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Abstract
§

Vs
The results of three independent studies of the
petfology of ultramafic xenoliths from British Qoldmbia and

western Alaska are presented and integrated to determine the

N

nature of the upper mantle beneath the Canadlan Co;dlllera

A fourbh study 1s concerned with an exgerlmental
investigation of tﬁe dlssolution rates of ultramafic
xenoliths -in alkali basalt magmas at high pressure.’
Approximately 200 upper mantle xenoaiths from Summit
Lake, near Pfince George, British Columbia, were cdllec%ed:

from a basan1t01d flow of Late Cenozoic (possibly

.post glac1al) age. The most abundant Xenolith type is spinel -

lherzolrite. Xenoliths haye granular"textures and bo;h green
ome diopside}BEaging and black aluminous'augite—bearing
enoliths are present. About 5% of ghe xenoliths are banded
dn,a’centlﬁeter scale, suggesting that the upper manple
beneaxh a6f£h~qentral British Columbia is heterogeneous on a
seale of centimeters to meters. \
Elect/yﬁ mlcroprobe data on the mineral phases indicate

that “the xenoliths. are ggnerally well equ1lubrated

'Typzcally in splnel lherzollte, olivines are Fo.,,
‘ o:thopyroxenes are En,, and chrome,dlopslde is Wo,sEn;.Fs,.

_ o : _ v n .
‘Spinels vary in composition from xenolith to xenolith

Uszng eLement partltlon geothermometersk equ111brat10n

temperatures\are calculated to be. between 1080-1100°C..

”QPressufES, estimated from a Cordllleran geotherm, are

between 18-20 kbar.
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Pargasitic amphibo}e’has Peen observed for the first
tiﬁe infan Oltraﬁéfic xenolith from British Columbia. The .
xenolith is a‘chromé dibpside;bearing épinel lherzolite
trapped within an alkali bd&saltic lava flow at Lightning
Peak, near Vernon, British Columbia. Amphibble (<5%) occurs
within thevxenoli{h as small grains, intersﬁitial between
other xenolith mineral phases and always shows evidence of
melting. Micrbprobe'analxses of theramphibole reveal that 1t
is a pargasite rich i% MgO {MgO = 1%.1—17,7 wt%;

\

Mg/(Mg+Fe). = 0,89) and CaO (CaO =10.4-10.7 wt%). The
pa;gasdfe probabiy crystallized within the spinelvstabil&ty

field of fhe upper- mantle from a volatile-rich metasomatic

!

. i
fluid which was produced by dehydration of subducted

ﬁatetial; Melting in the amphibole may have beenréaUSed‘by‘
one of three processéS' superheatlng by the host alka11

basalt, deeompre551on as the magma ascended or by in situ 3

partlal meltlng within the upper. mantle. i A

The petrography, m1neralogy and mineral chemlstry of a
.suite of 25 ultramaflc,xenolzths,from the Seward Pen;nsula,
western Alaska‘have beén studied. The'xendlﬁths afe.' \
bgéaamiﬂantly.chfome dibpside—beéfiﬁé'sbinel lherzolite .
exhibiting wéll developed_eqﬁigranu1ar ana S;otqgranular‘

. textures. The majofity of the xenoliths contain olivine
(Fo,;) ofthop&foxéné (Enso) cllnopyroxene (WO.,En.,Fs,).
and alumlnous sp1ne1 (Mg/(Mg+Fe) = 0.81-0. 82) Two. of the-/
:xgﬁollths studled conta1n the same mlneral phases but Wlth

51gn1f1cantly more 1ron—r1ch comp051t1ons.-
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‘'stabilities in the melt. Olivine has a slower

Equilibration temperatures of the Fo,,-bearing -

xenoliths range from 910-950°C using the Wells (1977)

two-pyroxene geothermometer, indicating that the _

geotherm beneath this locality is similar to other

areas 1n North America. The more iron-rich xenoliths

~

are interpreted to be either high pressure cumulates or

a product of exchange of the upper mantle with an

iron-rich metasomatic fluid. <

"The dissolution rates of the major upper mantle

minerals: olivine, orthopyroxene, clinopyroxene, spinel

and garnet have been determined in an alkali basalt
, —~
melt at superliquidus temperatures and 5, 12 and 30

‘kbar. The relative rates "of dissctution of the minerals

at each prESsure‘a:e governed by their relative

N

-y

,di%solu;ion rate than ¢linopyroxene at low pressure,

whereas clinopyroxene has a slower dissolution rate

than olivine at higher pressure. Spinel has the slowest

dissolution rate at each pressure'and garnet dissolves

very rapidly é; low pressure.

Améimple model has been constructed that‘pf;dicts
the sur&ival of ultramafic xenoliths in alkali basalt
?égmas és a function of xenolith radius, maéma ascent
iime and superheating; The egperimentally determined

dissolution rates of olivine and clinopyroxene were .

used to calculate the digestion of peridoéite.and R

. pyroxenite in an agcending alkali basalt’magma. The

vi-

>



pressure-integrated dissolution rates of olivine and

clinopyroxene are similar, unless the magma is

generated at low pressure, in which case preferential

_ dissolution of clinopyroxene may occur. The results of

i

the model suggest that the relative proportions of

peridotite and pyroxenite xenoliths brought to the

surface in alkali basalts are generally representative

of their proportions as constituents of the upper ’

mantle.

vii
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g I. Introduction

A. Opening comments

There have been many studies of the petrology and
geochemistry of ultraméfic xenoliths found 1n alkali
basalts in recent years (e.g., Kuno and Aoki, 1970;
Frey and Prinz, 1978; Irving, 1980; Hawkésworth and
Norry,.1983 and references therein). These
investigations have been designed‘p?imarily,to
investigate the nature, compositién and geothermal

-conditions existing in the upper mantle. Furthermore,
1t 1s important to have a knowledge of the composition
of the upper mantle in order to model most magmatic

rocesses, since many of the basaltic rocks we observe
are directly related to melting processes \in the upper

"mantle. %

It ﬁas been assumed that the propdrtiogs of
ultramafic xenqliths that are observed at the‘Earth's
surface are‘representative of their proportions.in the
upper-mantle._Héwever, thererhave‘been~few studies
concerned with the survival and digestion of ufk;amafic-“
xenoiiths in magmas both in the upper mantle and dur{ng
their‘transport to the surface (g.g., Kutolin and
Agafonov, 1978; Scarfe et al., 1980). Therefore, it is

/

essential to determine the stability of an upper mantle

[y . f—]



mineralogy in alkali basalt magmas, because assumed
upper mantle compositions have been used ektensively in
melting studies and phase relations to determine the
compositions of magmas and their modifications in the

upper mantle.
B. Background

Previous work on the petrology and geochemistry of
ultramafic xenoliths found in alkali basalts and E
kimberlites is extensive (e.g., Dawson, 1980;
Hawkesworth and Norry, 1983) and only the pertinent
literature will be reviewed in tbls section. There have
been a number of studies concerned with the mineralogy,
mineral chemistry and geochemistry of ultramafic
xendliths found in alkali basalts in western North

America (e.g., Best, 1974; Littlejohn and Greenwood,

1974; Wilshire and Shervais, 1975; Francis, 1976a; Frey

arfd Prinz, 1978; Smith and Roden, 1981; Fujii and
o

.

Scarfe, 1982; Roden et al., 1984)

Tertiary and Recent extensional tectonism has/resulted
in théhp:oductéon of alkali basalts that host a wide
varieﬁy of ultramafic xenoliths. The major conclusions
of thlS work are that the upper mantle is -dominated by
spxnel lherzol1te at sdepths less than aporoxlmately 60
km, and that the upper mantle at present.is 1argely-

anhydrous and ‘of a relatively uniform composition,

b



characteristically depleted in basaltic components
(e.qg., Littlejohnvana Greenwood, 1974; Fujii*a;d
Scarfe, 1982). However, it has been shown gy detailed
study that the upper mantle is miheralbgicafly‘and;
chemically heterogeneous (e.g., Wilshire and Shervais,
197?; Frey and Prinz, 1978; Fujii QndéScarfe, j982) and
in';ome cases, where hydrous minerais havésbéen
documented, méntle metasomatic processes have.been
shown ;o be important in the modification of the upper
mantle composition and in the generation of alkali
basaltic magmas (e.g., Francis, 1976a;-Rod;h et al.,
1984) .

In the Canadian Cordillera, studies of»ultramafic \
xenoliths have not revealed the présebce of any hydrous
minerals. In fact, although both chrome _ A
diopside-bearing xenoliths and aluminous augite-bearing
xedoliths are present (Littlejohn and Greenwood, 1974;
"Fuéii and Scarfe, 1982; wiléhire‘and Shervai;c 1975),
thé mineraloéy and mineral chemistry ofﬁthelﬁpper‘
mgntle is remarkably constant.f

Because peridotite xenoliths are much more ébundanf
than any othef ultramafic xenolith rock typé, it has
/been suggested tﬁat pyroxéne—rich XQnolitﬁs may

| preferentially dissolve in alkali bésalt.magﬁag and
- that pyroxenite is a more'impontant constituent of the
upper mantle than is'coﬁmonly believed (Kutolin and

-

Agafonov, 1978). In order to investigate this.

¢

~—~
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.-
possibility, Kutolin aﬁd Agafonév (1978) conducted
experiments at 1 bar to determine the dissolution rates
of the major uppér mantle minerals 1in an alkalic melt.
This study was subsequently followed by a similar
series of experiments at high pressure by Scarfe et al.
(1980). The results of both investigations were that

. | .
giivine dissolves much slower than pyroxene and

therefore that pyroxene-rich xenoliths may

preferentially dissoiye in alkali basalt magmas.

However, Scarfe et al. (1980) arg@ed that the rapid
ascent rates of alkali basalts would prevent

dissolytion to a large extent. Related studies on t%e
dissolytion kinetics of minerals in silicate melts have.
;hown that ié 1s possible to determine dissolution
mechanisms (é.g., Cooper and Kingery, 1964; Kuo and
Kirkpatrick, 1985), dissolution rates (e.g.; Scarfe et
al., 1980; Thornber and Huebner, 1985; Donaldson,

——

'1984a; Kuo and Kirkpatrick, 1985), crystal/melt

‘textural relationships (Tsuchiyama, 1985a; b;
Donaldson, 1984b) and cation diffusion rates in melts

N ) _
{e.qg., Harr’goh and Watson, 1983; 1984) from

petrologically important dissolution expefiments;

. C. Objectives
 This thesis was initiated in attempt to evaluate

two distinct, but related, aspects of the petrology of
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"

uitramafic xenoliths 1n alkali basalts. éaCh chapter 1s
written in thé form of a paper and thereforg‘has its

own introduction énd conclusions. FPrstly, the
mineralogy and mineral chemiétry of three suites of
previously undocumented ultramafic xenoliths f my,,////
Briﬁish Columbia and western Alaska are presented in
chapters 2 to 4. In chapter 5, the data of chapters 2
andjg’are summarized alopg with otheé data from the

- fbr

literature to obtain a picture of the nature ofuthé:-
upper mantle beneath the Canadian Cordillera; In
chapter 6, an experimental study of the dissglution of -
the -upper mantle minerals in an élkali‘basalt melt to
bféésures of 30 kilobars is presented. In addition, a
simple model is developed to bredict the dissolution
behaviour of ultramafic xenoliths in alkal% basalt
magmas as a function of xenolith radius, magma ascent
time and superheating. Chapter 7 summarizes the results
:éof chapters 2 to 6 and relates the two aspects of the

petrology of ultramafic xenoliths. Q

&8
.



11. The petrology of ultramafic xenoliths from ‘Summit

‘Lake, near Prince Ceorge, British Columbia

A. Introduction

Ultramafic xenoliths in alkali basaltic flows of
Late Tertlary to Recent age from British Columbia have
been documented in several recent publications (e.g.,
Littlejohn - and Greenwood, 1974; Fiesinger and Nicholls,
1977; Hamilton, 1981; Brearley et él., 1982; Fujii and
Scarfe, 198?; Nicholls et al., 1982; Scarfe et al.,
1982; Ross, 1983). Most of these papers have focussedf/
on the mineralogy and miheral chemistry of chrome
diopside-bearing ultramafic xénoliths and their
petrologicél significance. The chemistry and
equilibration temperatures of Ehe xencliths have been
used to discuss the geothermal conditions, composition
and properties of the source region in the upper m%ptle
beneath se&eral areas in British Columbia. \\\ )

In this chapter the pétrography, mineralogy and

. . >
mineral chemistry of a suite of approximately 200

ultramafic xenoliths in an aikali-basait flow is
'describea from a 1§cality at Summi t Lake,.40 km north “
' of’Priﬁée qeofge, British Columbia (Grid'Réf. 122° 45"
W. 54° 25' N). Both chromerdiopside—beéring and
aluminougvaﬁgite;beariﬁg xenoliths'afe describéd and -
the dominant rock type is spingl'lherzolite. Using

element partition geothermometers, the temperatures of

*



equilibration of the xenoliths in the upper mantle are
discussed. Some non-equilibrium features are briefly
discussed and it is concluded that the upper mantle
beneath north-central British Colfmbia 1s heterogeneous

and banded on a scale of centimeters to meters.

B. Geological Setting . e
According to map sheet NTS 93J (GSC map 1204A),
the host alkali basalt belongs to the Miocene Endako

Group of volcanic rocks withirf the Omenica Belt in

Central British Coluumbia (Souther, 1977). However, it

1s possible that the flow is m@ ounger because the
relationship between the flow and glacial activity is-

uncertain. The basalt, which is well exposed in“§ ..
9

e
65m

B . :
quarry, forms a columnar jointed flow of at least
in thickpess and contains both upper mantle and crustal
xenokﬁ/ﬁé) No contact relationships with the adjoining

rocks are exposed, thus it is difficult to estimate the

exact thickness of the flow.

C. Analytical methods

Microprobe,analyses of the nodule,minerals, host
basaltAphaées and whole rdck host‘basalt were carried
out on ARL EMX‘and ARL SEMQ electron microp;obes using -
ORTEC'energy dispersive spectrometefs in the Department’

of Geoiogy, University of Alpérté. Line scans by

Awavelength dispersive analwsis .were used to investigate



heterogeneities within minerals. Operating conditions
for EDA were 15 kV volwage. The probe current and

. .~
counting times varied accdrding to which microprobe wésﬁ ‘
utilised (see Table 1, Table 2). A rastered beam area
(15 pmox 15‘Pm) was used for both samples and standards \©
during routine analysis. A point beam was used in the
analysis!%f exsolution lamellae. All microprobe spectfa
were processed with full ZAF cqrrections using EDATA2
(smith and Gold, 1979). The detection limit using the
above operating conditions for EDA is approximately 500
ppm,'and accuracies for major and minor elements are
comparable to WDA (Smitﬁ) 1976). The excellent
agreemépt between results for EDA and WDA analysié have
been demonstrated by Reed and Wage (1973) and Mori and
Kanehira (1984). }

Electron microprobe'analy;es on:the wﬁole rock

‘basalt were cafried’out on glass beads, fused in air at
1300°C for twd hours. Ferrous iron in the whole rock

basalt was determined on powdérs by wet chemistry after

the method of Wilson (1960).

\ _D. Host‘baSalt

| The Summit Lake host basalt contains 5%
microphendcrysts of o}ivine (Fos,-1¢) in.a groundmass

of unzoned plagioclase'(An.,-,‘), titanaug{ig énd
titanomagnetite. The groundmass aiso contai;s Ti—rich o

bio;j}e, always accompanied by leucite. Leucite, almost

O

\
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Si0 46,2

Ti0? 1.80
. A1283 15.9
Fe 03 2.94 ~
Fed 5.80
MnO 0.14
- MgO 9.32
Ca0 10.0
Na 0 2.96
K,0 2.83
Pz()5 0.49
TOTAL 9838
CIPW NORM

Oor  17.01
" Ab 8.75
. Ar - 22.15
Ne ~9.05
Di 16.59
Hd 3.44

Fo 11.14 . ~
Fa 2.91
Mt 4.33
11 3.48
Ap ' 1.16

‘Table 1. Chemistry and CIPW norm of the Summit Lake
basalt. Analysis done with ARL SEMQ microprobe:
probe current 4 nA, counting time 240 seconds
(based on count rate of 5000 cps).

/



o
pure KAlS1,0,, occurs in interstitial patches
suggesting that it was one of the last phases to
crystallize. Xerdocrysts of olivine, plagioclase, spinel
 and clinopyroxene are also present in the basalt. All
xenocrysts are resorbed, sdggesting crystal-melt
disequilibrium. Mineral phases were verified by
microprobe analysié. | |
| The chemical analysis and CIPW norm for the basalt
are shown in Table 1. The rock contains 9% normative
nepheline but there is no modal nepheline, therefore
the rock is a basanitoid éccording to the
classification of MacDonald and Katsura (1964) or a
potassic series alkali basalt (Irvine and Baragar,
1971). The rock is enriched in K,O‘relative to Na,O
when'compared to other alkalic basalts of this type in
Biitish Columbig (Fiesingér and Nicholis, 1977;
Nicholls et al., 1982). This K,O enrichment is
reflecﬁed in the high normative orthoclase content and
in thé.appearance of potassium-bearing phases, biotite

and leucite, in the modal mineralogy.

E. Ultramafié xenoliths

The ultraméfic xenoliths, trapped withiﬁ'the-‘
alkali baéal£ fTow, are subangular to subrouﬁdéd,.with
diameters ranging in size from 1-15cm (av;rage‘size

'S5cm). Xenoliths 'commonly have‘Sharp contacts with the

host basélt,,but occasionally show thin reaction rinds,
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especially where pyroxene is at the periphery. of the

xenolith. QOver 300 xenolitﬂs, of which 79% are

- bltramafic, have been collected to date. The ultramafic

, -
xenglith population (Fig. 1, columns 2 and 3) is

-dominated by spinel lherzolite with lesser amounts of

wehrlite, clinopyroxenite, olivine websterite,
websterite and dunite. One hundred of these rocks are
plotted in terms of their modal proportions of olivine,
orthopyroxene and clinopyroxene in Fig. 2. Olivine,
orthopyroxene and clinopyroxene usually constitute
greater than 90% of each xenolith. Spinel is present in
most of the xenoliths and no hydrous minerals have been
observed.

The ultramafic xenoliths may be further

categorised according to the presence of either green

 or black clinopyroxene (Wilshire and Shervais, 1975).

All spinel lherzolites and olivine websterites contain
a green chromian dioﬁside. Con;ersely, all
clinopyroxenites and wehrlites confain black aluminous
augites. There are aiso occasional banded nodules that
incorporate th%n (<1 cm.) bands of interlayered
greén—gyrokene spinel lherzolite and black-pyroxéne
wehrlite or clinoperxen}te. |
Petrography ‘ .

1Textures'within the noduled are commonly

metamorphic or, very rarely, relic magmatic and all are
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OLIVINE

Summit Lake
UMtramafic Xenofiths

1o

ORTHOPYROXENE
CLINOPYROXENE

Figure 2. Laboratory estimates of ultramafic xenolith
mineralogy in terms of the modal proportions of
olivine, orthopyroxene and clinopyroxene. Modal
mineralpgy estimated by point counting 100
randomly chosen thin sections. '
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protogranular according to the terminology of Mercier
and Nicolas (1975). Triple points between minerals,
especially olivines, are very common, although
occasional embayments'suggest a relict magmatic history
(Irving, 1980). Other textural details have been
described.by Ross (1983).

KOlivine 1s usually the predominant mineral ranging
to >5mm. 1in diameter, with an average size of 2mm. The
only indication of deformation in olivine is the
occasional presence of kink banding.

Orthopyroxene 1is normaliy elongate and ~
approximately 1-2mm. in length. It commonly shows .
ragged edges and pockets of glass within grains,
presumably due to reaction after entrapment within the
host lava (e.g., Kuno and Aoki, 1970). Exsolution
lamellae in orthopyroxeﬁe, parallel to (010), were only
observed in one sampie (sL-99).

In five of the xenol:ths, the clinopyroxene
appears’ to have been partf?ﬁly melted, as shown by
vermicular pockets of glass within grains and around
their edges. This may al'so have occurred dﬁring
transport by the host magma. |

Exsolution phenomena were only found in one
xenolith. Xenolith>SL—222 is a spiﬁel lherzglite
containidg’a chrome diopside?rich band, the
clinopyroxenes of which have exsolved enétatite and

spinel. The exsolution lamellae, parallel to (010) and



(001) are 150 and 30 microns in width, respectively.
The compcsitions of the exsolution lamellae are shown
in Table 2.

Spinels are commonly interstitial, but
occasionally they occur as inclusions in olivine. The
colour of the spinel varies with composition.
éhrome—rich spinels are blood-red while aluminous
spinels are pale green. Aluminous spinels aré always
associated with aluminous clinopyroxenes, regardless of
whether the clinopyroxenes are aluminous augite or
chrome diopside. In rxenolith SL-141, thege are three
texturally discrete spinel phases (Table 2). Spinel SPN
6-1 occurs within olivine grains, SPN 1-1 is
interstitial and contains shall rounded melt
inclusions, and SPN 3-1 occurs within the xenolith and

1s concentrated along the contact with the host basalt.

Mineral Chemistry
A total of thirty xenoliths were investigated by
electron microprobe. Representative chemical analyses

of the phases in the nodules are given in Table 2.

Olidipe

In all but ohe of the.xenolith;, oiivine has a
range of forsterite conf¥nt from Fo;,-Foi., ths average
being Fo,,. The concentfation of NiO is between 0.3-0.6

wt¥% in all xenoliths and there is a positive

T

<
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(a) SL-33 SL-49 SL-53 SL-99 SL-141 SL-151 SL-153 SL~1%
(b) oLV 1-] oLV 2-1 OLv 1-1 OLV 2-] oLV 1-1 oLy 2-1 OLV 2-} OoLv 2-1
5i0, 40.2 L0.4 40.2 40.3 38.7 39.5 40.0 40.0
Ti10 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
A1263 0.14 n.d. 0.14 0.21 n.d. 0.19 0.16 0.24
CrZO3 n.d. n.d. n.d. n.d. n.d. n.d n.d. 0.10
Fe 03 n.a. n.s. n.a. n.a. n.s. n.a n.a. n.a
Fed 10.6 8.52 10.0 9.60  14.3 11.4 11.6 9.71
MnO 0.14 0.13 0.16 0.13 0.25 0.19 0.20 0.18
MgO 48.2 50.3 48.8 49.7 46.2 48.1 48.8 49.9
Ca0 0.11 0.14 0.14 0.12 0.09 0.13 0.12 0.15
Na_O n.d. n.d. n.d. n.d. n.d. n.d n.d. n.d.
Kz& n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
NIO 0.46 0.52 0.49 0.53 0.62 0.3 0.38 0.50
TOTAL 99.85 100.01 99.93 100.59 99(.96 99.85 101.26 100.78
0 4.000 4,000 4,000 4 .000 000 4.000 4,000 4,000
Si 0.993 0.987 0.990 0.984 0.974 0.981 0.980 0.977
Al 0.004 n.d. 0.004 - 0.006 n.d. 0.006 0.005 0.007
T n.d. n.d. n.d. n.d. n.d’ n.d. n.d. n.d.
Cr3’ n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.002
Fez n.a. n.a. n.a. ~n.a. n.a. n.a. n.a. n.e.
Fe<* 0.219 0.174 0.206 0.19% 0.301 0.237 0.238 0.198
Mn 0.003 0.003 0.003 0.003 0.005 0.004 0.004 0.004
Mg 1.774 1.832 1.791 1.809 1.734 1.780 1.781 1.816
Ca 0.003 . 0.004 0.004 0.003 0.002 0.003 0.003 0.004
Na n.d. n.d. n.d. n.d. n.d. n.d. n.d. . n.d.
K n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ni 0.009 0.010 0.010 0.010 0.009 0.007 0.007 0.010
SuM . 3.005 3.010 3.008 3.011 3.025 3.018 3.018 3.018
Mg/(Mg+Fe) 0.89 0.91 0.9 0.90 0.85 0.88 0.88 0.90
Ca * 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.2
Mg * 88.9 91.2 89.5 90.1 85.1 88.1 88.1 90.0
Fe * 11.0 8.6 10.3 9.7 14.8 11.7 11.7 9.8
(c) Sp-L Sp-L Sp-L Sp-L Sp-L Sp-Wh Sp-Wh Sp-L
n.d. - not detected, n.a. - not analyzed. All Fe in silicates expressed as Fe0. FeZO

in spinel by stoichiometry. (a) sample number, (b) analysis number, (c) rock types

(spinel lherzolite = Sp-L, spinel wehrlite = Sp-Wh, clinopyroxenite = Cpt)

Xenolith SL-53 is spinel lherzolite with a cross-cutting clinopyroxenite vein

* Ca, Mg and Fe are recalculated to 1002 for olivine, orthopyroxene and clinopyroxene.

Average uncertainties in microprobe analyses of olivines (wtZ): Si0,, 0.2%; A1203.

0.02%; Cr,05, 0.03%; Fe0, 0.15%; MnO 0.05%; Mg0, 0.2%; Ca0, 0.02%; £i0, 0.083.

Table 2. Mineral chemistry of Summit Lake ultramafic

xenoliths. Analyses done on an ARL SEMQ microprobe
(operating conditions as incTable 1) and an ARL
EMX microprobe: probe current 20 na, countln? time
400 seconds (based on count rate of 3000 cps).
Uncertainties 'in microprobe analyses calculated at
the 95% confidence level (%2 sigma). Errors.
calculated from the square root of the sums of
squares of the errors associated with random x-ray
generation of sample peak and background and
standard peak for each element.
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su-222"

SL-33 SL-49 SL-53 SL-99 SL-141 SL-154
oPx 2-1 OoPX 1-1 B oPX 1-1 orPx 2-1 oPx 1-1 OPX 1-1 opPXx 1-1
S)Oz 54 .4 55.3 53.8 53.9 53.7 54.3 95.7
T10 0.17 - n.d. 0.12 0.15 n.d. 0.17 n.d.
a8, 5.62 2.68 5.57 4.90 3.36 4.94 3.55
CrzO3 0.50 0.77 0.40 0.66 0.60 ] 0.53 0.62
Fe,0 3 n.a. n.s. n.a. n.a. n.a. n.a. n.e.
Fe& 6.76 5.644 6.49 6.16 9.14 6.00 6.84
MnO 0.14 0.13 0.11 0.13 0.19 0.13 0.12
MgO 32.0 33.8 32.2 32.7 31.8 32.5 31.9
Cal 1.20 1.25 1.14 1.12 1.09 1.12 1.15
Na O n.d. n.d. 0.43 n.d. n.d. n.d. n.d.
K26 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
N10 0.13 0.18 0.09 0.17 0.14 0.14 0.15
TOTAL 100.92 99.55 100.35 99.89 100.02 99.83 100.03
! ¥ .
0 6.000 6.000 . 6.000 6.000 6.000 6.000 6.000
S 1.871 1.920 1.862 1.871 1.889 1.882 1.930
Al 0.228 0.110 0.227 0.200 0.139 0.202 0.145
T 0.004 n.d. 0.003 0.004 n.d. 0.004 n.d.
Cr% 0.014 0.021 0.011 0.018 0.017 0:015 0.017
Fe2+ n.a. n.a. n.a. n.a. n.a. n.a. n.s.
Fe 0.194 0.158 0.188 0.179 0.269 0.174 0.198
Mn 0.004 0.004 0.003 0.004 0.006 0.004 0.004
Mg 1.640 1.750 1.661 1.692 1.668 1.679 1.648
Ca 0.044 0.047 0.042 0.0462 0.041 0.042 0.043
Na n.d n.d. 0.029 n.d. n.d. n.d. n.d.
K n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ni “0.006 0.005 0.003 0.005 0.004 0.004 0.004
SUM 4.003 4,015 4.029 4.015 4.033 4,006 3.989
Mg/(Mg+Fe) 0.89 0.92 0.90 0.90 0.86 0.91 0.89
Ca 2.6 2.4 2.3 2.2 2.1 2.2 2.3
Mg 87.3 89.5 87.8 88.5 +84.3 88.6 87.2
‘Fe 10.3 8.1 - 9.9 9.3 13.6 9.2 10.5
Sp-L Sp-L Sp-L Sp- Sp-L Sp-L
] - SL-222 OPX 1-1 - exsolution lamella (see text)
Average uncertainties in microprobe analyses of orthopyroxenes (wtZ): Si0

'1"102 0.04
Ca0,,0.04%;

%: A1,0

0.05%; Cr.0
Naa 0041 NiO,

23"

0:06%.

0.05%; Fe0, 0.10%; MnO, 0.04%; Mg0, 0.2%:

Tab}e 2. Mineral chemistry of Summlt Lake ultramafic

xenollt

hs.
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SL-33  SL49  SL-53  st-332  st-s3’  sL- SL-99
CPX 1-1 CPX 1-1 CPX 1-1 CPX 2-1 CPX 3-1 CPX & CcPx 1-1
Tt o ‘—'SIOE_—““ﬁT.’S 53.3 50.4 47.2 46.6 46.5 \ 51.8
TiO), <« 0.51 n.d. 0.46 1.18 1.27 1.33 0.36
a8, 6.92 3.02 6.98  10.9 1.4 11.4 6.60
CrZO3 0.86 1.32 0.92 n.d. 0.09 0.1] 1.22
Fe 03 n.a. n.a. n.e. n.a. n.a. n.a. n.a.
Fe® 3.62 2.66 3.51 7.17 7.21 7.17 3.14
MnQ 0.14 0.08 0.11 0.14 0.15 0.13 0.09
MgO 16.5 18.3 16.1 11.7 11.8 11.8 16.4
Ca0 19.5 20.8 19.1 21.7 21.5 21.5 19.1
Na_ 0O 1.20 0.85 1.39 n.d. n.d. n.d. 167
x25 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
NTO 0.17 0.11 0.12 n.d. n.d. n.d. n.d.
TOTAL 100.72 100.44 99.07 99.99 100.02 99.94 100.18
0 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Si 1.847 1.923 1.846 1.746 1.724 1.721 1.868
Al 0.294 0.128 0.301 0.475 0.497 0.497 0.281
Ti 0.014 n.d. 0.012 0.033 0.035 0.037 0.010
‘fCr3* 0.024 0.038 0.027 n.d. 0.003 0.003 0.035
Fez* n.a. n.a. n.a. ‘n.a. n.a. n.a. n.a.
Fe 0.109 0.080 0.107 0.222 0.223 0.222 0.09
Mn 0.004 0.002 0.003 0.004 0.005 «0.004 0.00
Mg 0.885 0.984 0.879 0.645 0.651 0.651 0.882
Ca 0.752 0.804 0.749 0.860 0.852 0.852 0.738
Na 0.084 0.059 0.099 n.d. n.d. n.d. 0.103
K n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ni 0.005 0.003 0.004 n.d. n.d. n.d. n.d.
SUM 4.018 4.021 4,027 3.985 3.990 3.987 4,015
Mg/(Mg+Fe) 0.89 0.93 0.89 0.74 0.75 0.75 0.90
Ca 43.1 43.0 43.2 49.8 49.4 49.4 43.1
Mg 50.7 52.7 50.6 37.4 37.7 37.7 51.4
Fe 6.2 4.3 6.2 12.8 12.9 12.9 5.5
Sp-L Sp-L Sp-L Cpt Cpt Cpt Sp-L

ISR oD

2 - SL-53 CPX 2-1, CPX 3-1, CPX 4-]1 - Al-augites

Average uncertainties in microprobe analyses of chrome diopside clinopyroxenes (wtX):
8i0., 0.2%; TiO,, 0.08%; A120 ., 0.07%; Cr20 , 0.06%; Fe0, 0.07%; MnO, 0:03%;

Mg0; 0.1%; Ca0, O.Izz'Nazo. 0-09%;°NiO, 0.0;1. Average uncertainties in microprobe
analyses of aluminous augite clinopyroxenes (wt?): Si0,, 0.2%; TIOZ. 0.042;

A1203, 0.1%; C;203; 0.03%2; FeO, 0.11%; MnO, 0.04%; MgO, 0.1%;-Ca0,70.1Z.

Table 2. Mineral chemistry of Summit Lake ultramafic
xenoliths.



SL—]AI3 SL-14] SL-151 SL-151 SL-153 SL-154 SL—222‘

CPX 1-1 CPX &4-} CPX 1-1 CPX 2-1 cPx 1-1 CPX 1-1 CcpPx 1-1

$10, 491 52.2 49.3 50.3 50.9 51.5 53.1
Ti0 1.3 0.42 1.20 116 0.56 0.49 0.20
A1263 7.73 5.06 8.48 8.94 6.46 6.644 4.66
Cr505 0.42 0.92 0.12 n.d. 1.06 1.16 1.38
Fe.O3 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Fed 4.85 4.90 4.30 “.22 3.63 3.19 3.65
MO 0.08 - 0.09 0.08 n.d. 0.07 n.d. n.d.
MgO 14.7 16.7 14.8 15.1 15.8 16.5 17.2
Ca0 21.4 19.4 19.9 20.3 19.8 19.5 20.6
Na .0 0.64 0.92 1.22 n.d. 1.26 1.3 0.41
Kzé n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Nfo n.d. n.d. 0.09 n.d. 0.07 0.06 0.06
TOTAL 100.26 100.61 99.49 100.00 99.61 100.18 101.26
0 ©6.000 6.000 6.000 6.000 6.000 6.000 6.000
Si - 1.797  1.882 1.804 1.819 1.857  1.862 1.901
Al 0.333 0.215 0.366 0.381 0.278 0.274 0.197
T1 0.037 0.011 0.033 0.031 0.015 0.013 0.005
Cry, 0.012 0.026 0.003 n.d. 0.031 0.033 0.039
Fez’ n.a. n.a. n.a. n.a. n.a. n.a. n.a. ;
Fe 0.148 0.148 0.132 0.128 0.111 ~ 0.096 0.109
Mn 0.002 0.003 0.002 n.d. 0.002 n.d. n.d.
Mg 0.802 0.919 0.807 0.814 0.859 0.889 0.918
Ca 0.839 0.749 0.780 0.787 0.774 0.755 0.790
Na 0.045 0.064 0.087 n.d. 0.089 0.094 0.028
K n.d. n.d. n.d. n.d. n.da n.d. n.d.
N1 n.d. n.d. -0.003 n.d. 0.002 0.002 0.003
SUM 4.015 4.017 4.017 3.960 4.018 4.018 3.990
Mg/(Mg+Fe) 0.84. 0.86 0.86 0.86 0.89 0.90 0.89
|Ca T 46.9 41.3 45.4 45.5 L4 .4 43.4 43.5
Mg 4.8 50. 47.0 47.1 49.3 51.1 50.5
Fe 8.3 8.1 7.6 7.4 6.3 5.5 6.0
Sp-L Sp-L Sp-Wh Sp-Wh . Sp-Wh Sp-L

3 - SL-141 CPX 1-1-- clinopyroxene next to spinel at basalt/xenolith contact
4 - SL-222 CPX I-1 - host clinopyroxene with exsolution of orthopyroxene and spinel
lamellae .

Table 2. Mineral chemistry of Summit Lake ultramafic
‘xenoliths.
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S1-3s Y SEgo So1e1? stow” aroien!
SEN U1 SER Bo1 0 SEN Sl SPN I-10 SPN 501 SEN b
0, 0.1% n.d. 0.14 0.20 0.27 0.17
T50° 0.19 n.d. . 0.19 0.47 0.32 0.34
A0 5.1 2.7 50.5 3.4 56.7 32.4
('z“ - 10.4 Lo 7 . 15.9 27.1 5.40 29.1
‘0 381 L. 77 L.25 930 8.41 9.135
Fel .37 10.7 7.98 145 10.2 14.9
MnO n.d. n.d n.d. 0.29 0.17 0.30
MgO 21,1 16.8 20.6 15.1 20.7 BT
Cald n.d. n.d. n.d. n.d. n.d. n.d.
Na O n.d. n.d n.d. n.d. n.d: n.d.
k.0 n.d. n.d. n.d. n.d. n.d. n.d.
. NiO 0.43 0.22 0.52 0.35% 0.47 0.38
TUTAL 100.93 100.89 100.08 101.71, 102.14 101 .64
(] L (X 4, (0 4, (0 4 _ (00 4. 000 4. (00
S 0.003 n.d. 0.00% 0.006 0.007 0.005
Al 1.699 0.950 1.570 1.161 1.710 1.108
1, .00t n.d. 0.006  .010 O 00k 0.007
Cry, 0.211 0.930 0.332 613 0.109 0.66K
Fo o 0.074" 0.104 0.084 ). 200 0.162 0.20¢
te® 0.180 0.261 0.176 0.348 0.219 0.361
Mn n.d. n.d. n.d 0.007 0.004 0.007
My 0.808 0.729 0.8%) 0.644 0.770 0.627
(a n.d. n.d. n.d. n.d. n.d. n.d.
Na n.d. n.d.’ n.d. n.d n.d. n.d.
[N n.d. n.d. n.d. n.d. n.d. n.d.
N1 0.010 0.005 0.011 0.008 0.010 0.009
SUM 2.984 2.985 2.991 2.997 2.997 2.996
. Mg/(Mg+Fe) 0,82 0.74 0.82 0.65 0.78 0.63
Al * 85.6 47.7 79.1 58.8 86.3 56.0
- Cryt 10.7 47.0 16.7 31.1 5.5 33.7
fe . 3.7 . 5.3 4.2 10.1 8.2 10.3
Sp-L Sp-L Sp-L Sp-L Sp-L Sp-L

9 - SL-141 SPN 1-1 - interstitial spinél with inclusions

6 - SL-141/SPN 3-1 - spinel next to clinopyroxene at basall/xenolxth contact
7 - SL-14) SPN §-1 - spinel i1ncluded in olivine

* Al, Cr and Fe ' recalculated to 1002 for spinel.

Uncertaintie$ in microprobe analyses of spinels varies greatly with composition; For
SL-49: Al 03, 0.2%; Cr.0,, 0.3%; Mg0, 0.1%; NiO, 0.072; For SL-151: T;OZ, *

-0.04%; 1505, 0.3%: Crj03, 0.05%: Mg0, 0.1%: N0, 0.10%.

e

Table 2. Mineral chemistry of- Summit Lake ultramaf1c
xenoliths.



SL-151 SL-153 SL-154 SL—ZZZ8
SPN 5-1 SPN 1-1 SPN 1-1 SPN 1-1
5102 n.d. 0.19 n.d. 0.36
Ta10 0.23 0.32 0.21 0.20
A1263 63.0 51.5 51.3 37.0
CrZO'} 2.10 141 15.8 27.1
Fe ()3 4.69 4.65 3.63 7.35
Fe6 6.98 9.41 8.43 10.1
MnO n.d. n.d. n.d. 0.28
MgO 22.7 20.1 20.6 17.7
Ca0 n.d. n.d. n.d. n.d.
Na O n.d. n.d.~ n.d. n.d.
K26 n.d. n.d. n.d. n.d.
NIO, 0.42 0.38 0.40 0.37
TOTAL 100.12 100 .66 100.37 100,66
0 4.000 4,000 4.000 4.000
Sh n.d. 0.005 n.d. 0.010
Al 1.859 1.590 1.587 1.223
Ta 0.004 0.006 0.004 0.004
Cr3* 0.042 0.292 0.328 0.601
Fe2+ 0.088 0.092 0.072 0.155
Fe 0.146 0.206 0.185 0.237
Mn n.d. n.d. n.d. 0.007
Mg 0.847 0.785 0.806 0.740
Ca n.d. n.d. n.d. n.d.
Na n.d. n.d. n.d. n.d.
K’ n.d. n.d. n.d. n.d.
Ni 0.008 0.009 0.008 0.008
SuM 2.99¢4 2.985 2.991 2.985
Mg/(Mg+Fe) 0.85 0.79 0.81 0.76
Al 93.5 80.6 9 9 61.8
Cr3* 2.1 14.8 16.5 30.4
Fe 4.4 4.6 3.6 7.8
Sp-wh Sp-Wh Sp-L
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8 - SL-222 SPN 1-1 - spinel exsolution lamella (see text)

Table 2. Mineral chemistry of Summit Lake ultramafic
xenoliths.



correlation between NiO and fo:steritg content of the
olivine. Olivine shows no intragrain heterogenei;y
except 1n one xenolith (SL-151), in which there is
enrichment of CaO at the rim of the olivine where 1t 1is
adjoined by clinopyroxene. Therefore{ it 1s possible
that there has been post-equilibration diffusion of
cations as a result of heating during the transport &f
the xenolith within the host magma (Takahashi, 1980a;

Ozawa, 1983). k AN

Orthopyroxene

Orthopyroxene compositions vary from Wo,Ep,,Fs,,
to Wo,En,,Fs, (Fig. 3). The average enstatite content
is En,,. Al,0, varies from 2-6 wt% and Cr,0, from
0.4-0.8 wt%. In a general way, as the En content
increases, CrzOJAincreaSes and Al,0, decreases and a
good inQe}se correlation exists between Al,O, in
orthopyroxene and Cr/(Cr+Al+Fe’") in spinel (Fig. 4).
Orthbpyroxenes show no evidence of intragrain chemical

heterogeneity.

Clinopyroxene

The cdmpositions of bdth.green and black
clinopyrdgenes are given in Table 2, and ﬁlotted in
té?hs of Ca, Mg and Fe in_Fié. 3. Chrome diopsides vary
in composition from Wo.,En;,Fs, to Wo,,En, Fs,. Al,O0,

in cdhrome diopsides varies from 2.5-7.0 wt% and Cr,0,

¢
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Figure 3. Compositions
xenoliths..

of pyroxenes in ultramafic’
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Figure 4. Variation of Cr/(Cr+Al+Fe’") in sp1nel with
Al,0, in pyroxene. Open circles - orthopyroxenes,
closed circles - chrome diopside, sguares -
aluminous chrome diopside (see text for

discussion).
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varies.from 0—1.4‘wt% from nodule to nodule, depending
on the composition of the coexisting spinel. There is a’
good correlation between Al,0, ih diopside and
Cr/(Cr+Al+Fe’") in spinel (Fig.. 4). As anticipated,
there ig a strong negative correlation between Al,O,
and Cr;O, in diopside. The clinopyroxenes in SL-151 are
unuswval 1in that they havé highgr Al,O, (B.0-9.0 wty)
and Ti0,, but lower Cr,0, than all other chromis
diopsides in the xenoliths (Fig. 4). Chemically, these
clinopyroxenes are tr ns&tional towards black
clinopyroxéne in that 'Ca0O, FeO, Al,0, and MgO are
intermediate béz;éen chrome dibpside and aluminous
augite. Black clinopyroxenes have high Cao, Fég, Al,O,
and TiO,, but low MgO, Cr,O,‘and Na.O compared to
chrome diopsides (SL-53 CPX 2-1,3-1,4-1 Table 2). Al,O,
is always greater ‘than 10.5 wt%. |

No heterogeneities i;‘Ca, Mg and Fe were detected
in grains of unaltered and unreacted clinopyroxenes.
Exsolution textures in clinopyroxene Qere found in one
of the thirty ixenoliths. The host clinopyroxeﬁe is a

chrome &iopside that has exsolved both enstatite and

aluminous spinel (Table 2).

Spinel
Spinels vary widely in Cr,0, and Al,0, content
throughout the suite of xenoliths, Cr,0, varies from

2.1-40.7 wt% and Al,0, varies from 27.7-63.0 wt%.
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Except in unusual circumstances where it is clear that

several spinel phases coexist (e.g., SL‘141)§ there

‘appears to be no significant variation in spinel

composition within individualg nodules. Mg/ (Mg+Fe?")
varies from 0.65 to 0.85 ano there are good '
correlations between Cr.0, and Al,O, content in spinel
and Cr/(Cr+Al+Fe”") in spinel versus Al,0, in pyroxene
{Fig. 4). No zoning was detected in-spinels by
mipfoprobe. |

+

F. Discussion :

Xenoliths with chrome diopside

Micfoprobe analyses of xenoliths that contain
chrome diopside indicate nothing unusual about the
mineral chemistry of these xenoliths, except for SL—I?1§®
which will be discussed later. The compositions of the
mineral phases fall within the accepted limits for .

xenoliths of this type (e.gqt Kuno and Aoki, 1970;

Littlejohn and Greenwood, 1974). ~Olivine averages Fo,,,

'orthoggroxene averages En,,, and Al .05 in pyroxene .

shows . a good negative correlatlon with Cr/(Cr+Al¢Fe“’Y

_1n sp1ne1 as dlscussed prev1ously in th\ llterature N
'(e .., Fu311‘and Scarfe, 1982) Thus, the relat13§ly
'refractory comp051t10ns of the Summlt Lake chrome

dlopSLQe xenollths may represent a- re51duum remalnlng 2

after~%t least one phase of partlal meltlng A 51m11ar'

L

b
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conclusion has been reported in numerous ,other
publications (e.g., Kuno and Aoki, 1970; Lit%lejohn and
: Gréenwbod, 1974; Fujii and Scarfe, 1982).

/Exsolution textures are rare in py}oxénes from ¥
ultramafic xenoliths; however, at Summit Lake, lamellar
exsolution of spinel and orthopyroxene has been noted

: \in a chrome diopside band approximately lcm wide. The

“host clinopyroxene 1s low in aluminum and high in Cr,0,
anc Na,0, similar in composition to chrome diopsides
that do ﬁot show exsolution. The w&zEn.,Fs,.

~composition of the‘orthopyroxene lamellsa« is 1dentical.
to orthopyroxene grains in the xenoliths. However, the
sp{nel contains more Cr,0, and total iron than 1s
commonly present~;h‘spinels from Summit Lake.
Clinépyroxene seems to have first exsolved
orthopyroxene, depleting the host in Mg and Fe and
enriching it in Cr and Al. Continued subsolidus cooling
caused the clinopyroxene to exsolve spinel lamellae
that transgress the earlier orﬂhopyroxene lamellae.

Further exidence of the complex histqr? of some of
the Summit Lake ultramafic xenoliths is indicated by
the presence of glass, éoﬁmdnly observed in pyroxenes
{Maalge athPrintzlau, 1979)vﬁnd_by reaction rims
around spineis. Clinopyroxenes‘in several of the.

‘ernsliths e#hibit ragged edges thét contain small
vermicular pockets of glass. &n some cases, the glass

is more pervadive and it ié‘ﬁtesent throughout the

I8

"y
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grain. More rarely, orthopyroxenes show similar
features. The presence of glass or quenched melt in the
pyroxenes may be caused by either instability due to
decqmpression as the xenolith is trgnsported to the

)

surface, or to heating of the xenolith by the host

basalt.

Reaction rims, 0.0i-0.02mm in width, are common
around spinels which have alhigh Cr,0, content, which
suggests that the Cr-rich spinel may become unstable as
the xenolith 1s brought to shallower.depths.

Xenolith SL-141 is unusual in that there are three
discrete spiné& phases (Table 2) all with markedly
different modes of occhrrence,.as noted previbusly.
Spinel SPN 3-1 alwéys adjoins clinopyroxene and it is
possible ‘that this spinei B;é resulted either from
exsdlution of clinopyroxerne or that it formed by
reaction, triggered by temperature differences during
incorporation of the xenolith in the host basalt.

The silicate minerals in SL-141 are, more iron-rich
than in any other Summit Lakéfxenolith.(Table é).
Olivine is Fo,,, prthob}roxene Wo,En, ,Fs,, and chrome
diopside Wo,,En,,Fs,. It is possible that the xenolith

'

”*
represents a cumulate, which has been texturally
re-equilibrated within the uppéfimantle. Similar
iron-rich xenoliths have been reported in the

literature (e.g., Wilkingson and Binns, 1977).
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Xenoliths with aluminous augite

Black clinopyroxene-bearing xenoliths are less
common than those containing chrome diopside (Fig. 1).
All aluminous augite occurs in thin dyke-like bodies of
clinopyroxenite up to 2cm in width and as discrete
phases in wehrlite xenoliths. The black aluminous
augites observed at Summit Lake are compositionally
similar to those described previously 1n the literature
(e.g., Aokl and Kushiro, 1968; Wilshire .and Shervais,
1975; Frey and Prinz, 1978). According to the
terminology of Frey and Prinz (1978), the Summit Lake
aluminous augite xenoliﬂhs would belong‘to their Group
I1 xenoliths; hoﬁever, the aluminous augites presented
in this paper are more alumindus (Al,0, usually >11.0
wt%) and have no Na,O..They have higher TiO,, FeO and
CaoO, but‘less Cr,C,, MgO and S$i0O, than chrome‘diopside
(Table 2). 1t is possible that some clinopyroxenes from
Summit Lake are intermediate between '‘the two
clinopyrozxene tfpes. For example, clinopyroxene in
SL-151 contains values of Al.0,, CaOf FeO and MgO that
lie between chromelgioﬁSidé and élumihous augite (Table
‘2). These clinopyroxenéé\contain between 8 and 9 wt¥% |
"Al,0, and céexist.with'highly aluminous spinels.
Although the clfnopyrokenés in SL-151 are chrome
diopsides and agree with tﬁg trend observed in Fig. 4,

they do form a distinct group. ' —
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Because of the high concentrations of
non-quadrilateral components, aluminous augite
clinopyroxenes plot closer to the diopside-hedenbergite
join when projected into the pyroxene quadrilateral
(Fig. 3). The proposal that the aluminous augites are
precipitates from an alkaiic liquia at high pressure
along narrow conduits within spinel lherzolite (Irving,
1980) reaéily ﬁxplains their occurrence in thin bapds

that cross-cut spinel lherzolite xenoliths.

Estimation of Equilibration Temperatures and Pressures

The compositions of the coexisting minerals irp
chrome diopside xenoliths were used to estimate the
equilibration temperature of the ultramafic xenoliths.
Several geothermometers are applicable, but the
two-pyroxene thermometer of Wells (1977) was chqsen for
this study because it has been commonly used in similar
work (Fujii and Scarfe, 1982) .and comparison of data 1is
therefore facilitated. The equilibration temperatures
-of the Summit Lake chrome diopside—bearing xenolitﬁs
range between 1050-1150°C, but. cluster tightly arohnd
1080-1100°C. These are subsolidus temperatures and the
errors are *50°C for the geothermometer and +10°C .for
the. microprobe analyses.

The limitations of geothermometry have been
discussed extensively in the liferature (e.g., Hén;y

and Medaris, 1980; Lindsley et al., 1981; Fujii ang

]
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Scarfe, 1982) and further detailed discussion is not
warranted here. However, it is worth noting that the
geothermometer recently devised by Lindsley and
Andersen (1983) and discussed by Lindsley (1983) has
not been used. Unfortunately the geothermometer is not
applicable to pyroxenes from ultramafic xenoliths
because éf the presence of an excess of additional
components such as Al,0,, which do not permit accurate
projection into the pyroxene quadrilateral (Lindsley
and Andersen, 1983). Similar problems arise for
aluminous augites and the chemistry of aluminous augite
renders 1t unsuitable for geothermometry.

In the agsencé of suitable geobarometers, Fig. 5a
show& the geotherm beneath Summit Lake that was
constructed using the calculated equilibration
temperaturgs and the published stability field of
spinel lherzoli;e. Using thesé constraints, the
geotherm beneath this locaiity appears to be steeper
than other localities in British Columbia (Fujii and
Scarfe, 1982; Scarfe ef al., 1982). Alternatively,
assuming that the xenoliths were equilibrated on the
Cordilleran geotherm (Ranalli, 1980), éne can estimate
'tﬁe depth of origin of the xenoliths more precisely
(Fig. 5b). In this case the depth of origin can be,
bracketed between 55-65 km (18-20 kbar). Ross (1983)
’Apublished a geotherm for Summit Lake xenoliths using

. N
the methods of pyroxene thermobarometry (Mercier, 1976;

B ad
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Fjqure 5a, Estimate of the geotherm beneath Summit Lake
using the temperaturés of equilibration and the
Pressures estimated from published phase
equilibrium studies. Dashed lines indicate
possible errors in, the geotherm. S5b. Estimate of
the depth of origin of chrome diopside xenoliths
using a Cordilleran geotherm (Ranalli, 1980). The
depth is constrained by the temperatures of
equilibration projected onto the geotherm. .
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1980). This geotherm has npot béeﬂ included in Fig. 5
because the methods of Mercier (1980) are believed to
be bontroversial and reguire experimental data on the
effect of Cr,0, on the/solubility of Al1,0, in
orthopyroxene coexist;ng with spinel.

In addition to the above conSideratiéns, we must
be certain that ultramafic xenoliths were equilibrated
in the upper mantle and have suffered no subsequent
modifications of their mineral chemistry. Recently,
evidence has been presented for solid-state diffusion
of cations between the mineral phaSes in some
ultramafic xenoliths (e.qg., Takahashi, 1980a; Smith and
Roden, 1981; Ozawa, 1983). 1t is noOt clear, however,
whether the zoning observegd in‘tbese cases is produced
by heating by the host magma (minimum 7 hrs, dﬁrationL,/
Fujii and Scarfe, 1982) or by a longer duration eJéng
within the upper mantle. The effect is usually of the
order of tens of microns (e,q., Ozawa, 1983) and is
restricted to the edges of grains. In the case of the
Summit Lake xenoliths, the anarytical Strategy was
carefully designed to avoid the edges of grains, except
where tests for homogeneity were cOhcerned. Thus; the
chemical analyses presented are of the cores of grains,
and any grains showing reaction or melting wére
avoided. Therefore, the temperatures derived from the
Summit Lake xenoliths represent suu5011dus

equ111brat1on témperatures within the upper mantle.
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G. Summary x

A study of appré;imately 200 upper mantle
xenoliths from Summit Lake, north-central British
Columbia indilcates that the upper mantle beneath Summit
Lake 1s heterogeneous and banded on a scale of
centimeters to meters. The xenoliths are granular and
the dominant mineralogy 1s spinel lherzolite. Both
chrome diopside and aluminous augite clinopyroxene
séries xenoliths are present.

Equilibration temperatures of xenoliths with'
chrome dPfopside are between 1080-1100°C using the Wells
(1977) geothermometer. Assuming that the xenoliths were
equilibrated‘on the Cordilleran geotherm of Ranalli
(1980), the depth of origin is calculated to be between
55-65 km. These temperatures are somewhat higher than
those derived from similar suites of the same age in
southern British Columbia, suggesting that either the
xenoliths were derived from a deeper source region or

that the geotherm varies between north-central and

southern British Columbia. o
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111. Amphibole in a spinel lherzolite xenolith:
evidence for volatiles and partial melting in the upper

mantle beneath southern British Columbia

A. Introduction

R Ultramafic mantle xenoliths in alkali basalts have
been documented from several localities in British
Columbia (e.g., Littlejohn and Greenwood, 1974;
Fiesinger and Nicholls, 1977; Hamilton 1981; Brearley
et al., 1982; Fujii and Scarfe, 1982; Scarfe et al.,
1982; Nicholls et al., 1982). The xenoliths always
occur 1n alkalic volcanics found mainly within the
Intermontane Belt of British Columbia (Souther, 1977;
Nicholis et al., 1982). The mineralogical compﬂsition
of the ultramafic xenoliths varies from pyfoxenite to
dunite, but the predominant type is chrome
diopside-bearing spinel lherzolite (Fujii and Scarfe,
1982). On the other hand, the mineral chemistry of the
silicate minerals within the xenolimhs_is relatively '
con§tant (Littlejohn and Greenwood, 1974; Fujii and
Scéffe, 1982). Element partitioning geothermometers
have shown that the equilibration temperatures of thé
xenoiiths are in the subsolidus region of sﬁfﬁéﬁ
iherzolite; varying from 950°C in southern Brigish
Columsia to 1100°C ih north'central British Columbia"
(Littlejoﬁn and Greenwood, 1974; Brearley et al,'i982;

[

Fujii and Scarfe, 1982; Nicholls et al., 1982).

35 . *
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1

No hydrous minerals have been previously observed
within any of the xenoliths from British Columbia, %
although amphiboles and micas have beé¢n described in
both garnet- and spinel-bearing ultra@éfic xenoliths -
from elsewhere in the world (e.qg., ba;gbn and Smith,
1982). In spinel-bearing xenoliths, the mos; common
hydrous mineral is amphibole. Pargasitic amphibole
commonly occurs in chreome diopside-bearing spinel

lherzoAlij ap kaer5ut1te occurs 1n aluminous
1*?

auglte- bearlﬁ xenoliths (Wilshire and Shervais, 1975;:

Frey and Prinz, 1978; Wilshire et al., 1980; Dawson and
Smith, 1982). The presence of hydrous minerals in

ultramafic xenoliths is important in mantle petrology.
Their stability in spinel- and garnét lherzolitesu}s
central to current ideas on volatile storage (Boettcher
et al., 1979; Delaney et al., iS80; Smith et al., 1981;
Ito et al., 1983), metasomatism and magmatic‘processes
in the upper mantle (efg., Boettcher and O'Neil, 1980;
Irving, 1980). : |

This chapter describes the first reported
occurrence of amphibole in an ultramafic xenolith from
Lfghtning Peak, near Vernon, British Columbia. The
mineralogy and mineral chemistry of the ultramafic
xenolith is presented. The occurrence and mineral 4
‘chemistry of the amphibole is then described and the
implications for the genération of basaltic magmas and

the composition of the upper mantle beneath that part
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of southern British Columbia are briefly discussed.

B. Field setting and petrography

The ultraeamafic xenoliths at Lightning Peak (49° ,
52.7'N, 118° 31.7'W) occur in an alkali basaltic lava
flow. The host basalt contains phenocrysts'of olivine
(10-15%) and titanaugite (2-5%) .in a fiﬁg grained
groundmass of granular clinopyroxene, magnetite and
plagioclase microlites. The phenocrysts range up to 2mm
in size. The grounamass also contains irregular patcﬁes
of K-feldspar (microcline) which poikilitically enclose
other groundmass phases. This is especially gyident
around xenocrysts and at the contact between the basalt
and the xenolith. Xenocrysts of olivine, orthopyroxeng
and spinel are abundant (15-20%). Q}ivine and
orthopyroxene xenocrysts have 1-2mm reaction coronas
suggesting crystal-melt disequilibrium. The contact
‘between the host basalt and the xeno}ith is sharp. The

host basalt has been dated at 2.5 £0.1 Ma by the.K-Ar

method [(B.N. Church pers. comm.).
T g&xenolith that contains the amphibole”1s a

subrounded\, chrome diopside-bearing;/™8pinel lherzolite,

approximategly 10cm in diameter. The estimated mode of
"the xenoligh is olivine (60%), orthopyroxene (20%),

xene (10%), spinel (5%) and amphibole (<5%).
o,

-

'sizes within the xenolith vary from <1mm

(émph186$aj to 4mm (olivine) and textures are
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predominantly protogranular metamorphic (Mercier and
Nicolas, 1975). Amphibole occurs as anhedral
interstitial grains up to 2mm in size. It is typically
red-brown in colour, shows weak pleoch;oism and
inclined extinction (5-15°). The most notable feature
of the amphibole in thin section is evidence of
melting, shown by small, dark areas around the edges of
grains. Some grains have sufferedamore pervasive
melting, in which the melted regions occur throughout
the mineral grain. These grains were avoided during

/

electron microprobe analysis.

C. Analytical methods \\ N

The mineral phases in the Lightning Peé%xxenqlith
were analysed at the University of Alberta us&ng én ARL
SEMQ electron microprobe fitted with an ORTEC energy
>dispersive spectrometer. All analyses were perforhed by.
energy dispersive analysis. with operafing conditions of
15 kV accelerating potential, 4 nA probe current and a
counting time of 240 seconds.-Afféstered beam of \
approximately 15‘ym XIISyFm was used in the analysis of?
the anhydrous minerals. A point beam was used' in the -
analysis of the amphibole grains, in order to avoia‘the
melted regions within the grains. Because the ahphipole
is likeiy to aegrade under the beam, the sample was
moved Eontinuousiy under alpoiht\beam during each N

analysis. Only the core portions of amphiboles which

1
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showed the ieast'ambunt of melting were*analysed and,
because of the widespread melting, no attempt was made
to investigate intragrain heterogeneilty 1in the
amphibole. Microprobe spectra were processed with full
ZAF corrections by EDATA2 (Smith and Gold, 1979). All
ironiin,the analyses 1is reported as FeO. The amphibole
sfructgral formulae were calculated water ffee<on the

basis of 23 oxygens as recommended by Leake (1978).

w

-D. Ultramafic xenoliths

The compositions cf the mineral phases in the’
xenolith, except amphibole, are given 1n Table 3. The
assemblage and mineral chemistry is typical of an upper
mantle which is inferrea to have undergéne some
previous partial melting (e.g., Kuno and Aoki, 1970;
Fujil and Scaffe, 1982). Olivine is Fo,., orthopyroxene
Wo,En, Fs, and clinopyroxene i; cﬁrome diopside
(Wo,,En,,Fs,). Spinel is.aluminous (A1,0,=58.9 ;t%) and’
Mg/(Mg+Fe?") in séinel»is 0.83. No intragrain or.

intergrain heterogénei;}ks were detected in any of the
f

anhydrous mineral phases.. A

The equilibration temperatures of the Lightnihg
Peak ultramafic xenoliths may be estimated with the
3 ‘ A

two-pyroxene geothermometer of Wells (1977). The

temperatures are calculated to be between 960-970°C,

[y

which is well below the solidus of spinel lherzolite -

. (e.g., Carmichael et al.,*1974; Takahashi and Kushiro,
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\
oLV 2-1 oPX 1-1 cPX 1-1 SPN 1-1
. $10, 40.8 (0.2) $5.9 (0.3) $2.9 (0.2) 0.20 (0.03)
s T10 n.d. n.d. 0.57 (0.04) n.d.
' A1263 n.d. 4.43 (0.06) 7.07 (0.07) 58.9 (0.3)
crlo n.d. 0.32 (0.06) 0.86 (0.05) 9.43 (0.11)
2.3
[‘ Fe O3 n.a. n.s. n.a. 2.57
Fed 9.82 (0.13) 6.36 (0.11) 2.66 (0.07) 7.99
Mo 0.17 (0.04) . 0.14 (0.03) 0.08 (0.02) 0.16 (0.02)
. Mg0 48.7 (0.2) 3.0 (0.2) 15.5 (0.1) 21.6 (0.2) °
Ca0 n.d. 0\59 (0.03) 20.8 (0.1) n.d.
Na 0 n.d. n.d. 1.37 (0.11) n.d.
qu n.d. n.d n.d. n.d.
NTO 0.52 (0.07) 0.15 (0.04) n.d. 0.49 (0.07)
TOTAL 100.01 101.89 101.81 101.3
0 4.000 6.000 6.000 4.000
Si 1.001 1.896 1.874 0.005
A Al n.d. 0.177 0.295 1.757
Ti n.d. n.d. 0.015 n.d.
Cr W 0.009 0.024 0.189
v 34 ;
.5‘Fez‘ n.a. n.a. n.a. 0.049
Fe 0.202 . 0.180 0.079 0.169
Mn 0.004 0.004 0.002 0.003
Mg 1.782 1.719 0.818 0.815
Ca n.d. 0.021 . 0.789 n.d.
Na n.d. n.d. 0.094 n.d.
K n.d. n.d. n.d. n.d.
Ni '0.010 0.004 n.d. 0.010
° SUM 2.999 4.011 3.990 2.997
Mg/(Mg+Fe)  0.90 0.91 0.91 0.83
* Ca(Al) 0.0 1.1 46.8 - 88.1
* Mg(Cr§+ 89.8 89.5 / 48.5 9.5
* Fe(Fe 16.2 - 9.4 4.7 2.4

L;

n.d. ~ not detected, n.a. - not analyzed

All Fe.in silicates expressed as Fe0

Fe, 0 in spinel by stoichiometry

Avergge analyses of et least 4 analyses per minersl - '2 standard deviation

uncertainties in parentheses 3+

* Ca, Mg and Fe recalculated to 1002 for silicate minerals; Al, Cr and-Fe
recalculated to l(X)Z for spinel.

Table 3. M1neral chemistry- 6f the nghtn1ng Peak
ultramafic xenolith. See Table 2 for evaluation of
uncertainties in microprobe -analyses. .

- _ _ S
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1983). Using the same geothermometer, Fujii and Scarfe
(1982) obtained similar temperatures for ultramafic
xenoliths from nearby West Kettle River -in southern
British Columbia. It appears,Atherefore, that the Late
Cenozoic alkali basalt host magmas are sampling the

same level of the upper mantle at both localities.

Amphibole mineral chémistry

Representative microprobe analy§e5'of the
amphibole are given in Table 4. The amphibole 1s
extremely calcic (Ca0O = 10.4-10.7 wt%), magnesian
(Mg/(Mg+Fe®") = 0.89) and low in K,O. All grains are
titanife}ous (T10, = 2.3 wt %) and Cr,0, is 1.0 wt%. The
amphiboles show no intergrain heterogeneifies (Table
4).

According to the classification scheme of Leaké
(1978), the Lightning Peak amphibole is a pargasite.
Pafgasite and Ti-~pargasite haLe been observed in
ultramafic xenoliths from other localities in the.world

\
’(e.g., Frey and Prinz, 1978} Dawson and Smith, 1982).
Comparative analyses‘of pargasitic amphiﬁoles from , -~
other chrome diopéide—bgifingvxenoliths are also giveﬁ
in Table 4.'Except for minor variations in TiO,, FeO
and MgO, the Lightning Peak pargasite compareé closely
with these anélyses.

Evans (1982) has recently defined compositional

fields for pargasite stably coexisting with a spinel
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1 ! 3 L b b) 6 7 8
5102 43.3 42.9 L3.7 43.7 43,73 43,51 43.18 43.3
T10 2.26 2.24 2.31 2.24 2.3% 0.49 1.67 1.8
Alzéi 19.7 15.2 15.5 15.4 15.5 1474 14.87 15.¢4
Cr ().’ 1.08 1.04 1.06 1.00 1.10 1.07 1.18 1.13
Fe& 3.77 3.89 3.96 3.81 4.03 4.0 4.40 4.7
Mn() 0.15 n.d. 0.10 n.d. n.d. 0.09 0.10 n.d.
Mg () 17.1 17.6 ° 17.5 17.1 17.7 19.18 18.0 17.3
Cal) 10.7 10.4 10.5 10.5 10.6 10.70 10.57 10.8
Na O 3.46 3.71 3.74 3.959 3.54 3.93 3.09 3.9
“2‘1’ 0.12 0.15 0.20 0.12 0.18 0.19 1.63 0.02
TOTAL ’97.64 97.13 98.07 96 .96 98.29 97.90 98.69 97.95
[¢] 23.000 23.000 23.000 23.000 23.000 23.000 23.000 23.000
S 6.121 6.106 6.095 6.1406 .09 6.199 6.111 6.126
Al 2.616 2.550 2.9577 2.582 2.570 2.459 2.480 2.508
T: 0.240 0. 240 0.245 0. 240 (0,248 0.052 0.178 0.191
(rz‘ 0.121 0.117 0.11% 0.112 0.122 0.120 0.132 0.126
Fe 0.446 0.463  + 0,607 0.453 0.474 0.473 0.52] 0.556
Mn 0.018 n.d. 0.012 n.d. n.d. 0.011 0.012 n.d.
Mg 3.603 3.734 3.680 3.626 3.712 4,047 3.797 3.648
Ca 1.621 1.586 1.587 1.600 1.598 1.623 1.603 1.637
Na 0.948 1.024 1.023 0.990 0.966 1.078 0.848 0.960
K 0.022 0.027 0.036 0.022 0.032 0.034 0.294 0.004
SUM 15.755 15.846 15.841 15.773 15.813 16.056 15.976 15.817
Mg /(Mg+Fe) 0.89 0.8% 0.89 0.89 0.89 0.90 0.88 0.87
n.d. - not detected, FeO is total Fe. H.O assumed to be difference from 100%.

Analyses 1 to 5, thi. study. Analyses have the following 2 standard deviation
uncertainties: 5102, 0.2; TiO,, 0.06; Al 03, 0.2; CrZO , 0.05; FeO,

0.10: MO, 0.02; M0, 0.2: CaB, 0.1; Na,0,30.23; k_0° 0.02:

Analysis 6 is analysis 3, 7 analysis 11, 8 analysis 14 from Dawson.and Smith
(1982)

'
K

Table 4. Lightning Peak amphiboles and other selected
- analyses of pargasite from ultramaflc'xepoll§hs.
See Table 2 for evaluation of uncertainties 1n

microprobe analyses. -
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lherzolite mineralogy. The Lightning Peak pargasite
falls well within these fields and thus we infer that
this pargasite is in equilibrium with an upper mantle

of spinel lherzolite composition.

E. Discussion

The presence of amphibole in‘ultramafif xenoliths
has been interpreted in different ways depending on.its
composition and mode of occurrence. Kaersutite is
commonly found in pyroxene-bearing velns which
transgress xenoliths of the chrome diopside xenolith
suite (Wilshire and Sherveis, {575; Francis, 1976a:
Irving, 1980; Wilshire et al., 1980). This type of
occurrence has been ascribed to infiltration
metasomatism by alkalic "fluids along veins (Francis,
1976a; 1rving, 1980; Wilshire et al., 1980). Other
kaersutitic amphiboles are belieééd to result from
crystallization of intercumulus liquid of nephelinite
composition (Frey and Prinz, 1978).

Pargasitic amphiboles in chrome diopside-bearing
xenoliths are believed to be either in textural
equilibrium with the éther mineral phases in the
. xenolith (Varne, 19765,\5r they are consideréa»to‘be
metasomatic‘replacémQQﬁé/of gpinel in spinel lherzolite
(e.qg., Frgncis, 1976a;’Wiishire'ét'§l., 1980), 'or of
garnet or clinopyroxene in garnet lherzolites (Nixon

and Boyd, 1979). In the latter case, it is evident that
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pargasite 1s stable at pressures within the garnet
field of the upper mantle. However, Aokl and Kushiro

!
(1968) argued that pargasite from Dreiser Weiher formed

at 20-30 km depth within the lower crust. Therefore,l
pargasite appears to be stable through a wide pressure
range, a fact recently confirmed by Gilbert et al.
(1982) and Jenkins (1983).

The occurrence and texture of the pargasite at
Lightning Peak suggests that the amphibole crystallized
in the xenolith at a pressure within the spinel

stability field of the upper‘mantle and it appears to

be in textural and chemical eqguilibrium with the other

,xenolith mineral phasés. There is no evidence that the

3

amphibole is replacing any mineral and it does not
occur in veins. It is suggested that the amphibole
crystallized from a metasomatic fluid that percolated
along grain boundaries of.the lherzolite. This

'
mechanism has been proposed previously to account for
the metasomatic introduction of hydrous mineEalg in the

upper mantle (Frey and Prinz, 1978; Boettcher et al.,

1979; Boettcher and O'Neil, 1980; Bailey, 1982). The

.origin of the metasomaticxfluids 1s the subject of

‘considerable debate, but they may be related to the

evolution of a volatile-rich fluid produced by the

dehydration of subducted material (Boettcher and O'Neil

'1980) .
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In southern British Columbia, Sﬁbduction was
active during the Late Cenozoic period when the
calc-alkaline lavas of the Garibaldi region were
produced (Fiesinger, 1975; Fiesinger and Nicholls,
1977; Nicholls et al., 1982). Therefore, it is possible

that the amphibole in the Lightning Peak ultramafic
xenolith has formed from metasomatic fluids, produced
by dehydration of the slab which was subducted beneath
southern British Columbia during the Late Cenozoic. The
fluids have siﬁce modified the upper mantle beneath
certain areas of southern Briti Columbia.
Heterogeneities in the upper mangle beneath British
Columbia have been discussed iy/thg literature (Fujii
and Scarfe, 1982; Nicholls et al., 1982). In these
tases, anhydrous spinel lherzolite contains bands or
veins rich in chrome diopside and aluminous augite
{Fujii and Scarfe 1982). Therefore, ;he occurrence of
amphibole in--the ultramafic xenolith at Lightning Peak
is further evidence that parts of the upper mantle
beneath British Columbia are heterogeneous.

The melting observed in the pargasite can be‘
interpreted in several ways. Melting could be produced
as a result of thefxenolith being incorpogated in the
magma. The increase in temperature of approximately.
300°C (assuming an ambienﬁ temperature of-9604970§c in

the upper mantle) would cause the amphibole to break

down according to the reaction proposed by Holloway

-
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(1973) and Jenkins (1983):

JPargasite + Vapour -- - 3Diopside + 2Forsterite 4+ Spinel + Liquid

This reaction proceeds in the presence of pure H,0 at
approximately 1050°C at pressures within the spinel
stability field. However, pargasite is stable above
1100°C if the vapour 1s an H,0-CO, mixture (Holloway,
1973; Gilbert et al., 1982). Alternatively, the
amphibole would begin to melt due to decompression as
the host magma ascended to the surface. If adiabatic
ascent is assumed, then reaction (1) will again be
applicable (Jenkins, 1983). Unfortunately, it is not
possible to ascertain whether this reaction is'
operative because the meloing products can not be
positively identified. The third alternative is that
natural partial melting may have taken place in the
upper mantle. In this case, the partial melt would be
quenched as the xenolith was transported to the
surface.

Melting of pargasite at high pressure in the
presence of H,0 will produce a liquid close to
nephelinite in composition (vVarne, 1968; Holloway,
1973; Jenkins, 1983). Alkalic magmatism has been
important in Late Cenozoic times 'in British'Columbia
(Nicholls et al., 1982) and the lavas eruptéd rénge in

»composition,from nephelinite to alkali baéalt
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(Fiesinger, 1975; Fiesinger and Nicholls, 1977;
Nicholls et al., 1982). However, the lavas can not be
in equilibrium with spinel lherzolite containing
olivine of Fo,, composition and as a result it has been
proposed that either the upper mantle is more iron-rich
than 1is observed in ultramafic xenolithe or that the
lavas have been compositionally modified during ascent
{Nicholls et al:, I982)< Therefore, the melting of
pargasite-bearing spinel lherzolite.in the upper mantle
to produce nephelinite may be one mechanism of
generating the alkaline volcanic rocks observed in

British Columbia.

F. Conclusions

The pergasitic amphibole that occurs in a spinel
lherzolite xenolith from Lightning Peak is the first
occurrence of amphibole from the upper mantle in
British Columbia. The pargasite is in textural and
chemical equilibrium with the lhefzol@te. Its presence
is further evidence of the heterogeneous nature of the
upper mantle beneath Br1tlsh Columbla and it may have
formed as a result of metasomatism by flu1ds evolved
from material subducted under southern Bplt{sh Co;umbia
during the Cenozeic. Late Cenozoic alkaline volcanics
of the Intermontane Belt of British Columbia may be the
producﬁ of‘par;ial melting of an upper mantle of

‘pargacsite-bearing spinel lherzolite.



IV. The petrology of ultramafic xenoliths from the

Seward Peninsula, western Alaska: a preliminary
¥

-~

investigation

A. Introduction

Ultramafic xenoliths have been found in alkali

basaltic rocks in several areas in western Alaska an?
t®pe Aleutian island arc (Fig. 1 in Swanson et al.,
1985). ﬁhe Aleutian island arc has been formed by
subduction of the Pacific Plate beneath the North
American Plate, whereaé the weétern Al%ska area 1s
dominated by extensional tectonism (Swanson et al.,
1985). The entirely different tectonic settings of »
these two areas could provide an insight into the
natur% of the underlying upper mantle (Swanson et al.,
1985) . Howevir, the petrology of ultramafic xenoliths
from Alaska and the Aleutian Islands is poorly known,
with the exception of Nunivak Island (e.g., Francis,
1976a; b; Roden et al., 1584). Extensive mantle
metasomatism has been proposed as the mechanism which
most adequately explains the mineraibgy, geochemistry
and textures present in the xenoliths found on ﬁunivak
Island. |

L In this.chapteru,the reéults of a study of 5
suite -of 25 ultfaméfic‘xenoiiths from Virginia Butte on

the Seward Peninsiula of western Alaska are presented.
-

¢ 48
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The petrography, mineralogy and mineral chemistry of
selected xenoliths indipates that the upper ﬁantle
beneath this locality is dominantly composed of spinel
lherzolite. However, the composit{ons of the silicate
minerals varies from xenolith to xenolith, indicat;ng
thaf the upper mantle 1is cﬁemically heterogeneous,
possibly as a result of metasomatism. Comparative
geothermometry suggests that the geotherm beneath this
locality is similar to those proposed for localities in

British Columbia.
B. Petrography

The ultramafic xenoliths vary in size from <lcm
to 5cm in diameter and are relatively coarse grained
with crystals of 1;4mm in size. Chrome diopside—bearing_
spinel lherzolite is the most abundant rock type (85%),
with subordinate harzburgite ("10%) and wehrlite (5%).
The host basalt enclosing the xenoliths 1s an
olivine-phyric -basalt (Table 5; Swanson et al., 1981),
w;th'oLivine phenocrysts comprising 10-15% by volume.
The groundmass of the basalt consists of granular
clinopyroxene, magnexite“and plagioclase laths, which
occasionally ;wgibitia crudely developed trachytic
texture. Thin éeétioﬁs of 10 of thé uitramafic
kendliths'weée examined. Textures within the xenoliths

are predominantly metamorphic and mostly equigranulaf,”

N
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although protogranular and relict magmatic textures are
sometimes preserved (Mercier and Nicolas, 1975). The
only evidence for deformation 1s the ubliquitous
presence of kink banding in olivine. The contact ‘
between the host basalt and the xenoliths is usually ,
sharp; however, olivine and orthopyroxene grains at the
periphery of the xenolith occasionally have ragged
edges, which ma} be evidence of partial dissolution of,
the xenolith by the basalt. Some xenoliths have been
invaded by the host basalt along grain boundaries,
tesulting in partiai or total replacement of some of
the mineral phases by élagioclase.

In the spinel lherzolites, olivine is tﬁe
dominant mineral comprising >50% by volume of all the
xenoliths. orthopyroxene {10-30%), clinopyroxene
(5-20%) and spinel (0-10%) are the subordinate mineral
phases. Pyroxenes rarely exhibit exsolution textures,
and only orthopyroxene shows any evidence of unmixing.
In this case, large grains of orthopyroxene have
exsolved lamellae of clinopyroxene (<10pm in widuh)
parallel to (001). Pyroxene grains often contain
vermicular pockets of glass, suggesting tﬂat they have
been partially melted. Other evidence of reaction
textures is the occurrence of reaction rims of spinel +

glass around spinel grains, due to decompression.

a
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C. Mineral chemistry

Analytical methods

A
e et S —

The compositions of the minerals in 8 of the
ultramafic xencliths were analyzed by‘electron
microprobe. Both energy dispersive and wavelength
dispersive techniques were used. Operating conditions
for EDA were 15 kV accelerating potential, 4 nA probe.
current, 240 second counting times and a rastered beam
area of 15‘Pm x 15 pum. For investigations into mineral
heterogeneities WDA was used with é probe current of 24
nA, and 40 second counting times on both standards and
samples. Ail microprobe analyses were‘ﬁrocessed with
full ZAF corrections using EDATA2 (Smith and Gold,
1979). Errors in the analyses are quoted at the:2

standard deviation level of 'the amount present.

D. Results

Representative analyses of the constituent

it
i

C e . . . -,
thiifierals in the ultramafic xenoliths are shown in Table

’

5. In general, the majority of the xenoliths contain

olivine with a composition of around Fo,.,,coexistfng
with chrome diopside, orthopyroxene and spinel all with
~high Mg/(Mg+Fe) ratios. However, the mineral phases in

two of the eight xenoliths studied were more iron-rich.

No intragrain heterogeneities were detected in any of
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1 L2 3 4 s 6 7 8 9
(a) BAS AL-2 AL-1 Al -6 AL-15 AL-2 AL-1 AL-6 AL-15
Sl,()2 43.31 52.7 52.5 ,31.6 51.6 5.2 5.7 5.5 54 .0
T:0 3.18 0.14 D9.47 - 0,46 0.5 n.d. 0.12 0.10 0.10
ng 16.17  S.61  4.76 573 6.9 3.8 3.8 3.32 4.B0
CrZO3 n.e. 0.70 0.73 0.94 0.62 0.25 0.41 0.32 0.3
Fe O3 6.14 n.a. n.a. n.a. n.s. n.a. n.a. n.a. n.a.
Fed Y- ) 3.75 2.41 2.42 3.41 9.67 6.47 6.37  7.56
MnO B.17  n.d.  n.d.  nd. ad. 017 O.16  0.17  0.14
MgO 9.95 15.7 16.6 16.0 15.9 31.8 34.0 33.8 32.9
Ca0 9.15 19.8 21.6 21.4 19.6 T3T 053 031 0.70
Na O 3.55 1.26 1.37 1.51 1.23 n.d. n.d. n.d. n.d.
N16 n.e. 0.09 0.08 n.d. 0.09 n.d. 0.6 0.15 0.12
KZO 1.43 n.d. n.d. . n.d. n.d. .da. n. n.d. n.d.
mTAL 96.94 99.75 100.50 100.06 99.89 100.48 100.41 99.24 100.66
> Structural Formulae ‘
[¢] ) 6.000 - 6.000 6.000 6.000 6.000 6.000 6.000 6.000
S1 1.912 1.893 1.870 1.866 1.894 1.888 1.902 1.869
Ti ) 0.004 0.013 0.013 0.014 n.d. 0.003 0.003 0.003
Al 0.240 0.201 0.245 0.296 0.160 0.158 0.137 0.19
er’ 0.020 0.021 0.027 0.018 0.007 0.011 0.009 0.009
Fez’ n.a. n.a. n.a. n.a. n.a.  “n.a. n.a. n.a.
Fe 0.114  0.073 0.073 0.103 0,283 0.187 0.18 0.219
Mn n.d. n.d. n.d. n.d. 0.005 0.005 0.005 0.004
Mg 0.849 C.892 0.864 0.857 1.656 1.749 1.758 1.697
Ca 0.769 0.834 0.831 0.759 0.019 0.020 0.019 0.026
Na 0.089 0.096 0.106 0.086 n.d. n.d. . n.d. n.d.
Ni 0.003  0.002 n.d, 0.003 n.d. 0.006 0.004 0.0603
SuM “, ‘ 4.000 4,025 4,029 4.002 4,024 4.025 4.023 4,026
" Mg/(Mg+Fe) 0.88 0.93 0.92 0.89 0.85 0.90 0.90 0.89
Ca * 46 .6 46.4 47.0 4.2 1.0 1.0 1.0 1.3
Mg * 49.0 49.6 48.9 '49.8 84.6 89.4 89.6 87.4
Fe * 6.6 4.0 4.1 6.0 14.4 9.6 9.4 11.3
Analysis 1 - host basalt, analyses 2-17 from spinel lherzolites, 2-5
clinopyroxenes, 6-9 orthopyroxenes. Average 2 sigma errors (wt%): Clinopyroxene -

Na,0, 0.11%; MgO, 0.1%; A1.0,, 0.07%; Si0,, 0.2%; Ca0, 0.1Z; TiO,,
0.06%; Cr,0,, 0.05%; FeO, 8.89:; NiO, 0.0gZ: Orthopyroxene - Ma0, 0,2%;

*120,.'0.562: $i0,, 0.2%; Ca0, 0.02%; Ti0,, 0.03%; Cr,0, 0.06Z; MnO,

0.04%; FeO, 0.11X; NiO, 0.05X. ,
* Ca, Mg and Fe recalculated to 1002 for pyroxenes

Table 5. Host rock and mineral compositions: Sewargd

Peninsula. See Table 2 for evaluation of
uncertainties in microprobe analyses.
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1 1 1 1t s 19 16 17
[T AL Al 1 Al AL Al Al -1 Al -6 AL-1%
Sy AR DR 4.0 EETR n.d, U. 2= 0.2 0.20
1,07 nod. n.d. n.d. n.d. n.c. 0.1 0.2 0.17
AI,O’ n.d. n.d. n.d. “n.d. 5.5 Y b 53.9 58,5
(150 n.d. n.d. n.d. n.d. 9.L8 124 128 R
h"’”j .o n.a, fo_a. n.a. AN 236 PN J.80
Fel 1503 R 9.9 134 10,3 B3R [ I 9. 39
Mn() 0.20 0.10 0.11 0.17 0.24 0.18 0.19 0.14
MO Lt 4 L8 .8 48.7 W58 19.4 20.6 20.7 20.4
(a0 n.d. n.d. n.d. 0.0k n.d. n.d. .n.d. n.d.
Na O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MO T 0.37 0.7 0.39 0.39 0.41 0.3 0.3 0.4H
TOTAL WY 27 9y, 0 94y 1, e 14 99.69 9903 99_33 9903

Structural Formulae

O L0 4,000 L 000 L. 000 4 000 4000 4,000 L. 000
T o 0w (O S S IV n.d. 0.6 w006 0,005
T n.d, n.d. n.d. n.d. n.d. | 09002 0.002 O,
Al n.d. n.d. n.d. “n.d. 1.718 1.686 1.665 1.780
Cr, n.d. n.d. n.d. n.d. 0.197 0.257 0.265, 0.152
Fe " . n.a. fn.a. n.a. n.a. 0.085  0.046  0.057  0.0%
Fe™' 0.321 0 0.206 0,206 0.2835 0.227  0.184  0.18)  0.203
Mn 0.004 0.002 0.2 0.00¢ 0.005 0.004 0.004 0,003
Mg 1.688 1.802 1.800 1.722 0.79%9  0.804 0.809 0.785
Ca n.d. n.d. n.d. 0.002 n.d. n.d. n.d. n.d.
Na n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
N1 ' 0007 Q.7 0,00~ O (0 0.009  0.007 Q.7 0.010
SUM 3.010 3.00% 3,008 3.004 3.000 2.996 2.9995 2.997
M/ (Mgate) 0. R4 0.90 0.9 0.8¢6 0.77 0.81 0.82 0.8
Al # 85.9 84.8 83.8 89.5
Cr * 9.8 12.9 13.4 7.7
et e 6.3 2.3 2.8 2.8
\> (a) sample number, analyses 10-13 olivine, }4-17 spinel.
n.d. - not detected, n.a. - not analvzed. Fe.,()3 in spinel by stoichiometry.

Average 2 sigma ecrors (wtZ): Olsvyine - Mg0O,“0.2%; SjO,;: 0.2%; Ca0, 0.03%
M0, 0.03%; FeO, 0.157: N10, 0.087; Spinel - Mg0, 0.2%7°A1,0., 0.3%;
510, 00475 T30, 0.04%; Cr,0,, 0.157; MnO, 0.02%7; FeO, 0?13:’;; N1O),
é,, 2 273
0.08% 5
* AL, Croand Fe'® recalculated to 1002 for spinel.

Table 5. Host rock and mineral compositions: Seward
Perinsula.
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the mineral phases, although minor intergrain chemical
differences occur within some xenoliths, especially in

the case of Spinel;

Olivine
" The compositjions of the olivine;ifrom the Seward
Peninsulé xenoliths most commonly clusfer around Fo,,
and range from Fo,,.,.. I"ontrast, the olivines in
two other xenoliths studied are Fo,, and Fo,.,
fespéctiwely. In both cases, these olivines coexist
with otﬁér phases that have accordingly low Mg/ (Mg+Fe)
ratios. The Ni content of all the olivines is
re¥atively constant. Calcium in olivine is below ghe

f”“‘é{fection limit (approximately 0.05 wt%) for energy

dispersive analysis in most cases.

Orthopyroxene
| "The cOﬁpositions of Qrthopyroyeq? anaiyses gte
!~ piotted in Figuré,s in terms of*.their ﬁ@, En and Fs
_components. Orthopyroxgne is-magnésian,.ﬁguafiywpi,
.;wO,Eh.st,; composition, but hasvc0mposi£?ons'of- )
wOKEn,;Fs,.'aqa Wo,En,,Fs,, in the xenolithg-which
contain bliv{ne‘offFo.. and FQ..,‘respecti;ely. Al.O,
in orthobyrgkene is also vériable (3.30—4.9é wt%) and
bears no relationsbip to the Mé/(Mnge)'ratio. However,

the Alzo,lj7ntento% orthopyroxene (and

-
@

-~ - <«
,

S L 4__;_.M[i;w
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HD

EN ® 8 FS

A - CLINOPYROXENE
' 8

B - ORTHOPYROXENE

'

- Figure 6. Compositions of pyroxenes from Seward
: Peninsula ultramafic xenoliths.
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Ve

clinopyroxene) shows a systematic inverse correlation
with Cr/(Cr+Al+Fe”") in coexisting spinel as noted
previously in the literature (e.g., Fujii and Scarfe,

1982) .

Clgpopyroxene

"%§ Clinopyroxenes in the xenoliths studied are all
chrome diopside; no aluminous augite-bearing xenolifhs
were found. The compositions of the chrome diopsides
arejplotted in Figure 6. The common chémistry of chrome
diopside in these xenoliths is Wo,.En,,Fs, with
variat;ons to Wo,,En,,Fs, coexisting with Foy, olivine
and Wo,.,En,,,Fs, coexisting with Fo,, olivine. The
distinction between the three chemically distinct
xenolith Eypes is not so clear in clinoéyroxene as it
is inYolivine and orthopyroxene. Al,0, in clinopyroxene
(4.74-7.08 wt%) bears a similar relationship to |
Cr/(Cr+Al+Fe?**) in sp}nel as that of orthopyroxene.
Na,0 rangee from 1.23-1.51 wt% and Crsz ranges from
0.62-0.92 wt%. TiO, has a low concentiation (<0.60
wt%), and is highesf in the most magnesian
clinopyroxénes. The Mg/(Mg+Fé) ratios in both

orthopyroxedé and clinopyroxene vary syﬁpathetically

#ith Fo content of olivine (see Table 5).

Spinel

Spinel also shows distinct compositional

¢

Ly
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variation in conjunction with the other mineral phases
and is best exemplified by the Mg/(Mg+Fe) ratio, which
is 0.81-0.82 in xenoliths with Mg-rich phases, but
ranges to 0.75-0.77 and 0.79-0.80 in the more iron-rich
xenoliths. In all the xenoliths analyzed, spinel shows
minor intergrain chemical variations within a
particular xenolith and. varies greatly from xenolith to
xenolith. Spinel is always aluminous (A1,0,>50 wt%),
and Cr,0, varies from 7.15-12.8 wt%. Ferric iron,
calculated by stoichlometry, occupies the remainder of

the M3 cation site.

E. Discussion

The majority of the ultramafic xenoliths from
the Seward Peninsula have textures and mineral
compositions indicating that they were equilibrated on
the geotherm and that they are residual after at least
oﬁe partiél melting event (e.g., Kuno and Aoki, 1970;
Frey and Prinz, 1978; Fujii and Scarfe, 1982). These
xenoliths contain olivine of Fo,, composifion which
‘coexists with lesser pfopqrtions of orthopyroxene,
clinopyroxene énd,spinel with h?gh Mg/ (Mg+Fe) }atios
(Table 5). However, two xenoliths, which have —
approximately identicél modal proportions of minerals,
have more iron-rich mineral cOmpositfons.kThese
xenoliths contain olivines of Fo.. and_Fé..

composition, which coexist with minerals having a lower
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Mg/(Mg+Fe) ratio (Table S5, Fig. 6). The more iron-rich
xenoliths have equigranular and protogranula} textures
(Mercier and Nicolas, 1975) similar to ;normal"
xenoliths. Therefore, we infer that these xenoliths
simply represent volumetrically small portions of the
upper mantle beneath the Seward Peninsula, which are
more irop—rich than the depleted xenocliths. It is
possible that the iron-rich xenoliths are high pressure
cumulates, which have tekturally refequilibrated in the
upper mantle over a‘period of time. However, the only
possible evidence of a cumulate origin is the limited
exsoxgtion shown)by,large grains of orthopyroxene,

B2 . . . :
altheugh this is not diagnostic for rocks formed in

‘this manner.
" Other iron-rich lherzolite xenoliths which have
been described previously are attributed to difﬁefent
c;ipins.VWilkinson and Binns (1977) concluded that the
xenolith from Spring.Mountain, Australia was not
cognate with the host basalt and that it represented a
part of the upper mantle which could produce iroh;rich
tholeiitic magmas. Kuno and Aoki ‘(1970) ascribed the
variation in lherzolite composition af Itinome-gata to
varyihg degrees of partial melting and extraction of
basaltic magmas from primordial material, Frey_gnd’
'Prinzv(1978); onﬁthé“ﬁasis of trace element data,
stated that the-iroh-rich\lherzéﬁites'from San Carlos

~

. (. . q . .
were of metasomatic origin and that the metasomatic
L2 3 ’

v . e
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event had been erased by subsequent recrystallization.
In the case of the xenoliths from the Seward Peninsula,
T~

there is no direct evidence to support any of these
hypotheses. However, fhe pervasive metasomatism present
at Nunivak Island (Francis, 1976a; b; Roden et al.,
1984) suggests that the chemical variation in the upper
mantle beneath the Seward Peninsula may also be due to
a similar metasomatic event. A more detailed search for
hydrous minerals in the xenoliths and isotopic and

L

trace element constraints are required to substant'iate

this possibility.

.Geothermomefry

The compositions of the coexisting mineral
phases in each of the xenoliths analyzed were used to
calculate temperaturesgaf equilibration in the upper
mantle. Several published geothermometers are
applicable and the results of the temperatures obtained
from four differenf geothermometers are shown in EFig.
7. It should be stressed that these thermometers were
éelected for’comparative purposes and that onl& the
two-pyroxene thermometer of ngls (1977) will be used
to discuss ébsolute tempera%u&es; The xenoliths
contalnlng olivine of comp051t10n Fo,, are most
abundant and using the geothermometer of Wells (1977)
the temperatures of equilibration of these xenoliths

rgnge’from'§10—950°c;'therefore, the geotherm beneath
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Figure 7. Comparat1ve plot of equ1l1brat10n
temperatures’ of three Seward Peninsula xenoliths
using four different geothermometers. 1-Wells

- (1977) ppx-cpx; 2-Wood ahd Banno (1973) opx-cpx; .
3-Fujii (1977) opx cpx; 4 Fujii (1976) ol-opx- sp.

" Material adapted from above sources.
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the Seward Peninsula may be similar to that proposed by
Fujil and Scarfe (1982) for West Kettle River, British
Columbia. Equilibration {emperatures of the xenolith
‘containing olivine of Fo,. composition.aré 1identical
within error to those discussed above {or all five
geothermometers'éfesentéd; However, temperature
estimates for the xenolith containing oliv&ne of Fo,.
composition, taking into aLcount the error in.
temperature of a particular geo:hermometér, are
.systematically épproximately 50°C higher. The
di§crepancy between the temperatures may reflect small
locai perturbations in the geofherm. Equilibration
temperatures éalculated for xenoliths with similar
relatively iron-rich compositions taken froh the
literature span the range exhibited by the iron-rich

xenoliths at this locality for all the relevant

geothermometers. N
[

B
4

s

F. Comparison with othef uitramafic,xenoliths from
western Alaska ‘ 0 |
| The minefélogy and mineral chemistry of
ultramafic xenoliths from western Alaska have been
sum;arized by Swanson et al., k1985).1The xendlitﬁic
suite at the Seward Peninsula is different from other -
localitieé in that there is no émphibole (ﬁriméry or

secondary) present nor are there any xenoliths

-

N
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containing aluminous augite (Group I1 xenoliths of Frey
and Prinz, 1978). However, the minerdal chemistry of the
silicate phases 1s very similar to and overlaps with
that at other localities. Relatlively 1ron-rich

xenoliths are found at ot localities indicating that

there may have been a regi event (e.g.,
metasomatism) which affecfed the upper mantle beneath
western Alaska. It 1i1s conclyded, therefore, that the

lack of amphibole in the xewmoliths found at the Seward

Peninsula may simply be due to sampling.

G. Conclusions

A preliminary study of a suite of ultramafic
xenoliths from the Seward Peninsula, western Alasga
indicates that the upper mantle beneath this region is
chemically heterogeneous. The majofity of the xenoliths
contain minéral phases with compositions that indicate
that tﬁey were well equilibrated on the geotherm.
Equilibration temperatures in the upper mantle
calculated fromla two-pyroxene geothermometer range
frdm 910*9%0°C for these xenoliths. Two xenoliths,
however, contain mineral phases which are
systematically/more i;on—rich, suggesting that portions
éf the upper mantle may have equilibrated with an

Fe-rich metasomatic fluid. A similar origin has been

proposed to expain the mineralogy, mineral chemistry



and textures present in xenoliths from nearby Nunivak

Islangd.
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V. The nature of the upper mantle beneath the Canadian

Cordillera: an overview

A. Introduction ' T~
Numerous studies dealing with the petrological

aspects of ultramafic xenoliths from the Canadian

Cordillera have been conducted (e.g., Littlejohn and
Greenwood, 1974; Fiesinger and Nicholls, 1977; Sinclair
et al., 1978; Nicholls et al., 1982; Fujii and Scarfe,

1982; Ross, 1983). However, only Nicholls et al. (1982)

and Ross (1983) have attempted to model the geothermal ‘
conditions existing 1in the éntire Cordilleran upper

mantle. Nicholls et al., (1982) used both petrological
evidence from lavas and ultramafic xenoliths and

seismic ev{dence to derive a model for the upper

mgntle. On the other hand Ross (1983) used

geothermome;ry and rheological evidence to construct
temperature-depth profiles for eight ultramafic

xenolith localities in the Cordillera.

In this chapter, the volume of petrological data T

accumulated on ultramafic xenoliths will be used to
discuss the nature of the upper mantle Beneath the
Canadian Coréillera.’themical analyses from twelve
localities (Fig. B)Qtakeﬁ from pr;5ious chapteré, the

literature and unpublished data are used to calculate

equilibrium

temperatures in the upper mantle using

it RS

! .64 } ] -
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Eastern B.C. ’

Figure 8. Location of xenolith-bearing lavas and cThder
cones 'in the Canadian Cordillera.
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two-pyroxene geothermometry. The results are discussed
in terms of the spatial temperature distribution in the
upper mantle and the depth of origin of ultramafic

xenéliths in this_fegion.
B. Geothermometry and Discussion
It has recently been shown that the

semi-empirical, two-pyroxene geothermometer of Wells
(19775, which has been consistently used throughout
this thesis, closely approximates conditions achieved
in experiments of garnet peridotite equilibria (Nickel
and Green, 1985; Nickel et al., 1985). éonsequently,

N B
this geothermometer is used to determine the
equilibrium temperatures of the ultramafic xenoliths
from the Canadian Cordillera. The results of the
éeothermometry are shown in‘Fié. 9,. which is a plot of
temperature against\number.of samples fof the twelve,

xenolith localities in Fig. 8 from North (top) to South

~1bgttom). It is clear from Fig. 9 that there .is no

...5}" .
vious systematic temperature increase or decrease

from North-t6'South along the Cordillera. The highest
témperatures are recorded at Summit Lake and Takomkane
'Mountain (>11QO9C), the lowest temperatures at Jacques
Lake (<900°C). A |

l The temperatures obtained by Rosg (1983) using
the method ofjﬁercier (1980) are systematically higher
for e;ch,localitx,althougﬁ there is some overlap in

‘
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Figure 9. Eququ!*'z!.\tg?ynmt;rn%?tg?{.@gg ?wglls), 1977) of

twelve localities in the Canadian Cordillera.
1-Yukon (Sinclair et al., 1978), 2-Atlin Lake
(Nicholls et al., 1982), 3-Castle Rock (Littlejohn
and Greenwood, 1974; Scarfe and Fujii, unpubl.
data), 4-Summit Lake (this study), 5-Itcha Mtns.
(Nicholls et al., 1982), 6-Jacques Lake .
(Littlejohn and Greenwood, 1974; Scarfe and Fujii,
unpubl. data), 7-Kostal Lake (Fiesinger and
Nicholls, 1977), B-Takomkane Mtn. (Fiesinger and
Nicholls, 1977; Scarfe and Fujii, unpubl. data),
9-Lightning Peak (this study), 10- Nicola Lake
(Littlejohn and Greenwood, 1974), 11-I1deal’Lake
(Scarfe and Fujii, unpubl. data), 12-West Kettle
River (Fujii and Scarfe, 1982). :

Material adapted from above sources. |
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the temperature distribution in most cases. However,

the relative differences 1n temperatures obtained using

'elther geothermometer are still ev1dent. Ross (1983)

also used the method of Merc1er (1980) to estimate the
depth of origin of thesultramafic xenoliths. While this

is an internally consistent method for esn{mating the”

-

relative differences in the geotherm, it 1s not,
. . \ - " .
acceptable for evaluating absolute pressures due to the

<
absence of experimental calibration of the
. / . ) ° 2

geobarometer L. C .

4
»

The 1sovop1c ages on the ultramaflc xenollths from
o\ : .
several lOCalltleS w1th1n the ﬁanadlan Cordillera have

been demonstrated to be generallxbolder than 200Ma <o

(M;n, 1985). The obv1ous 1nterpretataon of hhese ages‘

is that the*upper mantle has not4been subjected to any

(l

thermal resett1n9.51nce that tlme, and that the. -

0 a

ultramaflc xenol1ths record EVJdenee o% a thermal eveht

in the Paleozoic., Sneer1nger et: alv (19%4) have

- recenth determ1ned’the d1ffu§1v1ty of Sf 1n dvop51de,'»

0

“1'wh1ch {s the major host ‘for Br in éﬁ anhydrous upper
-mantle They showed that 5& dlffy§4v1ty i d10p51de 1s

.:sufflc1ently slow to be coMpat:bLeqw1th(the exlstence

-

, Xeh
Aof large scale heterogeneltles in® Ehe ugper mantle.

L]

"Moreover,vassumlng that conVegtlve upwelllng veloc1t1es

1are 1 5cm/yr and that the geothermal gradlent beneath

-

lBrltash Columbla 15 10 20°C/km the resu1t1ng coollng

: &

e
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100-1000°C/Ma, corresponding to a closure temperature
(Dodson, 1973)_for Sr of between 900-1000°C (see model
of Sneeringer et al., 1984). Above this temperature, Sr
will re-equilibrate with respect to the upper mantle
mineral phases; Hoeeyer, bglow 900°C, Sr isotopic

‘ determinatione‘may record past equilibration events.‘ln
the case of the xenoliths from British Columbia; it is
possible that the xenoliths, which have been dated
isotopicall?, do. record temperatures related to a
Paleozoic event such as the collision of the suspect
terranes. Theseuxenoliths all give‘equilibration

temperatures between 900-100C°C. It would be

'3 A\l

_interesting to ascertadn an isotopic date of xenoliths

& . 'y - A
at other localities (e. g., Summit Lake) where thp

4 H

‘xenol1ths appear to record a temperature above the
closure temperature of Sr. “

; The other .constraint on the 1nterpretat10n of
equxllbratlon temperatures 1p the Upper mantle 15 the.

Y
‘ages of the host basalts, which-are all younger thanl

»

5Ma w1th the possible exceptlon of Summlt Lake : /f:

(Ll’tle]ohn and Greenwood 1974' Nlcholls et al., T982; o

Ross, 1983) The equ111btatlonutemperatures of the

vultramaflc xenol1ths are, therefore,_representatlve of N

e

cond1t1ons ex1st1ng 1n the upper mantle prlor to the

: age of thelr respectlve host basalts. -
; .

- In accord %1th prev1ous d1scu351ons 1n Chapter 2

~and Fu311 and. Sca fe i1982) and the lack of a. re}lable -



geobarometer‘for spinel-bearing xenoliths, it is
possible to interpret the temperatures presented in
Fig. 9 in tpo ways. Firstly, assuming that all the
xenoliths were derived from the same-depth, the
temperature differences may indicate that the geotherm
varies slightly beneath each locality. In this case,
the geotherm is most variable in centfal British ' .
Columbia (Summit Lake to Takomkane Mountain), with - ”
nprthern‘and southern British Cclumbia and the Yukon;
having a relatively constant geothermal gradﬁent. This
cpnclusion is not inconsistent with the fact that
central British Columbia has recently been an area of
_ Jolcanic actiwity (e.qd.; Fiesfnger and Nlchiffs, 1977;
Niéholls et al., 1982). , i

AThe secdnd Lnterpretatiod of the temperatures in
Fig. 9 relies on the assumptiorn of a constant. geotherm
throughout the Cordllleran region (e g.,.Ranall1

a

1980). This assumption. necessarlly produces a range .in

v‘,r

the depth of orig;n for the xenollths at each’ locallty

For the temperature range shown in Flg 9, the range in*

3

the \’depth corresponds to 40 60 km which is not .
NS
unreasonable.for splnel—bearlng xenoliths. ‘

-

In reallty, it is probable that ‘the temperature o
P

dlstrlbutlon preserved by the ultramaflc xenollths

. represents a comb1nat10n of a d1fferent depth of origin
and a locally perturbed geotherm beneath certaln areas

of the Cordlllera. To assume that either the xenollths

) _f"‘ﬁhh"‘.r ‘ B ) :'jiw.,l" S -

N,
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!

|

are all incorporated in thg host magmas at the same
depth or that the geotherm 1s constant over an area of
upper mantle 2000 km in extent, is highly pnlikély.
C. Conclusions

The nature of the upper mantle beneath the
Canadian Cordillera Has been summarized. Ry using
two-pyroxene geothermometry of chemical analyses og
ultraﬁafic xenoliths from twelve localities aloné'the
Cordillera, it has been shown that there is ;
temperature rangeﬂof 850-1150°C for the xenoliths.
-%ﬁéreiappears to be no systemafic temperatﬁre*vaciation
along‘the Cord%llera.‘The Yukon, northern and southern
British Colgmbia récord similar équilibrium
temperatures;&however, central British Columbia‘ﬁés a
wide variation in temﬁeratures between different
localities. Tﬁis‘témperature distribution may be
explained by a local pg:tdrbat?on of tﬁe’geoxhermlin

”

-this region coupled with the host magmas sampling the .

.

~—

xenoliths from digfgbehi dgpthsip-

o . N . . . ’

f
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VI. Dissolution rates of upper mantle minerals in an
alkali basalt melt at high pressure: an experimen}al

& -
study and implications for ultramafic xenolith survival

A. Introduction
| The predominance of peridotite xenoliths found
in alkali basalts and.k;mberlites is evidence tor an
upper mantle composed of olivine-rich peridotite (e.g.,
Yoder, 1976). Nevertheless, pyroxene-rich xenoliths are
well represented at a'few localities. The eclogites at
the Roberts Victor Mine, South Africa (Carfswell and
Dawson, 1970; Dawson 1980; 1981) and the abundant.
garnet pyroxenltes on Hawaii (Jackson and er%gt 1970)
are two examples The general pauc1ty of pyroxenrte§
and eclogites relatlve to perldotlte xenoliths has lead "
B “ v to the suggestlon that either (1) pyroxtnltes are only
| | locally 1mportant constltuents of the upper mantle
(Yoder,‘1976) or (2) they preferentlally dissolve 1n~

fér; alkallc magmas wh11e in the upper mantle or during.

| transport to-the surface (Kutol1n and-Agafonov, 1978);
,t%;’ Thefdissolution of crystals in.Silicate melts has
| ; been studled by a number of workers (e.qg..,. Cooper and -

b

‘gé}xmgery, 1964; Cooper and Schut( 1980 Sc arfe et al.,~.
; “ .
1980; Thornber and Huebner,.1985 Harrzson and Watson,

fﬁ%JQSB;»1984;,Dona;dson, 1984a- Chekhmlr and Epel’ baum,
fi_39857 Kuoiand Kirkpatr1ck 1985 Tsuchiyama 1985a, b) .

'ﬁﬁ'ﬁowever, few~stud1es have dealt w1th the dlssolut1on of

2% 0

_-.;‘ oL o v :

Ad g B B .
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mafic minerals in maficbﬁelrs (Kutolin and Agafonov,
1978; Scarfe et al., 1980; Thornber end Huebner, 1985;
Donaldson, 1984a). Kutolin and Agafonov (1978)
performed experiments at 1 bar to deterhine the
relative dissolutionnrates of the major upper mantle

" minerals in an alkalic melt. They concluded that
pyroxene dissblves more rapidly thsn olivine. This
behavior was also observed by Scarfe et al. (TQBO)*a&Q
high pressure (12.5“20lkhar)1

Because of the aosence of systema%ic data on the

dissolution rates of ultramafic xenoliths in alkali

L]
EN

basalr melts at high pressure, the dissolutionxrates‘of
,the major upper mantle minerals olivine,worthopyroxene,
clinopyroxene, garnet and spinel ha&e.heeh ianstigated
'in an alkali basalt melt to_pressures“of 30 kbar. It is
shown that the relative‘rapes of'giSSOlution o% these
minerals at each pres‘pre is strongly related to the
liquidus phase relatlonshlps oﬁ the-melt. It4ls

‘concluded that dlssolut1on is a steady state process

brought ‘about by the dlffus;on of m1neral constltuents‘"

away from the <rystal/melt 1nterface. By utlllzing

'Ehese data, a 51mple model that predlcts the

dlssolutlon of ultramaf1£ xenollths 1n alka11 basalt_;v

'magmas is presented~and the petrologlcal s;gp1f1cancer

¢

‘rof the conclu51ons 1s brlefly dlscussed

.. For ‘the purposes -of th1s chapter,ﬁd1ssolutlon is
- . o . ‘ » VR

defined as: - -t

L9
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S, + L, —> L, (&S ) (2)

1 1 2 2...

. where S, is a solid, L, is a melt, L, is a melt of

-

different composition to L,, and S, are solids
crystallized as a result of the dissolution of S,.
B. Theory of dissolution kinetics

- 'The theoretical aspects of the kineticsvof

crystal dlssolutlon in melts have been dlscussed in

some detail by Cooper (1962), Coqper and Kingery
(1964), Kuo and Kirkpatrick (1985) and Tsuchlyama
(1985c) Dlssolut1on may be regarded as- atprr 288
1nvolv1ng four steps. (1) transport of the reactants to
the crystal/melt 1nterface (2) react1on at the

-

1nterface (3) transport of the products away from the

crystal/melt interface (4) removal of the latent heat
of dlssolut1on (Kuo and. K1rkpatr1ck 1985)€ Step (4)

1nvolvesvthermal diffusion and is not lfkely to be the

.
v

L — t . . .
i rate‘Irmiting=process of-dissolutﬁon’due'to the large

0

‘.othermal dszus1v1t1es 1n 5111cate melts (~10" 10;’.
cm‘/sec~ Kuq7and Klrkpatrlck 1985) Steps (1) and (3) 3ff
'lf_anvolve mass transport (d1ffuslon) in the melt and o

therefore the rate= 11m1t1ng step for dxssolut1on in

thls case is the dszus1v1ty of melt components Step
(2) is the rate l1mLt1ng step 1n '1nterface controlled

-dlssolut1on (Kuo and K;;kpatrick IQBSQQPBeqause .

"\ L B
T -
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interface-controlled kinetics have been shown to be

important only in digsolution processes where the

crystal and melt have the same composition (Kuo and x

Kirkpatrick, 1985), they will not be discussed further
here. If the crystal and melt have different

compositions, diffusion-controlled dissolution is the
' . AN .

governing process. Three .different processes involving

.ldiffusionfcontrolleo dissolurion are: (1) molecular
diffusign,v(Z) diffusion under conditions of natural
convection, (3) dlffu51on under conditions of forced
convection (Cooper and Kingery, 1964; Kuo and

Kirkpatrick, 1985). Because the experiments conduc%ed

-3

¢
3

in this 'study are of the "static" type, diffusioh under’

conditions of forced convection is not likely to be an

,1mportant process, and 'is therefore not considered

‘further. Cooper and Kingery (1964) and Kuo and

Kirkpatrick (1985) showed that'dissolution by diffusion

' under cond1t1ons of forced convection are only
5

applznable in rotatlng crystal exper1ments..

7

Cew

v

“"Molecular dszusxon
k4 i

-~ In the case of d1ssolut1on controlled by -
S .
molecular d1ffus1on, d1ffu51on takes place across a

;boundary 1ayer of thlckness 5 in the melt where ‘the '

'concentrat1on of a partxcular»spec1es in the melt

: var1es frqm ‘an or191nal bulk value (c; ) to a value at

2

L4
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3
the interface (Cyz) whieh is assumed tqQ be the

equilibrium saturation composition (Fig. 10; Cooper and
Schut, 1980; Hagrisdh and Watson, 1984; Kuo and
Kirkpatrick, 1985). An effective boundary layer

|
thickness (&) may also be defined:

§' = C <, (3)

; e - (dC/dx) _

-

where (dC/dx)g is the concegfrétion gradient at the

/

interface. The relationship between the rate of

dissolution (u) and diffusion in the melt (D) can be

4

described by'the NoyeéLNernsx equation: -
u = D(CS—-Ci) . (4)
S'

This eduation suggests that'if the diffusivity,«
dissolutioﬁ’oate ané boundary 13yer conéent:é?ions are
. fixed, then ‘the processes involved in |
“diffusibn*éohkrolled dissbiptiqn ﬁay be foghﬁzfrbm the
| ;hibknéss (or gfowth);of the effective:bdﬁndary layer.
‘iﬁvthe Casé’whére the effective boundiry layer grows

with increasing time then the process is called. o

molecular diffusion (Cooper, 1962;;Coop§r and Kingery,

v_1964) and the Spptdpriﬁﬁgrgquation for a binary systEmv

isg ¢ 5 ;
. n;"‘ . ‘
E % ‘."2 ! . ‘ ) " o =
T *ec erfcecexpoc = —(w -w.) - o = (5) .
e . o Mg g : e :
Y : ’ - :
”;(l_ws)

,f_i‘;
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_cfystol : - melt

" Figure 10, Schematic dlagram 1llustrat1ng the
¢ - concentration profile - .of a species in the melt )
adjacent to a d1ssolv1ng crystal Cs is the - "%
equilibrium saturation composition, Ce is the bulk.
melt composition, § is the boundary layer
thickness and &’ is the effective boundgry layer
thickness. Dashed line is the concentration ;
o gradlent at the erystal/melt mterface (dC/dx)s.

/ o “
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{(Cooper,; 1962). In this equation, a = Ar/Z(Dt)é, D is
the effective binary diffusion coefficient (EBDC), Ar

~ :
is the change in thickness of the effective boundary

)

layer, wy and w; are the weight fractions of components
at the interface and in the bulk melt, rsespectively,

and erfc is the complementary error function. Because a
. :

is a constant in this equation, the ratéqof dissolution
decreases with t% and therefore dissolution governed' by
. ) ..

' . o . . . 2
molecular diffusion alone will produce a straight line
. P .

' < .
"on a plot of Ar .versus £, Also, the dissolution rate
5 v

varies as a function of the square root of the
/ U

diffusion coefficient (D) in this process.

Natural convection

Diffusion-controlled dissolution under
conditions of natural convection have beeq»reported-in
several studies (e.g., Cooper and Kingery, 1964; Kuo

and Kirkpatrick, 1985). The convection prooeef is -

" initiated by deneity'or surface energy differences .
:between the melt. at the crystal/melt interface and the

- bulk melt (Cooper and Klngery, 1961). %bis resuits¢in a

virtually tlme 1ndependent or steady state dlssolut1on .
process where the effectlve boundary layer thlckness
does not change and a plot of Ar ver;us’t produces a

stra1ghr»l1ne,.1n practlce, some tzme—lag is

A egperieﬁaed in the eériy Stégés.offdiésolutiod where -

W . : . . .
T e .o . ”
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molecular diffusion is the rate-controlling process,
' )
after which dissolution involves mass transport by both
- . . .

/

‘diffusion and convection (Cooper and Kingery, 1964; Kuo
Y

‘ » -
" and Ki‘trick, ,1985). The relevant mathematical

eqiation to describe this latter process is:
Ty - 0.505 [ “p% (CC) 6
U—'. gz s('s—if S (&)
755 YD

.

. -y : X ~ g : :

» {Cooper.and Kingery', 1964; Kuo and Kirkpatrick, 1985).

< . *

In this eqguation,-g is the gravitational constant, ef=
L3 v

(Ps —f;')//o.-, ps is the melt density at the
interface,*/% is the bulk melt density,'75 is the

kinematic viscosity at the interface, z is the distance
!

from the leading edge of the crystal, Dy is the EBDC at
the interiace and'vi is the partial molar volume of the.

dissolving species. The time independence of

~ ]

dissolution and the dependence of .the dissolutidn rate
¥ . / ‘ T

) ' . . .

on D* are evident from this. eguation.

L L) “, - R . N

B TR N

C.. Experimental procedure o o | ~

-
- L -~ N, ——. - —
pady —
. . -~
. ) ) - .

‘Dissolution experiments

Starting matérialS'for_the.dissélution

’eipérimentS'wereran alkali basalt rock powder and ’

N $ . \‘ : ) KRS Y P ' ’ : '.
spheres of olivine, orthopyroxene, chrome diopside,

spinel and garnet, separated from ultramafic xerpliths \
2 o . . , .' . . R , A

e
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or megacrysts (Table 6). The crystals were ground into
spheres using a method described by Bond (1951). Each -
sphere was cleaned ultrasonically in dilute HCl, washed
in distilled water, dried and -then measured at least
six times with a micrometer. The‘basait wasgxnitially
dried at 900°C for 24 hours at the QFM oxygen cuffer
and stored at 110°C between experlments. The sphgres
were placed on a ;hin'bed of alkali paéa}c powder in a
graphite cap5uie, wRich was then packed tfghtiy with
more powder. The graphite cacsule_was faced at 800°C
for approximately three minutes both before and after
the capsule was loaded to drive cff any water adsotrbed
on the SUrface. The capsule was then inserted into a
talc—pfrex piston-cylinder assembly and dried for eighv{/
hours at 110°C. braphite capsules were used in all

experiments in order to maintain the oxygen fugacity in

the wustite ‘stability field (Thomgson and Kushiro, )

1972). | , -

;cyllnder apparatus (Boyd .and England, 1960).

Bxperlments were perforéﬁd in a solid- medla plston

v e

4Temperatures were monltored by . a Pt/PtJB%Rh

thermocouple without any correction for pressure and -

‘ are accurate to +10°C. Pressures wére monitored

4

continuously durlng each run ‘with a Bourdon Tube Heise
N ¢ w

\

- gauge and are accurate to +0 5 kbar‘ For further

detd1ls of the callbratlon and exper1menta1 procedures_

see Fu311 and Scarfe (1985). Time séries experiments
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TiOp
A1203
Fe203
FeO
MnO
MgO
Ca0
Na 0
K20
Nib
'C£203
P20s
H20

- Total

. 1 ’ -
A -
1 2 3 4 S 6
40.0 n.d. 42.31 S4.7 52.3  4LB.6
a.d.  0.24  0.81 n.d.  0.41  2.20
n.d. 64.7  21.68  4.54  6.47 15.6
n.a. 4.30 n.a. n.a. n.a. 3.13
10.0 ° 7.73  10.44  5.97 - 2.67  8.53
0.15  0.12  0.38  0.15 n.d. 0.16
8.2 22.2719.40 3.3 16.2 6.30
0.18  n.d. -. 4.75 0.72- 19.7 9.85
n.d.  n.d. -0.12  n.d. 1.5 3.50
n.d. nld. n.d. <n.d. n.d. . 1.21
0.48 0.5  n.d.  0.15 0.05 n.d.
n.d. n.d.  0.46 - 0.49  1.19  n.d.
n.d. n.d. n.d. n.d. n.d.* Q.51
n.a. (%;.a. ~pfa. n.a. n.a. 0.02
99.01 99,85 100.35 101.02 100.44 -99.61

spinel, 3. gafnet, 4, orthopyrouehe,‘g; clinopyroxene

6. KR-13 alkali basalt. FeQ in alkali basalt by wet k

n.d.- not detected, n.,a.- not analyzed, l. olivine, 2}

themistry, Fe203 in spinel;by‘sfoich;ometryﬁ

B

Table 6. Sté-ri:i,ng.composi‘"':t;ions, for t
experiments.’ '

N

\
Ve

-

a

h&d issolution * .

2
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were done for each mineral in order to evalLate the

~a.

time-dependence of dfssolhtion. All runs were quenched

at.a rate of approxiﬁately 125°C/sec by switching off

rhe power to the graphite furnace. At the termination

of each experiment, the graphite capsule was sectioned
.

and ground untilfthe maximummdiameter of the partially

dissqiyed.spheres was exposed.

In order to detect water possibly'incdrporared in
the melh'during the. eiperiment wafers of glass from a -
"one hour experxment~were analyzed for H, O by a
micromanometric techn1que (Harris, 1981). fhe”
concenﬁration of water was <0.1 wt%, which is not
‘ consiéered sufficient to affect the rate of afssolution
(e.g.i.Harrison'and Watson, 1983).
~ Phase equ111br1um exper1ments

| The llqu1dus phases of KR-13 alkall basalt
werevdetermlned from 'S5 kbar to 30 kbar pressure in the
' pistonrcylander apparetUS, Craphite capsules were
loaded-with alkali-basalt‘powaer'in thetsame mahner as
‘deseribea'in‘the previous section, Experimenfs were run
up to the de51red temperature and were held at that
'temperature for a duratlon pf 1 day, before quenchxng

Run products were 1dent1f1ed optlcally and the‘

crystall1ne phases were examlned w1th an electron

~ 'v\,

m1croprobe for major elements. The pr1nc1pa1 objectlve

of the 11qu1dus phase equ111br1um experlments was to



83

o ]
determine the liguidus phase and the approximatei

-temperature of the ‘liquidus at each pressure. // 3

Therefore, no reversal experiments were attempted.

D. Analytical method

| Concentration brofiles in the glass next to
the mineral spheres in the dissolution experiments and
analyses of the crystéllige phases in the liquyidus
phase equilibrium experiments were obtained by both
energy qnd wavelength dispersive micropfobe methoés.
Excellent agreement Qas found between the EDA and WDA.
analyses.when both methods were used on the same glass.
The agreement betweeé EDA and WDA analyses has been )
‘ pfevidUsly néted by Reed and Ware (1973) and Fujii and
Scarfe (1985). Durlng EDA, a 15 kV accelératind
potential,. 4 nA probe curre;t and 240 'second counting
t&me wvere employed. For WDA, qd10hA probe current and

40 second countlng tlmes were used on peak and

background positions. A p01nt beam was used in botb EDA
. - Ny

1 4

_‘énd.WQA aﬁalysis. All microprobe data'were.processed \’//,--

with fuil ZAF corrections using EDATA2 (Smith &na Gold,

1979). | S



experiments are summarized in Table 7;
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E. Results of experiments >

N j . ) /
-, } .. (
. A

9iquidus‘phase equilibria

“The results of the liquidus phase equilibria

experlments are shown in Fig. 11. The liguidus phase at

-

v5-kbar is 011v1ne of Fe,., composition. FremA i
approximately 7.5 to at least 30 kbar, clinopyroxede
(augite) is the llqu1dus phase. In accora'with preyious
studies, the Na,0 and 41,0, ontentsnof the$
cllnoperXene increase with increasing pressure (e. g.
Green and Rxngwood/ 1968; Bultxtude and Green, 1971).
At 30 kbar, the Al,0, content is 14.5 wt%. The‘:liguidus
temperatures, bracketed to +10 oc, were used to
determine the temperatures at whlch ‘the dissolution

\
experiments wkre conducted. SN

Dissolution experiments

G:Ystal/mpit textural relatlonshxps ‘ ' A

. The textures produced during the dissolution .

O

Textures ‘at 5 kbar

In all exper1ments at 5 kbar,_011v1ne crystals have

no reactlon textures. The dlSSOlUtlQn of orthopyroxene

-

——
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18001 @ -
. LIQUIDUS PHASE RELATIONSHIPS KR-I3 ALKAL! SBASALY
~ 4 °

N ‘ : ! t * . e
" oa c ) .

ure 11. Liquidus-phase eguilibria of KR-13 alkali

/ “basalt. OL - olivine, CPX - clinopyroxene, L -
liquid (glass). Filled circles represent the
pressure and temperature of the dissolution
experiments. ' SR T .

’

s

e
i —
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,j.l

S kbar | "12 kbar 730 kbar °
Olivine X : x o ,z“wvww..nww.+ gl
Orthopyroxene ol Amooov + chr + gl : X ‘ . spin. cpx +.mw
mwwzov<nmxm=m chr + gl - X _ - wuwnr nmx +wmw
‘Spinel v. sp + gl ] V. Sp + mw .c‘,.% ‘ mcw:.m+ gl “u
Garnet L - ol Ammoav + opx + sp + gl ™ x .‘ Nw_.

1 " . .

chromite, sp =

no reaction texture, - = no experiment conducted. ol = olivine, chr
clinopyroxene,

pinel, v, sp = vermicular spinel, gl = glass, opx = onnsov<ﬁoxm:m.nvx
spin. = spinifex texture. . -

tbe

ing

)

7 of textures produced dur
‘dissolution experiments.

‘Summary

Table 7.
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produces a thin band of equant chromite crystals at the

orlglnal crystal/melt 1nter£ace and further d1ssolut10n

causes 011v1ne crystals of Fo,, comp051t10n ‘to ¥ -

€
crystallize (Fig. 12a). Melt (glass) forms intersertal ' - X

- patches between the olivine crystals. Clinopyroxene

@ & pig ) . -

also reacts to form a thin layer of chromite crystals
at the orlginal interface (Flg. 12b) . Thereafter,
‘dissqlution of clinop§roxene produces gl;ss only..
.Spinélfdissolutidu forms a vermicular rim of sginels -
more Cr- and Fe-rith and less.Mg- and Al-rich than the
original spinsl_édmpositionu'Irregular patches of glass

are trapped between the vermicular crystals (Fig. 12c).

. Textures at 12 kbar
: . &
o Olfvine,*orthopyroxene and clinopyroxene exhibit no

‘reactlon textures and appear to dxssolve by simple

d1ssolut10n (Tsuchiyama, 1985a; b). Spinel has a
v !

- 51m11ar vermicular texture to that at 5. kbar. Garnet

+

_haa a c@mplex reactlon relatlonsh1p Initially,
_dlssolutzon of garnet proches 011v1ne crystals of Fo,,
compqsrt1on. Further dissolution results in the
*format1on of an. aggregate of alumlnous on@hopyroxene'

,and splnel (F1g. 12d). The splnel_exhlblts a quench
. E3) : . . : R .

'+ texture around the edge of the aggregate.
" RN It S At

gL
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Figure 1

-~ kbar, 1300°C, 30 minutes).

A ..
A

2. Back scattered electron- images of textures
produced during dissolution experiments. a. (top)
Orthopyroxene dissolution to olivine + .chromite +
glass. (5 kbar, 1300°C, 30 minutes). b. (bottom)
Clinopyroxene dissolution to chromite + glass (5

AN
[

88
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e
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s

F1gure 12c. (top) Sp1ne1 dxssolutlon to spinel + glass
;{5 kbar, 1250°C, 30 minutes). d. (bottom) Garnet
d1ssolut10n to ol1v1ne + orthopyroxene + splnel +
glass . (12 kbar, 1300°C, 10 mmutes)"
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Figure 12e. Olivine with guench crystals of

clinopyroxene and interstitial glass (30 kbar,

1450°C, 10 minutes).

~ .
4“
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Textures at 39 kbar

At 30 kbar, garnet has no reactiorn texture. All the

other four phases exhibit spinifex texjures,
. .

characterigtic of rapidly quenched glasf. Olivine has

qmgﬁ&h crystals of clinopyroxene with intersertal glass

(Fig. 12e). In'each case, the width of the zone of

-

guench. crystals represents the difference between the

- original and final crystal/melt interface.

k4

»
Dissolution-rates

The results of the dissolution experiments are
given im Table 8 and‘shown in Figs. 13, 14, 15, It iQL;
évident from“?igs.lIB, 14, 15 that éhe rate/of
dissolution is indépenden{ of time, i;dicating that
dissolution in these experiments is a steady-state
process (Cooper and kingery, 1964; Kuo and Kirkpatrick,
1985) and that a steady-state has‘b;eh reached iﬁ the :
duration of the shortest experiment (10 minufes). Kuo
and Ki;kpaprick‘(ESBS) iéached a similar conclusion
from their-experimentsvai 1 bar. 'In rare ééses, such 56
the d'ssolgtioﬁ of clinopyrcxene at 12 kbar and 1460°C,

disso ution appears to be dependent on time. However,

in

ftder to investigate this possibility, the - %

ncentration profiles for each éexperimeht were
obtained. Each profile is identicaldwithih analytical -

error, thus indiCating'thé€ steady-state has been
. ’ e i .

| ~achieved in thisvgase also (Kﬁo and Krrkpatrick, 1985). t

. o . )
f L ‘. . .
/ o ’ ’ °

. f N L S , - n
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Therefore, the apparent t ime-dependence is probably a
function of error in the megsurement-of the sphere size
either before and/or after the experiment. Finally, in
order to determine the effect of the run-up on the
dissolution rate, several experiments were performed in
thé partial melt region. No dissolution was observed.
The dissolﬁtion rates wéré calculated by a
least-squares‘regression fit through the data points
with a weighged value assigned to the origin because
there is clearly no dissolution possible at zero time.
The results are shown.ln Flg. 16. In cases where the
rate of dissolution is slow (e.g., spinel at 1300°C and.
12 kbar), the dissolution rate was calculated according
to the following equatidn derived for bubble -
dissbiution in 1iquid—§as systems (Epstein and Plesset,

.1955):

r|=1-}{2pe(CC,) S (7
2

r.: pr.
* ‘ 1 fl, o . ’

,:Hg:The use and app11cab111ty of this eguation has been

dlscussed by Harr1son and Watson (1984), who used the

\

equatlon to calculate the dlssolut1on rate of apat1te

1n granitic meits. They noted that the equatlon gave
\

very similar résults to, and is easier to 'use than, the -

13

more commonly employed equat1on developed for heat
transfer (Carslaw and Jaeger, 1959). In equatlon (7),

r; is the 1n1t1a1 radius of the sphere, r is the flnal

’
*
Pl
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. : ~
radius, t is time, cs is the equillbrium saturation
composition at the crystal/melt interface, c; is the-
’ initial concentration of the relevant species, /0 is
the density of the bUbblefforming species (taken as the
weight fraction of the species in the cryétal
multiplied by the density of the cr}stql) and D ie the
diffusion coefficient of the releJank species

calculated from the following solution to the diffusion
equation:

Lo —c. = B
S erfc X (8)

kCrank, 1975) . Here, C. js the concentration at
distance X froﬁ'the interfacé and erfc is the
'complementary error function. In order to calculate the
dissolution rate, the diffugivity_of the least mobile
species in the melt . (i.e. Al,0; in the case of e?;Qel

. dlssolut1onl was utilized in each case. However, it
should be - noted that the error funetlon approxlmatlon
is a less than, satisfactory fit.to the concentratloh
profile becau§; 'of the presehce of a ﬁeviné interfaee.-
. The effect of .a mov1ng 1nterface in calculatzng |
d1ffu51on coefficients is considered later, but
‘}generally results in an overest1mat10n of D and hence

the d1ssolut10n rate. The results of the calculatlons

are also plotted in Fig. 16.

foe
W
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Dissolution at 5 kbar

At 5 kbar, the rates of dissolution of olivine,
orthopyroxene, clinopyroxene.and‘spinei were determined
at 1250° and 1300°C (equivalent .to shperheatiqgs ?f 25°"
and 75°C, respectlvely) The dissolution rates at both
temperatures decrease in the order clxnopyroxene >
orthopyroxene > 011v1ne > spinel. The temperature

dependeﬁce of dlssolutlon *of each mineral may be f1tted

to an Arrhenius eguation of the form: = Fs .
u = u_exp —5 _ : 9 >
RT

where u is the disselution rate, u, ie a constant,

E, is the activation energy of ﬁiSSeIution, R is the
gas constant and T ie absolute temperature. Because.
only two temperatures were investigated‘at 5 kbar, the
calculated activation energies are subject to large
eﬁrors. However, it is probable/that olivine and spinel

have 51gn1f1cantly larger activation energ1es than

either orthopyroxene or cllnopyroxene (@gble 9).

{;!52

~

Dlssolutxon at 12 kbar

At 12 kbar, the dlssolutlon rates of 011v1ne,

"orthopyroxene, cl1nopyroxene and spznel were determ1ned

at 1300°, 1350° and 1400°C (25°, 75° and 125°C
superheatlng, respectlvely) The dissolbtiodxrate of

garnet 1$ very rapld at th1s pressure such that only

o



Olivine
Orthopyroxene
Blinopyroxene
Spinel
. Garnet

103

5 kbar 12 kbar 30 kbar

335+16/28 8446 210+164/42

6645 . 85+6/24 112442
111412 223440735 420455/43
357416/55 96+5 280+41/56
~  252+28/56

Calculations at 5 and 30 kbar based on two
temperatures. +28/56 refers to the error (+28,-56
kcal/mole) calculated by fitting a line through the
error bars on the individual dissolution rates.

2

N
:

‘~‘Table 9;¢Acti9atioﬁ energies (kcal/mole) of crystal |
* dissolition at each pressure. :

——
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one experiment of.10 minutes duration was successful at
1300°C. All other experiments resulted in the complete
dissolution of garnet (Table 8). The dissoLutioﬁ‘rate
of spinel is slowest at each temperature. At 1300°C,

the order of dissolution is olivine*+ orthopyroxene >
clinopyroxene > spinel; whereas at 1400°C, the order of
dissqlution is clinOperXené > olivine + orthobyroxene
> spinel (Fig. 16). These dissolution rates were fit to
the Arrhenius equation (9) by least-sguares regressi&ﬁ.
Activation ®nergies for dissolution were caiculated as

84+6, 85+6, 223+40 and 96+5 kcal/mole for olivine,

orthopyroxene, clinopyroxene and spinel, respectively.

Dissolution at 30 kbar
The dissolution rates of olivine, orthopyroxene,
clinopyroxene, spin§1ﬁand garnet were determined at 30

kbar and 1450°C (GOf,égpérheatiﬁg). Several experiments

kﬁ"cgﬁdﬁoted at’ 1500°C, but the dissélutién
rates are so fast at this temperature that detailed
time-series experiments Qere not possible, and Use of
larger sphetes resulted in the possible saturation of
the melt_wiﬁﬁ respect to dissolving mineral. However,
tﬁe dissolution rates were caiculated from Fig. 15 and
are.aléo plotted in Fig. 16. At 30 kbar and 1450°C, thé
ords?-of dissolution is olivine + garnet +

, orthoﬁyréxene > clinopyfoxene > spinel and at 1500°C,
the‘oréer.is olivine + garnet + clinopyroxene >

N
.,‘
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orthopyroxene > spinel. Thus, the estimated activatlon
energy of dissolution of clinopyroxene is significantly

greater than the other minerals (Table 9).
re
Cation diffusivities
Selected concentration profiles in the glass

adjacent to dissolving crystals are shown in Figs. 17,
18, 19. f%,brder to determine whether steady-state had
been reached in thé experiments, the concentration
profiles adjacent to olivine and clinopyrogene crystals
at 1400°C_and"7§ kbar and several experimental
durations Qere investigated. The concentration profiles
in each case are identical both in the interﬁace |
coqcentrations of each of the cations and the length of
the profile for eaéh lemént. This is an indication
that dissolution is pr ding by diffusion across a
boundary layer under cohditions.o% natural convection
(i.e. a steady-state process).

If'dissolyf?%#\ii\?ontrolled'by mass transport awax
fro% the crystal/melt interface, tﬁen it is* possible to
determine cation diffusivities in the melt adjacent to
the.dissolving crystal. This approach has been
successfully cafried out by Cooper and Sghut (1980},
Harrison and Watson (1983; 1984), CHékhmir,and
Epel'baum (1985) and Kuo and_Kirkpabrick (1985i. In

this study, because tWe dissolving crystals are solid
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sc&utxons of several components, it is possible to
ol o %

me§9ﬁre multlcomponent‘chemlcal diffusivities. How%ver,
5 ‘
only the study by Cooper and Schut (1980) in the
) -4
synthetic C{O—Al,O,—SiQ2 system has dealt with the

~ffects of flulticomponent diffusion during dissolution.

t
Because of the complex1ty of the system in this study,

:\' <
the effect of mult1componenm¢d1ffu51on has been
¢ < -t

',neglecteé.
Because ofﬂthe effect -of a moving iﬁt%%fapéﬂduring

dissolution of a crystal, the diffusion equation fog

the steady-state case is: —

|

Ddzc;rudﬁ=0_’ S (10)

dx2 dx

>
s
A

4 : : v
subject to .the boundary conditions‘cL.=ci at"ngand
: o . ' .5 .
c, =c; /k'at x=0 (Kuo and Kirkpatricksy 1985). ?he .

solution to this equation has been derived by Sm1th et
~al. (1955):

- CL =1 4+ 1-k exp(-ux) o - ' (11)
LT - ) e

c. -k D -
1 v -

r

]

khere cg'is-thefconcentration of a particular species

in the melt at distance x, c; is the initial

»concentvat1on of the spec1es in the melt, k is the
5 9
'adxstflbut1on coeff1c1ent u is the d1ssolut10n rate and

éD 1s the dxffu51on coeff1e1ent.
Ca t
=*,' The results of the calculatlon of s1ng1e component

e °
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‘diffusivities for olivine, spiﬁel and clinopyroxene
dissolution are shown in Table 10. The most lmportant
‘poinu ;é note here is that the calculated diffusivities
appear‘to depend strongly on thé dissolution rate of
the miner;l, which should not be the case if diffusion
is the only rate-controlling process. For example, at
1460°C‘and 12 kbar, the diffusion coefficient
calculated for MgO is 2.85 x 10°* for seinel
dissolution, 5.18 x 10-* for olivine dissolution and
1.02 x 10-" for clinopyroxene dissolBtion. The
dissolution rates of the three minerals decrease 1In the’
order clinopyroxene > olivine > spinel at this
temperature and pressu;e. Therefore, it is possible

that dissolution is controlled by a mixed proéess
involving both diffusion and interface® reaction. It may
also be an indication that multicomponent effgcts—énd'
the speciation gf;diffusin? components in the melt play
an impbrtanf rolé. Similar conclusions can bé drawn for
cétian diﬁfusivitieé at any temperaturé.and preséuré
(c.f Table 10, ‘Fig.' 16) .

In.order to investigate this further, another
method of calculation of cation diffusivities from
“dissolution expépiménts has'been‘used.(COOper and
Kingery, 1964). Thiélmethod inyolve; the use of.ghe

difference in density between the bulk melt and that,

close to the crystal/melt interface as the d:iving‘

force for diffusion under conditions of natural or free .

-
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convection. Equation (12) has been derived for a
cylindrical surface and is therefore a reasonable

approximation t¢g a small sphere:

X %
Ds = 0.054 2?. i exp - (DSC/u) (12)

A/o C (r+(DSC/Au))

where Dg is thé interface diffusion coefficient, 74 1is
the kinematiimgSSCOSity at the interface, ef is the
fractional density difference in the melt, r is the
sphere radius and C is a concentration parameter equal
to (c‘—c;)/(1—c;VL). The kinematic viscosity was
calculated using the method of Shaw'(1972) with an
appropriate correction for the pressure dependence of
the viscosity of alkali basaltic melts (Scarfe, 1981).
Melt densities were calculated by the method of
Herzberg (1985). The interface diffusion coefficient,
calculated by iteration in this method becaﬁse Dy also
vappeara in the expgnential term, may be converted to 5“
diffusioh coefficient at any point gh the profile by
using-a correction for the variation in viscosity
according to the Stokes-Einstein relationship.

The results of these calcﬁlafioas are also shown in!
Table 10 While-the d1ffusxv1t1es calculated by the
method of Cooper and Kingery (1964) are systemat1ca11y
higher than those calculated by the method of Smith et
.‘al (1955) the apparent dependence of cation

d1ffus1v1ty on dissolution rate is still ev1dent. The

4
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estimation of the viscosities and densities most
probably accounts for the discrepancies in the absolute s‘
- (

diffusivities between the two methods.

1

F. Discussion

Crystal/melt textural relationships

It is to be expected that a crystal not 1in
equilibrium with a melt may exhibit a reaction
relationship with the melt. Many natural examples of
reaction coronas around crystals 1in diséquilibrium with
a melt have beenaattrib&ted_to‘magma mixing,
assimilation or confamination processes (e.g., Hibbard,
1981; Sakuyama, 1981; Gérlach and Grove, 1982;
Tsuchiyama, 1985a; b; c). ‘
| The reaction textures produced by theldiSSOIUtion

of olivine, orthopyroxene, clinopyroxene, spinel and

garnet in an alkali basalt have been documented at

superliquidus temperatures and at three different
‘pressures (Table 7). The crystal/melt téextural

relationships observed in this study may be grouped
info three catego?ies: : Q;u

(1) Type A dissolution (simple dissolution of o ,
Tsuchiyama,.ﬂQBSaY characterized b§ the reaction: W

»

L4 . -

.~ Crystal + melt, --> melt,
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(2) Typé B dissolution (partial dissolution of

Tsuchiyama, 1985a) characterized by the reaction:
Crystal, + melt, --> crystal, *+ melt,

(3) Type C dissolution characterized by the presence of
quench spinifex textureé..

Type 2 dissolution occurs at all three pressurés
studied (e.g., olivine at 5 and 12 kbar, garnet at 30
kbar). Type B dissolution occurs at 5 kbar (e.g.,
orthopyroxéne) and 12 kbar (e.g., garnet). Type C
dissolution occurs‘only at 30.kbar.

The presence of cryétal/melt textures at
superliquidus temperatures may be discussed with
reference to the liquidus phase diagram of KR-13 alkali
basalt (Fié. 11). Unfortunately, subliquidus phase
relationships have not been determined for this alkali
basélt composition, thus'precluding a detailed
examinatioﬁ of relative minérab étabiiities with
textures. However, phase,eQUilibria of similar -
compositions indicate that at low pressure the
cfystallization seguence may be.olivine -->
' clinopyroxéng + plagioclase + orthopyroxene and at
hhigher presSufé clinopyroxene ;v> olivine + plagioclase
| :vdrthbperXene (Basaiiic Volcanism Study Projett,

1981).

ey
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At 5 kbar, olivine shows no reactiqn texture both
because it is the liquidus phase and because it is more
Mé—rich than the equilibrium olivine composition
(Tsuchiyama, 1985b). All other phases are less stable
and therefore exhibit reaction textures. The initial
reaction of clinopyroxene, orthopyroxene and spinel to
chromite suggests that the Cr,0, released from these
mineral phases during dissolution causes local
saturation of chromité in the melt. The lack of
chromite c;ystallization after this stage may be due to
the change in‘melt céhposition aﬁd/or to the reduction
in oxygen fugacity caused by thé encapsulating
graphite. Further dissolution of clinopyroxene 1is of
Type A, suggesting that clinopyroxene is relatively
stable: The crystallization of olivine by dissolution
of orthopyroxene‘élso indicates that olivine 1s the
most‘stable phase at this pressure.

. The absence of reaction textures during the
dissolution of olivine, orthopyroxene and clinopyroxene
"at 12 kbar suggests that théSe tﬁfee phases are stable
at or just below'the liquidus. Garnet is clearly not
stabie at this pressure and crystallizes a variety of
minerals as_it-ﬁissolves. The initial rapid release of
Mg from éhe_garnet probably causes olivine saturation,'
R .
Thereafter, the tfénsport of other cations away from

the interface results in the crystallization of

6rthopyroxene and spinel. Hunter and Taylorf(1982) have’

’ } -
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observed the reaction pyrope --> spinel + clinopyroxene
+ orthopyroxene in a symplectitic intergrowth with
glass + olivine in a natural kimberlite. This reaction

is very similar to the dissolution reaction documented

-

here.

At BQ kbar, spinifex textures are present around
all the dissolving phases except garnet, which
dissolves simply at this pressure. Spinifex textures,
formed as a result of quenching, have been documented
in many experimental studies at high pressure (e.g.,
Elthon and Scarfe, 1984; Takahashi and Scarfe, 1985).
However, the spinifex textures formed in this study
occur only in the voiume of melt between the origiﬁal
and final crystalymelt interface, indicating the more
Mg-rich composition>of this‘zone. ' .

Tsuchiyama (1985a) has conducted a detailed

experimental study of the reaction relationships

between plagioclase crystals and compositions in the
«

)

synthetic diopside-albite-anorthite system at 1 bar.
Tsuchiyama defined two different dissolution processes
charadterized by thé presence or absence of reaction
textures: (1) simple dissolution (no reaction) in whlch
a crystal dissolves. ih a melt whlch is undersaturated
vwith respect to the mineral phase, (2) partial
dissold:ion invwhich a crystal dissq}ves by a complex
reaction forming a mantle around the edge of the |

crystal.'Tsuchiyéma'(1985b) conducted a similar



experimental study of reac;ion relationships bet;een
olivine and both-boninite and andesite compositions. In
this latter study, it was foqu that olivine more
Mg-rich ;han the equilibrium Qlivine in the boninite
composition dissolved by simple dissolution above the
olivine liguidus. In the andesite composition, however,
olivine dissolution produced a complex reaction ‘
texture. These results imply that olivine 1s relatively
stable in the boninite melt, because it is the liquidus
phase of the boninite at 1‘bar, th is unstable in the
andesite.

Donaldson (1984b) has studied the textures produced
by the dissolution of several silicate minerals in a
tholeiitic melt at 1 bar. No deep embayments in the
.crystals were observed and a variety of reactibn
coronas around the crystals were found, indiqating that
different minerals'produce different té&xtures.
Donaldson (1984c) investigated the stability and
decomposition of pyrope garnet at 1 bar at subliquidus
temperatures and found-that garnet décompose&'at a
rapid-rate to a corona of orthopyroxene (or olivine) *
glass. The absence of thi§-type of fexture around
pyrcpe megacrysts wasAgsed as evidence that either the
hdst magma cooled extremely rapidly or that the host

magima was considerably cooler than was previously

believed (Chapman, 1976).



119

Dissolution rates

The dissolution rates of olivine,
orthopyroxene, clinopyroxene, spinel and garnet
determined in this study are shown 1in Fig. 20 together
with other data relevant to the dissolution of mafic
minerals in mafic melts at various pressures (Kutolin
and Agafonov, 1978; Scarfe et al., 1980; Kuo and

©

Kirkpatfick, 1985). The data of Thornber and Huebner

N

(1985) and Donaldson (1984a) have been 6mitted from
Fig. 20 for clarity. n
Dissolution at one bar

The dissolution rates of upper mantle minerals in
an alkalic melt have been determined at 1 bar by
Kutolin and Agafonov (1978). Their results sﬁow that
the order of dissclution at small degrees of
superheating is garnet > clinopyroxene > orthopyroxene
> olivi@e, and that olivine of Fo,, composition
dissolvés at a slower ragg than does olivine of Fo,,
composition. It may therefore be concluded that the
mineral .phase which is stable on the ligquidus dissolves
at the slowest rate and Ehat the equilibrium oliviﬁe
.‘compositioh.(presﬁmably less Mg-riéh tﬂan.Fo,o) may‘
dissolve at a“faster rate than more Mg4ri¢h olivine
conipositions. This latter statemen£ was confirmed by
'Qpnaldsoh (1984a), who concluded that phenocryst

6livines dissolve faster than olivines which are more



Figure 20. Logarithm of the dissolution rate versus
’" reciprocal temperature at 1 bar and high pressure.
Lines on the high pressure diagram from this study

are taken from Fig. 16.
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magnesian. The preferential dissolution of eguilibrium
olivine compositions relative to Mg-rich olivines may
be explained by considering the simple
forsterite-fayalite binary loop. At isothermal
conditikgs above the liquidus, more Mg-rich olivines
experiedée a smaller degree of superheating and are
thus likely to dissolye at a slower rate.

Kutolin and Agafonov (1978) also showed that garnet

i1s not stable and therefore dissolves at a ch faster

rate than olivine or pyroxene. In addition, |because
\.

olivine has a higher activation energy‘than pyroxene
(200 kcal/mole vs 125¢kcal/mole), 1t appears that the
dissolution rates of o}ivine and pyroxene converge at
larger degrees of superheating (Fig. 20).

In a related stuay, KQo and Kirkpatrick (1?85)
showed that the relative dissolution rates of
forsterite, enstatite and diopside in a melt in the -
system forsterite-diopside-silica can be qualitatively
explained by the relative driving forces for
dissolution. This is illustrated schematically in Fig.
21. The ratio of the dissolution rates of anorthite and
diopside u(An)/u(Di) in the eutectic melt composition
is approgimately equal to the distance Y/X. This
explanation can not easily be used quantitatively in a
complex natural_sygtem. However, it can be demonstrated
qualitatively that the liguidus phase rglationshibs of

a complex melt govern the relative dissolution rates at

.

: | y

M
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least at small degrees of superheating.

Dissolution at high pressure
High pressure experimental determinations of the
dissolution rates of upper mantle minerals are”limiéed
to those presented here and those determined by Scarfev
et _al, (1980).
The results of this_study may be used to discuss
several points. Firstly, the relati&q dissolution rates

of the silicate mineral phases at any.given pressure ’
. AN 4

I

a?péar to be governed by the liquidﬁs phase
relationships of the melf composition. This may be
illustrated at each of the three pressures studied with
reference to the phase diagram of the alkali basalt
(Figs. 11, 20). At 30 kbar and 12 kbar, where
clinopyroxeﬁe is the liquidus phase of the basalt, the
dissolution rate of clinopyroxene is the slowest at
small degrees of superheatiqg with olivine and
_orthopyroxené dissolving’at'a faster rate. At 5 kbar, .
where olivine is‘fhe liquidus phase, olivine has the
slowést dissolution rate and pyroxenes dissolve at a-
fastér~rate. ' o

Secondly, the.pelative rates of dissoluéion at high
pressure appear to converge qf large: degrees of
supérheating and the ;stable" mineral dissolves more

rapidly than the other phases at temperatures between

L 50~100°C above the liguidus. This is a direct function
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of the higher activation energy of dissolution of the
mineral which is the liquidus phase. Those minerals
which are less stable in the mel£ at that pressure have
a lower activation energy, implying™t{hgt 1t 1is
energetically more favourable to dissolve a mineral
which is not stable at any given pressure. The same
conclusion is.implicit in ‘the 1 bar results of Kutoiin
and Agafonov (1978). -
Thirdly, the dissolﬁtion rates, at upper mantle
pressures and teaperatures above the liquidus of the
host basalt, are sufficiently high to raise guestions

about the preferential dissolution of peridotite

relative to pyroxenite xenoliths. This will be

-
PN

_‘addressed in a later section.

Scarfe et al. (1980) also determined the
dissolution rateé of upper mantle minerals in an alkali
basalt melt that was multiply saturated with olivine,
orthopyroxene and clinopyroxene at 12.5 kbar
(Takahashi, 1980b). Their results showed that olivine
is the slowest and garnet the fastest phase to dissolve
at each préssure studied (12.5, 14 ahd‘20 kbar). The
dissolution rates 6f the pyrosenes vere intermediéte
bétween éhe t?o in each case. The results are'sgbwn in
‘Fig. 20. Because Séarfe et al. (1980) present their
data as a constant funetion of the change of volume of
the sphere with time, their results have béen |

vrecaiculéted using an average spherebradius of 0.05cm.

[
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Unfortunately, Scarfe et al. (1980) only determined the
dissolution rates at avsingle temperature at each
pressure, thus evaluation of the dependence of the
dissolution rate on degree of superheating 1s not
bossible and the results are difficult to apply to the
previous discussion. However, the apparently lower
dissolution rate of oiivine relative to clinopyroxene
at 20\1bar, at which pressure clinopyroxene is the
liguidus phase (Takahashi, 1980b), may be due to the
fact that the dissolution of clinopyréxene has a higher
activation energy than olivine. Therefore, the
temperature atnﬁhich the Qissolution rates trossover
has been exceedeéu

Scarfe et al. (1980) also attempted to determine
the effect of a pseudoinvariant point on the relative
dissoiution rates of olivine, orthopyroxene and
clinopyroxene. The discussion of thelyelative
stabilities of the minerals would imply that at low
supe}heatings‘the diséplution rates of these three
minerals'woula be very\Similar. However, this does not
'appeat to be the case at a superheatlng of 40 C (Figq.
~ 20). Kuo and K1rkpatr1ck (1985) determined that the |
vrelatlve dissolution rates of d1op51de, forster1te and

3
‘ enstatlte in a perltectlc melt (coexlstlng with
\
forsterlte + diopside + p1geon1te$,) could be exp1a1ned
byftheir relat1ve stab111t1e§-even considering that

diopside dissolves an order of magnitude faster than
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the other two phases. Such a geometric evaluation is
not possible in a system as complex as that studied by

Scarfe et.al. (1980) or that discussed here.

Cation diffusivities

Chemical diffusivities of cations in melts
adjacent to dissolving crystals have been determined by
a.humber of workers (e.g., Cooper and Kingery, 1964;
Watson, 1982; Harrison and Watson, 1983; 1984; Chekhmir
and Epel’'baum, 1985; Rapp and Wat;on, 1985). A receqt
review of diffusivities obtained from dissolution
experiments has been provided by Watson (1985%).
However, only Chekhmir and Epel'baum (1985) have done a
detailed study of the catlon diffusivities ad]acent to
dissolving crystals of different comp051t1on 1n the
same melt.

Harrison and Watson (1984) investigated the

diffusivity of phosphorus in a granitic melt adjacent

to dlssolv1ng apatite and Rapp and Watson (1985)

determlned the d1ffu51v1ty of phosphorus in a granitic
melt adjacent to d1ssolv1ng monazite. The diffusivity
of .P calculated for apatxte and mona21€e is ‘1. 0 X 10“;
and 7.29 x 10°'?, respectzvely, for conditions of' .
1200 c, 8 kbar and 1% H,0 in the melt. It is also
1mportant to note that the dzssolutlon of monazite is
much slower than that of apatite. Eor example, under
identical conditions, a crystal of apatite‘160‘pm in’

g
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diameter takes 125 years to completely dissoclve,
Qhereas a crystal of monazite 50 }mlin diameter takes
0.7Ma. Harrison and Watson (1984) also observed that
because the diffusivity of P is much slower than that
of Ca, the diffusivity 6E\Ca~{a\i}mited by the slower P
diffusivity during stoichiometric‘dxiéolutiOTMPf
apatite, indicating that the diffusivi??qdf/P is the
rate-limiting step in apatite dissolution.

Chekhmir and Epel'baum (1985) reported cation
diffusivities for dissolution experiments conducted in
an albite-H,0 melt. Interestingly, the diffusivity of
each cation appears to be related.to the mineral‘which
is dissolving. Chekhmir and Epel'baum (1985) do not
preé@nt any dissolution rafes, thus evaluation oé the
relationship between diffusivity and dissolﬁfﬁgﬁ‘rate
is not possible. However, some gualitative conclusions
can be drawn from their data.\The diffusion_coefficient
calculated for CaO adjacent to dissolving anorthite is
more than three orders of magnitdde less than that for
wollasténite undef {dentical conditions. Anorthite is
likely to be more stable in an albite-H,0 melt than
wollastonite and is therefore likely so dissolve at a
mﬁch slowgr.rate; Similarly, the diffusivity of Ai,o,
is two‘orders.of magnitude slower adjacent to '
dissolving anorthite than adjaceht to dissolving

' cordierite. Thus, it seems clear that there is an

intimate relationship between the dissolution rate and
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diffusivity which is ultimately determined by the
relative stabilities éf the respective minerals in the
melt. The same conclusions can be drawn ffom the cation
diffusivities Setermined in this study. Chekhmir and
Epel'baum (1985) attributed the differing diffusivities
to the fact that the molecules released into the melt
on dissolution of a particular mineral have a fixed
mobility and therefore that the diffusivity is due to
the mobility of the difﬁusing speciés; The implication
is that the dissolving mineral exerts a control on the
species released intq;the melt and hence on the
diffusivity of the "cétions". and that 1n complex
systems, single component d;ffusivities are not
appropriate to describe the transport of the diffusing
species.

The conclusion to be drawn from the data presented
here is that while a knowledge of the speciation of the
diffusing complex is important, the dominan£ factor in
determining the mobility of species in the melt during
a dissoiution';rocess is the stability of the mineral;
hence, there appears to be a structural or surface u}
energy control which determines tﬁe'ability of the
mineral components to%aiffuse away from the
crystal/melt~intefface. It is also likely that,.if
dissolution is stoichiomeéric, the diffusivity of the
least mobile cation or Qpecieg (i.e. Al or Si) has an

_effect on the mobility of the faster network-modifying
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cations (Harrison and Watson, 1984). We conclude that
cation diffusivities obtained from dissolution
experiments must be treated with caution because the
apparent diffusivities depend on both the stability of
the dissolving mineral (dissolution rate) and on the
diffusivity of the least mobile diffusing species. The
speciation and multicomponent effects involved in the
diffusion process are also 1mportant characteristics

which need to be guantified.

G. The dissolution of ultramafic xenoliths in alkali

basalt magmas: a modei

The dissolution rates of olivine and

clinopyroxene in alkali basalt melts shown in Figs. 16,
20 were used to formulate a model to predict the
dissolution rate of ultramafic xenoliths as a function
of xenolith radius, magma superheating and ascent time
(Fig. 22). Because the depth of generation of alkali
basalt magmas is likely to be variable (Yoder 1976;
Eggler} 1978; Takahashi, 1980b; Takahashi and Kushiro,
1983), the xenolith di'solution rates have been
calcuiated for a magma generated at 10, 20 and 30 kbar.

The model is based on the high pressure dissolution
rates‘Obtainéd in this study with tﬁe following
éssumptions: (1) the dissolution rates ofkolivineland

clinopyroxene are representative of peridotite and -

1

pyroxenite, respectively; (2) the dissolution rates at



Figure 22. Model calculations for the dissolution of
‘ peridotite (olivine) and pyroxene. (clinopyroxene)
> xenoliths (see text for assuyptions). Numbers on
e _the lines represent the initial radius of the
xenolith (in cm). Lines are shown for 25° and 75°
superheating and 25° undercooling for magmas
generated at 10, 20 and 30 kbar. Lines shown for
10 km/hr and 5 km/hr are limits of realistic
.ascent rates for alkali basalt magmas (Kushiro et
al., 1976; Fujii and Scarfe, 1982?;
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5 kbar are representative up to 10 kbar, those at 12
kbar are valid from 10 to-20 kbar, and thHose at 30 kbar
are valid from 20 to 30 kbar; (3) the ascent rate of
the magma 1is constant; (4) the xenoliths are spherical;

(S5) melt percolation along grain boundaries in the

5 F

xenolith is negligible; (6) the magmézis superheated’by
a constant amount during its ascent or that it cools at
a constant rate during ascent until it attains a
temperature 25° below the liguidus at thé surface.

In order to model the effeqt of cooling of a basalt

ey

Tt

magma diggng“

temperature;dépth profiles of a magma for three depths

Wk .ascent to the surface, the

of generation have algo been estimated (Fig. 23),
following the non-adiabatic model of Spéra (1984).
Because alkali basalt magmas containing xenoliths are
largely aphyric when they reach the surface (Spere,
1984), the three temperature-depth profiles of the
magma have been constrained to attain an undercooling
of 25° at the surface. This'pfoduces ascent rates of
approximately 1 km/hr, 3 kﬁ/hr and 10 km/hr for magmas
gehéféféd at 30, 60 and 100 km, respectively. These
ascent rates are within the accepted limits for the
ascent of alkali basalt magmas (10°* to 10‘m/s; Kushiro
et al., 1976; Fujii and Scarfe, 1982; Spera, 1984). The
results bi these calculations are shown in Fig. 24. all

the curves in Fig. 24 are constructed for xenoliths

initially 1cm in radius. Similar curves may be drawn
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show a maximum where the competing effects of
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.
for xenoliths of different radii, Idtger xenoliths
being displaced to the negative side on the vertical

-

axis.

Magma generation at 30 kbar

For an alkali basalt magma generated at 30
kbar, the dissolution rates of peridotite and
pyroxenite xenoliths are likely to be similar andithe
effective dissolution of the xenolith will be small.
For example, a xenolith of icm radius or greafer and at
a constant superheating of 25°, will only shoy 175%

«
decrease in its radius during transit to the surface.
The ascenﬁ and cooling rate modeI’Calculations show
that for this depth of magma generation, the xenolith
dissolution will reach a maximum of close to 10%
decrease in xenolith radius before decreasing as the

magma cooling rate becomes dominant over the

dissolution rate of the xenolith.

Magma generation at 20 kbar
An alkali basalt maéma generated at 20 kbar
may preferent@ally dissdlve pyroxenite‘xenolithé
relative to peridotitelxénol{thsr/because the
pressure—integratéd dissolution rate of olivine is less
than that of clinopyroxene. At a superheating of 25°
] ‘

there will be a 1-5% decrease in the radius of a

pyroxenite xenolith, but less than 1% decrease in a



137

peridotite xen?lith. The ascent and cooling rate model
L ? .
also shows that there will be a slight preferential
o /
' @Lssnlptiog/of‘pyroxenite relative to peridotite and
S~

f
&hat the maximum dissolution will be 6% for pyroxenite
A

"Xnd 2% for peridotite.
. . -

Magma generation at .10 kbar
An alkali basalt magma generated at 10 kbar
will almost certainty preferentlally dissolve
byrogenite relative to peridotite xenoliths provided
that 1he xenoliths are small and the magma 1is
superﬁeated by 50° or more. The pressuré—integratea
dissolution rate of olivine is much less than that of
. : élinopyroxene. For a xenolith 1cm in radius, there will
rbe a 1-5% reductlon in the radius of a pyroxenlte
'.xenollth; whereas it will be <1%-for a perldotlte at a

superheating of 25° However, at a superheatlng‘of 75°,

a pyroxenite xenollth ICm in radius will have 5 10%

"\j\ o

reductlon 1n the xenollth radlus versus 1-2% for a- s
perldotlte xenollth ‘The coollng model ba51cally

;,enhances the preferentlal dissolution of pyroxenlte.

t

over perldotlte.

? In summary, accordlng to the model the effects of

dissolutlon in- nature are only llkely to be significant
1f the xenollth is small the magma is superheated by

'50 of ot.mo:e, or the ascent rate:of-the magma is slower

A:than?pfédiétedf Grain boundaries. within the xenolith

¢ . . . : &
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-

wili accelerate dissolption because they provide
pathways through which the magma can percolate and thus
expose a greater surface area. Convection within the
magma will also enhance the dissolution of a xenolith.
Therefore, because the model 1s based on experiments 1in

“which convection is relatively unimportant, 1t
describes minimum aisSolution rates for ultramafic
xenoliths in alkali basalt magmas. Because, in the
model, rapia ascent rates and undercooling of 25°C or
less have been considered, it is unlikeTy that there
will be SUfficient crystal§ present in the melt to
induce non-Newtonian effects (McBirney and Murase,
1984) .

The results of the model are in accord with the
observations of many natural .examples, where it has
been concluded that xenolith dissolution is minimal
(e.qg., Wilshire and Binns, 1961; Kutolin and Frolova,
1970). The relative difference between the
pressure-integrated dissblutiod rates of olivine and
c¢linopyroxene is negligible, unless ;he'xenoiiths‘are
small, the magma is considerably sﬁberhehﬁéd‘and is

S

,generated,at relétively low pressure. However, the

~

/fpfefefential dissolution of‘pyroxene relatiQe to
daivine;obServed in some xenoliths (Kutolin and -
‘Fr016Va, 1970; unpublished data) ‘may occur because the
xenolithé afer}ncorporééed.ih thg ascendihg.mggma at

relatively—Yow pressures (<20 kbqr),‘where oliVine_is
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more stable in the magﬁa than pyroxene.

' Therefore, it is Iikely that in alkali basalts the-
proportions of peridotite and pyroxenite xenoliths
observed at the Earth's surface are generally
representative of the composition of the underlying
upper mantle. This conclusion depends on the depth of
magma generation, ascent time, superheating and magma
composition. The applicability of -the model to other
magma compositions generated in the upper mantle must
be extended by dissoldtion experiments on melts of

picrite, komatiite and kimberlite composition.

H. Conclusions
The dissolution rates of the upper mantle
minerals olivine, orthopyroxene, clinopyroxene, spinel
and garnet have been determined in an alkali basalt
melt at three different pressures. It‘is apparent that
the relative stabilities’of the minerals in the melt at
' eacﬁ pressure éabérn/the relative rates of dissolution.
Spinel is the slowest mineral to dissolve at each
pressure. At low pressure, where olivine is the

iquidus phase of the basalt, olivine is more stable

han the other silﬁcate(minerals. At highef'pressures,
f/cliﬁopyroxene is the liQuidQs phase“and dissolves more
slowly than olivine, orthopyroxene or garnet. The
: inétabiii@y of garnet at pressures lower thén 25-30
' kbar'in a méit results in vety rapid dissolution at 12_

—_————
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kbar. The dissolution rates at each pressure'have been
used to construct a model to predict the dissolution
rates of ultramafic xenqliths in alkali basalt magmas.
The results of the model indicate that there will only
be preferential dissolution of pyroxenite xenoliths
relative to peridotite xenoliths at low pressure (<10
kbar) and that the prﬁportions of these t;pes of
xenolith we observe at the surface are probably
representative of their proportions in' the upper
mantle. Therefore, the abundance of pyrokene-rich
eclogites and pyroxenite §enolitﬁs at some l;calities
is attributed to their local abundance. in the upper
mahtle{

Cation diffusivities calculated from concentration
profiles.in the glass adjacent to dissolving crystals
are depenaent on the dissolution rate of the mineral,
indicating that the stability of the mineral exerts

some control on the diffusivities. Thus, diffusivities

—
obtained from dissolution experiments should be treated

with caution until the species involved in the
diffusion process and the effects of multicomponenﬁ

diffusion are evaluated for a complex natural system.



VII. Summafy.and Conclusions

A. Summary of Results -

The petrology of ultramafic xenoliths from two
locaiities in the Canadian Cordillera and one locality
in western Alaska have been discussed alopg with an
experimental study of the dissolution rat;s of
ultramaficyxenoliths in alkali basalt magmas. The
following is a brief summary of the results.

The suite of ultramafic xenoliths from Summit Lake
is dominantly comprised of spinel lherzolite. However,
both chrome diopsidejbearing (Group 1) and aluminous
augite-bearing (Gro&p 11) xenoliths are present,
indicating that the ﬁpper mantle is mineralqgically'
heterogeneous; The Group I xenoliths have a mineralogy
of olivine (Fo,,), orthopyroxene (En,.), clinopyroxene
(Wo.sEn,;,Fs,) and spinels with variabie Cr,0, and Al,0,
content. Equilibration temperatures range from
1080—1100°C,-5uggésting that these xenoliths are
derived:f?gm greater depth than other xenoliths in the
éofdilléré and/or that the geotherm is variable.

Af%Lightning Peak, pargasitictamphibo;e has begn
ébserved in a spinél lherzolite xenolith. This
represents the fif;t documentation of a hydrous mineral
in the‘upper-mantle‘beneath the Canadian Cérdillera.

e amphibole is in textural and chemical equilibrium

with the other phases in the xenolith'and may have

| ' . o ..
f 141 NG
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formed as a result of metasomatism of the upper mantle
beneath this region. Melting textures observed within
the amphibole may be evidence of in-situ partial
melting in the upper mantle or may be due to melting
during decompression and incorporqtion of the xenolith
within the host basalt. Partial melting of an
amphibole-bearing spinel lherzolite may be one method
of generating the Late Cenozoic alkali basaltic magmas
in the Canadian Cordillera.

A preliminary investigation of a suite of
ultramafic xenoliths from western Alaska suggests that
the upper mantle beneath this locality is anhydrous and
is dominated by depleted spinel lherzolite. However,
two xenoliths have been observed,‘in which eéch of the
four mineral phases are more iron-rich than normal.
Thesé xenoliths may either be high pressure cumulates
or represent upper ﬁantle which haé exchanged with a
metasomatic fluid. The latter origin is favoured
because of the pervasive metasomatism documented at
Nﬁnivak Island. /

An exper1mental study of the d1ssolut1on rates of
the major anhydrous upper minerals'in an alka11 basalt
melt at high pressure indicates that the relatlve
dissolution rates of the minerals at any pressure are : °
governed by the liquidus phase relationshipé of the
v basalt; At low pressure, olivine dissolves most slovwly;

at high pressure clinopyroxene has the slowest
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dissolution rate. Dissolution is a steady-state process
in these experiments and is brought about by diffusion
of mineral components away from the crystal/melt
interface. However, diffusion coefficients calculated
from the concentration profiles in the glass appear to
depend on the dissolutiop rate of the mineral. Thus, a-
knowledge of the‘speciation involved in melt diffusion
is importaﬁt for obtainipg diffusivities from
dissolution experiments ianuch a complex system. A
model that predicts the dissolution rates of peridotite
and pyroxenite xenoliths in alkali basalt magmas
indicates that there is little xenolith digestion
during the supposed rapid ascent of alkali basalt
magmas, and there is only likely to be preferential
di'ssolution of pyroxen{te relative to_geridotite only
if the magma is gensratéa at low pressure.

: .

B. Conclusions

The nature of the Cor@illeran upper mantle
The evidence from ultramafic xenolith studies

indicate that the upper mantle beneath the Canadian

- Cordillera is heterogeneous on a scale of centimeters

to meters (e.g., Fujii.and Scarfe, 1982} Scarfe-et al.,

1982). The*composition ofvthe upper mantle is

"‘ypredominantly anhydfous chrome diopside-bearing spinel
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lherzolite, with minor proportions of dunite,
harzburgite, wehrlite, pyroxenite and websterite (e.g.,
Littlejohn and Greenwood, 1974; Fiesinger and Nicholls,
1977; Fujii and Scarfe, 1982; Nicholls et al., 1982).
Amphibele has only been discovered at only one locality
iQ southern British Columbia. The range in chemical
compositions of the constituent minerals are olivine
(FOsq1-9:), orthopyroxené (En,..,.), chrome diopside
(Na,0 > 1.0 wt%, TiO, < 1.0 wt%, Al,0, 2.0-7.0 wt%),
aluminous augite (Nazo < 0.5 wt%, TiO, > 1.0 wt%, Al,O,
> 10.0 wt%), spinel (Cr,0, 0-40.0 wt%, Al,0, 25.0-64.0
wt%, Mg/(Mg+Fe) 0.7-0.85).

Equilibration gemperatures calculated using the
empirical two-pyroxene geothermometer of wells (1977)
range from 850-1150°C. The temperatures of the
xenoiiths from the Yukon, northern and southern British
Columbia are relatively constant (950-1000°C); whereas
those in central British Columbia are extrémeiy
variable. The conclusion to be drawn is that the
temperatures in the northern and séhtbern qudillera
represent the predominant geotherm and that the
"xenoliths are incérporated within the host magmas from-
a restricted depth range. This may also indicate that
many of the magmas are generated from a common depth.
‘The variable temperatufe distribution recorded by the
‘vxeﬁolifhs from central Britigh Colﬁmbia may be

rationglized‘either’bf local perturbatibns in the
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geotherm as a result of recent volcanism in that area
or by magmas sampling a different depth range at each
locality. The lack of a suitable geobarometer for

spinel-bearing xenoliths\b(?cludes a definitive‘ghswer

to the problem.

Ultramafic xenolith survival
Ultramafic xenoliths have been commonly used 1in

experimental studies to determine both the subsolidus

£

Whigh pressure phase relationships of the upper mantle

and the pressure and- temperature of origin of basalts

and their compositions (e.g., Takahashi and Kushiro,
.. (. . )

1983; Fujii and Scarfe, 1985). Therefore, i1t 1s

important to have a knowledge of the stability of

ultramafic xenoliths (the mantle sample) as they are

brought to the surface in magmas.

, The results 'determined in this thesis indicate
\

that the ﬁineralogical varieties 'of ultramafic

xenoliths that are observed at the surface are

v

generally representative of their relative propon{}ons,/

4 ——

‘in the upper mantle. However, this statement depends on

"“a number O0f criteria being met:

1. the ~ascending magma is not superheated to a great
degree

2. ~The‘a-.scent rate of the magma is rapid (>1km/hr)

3. the magma is not gehergteé at low pressure (<10

-

kbar).
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In many cases, these three restrictions may be
satisfied; however, this work should be extended to

N

other melt cofmpositions, both alkali basalts and other
mantle-derived melts in order to guantify the survival
of the mantle sample. Further work is also required on

the ascent rates, times and cooling regimes of magmas

as they rise to the Earth's surface.
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