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Plate 1: MOUNT MCKINLEY, ALASKA

As the highest point in North America,
it symbolizes the power of geological
processes in the Cordillera.
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ABSTRACT

i

Four ultramafic xencllth locallties along the northern
Rocky Mountain Cordillera are compared to a fifth suite that
Qccurs along an extension of this trend at Nunivak Island,
in western Alaska. Whereas all five suites contain harz-
burgite (group 1) xenoliths with coarse equant textures and
Cr-diopside-rich spinel lherzolite (group 3) xenoliths with
granoblastic textures, rocks directly equivalent to the
dominant porphyroclastic-textured spinel lherzolite (group 2)
xenoliths from the Cordillera are absent at Nunivak. Instead,
Nunivak samples with modes similar to the Cordilleran lher-
zolite-~2 xenoliths have coarse textures, contain eilther
amphibole, mica or more commonly, hydrous filne-grained melt
zones. Chemical analyses show that both the compositionally!
barren harzburgite-1 and depleted lherzolite-2 (or equivalent)
xenoliths can be derived by increasing degrees of pseudo~ .
invariant partial melting from parent compositions equivalent
to those of fertile pyroxene-rich lherzolite-3 xenoliths.

The continental lithoaphere beneath the Cordillera appears
to be significantly more fertile than that with oceanic
affinities, as beneath Nunivak Island.
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On compare les x&nolithes ultramafiques récoltés & quatre
endroits dans’'le Nord de la cordillére des Rochtuses 2 une
suite qui provient d'une continuation de cet axe, sur 1'lle
Nunivak, dans la partie. occidentale de l'plaska. Quolque
les cinq sultes contiennent des x&nolithes de harzburgite &
texture grenue-8quante (groupe-l) et de lherzolite & splnelle
+ diopside chromifdre et 3 texture granoblastique (groupe-3),
les roches qui &quivalent le groupe prfdominant dang les

.localitiés de la cordillére (groupe-2: lherzolite-3d spinelle
et 3 texture porphyroclastique) manquent 3 Nunivak. A leur
place, on trouve une suite & composition modale semblable
mals 3 grain grossier; de plus, 'ces roches contiennent soit
de l'amphibole, du mica ou, le plus souvent, des zones
hydrat&es 3 grain fin qul ont passé & 1l'état de fusion.

Selon les résultats d'analyses chimiques, les compositions
harzburgitiques, 3 composition stérile (groupe-l), et lherzo-~
litiques, gSochimiquement appauvries (groupe-2), résulter-
alent d'une fusion partielle pseudo-invariante progressive
d'une roche-mére semblable en composition 3 une lherzolite
fertile riche en pyroxéne. La lithosphere continentale sous
les Rocheuses semble décidément plus fertile que la litho-
sphére a affinité océanique, comme celle qul se trouve sous
1'fle de Nunivak. -
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& v STATEMENT OF ORIGINALITY - . °

i n? ’E \ ¢ E [
b Regional comparisons of basalt-hosted ultramafic xenollith
/ localitles include’global surveys (Forbes & Kuno 1965) or

surveys of geographically limited areas in Frgnce kBrown et
al. 1980), Japan (Takahashi 1978) and British Columbia
(Eittlejohn & Greenwood 1974, FPlesinger & Nicholls 1977). In
this study, xenollth locallties have been compared over a

Q\\\gmuch larger area, effectlvely including the length of the
Canadian Cordillera and Alaska. The data base avallable for
the Jacques Lake, Castle Rsék, Fort Selkirk and Prindle
~Volcano localities has been significantly augmented by the
author's statlstically-based fleld work during the summer of
1980. This ;tudy 1s also significant 1in that it includes the
Nﬁnivak Island xenollth suite collected by D. M. Francis
during the summers of 1972 and 1973. All of the analytical
data paesented, including modéé, mineral and calculated bulk
gompositions, were obtained by the author with one exception?f
mineral compositions for the Nunivak Island xenolith suite
“were supplied by D. M. Francis. Consequentlyfgthe description
of the Nunivak Island samples ls consldered separately in

Chapter 6, with frequent reference to.the petrological obser-

vations and inferences of Francis (1974, 1978).

viil
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- 7 1. INTRODUCTION

Ultramafic rocks found in alpine type plutonic complexes,
in ophiolites and in xenolith suites of alkalic basa1£s,
kimberlites and carbonatites (Carswell 1980) are the only
known samples of the upper mantle and deepest layers of the
Earth's crust. Petrological studies of ultramafic xenoliths
have provided important constralnts on the composition of the
upper mantle §Carter 1970, Ringwood 1975) and evidence of
deformational (Basu 1975, Carter & Ave 'La&lement 1970,
Mercier & Nicholasll976) and metasomatic processes (éoettcher
& b'Neill 1980, Francis 1976a, Wass 1979, 1980) that occur
there. Numerous e;per%mental étﬁdies on such xenollths and
compositionally simplified analogues have established the
stability flelds of upper mantle mineral assemblages‘in terms
of temperature and\pressure. Many xenoiith studies have
relie&-on the trace element and 1sotopic chemlstry compositlion
of samples éo reconstruct the petroéenetic history .of the

-9

upper,mahtle (Frey & Green 1974, 1978, Menzies & Murthy 1980).
More recently, complementary 1sotopilc studles have fégﬁsed

on the relatlionship between crustal and ﬁpper mantle xenolliths
and their host basalts (Roden 1982). In addition, several
regional studies (Brown et al. 1980, Takahashi 1978) have
correlated the distribution of rock types and the composi-
tional and deformatlional characteristics of specific xenolith

populatiohs with tectonle environment. .

Recent studies of basalt-hosted ultramafic xenoliths from



the northern Rocky Mouptain Cordillera (Fig. 1) have described
both individual xenolith localities (Brearley et al. 1982,
PuJii & Scarfe 1981, 1981b, Hamiiton<g Scarfe‘1982) and
groups of comparable locallties in western Canada (Flesinger
& Nicholls 1977, Littlejohn & Greenwood 1974, Scarfe et al.
1982) .- Nicholls et al. (1982) examined the composition of a
variety of xgnolith-bearing and related basalts in western
Canada, and compared the compositions of the entrained ultra-
mafic xenollths with those calculated for the partial melting
of a pyrolite model mant}e: they relied predominéntly on
limited, previously published, data for the xenocliths.
This‘paper presents the results of a study of xenolith
suites found in late Tertiary to Quaternary'alkali basalt
cinder cones and maars, which extend along the\Rocky.Mountain
CordilleQa in western Canada and Alaska (Fig. 1). In this
study, peridotite xenoliths from the Jacdués Léke, Castle
Rock, Fort Selkirk, and Prindlg Volcano cinder cones are
compared with those from Nunivak Island,*the latter lying
off the western Foast of Alaska (Francis_197u, 1976a, b).
Although the four Cordilleran localitles have been previously
described (Foster et al;7196§, LittleJohn & Greenwood 1974,
Sinclair-et al. 1978), the volcanic stratlgraphy and xenolith
population at each has been carefully réstudied by the author
in the field. The distributionof lithclogles was statisti-
cally determined and used to select representative groups
of ultraﬁafic xenoliths samples from each sulte for further

study. Specilal attention was gilven to the variations 1in

A
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Figure 1: REGIONAL MAP

Geclogy ¢ompiled from Tipper et al. (198%),
Churkin et al. (1980), Beikman et al. (1981) and
Sinclair et al. (1978) . .
Stars: Xenollith localities included in this
study: JL Jacques Lake, CR Castle Rock, FS Fort
Selkirk, PV Prindle Volcano, NI Nunivak Island.
Squares: Other known xenolith localitles:
1) Littlejohn & Greenwood (1978), 2) Filesinger & -
Nicholls (1977), 3) Nicholls et al, (1982); 4)
Scarfe et al.: (1982), 5) Pujii et al. (1981),
6) R. Forbes, pers. comm. 1981, 7) J. Hoare, pers.
comm. 1981, 8) C. Bacon, pers. comm. 1982,
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modal proportions, textures,_and the mineral compositions of

the xenoliths. Although each suite 1s distinctive, the five

‘groups of xenoliths are shown to be similar or complementary

in many respects. Compositional variations seen in the)
pyroxenes ana in the calculated whole-rocks show that most
of the xenolith samples are related by varylng degrees of

partial melting of a sipgle parent mantle composition that 1s
L

common to all the localities. This common petrogenetic trend

can be demonstrated despite thﬁ‘bresence in the Nunivak fsland
suite of a significant volatile component that 1s absent in
the four Cordilleran locallities. The results of this study
are used to speculate on the causes of the varlable degrees

of depletion observed in each suite, on the nature of litho-

spheric heterogeneity beneath this\:;if_ii western North
America and on the variations in regfonal tectonics as implied

il N

by the xenolith pppuihtions.
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‘2. FIELD RELATIONS

REGIONAL GEOLOGY OF THE. CORDILLERA | je

In Canada, the Rocky Mountain Cordillera reflects the.
formation of a cénétructive plate margin to the ﬁest of the
Noffh American craton in Paleozoic time, follbwed-by the sub-
duction of the adJaceht«oceanic plate behsath the volcanic
afc oflgh easterily dibping subduction zone, with the arc
eventually colliding and accreting onto’tﬁe craton in Mesozolc
time (Atwater 1970, Templeman-Eluit 1979). The northern
Cordillera'has been divided by Tipper et al. (1981) into five
major belts that trend northwest thr§ugh British Columbla,
Yukon ﬁnd eastern Alaska (Fig. 1). In the east, the Cordillera
consists of Paleozéic and Mesozolc miogeosynclinal and
continental shelf sediments tﬁat have been folded and thrust
over the craton to form the Mackenzlie-Rocky Mountain Belt.
To the west, this tectonic belt is separated"by the Northern
Rocky Mountain Trench - Tintina fault system from‘the Omineca
Belt, which comprises a geaqticlinal'core-zone of‘Paleozoic
and late Precambrian schists and gneisses cut by granitice
stocks of Mesozolc age. PFurther to the west, the Teslin-
P}nchi fault system separates the Omineca Belt from the
Intermontane Bei;, - brgqp”téctynic depression containing a
thick pile of Mesozolc and late Paleozolc eugeosynclinal
volcanic and sedimentary rocks. The western margin of the
Intermontane éelt is abruptly terminated by the;Coast and

Cascades Belt, a complex of predominantly MesoZolc quartz
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diorttic bitholiths and crystalline metamorphic rocks. The 7
Coast and Cgscades Belt’ 15 in turn bounded by the Denali-

Yalakom fault system, which geparates_it from the St. Ellas
and Insular Belt of eugeosynclinal volcanic and sedimentary
rocks ln southeastern Alaska:and the outer islands of north-
ern British\Columbia. Were 1t not for the 1ntervenlog
emplacement of ‘the prédominant Coast Flutonle complex of the

| ) .

Coost and Cascaées Belts, the Intermontane and the St, Elias
and Insular Belés would be largely indiséinguishable in
western Canada (Tipper et al. 1981) b

The five tectonic belts are: continuous into eastern Alaska,
but their extension becomes complex within 300 km of the
Canadian border in central Alaska. Churkin et al. (1980)
have tentatively Lorrelated Paleozolc continental sedimentary
rocks from three key areas adjacent to the Yukon-Tanana
upland province or the Omineca Belt in eastern and central
Alaska. They proposed that the continental margin in the
Brooks Range o northern Alaska 1sw§§1ated to thaé seen 1n
the Mackenzie-Rocky Mountain Belt and has been offset along -
the Porcupine megashear. The reconstruction of Churkin et al
(1980) suggests that the transition Cequivalent to the Omineca'
Belt) between the miogeosynclinal rocks of the Mackenzle-

Rocky Mountain Belt and the eugeosynclinal rocks of the

'Intermontane Belt follows a deformed arcuate trend from east-

central to southwestern Alaska (Fig.- 1).
In Canada, these five Cordilleran belts have formed the

r%latively stable westérﬁ margin of the North American
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tectonlc plate throughout CenOZOic tihe. Suring thislperiod,
significant:plate moéioq was restricted to dextral trans-~
current offsep alogg the Fairweather-Queen Charletteyfeult
system, which sepefates the St.:-Elias and Insular Belt ?rom
the Pacific tectonic.piate, and to subductlion of the Pacific
plate beneath the Aleutian trench (Atweter, 1970,—Beéier et
al. 1979). Cenozolc tectonlc activity algo resulted in the
eruption of locally voluminous voieanie‘rocks tﬁroughout the
Intermontane Belt. The studies of Bevier et al. (1979) and
Souther (1977) suggest that thls reflects the resolution of
motion between the North American afd Paciflc plates into
north-south-trending tensional components as represented by
the Mt. Garibaldi, Stikine and Wrangell Volcanic Belts, or
in blqek gaulting associated with east-west~trending trans-
current faulting, as represented by the Anaheim Volcanic Belt.
Whereas the Garibaldi and Wraﬂgeil belts are thought to be
calc-alkaline, the Stikine and Anaheim Volcanic Belts have
distinétly elkaliﬁe affinities end contaln basalts. ﬁhat are
‘ compositionally equlivalent to 1solated alkaline basalt shields
and cinder cones of Quaternary and late Tertiary age that
occur 1in areas adjacent to the houndary between the Omineca
and Intermontane Belts along the length of the Lordillera.
These é}kaiineqbaSalts span the compositional range alkali
oliv;ne basalt, basanite, nephelinite, and ankaramite
(Nicholls et al. 1982). - ‘ ‘

., The five xenolith fecalities coﬁsidered in éhis study all -

occurring at Recent to late Tertiary alkaline eruption centers
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are restricted to a narrow band parallel to the deformed

Cordllleran structure for a distance of 330é km. The Jacques

~ Lake, Fort Selkirk and Prindle Volcano cinder cones lie either

within the Omineca Belt or close tg/its border, within the ,
Intermontane Belt. The Castle Rock locallty, part of the

Mount Edzlza Complex, also occurs within the Intermontane

e
e

Belt. Whereas this vqleanic complex may'befreléted to the
Stikine arch, which cross-cuts the Intermgntene Belt in a
northeasterly direction LS/uther/1977) /ghe.Mount Edziza Com-
plex also lies on ‘a g utheastefly extension of the Teslin
fault system (Te 1eman-K;:§t/l980) The Castle .Rock locality

may. therefor be tectonica y related ‘to the Fort Selkirk and

" Prindle Vdlcano. local/ties, both of which lie .close-to the

Tesl fault. In contrast the relatively young age and N
'stinctly oceanic character of the Nunivak Island basement
suggest that the 1ithosphere beneath this locality mey be
much thinner .than that beneath the Cordilleran xenolith
}oééiities. ” T ) . //

B .
» /
.
4

JACQUES LAKE o T
L

The Jecq&es Lake vinder cone (Loﬁ@ 121,05° Lat. 52,58°N:

»

. / : .
map ref.: Horsefly, B.C., 1 50 000 sheet 3A/6) lies 2.5 knm

south of Quehnel‘Iake and Just riorth o the smalle/,Jacques

Lake in- eastern British Columbia. .The basement fecks in this

:y//er ’/consist ‘of Precambrian tg/early Paledtoic quartzite,

- -

e

e
phyllite and limestone, co ered b;/i;éws of alkali—rich basalt

“ ahd an%/;ite of Mesazo c age (Cgp bell 1961, Tipper et al.

J



l97ﬁ). These were léter intruded by ﬁornblende-biotite
granité, granodiocrite, dioritevénd syenite.  The local prup-
tion of basalt flows of mid~-Tertiary age was followed by
isolated eruptions of alkall olivine basalt as breécia and
tuff in late Tertlary to Quaternary time. The létést phase
of volcanic ativity in this area appears to have been centered
southeast of Jacques Lake, 1in Wellsvaray Provincilal Park. ‘
The relatively recent cinder cone at Jacques Lake rises
210 m to an elevation of 1120 m, and has a dlameter of 0.8
to 1.2 km. The cone 1s built of success;ve layers of coarse
tuff, which are well exposed on 1ts southern flank. Céntem-
poraneous lav; flows/were not o?served. Xenoliths occur
sparsely\tprough the upper third of the cone, becoming more
common in the uppermost units. Most of the‘88 xenolith
samples counted are small (2 to 5 cm) fragmenﬁs of initially
larger xenoliths. In the Jacques Lake (JL) sulte, spinel
lherzolite 1s the predominant xenolith litholegy (Table 1);
minor proportions of harzburgite, websterite and basement
rocks also occur. Small (1 to 10 cm) basalt.fragments éad

"anorthoclase megacrysts are alsc commonly found in the tuff.

CASTLE ROCK |

The Castle Rock cinder cone (Long. 130,13°W,‘Lat. 57,51°N;
map ref.,: Klastline River, B.C.; i:S0,0PO sheet; 104G/16

N
west) 1s a satellite vent of the Mt. Edz{za Volcanic Complex,
(- :

lying about 52 km east of Telegraph\Qreek, British Columbla.

In this area of the Iptermonpane Belt, a.basement complex of

9‘.



Table 1: LITHOLOGIES PBEBEL? IN THE XENCLITH SUITES

-

- - -

- ———

- - - - -

C

~

l

} JACQUES | CASTIE | FCAHT | PEINLIE | NUNIVAK |
} LAKE } ECCK } SELKIRK | VCICANC | ISLAXKD* j
- - umietnttetetall Ratedettabsindedl hededeieded ! [=== == 4
- Dunite and I i | i | i
Harzburgite I 8.0% | 7.4% | 14.1% | 14.5% |} 6.8% |
- puaienshendntel Reteitebesndetall Rates | e | }
Spinel I o | | | |
Lherzolite | 84.1% § 83.5% | 8C.8% | €9.5% | 84.4% |
muantteitbtintsiidl Ratedetutendesell Rntbedetnintasl buae --- -=1 |
Websterite . | 4.6% b 1.2% 1 3.7% { 7.8% | 0.3%
Clinopyroxenite | - i C.€% } - i 2.25% | - !
Crthopyroxenite | - i 1.2% | 0.2% | 1.8% - i
mm———— R R B Bt [
Elagioclase i | j | i |
‘lherzclite | - | 0.9% i - i 3.8% . - i
s e |==——=- | == - === |
" Mafic Granulite | - { C.6%, | 0.8% | 0.59 | 0.8% {
Felsic Granulite | - i 2.7% I 0.4% | - 1 0.1% |
e ————— =i - j==== i= - |=== -} |
Gabbro T R i - ] - | 7.6% |
- - pintututaded Redrinntebtatutulf Rabeteduted i | - —1 |
, Cther crustal { | . I i | |
lLithologies i 3.u4% { 1.5% i - i - } - |
m= -—i= - i - —i=- | [
Total samples i { | j "1 o
Coun ted { 88’ i 338 ] 512 I 642 | 3297 |
| | I

* Data for the Nunivak'lslanq xenclith suite, taken frcs Francis (1974),
include iddingsitized ejuivalents vhere appropriate.

*
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' 6f the main vnlcano, alohg Mess Creek Valley, west of the

neck surroundé€d by a cone’'of vesicular, subglacial pillow

i
. .
predominantly Mesozolc sandstone, conglomerate and inter-

mediate volcanic rocks was intruded in thg latedMesozolc by
granodiorite and quartz diorite plutons. Throughout most of
the }ate Cenozolc, Mt. Edziqa and.the adjacent Spectgum Range
erupted to form a volcanic comp}ex covering an area of

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

Symons (19T74) have s@own that the basal sﬂield of the Mt.
Edziza Complex cansists of thin, flat-lying flows of'columnar
basalt that formed during Pllocene time. The.main composite
cone of tﬁe Mt. Edziza Complex was built up of_a_series of
eruptions; each of which began with alkall basalt; these. were
later followed by more fractionated magmés; including trachyte
and thick flows of sodlc rhyolite. In recent times (since
10,000 years), volcanic actlivity has been réflected in the
development of over thirty satelllite cinder cones of porphy-

4

ritic alkall olivine basalt. These occur around the flanks

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

Castle Rock 1is the largest veﬁb;on the Klastline plateau

(Plate 2), rising 20Q¢m ‘on the nqrthenn edge of the plateau,

to an elevation of 1860 +m. Thevloba14ty consists of a volecanic

4 -

basalt and tuff breccia, largely strilpped away to the north
~ "1
Xenolliths were found in the uneroded remnants of the volcanic

°

neck and along the surface of the cinder cone, near thg summit

N

Some areas to the east of tﬁe summit contain a3 many as fifty

fragments and intact xeno hs per square met r.,ZMost of_

i

Qi >




=~

\\P are common in a 10 m horizon composed of 2 to 25 mm

Plate 2: CASTLE ROCK LOCALITY

" Includes a remnant volcanic-neck (center right)

Rl

partially surrounded by dark basalt tuff (view to T -

the southwest). Xenoliths are included in the
neck and are locally very abundant in,some areas
near the top of the cinder cone- (center),

Plate 3: FORT SELKIRK LOCALITY

Located on the southwest side of the cinder co%e
within 50 m of the top, thls exposure shows an
Increase in the proportion-and 'size of fragments
i1ncluded in the tuff (layering is inclined at about
40 degrees, from upper right to lower left; field

. assistant 1s about 1.5 m in height). ° Xenoliths

sized lithic basalt fragments. -

.
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the 338 xenolith samples cpurited were found to be intact,
with an average dlameter of 5 to 6-cm. They are.typically
ellipsoidal, often flattened, and occasionally twisted,
giving the impression of plastic deformation. Inithe Castle
Rock (CR) suite, spinel lherzolite 1s the predominant rock |
type (Table 1). Smaller gquantities of websterite, harzbur-
gite, ortho- and clinopyroxenite, plagloclase iherzolite,
_mafic and felsic granulite and basement rocks are also

I

included in the CR xenolith suite. \ _ _ ' .

FORT SELKIRK .

The Fort Selkirk‘cinder cone (Long. 137,15°W; Lat. 62,45°N;
map ref.: Dark Créek, Yuﬁon and Volcano Mountain, Yukon;
.1:50,000 sheets, llSI/lP~§n& 115&/1“) lies 4.5 km southeast
of the junction betweén the Yukon and Pelly Rivers 1in the
céntral Yukon Territory. ghe basement rocks in this aréa ofi
the Yukon-Tanana Upland consist of Precambrian to iate Paleo- |
zolc schist and gneiss, overlain by Mesozoic baslic to 1nterf
mediate volcanic rocks, and intruded by late Mesozolc
graﬂbéio;ite and granite plutons (Bostock 1936). The barmacks
volcanlc series of basalt, andesite, dgéite and trachyte
flows, breécias and tuffs were erupted on this basqment in_ ‘
the Tertlary.: They were succeeded by the late Tertiary to : ’ E
Quaternary Selkirk series of-basalt flows, brecclas and tuffs
(Sinclair et al. 1978).

The Fort Selkirk cinder cone rises 170 m to an elevation

of 710 m, with a diameter of 1.5 to 2.2 km. It is composed

13




of thin stratified tuff -sheets built upon a platform of
vesicular Selkirk basalt flows. Distal portions of the
original cone have been partlally eroded by the Yukon Hiver,‘
whereas remnants of the volcanlc neck are exposed west of the

)

‘present summit. Several excellent exposures of the cinder
cone's cross-section show th;t although absent in most of

the stratigraphic section, xenoliths appear and become common
in the upper 50 m of the volcanic eJecta (Plate 3). Lithic
fragments of basalt, the most common fragment type, rapidly
increase in’size from 1 ¢cm to 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 also in remnants of
the volcanic neck. Intact xenoliths average 3 to 5 cm 1n
dliameter and typically are ellipsoidal in shape. The FS
~xenolith population (Table 1) consists pre@ominantly of spinel

lherzolite with a smaller proportion of harzburgite, and rarer

websterite and mafic and felsic granullte.

PRINDLE VOLCANO

Prindle Volcano (Long. 141,40°W, Lat. 63,43°N; map rer:
Tanacross, Ak.: 1:63,360 sheet, C-2) lies 65 km northeast of
Tetlin Junction from the Alaska Highway 1n eastern-Alaska.
In this area of the Yukon-Tanana Upland, the basement rocks
consist of Precambrian or Paleozolc quartz~biotite%sch£st?and
gneiss, quartz-seriolte schist and quartzite. Thls basement

1s overlain by Mesozolc conglomerate and sandstone, and was

A3
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along the west side of the East Fork of the Dennison River.

lherzolite 1s predominant, howey

later intruded by large plutons of Mesozoic diorite, blotite
granodlorite and granite (Foster 1970; Foster et al. 1566,
Mertie 1931, 1937). Tertiary volcanism formed locally wide;
spread felsic and mafic lavas, breccias and éu{fs. These
were succeeded by smaller 1solated flows and 5reccias of
late Tertiary to Quatérnary olivine basalt. ‘Prindle Volcano
appears to be among the most recent in this area.

Prindle Volcano (Plate U4) is unglaciated and donsists of

_ a cinder cone of basalt brececla and tuff risidg 1064m above

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

of 0.9 to 1.2 km. The well-preserved central cratg? has been
breached to the south by a small flow of alkali olivine
basalt that extends down-slope for 6.5 km to the southeast

before turning southwest and continuing for another 4.5 km

Xenoliths are common on and near the top of the clnder cone
rim and in exposed cross-secﬁions of the breached southern
flank of the cone. Rare xenollths were found sparsely
scat;eredialoﬁg the base of the lava flow up to 4.0 km from
the cinder cone, and also rarely as bombs. Most of the 642
xenolith samples counted ére fragments, many of which suggest
origina}ly\intact xenoliths.with an a&eragé dlameter of 4 to
6 ém (Plate 5). Where obsefved, inpacb xenoliths typically
were found to be either flattened ovold or crudely rectan-
gular—in shape. The xenolith population determined from
field studies at Prindle Volcano (Table 1) iggys that spinel

er, harzburgite and websterite

>

]
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Plate 4: PRINDLE VOLCANO

. In thls view taken to the southeast, the breached

crater wall can be seen (lower and right of center).
Xenoliths are commonly found in exposed areas ’
within 10 m of the rim. ' )

Plate 5: XENOLITH SIZE AND SHAPE

A representative group of lherzollite xenolith
samples found at Prindle Volcano. The red incre-
ments on the scale are 5 cm in length. Note

the often twisted oblate and rectangular sample
shapes. :
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alsg are c%mmbn‘ Plagioclase lherzolite, clinopyroxenite,
orthopyroxenite and mafic granulite are present in minor
proportions.’ A number of the ultramafic xenoliths counted
are distinctly reddish, presumably due to, pervasive 1dding-

sitization, : : L

NUNIVAK ISLAND ' _

Nunivak Island (Long. 16§°W,'Lat. 60°N; map ref.: Cape
Mendenhall, AK., 1:63,360 sheets, D-3 and D-4) is located
approximately 50 km f?om the western coast of Alaska, south—'
west of the floodplains of the Yukon and Kuskékimfﬁivers.
The geolqu of the island was studled by Hoare et al. (;968),
and 1t differs from that of the four Cprdilleran'localities
1n several respects. , Where\exposed on the island and on ﬁhe
mainland nearby, the basement rocks are middle Mespzoic in
age, conslderably younger tpan the basement at the other
locallities. These rocks consist of sandstone, conglomefate
and siltstone, with lesser amounts of andesitic volcanic
rocks. The volcanic history of Nunivaklis dominated by the
late Tertiary (<6.1 Ma) to Quaternary eruption of thin,
wldespread flows of ollvine tholeiiteAbasalt that now cover
most of the island. Numerous small alkall basalt cinder
cones and minor flows of basanlte have béen shown to have
low 8'[Sr'/BSSr ratios (0.7025 - 0.7033), similar to that in
the more voluminous olivine tholeiites (Mark 197113 Recent
rare-earth-element studies have suggested that these basalts
were not contaminated by continental crust and” that fheir

Pl g
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walts,

" source 1s lsotopically similar to that of modern oceanic

basalts (Menzies & Murthy 1980, Roden 1982).

Ultramafic ané granulite xenoliphcsuites coliected'from
over,thirty alkgii basélt cinder cones and maars on Nunivak
Island haveybeeh Aescpibed by PFrancis (1974, 1976a, b, c, '
1978). The oveféll xeholith bgpuiation, based on nearly
3,300 sambles (Table 1) 1is showﬂ\fdr comparison with'the'

Cordillerén localities. The Nunivak Island xenolith popu-—

,1étion is dominated b& spinel lherzollite, with lesser ﬁuan—

tities of harzburglte and pyroxene granulite, and minor

proportions of clinopyroxenite, wehrlite and websterite.

18 .
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Sample groups were chosén from the field samples collected
(Table l) at the four Cordilleran 1oca1ities and Nunivak”
Island to represent the “relative proportions of ultramaf;c
xenolith‘lithologies‘at each site. Almost all of the Cordil-
leran samples were foupd to conslist of the four-phase
assemblage olivine + orthopyroxene + clinopyroxene + spihel,
_with spinel absent or rare in only three samples from the
Castle Rock sulte (CRS, CRUT, and CRU9). The Nunivak Island
sgite (described separétely in Ch@pter 6) is distinct in that
many xeﬁoliths contain ei%mer amphibole, mica, or most commonly
fine—grained:zones of olivline, clinopyroxene, spilnel, gléss;

¥

amphibole and/or mica.

' MODAL COMPOSITION

. Most members of the ?ample groups were péint—countedlto
ldetermine modal composition (Appendix 1) using an automated
traversing .stage. The ultramafic xenolith~§opulationé of
the four éordilléran sultes dre very similar in their range
of dominant litho;ogies and.1n~their average modal cqmposition
(listed in Appéndix 1 and shown recalculated Vigﬁout spinel
or minor phases in Fig. 2).' Most xenoliths range composi—_
tionally .from harzburgite to spinel 1herzoiité, with variable
but lesser proportioﬁs of‘eiéher pyroieneérich spinel

iherzo;ite or ollvine websterite (Fig. 2) also present,

following the classification system suggested by Streckelsen

19




Flgure 2:- XENOLITH MODES

Modal compositions determined from polnt-
counting; traverses included at legst 80% of

the area 'of each section, with an average of
1500 points counted for fine-grained samples

and 3000 points counted for coarse-grained sam-
ples. The modal compositions shown are recal-
culated without spinel or other minor phases.
Nunivak Island ultramafic xenoliths were recal-
culated In terms of anhydrous equivalents using
the proportions of ollvine, clinopyroxene, spinel
and glass reported by Francis (1974, Table 6-13).
Samples that are not ultramafic or that appear
substantlally inhomogeneous on a thin-section
scale were not counted.
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(1976). , ) .
Spinel lherzolite (Table 2) is the predominant xenolith -
-lithology at each of the four Cordilleran localities.. In - K ;

the CR suite (and.a}ss'in the NI suilte) pyroxene-rich litho-
loglies are comparatively rare, and there 1s a more limited
modal range of olivine-rich harzburgite to spinel lherzolite.
The JL, FS and PV suites, in contrast are characterized by
smaller proportions of harzburgite"which may form a distinct
group, separate from the dominant spiqel lherzolitexlithology
at PV. In addition, the PV suite contains a relativeiy large
variety of pyroxene-rich lithologiés'including orthopyrox-
enlte, websterite and clinopyroxenite, which constitute 12%
of the ;uite (Table 1). The JL and FS suites are similar to
PV, with lesser, but significant propostions of pyroxene—rich
lithologles broadening the modal range l1n each suite. ‘
The ultramafic xenolith samples from each oﬂ/the Cordil-

leran sultes can be divided into groups, based largely on the ,

modal proportion of olivine. Althoug the groups defined
vary from the classification pf/s reckelisen (1976), they

subdivide the xenolith lithoIogles 1nto categories which

correlate with variat/ 5 in thelir phase chemistry and appear

petrogenetically slignificant:

Harzburgite (olivine > 76 modal %):
linopyroxene-poor perldotites 1n which the primary .

//j%’dal variation is the ratio ollivine vs. orthopyroxene, ’ -

- ith little change 1n modal clinopyroxene.
//
. Group 2. Lherzolite (olivine + 60 to 76 modal %):

perlidotites characterized by a large modal variation
in the ratio of olivine to orthopyroxene + clinopyro- .
xene, with 1little variation in the ratio of .

21
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reported by Francis (1974, Ighie 6-13) .
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orthopyroxene to clinepyroxene.

_Group 3. Pyroxene lherzolite (olivine = 30 to 60
modal %): comparatively clinopyroxene-rich samples !
that are gradationdl to group 2 lherzolite xenollths o
in the CR and NI sultes, where they appear to be only
extreme members of group 2 lherZzZolltes. However, a
distinction between xenoliths of .group 2 and 3 in the
other sultes 1s strongly suggested by the chemistry
of the lherzolite pyroxenes (Chapter 4),

%
Group 4. Websterite. (olivine < 30 modal %): pyro~
- xenites with a large modal range in the ratlo of \
orthepyroxene to clinopyroxene. Thls group is equi-
valent to Ti-augite xenoliths (group II) described by
Frey & Prinz (1978) which are characterized by the
green color of thelr clinopyroxenes. Although several
peridotite xenolliths are present in each sulte, they
are not the primary focus of this study. .

A

L3
LN

e
COMPOSITE XENOLITHS g
Several types of composlite xenolliths, simlilar to those
described by Irving (1980) ;nd Scar?e et al. (1582) are
included in the sample groups, partizularly in the CR and PV
sultes. In one variety, sharp bands 1 to 2 mm thick of
di&ﬁéidic websterite typlcally cut olivine-rich lherzolite
xenoliths (Plafe 6%1. In the other variety, the compbsiée
nature ranges from irregular modal heterogeneity 'on a 10-to-
20 mm scalé to xenoliths containing éwo dfstinct ?ogk types
(Plate 6B). Boundaries between rock :}pes in su&b,larger‘
compdsite samples range from gradational over a distance of
1cm, to Sharp, with widths less than lmm. These latter
composite samples arg typically pyroxene-rich lher;olite‘or

olivine websterite, distinctly enriched in clinopgroxene

relative «to the banded olivine-rich composites.

[
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Plate 6: COMPOSITE XENOLITHS -

A. PV8: Lherzolite cut by diopsidic websterite
veln, approximately 1.5 mmzi? thickness (fteld
of view = 25 mm). v/ .

Y

T
,
™ - N ’ Y
- -

-

B. CR22: Contact between lherzolite -(upper right)

and websterite, each forming distinct lithologiles
on a hand specimen scale (field of view = 22 mm).
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- ' " - Plate.7: XENOLITH TEXTURES

: - , 1
11’ A. PS8: -Coarse equant texture with very few . .
,0livine porphyroclasts in a sample with distinct :
- harzburgitic affinities (fleld of view = 25 mm

in each), with virtual absence of spinel.

.\_ —_—

. B. FS83: The porphyroclastic’ texture occurs with
an increasing proportion of subordinate neoblasts
! and in the modal proportion of pyroxene and -spinel.
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TEXTURES - | ‘ .

Xenol}th textures were studied using the cléssificatioﬁu
schemes of Mercier & Nicolas (1976) and Harte (1977). Both
studies defined textures in terms of‘predominant grain-size

and the ratio of porphyroclasts ( 3 to 4 mm grains) to

neoblasts (grains < 1 mm).- These studiles -support a defor-

- mational spectrum of xenolith textures in which coarse-grained

equant'(CE) textures anneal, via increase in the growth of
pebblasts, to the porphyroclastic (POR) texture, mosaic .

porphyroclastic (MP) texture (Harte 1977: olivine porphyro- _ L

clasts < 10%) and granulablastic (GE: equant; GT: tabular)

textures in which borphyroclasts are very rare or absent.

The samples in each sulte show a range of éextures (Table

o

3) that vary éontinuously in the ratio of porphyroclasts to~
neoblasts (Plate 7). Few samples contain less than 10% of
elther porphyroclasts or neo@%ﬁsts. This prompted the
redefigition of the mosaic poféhyroclastic class of Harte _
(1977) in this study to include samples with up to 30% olivine .
porphyroclas;s (Table 3). The JL and FS xenollith suites are e
generally coarser-grailned, wlith textures ranging from bE i
(olivine porphyroclasts > 4 mm) to predominantiy POR and
rarely MP textures. GE textures are not developed in the JL \
and FS sulites. In contrast, the CR and PV xenolith sultes \
are comparafigely finer-grained, with textures ranging from
coarse POR to GE, with MP texturé being predominant.

With few exceptions, a dlstinct texture 1s typlcally

Tassociated with each of the compesitional groups defined for

25
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' Plate 7: XENOLITH- TEXTURES (Cont.)

C. CRS4: The mosalc porphyroclastic texture 1s
assoclated with predominant neoblast proportions
and 1s often characterized by elongate spinel
grains and groups of grains.

it

D. NIf69: A fine-grained texture composed almost

[

entirely of neoblasts is commonly associated-with R
the most pyroxene-rich lithologiesv
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Table 3: CLASSIFICATION CF XENOLITH TEXTUREZ

. . o s ot ot o i s A e o — - — o R ——— " - . P e ol st e

] Coarse | Porphyrcclasticy Mosaic I6ranuloblastic

| Equant | . |Eorphyroclastic]|
S | e e | e e | — e e e | -
% Olivine | ' ] , | , J
Porphyro-~ | <90% | 70% I 30% i >10%
. blasts i . ] . y
- - el B i it o
Olivine | e i i
Porphyro. | 4 om i 3-4 pn | 2-] oo i >2 an
Grain sz. | | ’ | ]
s oo Il Rty Sttt | = e ———
Preferred | { /slightly | variakly jequant: None
Clivine i apsent | #longdﬁe §] to| elongate |} tc}]tabular: jj to
Orientatn. | i/ feliaticn { foliation jfoliation

—————————— | e | o s e e it e e e | - e | o s e e e e
Olivine | kink pands */% well-develog. jkink bdnds/ﬁaVy]predominantly
Optical | some wavy .,
Variations{ extincticn

kink tamnds §| lextinct.cnly in{ strain-free
to fcliation joliv. porrhyrc.} neoblasts

—————————— ‘ D e L T e P —, -~ ——————-i--‘ -

{
{
===
Spidel { "holly-leaf" |condensed holly| |
| |
|

Habit v/in or bptw. lear,cften |} | interstitial | interstitial
(see l?rthopyrgxene tc fcliation | ]
below) - |! grains | + interstitialy {

B e e Dl D - ——— -
Spinel jdarx red,Lkrownjdark red,brown | medium krown | light brown
Color } or reddish |jto medium bLrcwnj to light { to olive

| brown | and tan { brown i green
T Tt e e B
Reck | Harzburgite | Harzkturgite | Sp. Lberz. | cpx-rich Sp.
Type | & cpx-rcor | to Sr. Lherz. | to cpx—-rich |[Llherz. to QOlv.
| Sp. Lherz. { { Sp. Lherz. | Hebsterite

" s o o et . o o l -—-..-.—.—._-.--_-——’ s > o ot i et A S S e o e l——--- s - g o v - l e .t S i S . o T
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"each suilte.

Vthe'Cordilleran sultes (Flg. 3). In each sulte, the harzbur-

gite samples are the coarsest-gralned sampies, typically with
CE or relatively coarse POR textures.:  The 1afger range of
modal compesitions observed in the lherzolite samples 1s
reflected by the range of thelr textures, prédominantly
between POR and MP with lesser GE. However, the textures of

lherzolite samplés are finer-gralned than those of harzburgite,

\ L3

-and are typically intermediate in texture between the POR and

MP classes. The pyroxene lherzollte samples are typically

the finest-gralned. xenolitlis at each locallity. Although their .

“textures can range from POR to GE, the majority of the pyro-

xene lherzolite :samples exhibit MP or GE textures. Pyroxene

. lherzollte samples with CE textures are absent. The textural

ranges of group 3 and group 2 lherzolites appear to overlap,

but the finer-grained nafure of the former 1is apparent in

13

MINERALOGY

In the ultramafic xenoliths studied, olivine 1s light
green aﬁd occurs as both equant to elongate porph&roclasts
(2.0 to 4:0 km) and as equi;ranular to tabular neoblasté
(0.5 t0:0.9 mm). Kink bands'are typicglly develeoped In all
olivine porphyroclasts, but are characteristically absent in
neoblastg. In a number of xenoliths, earlier kink bands have
been subject to a later deformation{ as suggested'by the

bending or kinking of earlier structures. An anomalous wavy

extinction, reflecting the development of subgrains is

29\
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Figure 3: COMPARISON OF XENOLITH
MODES AND TEXTURES

The modal dependence of xenolith textures is shown
compared to the modal percent of elivine in the -
polnt-counted samples-from each xenollith suite. A
predominant trend towards finer-grained textures
with decreasing modal olivline characterizes each

of the sultes. Y axis indicares the modal olivine content.
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( ) observe;Lin\oli Ane with well-developed kink bands. Altera-
s e .

‘tion 1s preferentially developed in the olivine porphyroclasts.

Here, reddish-brown 1dd1ngsite,—generall§-ﬁith a flne-grained
opaque phase, commonlf occurs as velns réplaqing 5livine_ ¢
along grain margins or subgrain boundaries; and as masses at -
triple Junctiéns. In contrast, olivine neoblasts are altefed
only in the fgw samples that: show pervasivg 1ddingsitizationk,
o ’ . Orthopyroxene, 1igh§ to dark bfown in cdior, gxhibiﬁs
7" habits siﬁilar to those of olivine in the'ulffamaf;c xepblithsl
It forms borphyroclasts (é tb 4 mm), typically‘smaller and .—
more'equant thén coexistinglqlivine, and equigranuiaf neoblasts- - .“4[
(0.5 to D.9 mm). 1In mény‘saﬁplés, a fine-grained recrygtal—‘
lization assemblage after orthopyroxene 1swobserved aloné the »
outer (0.01 to 0.02 mm) mérgins of the grains. This feature
1s particularly apparent in orthopyroiene in direct contact
‘with thé enclosing basalt, suggesting a reactioanetween the
orthopyroxene and the host basalt {(Plate 8). In addition,
some orthopyroxene pofph&roclasts contain exsolved c¢lino-
‘pyroxene lamellaé parallel to their (100) planes. In a few
. samples, splnel form§ equant inclusions_in orthopyroxene
‘porphyroclasts. Neithér exsolution féaturgs nor incluslons -
were found in orthopyroxene neoblasts.
In the Cordilleran peridotite xenoliths, clinopyroxerne is
typically a bright green diopside, in contrast to the .
ciinopyfoxene of websterite samples which are. . typlcally a R

dark green auglte. In the peridotite samples, clinopypoxgne

(H« ) . is subordinate In grain size to the other silicate phases,
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Plate 8: XENOLITH-BASALT CONTACT

Signs of a breakdown reaction inveolving the three
silicate phases (FS6) in contact with the host
basalt.

In.this picture, individual olivine grains

(on the left and right margins) show 1little reac-
tion, whereas both orthopyroxene (center) and
clinopyroxene (left of center) are characterized by
2 fine-gralned margin of breakdown products.

\

Plate 9: BREAKDOWN OF CLINOPYROXENE

Signs of disequilibrium along grain boundaries and
fractures in clinopyroxene (JL5) in the intertor
of the xenolith sample (fleld of view = 3.5 mm).
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most commonly occurring.as neoblasts (0.5 - 1.5 mm), and only I
rarely as porphyroclasts (2.0 - 2.5 mm). In samples with CE

and coarse POR textures, clinopyroxene typlcally occurs .
adjacent to orthopyroxene porphyroclasts. This spatial -
association of pyroxenes declines Iin samples with increasingly
finer-grained texiures. A close spaéialtassociation is also

evident between clinopyrcxene and splnel Iin sampggé with CE,

POR and MP textures, 2ut again 1s not observed in those with

GE textures. An apﬁarent breakdown of ¢linopyroxene along

grain boundaries (Plate ?), similar tc that previously ‘ —~
described Iin orthopyroxerne, is common. However, in clino-

pyroxerie this reacticn rix I1s ncot limited to grains near the

margin of the xencliths, but iIs found <throughcut the samples.

It is particularly we_..-developed in grainﬁéadjacent tc flne
alteration veins {cdescribed belby). Exsoiution lamellae of )
orthopyroxene In rare cliﬂc;yroxene porphyroclasts are occa-
sionally encounterecd. In a few instances, grthopyroxene forms
two distinet sets of iﬁpersecting lamelilae, parallel te the

(100) and (C01} planes of .<he hos* c.inopyroxene grain,

resp%ctively.w/ . o,

o1}

Amcng the xenplith sultes studied, spinel shows the ' :

Y

S oy

greatest variatlon in appearance and nabit [Plate 7). Spinel

-

colors range Srom nearly cpague, dark red and brown tc medium
¢ 3
brown, %an ancé‘'light clive green. In the Zordilleran
eridotites, spine’l is found with the following hablts, in
P s

order: of decreasing frequency: (1) isolated, interstitial

k.

_grains with anhedral shapes (C;5 - 1.5 mgzi/gél groups or -



bl

o~

"trains™ of irregular grains, parallel to the foliation of
the xenolith and probably derived from a single, much larger,

parent grain; (3) the distinctive "holly-leaf" hablt (Merciler

r

' Nicolas 1976), in which spinel grains (1 - 2 mm) are inter-

grown with orthopyroxene + clinopyroxene (Plate 10);’(4),
occasional, subrounded blebé as inclusioné (0.2 - 0.8 mm)
within ollvine or orthopyroxene; (5) very rare polkilitic
grains enclosing orthopyroxene inclusions. In about 20% of
the peridotite, xenoliths, especially those with coarser-
gralned texturesd, an opaque rim 1s observed on the margins of
interstitial spinel gralns. This feature 1s not found in any
of the samples with flner-gralned textures.

Fine veins, 0.2 - 0.8 mm in thickness, commonly cué the
ultramafic xeﬁéliths. The veins gonsist of fine-grained
(0.2 - 0.5 mm) olivine, clinopyrexene and light browp glass,
with or without plagloclase (Plate 1l1). Spinel may also be
presenit as small (0.05 - 0.10 mm) grains within veins. In a
websterite sample (CRU48), several small (0.5 ‘mm) grains of
yellowish-brown phlogoplte oécur in similar fine-grained

zones (Plate iE). Silicate grains adjacent to the velns -

exhibit the bést-developed alteration of the types previously

described (i.e., iddingsitization in olivine, breakdown of
grain boundaries in pyroxene). Spinel adjacent to the veins
1s rimmed by the opaque alteraticn. These velns appear to

be derived from a source external to the xenoliths, as thei#

thickness typically increases toward the xenolith margins.

However, the alteration reflected by the veins and iddingsite

34
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PlgteﬂIO:’ "HOLLY-LEAF" SPINEL TEXTURES

This d;stihctive spinel texture is found in coarse-
grained samples (CR3) intergrown with large ortho-
pyroxene porphyroclasts, occasionally with smaller

 clinopyroxene—gra;ns present (fleld of view = 3.5 mm).
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Plate 11: ALTERATION VEINS. .  °

. In many samples, cross-cutting veins are found
that increase in thickness toward the xenolith
margin. The breakdown of large orthopyroxene
porphyroclasts (left of center) and darkened cor-
onas around spinel can be seen 1n FSlS (field of
view = 3.5 mm).

Plate 12: THE LONE PHLOGOPITE

, A websterite xenolith from the Castle Rock suite

b (CR48) contains the only traces of a hydrous phase

- - in the 180 samples studied from the four Cordil-
leran suites. ' In this sample, pleochroic yellow-
brown spinel is occasionally found 1n rine—grained
zones (fteld of view = 1.75 mm).
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may be unrelated to the transport of the xencliths in the
. host basalt. This view 1s supported by the preferential

development of iddingsitize in samples with abundant olivine

. porphyroclasts. In coexistihg annealed neoblasts most idding-

. sitigatidn appéaps to be: only a relic of the larger parént

~olivine grains. . ) : - .o
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4. MINERAL CHEMISTRY

Forfy ultramafic xenoliths were chosen from the four -
Cordilleéan ldcalities for themical analysis of their major
mineral phases. The xenolith samples chosen For analysis
. span the range qf textures and modal compositions found at
;ach Cordilleran localityi The mineral analyses were per-
formed with an M.A.C. electron microprobe, equipped with '
Krisel automation, at the Geop@ysical Laboratory, Carnegle
. Instltute of Washington, D.C. Staﬁdard operating conditions
included a Eiléﬁent—current of 1205 nA at 15 kV and a beam
diameter of approximatgly 15 4um. Matrix correctibns’were
made using the Bence-Albee technique (Befice & Albee 1968),
with alpha factors taken from Albee & Ray (1970).  Analyses .
for which elther total cations or welght percent oxides .
&1ffered by more than +1.5% froﬁ'the expected ideal Qalués
‘ﬁere discarded.. The accepted minerai compositions are com- _ S,
plled in Appendii 2. Mineral compositions from a group of
11 Nunivak Island ultramafic xenoliths are also include& in
. Appendix 2 roy comparison (Prancis 1974, unpublished data).

Alﬁhough the rﬁnge of major element concentrations are - N .
almosf equivalent,at’each locallity, as seen by the ratio |
(100 X Mg)/(Mg + Pe) or "Mg number" of the x;nolith'mineralst
(P1g. 4), they are distinctive for each of the xenolith

groups., Harzhurgiﬁe samples are characterized by the most

L AN S~
" 7

magnesian ollivine, orthopyroxene and clinopyroxene; the
coexisting spiﬁel composhtions are the most iron- and

i
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chromium-rich.” The silicates in the lherzolite samples have

lower Mg numbers in comparison to those of the harzburgite Lo

_group, whereas spinel 1s more magnesian than those of group 1.

'In pyroxéne lherzollite samples the silicate minerals'are“uni-

formly the Ieaét magnesian, whereas the coexisting spinel is
the most magnesian. The few group 4 peridotite samples
analyzed are characterized by low Mg numbers for all of the

k]

phases, includingjsﬁipel.
OLIVINE \ & :
Olivine is the ﬁredominant ﬁineral present in the xenolith
aémple;. "The individual compositions reported forfolivine
(Appendix 2) represent .the average of 2 or. 3 spots from at
least 3 grains per sample. Olivine is ho;ogeneous, both’
across individual grains and within samples. For 23 of ihé'
25 sampleé analyzed, the -Mg number, or forsterite conteﬁt ér
o}ivine, ranges from 88.5 to 91.7 (Pig. 4)y. These olivine

compositions are similar to those found in many other suites

-of spinel lherzolite xenoliths (Carswell 1980, Frey' & Prinz

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

* olivirie (88.0 - 89.5) compositioné tn the pgi&itive upper .

‘mantle (Carter 1970, Ringwood'l966). The olivine contained

in the hérzbupgite samples are conéistently the most Mg-rich
(Pig. 4), whereas those of the pyroxene lherzolite'samples

1ie within the estimated range of primitive olivine composi-

tions. The lherzolite samples contain oclivine with interme-

diate compositions. ‘The two group 4 samples analyzed5(CR37,

~ /39 S
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- Pigure 4: Mg NUMBERS .OF XENOLITH MINERALS '

The Mg numbers (100 X Mg/(Mg + Fe)) of the four coex-
isting minerals in samples from the Cordilleran suites.

* Note that the left~-hand scale (increasing toward the -

top) is used for the stlicate phases, whereas the
right-hand scale (decreasing toward the top) used for:
spinel is inverted to maintain consistency with the
"distribution of silicate phases. ' Legend: ' 5 Jacques
Lake; 4 Castle Rock; 3 Port Selkirk; 2 Prindle Volcano;
1 Nunivak Island- . .
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"~ PV39) contain oli?ine with Mg numbers (86.7, 87.6, respec-
éively) lower than thi; range. Thé Mg-Fe distribution of .
élivine is fuéther odnsidered in Chapter 7. '
Although olivine does_vary in major-element %ompositfons,
very little minor-element substitutiqn was found in the
sampies anal&zed. Nickel and manganese concentrations are
low but relatively constant betweén samples (average: 0.35 -
0.40 Wt. % NiO, 0.10 - 0.16 wt.% MnO). Calcium-'is present 1in
Qariably low concentratiohs, ranging -from only 0.05 to 0.16 "

yt.% bao.

ORTHbBYROXENE

Orthopyréxene 1s the more common and abundant of the two
inosilicate phases in the Cordilleran xenolith samples. fhe
compositions reportéd for orthopyroiene (Appendix 2) represent
the average of at least U spots for each of 3 gralns per
section. The majority of thé~compositions from 2§ Cordilleran
xerioliths Have|slight1y higher Mg numbers (89.9 to 92.4) than
‘the d¢oexisting oliﬁine (Fig. 4), although the range of compor‘
sit1;n5~5bser§ed in these two phases 1Is nearly 1den£ical.
"Most qrﬁhbpyfoxéne in ienqliths fgrms a narrow, well-defined
‘cluster with low calcium concentrations, in the enstatite
field of the p&roxene quadrilaterai (038103—M38103—Fe8103,
- Figl 5). The peridotite group 4 samples are agaln exceptional
with CR37 and PV39‘contain;ﬁg distinectly 1ron-ri§h orthopyro—‘
' xgdes: "In.addition, &he group 4 samples.JLl,’JLl9; CR30, and

CR37';;e slightly calcic compared to‘the predominant cluster

41
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Figure 5: PYROXENE QUADRILATERAL

v

The compositions of coexistlng orthopyroxene and
¢linopyroxene in the analyzed xenollth samples
plotted in terms of the relative proportion of the
.end-member components in the system CaSiO3-MgSIO3—
‘FeS103. *
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of grthopyrq&éﬁe compesiticns Ln Plgure 5. ' T ’ . ‘

The srthcpyroxene scructure 25hsists of "twe octahedral

(Ml and ¥2' anc twc tetrarnearzl £ anmz B crystallographic

§ 4 - - ! " 4 - - o v‘k At o >~ ) ©
sltes, witn trne X7 =ite somewnat larger anc mere 2lstcrred
than the M. =silte Zeer et a> L37% tmparec ¢z the sTtruc-

. Ture ¢f clivire, irn wnizrn %ctn tne ¥ anc ¥: sctahearad
sites zre very similar, signiflcant s.ubstic.
other tnan Mg and Fe carn Ze excectez In rthepyroxene (nothe

M

octahecdral sites. Ganguly s Zncse LS

M1-C ancd M2-C oond Zistarnces Sugges*ts that -. 15 zls:irizuted
betweer. both octahedral slites, with z sircng preference o

~hough+ *c bte preserved oy egual subszituticrn 2f 21 irn <he . -

J e R . - -
tetrahedral and cctahedral sites acccridlng o AL =

¢
+

_ in which case X(AL}SY = Y1 Ganguly & Ghose )

1975;. , . . _ .
Assuming tﬁa; sufficlient é;uminum must be preferentially

aaded to sliicon tc f£111 the stoichiépétric vetrahedra. site,

with the reméining A1 sulstitating Inmto the octanedral site,

crthopyroxene Flg. = . However, there Ic some scatter and a

intersects tne AL~ axis at approXima*tely I 2% atcoms AL
vy ~ 8 . . - .
cations Indicating =ne presence of tetrghedrally cocrdinatec:

aluminum ir exzess =7 octahedrally cocrdinatec alaminum. An .

>




. , .
 Figure 5: CISTRIBUTION OF Al-'and A1'-

N

This‘shows the

z2istributicrn =f tetrahecral.ly and
octahedrally cocrdinated aluminum calculated for
arthopyrcxerne oty assuming that AL, eqguals the 4i1f-
ference tetween the avallable tetranedrazl sizes
(based on - cations, anc the concentratlon 5f silica.
The difference betweern *tctal aiuminum ani Al. is
assigned o the octahedral site. CZclcr code red
harzburg?te; green _herzdolite; ye. ow ryroxene lher-
: ’ ; b4 F ol \
. zZo.l%te; unco.cred group ¢ peridetives. v Ton i
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equivalent range of concentrations is observed in ‘each suite,

™

with aluminum in orthopyroxené increasing in_the sequence

harzburgi e to lherzolite to pyroxene lherzollite. The

'

orthopyroxenes analyzed from group 4 xenollth samples (GR37

and PV39) have uniformly high aluminum contents, comparable

1

to those pof the pyroxene lherzolite samples.

Y

If compared to the survey made by Stephens % Dawson (1977),

which Iincluded 1~9 orTthopyroxenes from kimberlite xencliths,

most of the Cordilleran orthopyroxene samples would be

U
assigned tc the Cr-Al-enstatfte group largely cn the btasis of

their Al -ontents. Stephens & TJawson suggestecd that the

compositicns of the Tr-Al-enstatite group 1lmply some garnet

Tomponent in so.ld scl.tion with the crthopyroxene ! Surther

v

discussez In Charge

5 ' 3

Lot

The concentratlions of titanliuam 3nd scdium, althcugh low .

in the orthopyrcxene cf xencliths, are positively correlated

'Xj

with aluminum cerntent ig. T . and pr:greSsively increase in

7

“he abcve segquence of xenql.l<h grourps. Chromiurm content, in

contrast, 1s Iinversely corre_ated to that »of a_uminum Iin the
xeno.ith crtheopyroxenes Plg. 7). The sum cf other “han

pyroxene guadrilateral compcnents ["others component"

alcilated from stolchio-

[

Camercn % Papike 1981, AlL'" + Pe .
Zr + T1 substituting'in the octiahe-

dra..y cccriinated cor ilographic sites in. crthopyrcxene
are .owWw for the Ccrdilleran xenolliths.
The manganese concentraticn in crthopyroxene appears to

¥
be independent of both aluminum concentration (Fig. 7)) and

45 ]
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Figure 7: MINOR ELEMENTS IN ORTHOPYROXENE

-~

A comparison of minor elements with the concentration
of total alumina based on U cations for orthopyroxene.
Color code: red harzburgite; green lherzolite; yellow
pyroxene lherzollite; uncolored group~“-per1dotites.
A.‘mole Al/b4 catlons vs.- mple Ti/4 cations

B. mole Al/L cations vs. mole Na/4 cations

‘C. mole Al/4 catlions vs. mole Cr/& catlons
D

. mole Al/4 catlons vs. mole Mn/U cations

L4y
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is present:in most of the Cordilleran xenolith samples. The

Mg number. (Appendix 2). . Orthépyroxene from tﬁe JL‘suite is

uniformly low in Mn content, similar to manymof the samples

from the other suites dowever, in the uR, 7S and PY suites,

Mn concentration appears to be bimedal (”ig 7)), wi*h*many w’ '
of the lherzolite and pyroxene “lherzolite samples containing '
nearly twice the Mn observed in the majcri*y of xenolith

o -

orthopyroxenes

. CLINOPYROXENE

. A yvariable, but tipically low proportion of ¢linopyroxene

¢clinopyroxene com;ositions (Apﬁéndix 2) represent the averages ,
wf at least 5 spots for each of 3 grains pe" samp e. The
clinopy“oxene‘*n xenollths exhibit greater compos*tional

variation than that seen i1n either olivine cr orthypyroxene

Hg numbers of clinopyroxene are higher (89.9 to 93. 8) than

- those of coexisting siiicate phases (Pig..4). Although the

majority of the analyzed clinopyroxenes form a distinct

cluster in the dlopside field of the pyroane quadrilateral_ v
(Fig. 5), many of the c1inopyroxenes from the JL and CR’

xenolith suites are endiopside in composition. The c¢lino-
pyroxene contained<in the group 4 peridotite samples plot in

éhe augitic flelds of Ehe pyroxene quadrilateral (Pig. 5).

Another 1llustration of the compositional variation of

“clinopyroxene in the xenoliths (Pig. 5) 1s obtained by S

comparing the ratio Ca/(Ca + Mg) with the aluminum content

(P1g. 8). Ghe clinopyroxene compositions form a band along -

\ ‘u'] " "l
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Figure 8: COMPARISON OF Ca/(Ca + Mg) VS. -
—E—_FTTTFY“_EA IN CLINOPYROXENE :

The‘variation in the pyroxene quadrildtzral compo-
nents Ca and Mg is shown to be comparatively small
compared to the concentration of coexisting total

- aluminum between the xenolith samples. Color code:

red harzburgite; green lherzolite; yellow pyroxene
lherzolite; uncolored group 4 peridotites.
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’ﬁx\hezigizgite to the lherzolite and pyroxerié ‘lherzolite groups

with little change'in the Ca/(Ca + Mg) ratic. In cohtrast, ' )

1

which .the aluminum coptepﬁlprogressivei§ inereases from-the.

‘

the augitic group 4 clinopyroxene samples JL1l, CR1l, CR37 and

CR55 have comparatively high aluminum contents, but exhibit -

a range of Ca/(Ca + Mg) values., |
The Jariation of aluminum contentelof clinopyroxene in o "

“

* the xeho}iths 13 eccompanied by a wide range of the aluminum
disfribution between tetrehedral and octahedral sites~(Eig.k
9). The experiments of Herzburg- (1978) support a c¢harge
balance mode 1 for CaMgSi 06—CaA1 8106 solild solutions in
which Al and Mg mix randomly in the Ml octahedral site, Al
in the tetrahedral- site is coupled to 1ts nearest neighbor
Al in‘the M1l site; and Si and Al 1In ‘the tetrahedral eites. K
. are ordered. The expression of Jenkins & Newton (1979) for
the activity of CaMgSieq6 assumes bone-si;e" ideal mixing of

Mg and Al on the M1 octahedral site, .with the octéhedfél and
tetrahedral Al atoms linked and not substiputing indepen-
dently. Unlike A1V1/a1!Y ratics in coexisting orthopyroxene,
those of ¢linopyroxene are\tyoically greater than 1 in the °
Gordilleran xenclith samples. The more aluminous clino-
pyroxenes, predomlnantly from the JL and FS sultes, have a
higher proportion of octahedrally coordinated aluminum than
that typical of the CR-PV sultes.

Although the pyroxene'lhePZOlite xenolliths 1inc.lude

ae

Iclinopyroxenes with major element compositions'that overlap

those of the lherzolite xenollths, the compositional identity
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Figure 9: DISTRIBUTION oF A1lY and Al "
. __L__TN'TINUFYL ROXENE

This shows the distribution of tetrahedrally énd
octahedrally coordinated aluminum calculated for .
¢linopyroxene by assuming that A1lv equals the

difference between the avallable 'tetrahedral sites

(based on 4 cations) and the concentration of
silica. The difference between total aluminum and
A11V 1s assigned to the octahedral site. Color
code:. red harzburgite; green lhetrzolite; yellow

. pyroxene lherzolite; uncolored group 4 peridotites,.
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.octahedral and tetrahedral crystallographic sites.

&

" of the.group 3 xzenoliths is best illustrated by the high

..concentrations of Al, T1 and Na (Fig. 10) in their clino-

p&roxene. The minor cations in clinopyroxerie can be evaluated
in terms‘of the mole percent of the "others components"

(Camerson & Paplke 1981) Na, 'R3 (the sum of Alvi

s Fe3+: Cr
and Ti), and Aliv. These minor elements substitute in the . ’ "
M2 octahedral, M1 octahedral end tetrahedral~crystallographic
sites in clinopyroxene, respectively. The range of each of
the "others components" 1s approximately equivalent in the ) ~
fouf Cordilleran suites’(Fig. ll} however, the proporti?n of

‘eachyconsis£ently increases between xenolith groups in the
sequence harzburgite to lherzolite to pyroxene lherzollte. -

Of the three "others components", the R3 group shows tpé .-
best linear correlafion with the concentrations quadrilatenal
components (Fig. 11), and reflects thelr variable conceﬁtrag‘

tions in the bqlk,bomposition. The proportion of R3 component . a

ﬂFig. ll)»is also reflected 1in a concurrent variation 1n‘Aliv,

'as,seen by comparing 1t to correlatlon between Alvi and Aliv; e
(FLg. 9). " This 1is.supported by the models of coupled Te !

substitution of the aluminum in clinopyroxene between the

Among the "others components" the greatest variation is

[ VRN

observed between the Na and Aliv components fﬁwéhe Cordil-
leran clinobyroxeqes. Although Na and Aliv approximate a . ‘4 L
poslitive linear correlation increasing in the sequence’

hafzburéiﬁe to lherzolite to pyroxene 1hef&olite, two minor

groups of samples depart from the trend. The group 4

%
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Figure 10: MINOR ELEMENTS IN CLINCPYRCXENE

A comparison of minor elements with ¢

.. tion of total aluminum based on < cat
¢linopyroxene. Cclcr code red hare
-lherzolite;- yellow pyroxene _herzollt
group 4 peridotites.

he zoncentra-
lons fcr
burgicte; green
e, uncolored

o0

mole Al/4 zatlons vs.

4

mole Al/L cations vs.
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13

Pigure 11: ' "OTHERS. COMPONENTS" IN CLINOPYROXENE

A comparison of "others components" (other than
pyroxene guadrllatera’ components: Cameron % Paplke
.1981) i mole percent for clinopyroxene. Color
code: red harzdburgite; green lherzclite; yellow
pyroxene lherzollite; uncolored group 4 peridctites.

A. gquad comgonents v. R3 (sum of A1"% + T+
Cr + Fet3) ; ’

-

B. quad components vs. Na

C. quad components vs. AII“

iv

D. Na vs. A%\
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clinopyroxenes are relatively enriched in Al component,

" whereas clinopyroxenes from the hydrous Nunivak Island.

xeﬁbliths'are much more enriched in Na component (discussed
furthef in Chapter 6).

A comparison of tH¥e behavior of a co&patible'mino£ element
(Cr) with respect to a readlly fusible element (Na) in the
clinopyroxenes 1s presented in Figure 12. Stosch (1981)

3+

noted that Cr has an lonic radius similar to that of Mgz,+

'and should be readily Incorporated into the M2 site in,clino-
pyroxene. A large increasé‘in Na 1s accompanied by only a
slight decredse in Cr (Fig. 12) in the sequence harzburgite
to lherzollte to pyroxene lherzolite. The average chromium

]céntent of clinopyroxenes from the FS suite appears to be

uhiform;y greater than that from the other three suites...

-

SPINEL |

Spinel 1s present as.a ubitquitous minor phase in the
Cordilleran xenoliths. The spinel compositions reported
(Appendix 2) represent the average of at least 5 sé;ts for
each of 3 grains per sample. Splnel shows the gréatest
‘compositional varlation of the four phases analyzed-EFig. 13).
The Mg numbers of spinel are inversely correlated to those
of the coexlsting silicate phases, with the splnel 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 f£i1ll the ocltahedral site was present as FPFe.
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Figure 12: COMPARISON OF Cr VS. Na
IN CLINOPYROXENE

The distribution of chromiufh and coexisting sodlium
based;on 4 cations in clinabyroxene shows the wvarta-
tion in compatible vs. fusible components. Color
code: red harzburglte; green lherzolite; yellow

pyroxene lherzolite; uncolored group 4 peridotites. / {
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Figure 13: COMPARISON OF Mﬁ/égs + Pe) VS.
Cr/(Cr + Al) IN S L .
The distribution of the two solid-solution series
that comprise the major elements Iin splnel. “Note
the large proportlion of aluminous spinel composi-

tions present 1n the Cordllleran suites. Color
code: red harzburgite; green lherzollte; yellow

pyroxene lherzolite; unpolored group U peridotites.
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S
There 1s a strong correlation between spinel coz%r (as

. observed in thin section) and the ratio Cr/(Cr + Ah@; the
highest values belng found in the dark red and broyn Spinel,
Intermediate values in medium brown spinel, aAnd the lowest
values 1in greenish prown spinel. The ratio Cr/(Cr + Al)

_ decreases in spinel with i:creasing Mg numbers inh the sequenée
harzburgite‘to lherzolite to pyroxene lherzolite. The

pyroxene lherzolite and many of the lherzolite xenoliths

contaln spinel composlitions that form a prominent group
. N

within the pleonaéte fleld (Fig. 13). However, in each suite,
the spinel population extends to Cr- and Fe-rich compositions
along a linear trend ranging from picotite to magnesio-
chromite. Theémajority,of the CR spinels (similar to the CR
clinopyroxenes) are depleteg in aluminum compared to those of
the JL, FS and PV sultes.

The concentrations of the minor elements titanium,
manganese and nickel are correlated wlth varlations in the
major eleﬁent contents of spilnel in the Cordilleran xenoliths °~

(Fig. 14). Titanium contents are fbw, but increase slightly
from the harzburgifé to the lherzolite and, pyroxene lherzo-
lite spiné;sn However, the titanium content of spinel in
many of the grouplu samples and also in the harzburgite )
samples JL15 and C%M& are significantly higher than the
majority of spinel compositions. The manganese content of
\‘spinel exhibits a recipgocal relationshlip to that bf titanium

being relatively concentrated 1n the harzburgite spinel, and

decreasing in the lherzolite and pyroxene lherzollite spinel.
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Figure 14: MINOR ELEMENTS IN SPINEL

A comparison of minor elements based on 24 cations
with the ratio of Cr/(Cr + Al) for spinel. Color
code: red harzburglte; green lherzollte; yellow
pyroxene lherzollte; uncolored group 4 peridotites.

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

C. Cr/(Cr + Al) vs. mole Ni/24 cations
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-
In contrast, howevef, the most Nirriqh compos;tioﬁs are the ,
most aluminoys with N1 decreasing in spinel from pyroxene

lherzolite samples to lherzolite and harzburglite samples!

From single'ionic—radii criteria, 1t 1s expected that N12+

4

would be a compatible«element‘in spinel, substltuting for Mg .

or Fe in the tetrahedral position. However, Burns (1973)
suggested that Ni2+ may favor octahedrél coordination in
spinel as it will attaln even higher crystdl field stabill-

zatlon energy in this position. . . ) S

[



5.. GEOTHERMOBAROMETRY

&t

Estimatiohs of the-femperature and pressure condltions
of equilibrium for ultramafic xenolighks are based on
experimental studies\of the phase equilibriacobse;ved for
simplifiéd analogues\of natural lhefzolitp compositions.
IMdsf recent studies have dealt with the four-component CaO-
\MgO;AléOé-SiOg (C-M-A-S) system. Since the greatest varia-_
tion in fhe compositions of xenolith minefalé—occurs In the
proienes, spééial emphasls has traditionZIly been focused
upon the,diopside-enstatite solvug. Several of these
_apﬁroaches are reviewed in this cﬁapter and applied to the
‘Cordlilleran xenolith compositions. As most thermodynamic
or experimentally based estimates of equllibrium pressure
for séinpl-bearing,lheriolite compositions are only useful
at the pressure-dependent phase-transformation boundaries,
other criteria ingluding peprpgraphic and geophysical infar-
matlon, must be used to obtaln estimates of egullibrium
pressure for the Cordllleran xenolith samples.

: Y
DIOPSIDE~ENSTATITE SOLVUS RELATIONS ’ &

The pioneerigﬁ studies of Davis & Boyd (1966) examined

the temperature relations of the diopside-enstatite solvus

.In the system MgSiOB—CaMgSiEO6 at 30 kbar. Concerning

coéxisting pyroxenes from kimberlite xenoliths, these
‘ \

[

3 N
experiments showed that the extent of sollid-solutlon bekween

Mg-rich clinopyroxenes and calcic orthopyroxenes 1s propor-

S
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|2
tional to temperature and relatively igsenéitive to pressure.

The experiments_of Mori & Green (1575) and Lindsley & Dixon
(1976) determined the diopside-enstatite solvus between
approximately 900 and 1500°C and 5 to 40 kbar pressure. Both
'studies confirmed the temperature dependence of the solvus
and emphasize the greater extent of mutual solid-solution in
diopside compared to that in enstatite. Mori & Green (1975)
observed that at low temperatures ( <900?C) there 1s little
perceptible pressure-effect en the pyrpxéne sbhlvus. Howe&er,
at higher teﬁperatures (> 1200°C) the pyroxene solvus wildens
considerably with Increasiﬂg pressure.,

wells (1977) has qeviseq‘the pyroxene éeothermometer of
Wood & Banno (1973) using the diopside-enstatite solvus

determinations of Lindsley & Dixon (1976) with the emplirical

~£

expression: ! .
7341 -,
Tk) = cpXx -
cpx
. Laux - -
& 3‘355 + 2 _que*Z in aMgSiO3
opx
a
MgSi103

With this equation, Wells (1977) was able to reproduce most
experimentally determined temperaﬁures'to within TOOC, and
his geothermometer has Béen widely cited in the recent

literature.
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" THE SOLUBILITY OF ALUMINUM IN PYROXENES OF THE LHERZOL%TE
ASSEMBLAGES . ' ’ :
Alumiqum su?stitgtion in c;existinggepstatite and diopside \
s0l1d solutions has a significant effect on the pyroxene
gsolvus and thus on the equilibrium temperaturés estimated
from the pure enstatite-~dlopside solvus. ?he calculation of
Al solﬁbility in orthopyroxene presented by Wood'% Banno
(1973) assumes a model of activitb—cémposition relations in
thch octahedral Al in orthopyroxene 1s rest;icted completely
to the smaller M1 octahedfal site, whereas tetrahedral Al 1is
restricted completely té the neighboring Si(B) site. Ganguly
&‘Gﬁose (:979) showed that Al may substitute for a maximum
of one half 5f the S1 atoms in tbé Si(B) sites, or éne
quarter ofuthe total Si atods, leéding to the,K end-member
stoichoimetry of ()153,41)"1@1513‘)1"012 or Mg A1,S1,0;, (the
stoicho{metric composition of pyropic garnet) for‘Almortho-
pyroxene. ' ’
‘ Obata (1976) examined the solubili?y of A1203 in
\ orthopyroxene, for simplified lherzolite assemblages and
showed that aluminum 1sopleths are insgnsitive'to pressure
in‘the spinel lherzolite fleld of stabil;ty. Howeve?, the
experimenfs described by Danckworth & Newton (1978) show fhat’
-the high Cr content of spinel may extend 1ts stabili®y to
greater temperatures (up to 70 °c) and lower pressures than
in the simple C-M-A-S system. They concluded that spinel
must have a vefy.xigh molar éon?ent Sf M3A125u to warrant

d

use of enstatite isopleths as a geothermometer. In addition,

t
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JHerzberg (1978) showed that the solubllity of aluminum, as
the calclum tschermak component CaA128106, in complek
diopside-CaTs—gnstatite clinopyroxene solid solutionq in -

|
spinel lherzollte can be represented: |

CaMgS1,0. + MgAl,0, = CaAl,S10, + Mg,S10,
diop . sp CaTs . fo

and for garnet lherzolites:
k]

Ca2MgA12$i3012 =.CaMgSi206 + CaA128106 \

s gar diop CaTs

Herzberg (1978) noted that the high content of aluminum in
clinopyroxene in the spinel lherzolite fiegfsstrongly reduceg
the amount of M3281206 that can be dlssolved 1in clinopyroxene,
and failﬁre to take this into account can result in tempera-

ture uncertainties of up to 150°c.

OTHER GEOTHERMOMETERS
Because of uncertainties caused by alumiﬁuh in the
pyroxene solvus geothermometers, several other‘geoﬁhermo-
meters have been proposed. Hervig & Smith (1980) proposed a
geothermometer based on sodium exchange *between coexisting
Ca-poor orthopyroxene and.Ca—rich ¢ linopyroxene. A complex
distribution between pyroxenes 1s theoretically expected,

3+ ‘§hrprisipgly, the

as Na couples with Al, Cr and Fe
distribution coefficlent (KD) for sodium contents between

coexisting clinocpyroxene and orthopyroxene hag a linear
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relation to the reciprocal of the estimated (Wells 1977)
temperature. Consequently;,@he Hervig & Smith (1980)

geothermometer: ’
- £
7525

T(°C) = . - 273
3.16 + ln Ky - .

is expected to be accurate to wi;hin iiOOOC. Particularly
1mp6rtant is the~expected inéreése in sensitivity of the Na
geothermometer wi;h decreaging tempefature, in contrast to
thosé based on diopside-enstatite solvus. ~

Fujii & Scarfe (1982) used experiments near the solidus
temperatﬁre of spinel lherzolite éompositiohs at 10 kbar to
recalibréte.thé ollvine-spinel geothermometer developed for
layered mafic intrusions (Jackson 1969, ﬁ@edeﬁ ét-al. 1979).
Assuming a reciproc;l solution model for spinel and a simple
solution model for olivine, the equilibrium temperature for
- the partitioning of Fe and Mg between olivine -and spinel can

be obtained from the equation:
. P, _oy0ly
RT1nK - u.9x§e3+ 1000(1-2Xyg) =
2941 - 1.87T + (3644 - 0.15T)XoP
The experimental temperatures determined 'by Pujil & Scarfe

(1982) are lower than the temperatures calculated using the

Wells (1977) geothermometer for lherzolite compositions.
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EQUILIBRIUM TEMPERATURE OF-THE CORDILLERAN XENOLITHS

Equilibrium temperatures were calculated for the samplesA
from the four Cordilleran xenolith suiltes and for those from
Nunivak Island (Table 4) using the geothermometers of Wells
(1977), Hervig & Smith (1980) and Fujii & Scarfe (1982).

The geothermometers baéed on A1203 isopletﬁs were not used
in this study because of the large uncertainty tﬁat remains
in the apﬁlication/of the experimental data calibrated in 3-
or W-componept systems fo natural assemblages. The results
obtained uéing the olivine-~spinel geqthermometer of Fujii &
Scarfe (1982) are suspiciously low, with maﬁy of the calcu-

- lated temperatures -in the range of 400 to 700°C. However,
the variation bepheen Fe and Mg in spinel 1is small compared
to that between Cr and Al. The effects of the latter
substitution are not included in the calculation of this
geothermometer. The Hervig & Smith (1980) gepthermoﬁeter
yields tempergtures whose values and range much more closely
approximate those -from the Wells (1977 8eothgpmoﬁeter. .
Unicertainties in the'strict application of the results from
the Hervig & Smith (1980) geothermometer arise at present
owing to the lack of experimental calibration.

Calculated equilibrium temperatures of coexlisting
Cordilleran pyroxene samples (Table 5) range rrom.861°c to "
1207°% using the Wells (1877) seothermometer. The tempera-
tures calculated for xenolith groups 1, 2 and 3 define a

 narrow temﬁgrature range of 60 to 100°C at each. locality.

The average pyroxene temperature for the Jﬁ, CR and NI suites

*
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Table 4: CALCULATED EQUILIERIUM TEMPERATURES

———— e ——

TEMFERATURE (C)

RERVIG . FUJII
WELLS & SMITH & SCARFE
SAMPLE GROUP (1977) (1980) (1982)
10001 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 $28 1047 605
10013 2 972 1121 492
10016 2 927 887 398
10068 3 S7¢ 1048 747
10069 3 1038 1046 © 758
20038 1 859 - 366
20015 2 - 946 ' 785 . 504
20029 2 - - 617
20008 3 899 809 -
120046 3 934 792 . 666
20039 4 903 - 659 608
30008 1 . 971 839 387
30006 2 653 839 7 559
30020 2 992 962 603
30028 2 §32 772 -
30003 2 624 847 -
30012 3 597 919 . "756
. 30022 3 960 867 - 645
40003 1 1010 - 432
40015 1 1012 851 518 .
40044 1 969 803 412
40017 2 1005 " 856 541
40054 2 . S73 885 -
40061 2 5§72 951 ., . 660
40010 3 951 866 67¢C
40030 4 1126 1136 626
' 40055 4 - - 545
40037 4 1206 1162 ’ 643
50015 1 1005 962 422
50005 P 577 1091- 603
50011 2 976 713 497
50006 3 1017 924 - 749
50008 3 955 801 -
50009 3 . . 996 909 662
50001 4 1183 1155 650
50019 4 1078 1184 -
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Table Ss COMPARISCN CF WELLS (1977) IEBPERAIU'EES

D D A T A D G SEP T S W U S D D W TS AP o G iy _-\—J - i G AP T GED AP R i SO OED SED o e

3

[N

Témp. | Jacques {. castle ] Fort I Erindle ] Nunivak
| Lake . i Rock "] Selkirk | Velcano { Island
- jrmm—em————— | ————————— | jm———— = : -
{ { { I )
o | | CR37(120€) | i i
1200 C | | i | i
‘ | JL1(1183) | N I I
| i | | i
o ) i | i
, o | i i i i
1150 C | | ¥! | |
- | } 1 i i
i | CR30(1126) | ) |
| A | 1 i |
o | i | | i .
1100 C | I i . I -
| ] [ | ! i
i JL19(1078) | ) { i }
|~ | i § i
o i | | i i !
1050 C ] i _ )} i
} I} { { | H169(1038)
1° | ] ] i HI10(1029)
| JL6(1017) } CR15¢1012) | ) i
o | JL15(1005) | CR3(1010) . | i ] NI4(1013)
1000 C | JL9(996) - | CB!7(1OCS) | FS12(997) |- | N16(1001)
| { { FS20(992) - | NI2(989)
} JL5(977) } CRS4(S73) | i } NI13(972)
§ JL1 (9‘76) § CRU4(965) i FS8 {(971) i } NI68(970)
° i \ i . ] FS22(960) | § NI7(966) -
950 € | JL8(955) | CR10(S551) | ES6 (953) ~ | PVIS(9u6) | NI (947)
. i ) i - i \ i
} 1 | F528 (932) | PV46 (934) | NI8 (928)
i } ]} FS3(928) } i 5116(927)
o | [ - . i -
900 -C - | ' i | i 2v39<9c3y i |
) | | \ [ |, PVE(8SS) I
i i \ i i i
| X i 1 [ i i
o | i i | PV38{8S59) |
850 ¢ | i : i i

- I=
* calculated using the geotherncleter totsulated hy Wells (1977)

bqv
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(988, 981 and 980°C, respectively) are nearly identical. The
average pyroxene temperature for the FS sulte (962°C) is

approximately 25°é“lower; and that of the PV suite (908°¢C)

1s distinctly lower.than that of the JL, CR and NI xenolith

1

siites. These resul#s are in general agreement %ith the

pyroxene temperatures reported by Scarfe et al. (1982), and
suggest that a rather restricted,temperature rangé is being
sampled by xenoliths from southern and central British . °

Columbia. Nicholls et ;l. (1982) also showed tha% the teal
perature range repiesente@ by xenholiths frsm the Atlin Lake

and Yukon (Fort Selkirk) localitjes in the northern Cordillera

" 18 lower than that ‘of more gouthern localities in British

Columbia. ’ .

The”palculéfed pyroxehé feﬁperatures support a surpri-
singlyahomogeqeous distribution of’tﬁé igno}ith‘groups at
most of thé’lécé;;ties. Bgse@ on the temperature dependence

established fcr_fhe diopside«enétatite.solvus, the distri.

. bution of\clincpyroxenés in Figure 9 would predict

temperatures of equilibrium to‘deérease in the sequence

'harzburgite to lherzollte to pyroxene lherzolite. Only in
"the Castle Rock sulte doés the distribution of temperatures

*apprbximatefthe order expected, In the remaining sultes,

the temperature range of the xenolith groups 1, 2 and 3
largely overlap. The group. 4 peridotite s;mples have the
highest calculated temperatures, in the range 1000 to 1200°C.

0f 2all the xenolith samples, only these have-temperatures

. that approach the magmatic temperatures of vadhlt. The.much

\ - - - P . N N
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lower temperatureé calculated for groups 1, 2 and 3 most

reflec; subsolidus re~equilibration within the lithoséhere.(‘

[

PRESSURE INDICATIGNS FROM PYROXENE COM?OSITION§ R

Several attempts have been made to establish the equili-

- bration pressure of ultramafic xenolith assemblages based

on their pyroxene composiﬁions Bell & Davis (1965, 1967)
1nvestigated the diopside—Jadeite solid solution series at
high pressures (30 t6 40 kbar) and found that the Jadeite

content of clinopyroxene solid solutilons incfeeses signifi-

‘cantly with pressure, accompanied by a smaller decregse in

the proport;on of Ca-Tschermaks componerita. Although the
Na cbntent of ciiqopyroxene (Fig. 12) ha$ an oveélapping
range of values }n the four Cordilleran euiteé, the average
value for the clinopyroxenes 15 each suite increasea‘ih the
sequence CR to PV io.FS to JL. This suggests that the
cbmparatively Jadeite-rich JL and FS clinopyroxene composi-
tions ﬁaVe ed&i;ibr&ted at com@aratiyely_ﬂigher pressures

than those of the other xenolith suités.isﬁgweVer,.in the

anhydrous lherzolite xenoliths, there is no other phase.

bresent that. can buffer Na in clinopyroxene. In addition,

Na increases from the harzburgite to the lherzolite and

‘ pyroxene lherzolite clinopyroxenes 'hlternately, the

’ variation in Na contents may simply represent. variations in

bulk compositiqn of the xenoliths.

A possible pressure discriminanf_lies_in the ratio of

v 4o 2"t 1n’c11nopyro;ehes.l Wood (1976) showed

. 69 "y
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experimentally that in CaMgS1,0,-CaAl,S10, solid solutions
coexisting with anorthite and qhartz, an increasing mole

fraction.of’CaAlQSiO6_is‘directly associated with increasing

\
LIS

pressure (10 to 25 kbar). The majority of the Cordillérén g

samples (Fig. 9) fall on a line that intercepts the AIV1 QxiF

at 0.10 atoms A11/4 cations, whereas some of the pyroxene-"“'

+rich lherzolite (group 3) samples and the Nunivak.hydrous

lherzolite group appear to bg shifted to higher concentra-
tions of Al i. The higher content of octahedral aluminum
may indicate higher equilibration prqssuresgfor the pyroxene
lheréolite (group“3§ and the NI hydrous lherzolite xenbliths
cqpparedlto the majqriny of the samples. Ho?ever, this
distribﬁﬁion could reflect the higher Na ‘contents of these

clinopyroxenes, which would require higher A~1Vi/Aliv ratlos

l

. to'stabilize them in the pyroxene structure. .
e

PETROGRAPHIC INDICATIONS OF PRESSURE OF EQUILIBRIUM

Another approach, useful in estimating the range of

equilidrium pressure of spinel lherzolite xenoliths, utilizes

the appearance of assemblééﬁa transitional to spable higher
or lower.pfgzsure ones. The distinctivél"holly;leér" texture
of spinel (Plate 10) intergrown with enstatite, observed in
several of the caarae-textured Cordilleran xerioliths, has
been related in other sultes to the breakdown of religp

garnetﬁin recrys;dllized garnet lherzoiite.‘ Reid & Dawson’

(1972} described garnet coronas ;p/’Tbramafic xenoliths from

the Lashaine (Thnzania) carbonatite volcano. Thd& suggested

E . “ 10 L L
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(5‘* . that 1f the reaction had gone t&x\completipn, the original
garnet probably would have been.réb;aced by'clugfefg of two
pyroxenes +‘spinel Reld & Dawson (i972) noted %hat these
coronas8, 1if formed as a result of- incorporation in the rising
host magma, are unusual in that the garnet ?eactipﬁ\gccurred
in a "dry" carbonatitic ankaramite without the addition of
H50. o , : ‘
Smith (1977) déscribed'two pyréxene - spinel Elusferé 15 .
spinel peridotite xenoliths from the Green Knobs kimgerlite '
"diatreme 1in Colorado. In these rocks, pyroxene - spiﬁél
aggregatps k6.0 mm) consist of equant, anhedral enatat;tq
- and diopside w%th interstitial sbinel, gcgasionally preséﬁy‘
"as. coarse blebs or "fingers" within diopside and'enstatite.\\\
Smith (1977) suggested that the pyroxene - spinél clusters
o form from the reaction of olivine and garnet. The variable \\
prcportion of spinel 13 explained by relating it to the \\
amounts of tetrahedral Al in the parent and product pyroxenes. \\
Smith (1977) proposed that the transition from garnet to
spinel peridotite indicated by this texture probably reflects
- a decrease in ﬁressure, either during tectonic uplift tol—
N lowing erosion or during upward mantle convectlion.
Those Cordilleran xenolith samplea that contaln "holly~
leaf"\§p1ne1 textures or show spatial assoclation between
1 pyroxené\and spinel could posg;bly reprgsegt equilibrium
presgures\ ear the maxiQym ;t the spine1~1herzolite‘stabilify
field. In addition, the presance of plagloclase lherzolite ;
( " . and granulite*xenoliths in the CR, BV. and NI suites (Table 1)

- ' \\ . ’
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-(‘ ln&igatos:that kenoliths from at-loast‘seréral suitos_may|
oavo equilibrium at tho'minimuﬁlpressuro of the splnel - @

. lherzolite stabilit&-fiold.\ Tﬁh;\éné only)constraint on the
pressure'rangé ﬁg;ch these xenoltth5~sampled’fs toe eiperi-,
méntally determined stabllity field for spinel-bearing '
lherzolite, between the garnet- or plagioclase-bearing

»

lherzolite stabllity fields. . ) ok

i : " . -

EQUILIBRATION OF LHERZOLITE ASSEMBLAGES

-

Early estimates of pressure of equilibration for ultra-
maflc xenolith oompositions rolied on the pyroxene—calibrated-
P-T grid. of O'Hara (1967). Using éxperimental results in the
system CaO-MgO-A1203-8102, O'Hara (1967) showed that an =~ -
anhydrous spinel lherzolite assemblage was.stable'between o

. 10 and 25 kbar pressure, with.plagioclase lherzolite stable
at lower pressures, and garnet 1herzolite stable at higher
pressure;i Later experimental results, however, illustrated .

K 1mportant problems with the simpliried compositions used by
O'Hsrs\because of the solutility of aluminum in pyroxeno.,n

Danckwerth & Newton (1976) empléyed hydrothermal |
reversals to facilitate the attainment of equilibrium~1n:tne
reagtion .of spinel lherzolite to garnet‘lherzolito in the
system HgO-A1203-3102', Their experimental isopleth data

show that the mass-balanced equation ror the univariant

equilibrium 1si

2 en + 6.754 s;*' gf + 0.754 olv
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Ganguly & Ghose (1979) showed that the transition represented

.by this reaction can be rewritten:

Mgu81u012 + MgAlzoh =*Mg3A12813012 trM32510u
opx sp ’ _opx -7 colv

g

The 1ntroduction of Cao causes 11ttle change in the

* equilibrium constants for the 3~component system.k Obata

(1976). found that 1n the C-M-A-S eystem, the reaction cpx +

opx + Sp = gt + fo curves significantly and 1s nearly verti-

'cal below 800.0,'whereas the reaction an + fo = ¢cpx + opx +

sp curves in the opposite direction in temperature and
~pressure’space. In the petrogenetic grid of Herzberg (1978)
the ;ptersectioe of.the aluminum isopleths for c¢linopyroxene
in lherzoiite éése@blaéee 1imits the minimum staiiiipy of
ga;net lherzolite at a pressure of 16 kbar and the maximum
stabllity field of plagloclase lherzolitelat a pressure
slightly above 8 kbar. S .

L]

Jenkins & Newton ClQTQl empleyed hydrothermal reversals

’iin their experimental determinations of the  splnel lherzoiite

to garnet lherzolite inversion. Calculation of the dT/dP

'slope of thlis reaction in the C-M-A~S system suppbrt the mass

balanced equation: \

} o -
1.500 opx + 0.500 cpx + 0.760 sp = 1.000 gt + 0.760 olv .

- —

Jenkins:i Newton (1979) suggested that natural peridotitic
compositions can retain garnet-bearing assemblages in the
presence of free Hzo at depths as low as 30 to 40 km within

‘:Sr .
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the lower continental crust. They conclude that the subcon-
finental uppeﬁ)mantle will be 1In the spinel lherzolite fleld

of stabllity ‘only in exceptional areas of high geothermal

gradiant.

CORDILLERAN GEOTHERM .

Ranalll (1980) adopted a unique approach to estimates of
equilibrium pressure and temperature in the Cordilleran
lithosphere by applylng microrheological equations of olivine
deformation to rheologlcal properties. Geotherms for the
€anadlan shield and~pordillera are constructed by combining
estimates of surface heat-flow and geochemical models with
pyroxene equllibration temperatures. Additional‘constraiﬂts

assume Rao's & Jessop's (1975) estimate of T = 400 to 500°C

"at a depth of 40 km under the shield, from an average heat

flow of 0.94 HFU, and Caner's (1970) estimate of temperature
of 750°C at a depth of 35 km beneath the southern Canadian
Cordillera where heat flow 1s approximately 2 Hfﬁ.

To best approximate the'range of equilibrium conditions
represented by the Cordillergn xenolith samples, the sample
groups areiéuperimposed on Ranalli's (1986) Cord%%leran
geotherm (Fig. 15) using the temperatures calculated from
Well's (1977) geothermometer. All éamples fall in the pres=-
sure range of the spine{ lherzolite stabiii?y fleld and the
distribution in Figur? 15 supports. the suggest%ons of O'Neill
(1981) and Scarfe et al. (1982) that xenolith guites may

reflect a very limited range of equilibration conditlons.
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Figure 15: APPLICATION OF THE CORDILLERAN GEOTHERM

‘The distribution of samples from each xenolith .

-~ sulte on the Cordilleran geotherm of Ranalll (1980).
The temperatures assumed are those calculated using
the geothermometer of Wells (1977). The pressure-
dependent phase-transformation boundaries result

‘from the experiments of Herzberg (1978).
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The majority of the samples from each locality and all those
frpm xenolith groups 1, 2 and 3 are confined .to the pressure
range of 11 to slightly less than 16 kbar, assuming this
geotherm. However,fif appears that the éordillerankxenoliths
Euites have sampled an average depth that decreases in:the
sequence JL - CR - FS - PV, alfhough this céfrelatibn clearly
1s a direct reflection of thg calculated temperatures. The
presence of significaht plagiociase lherzolites in the PV
suite agrees wiph 1t's lower estimated pressure. Applicapion,\
of Ranaili's (1980) geotherm is also shppoéted by the
apparent maximum equilibration depth of about 16 km for: the
xénolith samples. This is-1n close.agreement with the
experimentally defermined minimum stabiliﬁy of garnet lhérzo-
lite. Oniy the group 4 peridotite samples yleld anomalously‘
great depths. Howeve?, the'major~element compositiong.of
these samplés is sufficiently distinct to,assume they may *
not be épproﬁriate to a hypothesis of equilibration using

the assumed geotherm. N

2

4
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6. ULTRAMAFIC XENOLITHS FROM NUNIVAK ISLAND

\ The suite of ultramafic xenolliths studied by Francis
(1974, 1976a, b, ¢, 1978) from alkaii basalt cinder cones

\and maars on Nunivak Islaﬁd, Alaska, consists almost entirely
Ar samples of harzburgite and'spinel'lherzolite, approxi-
mately half of which contain amph;?ole; mica or more commonly

fine-grained zones after these phases. Nunivak I§1and is

“unique in that 1t 1s the only basaltic xenolith locality

Bud

throughout Alaska or the entire Canadian Cordillera in which
hydrous, Cr-diopside-bearing ul;rédafic'xenoliths have been
documented. - A representative group of 29 Nuniwvak Island (NI)
ultramafic xenolliths were included in the present study.
Although important differences exist between.the NI xenolith
sulte and those of the four Cordilleran localities, the -
xenoliths from these five areas do appear to be similar in
many respeéts.‘

‘Two distinct groups of anhyﬁrous ultramafic xenoliths
‘can be'recognized in the NI suite: 1) harzburgite and
olivine~-rich (> 76 modal % oliv}ne)aspinel lherzolite, and:
2) pyroxene-rich spinel lherZOLIté. In térms of modal compo=-
sition, these two NI grohps are equivalent to the harzburéite
and pyrqxene lheriolit? groups of the Cordilleran xeno#ith
su;tes. In addition, ultramafic samples containiné hydrous
phases make up nearly 50% of the Nuhnivak Island xeholith '
sulte. ;Rg modes of these samples were recéleulatediin terms

of anhydrous equivalents (Fig. 2), using the proportions of

T
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olivine, clinopyroxene? spinel and glass reported by Francis
(1974, Table 6-13). Whereas the olivine enrichment in the
hydrous Ni samples may partially result frgm’the recalculation
of hydrous to ;nhydrbgs componénts; these xenollths afe '
typically enriched in clinopyroxene c§mpared to the harz-
burgite (group 1),‘and cluster around the average of NI ﬁodal
compositions. The resulting average modal composition of the
Nunivak Island sulte, 67.2% oliv, 20.0% opx, 11,2% cpx and

- 1.7% spinel, 1s considerably moyg refractory than the averagg
modal composition at each of the four Cordilleran suites
(Table 2), despite the evidence for a relatively abundant
volatile component in the Nunivak Island suite. |

Xenolith textures in the Nunivak Island sulte were

classified by Francis (1974, 19§6a, b, c, 1978) into three
basic groups: coarse equant, coarse tabular and granulo-
blastic.” Francls adopted the coarse tabular texfure, in
preference to the porphyroclastic categoryvof Mercier &
Nicolas (lé?él, owing to the high porphyroclast/neoblast
ratio of such rocks in the NI sulte (Harte 1977T). Xenolith
textures were assigned to the NI suite in Figure 3 by com-
paring tne predomiﬁant,size of olijine porphyroélasts in
these samples with those of the Cordilleran xenoliths. At
Nunivak, anhydrous harzburgite and olivine-rich lherzolite
" have coarse equant or coarse tabular textdres, equivalent

to tpose of the Cordilleran harzburgite samples, whereas the @

anhydrous pyégiéne lherzolite samples haég»finer—grained

textures, equivalent to those of the pyroxene lherzolite
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group: These granuloblastic xenbllths compfise approximately'
10% of the NI xeMolith popuiation (Francis, 1981, pers. comm. )

compared to 60% céarse equant and  30% coarse tabular xeno-~

o«

1liths.

»

The hydrous NI pefidotite samples are pfedominant;y coarse

tabular in texture, -although hydréﬁs.peridotite xenoliths

with coarse equant texture are nop uncommon, and af least
two hydrous peri&otite xenolithé with find~grained texturés
(NI10067 and NI10211) are alsswincludeq);n the Nunivak Island -
suite (Plate 13). Francis (1976a) noted the distinct
orthorhombic to monoclinic symmetry of the fabric defined Qy'
the porphyroclasts in both coarse textural groups. There ’
appears to be a c&htinuous gradatlon between”xeqoiiths‘with
coarse textures at Nunivak. Nevertheless, Francis é197u,
1976a, b, ¢, 1978) recognigzed the significant departure of
the Nunivak Island suite ‘from the continuous spec trum pf‘
textures in mantle xenoliths déscribed by Mércier & Niqola;
(1976). These auphonsfpropoaed'a continuouslsquence of
coarse to porphyroclastic to granuloblastic texturés wilth
increasing deéree of deformation of the xengliths. Whereas“
xenoliths with coarse téxtures Qppear to be gradationai (Fig.
3), an abrupt textural discontinuity exists between xenoliths
with coarse tabular texture and those in which granuloblgstic
textures are developea: ‘

- The mineral compositions. of the Nunivak Island xenolith
sulte complement those of’tpe Cordilleran sui;es in many

respects; this 1s especially evident in the pyroxene and
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Plate 13: NUNIVAK ISLAND AMPHIBOLE LHERZOLITE

NI67 is shown here as an example of the contras-
ting appearance of the hydrous Nunivak Island
samples compared to that of the anhydrous Cordil-
leran samples (Plate 7), In this sample, yellowish
~brown amphibole 1s a conspicuous minor phase, This
sample 1s unusual in that 1t also represents a
comparatively rare varlety of. NI hydrous samples
characterized by fine-grained textures (rield of
. view = 25 mm).

[
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spiﬁellpompositions. The distribution of aluminum in NI
orthopyroxene 1s comparable to that of the Cordilleran
ofthepyroxéne for the harzburgite and pyroxene lhefzo;ite

iv approximately equal to AVt

samples (Fig. 6, with Al
'Hoﬁever, in‘ﬁhe)Nunivak Island suite, orthopyroxenes with
intermediate aluminum content are characterized.by a higher
ratio of AIVI/AIiv than orthopyroxenes with equivali?t ‘
aluminum contents from the Cordilleran suites. Most of the
NI orthopyroxenes with hHigher ratios of A1Vi/A1iv are from
hydrous xenolith samples with coarse tabular .textures. The
concentratisns of both TL and Cr in Nunivak Island ortho-
pyroxenes are equivélenf to thﬁse of the Cordilleran group
of 'samples (Fig. 7}, and manganese concentrations are
uniformly low 'in the NI orthopyroxenes, comparable to that
in the JL suite. However, Na contents of orthcpyquenes
from Nunivak Iéland harzburgite and hydrous. lherzolite sam-
‘ples are distinct from those of the Cofdilleran suitgs, with
Na in§reas;ng to comparatively high concentratioﬁs indepen-~
dent of ‘the aluminum content,
A comparison of clinopyfoxeng compositions shows that
yhe Nunivak Island clinopyroxenes are consistently more
| magneslian and less calecic (Fig. 5) than those from the
equ;valent Cordtlleran xenoliéﬁé. The distribution of

aluminum between tetrahedral and octahedral sites in the NI

,clinopyroxenes (Fig. 9] follows that seen in the coexisting

orthopyroxene, with the aluminum distribution shifted to

higher ratios of A1"1/a1lY in the clinopyroxene of hydrous

,f'=~»>.»_; e ' " )
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NI lherzoiites with intermedliate aluminum conoentrations.
Between the hydrous lherzolite and the pyroxeﬁe—rich NI
xencliths, Francls (1978) noted é population gap ln terms of
aluminum concentrations in NI clinopyroxenes Nearly half
of the clinopyroxenes analyzed from the four Cordilleran
suites fall within this-gap. The concentration of  Ti and Cr.
vary with total aluminum'contenﬁ (Fig. 10) over the range/of
NI clinopyroxene compositions, similar to that seen in the
Cordilleran suites.“ “The clinopyrox@ﬁe from NI hydrous peéri-.
dotite samples are, however, anomalously enriched in Na,
compared to the Cordillérgg~samples {Fig. 11) | 1
Spinel compositions ingéunivak Island ultramafic xenoliths
are largely equiva%eg; to thqse of the Cordilleran.xenoliths,

. »
with spinel contained In goarse-textured NI samples compara-

tively rich in Fe2 and Cr, and that contained in the
granuloblastic-textured NT xenoliths rich in Mg and Al (Fig.

14). In NI xenoliths with eoarse textures, equant to elongate

" (0.2 to 0.5 mm) spinel inclueions are common in olivine,

Y

orthooyroxene and amphlbole, 3 lar spinel inclusions are

N\

rare in" the coarse-grained xenolibhs from the Cordilleran

N
suites and absent altogether in xeﬂo\iths with granuloblastic

hY
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are enriched in Fe and Cr with respect to inter éitlal spinel



(‘ ‘ or“spinel‘incluSions:in coexisti silicaté\phases.
lThe @ost obvnoﬁs distinction of  the Nunivak xenoliths
from the Cordlilleran samples is the\Skesence of\a hydrous '~
component, indicating g meéasomatic event 1n thé\mantle
beneath this locélity.J The hydrous NI xe géiths‘afe similar
in many respects to the Cordilleran lherzolite samples.
Although Fhe cggsse,textures most often -associated with the

\

hydrous NI xenolith5 have higher porph¥roclast/neoblast

ratios and a bettgr-deflined penetrajlve foliation than the
Cordilleran group 2, samples, both of ese xenolith groups

are intermediate in \kain size and in major-element composi-

tion between the harzbi glite and the pyrox\ne lherzolite

Stinctions that ca e made between

‘groups. Two important d

stV

anomé{ ratios and Na concendrations of

the clrno yroxene in\the NI hydnbus lherzolites ar also a

- - \‘\ © 83
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subsequently affected by the introduction
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T. BULK COMPOSITION OF ULTRAMAFIC XENOLI'I‘iIS

P4
The bulk‘bompogitions of 23 Cordilleran and 11 Nunivak

Island samples were calculated (Appendix 3) using their modes
(from point-counted thin sectioqs) and mineral compositlions.
The proportion and average composition of hydrous minerals
and fine-grained zones and glass in.NI1, NI2, NI6, NI10, NI13
and NI16 were included in the calculation of thelr bulk
compositions. In this chapter the.hajor and minor element:
variations in these calculated composiéions are desgribed,

and the possible factors controlling these variations are

reviewed.

MAJOR ELEMENT DISTRIBUTION

Among the major eléments, the concentration of silicon
1s comparatively uniform in the xenolith samples, ranging
from 34.7 to only 39.1 cation % Si for 32 of the 34 calculated
bulk comﬁositions. The fel&tive variation of Fe (total iron)
is simlilar to that of Si, wité Fe concentrations typlcally
ranging from 5 to 6 cation S'in the harzburgite, lherzoiite
and pyroxene lherzolite samples. In contrast to both S1 and

Fe, a much greater variation occurs in Mg concentrations, *°

with magnesium ranging from 40 to almost 60 cation % in-the

bulk compositions of the xenoliths. Because Mg 13 the pre-
==

dominant element in each of the calculated bulk compositions,

yet shows the greatest majJor-element ﬁéyiation between the

xenolith samples, the distribution_of the less ponqentrated’



G

elements 1s compared to that of Mg. B N SRR
The distmpﬁtion of Mg and Fe in the xenolith bulk

compositions ié shown with that of the analyzed mineral
compositions in Figure 16A. Superimposed on Figure 16A 1s a
"safl" diagram, which has been Lsed by Hanson & Langmuir
(1978) and Langnulr & Hanson (1980) to relate the composi-
tions of various mafic volcanic rocks (considered quenched
1iquids) to primitive mantle compositions with which they
could have equiiibratpd. A complementapyhgail diagram (Fig.
16B) related the compositioné of partlially melted residues

to temperature ana degree of depletlion from any inltial mantle

~
- .

composlitlon. Both dlagrams can be constructed by assuming

the Mg and Fe concentration and Fo content of the olivine in

a mantle source and a value for the olivine Fe/Mg Kd (Hanson

& Langmulr 1978). The position of the calculated residual

fleld on the Mg-Pe distribution 1is critically dependent on

the composition of the assumed primitive mantle (point P in -
Figl 16B). The residual field in Figure 16B is calculated
for pyrolite-1 (Ringwood 1966), a widely accepted hypothe- #
tical composition proposed to represent pristine mantle.

Two trends are observed in the Mg-Fe distribution of the
Qégolith bulk compositioﬁs in Figure 16. The majority of
xenollth samples from each locallty, including the harzbur-
glte; lherzollte and some members of the pyroxene lherzolite
g}oup lig within the residual field of pyrollte 1n the said
diagram. The'Mg—Fe distribution of these samples follows a

hypegpolic curve (trend A in Fig. 16B) with respect.to the
2
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Figure 16: COMPARISON OF Fe VS,
) 'EZ TN BUIX COMPOSITION3

" A. Pe-Mg distribution for minerals and rocks.

Mineral (solid circles) from analyzed composi-

tions, whereas rocks (open circles) are calculated “ﬁ .
compositions. Saill diagram for melt fleld calcu-

lated assuming a pyrolite source by the method of
Hanson & Langmuir (1978) and Langmulr & Hanson

(1980). P indicates Pyrolite mantle, C indicates Carter's
mantle. oo :

B. Resliduzal fleld calculated assuming a pyrollte ey )
source. Color code: red harzburglte; green lher- ‘

- Zzollte; yellow pyroxene lherzolite; uncolored group on

i peridotites.

.

.-y -




(
O
;.
|
ovx“];:)
. o A
: o 40 o% 5L » ¥
* = . ' Z v e &
> 1500
o kY
gl
’ o #1400
| fm v
20 ‘
/ 1300
1200
10 - /
0 l ! | I ! | _ | ] ]
O 2 4 6 8 0 2 14 1 B8 2
g CATION % Fe
87

i
r ‘

TR Rkt ATl ot Kb et W At sRrm £ et b 4 A 1A



“cation % Mg

ULTRAMAFIC XENOLITHS

T0 ' L
]l O JACQUES LAKE
& CASTLE ROCK
| @ FORT SELKIRK
s 0 PRINDLE VOLCANO
65 % NUNIVAK ISLAND
60+
90%
" 88
. S04 '
"
45
/2]
8]
40 * . —
0 2 9 6 8
cation % Fe

88

i



Ry

origin. ,TheJNuﬁivak Island xgnoliths, including the hydrous
lherzolites, are’ indistinguishable with respeqt to their
Mg-Fe distribution from those of the Cordilleran suites. If
trend A 1s produced by partial gelting, then 1ts coherent
character would sﬁggest that the majority of the xenolith
samples represént vidrying degrees of depletion of mgntle:
sources.with a common composition at each(of the five loca-
lities. Assuming a pyrolite initlal composition, the
harzburglite bulk composlitions would correspond to residues
formed by 20 to 30% partial melting, whereas the lherzolite
bulk compositions would correspbnd to 15 to 25% partial
melting and those pyroxene lherzolite bulk compositions that
lie within the residual field would reflect up to 15%
partlial melting. Althéugh these numbers are somewhat depen-
dent on the assumed mantle composition, trend A‘approximates
an isothefhal meltinéailne for a reasonable mahtlg,model.
This suggests that 'i1f this compositional variation is produced‘
by partlial melting, 1t approximates an 1sothermal process.
Whereas the bulk compositions of some pyroxene lherzolite
samples plot within the residual field, the compositions of
several other pyroxene lherzolite samglgs are comparatively
Mg-poor. These samples lie outsidi oftthe residual field
and appear to define a distinct trend B in Pigure 16B. Trend
B appears'to be linear agd confinéa to a uniform band of
Mg-Pe distributions that extends from.the origin and includes
the compositional ranges of the coexisting olivine, ortho-

pyroxene and clinopyroxene, Consequently, the bulk
{ 89
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composition variations that define trend B appear to represent
a mixing line towards larger proportions of pyroxene with
respect to olivine.

The Mg-Fe distributlons of the calculated xenolith
compositions are essentially a function of the relative
abundance of olivine and orthopyroxene (0'Neill 1981) in

the xenoliths. A1203 and Ca0, however, are controlled by

- the compositlions as well as the abundance of the pyroxene

phases. Even so, there 1s a strong linear correlation

between both Ca and Al and Mg. Ca and AY uniformly increase

through the sequence hafzburgite, lherzolite and pyroxene

lherzolite bulk compositions. This progressive enrichment
of both Al and Ca paféllels a regular increase in proportion
of modal ¢llnopyroxene. The trénsition between harzburgite
and lherzolite occurs at about 1.7 cétioﬁ % Al and about 6
modal % clinogyrqxene, whereas the transifion between lherzo-
lite and pyroxene lherzollte occurs at about 3.5 cation % Al

and about 12 modal % clinepyroxene.

MINOR-ELEMENT DISTRIBUTION X

The dominance of the major elements in a calculated bulk
composition has the effect of diluting many of the individual
miﬂor elements reported in the mineral analyses to trace
levels. However, significant variations are apparent in the
abundance; of Na, T1,:Cr and Ni, These elemints exhiblt

equivalent concentration ranges in the bulk compositions of

all five xenolith suites. There 1is a systematlc correlation

“
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between the concentratlion levels of these elements and the
xenollith group type;

The concentrations of Na and T1 in the calculated bulk
compositions define almost identical distributions compared
to Mg (Fig. 17). A wide range 1n concentrations of both Na
and T{ occurs in the xenolifh samples (Na: 0 to 1.0 mole %;
Ti: 0 to 0.12 mole %). Harzburgite bulk compositions have
a limited range of uniformly iow ﬁa and T1 concen@rations
(Na: 0 to 9.16 mole %; Ti: O\to‘0.0l mole %) comparable to
many of the lherzolite samples. 1However, the range of abun-
dance of Na and T1 in the lherzolite grodp 1s much‘lérger
(Na: 0.05 to 0.39 mole %; Ti: ,0.00 to 0.06 mole %). The
significantly higher Na contenés of the hydrous NI lherzolite
bulk probably reflects tﬁe metasomatlism that these samples
have experienced. The pyroxene lherzollte compositions
assoclated with trend A (Fig. 16B) reflect:a fegular increase
in the concentrations of both Na and T1 (Na: to 0.70 mole %;
Ti: "to 0.09 mole %) from the lherzolite group. In contrast,
pyroxene lherzolite bulk compositions assoclated with trend B
(Pig. 1§Bl have‘distinctly high and relatively uniform Na
and Ti concentrations compared to regular increase seen
between the 1ﬂerzolite group and the former subgroup of
pyroxene lherzolite samples. The abundance of Na and Tt in
the calculated xeﬁolith bulk compesitions cannot be accounted
for by variation iIn the modal proportion of clinqpyroxene in
the saﬁples alone. The range from harzburgite to pyroxene

lherzolite 1s characterized by a 4- to 6~fold increase in
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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 harzburgite; green lherzolite;
yellow pyroxene lherzolite; uncolored group 4 peri-
dotltes.

A. Mg vs. Ca
B. Mg vs. Al s
é. Mg vs. Na
D. Mg vs. Ti
E. Mg vs. Cr
F. Mg vs. N1
G. Mg vs. Mn
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modal clingp&roxene but a 10-fold increase in the bulk con~
ceﬁtra’cions\\of both Na and Ti. This requires that both the
modal propoytion and Na and T1 contents of clinopyroxene
must increase.

The dlstribution of Cr in the calculated bulk composi- _ -
tions parallels that pgiNg“gnd4Ti4-?herE“I§ffﬁsgg;;;,
significantly more scatter, and a poorer separation of the
xenollth groups 1n terms of Cr. The distribution of Cr
appears to be a function of the modal proportion of&plino—

pyroxene.” There 1s no apparent distinct%gp,injer'66ﬁféﬁgg

between the xenollth samples that defined trends A and B in
Mg-Fe distribution. Stosch (1981) has evaluated the possible
temperature a;d‘co&positional1dependencies of Co, N1, Sc and
Cr partitioning under upper-mahtie conditions. The
variations in the olv/cpx and oiv/opx partitidning coeffi-
clients for Cr appear to be teﬁberature dependent.

Ni dec;eases linearly in the sequence harzburgite (0.22
to 0.19 mole % Ni) to lheézolite (0.20 to 0.11"mole % Ni) to
pyroxene lherzolite (0.15 to 0.11 mole % Ni) groups. This
concentration variation in bulk N1 1is the reverse of the
concentration vartation of N1 in the spinel ofkthe xenolith
samples. As seen in Chaptef A, the most Ni-rich spinel 1s
found in the pyroxene lherzolite samples, whereas the most
Ni-poor spinel is found in the harzburgilte sémbles. This
suggests that the modal proportion of olivine is controlling
the bulk N1 concentration. Stosch (1981) has proposed a

compositional effect exists for the sp/olv and sp/cpx

94



-
' \
-
—_—

S \\ \ )
\\ 5

partition céefficients. Sp/olv partiQiQn coefficlents for

N1 are about 1 for lherzolifes that are égéentially undepleted
or only slightly depleted, but are signifiéégt%y lower'in
severely depleted lherzolites or harzburgiteST\;

In contrast to Na, Ti, Cr and Ni, the conceﬁ%éapion of

Mn appears to be relatively uniform in all of the ienoliths

despite the increased concentration of Mn oﬁservedfiﬁ“spipels

in harzburglte group xenoliths. This probably reflects the®
.~ low modal proportion of spinel (0.5%) in these samples.
AN
A

S
*3
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8. DISCUSSION

N . The majority of xenolith samples from all five localities
display a coherent pattern of cSEbositionaldvériation. There-

\\fore, it 1s likely that these were all formed as a result of
a\Xingle petrogenetic process. The constraints that are
reququ? by applyling petrogenetic models to the compositional
variatioﬁ§\described for the Cordilleran and Nunivak Island
Xenolith sui&ss are revi Yed_in this section. The phase
relations deriyaQ from experimental and theoretica; melting
studies of simpli?lgd and natural peridotites afe evaluated
in terms of the moda}\gnd chemical variations observed 1n
the xenollth sampies. \éﬂgfé resuits a?e compared to yleld
a model for the evolution 3§ the range of xenolith composi-
tioné from the five suites. \\\ose parameters of the xenelith

N
N

samples that reflect conditlions

t the time of thelr eruption
with the host basalts are used to  \1ustrate the nature of
the contemporary lithosphere beneath‘ he Canadian Cordillera
and Alaska. PFinally, éhe tectonlc 1mplications of the
distribution of ultramafic xenoliths at the five localltles

are conslidered. -

PETROGENETIC MODELS

Any meaning that can be drawn from the Cordilleran and
the Nuniﬁék Island xenolith sultes’ must consider‘%he nature
of thelr relationship to the alkalic basalt host rocks at

(- each locality. Two basic alternatives exlst: 1) the samples
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are trﬁe "xenoliths" or forelgn rocks accidentall& entrained
in the ;ising host magma or 2) the xenollith samples are
“cognate", and bear a direct genetic rglatio?ship with thelr
host basalts. Although the incorporation of the xenolith

83 . an "accidental" relation - - . the diagnostic
— I e 1(".

test of this alternative 1s the ladle—ofexr@Py-direct composi- '
tional relation between them. \

. Two princlpal models have been proposed for the petro-

genesls of ultramafic xenoliths.\ Each places specific

Jconstraints on thelr modes and mineral and bulk compositions.

~

The most Qommonly applied model assumes that éhe xenoliths
represent the residue of a partially melted lherzolitic
mantle. The more widély aécepted vapiant of a partial
melting model-holds that the xenolliths represent the residue
after the extracti?p of some magmatic component which 1s
gnrelated to the £§§§ basalts In which they are entrained.

A less llkely variaéi%n of the partialnmelting model suggests
that‘the xenoiiths réEresent the upper mantle residue that
coexlsted with the host basalts. In this case, -the xenolith
samples would be cognate.

O'Hara (1967) proposed a cognate origin for spinel

lherzollte xenoliths, relating them to their host magma. 1In

this model, the partlal melting of garnet peridotite to

depths in excess of 100 km would generate parental

hypersthene-normative magmas that evolve towards nepheline-

normative comﬁbq;tions by the geparatian of crystals that
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form spinel lherzolite accumulates. Alternately, the
xenoliths may be aécidental, and yet represent crystallized
accumulates formed im a manner similar tp O'Hara's,aprior
to thelir entrainment in thelr host.

. Lherzolitic assemblages are known to have fractionally
crystallized and accumulated In the basal portions of layered
mafic intruslons (Wager & Brown 1955). In these sequences.
the l;thologies have dlstinct contrasts in modal compositioﬁ.
The maJority of* xenolith samples, however, are characterized
by ; uniform variation in medal composition, largely
transitlonal 1n the prqportion of one or both pyroxenes to
olivine. Within the xenolith sultes, the gnly samples which
are characterlzed by the distinctive modal compositions
commohly assoclated with accumulate origin are the few
pyroxenites and rare duniltes. In these sgmples, the modal
proportion of splinel 1s significantly higher than in the
majority of xenolith samples. However, severél of the peri-
dotite xenoliths (JL6, FS20, PV39) also contailn greatef thaﬁ
S’deal % spinel, as compared to the typicgl range.of 0.5
to 3.0 modal % spinel in the majority of xenolith sambles
(Appendix 1). An accumulate origin may pe supported by
modal proportlons for these samples. ‘

Littlé support for a cumulate model can be derived from
an examination of xenolith textﬁres. Cumulate peridotites
that form by fractionation of a basaltic magma are charac-
terized by distinctive textures (Wager & Brown 1966) which

vary In the proportions of cumulus phases and phases which
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have crystallized from an intercumulus liquid. Poikilitic
textures are common in cumulate 1lithologles. However, the
great major%py of xencllith samples lack cumulate pet}ographic
characteristics. Despite the range of xenolith textures
observed among the filve sultes, most'samples displai equl-
granular textures that vary only in the ratlio of porphyro-
clasts vs. neoblasts.

The composition of the xenollith phases are rem;rkably
uniform, showing no evidence of the compositional .Zzonatlon
comﬁonly associated with a fractionally crystallized origin
(Waéer & Brown 1966). The olivine contained in the majority
of xenolith samples shows a small range in composition (Fo88 -
Fo92)‘poﬁparable to most estimates of the compositiqp of the-
primitive upper mantle (olivine = Fo88 - Fo90) (Carter 1970,

Ringwood 1966). Only xenoliths CR37 and‘PV39 have relatively

v
\

Fe-rich 6livines (Fo86 - Fo88) characteristic Qf those !
produced by fractional crystallization. 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 ////
relatively Pe-rich. The majority of the clinopyroxenes form

a tight group in the pyroxene gquadrilateral (Fig. 5), whereas

the group 4 p€ridotite samples plot in the endiopside and

augite flelds, displaying distinctly more Fe-rich compositions.
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in having both Fe-rich silicate and spinel compositions,
compagiple 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 xenolith minerals. Such elements,
with solid-liquid partition ccefficlents 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 1n the parent composition
(approximately equivalent for example, to Ni in olivine or

«Cr in clinopyroxene), 30% fractional crystallization will
change the abundance ratio in the resulting cumulate from 10
to 3.33, whereas 30% partial melting will change their abun-
dance ratio in the remaining residue from 1.00 to 1.38 (Frey
& Green 1974). 1In the xenoliths, the nickel concentrations
of olivine are approximately uniform (0.20 to 0.27 mole % Ni)~
and similar to the concentration of Cr in the coexisting
clinopyroxenes (0.50 to 0.75 mole % Cr). The small range in
concentration of Ni 1n olivine and Cr in clinopyroxene are
éhus more compatible with a partial melting model. Comparable
variations In concentration are ohserved for all of the
compatible minor elementsﬂin the silicate mlnerals. Within
the xenoclith suites there 1s anslight increase in the concen-
trations of compatible minor elements In the sequence pyroxene
lherzolite to lherzolite to harzburglte, suggesting that this

sequence may correspond.to an increasing degree of partlal

melting.
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Complementary solid-liquid partitioning relations can be
expected for those minor elements with ratlios less than one,
which preferentially partition into a liquid as opposed to
a coexlisting solid phase. In the xenolith clinopyroxenes,

a relatively wide range of sodium contents (Fig. 12) 1s
accompanlied by almost no change iIn Cr. content. This 1is a
classic signature of a partial melting process. A fractional
crystallization process would produce the inverse of the
distribution seen in Figure 13. The large variation in
readlly fuslble elements, such as Na and T1 in pyroxenes of
xenolith samples with 1little variation in compatible element
contents, does not sugport an origin by anfb'ﬁara—type model.

However, the gradational depletion of Na and Ti iIn the

- sequence harzburglite to lherzollte to pyroxene lherzoclite

can be readily accounted for by the partfal melting of a
ﬁrimitive source with an initial composition similar to the
pyroxene lherzolite samples.

A final consideration of the alternative models of
petrogenetic origin may be derived from the calculated
pyroxene equilibrium-temperatures. The majority of these
temperatures (850 to 1000001 are too low to have been 1n
equilibrium with basaltic melts, which typically range 1n
temperature from 1200_po 1500°C. Most of the calculated
pyroxene equillibrium te&peratures are clearly subsolidus and
refute'the possibility of a strict application of O0'Hara's
(1967) model to the majority of the xenolith samples. The

only s&mples with distinctly higher pyroxene equilibrium
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temperatures are the group 4 peridotites (JL1l, JL19, CR30
and CR37) in the range of 1100 to 1200°C. These calculated
températures are compatible with equillbration from a basaltic
melt. Because of the abundance of petrographlic and composi-
tional evidence, a partial melting origin for the majority
of the Cordilleran and Nunivak Island samples will be assumed
in the following discussion.
y

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 whole. In
a natural system, this process is probably lntermediate
betweén that of equilibrium melting and fractional melting.
An equillibrium melting process 1s one iIn which a liquid
produced by melting continually reacts and re-equilibrates
with its depleted source. In contrast, a fractional melting
process 1s one in which thq 1iquid 1s immedlately isolated
from thé source as 1t is&fgrmed. The liquid does not continue
to react with the source even though the latter may continue
to melt. Presnall (1969) showed that fractional melting
results in a discontinuous liguld path comprising distinct
eutectlc compositions, approximately Invariant in major-
element composition. However, these liquids would exhibit
a continuous range of trace-element contents because of the
progressive variation of partition coefficients (Yoder 19783}.
Addition of heat to the sysfem while a constant eutectlc

1,
ligquid is produced results in no increase in temperaturs
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even though the depleting source contlnuously changes in

composition. If heat 1s continuously supplied, the production
of melt will eventually halt when one of the majJor phases has
been consumed. Melting resumes és soon as the temperature

1s raised to that of the invariant peoint governing the

initial system minus the consumed phase.

In his review of basalt genesls, Yoder (1976) supported
the view that the initial melting of primitive source material
in the upper mantle takes place in an invariant-like fashion.
Minor melting (< 1%) of a pristine source may involve only
accessory minerals and flulds located along gralin boundaries
and in Inclusions 1in the sllicate phases. Consequently,
major melting of a mineral assemblage probably commences at
the jJunctions 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-
sectlions, at an invarilant point, with a subsolidus reaction.
Melting begins at the lowest-temperature cusp, and this
temperature will determine the depth of melting and control
the composition of the primary melt.

Kushiro's (1969) experiments at hlgh pressures showléhat
up to 30% partial melting\%r a parent mantlg composition is
pseudo=-invariant. The melt produced 1is relatively restricted
in major element composition, but varies largely in fusible
("basaltic-magma-yielding") components. This eutectic-like
composition is continuously generated from the resldue as

long as all four principal phases are still present. The
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residuum from the partial fusion of an clivine-rich lherzo-
lite 1s a more magnesian olivine-rich lperzolite,rgarzburgite
or dunite.

Mysen & Boettcher (1975) have experimentally examined
the phase relations of natural lherzolites at high pressure
and temperature, wifh controlled activities of HZO, CO2 and

H The phase relations of the four sample compositions 1in

5
the presence of nearly pure H,0 vapor (Xgag = 1.0) are
similar. All hydrous peridotite solidi (x;:'leo = 1.0) exhibit
temperature minima, probably related to the breakdown of
amphibole, aluminous pyroxene gnd spinel to glve a denser
garnet-bearing assemblage. The addition of phlogopite in

Ehe experimental .charge shows that the K-bearipg phases

phl + amph + 11gq coexlst over extenslive pressure intervals.

In addition, phlogopite appears stable to temperatures above
the upper temperature stability 1limit of amphibole, suppor-
ting the suggestion (Mysen & Boettcher 1975) that phlogopite
is a refractory hydrous mineral in the upper mantle. Mysen

& Boettcher (1975) used CO, to reduce X‘égo and ngo’ resulting
in a shift of the solidi to higher temperatures. The
mineralogy of the run products with 002 added differs from
that In the Coz—free charges in one important respect: modal
orthopyroxene at any teﬁperature and pressure with X§20<f0.5
1s significantly higher than with more HaO-rich vapors. The
solubility of CO2 in silicate liquids iIncreases and probably

reaches a maximum at ngo 0.25 to 0.20, whereas the solu-

bility of H20 decreases.

A7
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In later experiments, Mysen & Kushiro (1977) determined
the compositional varlations witp degree of ﬁartial melting
for two undepleted garnet psridotite xenolliths, PHN-lG}l and-
66SAL~1 at 20 kbgr and 35 kbar. The samples differ in solidus
temperafure and the temperature and degree of melting at
which ppase changes occur. For example, the loss of clino-
pyroxene occurs with 60% melting of 66SAL-1 vs. 25% melting
of PHN-1611. Th; melting ranges at 20 kbar can be divided
into three distinctly different flelds according to the
mineralogy of‘the residue: olv + opx + cpx (+sp) + L; olv +
opx + L; olv + L. The derived liqulds that are assoclated
with the threé melting ranges are ollvine tholelite, tholel-
i%tic picrite and peridotitic komatilte, respectively. Mysen & \
Kushiro (1977) concluded that each melting range of peridotite
ylelds a restricted melt composition that varies only within
narrow compositional limits. The width of these melting
1n§ervals depends on the bulk composition of the peridotite.

Using beta-track mapping tecﬂﬁiques, Scarfe et al. (1979)
experimentaily studied invariant melting behavior, emphasizing
the importance of low degrees of partial meltigé. They
found that the variation in the composition of the coexisting
s0llid phases correlates well with the melting relationships.
For example, the Mg/(Mg + Pe) content of olivine and ortho-
pyroiéne varies only slightly in the initial melting inter-
val, but shows larger increases where a phase 1s lost and an
inflection océurs in the melting curve, Scarfe et al. (1979)

concluded that the flat slope of the melting curves at
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teﬁperatures Just above the solidus and the almost constant
composition of 1liquld and coexisting solld phases in this
Interval suggest that melting is approximately invariant,
the composition of the liquid being determined by the phases
present in the residue, not by theilr proportions.

Jacques & Green (1980) presented a recent experimental
study of the anhydrous melting at 0 to 15 kbar pressure of
pyrolite and Tinaqui 15 perldotite. Thelr results indicate
the presence bf a marrow fleld close to the solidus in whicn
an alumigous phase coexlists with olivine, 2 pyroxenes and
liquid. This aluminous phase melts completely within 25 to
30°C of the solidus (in the case of aluminous spinel by
pontinuous reaction to chrome spinel). The qlinopyroxene—
bearing field for these perlidotites extends some 75 to 100°¢
above the solidus. The upper stabillity 1limit of orthopyroxene
lles approximately 150 to 200°C above the solidus of both
peridoéites and increases slightly with pressure. The per-
centage of melt obtained from the melting of both peridotite
s§gples increases rapidly 1in the initial stages of melting,
and then increases at a steady rate, whereas the proportion
of residual phases decreases regularly. Jacques & Green
(;9801 suggested that alkall olivine basalts and more under-
saturated rocks are derived from lherzolite assemblages at
low degrees of partial melting and at pressures greater than
10 kbar, and probably 15 kbar, leaving a residue of olivine +

1
clinopyroxene +/- spinel or garnet depending on pressure.
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EVOLUTION OF THE XENOLITH SAMPLES

A partial melting model may be appllied to the four
Cordilleran and Nunivak Island xenolith sultes by highlighting
the observed variations that may reflect: petrogenetic contrél.
Among the most uniform features of the five ultramafic
xenolith suites 1s the range in modal proportiogé. A common
trend can be seen 1n the distribution of lithologies from
«each sulte (Fig. 2) defined by the predominant group of
lheriélite samples and the range of either more olivine- or
pyroxene-rich lithologles. Pyroxene-rich lithologles are
comparatively abundant at the JL, FS and PV xenollth localil-
‘tles. Samples from these three suites appear to deflne a
modal distribution which varies in the ratio of olv vs. opx +
cpx. An extenslon of thls distribution would Intersect the
opx-cpx axis in Figqxe 2 at about 60 modal % orthopyroxene.
However, samples with greater than 76 modal % olivine appear
to diverge from the trend. In the CR sulte, samples from
the harzburgite xenolith»group define a linear distribution
with a uniform modal clinopyroxene content but a variation
in the ratlio of olv vs. opx. -This inflection between the
modal distribution of harzgurgite and lherzolite samples 1s
also weakly apparent in the PV and PS suites.

The residué produced by the initial partial melting of
a pyrolite-like mantle would have pyroxene lherzolite to
lherzolite composition and would coexist with a gseudo—invari-

ant melt. The transition from lherzolite to harzburgite

reslidue compositions may reflect the loss of clinopyroxene
N

~
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in the source at higher degrees of partial melting. Accor-
ding to such an interpretation, the modal clinopyroxene
observed in harzburglite group xenoliths woula have formed by
exsolution frpm orthopyroxene during subsclidus re-equilibra-
tion. ’

The variations in mineral compositions can be readily
Interpreted accordihg to a partial melting model. For the
majJority of samples, the Mg-Fe distributions of olivine,
ortho- and clinopyroxene (Fig. 16A) and of spinel (Fig. 13)
define narrow ranges. In additicn, there 1s 1little variation
in the ratio of Ca/(Ca + Mg) in clinopyroxqges from the
harzburglite, lherzolite and pyroxene lherzollte xenolitﬁ
groups (Fig. 6). Howéver, significant compositional vafiav
tions occur in the fusible element contents of both pyroxenes
and splinel. This 1s shown by the progresslve depletion of
aluminum in the sequence pyroxene lherzolite to lherzolite
to harzburgite for each of these three phasés. ‘The q;stribu~
tion of sodium and titanium closely follows that of aaﬁminum
in the xenolith pyroxenes (excluding the comparatively
anomalous Na-rich clinopyroxene of the hydrous NI ;amplesl.
This progressive depletion of the fusible elements Al, Ti
and Na In the sequence pyroxene %herzolite to lherzolite to
harzburgite 1s interpreted to reflect an increase in the
degree of meltling these xenoliths represent, |

The variations in mineral 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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A similar pattern

in the bulk compositions 1s derived from thelr solid solution
in each of the féur mineral phases and sheuld therefore
reflect any common petrogenetic process that affected all
four. In contrast, Ca 1s held in pyroxene solid-solution,
whereas aluminum 1s controlled by mutual sq}id-solution’among
both pyroxenes and spinel. The concentration of both Ca and
Al in the bulk compositions is,correlated with both the modal

proportion of these phaées and their individual compositions.

f variation is displayed by the fusible
elements Na and T1/, both preferentially partitioned 1into ‘
clinopyroxene. e rapid depletion of both Na and Ti (Fig. 17)
in the transition from pyroxene lherzolite to lherzolite is
followed by comparatively smaller degrees-of depletion 1n the
transition from lherzolite to harzburgite. In fact, the

range of Na and T1 concentrations in the harzburgite bulk

compositions largely overlaﬁs the lower range of lherzolite
bulk compositions. The vartation of fusiblé minor elemeﬁté
in ;He bulk compositions suggests’that Na and Ti are func-
tionally controlled by the modal amounts of clinopyroxene.
A surprisingly s%milar conclusion caﬁ be d:gw? for Cr in
the bulk compositions} In both pyroxenes and spinel, Cr
contents follow the téggd expected of a compatiﬁle element,
typlcally 1ncreasing %?Bé*that of the pyroxene lherzolite
group. Yet the highest‘Cr contents in the calculéted bulk
compositions are from saﬁples in the pyroxene lherzolilte
xenolith\group. Depletion of Cr in the bulk compositions

occurs predominantly 1in the range of pyroxene lherzolite and
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lherzolite compositions. Cr concentrations 1n lheézolite
bulk eo ﬁositions overlap those of harzbqrgite“bulk composi-
tions in é similar manner to that seen for Na and Ti.

' The compositional variations in each of the xenolith
sultes appear‘to reflect a common partial meltlng process,
the principal differences between the sultes 1yin£ in the

N
average degree of depletion of a. common primitive mantle

composition which characterizes each suite. The close
similarity in the composition of the pyroxene lherzolite
samples and that of pyrolite-1 (Table 6) suggests that this

xenolith‘gfoup may approximate anhydrous undepleted upper

"mantle that 1s present 1n some‘proportion beneath each of

the sample locallties. The xenoliths of the lherzolite and
ﬁarzburgite groups (Fig. léBl can be related by increasing
degrees of partial melting of paéental compééitions that are
approximately equivalent to.the pyroxene lherzolite group.
Thus the lherzolite and»the harzburglte xenq%{?@ groups repre-
sent upper mant)e that 1s compositionallyAdepleted and barren,
respectively;\én terms of fusible components, compared to a
"fertile" clinopyroxene-rich lherzolite source, as represented

1

by group 3 xenollths. The fact that the trend definéd by the
hydrous peridotitesaét Nunivak Island (Fig. 16B) 1s identical
to that of the anhydrééf Cordilleran suites indicates that
the late Nasyrich metaso&atic flulds had 1little effect on the

major-element chemlistry of the upper mantle beneath.thils .

~looal:tty.
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THE COMPOSITION OF THE PRIMITIVE CORDILLERAN MANTLE
The highIfusible element content of samples with pyroxene.
lherzolite composiéions‘forms the basis for distingulshing
this group from the‘otherwise continuous'lherzolite xenolith
group. Pyroxene lherzollte samples from each of the four
Cordllleran and Nunivak Island sultes weré used to calculate
an average undepleted upper mantle coﬁposition (Table 6).
Although several other pyroxene lherzolite bulk composi%ioné
-»plot outdide the residual field (Fig. 16B), these samplgs
may be products of fractional crystallization, as shown by
the Fe-rich nature of their clinopyroxene and their high modal
proportions of spinel. The pyroxene lherzollite samples
chosen in Table 6 (with the exception of FS12) plot within
the residual field (Fig. 16B) and cluster about the. lower
range of trend A. | - .
’The most wldely used estimate’of thg undepleééd upper
mantle 1s that of pyrolite-{/LRingwood 1966), composed of
three barts "synthetic" alpine peridotite and one pant
Hawalian tholeilite. Pyrolite—lczs thought Fo be q\reasgnablep
approximation of the upper mantle composiﬁion in areas of
continental alkall basalt volcanism (Frgy‘& Prinz 1978).
Although the averaged compositions of the xenolith suiteés
(Table 2) are significantly depleted in ﬁﬁkiblq components
rélative to the pyrolite model, the pyroxene léeriolite bulk
compositions chosen in Table 6 closely approximate t?at of

pyrolite (Table 6) in thelr contents of the major oxides.

In addition, the concentrations of cbmpapible minor elements
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Table 6: UNDEPLETEL MANTLE C

CMPOSITIONS

- o s - — — v v

' JL CR FS EV NI
SAHPLE 50009 40010 30012 2Q0Cu4e6 10069

1 yi

- - — - ——— — ————— — ——— a—

s102 45.76 44.68 45.67 U44.26 43.96

- -

44.85 45.20

0.14 €.71
4.03 -S4
0.41 C.u8
38.44 37.50
7.88 6.C4
0.14 g.14
0.1 0.20
3.60 3.C8
0.31 0.57

-— - -

1102 0.4 0.11 0.18 .10 0.15
AL203 3.94 3.88 4. 60 3.71 4.01
€R203 Q.44 0.46 0.36 0.37 0. 44
NGO 37.38 39.12 36.C7 40.27 39.41
FEO 7.46 7.72 7.75 8.41 8.13
MNO 0.12 0.15 0. 16 .18 0.10
NIO 0.17 0.22 C. 17 €.20 -

cao 4.17 3.42 4.61 - 2.35 3.46
NA2O 0.41 .24 Ciud2 C.15 0.34
TOTAL 99.99 100.00 99.99 100.00 100.00

MOLAE PROPOKTICNS EASED ON 100 CATICNS

100.00 95.46

3 4
42.86 44.71
0.33 0. 16
6.99 2.46
v 0.18B 0eb2
\35.07 41.00
7.22 8.15
0. 14 0. 18
020 0.26
4437 2 42
0.45 0.29

97..81:100. 05
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SI 38.68 37.5& 38.78 37.14 36.S0
11 0.09 0.C7 0.1 c.06 0.C9.
AL 3.92 -3.85 4.0 . 3.67 - 3.57
CR 0.29 0.31 0.24 0.25 0.29
MG 47.09 49.04 45.65 S50.36 49.231
FE 5.27 5.43 5.50 5.90 5.71
My : 0.09 0.11 0.12 0.13 0.07
NI 0.12 U.15 0.12 0.13 -
CA 3.78 3.C8 4. 19 Z.11 3. 11
NA 0.67 0.39 0.69 Co24 . 5SS

37.80 38.44
0.09 0.45
4.00 3.55
0.27 . 0.32

48.29 47.%3
5.56 5.72
0.10 0.10
0.13 0.4
3.25 2.81

0.51 C.SU

\
37.07 37.41
0.21 0.10
7.12 2.43
0.12 0.28 "
45.21 S1.14
5.22 5.70
0.10 0.13
0. 14 0.17

4. 05 2..17
0.75  0.47

- — A — - ——

OXYGENS 140.5% 139.53 14C. 57 139.04 138.85
HG/MG+FE 0.899 - 0.900 0.8S2 0.855 0.896

AL/AL+SI 0.092 0.093 0.106 C€.CS0 0.097

139.77 14C.36
0.897 0.893

kS
0.096 04CES

1l: Average of 5 Cordilleran undepleted samples

140.53 138.63
0.896 0.900

0.161 0.061

2: Ringwood (1966) Pyrolite-1l, 3 parts dunite + 1 part Hawaiilan

tholelilte

3: Carter (1970) m9de1 based on spinel lherzolite from Kilbourne

Hole, N.M. '

4: Maaloe & Aokl (1977) model based on tontinental spinel lherzo-

lite, with estimated Ti0, and Nap0 welght
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Cf, Mn and N1 are very similar in the pyroxene lherzolite
bulk{compositions and pyrolite (Table 61. The average bulk
composition of the five pyroxene lherzollite samples apbears
to be slightly higher 1in A1203 and Ca0O compared to pyrollte;
however, the concentrations of these oxides approximate that
of pyrolite for several of the five saégles.

In contrast, pyrolite has a significantly greater concen-
tration of NaZO aqd 'I'i‘O2 than any of the Cordillgran pyroxene -’
lherzolite samples: The Nazo contents of pyrolite are only
hpproached by JL9 and the hydrous ﬁunivak Island lherzolite
samples, whereas the T102 content of pyrollite 1s almost five
times greater than the most Ti-rich bulk composition (0.15
wt. %; NI69) calculated for the xenollith samplés. Kuno (1969)
suggested that the Hawailan-thclelite composition used by
Ringwood (1966) was atypically high in.its alkali and titania
contents com;ared to common olivine tholeiltes. Frey & Prinz
(1978) have shown that pyrolite-l is enriched in incompatible
elements relative to the source region for the most mid-ocean-
ridge basalts. ®

° Carter (1970) estimated the vapor-free composition of
the undeﬁieted upper mantlie based on a study of spinel
lherzolite and wehrlite xenoliths from Kilbourne Hole, New
Mexlico. Carter's (l??O) data show that samples in which the
forsterite :égtent of olivine 1s between 86 and 88% are rare.
Because cf the differences between testures, modes .and compo-

sttions of samples on either side of this range, Carter (1970)

suggested that both partial fusion and partial crystallizétion
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(‘ play a dominant role in the genesis of ultramafic xenolifhs
-, and that the compositional interval between thelr expected
products }eprésenrs thé undepleted composition of thé upper
mantle. The differences between Carter's model and the pyro-
lite model (Ringwood 1966) occur mainly for those ox1des that
show a preference for incorporation in the liqdid phase; for
example, TiOZ, Nazo and K2O. Carter (;970) noted that some
of the difference between these models for the fusfble
components may result because of thelr immediate incorpora-
tion into the liquid phase with very low degreeg\of partial
melting. With respect to the Cordilleran average, the Carter
(1970) model 1is lower 1n~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 fleld of pyroxene
- lherzollte-3 sémples with cumulate affinities. This suggests
that a better estimate from Carter's data might ariée 1f some
pristine mantle compositions were assumedito bg'included in
the lherzolite population at Kilbourne Hole. /o
Maaloe & Aoki (1977) estimatea thé composition of the
‘upper mantle based on a comparison of whole-rock composi-‘
”ﬁzons of spinel lherzolite and garnet lherzollte xenollths.
_They showed that the chemical comppsition of continental and
oceanic spinel lherzolites are very similar with the excep-
tion of Ca0, Na,O0 analTioz. Maaloe & Ackl (1977) assumed
: .

‘that the primitive mantle should have a magnesla content

' ( slightly lowetr than that of the average spinel lhenzolite;

£

»
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they .proposed a value of 41.0 wt. % MgO. The remaining
primitive oxide-contents were estimated for cintinental spinel
lherzolite of this magnesia content, with ghe exception of
Na,O0 and Tioa, which are estimated to approximate the higher
values of oceanic spinel lherzoliie. The model of Maaloe &
Aokl (1977) sugges?s a slightlynng-rich and Al-poor mantle
compared to thg average undepleted Cordilleran composition.
Although the fusible element contents are closely cogparable
between these two estimates, Maaloe & Aoki's (1977) model .
composition lies between that of the lherzolite and pyroxene
lherzolite xenolith groups in terms of Mg and Fe, and suggests
that thelir mantle %E slightly depleted relative to the pris-
tine Cordillera.

The distribution of Cordilleran and Nunivak Island samples

~ support Carter's (1970) assumption that products of both

partial melting‘and fraétional crystallization are present

in the xénolith suites and that the compositions that most
closely approximate the'undepleted upper mantle should Dbe
intermediate between these, hlthough trend A (Pig. 16B) does
‘not intersect the composition of pyrolite, an extension of

it would 1include an ﬁpper mantle composition that might be
appropr1a£é as an alternate Cordilleran primitive mantle.
Both the calculated Cordilleran mantle and pyrolite are Mg-
poor compared to thelharzburgite and lherzolite xenolith
groups. In additlon, the curvature suggested by trend A

implies that the Cordilleran model may be slightly Fe-rich =

(approximafely 6.0 mole $ Fe) or possibly more Mg-rich

\
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compared to pyrolite:

If the approach of Maaloe & Aokl (1977) ofnassuming an
appropriate Mg content 1s adopted, the Cordilleran primitive
mantle would have an Mg mole % approximdting that of pyrolite.
In addition these Cordilleran and pyrolite-l models appear
comparable (Fig. 17) for elements that display regular varia-
tions 1in Eoncentratioh, such as Ca, Al and N1. If the
metasomatized Nunivak Island sampﬁes and thoée Cordilleran
samples consistent with a cumulate model of origin are
excluded, estimates for‘the primitive Cordilleran upper mantle
contents of fusible elements can be made. Based on the
distribution of Na and T1 for the range of xenollth samples
(Fig. i7), the Cordilleran primitive mantle appears to have
values of about 0.50 cation % Na and 0.08 catiéh % T1. These -
concentratlions are consideraﬁly Na- and Ti-poor compared to |
that qf pyrolite-1l. "However, the pfrolite—l model suggésts
'distinctly Cr-poor compositions compared go the metasomatized
Nunivak Island samples; it may provide a reasonable estimate

of the Cr values of the primitive Cordilleran mantle.

THE CCRDILLERAN LITHOSPHERE TODAY

It 1s possible that the partial melting episode(s) that
resulted in the xenollth compositions may have occurredﬂlong
ago. Although a cognate origin would imply that the evolu-
tion éf the xenolith compositions occurred In a comparativ?ly
recent geologic timeframe, littile evidence.can be drawn from

the majority of samples tc support thils model except that
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they have been entrained in basaltic hosts of laté‘Tertiary
to Recent ages. This association requires that the xenolith
samples reflect the comparatively recent compositions and
physical conditlons of the lithosphere, regardless of the
petrogenetic model adopted. Estimates of physlcal equilil-
brium parameters for the xenoliths can be used with the
variation in xenolith textures to 1llustrate the nature of
the contemporary Cordllleran and Alaskan lithosphere and

the degree of its hetérogeneity fhroughout this region.

The pyroxene geothermometer of Wells (1977) yilelds cal-
culated temperatures that are rather uniform. The equilibrium
temperatures of the harzburgite, lherzolite and pyroxene
lherzolite samples define a narrow range (60 to 110°C) 1n
each sulte. Most are several hundred degrees too low to
reflect equillibrium with an extracted melt. One can conclude
from this that the majJority of xenollth samples reflect
subsolidus re-equilibration following thelr depletion by
partial melting. The only conslstent departure from this
range of calculated temperatures 1s for the group M‘perido-
tite samples, which have been shown to be distinctly higher
than those calculated for theﬁpredominant xenolith groups 1,
2 and 3.

There 1s little evidence for the systematic variétion in
temperature expected from partial melting, excépt in the CR
suite. In this suite the calculated. results (Fig. 15) suggest
that témperatures Increase between xenoclith groups over a

narrow range in the sequence pyroxene lherzolite to lherzolite

117



to harzburgite. Although in the four remaining suites, a

heté%ogeneous distribution of calculated temperatures between

the xenclith groups 1s apparent, a consistent decrease in

equilibration tempeyatures can be seen between the Cordil-

leran xenolith suites in the sequence JL = CR>FS >PV (Table

5). : : \\\\-_”
At present, quantitative estimates of the equllibrium

pressure conditions for the xenolith samples are much less

reliable than those of temperature. Nevertheless, several

composlitional parameters, such as the distribution of Aliv

vs. AIVi

and the proportion of the Jadeite component, suggest
that the Cordilleran xenolithgwhave sampled a range of depths
that decrease in the sequence JL > FS > PV >CR. Both of these
fusible components are shown to be correlated (Ftg. 11) by
coupled solid-solution in the form NaA1S1206, and thelr varia-
tion 1n thls sequence could be derived entirely from differing
degrees of depletion with partial melting {(Francis, pers.

comm. 1982). However, 1f both the distribution of A1V vs

Alvi

and the proportion of Jadelte are strictly related to
partial meltiné, thelr average value for each sulte should

be correlated to the average degree of depletion as reflected
in thelr éverage modal composition (Table 2). The degree of
depletion increases in a somewhat different sequence, than:
that proposed to represent the sampled depth at each locality,
i.e., P 2>JLD>PS = CRMNI.

The wvariation in pressure-dependent aluminous phases in

the xenollth sultes also suggests that the depths sampled by

13
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the xenoliths decreases in the sequence JL > FS > PV)> CR.
Although not specifically considered in this study, the fact
that plaglioclase lherzolite and granulite (Table 1) samples
;;e predominantly restricted to the PV, CR and NI suiltes
supports their comparatively low pressures of equilibrium

(8 to 9 kbar). A maximum pressure range in the xenolith
suites is'indLJated by the reaction of garnet to form two
pyroxenes and spinel, possible evidence for which llies 1in
the occurfence of "holly leaf" spinel textures observed 1in
some samples. Samples containing this texture are virtually
regtricted to the JL and FS sultes and altogether absent in
the‘PV duite. Thls sequence varies slight%y ;rom the results
obtained using Ranallil's (1980) Cordilleran geotherm. (Pig.
15). Howevér, the latter applicatlon 18 largely dependent
on the distridution of calculated pyroxene equilibration
temperatures. '

In the Cordilleran sultes, there 1is a gradational varla-
tion in the ratio of porphyroclasts to neoblasts from coarse
equant (CE) to granuloblastic-textured (GE) xenoliths, with
intermediate porphyroclastic (POR) or mosaic-porphyroclastic-
textured (MP]l xenoliths dominating the populatlion. Mercier &
Nicolas (1976) suggested that this type of textural spectrum
represents recrystallization with deformation increasing from
CE to POR to GE textures. If the textural variations are a
result of partial melting, then t%é\polarity expected 1s

opposite to that observed in the Cordilleran suites, 1.e.,

GE (pyroxene lherzolite) recrystallizing to POR (lherzolite)
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and then GE (harzbgrgite) compositions, because an increased
degree of recrystalllization would be associated with an
increased degree of depletion. Interestingly, Basu (19T77) -
described a similar suite of spinel lherzolites from' San
Quintin, Baja California, in which the sequence expected

from both partial melting and metamorphic recrystallization
aéree,li.e., CE (pyroxene lherzolite) to POR (lherzolite) to
GE (ha;zburgite) compositions.

The ultramaflc xenolith textures may reflect postmag-
matic recrystallization 1n response to deformation. Recent
studies by Ave'lLallement et al. (1980) -suggest that only the
relatively coarse original (paleoblast) grain size 1s 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 differential stresses with depth. The identical
textural character of granuloblastic ultramafic and some
granulite xenoliths from several of the Cordilleran suites
suggeéts the increasing importance of crustal deformation
processes extending below the depths of plagioclase stabllity
(26 km), such that granuloblastic textures grade into porphy-
roclastic and coarse equant textures with increasing depth.
The correlations observed between chemistry and texture
might be explalned by a model in which different groﬁbs of
xenoliths represent partial melting residues from different

depths. Maaloe & Aoki (1977) did not consider the composi-
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tional difference between spinel and garnet lherzolite as
evidence for ; systematic chemical variation in the mantle
with .depth. However, the garnet lherzolite from beneath the
African continent does gppear to deviate 1n composition from
garnet lherzolites elsewhere, as well as from continéntal

and oceanic spinel lherzolites. Maaloe & Aoki (1977)
suggesteé that the African garnet lherzolltes could_be con-
sidered residual compositions from a spinel lherzolite, and
might represent a primitive homoéeneity. Carswell (1980) has.
reviewed various lherzolite xenolith studies that indicate
the existence of lateral and vertical variations in the
comﬁosition of the uppermost mantle. He suggested that there
may be an overall chemical zonatlion to the upper mantle above
the asthenosphere with the level of depletlon 1n fusible
components decreasing with depth. With respect to the
Cordilleran xenolith sultes, this would imply that fhe most )
depleted samples of the harzburglite group represent the
deepest mantle compositions; these would be overlaln by less
depleted mantle residuals. )

If degree of partial melting 1s significantly varlable
over small distances, theh textural variations may merely
reflect 1its operatlons. If thls 1s the case, a likely ana-
logue for the mantle source~region of the xenolith‘suites
would -be that of a high-~grade migmatitic terrane with
gneissic banding of leucosome and melancsome. In such rocks

partial melting results in the segregation of felsic melt

into bands -that alternate with layers of mafic residue in a
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lit-par-1lit arrangement. In regions of shear stress or high

thermal gradlents, the melt component could become relatively
moblle compared to the residue, resulting in a complex mixing
or "marbling" of thesé units. Whereas direct equivalents 'to
the leucosome-melanosome relationship in a banded gneiss are
now known in a few composite xenollths only, a sulte of
xenoliths with cqntrasting compositions and textures could
have been derlived from Juxtaposed layers wi}hin the mantle.
Rhodes & Dawson (1975) have described lherzolite xenolitﬁs
that show significant varlations in ‘the level of deformatign
over dlistances of only cm, lndicating that deformation may
be very locallzed. The variability in the extent of partial
melting over small areas;%hat such a model implies would not
only explain many of the exceptions to the generally syste-
matic variation of xenolith éomposition with textups (F1g. 3),
but also the surprising homogenelty of the calculated sub-
solidus equilibrium temperatures betﬁeen 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 xenoliths at each
locality. Each xenolith suite contains a variable proportion
of compositionally "fertile", pyroxene lherzollte xenoliﬁhs.
These samples have beenainterprqted to approximate a common
undepleted upper-mantle composition. Although both the CR

and PV xenolith sultes appear to have Sampled approximately

'equivalent pressure ranges, thelr distinctly different popu-

lations (Fig. 2) suggest that the CR mantle has been much

N
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more extensively depleted in fuslble components, which in
turn refiects considerably higher degrees of partlal melting
at this locality.

Francls (1978) showed there 1s a distinct gap 1in the
Nunivak Island suite in terms of the gradational varlation
in grain size and in the ratio of porphyroclasts vs. neoblasts
between xenoliths with coarse equaﬁt to tabular textures
and those w}th granuloblastlic textures. Thls gap occurs
almost exactly 1n the poslition assoqiated with pyroxene
lherzolite compositions in the Cordilleran xenolith sultes.
The NI sulte 1s comparable to the CR suilte in that 1t prob-
ably reflects comparatively high degrees of partial melting,
resulting 1In a very mipor proportion of pyroxene lherzolite
compasitions in the extensively depleted lithosphere beneath
this ‘locallity. Thé five xenolith sultes can therefore be
divided into two lithological assoclations: 1) The JL, PS
and PV suites.of xenolliths with a limited proportion of
harzburgite and a large proportion of lherzolite and pyroiene'
lherzolite samples (FPig. 2); 2) The CR and NI suites with a
much larger proportion of harzburgite, a lesser proportion
of still predominant lherzolite and relatively few pyroxene

lherzolite samples.

TECTONIC IMPLICATIONS OF THE XENOLITH -SAMPLES
The results of many studles suggest that large reglons
of partial-melt resliduum must be present within the earth's

upper mantle in addition to less depiete& and comparatively
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pristine. material. Some feel this partial melting occurs
ﬁit‘:hin the low %elocity zone (LVZ) in the mantle. However,
considerable controv‘ersy existé as to the variations 1in
-upper mantle compositionsg-beneath differ‘ing tectonic environ-
ments. Carter (1970) maintained that the earth's upper
mantle beneath the\continents may be composed mainly of
resilduum material. Ringwood (1975) has also proposed that.
the uppermost mantle has»da dominantly refractory, resigual
‘ composition. In contrast, 'Gr'een & Lleberman (1976) presented
a model of chemical zonatioh within thc; oceanic mantle which
.predicts that the deeper part of the Low Veloclty Zone (LVZ)
i1s depleted i1in inco;npatible elements and overlaln by an
\ enriched layer, owing to continuous upward migration of a
s;mal} fraction (< 2%) of melt of olivine melllitite composi-
tion. Ave'Lallement et al. (1980) suggested that continental
extension zones most closély approximate the "average" oceanic
mantle. '
Differences in the lithologlc association between the
Cordilleran and Nunivak Island xenolith sultes can be corre-
:L.ated with the regional geologicall character of the
‘ lithosphere at each locality: The JL suité, erupted only
25 km from the most westerly exposed member of the Rocky
Mountain thrust belt, has probably sampled the upper mantle
beneath a2 comparatively continental-—tyﬁe crust, A similar
conclusiqn must hold for the FS and PV xenollth suites, which
occur witk}in the Omineca Belt, approximately élong the

Cordl YIeran strike with the JL sulte. All- three of these
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(* . sultes are characterized by a relatively high proportiod of

o, pyroxene lherzolite samples. In contrast, the more depleted
CR s;ite, erupted in the Intermontane Belt many ki}ometers
west of any exposed continental basement rocks,gmay ha;e
sampled a lifhospherip upper mantle beneath crust that 1s -

. tFansitional in character between that of a craton andith@t
of a continental margin. Thus, the contrast between the JL,
FS and PV xenollth sultes aﬁd the CR and NI xenolith suites
suggest that the continental lithospheric uppér)mantle
beneath the Omineca Belt 1is relatively undepleted compared
to that beneath the Intermontane Belt further to the west
or that beneath Nunivak Island.

o Yoder (1578) reviewed two melting models that have
reverseq sequences of melt composition as a function of debth.
In the "hot-subducting-plate" process a lnvariant-like 1ligquid
1s constralned to one horizon, whereas in the "diapiric"
process, that iiquid 1s spread over a‘vertical distance of
at least 35 km. If these sources are téppe& from the top
then, in the hot-subducting-plate model, the magmd represen-
ting the smaller degree of melting will be -Intruded or
extruded first, whereas 1n the diapiric model the magma
representing the greater degree of melting willl be first.

Considerable geophysical data are ava;lable for southern

British Columbia. Blackwell (1969) definéd a high heat-flow
lineament of up to 90 mW/m2 striking northweép along the
northern Rocky Mounta;%s of the Uq;ted States. He gsuggested

( that this thermal anomaly results from localized. convection
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(~ ’ cells 1in the deeper man%;gir;Jeséob g Jugge (1971) have shown,i

’ that the thérmallanomaly extends into Canada with heat flow (
of 80.mW/m2 along a2 line west of ;nd éaréllel “c the Rocky
Mbu tain Trench. Using global heat-flow measurements, ?bllaék
& Chapman (1977) have shdwn that lithospherié thicknesses '

J sHow! no sp;cial transitions at zontinent-ocean beunéaries.
Tﬁe\ﬁharp gradienté generally occur within the continents
themse lves and may pe correlated with regions of nigh heat- 3
floWw, such as the Cordlilleran therma. anomaly zone.

Wickens (1977) presented the results of selsmic wave
proi#les in southern British Columbia. These show a shallow
LVZ of L0 to SO km thickness, capped with a 15 to 20 km
crustal 1id under the soutp-central Intermontane Belt. Ta
the east and north <he cap 1s thicker at depths from 20 to

. 40 km, ﬁnderlain by a low-selsmic-velocity zone from 50 to

70 km thick. The character of the upper-mantle LVZ to the 7

' ‘ . northwest 1s similér to the mantle structures in the east,

suggesting a shift of the déep structuré to thé west reia-€

tlve to the surficial tectonic trend. Wickens (1977) sug-
gested that these varlations coulq’yesult 1f a subducting
plate was descending beneath e eastern edge of the Coagt

Crystalline Belt and continued under the Intermontane Belt.

The slope implied by the top of the LVZ 1is about 20 degrees

from the "horizontal, diﬁping to the northeast. As this

reglon %ﬁ relatively aselsmic, a plate remnant if 1t exists,

must be dormant, wilth only the thermal trace above the much

( - deeper plate being detected (Wickens 1977).
; i
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*
Applicaticn of the possible melting models to the

Cordilleran andéd Nunivak Island xenolithr localitles can be
iliustrated by <helr volcanic assoclaticns. The JL, FS and
PV sultes are found Zir alkal.l ba%alt cinder zones thatgwere
erurted either 2-n or nearby flat-lying :héleiit&c tasalt

s, 2n addition t¢c the lack of

~y -+
- e

shields < Tertlary age.
geophysical evidence fcr a subducting plate ceneath the
Omiﬁ%&g Selt, i1s consistent with z dlapiric model for these

N
three sites. Although the Nunivak Island volcanlc rocks are,

ct
[$)

basalts,

2
-

ey

t of =hclet

(&)

much more volumincus, these consl

overlaln by the xencl.ith-bearing zlkaline basalts. Thus, a
dlapiric médel‘g?y be suggested for the NI sulte as well. In
contrast, the CP suite 1s associated with the cyclical Mount
Edzlza volcanic complex, each series cf whilich began wlth the
eruption of primitive alkalline basalt of almost constant
composlition. This may support either a subductihg plate or
anPther model requiring a uniform heat-source that results 1in
the accumulation of a large volume of liquid 1n a subcrustal
reservqir. . ' , oo
Mzaloe (1982) has shown that the compositions derived
from partial melting will depend on the permeabllity of the
upper mantle source. For the extreme, batch melting involves
\ap increase in degree of partial meltlng to a pe;meability
threshold followed by magma segregation, whereas fractional
melting occurs cnly 1f the mantle I1s permeable at very low

) W,
degrees of partial melting. Maaloe (1982) proposed that an

intermediate type of partial melting, called critical melting,

0
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occurs where the ascending mantle first undergoes batch
melting to a certain dggrée of partial meltlng that represents
the permeabllity threshcld. Beyond this threshold, the magma

1

generated 1s continucusly sgueezed out of the residuum and
accumulates as)EBEizontal layers of liquid dispersed through-
out the melting region.

Although the limited varlety of volcanlc rocks at\the JL,
FS, PV and NI localities does not readily support a critical
melting model, 1t may be applied to.the CR suite. The large
volume of volcanic rocks contalned in the Mount Edziza Com-
plex might 1mply some component of batch melting. This is
alsc suﬁported by the comparative hgmogeneity of the alkalilne
basalts that begln each cycle of the Mount Edziza Complex.
Accumulation of melt 1n a large magma ch;mber may have
occurred. In %he CR xenolith suite, the‘products of this
accumulation may be reflected by 'the group 4 samples. ;n
addition, the ;yroxene—rich portions of composité samples may
represent recrystallized melt as predicted by Maaloe (1982).‘

Nicholls et al. (1982) suggested that in southern British
Columbla the higher temperature (2>lOOOOC) portions ofxthe/
mant le "were sampled by magmas rising from a topographic higp
in the low velocity zone. They showed that the primery melts
of nephelinite, basanite and alkall olivine bzsalt composl-
tion, from localities throughout British Colﬁmbia could be
géneratéd by between 4 and 17 % partizl meltinz of pyrolite.

Nicholls et al. (1982) propcsed tha+%, although these calcu-

lated ranges of. partial melting seem approprilate, the range
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In residual compositions is too restricted for the xenolith
compositions to represent the source material for tﬁese
basalts. However, a more complete sampling of the Cordil- -
leran xenolith localities does, in fact, correspond to what
Nicholls et al. (1982) predicfed for mantle residuum. The
three Cordilleran xenolith suiteg, JL, PS and PV, which are
characterized by a relatively la?ger proportion of "fertile"
or pyroxene-rich xenollth, occur at 1sclated cinder cones,
with only minor associated basalt flpws. In contrast, both
the CR and NI sultes, with relatively "depleted" xenoli;h o
populations are assocliated with long, voluminous volcaéic
histories. This suggests the possibility that some corre-
lation exists‘between the volume of volcanic rocks erupted
at each locality and the average degree of depletion due to

partial melting in the underlying mantle.
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* 9. CONCLUSIONS

_ Ultramafic xenoliths: are found with alkaline basalt host
ro;ks within the Omineca and Intermontane Belts in the
Canadian Cordillera and thelr equivalents in Alaska. The
volcanic centers of the five xenolith suites considered here
range from isoldated eruptions that produced small cinder
cones at Jacgues Lake, Fort‘$elkirk and Prindle Volcano to
voluminous centers~characterized by either the eruption of
a wlde-range of compositions as at Castle Rock to a bimodal-‘(
suitg\?f extensive tholeiitic basalt and lesser alkaline

basalts as at Nunlvak Island. Spinel lherzolite 1is the pre-

dominant lithology among the xenolith suites, with yariable

' but subordinate proportions of harzburgite, oclivine webster-

ite, websterite and graﬁulite lithologiles. .
A regular modal variation 1s seen 1in each suilte between
harzburgite, lherzolite and pyroxene lherzolite groups. The
JL and PV suites have a larger proportion of pyroxene-rich
xenoliths than do the CR and NI sultes, whereés the FS sulte
is intermediate between these end-members. Cordilleran
xenoliths display a conti;uous textural variation between
coarse-grained samples In which the ratio of porphyroclasts
to neoblasts is high, to fine-grained 1lithclogles with a
much lower ratio. - Thg xenolith mineralogy 1is dominated by~
olivine and orthopyroxene, which tend to form porphyroclasts,
whereas clincpyroxene is typically smaller in gbézh size,.

Spinel displays a variety of hablits depending cn the xenolith
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texture.

All phases are essentially compositiocnally hgmogeneous.
Olivine and:orthopyroxene span a narrow range of majJor-
element compositions. Clinopyroxene shows a wider range 1in
major-element composition, from those rich in the fusible
elementsLAl, Ti1 and Na of the pyroxene lherzolite sambles,
concentrations’progressively decrease through those of the
lherzolite group to those of the harzburgite group which are
poor 1n such elements. Similar minor-element variations are
also evident in orthop&roxene, although to a lesser extent.
Spinel has a comparatively wide range 1n major element
contents.

Pyroxene geothermometr% suggests that most samples have
undergone subsolldus re-equilibration, at about 960°C Por
the JL, CR and NI suites.“ The temperatures for the FS and
PV suites are somewhat lower, suggesting a decrea§e 1in the
ten@e}ature range sampleé along the strike from soqtheast
to northwest in the Cordillera. Little evidence is present

273

for any correlation between the fusible element contents of

the samples and thelir temperatures, except perhaps .for the

CR suite. Qyoup‘ﬂ samples’ on the other hand have tempera-

tures that app?oximate magmatic conditions. The xenolith
samples appear to represent the range of the spinel stabillity
rfteld, with lower preésures characterized by the presence of
abundant plagibclase lherzolites and fine-grained textures
in the PV and CR suites,kand higher pressures for the JL

suilte suggested by the occurrence of "holly-leaf“ spinel

A\

k 131



3

;extures, coarse-grained textures and high Na contents.

The Nunivak Island sulte is characteriZed‘by higher
modga proportions of olivine- and orthopyroxene-rich litho-
logies, a comparative absence of pyroxene-rich lithologiles
and the presence of abundant amphibole, mica and fine-gralned
zones., Although the range of majJor-element contents for all
four phases are simllar to that in the Cordllleran samples,
the minor-element contents support the addition of a ﬁéta-
somatic component, rich in some fusible eleménts. LThe NI
suite 1s distinguished by the abundant evidence of metasoma-
tically added hydrous phases compared to the four Cordillerap
sultes which are practically anhfdrous.

Whereas the concentrations of Ca and“Al reflect the modal
proportion of p&roxene, the concentrations of Na, Ti and "
Cr are not sftrictly related to the pyroxene modes 1n %he
xenolith samples. The continuous deplgtion of both Na and
T{ in the transition from pyroxene lherzolite o lherzolite
13 followed by comparatively smaller degrees of depletion
in the transition from lherzolite to harzburgite, desplte
the confinued decrease in modal clinopyroxene. A similar
distribution 1s seen for the compatible element Cr, the"
harzburgite bulk cohpositions are the most Cr-poor, despite
the conce;;ration of Cr in the group 1 mineral compositions.
This progressive depletion of the fusible elements, 1in tﬁe
sequence pyroxene lherzolite to lherzolite to harzburgite,
reflects an increase in the degree of melting tﬁese xenoliths

represent. The transition from lherzolite to harzburgite

&
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(f occurs at about 6 modal % clinopyroxene and marks the degree
of depletion aésociated with the effective disappearance of
clinopyroxene. .

The harzburglite, lherzollite and pyroxene lherzolite

xenolith groups from the five suites define a curved trend .

in Mg-Fe spacé which approximates an i{sotherm in the residual

field of pyrolite. The NI samples follow the same trend,
desplite the metasomatism that they have exberienced. Tﬁé
distribution of samples along this trend sh%ws a common
procesé in which the degree of partialamelting increases from
<15% 1n the pyroxene lherzolite group through the lherzolite

group to > 25% in the harzburgite group .

The_principal differences betwee thé xenolith suites

lie 1n the average degree o} depletion which characterizes

. each sulte. Thé close similarity in{the compositions of the

pyroxene lherzolite samples and that\of pyrolite-1l suggests

that this xenolith group may approximate anhydrous undepleted
upper mantle‘that i1s present in some proportion beneath\each
of the sahpleflocalities. The xencliths of the lherzolité

‘End harzburgite groups can be related by increasing degrees

of partial ﬁeltingbof parental compositions that are approxi-

mhtely equivalent to the pyroxene lherzolite group. Thus,

these three sample groups represent mantle composlitions that >

are compg?atively fertile, depleted and barren, respectively.
Variations in the composition of the lithospherlic upper

‘mantle are clearly reflected in the range and relative pro-

( portions of the individual groups of xenoliths at each
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locality. The PV, FS and JL suites, characterized by a

high proportion of pyroxene lherzclite samples, sampled the
rélatively undepleted upper mantle béneath a comparatfvely
continental-type crust. The distinctly different populations
at PV and CR suggest-that ﬁhe CR mantle has been more exten~
sively depleted in fusible elements, which in turn reflécts
6onsiderably higher degrees of partlal melting at this
locality. The absence of hydrous phases suggests that the
levels of the Cordilleran upper mantle sampled are anhydrous
over a large areal' The NI sulte 1s comparable to the CR
suite 1n that it reflects comparatively high degrees ory
partial melting, resultling in a very minor proportion of .
pyroxene lherzollte compositiéns in the extensively depleted
iithosphere beneath this locality.

The results of thls study suggeét several avenues for
further work. Although the majority of xenolith sultes
throughout this region appear to be comparable to the
anhydrous Cordllleran samples, a similar sulte to that of
NI may be present at Alligator Lake, Yukon (C. Bacon, pers.
comm. 1982) and also perhaps at the Mud H1lls of southwestern
Alaska, not far from NI. These localities should be the |
principal targets of any further fleld-oriented studies. In
addition, the relatlionshlp between the lherzolite and granu-
lgte samplés in those sultes in which the latter are well
represented could essentlally proylde a stratigraphic section
of the upper lithosphere at these.localities. Pinally, there
appears to be some relationship bifween the average degree
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)
of depletion of the xenolith suités and the volume of
volcanic products erupted at each suite. Such a felationship
a LY .
" conflicts with most prevailing models of ultramafic xenolith

paragenesis, and should therefore be evaluated.

)
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40021 Spinel Loebsclite, pyrcxene-rich canding

40022 Composite, Spinei laerzclite and websterite

4023 arz 1-PCR  81.0 17.2 T.3 Jal - - - . 2271
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40053. sSp Lherz 2-MP° 62.4 " 23.3 13.4 0.7 - - tr 2457
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40064 sSpinel Lherzolite, pyLcxepe + spinel banding
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30002 Sp Lnendz 2-E/MP 70.0 10.8 16.4 2.4 ‘- - 0.8 2019
30003 Sp Lnefz 2-ECB 66.4 21.2% 9.2% 3.0*% - - 0.2 3213
30004  Sp Lhegz  3-BCE 56.2 30.3 12.0' 1.2 - - 0.2 2848
30005 Sp Loegz  3-FCR 59.8 3C.9 7.0 2.3 - - tr 2940
30006* Sp Laerz 4=C/P 65.u4% 2€.3% 6.8% 1.4*x - - 0.2 2524
30007 Sp Lanefz 2-ECR 60.7 23.1 11.0 3.1 - - 2.1 2798
30006* Sp Lhernz 1-CE  79.8% 14.3% 5.5% 0.3% - -  tr 1464
30005 Harz 2=CE  73.4 20.1 5.0 0.1 = - 1.3 2159
30010 Sp Laedz  3-MF 49.8 2z.0 25.5 2.0 - - 0.8 3273
30011 Harz 4-FCR 68.8 26.2 3.5 1.4 - - - 3327
30012% Sp Lherz® J-EQR W7.0% 27.7% 22.7+ 2.3% - - 0.2 2651
30013 Sp Lherz _Z2-E/HF 63.9 z4.9 B.5 2.4 - - tr 2971
30074 Sp Laernz ‘2-Es¥P 62.6 5.3 9.6 2.3 - - - 2690
36015 Sp Laerz 3-4P  56.5 Z26.3 12.2% 2.9% - - 2.0 4115
30016 Sp Laerz Y2-£,8P 63.3 z1.8 12.8 2.1 - - - 2441
3@017 Sp Laerz '3-ECK 58.3 26.9 9.3 2.2 - - (.3 4684
3001.8 Sp Lherz  2-ECR 63.4 26.2 6.9 3.4 - - 0.2 3223
30019 sSp Lierz 2-ECR 65.2 22Z.4 10.2 2.1, - - 0.1 2934
30020* Sp Lherz  2-C/P T4.3* 14.2% 9.6% 1.2% - - 0.7 2964

30021 sSpinel Lherzclite, inhcaggenecus \

30022% 0lv Webst 3-FOR 39.3#% 28.8% 25.3*% 5,1% - - 1.5 5189
30023 Spinel Lherzolite, abuncant fine grained melt zcpes

30024 sSpinel Lherzclite, extensive secondary alteratico

30025 Sp Lherz 1-CE 78.9 14.0 5.5 0.8 - - 0.8 2785
30026 Sp Lnerz 3-EGR 57.5 25.9 15.0 1.5 -. - 0.1 4150
30027 Sp Lherz 2-PCR 62.1 1.5 17.3 1.0 - - tr 4148
+ 30028 Sp Lherz 3-C/P 57.4 3u.4% 6.1x 2.0% - - tr 3500
30029 Spinel Lherzclite, small, coarse ygrained sangle !
30030 sSp Lherz 2-Cs/P 70.3 19.7 7.2 1.9 - - 0.9 3079
30031 Sp Lherz 3-PCR 58.3 3z.5 7.7 1.3 - - 0.2 3271
30032 Sp Luerz 1-C/7P 75.5 17.3 5.8 1.0 - - 0.3 3149
30033 Sp Lherz 3-PCER 49.5 35.1 13.5 1.5 - - 0.5 3851
30034 Sp Lberz J-pCr '58.0 z%.7 13%7 2.5 - - 0.2 3537
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FINE

( SA¥PLL 30CK GR  POINTS
MUMBER TY?E LLASS Ly CE1X CPX SE AXFEb MICA ZCNES CGUNTED
\
4 FCHT SELKIRX, YJKLU
30035 Sg Luerz i-CsP 68.4 20.7 8.9 0.8 - - 1.2 4027 -
FS average uode 3.3 .z4.0 10.8 1.9 .
\ ‘]
.PRINDLE VOLCANO, ALASKA -
20001 Harz: 1-82/G 77.5 20.5 1.1 J.8 - - - 2390
20002 +wWebst 4% 14,7 41.8 43.1 - - - 0.4 . 1410
20003 Harz 2-MP/G 70.9 Z24.3 3.6 1.3 - - - 2247
20004 Sp Laerz__ 3-MP 45,1 32.2 12.7+ 3.0%¢ - - €.9 1491
20005 Sp Lherz - 3-4P 5.0 23.9 15.3 2.8 - - - 1516
20006 Sp Laerz J=-BsaP S6.4 33.0 5.1 1.5 - - - 1444
20007 oOpxenite 4 7.9 74.5 14,1 2.9 - - .6 1450
20008 Sp Lherz 3-GE 43.5 40.2% 12.9% 3.4 -~ - - 1663
20009 Vvwebst + 6.6 36.2' 40.3 9.1 - - 7.8 1565
. 20010 sp Lherz. 2-dP 60.3 24.7 10.5 2.1 - - 2.4 1356
\ 20011 Composite, vicgside Websterite and Spinel Lberzclite
20012 Mafic Graaulite { @
20013 Plagiocliase Lherzolite
20014 Intermediate Gramoulite
20015% Sp Lherz 2-FECR 60,0* 27.9% 10.9* 1.,1* - - - 1453
20016 Sp Lherz 3~E/4P 59.4 29.7 8.6 2.1 - - 0.2 1168
20017 Sp Lhérz 3-yP 46.7 3€.0 13.5 . 3.8 - - - 1479
20018 Sp Lherz 3-ME/G 53.1 30.6 14.2% 2.2% - - - 1581
20019 Spt Laerz  S=BE/MP 58.2 22.7 1bbl1 2.5 = - 0.6 2194
20020 Conmposite, spinel Lherzclite and Clivine Welksterite
20021 Webst 4-C/E 29.9 1.7 53.3 ‘tr. - - 5.9 2609
20022 Harz 1-GE 76.8 20.6 2.1 0.5%¢ - - - 1407
20023 Lherz 3-C/P  4b.5 29.9 23.6 - - - - 1759
20024 Plagioclase Lherzolrte '
20025 Plagioclase Lherzolite ,
— 20026 Cpxeanite 4 11.2 4.0 ¢g4.3 0.4, - - - 1853
- 20027 composite, Spinel Lherzclite and T1—auglte Hebcterlte
; 20028 Sp. Lherzolite, inhomogenecus
- 20029 Sp Lhaerz 2—-MP 62.8% 25.2 g.6% 1,.7%« - - 0.7 2865
20030 Composite, Spinel Lherzclite and Diopside Websterite
20031 Webst 4 10.4 47.0 26.8 13.4 - - 2.4 2402
20032 Harzpurgite, 1inhcmogenecus »
. 20033 Plagioclase Lherzplite )
\ 20034 Sp Lherz 2-GE 61.0 28.2 8.6 2.2 - - - 1946
20035 +Webst 3-GE 31.9 47.4 15.1 2.9 - - 2.8 2171
20036 Sp Lherz 2-HP 6.5 285.7 10.7 2.3 - - 0.8 2144
20037 Sp Lherz 2=-E/dP 61.0 2S5.1 12.0 1.9 - - - 2643
20038% Harz 1-E/7MP 79.8% 16,.7*% 2.8*% 0,4x - - .3 1921
20039#% Sp Lherz 4~Cs2 B2.0* €.7*% 5.9*% 5.2% - - 0.1 28495

— —————— . ettt <o s e e D A B S i Y Y T ot —— e —— - ——
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: FINE
SAMPLE BOCK ) Gk POINTS
NOMBER TYPu CLASS CuV CEX cpX SP AMEH MICA ZCNES CCUNTED
PRINDLE VOLCANO, ALASKA
20040 Sp Laerz 2-°2/4P 60.5 28.8 8.2 2.5 - - - 2644
20041 Sp Laerz 3—-4P 59.6 27.3 9.4 3.2 -. - 0.5 2372
2004« <cCpxenite 4 21.7 12.5 61.4 2.3 - - 1.1 1713
20043 Spinel Lherzciirte, i1nhogcgeneous
20044 Sp Lperz 2-E/MP 60.06 8.2 12.2 1.8 - - 0.2 2314
20045 Sp Lhierz 2-P/MP 60.6 Z2E.O0 8.8 2.6 - - - 2378
20046* Sp Lnerz  3—P/MP 57.6* 26.3% 10.4% 3.1% - - 0.6 2228
20047 Sp Lherz 1-Esd4P 78.5 15.2 5.5 0.8 - - - 2233
20048 cComposite, Spinel Lherzclite and Ti-augite hektsterite
20048 Sp Lherz 3-E/MP S52.8 2¢.6 17.0 3.2 .- -7 0.5 2342
PV average mode 51.5 28.2 17.7 2. j
MUNIVAK ISLAND, ALASKA
10001* Webst 1-EOR  26.9 8.8 38.2 0.9 - - 5.2% 6399
1000 2* Sp Lherz 2-ECR 72.2 13.2 6.3 0.7 - - 7.5 2788
10003 S Lherz 2-E/MP 69.1 21.1 5.8 1.1 - 2.9 3669
10004* Sp Laerz 2-es4P 70.7 1€.06 8.4 2.1 - - 0.2 2415
10005 Sp Lherz 2-ECR 67.8 3.8 6.2 1.2 - - 1.0 4943
10006* Ampld Harz 2-C/P 74.5 16.2 4.1 0.3 0.3% tr* 4.7+ 2338
10007* Harz 1-ECR _80.9 14.4 3.0 1.1 - - 0.5 3238
10008* Harz 2-ECR 4.1 20.2 3.6 1.7 - - 0.4 4060
10009 Harz 1-PFCR  82.0 1C.0 3.6 1f3 - - 3.1 3&S56
10010* Harz 1-ECa  83.3 .11.1 0.7 0.6 =~ - 4.3* 2138
10013* Amph Laerz «-PCa 62.8 .9 3.9 1.2 1.7% Q0,1*20.4%x 3870
10016* Amph Laerz 2-ECR 66.6 15.6 4.9 1.1 4.2*% C.1* 7.5 3477
10021 Crxenite 4 18.5 2€.7 53.9 0.3 - - 0.6 3500
10022 Sp Lherz 4-POR 66.4 16.0 12.8 4.9 - - - 3786
10023 Sp Lherz 2-E/MP 71.1 1.9 5.8 1.2 - - - 3046
10024 Sp Laerz 2-PCR 60.5 31.4 7.0 1.2 - - - 4093
10025 Sp Lherz 2-FOR 70.3 2z.0 6.7 1.0 - - - 3640
10026-._5p Lherz 2-¥P/G 62.7 Zz.5 11.3 3.3 - - 0.2 4026
10027 Sp Lherz 2-CsP 64,0 23.2 7.0 1.0 - 3.9 4214
10028 Harz 2-FCR 72.4 21.8 5.0 0.8 - - 4099
10055 Harz 2-C/P  71.4 c.2 1.7 0.3 - - 17.4 4177
10067 Amph Lherz 3-ME/G 59.0 17.5 7.7 0.2 8.5 7.3 3213
10068* Sp Lherz 3-MB/G 58.2% 3Jz.8% 7.7* 1.9% - - 3162
10069% Sp Lherz 3-MP/G 5¢.8#% 23.4% 17.0% 2.8% - - - 2488
10070 Sp Lherz 3-GE 57.3 27.2 12.6 2.9 - - - 2604
10071 Sp Laerz 1-eOR 78.4 1C.0 7.2 0.9 - 1.2 2.4 4171
10075 Sp Lherz 2-FCGR 74.5 13.0 7.9 1.0 0.4 C.z 2.8 1686
10211 Sp Lhberz 3-4E/G 47.6 3Z.2 7.6 2.6 - 5.5 10.0 2092
15001 Ilarz <=FECR 71.5 18.1 3.6 G.4 =~ - - C.0 4191
NI average mnode 65.2 19.7 9.3 1.4 0.5 €.3 3.6



C

Abbreviations useds:

OLV= olivine; OPL= orthcpyroxerne; CEX= clinopyroxene; SE= spinel;
AMPH= ampnibole; FINE GRE ACNES= tine-grained melt zcnes; ,
_HARZ= narzburyite; SP LHERZ= srinel lherzolite; WEEST= webksterite;
CPXENITE= orthopyruxenite; CPXEMTE= clincpytoxenltef

CLASS= xenolitu yrou, nuaber & xenclith texture

tr= trace aamounts (<J.1 amcdal %) [resent.

= mineral or vwauvie rcck compositicns availakble 1in Apperdix 2 and 3.
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APPENDIX Z2: MINERAL CCAFCSITICNS OF ULTRAMAFIC XENCLITIS

NUNIVAK ISLaND:
TOTAL FZ AS FEC

e g

UMX CLIVINE

— e i

CUAECSITICNS FRCM FEANCIS (1974, 1S7%)

SAMPLE 10007 14006 10010 10008 10001 1CGCZ 16010
’ NI NI MY B3 a1 b NI
5102 40.68 40.90 4C.55 40.48 40.39 40.75 40.83
TIO2 0.¢2 V.02 .01 0.02 0.01 c.C1 0.0
AL2C3 Ve C V.0 0.0 0.0 0.0 G.C V.04
CR203 vad 0.0 6.0 0.0 0.0 0.C 0.02
MGO 5027 50.02 U49.73 49.65 49.74 4S.12 49.90
FEO B.44d B.72 8.74 8.84 S5.J8 9.14 9.35
MNO v.10 0.12 0.12 0.14 0.13 C.1C 0.106
CAQ 0.04 0.04 C.C5 0.06 0.05 0.C5 0.05
TOTAL $9.75 99.82 99.20 99.23 99.40 59.17 100.42
b
MOLAR PROPOBRTICNS EASED CM 3 CATICHS e
SI 0.9€7 0.998 C€.5S6 0.994 0.991 1.(C4 0.993
TI JoUGO0 0.u00 C.Q000 0.000 0.00G .G.CCC 0.0
AL Je. U 0.0 C.C 0.0 0.9 0.C 0.001
CR V.d 0.0 €.C 0.0 0.0 0.6 2.000
MG 1.827 1.820 1.821 1.819 1.815 1.8C4 1.831M11
FE 0.172 0.178 (.180 0.182 0.18€ C.18€ 0.190
MN 0.0C2 0.002 0.C€C2 0.0C3 0.003 c.CC2 0.003
ChA J.0G1 v.001 (€.C01 0,002 90.901 0.CC1 w.001
- - o i s . S o e . e —— z e e o e o e e
OXYGENS 3.997 3.999 3.956- 3.995 3.991° 4.(C4 3.9593
/4/ '
MG/ (MG+FE) 0.914 0.97T1 0.910 0.909 0.907 0.SCS 0.905,
/

‘¥
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UMY QLIVINE

[

*

<

NUNIVAK ISLAND: CCMzCSITICMS FEOM FEANCIS (1974, 1€7S

TOTAL F& AS LEO
: i
*  SAMPLE 10604  10C69 1068 10013 20015 2(C38 20046
N1 NI N1 NI EV EV PV
S102 40,63 39.3€ 3S.S5 40.08 49.91 41.14 40.14
T102 V.01 0.0 0.C 0.0 - - -
AL203 9.0 0.03 €.02 0.02 - - -
CE203 0.G 0.03 C.C3 0.03 0.0 0.C 0.0
- FEO 9.46 10.11 1C.Z9 10.91 8,58  £.75 10.20
MNO 0.12  0.07 €.17 0.17 0.13 — 0.14  0.15
NIO - - - - 0.36 /0.36 0.33
Ca0 0.U8 0.1C 0.C6 0.07 0.046  0.C3  0.04
TOTAL $9.65 99.56 §S.13 100.65 100.54 10C.€1 100.36
MOLAR PRUEOCJIICNS EASEL CM 3 GATICNS
——--——--—.-——--——-——-.————‘0/- ............... T A W D T I W
/ SI 0.557 0.966 C.$88 0.977 0.591 C.SS5 0.940
TI 0.000 Vg~ C.C 0.0 - - - -
AL V.0 0.001 0.C01 0.001 - - -
CR 0.0 0.001 0.C01 0.001 0.0 0.¢ 0.0
MG 1.8C4  1.822 1.792 1.794 1,824 1.£17 1.801
EE . 0.194 J.207 C€.213 0.222 0.174 0.177 0.208
LY 0.002 0.001 C.CO04 0.004 0.003 0.(C3 0.003
NI - - - © - 0.007 0.LC7 0.006
CA 0.062 0.003 ©C.C0z 0.002 0.001 0.CC1 0.001
’ CXYGENS 3.997 3.966 3.989 3.978 3.991 3.535 3.980
MG/ (MG+FE) 0.903 0.898 C.E%4 0.890 0.913 0.511 0.896
= /
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~UMX OLIVINE

TOTAL

( TOTAL FE AS Fku & .
<3‘ ‘ el

SAMPLE 20029 20035 30CC8 30006 30020 30Gz2- 30012

2V BV EV PV Pv Ev . PV
S, W e

5102 40.31 40.00 4C.€2 40.34 4C.54 40.4Z _ 39.93

CR203 V.0 0.0 0.01 0.01  0.01 0.C - 0.0

4GO 49.32 47.84 SC.€4 SC.65 50.08 4SG.7¢ 49.22

PEO 10.31 12.04  8.32 8.79  9.27  S.67 10.56

4§O 0,14  0.19  0.10 0.12 0.12 0.14  0.13

NIO 0.36 0.30 0.39 0.38 0.38 .36 0.36

CAO 0.02 0.04 C.C4 _0.04 C<05 C.Cd4  0.06

l ————— - e - - - - - e —

100.33 100.45 10C.35 100.20_ -

100.4¢ 1C€0.41 1C0.52

MOLAE PROFCATICNS

. SI 0.964 0.985 (.88

CR Ve U 0.0 €.000

uG . 1.795 1.756 1.833

FE 0.211 0.248 (. 168

MN 0.003 0.0C4 (€.CO02

. NI V.0C7 0.006 (C.CO08
CA 0.001 0.001. C.001

04YGENS 3,984 3.985 3.588

MG/ (MG+FE) 0.895 0.d476 C(.S16

EASEL CN 3 CATICNS

L . > o — s S S D > i T Y A o o A D e T P S———— .

0.979 C.986 (.S€5 0.977
0.000 0.000 OC.C 0.0
1.832 1.815 1.€C(7 1.795
0.178 0.488 C.1¢7 0.21¢
0.002 0.002 0.CC3 0.003
0.007 0.907 -0.CC7T 0.007
0.001 0.001 GC.CC1 0.002
3.979 3.98€6 3.%€5 3.977
0.911 0.906 C.S02 0.893

N /

/ ¥

_1.
5 o
l C

N

LY



Y

N ‘,
Uix GLI{{gn /p d o
TOTAL FE AS FEO '
SAMELE 40044 40015 - 4C0C3 40030 40017 ,4CGE1 40010
i Cx Cz CE CR ca CE CR
S102 40.54 40.88 40.98 080.55 40.77 40.€2 40.35
CR203 0.061  0.02 C€.C °~ 0.02 0.0 ' C.C 0.0
460 50.96 50.68 S0.44 50.54 50.41 49.S1 49.64
'EO 8.29 8.51 8.2 B8.64 8.78 9.55 9.79
ﬁno J.11  0.13  0.13 0.16 0.10 0.15 0.13
NIO. 0.38 0.39 0.40 0.36 0.41 0.4 0.38
@xo 0.06 0.10 GC.C7 0.13 0.05 0.11 0.05
TOTAL 100,357 100.71 1C0.54 100.40 100.52 10C.74 100.34

MOLAR PROPOKTICNS BASEL C5 3 CATICNS

4

— . —

sI J.982 0.988 C(.S$3
CR C.CCO0 '0.060 (.0
NG 1.839 . 1.826 1.822
FE Ue16E 0.172 C.173
NI J.GC7 0.0C8 ¢.CO8
Ca U.002 0.003 0.C02
ercaxs 3.582 3.939 3.953
BG/ (MG*FE) 0.916 U.914 (€513
T
14
e
-~

0.384
0.0C0

.1.827

0. 135
0.003
0.067
0.0G3
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UMX OLIVINE

TOTAL FE AS FEC

)

40637 £GC15 50011

SANPLE . 40055 50005 560C1 50009
‘ ! CR CE - a1 JL JL JI JL

S102 ‘4045 40.08 40.65 41.02 40.47 40.6C 40.27
CR203 J.02 0.05 €.€2 0.0 0.0 0.C3  0.01
NGO 48.23 47.15 SC.10 50.38 50.25 56.1C 49.70
FE0 11.24 12.89 8.62 B8.72 9.39 S.45 9.85
4N 9.13  0.16 ©€.11 0.10 0.12 0.14 0.14
NIO . 0.34  0.31 ,0.35 0.35 0.17 C.34 0.33
CAO 0.16 0-.25 '6.05 0.04 0.05 0.16 0.05
TOTAL 100.57 100.89 €9.90 100.65 100.45 100.62 10035
ACLAR EROPORTICNS BASEL CK .3 CATICNS

ST 0.592 0.587 €.$92 0.994 0.983 C.SE4 0.932
CR J.900 Q.01 C.COB 0.0 0.0  0.CC1 0.000
16 1.7€3  1.731  1.822° 1.819 1.815 1.610 1.806
FE 9.231 0.265 C.176 0.177 0.191 0.1S2 0.201
Hy 0-003 0.0C3 0.002 0.002 0.002 C.CC: 0.003
NI 32007 0.006 0.(C7 0.0C8 0.003 C.CC7 0.006
ca 9.004 0.007 0.C01 0.001 0.001 0.CC4 0.001
GXIGENS 3.992 3,967 3.592 3.994 3,483 3.SE€4 3.982
SG/ (AG+FE) U.884 0.905 C.<C4 0.900

0.867 C.S512 0.911
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UMX OLIVINE

(T TOTAL FE AS FEC .
!
SAMPLE ' 50006 '
JL
— - E)
SI02 40.39
CR203 0.01
8GO 49,62
F EO ' 1 0. 3 0 R ra
HNO 0.15 .
NIO 0.35
CAO 0.04
TOTAL 100. 86 C ,
MOLAR PROPORTICNS BASELD C¥ 3 CATIGHS
- — ——- e
SI 0.98&2 qﬁ
CR 4. 000 N
NG 1.798
FE 0.209
MN J. 003,
NI J.0C7
Ca J.001
CXYGENS 3.582
MG/ (AG+FE) 0.896 -
’ i
( |
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UX ORTHOPYROXLENE

e

(T’ : NONIVAK ISLAND: CGHPQSITICNS FROM FRANCIS (1574, 1¢75)
- NOLE PRqPOBTIUN FE3+ CALCULATED FEOM STOICHICMETEY
) SAMPLE 10007 10006 10C10 10008 10016 100C1 10002
) NI NI RI NI NX NI NI
S102 57.13 36.32 £6.69 56.49 57.07 55.77 56.44
B TI102 | 0.01 0.03 C.C 0,03 0.01 0.C7 0.0
. AL203 2.46  3.03  2.27  3.37 2.78 Z.39  3.23
CR203 U.45 0.46 0.% 0.43 0.43 0.45 0.43
- NGO 38.29  33.79 34.29 33.91 34,01 34.41 33.22
FEO 5.60 5.77 5.79 5.81 5.82 6€.14 .5.98
MNC 0.15 012 0407 0,13  0.15 0.13  0.11
CAO 0.59 0.53  0.54° 0.59 0.41 C.S5 0.58 °
NAZ20 0.67 0.03 0.200 0.04 C.08_, 0.C4 0.26
TOTAL 130.75 100.08 100.37 100.80 100.76 95.55 100.25
HOLAR PROPGRTICNS BASEL CN h CATICNS
. SI 1.952  1.939  1.942 1.931 1.952 1.52C 1.941
I3 c AL4 V.048 Vo061 0.058 0.070 Q.048- C,C8EC Q.OSQ
\ "l 0.000 0.001 0.0 0.001 0.00C G.CC2 0.0-
. ALb 0.051 0.062 €.C34 0.067 0.064¢ 0.(17 0.072
FE3+ 0.0 0.0 . 0.023 0.0 0.0 0.C50 0.0
CR o.c;% 0.013 G.0MW 0.012 0.012 0.C12' 0.012
a6 1.746  1.734%  1.751 1.727 1.733 1.56¢ 1,703
FE2¢ U0.160 0.166 0.143 0.166 0.166 0.127 0.172°
MY .004 0,063 €.G02 0.004 0.004 0.CC4 0.003
CA J.022 0.020 C.020 0.022 0.015 0.C2C 0.021
NA 0.005 0.0062 0.013 0.003 0.005 0.C03 0.017
. OXYGENS 6,005 6.006 5.999 " 6.004 6.011 6.C00 6.003
MG-FUMBER 0.916 0.913 €.925 0.912 0.912 0.%533 0.908
CA/(CA+MG) 0.012 0.011 €.011 0.012 0.005 -0.C11 0.012
//
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UMX CRTHCPYNCXENE

NOUNIVAK ISLAND: CCMPCSITICNS FRCM FRANCIS (1974, 1S7%)
MOLE PROPGBIIGH FE3+ CALCULATED FRCM STCICHICEETE}Y

J “

SAHMPLE 10004 10068 10C69 10813 20015 26038 20008

N1 NI N1 NI PV PV PV

- - - —— e S Y D o U D S D P R s > > b sl oo

SIC2 55.53 55.23 f4.E6 55.78 S55.74 56.78 55.04
Tio2 0.04 0.14 0. 17 0.04 0.05 0.0 0. 11
AngG - 3.76 4.57 4.93 3.27 3.06 1.72 3.75
CR203 v.41 0.26 0.33 0.41 0.50 0.34 0.28
HGO 33.03 33.45 32.83 32.92 34.70 34.€1 33.63
FEO 6.11 6.40 6.35 6.78 Se47? 5.E2 6.65
aNC 0. 14 0.13 0.16 0.17 0.26 0.16 0.38
cao Jeb1 O.64 .86 0.60 0.50 0.44 0.43
NA20 0.20 V.15 .15 0.27 0.02 0.C 0.03
TOTAL 99.83 100.97 1C0.€4 100.24 100,30 9%.87 100.30

MOLAE PROPORTICNS BASEL CM 4 CATICNS

- ———— e o -

- — - -~

——— A - Y e

SI 1.518 1.865 1.681 1.923 1.908 1.$56 1.893

ALy . u.gez 0.115 €.119_-0.077 0.092 0.Cu4 0.107“\\;

TI 0.001 0.004 C<CC4s 0.001 0.001 0.C 0.003 '
. AL® 0.071 0,068 C.C80 0.056 0.031 0.(25 .0.045

EE3+ %;914f/6.ou3 0,031 0.026 0.046 G.C10- 0,050

CR 0.011 0.007 €.CCI9 0.011 .Q.014 0.(CS 0.008

AG 1.700 1.7C1 1.€78 1.691 1,770 1.777 1.724

FE2+ 0.165 0.140 C€.151 0.169 0.110 C.158 0.141

4N -0.0C4 0.0C4 0.06C5 0.0C5 0.00€ 0.0C5 0.011

NA .0.013 0.010 C€.010 0.018 0.001. G.C 0.002 .

OXYGENS 5.999 6.000 6.000 6.000 6.000 6.CCC 6.000

MG-NUMBER 0.512 0.924 0.S17 0.909 0.941 0.S18 0.924

CA/(CA+MG) 0.013 0.014 0.C18 0.013 0.010 0.CCS 0.009.
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UMX ORTHOPYROXERE

o

1

BOLE PROPORTIGN FE3+ CALCULATED FBEGHM STCICHICMETEX

L

N

30006

SAMPLE, 20046 20039 200C8 30003, 3C0zC 30922
Y BV ES FS ' FS FS FS

S102 55.09 S4.52 56.43v 55.62 55.00 54.66 54.50
TI02 0.1% 0.17 €.02 ~0.08 0.11 0.10 0.11
ALZOJ “.27 3066 ZQCG,’ “.23 u¢33 u.?s u.87'
CR203 0,22 0.33 0.54 0.50 0.42 0.5C 0.39

a HGO . /'/'3/3.2“ 32.73 3“’-79. 33.“1 33“76 33.39 R 32’.85
FEO- 663 7.70 5.10 . 5.61 5.92 5.S3 6.12°

- ANO 0e31 .38 €.13 0.11 0.28 C.26 0.13
CAQ 0.49 Q.44 0.69 0.66 0.54 C.€6 0.70
NAZO 0.03 ' 0.01 0.02' 0.04 C.05 0.(8 0.05
TOTAL 100,42 99.94 '$9.78 100.26 100.41 100.33 99.72

Q , ;

MOLAR PEOPORTIONS BASEL GN 4 CATIGHNS

- m—— ——— e w— Z _?-—--------“—-
ST 1.894 1.892 1.941 1.911 '1.885 1.€7¢ 1.885
ALY 0.1C6 0.108 0.059 0.089 0.115 0.124 04115
TI 0.004 ' 0.0C4 0.001. 0.002 0.003 0.CC3 0.003
AL6 0.067 0.042 0.024 0.082 "0.060 0.C68 0.083
FE3+ 0.027 0.049 C.Cz1 0.0 0.0461 GC.C42 0.019
CR 0.0C6 0.009 C.015 0.01¢ 0.011 0.C14 0.011
4G 1.704 1.693 1.783 1.7%1 1.725 1.7C8 1.693
FE2 * 0.1€3 0.175 C€.126 0.161 0.12S 0.126 0.158
MY '0.089 0.011 €.004 0.003 0.008 GC.CC8 0.004
Ck 0.018.. 0.016 0.025 0.024 0.020 0.C24 0.026
NA 0.062 0.001 0.001 0.003 0.003 0.6C5 0.003
OXYGENS 5.999 6.000 6.000 6.004 5.999 6.CC0 5.999
MG-NUMBER 0.913 0.9C7 0.934 0.914 0.931 C.S30 0.915
CA/(CA+MG) 0.010 0.010 0.014 0.014 0.011 0.C14 0.015

- \C'
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UMX ORTHOPYROXEXE

MOLE QEOPDRTION FE3+ CALCULATED

FECH STGICHICMETRY

40015 40003 40C17 40030

SAMPLE 30028 30012 40044
‘ ES ES CR CR. chk CF CR -
SIG2 55.66 S4.51 56.73 56.05 56.08 56.21 55.17
TIO2 0.12 0.15 (0.C8 0.03 0.0 0.3 0.04 .
AL203 3009 5.“9 20’00 300_9 2-35 3-2“ “.68‘ 1
CR203 0.53 0.19 0.36 0.43 . 0.49 0.38 0.41
PEO 0.60 6.67 5.23 5.30 5.40 5.3 -5.52
MNG 0ed33 0.28 C.12 0. 14 0.12 0.1z 0.12
CAQ 0.42 0.67 0.€3 0.68 0.67 0.58 1.41
. NA20 0,02 0.08 (0.02 0.02 0.0 €.C2 0.1

. . o w—

TOTAL , 100.66 100.66 100.35

+

,HOLAEK PBOPORTIGNS

99.95 99.67 106.22 100.03

EASED:CN .4 CAT;ONS

—— -

1.dM

1.927 1.932 1.525 1.902

SI 1.911 1.939
ALY 0.C85 04129 C.C61 0.073 0.068 0.C71° 0.098
TL 0.003 0.004 0.602 0,001 0.0 0.CC1 0.001
ALb - 0.036 .0.093 0.020 0.052, 0.028 0.(6C 0.092

rzae\/// 0.033 0.029 ¢€.C30 0.009 0.027 0.CC1 0.0

CR 0.014 0.0C5 €.010 0.012 0.013 0.C1C 0.011
HG 1.724  1.669 1.792 1,753 1,775 1.544 1.674
FE2+ 0.162 0.163 0.120 0.143 0.129 0.158 0.159

AN 0.010 0.008 C.003 0.004 0.004 €.CC3 0.004 !

cA : 0.015 0.025. 0.023 0.025 0.025 0.Cz1 0.052 |

NA V.001 0.005 G.C01 0.001 0.0 6.CC1 0.007 |

OXYGENS =~ 6.000 6.000 6.000 5.999 6.000 6.CGCC. 6.000 - i

- " g é

!

MG-NUMBER 0.914 0.911 (.937 0.925 0.932 0.517 0.913 :
CA/(CA+HMG) 0.009 0.015 '0.013 0.014 0.014 0.€1Z 0.030

B . //
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}

RTHOPYROXENE

40C€10

/ .
/?ﬁLE PBOPORTIUN FE3+ CALCULATED FBCY STCICHICEETEFY

40037

50015 5SC011

' 546005

' SAMPLE 40061 40054 ,
\ CR CR CE - CR gL - dL JL
N — —— - - -

. 5102 | 55.04 55209 55.09 53.56 55.82 55.S€ 55.59

TI02 0.68 0.09 0.12 0.24 ©.07 0.C4 0.08

AL203 3.93  4.09 5.28 S5.94%  2.81 L300 4.4
CB203 Va37 0.36 0.22 0.60 0ubl  0.56 Ool4’

" 4GO 33065 33.56 33.55 .30.11 33.72 34.19 32.70

FEO 5209 6.22 6.17 7.96 5.43 5.61 5.95

MNO 0.29  0.28 (429 0.12 0.13 (.18 0.14

CAO 0.69 0.62 0.56 1.45 0.76 0.€3 0.73

NA20 0.05 0.04 0.05 0.11 0.09 0.C1 0.19

TOTAL  100.79 '1006.35 1€6.33 100.0S 99.44 10C.5C 100.23

BOLAR" PROPOKTICNS EASED CK 4 CATICNS
SI 1.892 1.892 1.€91 1.869 1.932 1.516 1.914
ALY 0. 103 0.108 G.109 0,131 0.008 0.CE4 0.0d0
TI - - 0.002 00002 '00003 0-006 00002 0.CC1 0-002
AL6 0.051 0.058 C.C65 0.113 0.047 0.CS0 0.093
FE3+ 2.046 €.039 0.035 0.0 0.007 C.C17 0.0
/ CR 0.010 0.010 C.C06 0.017 0.017 0.C15 0.012
'\ MG 1.724 1.748 1.717 1.566 1.746 1.745 1.678
FE2+ 0.130 0.140 C.142 0.232 0.150 0.143 0.171
NN 0.0C8 0.0068 C€.C08 0.004 0.004 0.CC5. 0.004
CA 0.025 0.023 0.0z1 0.05¢ 0.028 0.€23 0.027
NA 0.003 0.003 0.003 0.0C7 0.006 0.CCT 0.013
OXYGENS  ©.000 6.000 5.599 6.002 6.000 5.599 6.005
\ ‘ ,
MG-HUMBER 0.930 0.925 0.924 0.871 0.921 0.524 0.907
, CA/(CA+MG) 0.015 0.013 0.012 0.033 0.016 0.C13 0.016
‘ © 161
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U4X ORTHOPYAUXENE

4

(“ MOLE PROPOKIICH EE3+ CALCULATED FEGN STCLCHIGMETFY
SAMPLE 50008 50019 £0001 50009 ‘50006
. " JL JL Ji JL JL
-  sIO02 155.12 S4.46 S4.CH 5474 54.55 -
’ TIO02 J0.069 0.09 0.2 0.13  0.10
AL203 4.29 5.12 5.61 4.76 5.20
* CR203 0.27 0.43 C.42 0.33 0.22 ’
4GO0 33.05 32.40 £2.03° 32.63 32.25
w PEO 0026 0.10 6~C7 6436 6.52
i‘luo O- 15 0.1“ M 0.1“ O¢13 0115
' cAo .50 0.96 1.24 0.67 0.62,
. NA20 0.04 - 0.18  C.14 0.08 0.08
TOTAL 99.77 99.88 . $9.90 99.83 99.69
MOLAR PROPORTICNS EASEL CK 4 CATICNS' v
SI 1.9C€ 1.881 1.869 1.893 1.891
C AL4 0.094° 0.119 02131 0.107 0.105§
v TI 0.002 0.0G62 0.C05 0.003 0.003 3
' ALe U.081 0.090° 0.(98 0.087 0.103 .
FE3+ 0.0C4 0.025 0.C€z1 0.0C9 0.0 ,
CR - - 0.0C7 0.012 0.011 0.0C9 0.006 |
46 1.703 1.668 1.€51 1.682 1.6b6 |
FE2+ 0.177 "0.152 0.154 0.175 0.189 |
qN G.0C4 0.0C4" 0.004 0.008 0.004 :
CA 0.619 0.036 0:046 -0.025 0.023 :
Na 0.003 0.012. C.CC9 0.005 0.005 - L/ g
OXYGENS. 6.000 6.000 6.000 6.000 6.000 | !
: : i
. - . : o § '
J MG-NUMBER 0,9C6 0.917 0.914 0,906 - 0.89€ ;
. i
CA/ (CA+MG) 0.011 0.021 (.027 0.015 0.014 }
’ . - - i
. :
0 - g
- &
: ;
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UNX CLINORPYEOXENE ‘ "
{‘ R NUNIVAK ISLAND: COMECSITICNS FRCM FRANCIS (1974, 1¢75) ' .
. POLE PROPORTIGN FE3+ CALCULATED FROM STOICICMETEY - 3
SAMPLE 10010 10007° 10001 -10008° 10016 10CC4 10062 ~
. NI NI NI NI NI . NI NI
SI02 - 51.95 S$3.8C £3.35 52.4% 58.83 53456 54.82 ‘
’ 7102 0.63  0.06 0.13 0.10 0.02 €.20 0.07 <7
AL203 5.62 2.71 2.92- 3.25 3.27 4.22  4.45
CR203 2.44  0.91  0.E7 0.68 0.78 0.€€6- 0.90
NGO 16.47 17.07 17.52 17.40 16.22 17.14 16.55
FEO 2.05  2.35  2.45 2.47 © 2.42 2.66 2.83
MEO 0.8 0.10 0.C8 0.05 0.13 0.7 0.07
CAO 19.79 21.7C 22.08 23.01 19.89 20.50 18.77
NA20 1.36  0.81 0.87 Q.48 2.%2 1.14 2.57
., TOTAL 99.79 99.12 1C0.28 99.90 99.69 10C.55 101.03 -
¥ . ) " ;\‘
" MOLAR PEGPULATIGHS BASEL CB 4 CATICRS '
S1 1.877 1.947 1.920 1.898 ' 1.975 1,519  1.940
“aLs . 0.123 0,053 G.(80 0.102 0.025 0.C€1 0.060 '
TI J.001 0.002 'C.CC4 0.003 0.001 ¢€.LCS 0.002 , :
AL6 - U.116 0.064 0.044 0.037 0.114 0.(S7 0.126
FE3+ V.030 0,017 40.066 0.073 0.03& C.(34 0.081
CR 0.€70 ,0.026 0.025 0.019 0.022- 0.619 0.025
R 0.887 0.928 C.S40 0.939 0.871 <(.S15, 0.873
FE2+ 0.032 0.055 0.C08 0.002 0.037 C.C46 0.002
N 0.0062 0.003 0.€02 .0.0062 0.004 0.CC2 0.002 :
CA © 0.766 0.848 0,851 0.892° 0.768 0.86Z 0.712 :
NA \ 0.095 0.057 C.C61 0.034 0.148 0Q.C79 0.176 ﬁ
OXYGENS 6.000 6.000 5.599 6.000 6.000 6.000 5.999° §
. MG-NUMBER 0.965 '0.944 €.992 0.998 0.960 0.S52 0.997 I
i
CA/(CA#NG) 0.463 '0.477 0.475 0.487 0.465 0,467 0.449 §

St kb
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UMX CLINGRYROXENE .

NUNIVAK ISLAND: CCMPCSITICAKS FBCM FRANCIS (193“! 1€75)
MOLE PEOPORTILON FE3+ CALCULATED FHECM STCICHICMETEFY

a

SAMPLE 10006 10068 16013 10065 20038 20015 20029

NI NI FI TI PV EV EV
SIc2 55.72 52.05 £3.81 51.57 53.27 53.37 52.47 .
TIO2 0.02 '0.62 0.01 0.63 0.02 0.18 0.48
AL203 4.1y 6.88 4.77 7.18 2.38 - U4.:1 5.42
CR203 0.82 d.64 €.S6 0.63 _ 0.90 Ce2 0.67
HGC 15.88 "15.47 16.04 16.15 16.65 16.47. 15.606.
FEQ 2.68 2.85 3.24 3.36 2.21 2021 2.54"
] - 4NO 0.11 012 0.10 0. 11 0.07 0.C8 0.09 ‘
CAO 17.65 19.84 18.82 18.91 22.67 21.73 41.59 .
NA20 ™~ 2. 80 1.80 2. 44 1.83 0.78 0.99 1.03

TOTAL 100.b8 100527 100.19 100.37 98.91 100.23 " 99.95

MOLAR PROPGHRTICNS EASEL CN 4 CATICNS -

— D WD A A AT D £ YD SO D i A

Wp o e e - - - —

5I 1.993 1.869 1.925 1.845 1.950 1.€24 1.901

ALL V.0C7 04131 C.C75 0.155 0.05C C.C76 0.099

II U001 0.017 0.000 0.017 0.001 0.CC4 0.013

AL6 0.169 0.160 0.126 0.148- 0.051 0.1(7 0.132

FE3+ 0.0C8 0.045 0.C90 0.082 0.028 0.CC4 p.0

CR U.023 0.018 0.€27 0.018 0.026 0.Cz6 0.019 i

a6 ) U.847 0.828 0.855 0.861 0.908 G.£E5 0.846 ;
‘ FE2¢+ | 0.078 0.040 0.€C7 0.019 0.040 0.C€3 0.077 |

an 0.003 0.0C4 0.003 0.003 0.002 0.C02 0.003 :

CA 0.676 0.763 0.7z1 0.725 (0.88S (C.E35 0.838 {

NA. .. 0.184 0.125 0.169 0.127 0.055 GC.C6S 0.072 '

- - - s W~ — - - |

OXIGENS  6.000 5.999 64000 6.000 6.000 6.600 6.003 !

AG-NUMBER 0.915 0.954 C(.992 0.979 0.958 G.$34 0.917 -
CA/ (CA+NG) 0.444 0.480 C.458 0.457 0.495 0C.487 0.498

¢
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U¥X CLINGPYROXEHNE

MOLE PROPORTION FE3+ CALCULATED FRCM S'J:‘CICHICI‘E'IFY

SAHPLE® 20018 20004 Z0CC8 20046 20039 3CCCE 30006
BvY EV EV BV EV FE FS
S102 52.42 52.19 €£1.89 51.85 51.17 53.S7 52.69
TI02 V.38 0.55 C.50 0.63 0.90 G.CZ 0.31 .,
AL203 S5.47 6437 S.70  6+38 6.32  2.%4 5.75
- CR203 0.61 0.63 0462 0.60 0.74 1.26  1.05
4GO 15456 15<34 15.11 15.18 14.87 “17.25 15.75
FEO 2.68 2.75 2473, 2.82  3.23  2.€3  2.33
MNO 0.07 0.09 0.09 0.07 0.13 0.7 0.07
CAO 21.35 21.09 21.29 20.82 21,15 21.S€ 20.93
NA20 1.25 1.40 1.26  1.41 1.30 0.7C _ .41
ot el s o e e - -
TOTAL 99.79 100.41 59.19 99.76 99.87 96.8Z 100.29
, MOLAR PROPCHTICNS BASEL CXN 4 CAI,ICNS <
ST 1.839 1.878 1.894 1,879 1.859 1.556 1.896
ALG 0.101 0.122 0.106 0.121 0.141 C.C44 0.104
TI 0.010 0.015 0.014 0.017 0.026 0.C01 0.008 ‘
\ AL6 0.132 0.148 G.139 0.151 0.130 C.CES5 0.140 J
FE3+ 0.018 0.02¢6 0.011 0.018 0.02S 0.C 0.016
s CR v.017 0.018 ©0.018 0.017 0.021 0.C3e 0.030
uG 0.€40 03.823 .0.822 0.820 0.805 C.S3Z 0.845
. FE2+ 0.063 0.059 0.072- 0.068 0.07C 0.CEZ 0.054
A “N Ua002 0.003 0.003 “0.002 0.004 0.C0Z 0.002.
CA 0.829 0.813 0.832 0.808 0.323 0.€54 0.807
NA 0.C88 0.098 0.C89 0.099 0.092 0.C45 0.098
OXYGEES  6.000 6.000 5.999 5.999 6.000 6.CCS 6.000 |
!
MG-KUMBER 0.530 €.933 (€.920 0.9246 0.920 (.S38 0.940 -
. o , ?
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UNX CLINOPYROXENE -

( MOLE PKUPORTION FE3+ CALCULATED FECM STOICHICMETIBY

SAMPLE 30015° 30020 30C22 30003 -30028 30012 40003

Fs 'ES < ES FS FS Fs CR
. 51062 51.95 52.49 . 52.41 S52.44 52.32 51.€¢8 53.88
. TIO2 0.48 0.34° C.43 0.44  C.52 0.€2  0.02
‘ AL203 . 6.06 6.33 6.37 6.66 5.35 7.2 ~ 2.46
CR203 0.83 0.91 0.83 1.00 1.17 C.€5  0.89
: MGC 15.15 15.31 15.19 14.81 15.49 14.55 17.70_
FEO 246 2.63 zZ.61 2.59 2.75  3.C4 2.1
MNO 0.C7 0.06 G.09 0.C9 0.11 G.(5 0.08
. cao 21.27 20.071 20.43 20.44 27442 1S.24  22.39
: NAZO 1.38 1.42- 1.49 1.67 1.08 1.78  0.21
TOTAL 99.65 99.50 99.85 100.14 100.21- 99.€1 99.80

MOLAR PEOFORTICNS EASEL CK 4 CBTIQ@S

- gyt o - —— e -

SI 1.864 1,905 1.856 1.892 1.895 1.£70 1.956

ALY . 0.116 0.095 (.104 0.1€8 0.106 0.13C 0.044
. T1 0.013 0.0C9 €.G12 0.012 0.014 0.C17 0.001 «

ALG 0.143 0.176 €.168 0.175 0.123 0.1¢1 0.061
FE3+ 0.019 0.0 0.0 0.0 0.0 0.C12 0.0

. CR ) 0.024 0.026 0.024 0,029 0.033 0.61S 0.026
MG - 0.819 0.828 (0.819 0.796 0.836 C.E(8 0.961 ;
FE2+ 0.0%¢ 0.080 0.C79 0.078 0.083 (C.C80 0.064 |
MN 0.002 0.002 0.003 0.003 0.003 C.CC3 0.002 §
CA . 0.827 0.778 0.792 0.750 ’*0.831 C.746 ,0.871 ;

NA 0.097 0.100 G.105 0.117 0.076¢ C.125 0.015

OXYGENS 6.000 6.013 6.003 6.001 6.002 6.000 6.014

NG-NUMBER 0.937 0.912 0.912 0.911 0.909 C.S1G 0.938

' \

\
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UMX CLINOPYxCXENE

o

(TJ MOLE PRO2CGRTICN FE3+ CALCULATED FECM STOICHICEETEY 4 .
i 2 ' g ‘ B . i
{
A : i
- ° SAMELE 4uOu44 40015 4CC17 40020 40046 4ICEC 40018
' ) CE CR CE CBR | CE CE CR
-4 . _
: 5102 b4.11 53.65 S4.21 S52.15 52.37 53.CC S2.72
? TIO2 0-14  0.68-'¢C.01 0.30 0.14 $.(7  0.10
’ . AI‘203 - 3.04 3.75 3. 73 Fa 1 5. 05 “"-77 5.02 ': !
o CR203 0.84 1.1Z €.S1 0.61 0.80 0.6 0.68
' MGO 17.32 16.90 16.66 16.9€ 16.17 16.67 16.34
, ¢ FEO 2.14 2.18  2.17  2.32  2.23 2.37 2.38
o~ NNO, 0.10 0.08 (0.05 0.08 0.09 0.CE 0.09 :
" CAC 21,79 21.47 21.€G 22.41 21.81 21.45 21.28 3
} L NA20 0.88 0.65 C.€3 0.42 1.00 0.E8 0.98 §
—— * - - - ——— -
: TOTAL 100.36 $9.88 €9.S7 99.36 99.66 55.¢7 99.59 §
. : !
, MOLAE PROPORTICNS EASED (b 4 CATICNS
F S Tmees mTEsTEEeEE T e e e - - - D.
; SL 1.94€ 1.945 1.S64 1.900 1.897 .1.693 1.9
: ALY 0.054 0.055 C.€36 0.1C0 0.103 O0.(E7 0.089
b AL6 0.€75 0.105 0.124 0.0676 0.113 0.116 0.125
! FE3+ 0.0C8 0.0 0.0 0.020 0.030 C.CCS 0.008 ;
S, CR 0.024 0.032 0.C20 0.018 0.023 0.C1¢ 0.019 :
; 4G 0.929 0.913 0.500 0.921 0.673 C.ES7 0.883
FEc+ - V.056 0.06b6 0.C66 C.051 G.038 C.CE3 0.064
MN 0.UC3 0.002 0.002 . 0,002 0.CP3 0.CC2 0.003
ca 0.840 C.834 0.€39 (0.€75 0.847 C.E30 0.826
NA 0.0€1 0.046 C.CU4 0.030 0.07C 0.C€2 0.069
. OXYGENS b.ooo~pw:520 6-.035 6.000 6.000 6.000 6.000 ’

B

. MG-NUMBER 0.943 0.933 (.932 0.948 0.956 (.S534 0.933
. CA/ (CA+HG) 0.475 0.477 (C.482° 0.487 0Q.492 C.4E1T 0.484

LR
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USX CLINCPYROXENE

MOLE PROPCRTICN FE3+ CALCCLATED FEOM STCICHAICMETEY

40055
CR

[

4CCC1 40037
CF CR
51.€5 50.76
C.t1 0.52
7.24 7.6
€.7¢ 0.83
16.57 17.33
3.€3  5.41
0.11  0.13
16.S1 16.86
1.29  0.85

SAMPLE 40061 40030 4GC10 40054

Ch CR Ch CEk
SIO02 52.13 52.47 £2.23 53.23
TIOZ 0.31  0.16  C.49  0.32
AL203 5.35 5.66 6.21 5.56
CR20C3 0.74 C.89 C.71 0.75
GO 10.20 17.39 15.03 15.36€
FEO 2.67 2.89 2.6z 2.70
1NO 0.06 0.11 0.C7 0.09
cab 21.38 19.27 2C.33 20.89
NA20 0.9¢ 0.93 1.48 1.07
TOTAL $9.78 99.77 $9.17

MOLAR PROPGETICAS

EASEC CM 4 CATICNS

99.97 100.04.

99.20 99.45

- —— - — -

ST 1.46S  1.893 1.903 1.930 1.906 1.679 71.844
ALs 0.111  0,1€C7 C.(S7 0.070 -0.094 . 0.121 v.156
TI 0.0C3 0.004 0.013 0.0C9 0.304 0.C11 0.014
AL6 0.117_ 0.134 €.170 0.168 0.114 G.189 0.157
FE3+ 0.022° 0.003 0.0 0.0 0.007 0.  0.012
Cu 0.041  0.025 C(.020 0.042 '0.027 0.023 0.024
4G J.475  0.935 C.816 0.830 0.981 0.517 0.939
FE2+ J.055. 3.084 C.CBO 0.082 0.106 0.110 0.140
N 0.002 0.003 0.002 0.003 0.00% 0.CC3 0.004
CA J.830 0.745 0.754 0.812 0.692 C.€57 0.656
HA 0.C66 0.065 0.105 0.075 0.uU62 0.CS1 0.060 -
OXYGENS 6.000 5.999 6.008 6.031 5.999 6.C11 6.000
a ' - “ ) .
BG-NUMBER U.937 0.918 0.911 0.910 0.901 C.£93 0.870
CA/(CA+HG) 0.487 0.443 0.493 0.494 0.414 0.8417 0.412
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UM ol T I e . 5 e

O8X CLINOPYECXENE

MOLE PE2OPCuITON FE3¢ CALCULLATED

SANPLE 50011 50015 €
JL Ji
5102 53.46 53.90 ¢
7102 0.09  0.22
AL203 Ga3E 4.4l
CE203 0.89  1.74
GO 16.72 16.0€ 1
FEO 2.23  2.43
80 0.09- 0.u8
CAO 21.73 19.72 1
¥A20 V.83  1.62
TCTAL  100.22 100.18 ¢

13

FECM STOICHICMETHY

6CC8 50005 50009 56CC6 50019
JiL JL JL JL JL
1.56 52.64 51.80 52¥31 S2.24
0.47 0.25 0.50 0.48 0.38
7.15 6.32 7.23 7.71  6.97
c.76 0.98 0.78 C.53 Q.81
4.E5 15.44 15.29 14.68 16.12
2.61 2.76  2.83 2.5  3.19
0.C7 0.09 0.09 0.€S 0.10
9.74 15.62Z 19.20 18.SC 19.08
1.76 - 1.9z2 1.89 1.75  1.28
8.99 100.06 99.67 93.5C 100.17

MULAK PoUPGRTICHS EASED C¥ U CATICHNS

D N O T . " > D W T " "o ——

SI 1.920 1.943 1.676 1.893 1.871 1.€54
ALY U.06C 04057 0.124 0.107 0.125 0. 1C6
TI 0.00Z v.006 C.013 0.06C8 0.014 0.C13
AL6 0-106 0.131 0.183 0.1€1 0.17S C.3z23
FE3+ 0.0 0.0 €.019 0.036 0.03Z C.C
CcR 0.025 0.050 0.022 0.028 0.022 G.C15
G Je398 0.863 C.ECS 0.823 0.822 0.6C3
FE2+ 0.006 U.073 0.C61 0.047 £.053 0.CE6
N J.003 0.002 0,002 0.0C3 0.093 (.CC3
cA 0.539 0.762 0.770 0.756 0.762 0.333
A ‘0.058 0.113 0.126° ~0.13% 0.132 0.123
. OXYGENS 6.0CC 6.017 €.000 6.000 6.000 6.C18
MG-NUMBER 0.932 0.922 €.930 0.947 0.939 0.SC3
CA/(CA+HG) 0.483 0.469 0.485 0.477 0.474 0.u477
169
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F

U4X CLINURPYHCXERL

I

MOLE PhOPGRIICN FE3+ CALCULATELC FRON STOICJICMETHY

SAMPL.

50001
JL

W A - ————— . T —— " S W U AP S - de - — — e

SIo2
TIO2
aAL203
C2263
8GO
FEC
h3.[0]
CAO
NA20

.
A O I —— A ——— ot — e i . Sr—

TOTAL

51.58
o. 52
7.37

Qe8]

17.42
009

17.33
1. 11

99.95

MGCLAE PEOPOKTICNS BASEL CN'4 CATICHS

- ———— - — ——— — -

SI 1. £S€
ALd Je 144
11 0.014
AL6 0. 108
FE3¢ g.uC2
Cs 0.023
AG D934
FEZ+ ¢. 110
MA U.u03
CA Je 608
NA 0.077
OXYGENS 6. CCQ
4G-NUMSER 0. 8S5
CA/(CA+4G) 0. 417

- ———— —— ——— T T —— - -

e . v ST AR St o
\
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UMX SPINEL

NUNIVAK IéLAHD: CCYPCSITICKS FRGCM FRANCIS (1574, 1€75)
EGLE PROPORTIUN FE3+ CALCULATED FEOM STCICHICEETEY

SANPLE 10007 10002 10G13 10010 10016 10CCE 10008
NI NI 51 NI NI M NI
S102 0.0  0.6C 0.37 0.0  1.00 0.C 0.0
TI02 0.09 0.02 0.65 0.0  0.01 0.C2 0.03
» AL203 31.67 32.74 38.99 27.05 35.87 34.76 45.68
CR203 35.00 33.69 27.99 40.29 32.17 32.C1 z1.49
460 17.0C 16.81 17.46 17.13 16.79 17.SC 19.99
FEO 15.63 15.40 14.57 14.54 13.75 14.41 12.32
MHO v0.06 0.63 C.84 0.73 0.61 C.SC  0.35
CAO 0.0  0.02 0.02 0.0  0.02 0.C 0.0
- G A5 G W S < S D T W S A i s WAL D W G TP D S S T S P N e U W . S
TOTAL 99.45 99.92 100.29 99.74 100.22 99.€0 99.86
MOLAR PROPORTICNS EASEL CN Zz4 CATICHS
ST 0.0 0.138 G.C63 0.0  0.227 0.C 0.0
TI Jad 16 0.0C3 C.(C8 0.0 0.002 g.C€3 0.005,
AL 8.653 3.375 10.266 7.498 S.592 S.324 11.615
FE3+ 0.911 0.715 C.€13 1.010 0.182 C.S11 0.713
CR 6.415 6.720 U.944 7.492 5.771 5.76C 3.566
8G S.E74 5.763 ES.E14 6.005 5.676 6.C73 6.428
FE2+ 2.119 2.248 z.183 1.850 2.427 1.632 1.510
48 0.012 0.123 C.CE3 0.145 0.117 C.CSé 0.064
CA 0.9  0.005 C.CC5 0.0  0.005 0.C 0.0
OXYGENS  32.006 31.993 32.002 32.000 32.001 3Z.CC1 32.001
NG-NUMBER  0.735 0.720 C.727 0.764 0.701 C.7€E 0.810
CE/ (CR+AL)  0.426 0.4C8 0.325 U.500 0.376 0.382 0.240
\,
\
171
L

T R e

- e -

e v -

M;w% .



UMYX SPINEL

{” ' NUNIVAK ISLAND: CCMPCSITICHS FRCM PRANCIS (1574, 1¢75)
¥OLE PROPURTICN FE3+ CALCULATED FEGM STCICHICEETEY
- SAMPLE 10004 10068 1069 10001 20038 2C0zZ 20039
NI NI 51 NI PY IV EY
5102 0.0 0.06 C.10 0.39 0.09 0.15 0.04
T102 0.13 0.0 0.G 0.22 002 0.C 0.24
AL203 50.52 59.52 £8.23 47.16 27.02 22.€6 54.02
CR203 15.29  8.30  8.43 15.19 37.18 43.€4 12.2
460 21232 21.58 21.71 21.53 15.43 17.55 19.1
FEO 12.83 10.36 11.25 9.31 18.94¢ 13.S2 13.95
MNO 0.35 0419 0.21 0.22Z 0425 G.25 0.14
HIO ! - - - - 0o16 0.15 0-31
CAC 0.0 0.01 0.0 0.0€ - - -
TOTAL 100.44 100.02 65.93 98.08 99.09 98.65 100.06
MOLAE PRUECHTICNS BASEC CB 24 CATICNS
SI 0.0 0.012 0.020 0.084 0.021 0.C36 0.008
TI 0.020 0.0 0.6 0.036 0.004 0.C 0.038
AL 12.477 14.295 14.037 11.966 7.603. 6.467 13.390
FE3+ 0.963 0.343 (.S59 0.546 1.333 1.122 0.510
CR 2,533 1.337 1.2363 3.267 7.018 8.339 2.032
NG 6.655 6.555 6.€15 6.908 5.491 6.279 6.000
FE2+ 1,286  1.422 - 1.366 1.1t31 2,451 1.672 1.544
T 0.062 0.033 (.036 0.040 C.051 G.C51 0.025
NI - .- - - 0.031 0.C35 0.052
CA 0.0 0.002 C.0 0.014 - - -
OXYGENS  32.0C6 31.999 32.C01 31.557 32.002 32.000 32.013
NG- NUMBER 0.838 -0.822 G(.E30 0.859 0.69) 0.7SC 0.755
CB/(CBR+AL)  0.169 0.086 0.C89 0.218 0.480 C.S5€3 0.132
172
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UMX SPINEL
MOLE PRUPORTIGN FE3+ CALCUIATEL FRCM STOICHICMETEY

SAHPLE T 20015 20018 2C0C8 20029 20046 20CC4 30028

Py EV EV PV BV EV FS
S5I02 V.07 V.03 0.17 0.0¢€ 0.07 €. 10 0.06
TIO02 v.09 0.06 0.10 0.07 0.09 C.(E 0.28
AL2C3 45.23 S58.54 £B8.7C 57.30 59.39 59.52 43.66
CR203 2332 9.38 ‘8.80 10.80 8.16° 8.17 23.21
HGO 19.16 20.17 20.53 20.27, 2097 21.36 17.25
FEQ 11.96 11.83 11.21 10.88 10.498 9.45 15.56
YNO Ja 16 0.14 0.12 0.11 0a 11 0. 1C 0.19
RIO 0. 27 Qa1 4/&:61 0.36 041 0.43 0.35

TOTAL 100.26 100.56 1C0.C4: 99.8% 100.18 9G.€1 100.50

MOLAR PRUPConTIICNS BASED CK Z4 CATICONS

k - i .t A et . S i e — ------T--__sm_---
SI 0.015 0.0C6 (.035 0,012 0.014 C.C2C 0.013
TI Ua015 0.0C9 0.C15 0.011 0.U14 0.C1Z 0.04b
AL 11.547 14,166 14,217 13.987 14,304 14,436 11.305
FE3+ 0.408 0.287 (0.2€63 0.2C5 0.331 O0.167 0.576

3.594 1.523 1.430 1.769 1,318 1.320 4,031
e 46] ! 0. 166 6.173 6.Z8688 6.257 6.387 €.5(8 5.649
FE2+ 1.758 1.744 1,€6€3 1.679 1.545 1.L29 42.283
My 0.029 0,024 (0.C21 0.019 0.319 0.C17 0.035
N U.047 0.068 C.068 0.060 0.067 0.071 Q.062

———— - -

. ——— — - ——

OXYGENS 32.004 32.003 Z2.0C5 32.0C3 32.004 32.CC4 32.015

MG-NOMBER  0.779 0.780 0.791 0.788 0.805 C.630 0.712 ,
CR/(CR#AL)  0.257 0.097 0.C91 0.112 0.084 0.CE4 0.263
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UMX SPINEL

( /

J

MOLE. PouUPOQRTION FE3+ CALCULATEL

A

FROM STCICHICUETFY

%

SAMPLE 30008 30006 30015 30020 30003 3CC12 20022

/ ES FS is FS FS Es ES

-/ 5102 0.¢8 0.05 0.03 0.69 0.06 0.(8 0.05
: TI02 0.05 0.11 0.C6 0.1z 0.9G. 0.14 0.09
/ ‘ AL203 28.75 S1.52 £7.23 55.48 56.23 59.52 57.66
; CE203 41.78  16.71 1C.45 12.18 11.49  7.28 10.24
GO 16.48 20.12 20.37 20.5C 20.66 21.6C 20.38

) FEO 13.35 11.21 11.31 10.60 10.64 11.1C 10.57
4NO 0.21, 0.13 €10  0.11 0.09 G.1C 0.12.

¥IO 0-11 0.3  G.33  0.34 0.41 0.4C 0.39

TOTAL  100.81 100.19 55.88 99.68 100.€Z 100.00

BOLAR PROPCRTICHNS EASED

99.42

CE 24 CATIONS

——

ST
TI
AL
FE3+
CH
G

. FE2+
4N
NI

- — ——

OXYGENS

NG-NUMBER

CR/ (CR+AL)

AT RIEEE WORL T B Y i

0.019
J.0C9
7.833
0.363
7.635
5.7<42
2.238
0.041
va.uU21

32.002

0.719

0.u94

P

J.011: 0.006 0.019 0.012 0.C16 0.010
J.617 0.(CS 0.019 0.016 0.CZ1 0.014
12.8G4 13.960 13.€48 13.760 14.3CS 13.99%4 -
"0.365 0.305 0.279 0.308 0.4€4 0.300
2.786 1.710 2.010 1.886 1.16€ 1.667
6.324 €.284 6.378 6.394 6.524 6.409
1.612  1.€53 1.571 1.540 1.418 1.521
0.023  €.C18 0.019 0.016 0.C17 0.0c1
04058 0.055 0.057 0.008 0.C€ES 0.065
324005 32.003 32.007 32.005 32.(C7 32.005
0.797 €.792 0.802 0.806 0.£22 0.808
6.109 0.128 0.121 0.C75 0.106

0.179
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Y . -
N UMX SPINEL | :
(v ' JOLE PROPORTICN FE3+ CALCULATED FEOM STOICHICHMETHY \

v

SAMPLE 40055 40037 4G04% 450003 40020 40015 40017

CR (o} CE CR Ck , CF CR
51C2 © 0415« 0.23 0. 0,07 Q.12  0.1€ 0.4
T102 0.25 0.36 C.29 0.02 0.18_ 0.C3 0.01
AL203 33.99 49.58 29.C9 33.96 48.00 43.25 48.23
CR203 32.2% 15.46 40.02 35.77 19.81 25.7C 20:27
MGG  17.41 18.96 16.€7 17.41 20.15 1$.25 19.56
FEO 15.09 15.17 13.12 12.83 11.86 11.16 10.62
4 NO 0.20 '0.13 €.zl 0.1 0.13 0.13 0.16
NIO 0.23 0.32 C.18 0.19 B.30 0.3C 0.31

2 TOTAL 93.57 100.23 59.92 710Q.46 100.55 100.C0 99.30
5

N

v

MOLAR PROPCETICNS EASEL CA 24 CATIONS

—— - ———— —— - - - - e e -

’ ST U.034 02.049 0.C33 0.016 0.026 0.C35 0.030
TI 0.043 0.05d C€.C51 0.003 0.025 0.CC5 0.002
AL 94172 12.467 8.C10 9.118 12.037 11.134 12,242
FE3+ 0.6E64 0.746 0.464 0.406 0.541 G.342 C.244
CR 5.838 24611 7.393 6.439 3.333 4.436 3.452
NG 5.942 6.029 S.€75 5.9C8 6.391 €.267 6.279
FE2¢  ° 2.020 1.960 2.100 2.637 1.57C 1.657 1.609
N 0.039 0.023 0.04s 0.037 0.023 C.C24 04029
NI 0.042 J.055 0.034 0.035 0.051 0.C53 0.054

OXYGENS 32015 32.019 32.€17 32.001 32.00S5 32.CC2z 32.001
] ;

' G- SUMBER U746 0.755 C<737 0.744 €.803 C.7€7 0.790
CEB/ (CBR¥AL) 0.389 0.173 C.480 0.418 0.217 0.ZES 0.220
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UaX SPINEL

Pa

'R

’

t

-~

METFY

BOLE PROPURTLON FE3+ CALCULATED FCM STOICHIC
‘ - 4
éAHPLE 40061 40054 40COT 4007 46830 40046 40010
CH CR CEH CR Ch CE CR
-

S102 0.19 J.09 0.12 0.13 0.16 0.15 u.08

TIC2 0.12 0.11 0. 15 0.04 .08 0.C4 0.10

AL203 54.53 S57.12 £6.67 55.34 51.22 54.Ct 58.46

Ck203 -12.85 10.77 10.51 13.03 17.10 14.32€ . 9.u6

NGO 20.94 21.07 27.33 20.882 20.87 26G.%: 21.08

FEO 10.90 10.44 10.55 10.33 10.24 S.51 10.00

HNO 0.12 Jg.13 C.06. 0.11 0.13 .14 0.09

NIO 0.37 " 0.36 0.37 0. 35 0.37 0.35 0.34

TOTAL 100.02 100,09 €9.79 100.21 100.18 SS.8S 99.61

¥

MOLAR PROPOHTICNS EASEL CK 24 CATICKS

ST 0.U40 0.019 0.025 0.027 0.034 C.CZ1 v.016

T1 v.019 0.017 C.023 0.6C6 0.014 C.CCe 0.015

al 132362 13.8€3 13.780 13.515 12.0637 13.27€ 14.174

FE3+ Ued22 0,323 (.425 04488 0.385 G.cE5 0.234

CR 2112 1.754 1.714 2.135 2.342 2.3€4 1.539

MG 6.489 6,467 «-560 6.449 «.538 €.5C6 o0.454

FE2+ T.498  1.435 1.3%6 1.502 1.415 1.444 1.486

AN 0.021 0.023 C.Cle 0.C19 (0.023 0.€(25 0.016

NI V.0€2 0.0?0 0.C61 0.058 0.063 0.€5S5 0.0506

OXYGENS 32.008 32.0G5 22.CC7 32.002 32.004 32.002 32.005 .
CE/ (CR+AL) 0.137 ‘9.112 g.111 0.136 0.163 C.181 0.098
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¢ L «
UdX SPINEL ‘ |
MOLE PHOPCRTICN FE3+ TALCULATED FhGCH STCICHICEETEY

"

SAMELE ~ 40060 50015 £C€G11 50005 50001 5GC(CS 50b19

te , JL Jr - JL JL J1 JL
5102 0.17  0.07 0.20 0.10 0.16 0.C8 0.14
TIO0Z 0.64  0.24 0.€8 0.13 0.38  0.1Z 0.16
AL2C3. 55.21 33.04 42.57- 53.62 54.82 56.15 55.08
: CR263 - 13,03 35.08 25.61 15.63 11.53 G.36 11,80
46O 21.31 17.02 18.66 20.28 20.90 2C.%6 21,17
3 //////* FEO 9.80 14.10 12.33 12.03 11.39 10.€5 10.76
MO 0.09 90.23  0.17  0.15 0.13 0.13 0.10
NIO 0.38  0.264 - €.23  0.38 0.36 B4 0.47 1

TOTAL  100.01 100.0Z 1C0.CS 100.32 99.67 95.87 99.62
a\ , - N
- H
MOLAR 'PRUPORTICNS EASEL CK 24 CATIONS e '

- - — -

-—— - - — - -

"SI 0.035 0.016 C.C44 Q0.CzY 0.033 C.Gl6 0.029
TI 0.006 0.041 O0.C13 0.027 0.06C C.C19 0.025
AL 1J.475 8.945 11.C0J 12.795 13.455 14.(54 13.492
FE3+ 0.313 0.596 (C.4S1 0.536 05301 C.323 0.477
CR <.133 10.371 G.441 2.599 1.898 1.825 1.939
36 6.578 5.828 6.165 6357 6.487 €.425 6.558
FEZ+ 1.364 <113 1.811 1.580 1.483 «£C9  1.393
Au 0.C16e 0.045 C.032 0.027 0.023 0.€z23 0.018
NI v.ub0 0.044 C.Cu41 0.064 0.9b6C G.Ctb U.009

- ——— > D WD I ——— -

 ———— . D T - V- T TER SR S - S - - -

CXYGERS  $2.06C1 32.014 32.004.32.007 32.019 32.CC6 32.006

MG~ NUNBER 0.6826 0.734 (0.773 0.8017 0.314 G.E10 0.825
CR/ (CR+AL) 0.137 0.416 C.288 0.169 0.124 0.(98 06.126
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UHMX SPINEL

{ MOLE PSIOPOHTICN EE3+ CALCOLATED FECHK STOICHICMETEY
i
SANPLE 50008 5006
JL JL
s162 J.C6  0.05 _
T102 0.06 0.08
AL203 58.84 62.61
CH203 86 5.20
46O 21.16 21.77
FEOQ 10.62 9.83
HNO 0.11  .0.10
¥I0 0.39 0.42
TOTAL 99.90 100.06

HOLAR PROPURTICES BASED CHE Z4 CATICHNS

- cown -

ST 0.012 0.010
TI 0.609 0.012
AL 14.210 14.869
FE3+ 0.350 0.268
CR 1.403° 0.328
G 6.4€3 . 6.539
P E2+ 1.465 _ 1.389
AN 0-015  0.017
NI J.UE4  0.068
OXYGENS  32.003 32.0C5
BG-~NUMBER Q.815 0.825
{
CR/(CBR+AL}  0.090 0.053
/ )
v
AN
i 7

- - ~- 2% Tune o
N
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UMX AMPHIBCLE

( NUNIVAK ISLAND: CCHECSITICMS FRCM FEANCIS (1974, 1¢75)
— TOTAL kE AS, FEC
-5 . SAMPLE 10u13  1000€ 10C16 -
NI NI K1
p S102 44.52 46.80 U46.€2.
‘ 7102 J.31 0.10 -0.C9
AL203 13.60 12.88 11.75
CR203 2.37 2.30 Z.66
4G0 17.94 18.90 1€.93
FEO 4.04 3.42 3.32
AKO J.10 0.06  0.11
.CAO 9.73 8.90  9.41
JA20 3.79  4.83  u4.44
K20 1.27 093 0.7z
TOTAL |~ 97.67 S8.72 $8.C6 3

MOLAE PROPCRTLICNS EASEL Cb 23 CXYGENS

P - S -

si V.768 0.8(8 0.€G5

TI 0.004 0.0C1 0.CC1

AL | 0.277 0.254 0.:z39

CR 0.032 0.031 0.03€

46 0.461 0.486 C.U4€7

FE J.C58 0.049 0.C4E

1 v.001 0.0C1 GC.002 =~

CA J.130 C.165 0.174

NA . 0.127 0.162 0.149 o
K 0.028 0.020 C.C16

CATIONS 1937 1,978 1.557

MG/ (MG#FE) 0.888 0.9C8 C.910
CR/(CR¢AL) 0.105 0.110 0.132




gdxX #uIcCa .

NUNIVAK ISLAFD: COMPCSITICKS FRGCM FRANCIS (1974,

TOTAL FE AS FEC

nﬂ
SAMPLE 16013 10006 10016
NI NI NI
SI02 38,00 3d.31 39.91
T102 0.45 0.14, 0.20
AL2G3 - A47.54 16.72 17.75.
CR203 2.02  2.48 Z.17-
160 22.96 23.53 23.76
FEO 4.60 3.75 3,43
HNO 0.05 0.05 0.05
NA20 0.95 0.82 1.47
K20 ¥ 8.5““ 9v19 7-30
TOTAL 95.11 S4.99 $6.04

MOLAR PROPORTICNS EASED CN ZZ CXYGENS

—— —— . - - — -

SI O.tb4 0.659
TI " 0.6C6 0.0C2

AL - 0.356 0.339

CR 0.027 0.034:
aG , 0.589 0.6C3

FE 0.058 0.054

My 0.001 0.001

NA 0.032 0.027

K . 0.188 0.202

1.920 1.920

CATIONS

t.€88
0.C03

. 361
€.C30
G.€10
0.049
0.001
0.C49
C. 160

1.5851

MG/ (MG+FE) 0.911 0.918 (.935

CRy (CR+AL) 0.C72

0.090

. S e memr oy g
AU UUN P ETes/F Wiy Lol

0.076
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. k.
UMX GLASS ey
(:; NUNIVAK £SLAND: CGMPCSITICKS FEOM FRANCIS (1974, 1€75) =/
TOTAL FE AS FEC 2
4 ,
2 . SAMPLE 10006 10010 10002 10013 10001 1 B
- NI NI §I NI NI ) ' %
: SI02 59.05 58.99 S5.61 51.61 52.90 R
TI02 0,10 0.16 C€.18 0.53 1.32 2
. AL203 26.56 20.87 2z3.84 22.68 22.29 1
CR203 0.14 0.09 C.15 0.46 0.05 !
MGO 1.43  3.60° 4.00 4.44  4.30 5
FEO 0.54 2.77 3.37 -.3.85 3.78 ‘ :
480 0.01 0.07 0.03 0.09 0.06 . i
- CAO © 2.33  6.58 o7.46 '8.29 9.11 , o |
" NA20 7.98 4.57 3.45 4.39 3.94 .
¢ K20 2.32  2.10 1,42  3.23 2.00 S

——— - IS

TOTAL: 100.46 99.80 99.51 99.57 99.75

MOLAER PEGPCRTICNS EASED CK 100 CATICHS

- N . - o -

SI 51,77 53.57 5C.90 46.65 48.19 3 .
TI 0.07 0.11 0.12 0.36 0.90 -

AL 27.44 22.34 25.72 24.18 23.93

CR .10 0.06 0.11 0.33 0.04 .
MG 1.87 4.87 5.46, 5.99 5.34

FE 0.40 2.10 °2.58° 2.91  2.88 ‘ e
MN 0.01 0.05 C€.02 0.07 0.05 . 3
CA 2.1 6.40 TJ.32 B8.04 8.89 .

NA 13.57 d.05 6.12 7.70 5.96

K 259  2.43  1.66 3.73 2.32%

OXYGENS 157.53 159.64 160.04 153.60 156.44

MG/ (MG+FE) 0.825 0.698 0.679 0.673 0.67¢

L o A s 7o

e A e
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APPENDIZ 3: CALCUOLATED CCRFCSITICNS GF ULTRAMAFIC XENCLITHS

|

S
AN RY ¢ A

o

' - )
ULTRAMAFIC XENCLiggg

ANALYSES NORMALIZED TO 10C W1.%
TOTAL FE AS FEO.

SAMPLE 10010 '10€067 1CCC2Z 1000¢ 10016 1C013 10008

%1 NI - 31 NI NI M1 NI
. sloz2 42.76 43.19 " 44,21 44.33 44.15 43.07 43.61
TIC2 0.01 0.02 (¢.01 0.0z 0.0 0.C3 0.02
AL203 0.81 0.78 . 1.59 1.24 1.82 3.C5 1.57
* CR203 0.45 0.48 €.52 0.32 0.75 0.87 0.47
HGO H6e 70 H46.65 42.G4 44.54 42.44 35.73 45.04 ,
FEO 8.206 7.93 8. 11 7.82 7.95 5.(5 8.09
$NO 0.11 0.10 ¢€.10 0.12 0.15 0.16 0.13
CAO C9.73  0.77 2.1 1.29 2.26 3.24 0.99 7
NA20 0.10 0.03 C.34 0.27 080 0.61 0.02
TOTAL , 99.94 . 99.95 6S5.€5 99.96 99.96 95.¢7 99.94

.
o Jre e

80ﬂAE PROPOURTICNS BASED CK 100 CATIICMS

R S — —
SI 35.14 35.51 3€.74 36.63 36.74 36.15 36.05
I1 Ja U1 0.01 G.01 0.01 0.0 6.C2 0.01
AL K 0.78 0.76 1.56 1. 21 1.79 J.C2 1.53

. ' CR . 0.29 0.31 C.34 0.21 0. 49 «ZE 0.31

#G £7.21 57.16 £53.19 54.86 S2.04 .4¢.3C 55.50
FE 5.08 5.4¢% S.E4 5. 40 5.53 6.35 5.59
K1) V.08 0.07 C.C7 0.0€ C.11 o.M 0.09
Ca 0.€4 0.08 1.£8 1. 14 2.02 .51  0.88
NA i V.16 J.05 C.55 0.43 0.65 G.c<S 0.03
K 0.01 0.0 0.02 0.01 0.04 0.17 G.0
(4.4 135.60 136.03 137.42 137.13 137.54 137.3€ 136.97

MG/MG+FE 0.910 0.913 (C¢.SC04 GC.910 0.905 C.€87 0.908
AL/AL*SIJ‘ 0.022 0.021 0.041 0.032 0.046 0.C77 0.041

»
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ULTRAMAFIC ZENOLITHS

ANALYSES NOBR®ALIZED TO 10C KT.X%
TOTAL FE AS PEC

P

A

© 183

B

4

SAMPLE 10001 10004 10C69 10068 20038 20C15 2003§
NI NI FI NI BV EV BV
SI02 49.80 43.73 43.S6 45.08 43.70 45.76 39.44
TIOZ2 0.0Y 0.03 .15 0.08 0«0 0.C: 0.08
AL20G3 <58 2.11 4.01 3. 11 0.46 1.81 3.42
CR203 J.66 V.45 0. 44 0.30 0.23 G.4¢ 0.70
460 531.50 43.13  39.41 40.91 46.34 41.E4 43.21
FEO 5.49 8.35 8.13 8.51 8.06 7.Cz 11.28
L 10) 0.10 J.12 €. 10 g.15 0.14 0. 16 0.19
NIO - - fo- - 0.28 0e.21 0.26
Cao 9.24 1.92 3.46 1.¢4 .73 2.52 1.31
NA20 uU. 40 0.13 0.34 017 0.32 0.1 0.07
K20 0.02 0.0 0.0 0.0 - - -
IGTAL ¥9.96 99.97 160.00 99.95 99.96 9S.S5 99.96
1) ,
®

LHOLAE ZROPCRIICHS C[ASEL Ch 100 CATICKNS

SI 43,04 30.36 136.90 37.77 36.00 38.21 32.91
TI 0.0u6 J.02 G.C9 0.05 0.0 0.C2 0.05
- AL 2.63 2.97 3.7 3.C07 D.45 1. 7€ d.30
CR D.46 0.30 C.29 0.2C 0.15 CoZ2Z Oodn
4G 4U.53 53.45 45.31 S51.09 56.90 E£2.C€ £3.75
FE © 3.56 5.81 £.71 5.9¢ 5«25 4.5C 7.87
Hﬂ 0.207 A 0-08 0.C7 0.‘1 0¢10 Co11 0.1«’
N1 - - - -~ 0.19 0. 14 0.17
CA 8455 1.71 3. 11 1.47 0.0l 2.25 1.17
NA O.067 0.21 .55 0.28 0.4d3 0.18 -1
K 0.02 0.0 000 0.0 - - -
QX 144,30 137.45 138.€5 139.32 136.28 135,15 134.82
8G/HG+FE J.911 0.902 0.896 0.895 0.911 0O.<14 0.872
AL/AL #SI J.057 0.054 €.CS%7 0.075 0.012 0.C45 0.093

v ot s, i e
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ULTRAMAFIC XENCLITHS

ANALYSES NORMALIZED 16 10C W1.%X

D

TOTAL FE AS FEC
SAMPLE 20046 Jgﬁoe 3CC06 30020 36022 3CC12 40044
BV FS FS FS FS CE
' )
S102 46.23 43,50 L4.45 43.0S U45.56 45.€4 42.36
T102 V.10 0.0 G.Cl4 0.04 Cold G168 . 0.01
AL2G3 3.71  0.52 Z.19 1.96 6.01 4. €C 0.39
CR203 0.37 0.217 €.43 0.32 0.35 C.386 0.19
4GO 40.25 W46.39 43.25 43.79 34.40 36.CS 47.83
FEO 8.40  7.49 .53 8.13 6.85 7.75 7.73
MNO V.18 U.10 .0.11 0.13 0.12 0.16 0.11
NIO 0.20 0.31 0.25 0.18 0.16 0.17 0232
CAO 2.35 1.34 1.60 2.07 5.48 4.€1 0.98
HA20 0.15 (.04 0.10 0. 14 C.39 C.42 " 0.03
‘» — i -
TOTAL 99.94 99.96 €9.%5 99.85 99.96 9S5.S4 99.95
'MOLAR PEQPCETLCHNS EASEL CK 100 CATICAS
SI 37.13 35.76 36.93 35.76 38.35 3€.77 34.67
TI 0.C6 0.0 €.02 0.02 0.09 C.11 0.01
AL 3.67  0.50 z.14 1.92 6.04 4.€1 0.38
CR Jo25 0.18 C.:z8 0.21  0.57 . Cezl 0.12
A‘G :)O-J? Sboa-’ 53.56 S“c 17 Q3. 72 ’-‘S-fu 58.34
PE 5¢9d 5.15 5.23 5.64 4.88 S.51  5.29
1N 0.13 0.07 c.C8 0.09 0.09 0.12 0.08
NI ue 14 .21 €17 0.12 0.1 0.1z  0.21
CA 2.11 1.18 1.42 1.84  5.01 4.2C 0.86
¥A 0.24 0.06 0.16  0.23 0.64 C.€5 0.05
0x 139.C3 136.09 138.09 136.74 141.92 140.S€ 138.90
4G/NG+FE  0.855 0.917 (€.911 0.9C6 0.900 0.€92 0.917
AL/AL+SI  0.090 0.014 0.055 0.051 0.135 C.1C6 0.011

Lo <o BY bt ol AR s
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ULTRAMAFIC XENCLITHS

"ANALYSES NORMALIZELD TO 10C w1.%
TOTAL FE AS FEC

J

Fr i €t A 3R DT T 5 by e ERir £y aedton et BT B SATE g

SANPLE 40uU03 40015 4C030 40037 4C061 40010
Ci CR Ch CEk Ch CE CR
S102 42.65 43.56 45.33 44.48 44.47 42.75 44.64
TIO02 0.0 Ja0 0.0 0.02 0.14 C€.C3 0.11
AL2CI 0.6 1.20 1,38 2.05 3.41 T1.€6 3.88
CR203 0.40 0.42 0.27 0.34 C.55 0.3z 0.46
MGO 46.97 45.56 43.77 42.34 37.72 44.47 39.10 -
FEO 7.4 7.62  7.51  7:27 10.43 <4 7.72
MNO 0.12 0.12 0.11  0.14 0.14 0.16 0.15
NIO 0.33  0.29 0.27 0.24 C.18 0.3C 0.22
CAO 0.66 V.14 1.29 2.93 2.78 1.44  3.42
NA20 0.0 0.03  0.03 0.14 0.14 C.Cé 0.24
TGTAL 99.95 99.94 99.56 99.95 99.96 95.S6 99.94
MOLAR 2ROPORTICNS EASEL CK 100 CATICHNS
5I 35.21 35.94 37.€4 37.04 37.85 35.41 -37.57
TI 0.0 0.0 0.0 0.01 0.09 0.C2 0.37
AL J.6b6 1.17 1.35  2.01  3.42 1.€5  3.85
> CR V.26  0.27  C.18  0.22  0.37. G.2z1 0.31
4G 57.53 56.03 S4.17 £52.55 47.85 54.S1 45.04
FE 5.6 5426 -5.21  5.C6  T.4e  S.SZ  5.43
51:" Ooce 0-08 - C-CS 0010 0-10 0.11 0.11
NI 0.22. Ua19  0.18 0.16 0.1z 0.2C 0.15
CA 0.58 1.01° 1.15 2.61 2.54 1.28 3.08
NA 0.0 0.05 0.65 0.23 0.23 C.1C 0.39
ox 135.67 136.64 138.38 138.06 139.72 136.41 139.52
< H
MG/NG+FE  0.913 0.914 0.S12 0.912 0.866 0.5C3 0.900 ;
AL/AL#SI  0.018 0.031 (.035 0.052 0.083 C.C5C 0.093 *
o ;
%
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ULTEAHMAFLIC XENCLITHS

(T AJALYSES NOKMALIZED TO 10C ®1.%

‘ TOTAL FE AS FEC
SANPLE 50015 50011 5CCC5 50001 50009 5CCCE
, JL JL Ji JL JL J1
$I102 42.34 44.47 U44.61 45.78 45.74 U45.€6
TI02 0.01 0.01 G.05 0.05 0.14  0.T4
AL203 0045 1.77 2.48 2.56 3.94  7.%2
CR203 0.21  0.60 0.44 0.24  C.44 L2
MGO © 47.89 43.24 41.79 41.66 37.37 33.7¢€
FEO 8.23 7.50 7.68 7.91 7.46  7.iz
ANG 0.11 011 0.12 0.13 0212 013

N NIO 0.30 0.26 0.11 0.19 0.17 .14
CAQ 0.39  1.92  2.24 1.26 4.17  4.z€
HA20 0.03 0.06 G.24 0.C9 0.41  0.4C
TOTAL® 99.96 99.94 S9.S6 99.93 99.96 95.<¢

MOLAR 2ROPCnIICNS EASEL CX 1C0 CATICHS -

. D - D D D T —— T ) T —— > — A - P R S

* SI 34.07 30.99 37.22 38.2E 38.067 3%.14
. II 0.901 3.01 C.03 0.0¢ 0.09 C.CS
AL J. 43 1.73 <44 «52 3.93 7.5¢
Ch 0.14 0.39 0.29 0.1€ 0.29 0.:¢
a6 56.45 53.60 £1.97 51.95 47.09 42.¢7°
FE S. €4 5.22 a5 5.53 5427 .15 w
Hy 0.u6 J.08 C.(8 U.09 0.09 0.CS
NI 0. 20 Va17 C.C7 0.13 0.12 0,1C
Cca V.34 1.71 2.00 1.13 3.78 J.ES
NA J. 0% 0.10 €.39 0.15 0.67 0.€6
oX 134.54 138.01 138.42 139.61 140.53 142,E5

3

HG/UG+FE 0.912 0.911 (C.S04 0.904 G.895 0.£S3
AL/AL+51 ve012 0.045 G.C61 0.062 0.09z2 0.1€62

| 1
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