0.77 2 .. 11 1.29 2.26 3.24 0.99 ~ 

11120 0.1 () 0.03 C.34 0.21 0.40 0.61 0.02 

J 
K20 0..01 0.0 0.02 0.01 0.04 0.16 0.0 

-~------ .... --------------------------------------
TOTAL , 99.94 . g9.95 5S. S5 99.96 99.96 99. S7 99.94 i 

l 

'-!-

MOLA li l?&Of·OBTIC HS BASID Cli 100 C1IIClIS . .. 
---*--------------~------------------------------------------

SI 35. 1" 35.51 JE. ï i4 36.63 36.71+ 36. 1~ 36.05 
TI ù. U l 0.0 1, c. 0 1 O. 01 0.0 o.c~ 0.0 1 
AL . 0.78 0.76 1.56 1.21 1.79 3. C2 1.53 

. CR 0.29 0.31 C.3i4 0.21 0."9 O.5E 0.31 
• liG ~ 7. ~ 1 51.1b ~3. 19 54.86 52.b4 .4S.iC 55.50 

FE 5.bn 5.4 : 5.f4 5.40 5.53 6.35 5.59 
:iN Ù.~8 0.07 C.C7 o. OS 0.11 0.11 0.09 
CA 0.64 0.68 1.S8 1. 14 2.02 2. S 1 0.88 
NA Il.16 0.05 C.55 0.43 O.bS 0 .. 55 0.03 
K 0.01 0.0 0.02 0.01 0.04 0.17 0.0 

01 135.60 136.03 137.q2 137.13 137.54 137.::e 136.97 

8G/lSG+FB 0.910 0.913 C.S04 0.910 0.905 O.fE7 Q.908 

AL/1L+SI" 0.022 0.021 0.,041 0.032 0.0"6 0.07 0.041 
" . 

le 
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, 
OLTBllUFIC ;(EtAOLI~HS 

(,. ANALYSES liO li eUl. I.Z.fD ta laC 1î1.l 
~~ TOTAL FE A!i t te 

SA!PLE 10uOl lOOù4 10069 10068 20038 20015 200)5 
lH ln ~l NI PV FV PV 

, 
._-----------------~----_ ... _---------------

5102 "9.8b lu.73 43.S6 45. 08 "3.70 45.16 39.44 
TI02 O.O~ G.û) 0.15 0.08 0.0 0.(3 0.08 
AL203 4..58 2.11 q. 01 J.11 0.4b 1. e 1 3.412 
ca20) ù.66 ù.45 0.44 0.30 0.23 C. "5 0.70 
tlGCl j1.50 43.13 39. Il 1 40.91 46.34 4l.i" .U.21 
FEO 5.49 B.35 8.1) 8.51 8.06 ·7.C. 11.28 
1110 0.10 J.12 C.10 0.15 O. 14 O. 16 0.19 
110 0.28 0.~1 D.26 ~ 

CAO 9.2-' 1.92 3.46 1. é4 0.73 2.~~ 1.31 } 
,t 

1120 0.40 0.13 0.34 0.11 0.02 O. 11 0.07 ] . 
E20 0.Q2 0.0 0.0 0.0 i 

1 
----------------~~-- . -----------------_ ... ~ ! 

IOTiL ~~. 96 99.97 leo.oo 99.95 99~96 95.55 99.96 

• 
pOUli illiO.?O u l' le 11 5 r;:. SE C C!I 100 C A'UC liS 

, -------------------------------------------------------------
SI .. 3.C4 )b.36 36.90 37.77 36. 00 3a.~1 3-'.91 
TI 0."6 J.02 0.C9 0.05 0.0 0.C2 ù.os 

- AL 2. fJJ \ 2.ù7 3.S7 3.C7 0.45 1.1e J.3b 
ca ù."6 0.30 C.~9 0.20 0.15 C.::2 o.,,1j . 
dG "ù.5j 53. ,,5 iI'Ï.31 51. O~ 56.90 52.CE ~3.75 
FE . 3.56 5.ill 5.71 5. ~é 5.55 ".sc 7.87 
lUi û.,O 7 o.ù 8 \). C 7 o. 11 0.10 C .. 11 O.1J 
lU D.19 0.14 0.17 
Cl 8.55 1. 71 J.11 1.41 0.04 2.~S 1.17 
lU 0.b7 0.21 0.55 0.28 o. ù3 o. 1 e 0.11 
K 0.02 0.0 0.0 0.0 --------------------------------- . 
01 14 ... 30 137.45 138.E5 13'9.32 136.28 135.15 134.82 

ISG/HG+FE J.911 0.902 O.8~6 0.895 0.911 0.-:14 0.872 

, lLllL+SI J.OS7 û.054 (l. CS7 0.075 0.012 0.C45 0.093 
f , 

- 'J 

1 
'" 

~)( . • t 
" 
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.. 
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\ 

ULTB1~Àfrc XE~'LITHS 

A~AlYSES NOk~ÂLIZfD 10 10C i1.~ 
'IOTAl FE ;\5 ~EC 

SAtiPLE ~OO,,6 

PV 
3CC06 
iS 

300~O 

FS 
3û022 

FS 
JCC12 

FS 
1 

400-.4 
CH 

-'---------------------------------------------
S"I02 4".23 "3.50 44.45 43.09 4S.Sb 45.é4 42.36 
TIO~ ù. 10 0.0 O.C4 0.04 C. 1" G.1S 0.01 
AL20l 3.71 0.52 2. 19 1,,96 6.01 4.H 0.39 
CIIlOJ Il.J 7 0.27 C.43 0.32 0.85 C.~ 1,).19 
~GO ",ù.25 46.39 43.25 43.79 34.40 36.C5 "7 .. 83 
FEO 8."0 7.49 7.~3 8. 13 6.85 7.;5 7.13 
HIO ù.18 ù.l0 ,O. 11 0.13 0.12 0.16 0.11 
MIO Il.20 0.31 0.25 0.18 0.16 0.17 0.32 
CAO 2.35 1.34 1.60 2.07 5 ... a 4.~1 0.98 
1120 0.15 O.OIl O. la 0.14 C.39 0.42 ' 0.03 

----------------------~-----------------------~------------
TOTAL 99.94 99.96 S9.ÇS 99.85 99.96 9S.S4. 99.95 

KOLAR Pi10PC a'r.lC tlS EASEt C5 100 CATICtiS 

---------------------------------------------------- , 

SI .J7.13 35.76 36.93 35.16 38.d5 3 S.17 34.67 
TI O.Cf:: 0.0 '.02 0.02 0.09 C.l1 0.01 
IL J.b7 0.50 ~. 14 1.92 6.Uij Li.é1 0.3a 
ca J.2,5 0.18 C.28 0.21 0.51 ~ O.~4 J.12 
,iG !lO •.. O Sb .. 87 ~3. 56 54. 17 43.72 4=.(4 58 .J~ 
ft: 5. SÙ 5,.15 5.23 5.64 4.88 5.51 5.29 
lU 0.13 \).07 C.C8 0.09 0.09 0.12 0.08 
~I u. 14 J.21 C.17 o. 12 0.11 Il.14 0.21 
CA 2. 11 1.18 1.112 1.84 5.01 4.~C 0.86 
:u 0.24 0.06 0.16 Q.23 0.64 C.fS 0.05 

-----~-------------------------------------------------------
01 139.CJ 136.09 138.09 136.74 1l.j1.92 1 ... 0.~E 134.90 

l!G/ftG +.fE 0.855 0.91'1) C.911 0.9C6 0.900 o. En 0.911 

IL/1L+SI 0.090 O.Ol~ 0.055 0.051 0.135 C.1C6 0.011 

.\ 
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( 

ffi 

• 

(--- i 
) 

ULTRAZiAr'IC XE14CLIIHS 

. ·IlHALYSES NOa"A1.IZED '1'0 10C .'1.:1 
TOTAL fE AS F.J::C 

SALiPLE .. OllOJ 40015 "CC 1,7 4C030 40031 .. 0061 4001ù 
C~ ':R C.li crs C'ft CS CR 

<,,.r 

------~-----------------..... ----------------------
5102 qL.ES 43.56 ilS.33 44.48 44.141 "2.Î5 "4 .. 6~ 
'1'102 0.0 ù.o 0.0 0.02 0.14 C. C3 0.11 
AL.!OJ O. bd 1.20 1.38 2.05 3.41 1'. E 9 3.dèl 
CB203 0.40 0.42 0.27 0.34 C.5S O.'; 2 0.46 
tiGO 40.97 q5.56 iI).17 42.34 37.1;' 44.41 39.10 
FEO 7.94 1.62 7.~1 1-.27 10.43 s. ~~ 7.72 
l'tHO o. 12 0.12 Q.l1 0.14 0.14 O. 16 0.15 
NID 0.33 0.29 0.27 0.24 C.18 0.30 0.22 
CAO 0.66 1.14 1.29 2.93 2.78 1.44 3.42 
N120 0.0 0.03 0.03 0 .. 14 0.14 Ç.C6 0.24 

-------------------------------------- ----------~ 

TOTAL 99.95 99.94 99.S6 99.95 99.96 9S.Ç6 99.94 

ftOLAR a?ROPORTIC.NS EA S1:. 1; Cfi 100 CATIChS 

----------------------------------------------~--------------
31 35.21 35.9" 37.l4 37.0'1 37.85 35.41 -37.51 
TI !.l.0 0.0 0.0 0.01 0.09 0.C2 0.07 
AL Il.bb 1.17 1.35 2.01 3 ... 2 1. E ~ 3.85 
CH U.Lb IJ.27 C.18 0.22 0.37. o. ~ 1 0.31 
[fG 57.!:3 56.03 ~4. 11 52.55 47.85 5/!.Sl 4'1.04 
FE :i.46 5.26 - 5. ~ 1 5.Ct; 7. ".tt. c: c-..... ~ ~ 5.43 
.i~ V.CS C.ù8 .. C.C8 0.10 0.10 o. 11 0.11 
NI ù. ;'2.. Il.19 0.18 0.16 O.l~ O.~C 0.15 
CA ü.5d 1.01 . 1. 15 2.61 2.54 1.;i;8 3.0~ 
NA 0.0 0.05 0.05 0.23 O.l3 C.1C 0.39 

------------------------------------------------------ -----
01 135.61 136.64 136 • .38 138.06 139.72 136.41 139.52 

, 
_~f 

MG/!!G+E E 0.913 0.91" 0.912 0.912 0.806 O.SC3 0.900 

A.L/AL+SI 0.018 0.031 0.035 0.052 0.083 C.C5C O.0~3 
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UL TIiAKAF.L~ XE~CLITB.:5 

(. A~Al.YSES NOuIU . .,IZ.t.D tG 10C il.~ 
TOTAL FE olS FEe 

SA3PLE 50015 50011 scces 50001 50009 scceé 
Ji. JL JI JL JL Jl 

-------------------------------------------------------------
5102 42. J" 44 .. .117 1.j4 .. 61 45.78 q5. 74 45.é6 
T.I02 Il.01 0.01 G .. 05 O .. OS 0.14 O. fil 
AL203 0.45 1.77 2.48 2 .. 56 3.94 7.~2 
Ca20J 0.21 0.60 0.44 0.214 C.44 O.~2 
MGO 1 lt7.ij9 43.24 I.j 1.19 41.66 31.37 33.7E 
FEO 13.23 1.50 J.SS 1.91 7.lj6 7.~'2 
IUfO o. 11 0.11 o. 12 0.13 0.12 0 .. 13 
NIO 0.30 0.26 O. 11 0.19 0.17 C.14 
CAO 0.39 1.92 2.24 1.26 4.17 q. ~ ~ 
/jA20 0.03 0.06 0 .. 24 0.C9 0.41 O.4C 

-------------------------------------------------------------
TOTAL" 99.96 99.94 S9.Sb 99.93 99.96 9S.Sé 

i10 LAB ;IWPGl1'IIC~S EASEt Cli lCO CATICNS 
'~-

-------------------------------------------------------------
SI 3".07 30.99 

:J7. "" 38.26 38.b7 3S.1q 
TI (). Ù 1 0.01 C.03 O.Oé 0.09 c.cs 
AL \l.4J '1.13 2.44 2.52 3.93 7.5é 
CR o. 14 0.39 0 .. 29 O. lE 0.29 0.::5 
~G ~b.,,5 53.60 ~1.Ç7 51.95 141.09 ij2.~7 

FE 5. é lt 5.22 ~. sa 5.53 5.27 :.15 
i1N o.ûa 1J.08 0.C8 0.09 0.09 0.C9 
IH 0.2(1 u.17 0.C7 o. q 0.12 O. le 
CA Ù ... 3LJ 1.11 2.00 1.13 3.18 3.€S 
NA ù.05 0.10 C.39 0.15 0.b1 0.66 

---------------~-------------- ----~------------- . 
QI 134.9" 138.01 138 .. 42 139.61 140.53 142. E 5 

l!~G/l!G+jE 0.912 0.911 C.SOII 0.904 0.895 O.E93 

AL/AL+,sI ù.012 0.0115 O.C61 0.062 0.092 0.lé2 
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