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ABSTRACT

Petrographical and mineral chemical analyses of mantle
xenoliths from Rayfield River, British Columbia indicate that
the upper mantle beneath this area is camposed daminantly of
spinel lherzolite, and is heterogeneocus on a am to meter scale,
A Miocene geotherm constructed for this area using the
temperature of equilibration recorded by the xenoliths is
similar to a geotherm derived from present day heat flow
measurements,

Fhlogopite has been recognized for the first time in
mantle-derived xenoliths fram the Canadian Cordillera.
Petrographic and mineral chemical studies of phlogopite
associated with fluid inclusions in mantle-derived xenoliths
from Kostal lake, British Columbia, indicate that fluids and/or
melts fluxed the upper mantle beneath eastern British Columbia,
possibly between 3.5 Ma and 400 years ago. The metasomatism
caused oxidation of the mantle and may have been related to
recent magmatism in this area.

Oxygen fugacities (fn,'s) calculated for mantle-derived
xenoliths from British Columbia range from about 0.5 to 1.5 log
units below the fayalite - magnetite - quartz buffer at 15 kbar.
These f,,'s are more reducing than those reported for the
upper mantle beneath the Massif Central ard Japan, and fall
within the range for fresh MORB glasses, and xenoliths from the
southwestern United States and Mongolia. Significant variations



in fn, between samples from different eruptive centers with
varying ages are absant, indicating that the oxidation state of
the mantle was unaffected by late Canozoic magmatism in this
alkaline province.

Phase relations in simplified peridotite + CO, + H,0
systems investigatad at 4 to 12 GPa demonstrate that
uncontaminated, diamord-bearing kimberlites could be derived by
partial melting of carbonated peridotite within a restricted
depth interval of 150 to 250 km. This interval may represent the
lithosphere/asthencsphere transition beneath stable cratons. If
the fn, recordad in samples fram the upper 150 km of the
mantle is maintained at depth, then magnesite is a potential
host for carbon in the Earth to depths of at least 350 km.
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1. THESIS INTRODUCTION

Studies of mantle-derived xenoliths hosted in alkaline rocks
are central to our understanding of the nature and evolution of
the Earth's upper mantle, and its role in the géneration of
magma (Yoder, 1976). Because these "mantle samples" are the best
evidence we have for the camposition of the upper mantle, they
impose major constraints on geophysical, geochemical and
exparimental investigations attempting to define the structure,
physical properties, and petrology of this region in the Earth.

Upper mantle xenoliths are hosted in alkaline rocks
throughout British Columbia and the Yukon. In Chapter 2, the
petrological study of a xenolith suite from south-central
British Onlumbia provides evidence for a heteroganeocus upper
mantle beneath the Cordillera, and demonstiates the overall
uniformity of geothermal conditions during late Cenoczoic
volcanism in this mountain belt. Mantle xenoliths from this
locality are hostaed in hawaiite, suggesting that such evolved
campositions can be primary magmas derived fram the mantle, and
that magma generation has in same cases occurred at fairly
shallow depths (30 to 40 km) in the Cordilleran upper mantle.

Mantle xenoliths may also record processes which have
occurred in the upper mantle, such as metasomatism and the
formation of hydrous phases. The importance of fluids in
metasamatism and magmatism in the upper mantle has been
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emphasized in several petrological and experimental stwdies of
mantle peridotites (Wyllie, 1979; Bailey, 1982). Matascmatic
processes are envisaged to occur in the uppar mantle above
subduction zones (Tatsumi, 1989). Although thm has been an
extensive history of subduction throughout the Cordillera,
surprisingly little petrologic evidence exists for a modally
metascmatized mantle baneath this region.

In Chapter 3, thefimtocwrmmofphlogopitem'
Cordilleran mantle-derived xnoliths is documented, and the
perplexing absence of metasamatic phases in the sub-Cordilleran
uppar mantle is discussed. Evidence is presented for the
infiltration of oxidized fluids or fluid-rich melt into the
mantle lithosphere baneath eastern British Columbia. The overall
petrologic significance of this metasamatism, is evaluated in
the light of current proposals which suggest that mantle
metascmatism is either a precursor to (Menzies and Murthy, 1980)
or consequence of (Roden et al,, 1984) magmatism in alkaline
provinces worldwide.

The camposition of metasomatic fluids or fluid-rich melts in
the upper mantle is controlled by the activity or fugacity of
oxygen. For this reason, the oxidation state of the upper mantle
is an important variable governing the speciation of volatiles,
and their role in magma genesis and mass transport in the
mantle. The ocirrent oxidation state of the upper mantle may,
furthermore, provide same record of core formation during the

early stages of our planet's formation, or of its degassing



history over time.

In recent years, there has been great debate concerning the
oxidation state of the upper mantle. Arquments for both a
reduced and oxidized state have been advancad. Same workers
argue for a reduced oxidation state, while others propose a
slightly oxidized state (Arculus, 1985). The possibility also
exists for an upper mantle hetercgensous in its oxidation state
(Haggerty and Tampkins, 1983), but limits on the degree of this
lateral and vertical heterogeneity have yet to be defined,

In Chapter 4, the oxidation state of the upper mantle
beneath the Canadian Cordillera is investigated using redox
equilibria recorded by coexisting of olivine, orthopyroxene and
spinel in mantle xencliths fram mmerous localities throughout
this region. Mosshauer spectroscopy is employed to precisely
determine the Fe3* content of spinels, a crucial parameter
used in the calculation of oxygen fugacities recorded by the
xenoliths. The results indicate that throughout the Cenozoic,
the sub-Cordilleran upper mantle was oxidized, but not to the
extent of mantle lithosphere above other subduction zones. The
limited extent of lateral or vertical heterogeneity in oxidation
state of the mantle beneath the Cordillera is also demonstrated.

The role of C-O-H volatiles in the genesis of magmas in the
upper mantle has been a particularly enlightening area of
research in experimental petrology over the last twenty years
(Rushiro, 1969; Bggler, 1978; Wyllie, 1979). In view of these
studies, it has long been appreciated that a significant
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deep-seated, diamand-bearing kimberlites, in order to explain
the Si-poor nature and explosive emplacment of these rocks. The
crigin of kimberiite and othar volatile-rich, xenolith-bearing
alkaline magmas deep in the Earth's peridotitic upper mantle is
poorly urderstood, however, due to the lack of experimental
information on peridotite + CO, + H,O systems at pressures
above 5 GPa, where diamords are stable, Fortunately, the advent
of milti-anvil presses for use in experimental geochemistry now
makes this pressure - temperature region amenable to phase
equilibrium experimentation.

In Chapter 5, phase relations in synthetic peridotite +
Q0, systems to 12 GPa are reported. The acbjectives of these
experiments were to: 1) demonstrate the possible spactrum of
magmas which can be derived from a peridotite + 0, source
rock at very high pressures in the mantle, 2) provide
constraints on the P - T regime for the generation of kimberlite
and allied magmas in the mantle, and 3) cament on the stability
of carbonates at depth in the mantle, and their potential for
storing carbon in this region of the Earth. The results suggest
a limited depth of 150 to 250 km for kimberlite generation in
the upper mantle beneath stable cratons, and demonstrate that
carbonates introduced into the mantle by subduction of altered
oceanic lithosphere are potential reservoirs for carbon to
depths of at least 350 km in the Earth.
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2. PETROIOGY OF ULTRAMAFIC XENOLITHS FROM RAVFIELD
RIVER, SGJIH-CE:NMLE!I‘I‘IS!'ICI’HMBIA

2.1 INTRODUCTION

The study of mantle xenoliths hosted in alkali basalts and
kimberlites worldwide is central to our understanding of the
mineralogy and chemistry of the upper mantle. Several recent
studies have described ultramafic xenoliths hosted in Late
Cenozoic alkaline volcanics in British Columbia (Littlejohn and
Greermood, 1974; Nicholls et al., 1982; Scarfe et a)., 1982;
Fujii and Scarfe, 1982; Ross, 1983; Brearley and Scarfe, 1984;
Brearley et al., 1984) that show evidence for a heterogenacus
and possibly metasamatized upper mantle beneath this region.

This paper documents a new occurrence of ultramafic
xenoliths near Rayfield River, south-central British Columbia.
In this paper, I describe the mineralogy and mineral chemistry
of xenoliths derived fraom the upper mantle and show additional
evidence for a heterogeneous upper mantle beneath British
Columbia. These data are used to estimate the temperatures of
ecuilibration of the xenoliths and to construct a geotherm for
the upper mantle beneath Raytield River.



2.2 GEOLOGICAL SETTING

The Rayfield River locality (51°20'N, 121°7'W) is one
of a growing list of xenolith occcurrences in the Cordillera, all
of which occur along a northwest-trending belt (Fig. 2.1). This
belt parallels a thinning of the lithosphere beneath southern
British Columbia (Nicholls et al., 1982). Xenoliths at Rayfield
River are hosted in a massive flow. The flow may represent a
distal portion of the Chilcotin Group plateau lavas to the west,
which erupted between 6 - 10 Ma ago (Bevier, 1983).

2.3 ANALYTICAL METHODS

Electron microprabe analyses of the mineralogy of the
xenoliths and host lava were parformad at the Department of
Geology, University of Alberta, using an ARL SBMQ microprobe
fitted with an ORTEC energy dispersive spectrameter. Routine
analyses of standards and samples used a rastered beam (10
umz) with an operating voltage of 15 kV, probe current of 4
nA, and 240 s counting times. Data were processed with full 2AF
corrections using EDATA2 (Smith and Gold, 1979). The limit of
detection using EDA is 500 ppm and accuracies for major and
minor elements are camparable to WDA (Smith, 1976; Fujii and
Scarfe, 1982).

Analysis of the whole rock host lava was done using WDA on



a glass bead fused in air at 1300°C for two hours. To avoid |

volatilization of alkalies, a point beam was moved continuously
over the sample throughout the 400 8 counting time. Ferrous iren
in the host lava was determined by wet chemistry.

2.4 HOST IAVA

The host lava contains up to 5% microphenocrysts of
olivine (Fogg) set in a groundmass of plagioclase (Angq) .
titanaugite and titanomagnetite, with rare apatite and glass.
Xenocrysts of olivine and pyroxene that ghow reactions with the
host lava may be derived from disacggregation of the xenoliths.
The composition of the host lava (Table 2.1), which is the
average of three analyses, is close in composition to a separate
XRF determination for the same rock sample (Smith, 1986). The
lava is a hawaiite according to the classifications of Macbonald
and Katsura (1964), Irvine and Baragar (1971), and Ie Bac ot ai.
(1986) .

2.5 ULTRAMAFIC XENOLITHS

One hundred xenoliths were collected and examined in hand
specimen. The xenoliths are subrounded and range in size from 1
=~ 10 cm. The xenolith suite consists of ultramafic rocks, with
subordinate crustal rocks of granitoid camposition (Fig. 2.2).
The ultramafic xenoliths can be subdivided into two major
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groups: 1) green Cr dicpside-bearing xenoliths and, 2) black Al
augite-bearing xenoliths. Only the former group are describad in
this paper.

The Cr dicpeide-bearing xancliths are dominated by spinel
lherzolite, with lesser amounts of dunite, websterite,
harzburgite and olivine websterite (Fig. 2.2). Cantimetar-scale
Cr diopaide~rich bands occur in two spinel lherzolite xanoliths.
Two other xenoliths contain dark websterite veins which
croas-cut lherzolite or dunite. Similar features have been
cbserved in other mantle xenoliths (e.g. Irving, 1980; Scarfe et _
al., 1982; Brearley gt al., 1984) and are thought to be strong
evidence for a heterogensous upper mantle beneath British
Colurbia.

Petrography

Seventeen representative samples of the Cr
diopside-bearing suite were chosen for petrographic examination.
All of the xenoliths have protogramular textures (Mercier and
Nicolas, 1975). Olivines range in size fram 1 - 5 mm and
occasionally show undulatory extinction. Orthopyroxenes range
fram 1 - ¢ mm and rarely show exsolution lamellae, 10 -~ 20 um
thick, parallel to (010). Clinopyroxenes are clear to pale green
and usually occur as granules less than 1 mm in size. Exsolution
lamellae up to 40 um in width are occasionally present. Both
pale green (Al-rich) and dark brown (Al-poor) spinels occur as
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intarstitial qrains less than 0.5 mn in size. These two
different types of spinel do not coexist in any of the yanoliths
examinad,

Websterite i:blusion RR108 contains pale green Al-rich
gpinel with coranas of plagioclase, suggesting re-equilibration
in the plagiocclase stability field. The petrological
implications of this texture will be diacussed later.

Clinopyroxenss camonly cantain amall vermicular pockets
of glass alang their grain boundaries. The glass blebs are less
than 50 um in long dimension. It is unclear whether they are the
result of natural partial melting in the upper mantle (e.q.
Maaloe and Printzlau, 1979), simple heating by the host magma
during transport, or decampression during ascent of the
xenoliths (Brearley et al., 1984).

Reaction with the host magma is evident in same samples,
particularly where pyroxene occurs at the contact between the
xenolith and host magma. The reaction is represented by a
spongy-textured zone of elongated pyroxene, granular magnetite,
hopper-shapad olivine and basaltic glass along the contact
between orthopyroxene and the host hawaiite. Similar features
have been noted in ultramafic xenoliths by Kuo and Kirkpatrick
(1985) . Brearley and Scarfe (1986) attribute these textures to
the instability of pyroxene in alkali basalt magmas at low

pressure.
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Mineral Chemistry

Microprobe analyses of minerals fram seventeen Cr
diopside~bearing xenoliths representative of the Rayfield River
suite are given in Table 2.2.

olivine

Olivine ranges in camposition fram Fogq to Foy, and
NiO contents (0.3 - 0.5 wt.$) do not correlate with Fo content.

Ca0 was not detected in any of the olivines analyzed.

Orthopyroxene

Orthopyroxenes in most of the xenoliths vary in
composition from Eng,Wo,Fs, to EnggWo,Fsyq.
Al,0; and Cr,0; range from 3.3 - 5.0 and 0.2 - 0.5 wt.%,
respactively. Pyroxenes in websterite bands usually have
slightly higher Al,0; contents when campared to lherzolite
or harzhurgite pyixenes (Table 2.2). Three discrete websterite
xenoliths (RR61, RR91, RR108) have orthopyroxenes with up to 19
mole § of the Fs campanent (Fig. 2.3). These Fe-rich
campositions contain more Al,03 (upto 7.0 wt.%) and less
Cry03 ( < 0.2 wt.$) than orthopyroxenes from the other
xenoliths (Table 2.2).
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Clincpyroxene

Clinopyroxenes range in camposition fram Bng,Wo,qFsg
to EnygWo,oFs;, and contain up to 7.0 wt.§ Al,0, and
1.4 wt.% Cr 03, When plotted in the pyroxens quadrilateral,
they lie within the diopside compositional field, and are
refarred to as Cr diopsides (Fig. 2.3). Black, Fe-rich
clincpyroxenes from the same discrete websterite xenoliths noted
above (Fig. 2.3), have higher Al,0; (up to 9 wt.$), and
lower Cry04 ( < 0.2 wt.%) when compared to normal Cr
diopsides. These compositions appear to be campositionally
intermadiate between Al augites (Al,05 > 10 wt.§, Cry04
< 0.2 wt.%) and Cr diopsides. Similar clinopyroxenes have been
described at Summit lake (Brearley et al., 1984) and they may
represent a chemical continuum between the green ard black
clinopyroxenes. Alumina contents of pyroxenes show a hegative
correlation with C:'/C:'+A1+Fe3+ in coexisting spinels (Fig.
2.4).

Spinel

Spinels in all but the Fe-rich websterites are low in
Tio, ( < 0.15 wt.%). They also show a negative correlation
between Mg/Mg+Fe?t (0.79 - 0.89) and Cr/Cr+Al+Fe’* (0.05 -
0.26) . All of the Fe-rich websterites contain pale green,
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Al-rich spinels (Cr/cr+Al+Fe’* < 0,05), These spinels usually
have lower Mg/Mg+Fe? (0.69 - 0.83) than spinels from the
other Cr diopside-bearing xenoliths.

Plagioclase

Plagioclase replacing spinel in websterite RR108 is Ang,
in composition (Table 2.2). Basad on stoichiametry, the small
amount of iron in the amalysis is assumed to be Fe3' replacing
ALYt (Deer et al., 1966).

2.6 DISCUSSION
Cr diopside-bearing xenoliths

The Cr diopside~bearing xenoliths are similar in their
major and minor element mineral campositions to xenoliths of
this type described elsewhere (e.g. Kuno and Aoki, 1970;
Wilshire and Shervais, 1975; Frey and Prinz, 1978) . The
refractory camposition of olivine strongly suggests that most of
the xenoliths have undergone one or more rrvious partial
melting events. This is also borme out by the presence of
protogranular textures in the xenoliths, which are thought to
record a recrystallization process during partial melting
(Mexcier and Nicolas, 1975).
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The range in Cr/Cr+Al+Fe’ in mantle spinels is pressure
dependant (Haggerty, 1979); hence, it is a measure of t.he depth
interval sampled by the host hawaiite. The limited range in this
ratio for Rayfield River spinels (0.01 - 0.26) when campared to
other yanclith localities (e.g. Summit Lake - Cr/Cr+Al+Fe s
0.01 - 0.50), suggests that the depth interval sampled by the
host hawvaiite was rather amall.

Websterite veins that cross-cut the lherzolite xenoliths
most likely represent melts frozen in the upper mantle (e.q.
Irving, 1980). They have since re-equilibrated with their host
lherzolite as indicated by the similar campositions for minerals
in both the websterite veins and host lherzolite (Table 2.2).
Reaction halos between the websterite veins and their host
lherzolite were not detected petrographically or by microprobe;
therefore, they may have been abliterated by partial re-melting
of the original veinlet/host composite (e.g. Frey ard Pringz,
1978).

The Fe-rich websterite xenoliths contain black
clinopyroxenes similar in appearance to those described by
Wilshire and Shervais (1975) ard Frey and Prinz (1978). However,
the clinopyroxenes analyzed here are better described as Cr-poor
diopsides, rather than Al-augites (Fig. 2.3). When compared to
the Group IT clinopyroxenes of Frey and Prinz (1978),
clinopyroxenes fraom the Fe-rich websterites contain less FeO and
Tid,. Orthopyroxenes and spinels from these same websterites
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are also similar to Group II campositions, but are less Fe-rich.

The Fe-rich mineral chemistry of the websterite xanoliths,
suggests that they may have crystallized from basaltic melt at
high pressures in ths mantle. A similar origin has been inferred
for "metacumilates" of this type in xenolith suites elsewhere
(Frey and Prinz, 1978; Roas, 1983; Brearley et al., 1984;
Esperanca and Garfunkel, 1986). The coronas of plagioclase
(Ang4) replacing Al-rich spinel in websterite inclusion RR108,
suggest that it resided for a limited time in the lower crust,
causing re-equilibration of the xenolith in the plagioclase
stability field ( < 30 km depth).

Geothermametry

The uniform camposition and lack of significant zoning in
any of the mineral phases suggest that the xenoliths are well
equilibrated. For this reason, the temperature of equilibration
of the xenoliths can be calculated using element partition
geothermameters.

To estimate the temperature of equilibration of the
xenoliths, I used the Wells (1977) two-pyroxene gecthermameter.
This particular thermometer was chosen to facilitate comparison
with other work of this nature in British Columbia. Temperature
estimates using the Wells (1977) gecthermameter are accurate to
+70°C. Errors in the microprobe analyses introduce
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uncertainties of +10°C. The results of the calculations are
ghown in Figure 2.5. Most of the temperatures for the xenoliths
range from 860 - 980°C. These temperatures ot equilibration
are well below solidus temperatures for both anhydrous mantle
paridotite (Takahash! and Wushiro, 1983) and alkali basalt
(Arculus, 1975). This confirms that the xenoliths are accidental
fragmants derived fram the upper mantle, and are not cogmate
with their host magma, as has been inferred for ultramafic
xanoliths from same other localities (e.g. Sen and Presnall,
1986) .

Due to the lack of a suitable gecharameter for spinel
lherzolite, the pressure of equilibration of the xenoliths
cannot be accurately determined. However, published phase
equilibria for spinai lherzolite bracket their pressure of
equilibration between 7 - 16 kbar at 900°C (Herzbery, 1978).
This correspards to a depth of equilibration between 23 - 53 km
at the temperatures estimated from the geothermometry.

Figumz.&shbarsageothezmconstmctedformeupper
mantle beneath Rayfield River using the temperature and depth
estimates calculated above. Two extreme gectherms (dashed lines)
are drawn through the lower and upper depth limits estimated for
the xenoliths. An average of these two extreme geotherms (solid
line), lies very close to the geotherm calculated for this
region using heat flow measurements (Davis and lewis, 1984), and
gives a depth of equilibration for the Rayfield River xenoliths



17
of between 30 - 40 km (Figure 2.6a). This is consistent with the
inferred 30 - 35 km depth to the Moho in the Rayfield Rivar area
(Nicholls et al., 1982). Altermatively, if we assume the
xenoliths equilibrated on the average Cordilleran geotherm of
Ranalli (1980), their depth of equilibration would be 35 = 45 km
(Fig. 2.6b). This inferred depth of equilibration is less than
that estimated for other xenolith suites from southemn British
Columbia (e.g. Fujii and Scarfe 1981, 1982; Brearley et al.,

1984).
Host magma

Most mantle xenolith-bearing lavas from British Columbia
range in composition from nephelinite to alkali basalt. Bacause
the host lava for the Rayfield River xenoliths is a more evolved
camposition (hawaiite), it is unique to this region. The
occurrence of mantle xenoliths hosted in the Rayfield River
hawaiite implies that magmas of similar evolved composition can
be derived from the upper mantle, Takahashi (1980) and Takahashi
and Kushiro (1983) have shown that a similar but slightly more
primitive camposition than the Rayfield River hawaiite (KRB -
see Table 2.1) is saturated with olivine, orthopyroxene, and
clinopyroxene at pressures between 13 - 15 kbar. This
experimental evidence suggests that the Rayfield River hawaiite
may have been generated by melting at similar pressures in the
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upper mantle bensath British Columbia. Generation of the host
hawaiite at shallow depths (40 - 45 km) would allow it to sample
only the upparmost 1id of the mantle upon ascent to the surface.
Such an origin is in accord with the shallow depth of
equilibration derived frem the xenolith gectharmametry, and the
limited depth interval implied by the amall range in
Cr/Cr+Al+Fed" in xenolith spinels.

2.7 SUMMARY

Ultramafic xenoliths hosted in a hawaiite flow near
Rayfield River are daminantly spinel lhamolita, implying that
the upper mantle beneath this region is camposad largely of this
rock type. local regions of cunite, websterite, harzburgite, and
olivine websterite also exist. Mineralogically banded xenoliths
are further evidance for this local heterogeneity. The
refractory mineral compositions, protogramilar textures, and
inferred temperatures ard depths of equilibration of the
xenoliths (860 - 980°C, 30 - 40 km), require that they be
fragments of the upper mantle, which have undergone one or more
episodes of partial melting. Three Fe-rich websterite xenoliths,
one of which contains plagioclase, are most likely high pressure
cumlates which crystallized fram magmas in transit through the

uppermost mantle.
A gectherm constucted for the upper mantle beneath
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Rayfield River is similar to cne calculated for this area using
heat flow measurements. The depth of equilibration of the
Rayfield River xenoliths is somewhat less than that inferred for
other xenolith suites from southern British Columbia. The
hawaiite hosting the Rayfield River xenoliths may have been
generated at considerably lower pressures than the more
primitive, alkali basalt to nephelinitic lavas hosting mantle
xenoliths elsewhere in British Columbia.
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Table 2.1. Whole Rock Analysis and CIFW Norm Q¢ Rayfield River
Host Hawaiite and Alkali Basalt KRB

Oxide (wt.%) CIFY Nomm (wt.§)
HOST KRB HOST KRB
HAWAIITE HAWATITE
sio 47,99 47.47
A8, 1567 1715 or 7,33 9,98
&03 3.20 2.26 Ab 30.88 24.82
8.29 7.22 aAn 21.72 25,33
MO 0.17 0.15 Ne 1.0l 3.38
M0 7.30 8.76 Di-wo 6.11 4,26
Ca0 8.21 8.03 Di-en 3.84 2.90
8 1.24 1.69 ol 15.48 18,38
Ti0, - 2.41 2.43 Mt 4,64 3.28
P,0¢ 0.67 0.66 Il 4.58 4,62
Ap 1.58 1.53

Total _ 99.02  99.49
Ma/My+Felt 73.0 79,0

Notes: % Data for alkali basalt KRB are fram Takahashi (1980).



Table 2.2 Represantative Analyses of Xenolith Minerals
Olivines

RR31 RR224 RR182B
owv 1-1 OLV 2=1 oLV 1-1
Sioz 40,32 40,43 40,59
Tio. n.d. n.d. n.d.
A1283 nvd' nodo n'd'
Cf.'203 nodc nodo n'd'
%03 n.a. n.a. n.a.
8.47 9,76 9.77
Mo 0.09 0.17 0.17
Mx0 49,49 48,38 49.45
Ccao n.d. n.d. n.d.
Na o n'd' n'd' n.dc
& n.d. n.d. n.d.
Nio 0.45 0.50 0.49
Total 28,82 99,24 100.47
(o] 4,000 4,000 4,000
Si 0.998 0.999 0.993
Al n.d. n.d. n.d,
Ti n.d. n.d. n.d.
cr n.d. n.d. n.d.
Fe3+ n'a' n.a. n.a.
Fe2+ 0.175 0.202 0.200
Mn 0.002 0.002 0.003
My 1.826 1.792 1.802
Ca n.d. n.d. n.d,
Na n.d. n.d. n.d,
K n.d. n.d. n.d.
Ni 0.008 0.010 0.010
Sum 3.009 3.005 3.008
Ma# 91.2 89.8 90.0
ca 0.0 0.0 0.0
M 9l1.2 89.8 90.0
Fe 8.8 10.2 10.0
Dun Sp-L Sp-L

Notes: n.d.= not detected n.a.= not analyzed. All Fe in
silicates (except PL 1-1) as FeO. Fe,05 in spi and
plagioclase Bx stoichiametry. Cri= Cr/Cr+Al+Fe
Mg#=Mg/Mg+Fe“" rock type —— Sp-I= spinel lherzolite, Dun=
dunite, Web= Fe-rich websterite, Web-b= websterite vein
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Table 2.2 contimued,..
Qrthopyvroxenes

RR224 RR222 RRB4 RR175B RR91 FR108
OPX 1-1 OPFX 2-1 OPFX 3-1 OPFX 2-1 OPFX 1-1 OFX 2-1

Sioz 55.45 55,41 54,71 55.42 52.69 52.46
Tio n.d, n.d. n.d, n.d. n.d, n.d.
A1283 3.86 4,10 5.04 3.37 5.39 7.16
&203 0046 0031 0021 0133 0020 nvdo
&03 nvao nva' n'av noa' n-&. n.&-
6.23 6.62 6.57 6.14 11,79 8.48

MO 0.10 0.19 0.13 n.d. 0.22 0.22
MO 33.26 33.43 33.46 34.16 28,79 30,73
. Ca0 0.73 0.57 0.55 0.49 0.61 0.71
Na,0 n.d, n.d. n.d, n.d. n.d, n.d.
8 n.d. n.d. n.d, n.d. n.d, n.d,
Nio 0.12 0.09 0.14 0.10 n.d. n.d.

Total 100.21 100,72 100.81 100.01 99,69 99.76

0 6.000 6,000 6,000 6.000 6.000 6.000
si 1.910 1.904 1.878 1.913 1.871 1.835
Al 0.157 0.166 0.204 0.137 0.225 0.295
Ti n.d. n.d. n.d. n.d. n.d. n.d.
Cr 0.013 0.008 0,006 0.009 0.006 n.d.
Fel+ n.a. n.a. n.a. n.a. n.a. n.a.
Fe2+ 0.180 0.190 0.189 0.177 0.350 0.248
M 0.003 0.006 0.004 n.d. 0.007 0.007
Mg 1.708 1.712 1.712 1.757 1.524 1.602
Ca 0.027 0.021 0.020 0.018 0.023 0.027
Na 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.
Ni 0.003 0.002 0.004 ©.003 n.d. n.d.
Sum 4.001 4.009 4,017 4.014 4.006 4.014
et 90.5 90.0 90.1 90.8 81.3 86.6
Ca 1.4 1.1 1.1 0.9 1.2 1.4
My 89.2 89.0 89.1 90.0 80.3 85.4
Fe 9,4 9.9 9.8 9.1 18.5 13.2

Sp~L Sp~-L Web~b Sp-L Web Web




23

Table 2.2 continued...
Clincpyroxenes
RR210A RR39 RRB4 RRI1 RR108 RR61

CPX 2=-1 CPX 2-1 CPX 4=1 CPX 2-1 CPX 3-1 CPX 3-1
sioz 52,14 51.92 52,22 50.80 51.18 50.29
Tio 0.45 0.23 0.27 0.39 0.15 0.24
A1283 5.89 6.10 7.35 6.87 8.79 8.05
Cr203 0.73 1.07 0.55 0.35 0.18 0.54
%03 n'a' n'a' n.a’ n'a' n'a' n'a'
P 2.68 2.52 2.75 5.10 3.54 5,51
Mno n.d. n.d. n.d, 0.10 n.d, 0.07
Mo 15.63 15.37 15.15 14.08 14,66 13.92
Ca0 20,97 20.43 20.41 21.37 21,05 20,80
Na,0 1.31 1.77 1.55 0.80 1.30 1.02
xia n.d. n.d. n.d, nd. nd.  nad.
Nio n.d, 0.09 0.09 n.d. n.d. n.d.
Total 99,80 99,50 100.33 99.96 100.85 100,44
8] 6.000 6.000 6.000 6,000 6.000 6,000
Si 1.890 l1.889 1.878 1.860 1.838 1.834
Al 0.252 0.262 0,312 0.297 0.372 0.346
Ti 0.012 0.006 0.007 0.011 0,004 0.007
Cr 0.021 0.031 0.016 0.010 0.005 0.015
F33+ n.a. n.av n‘a. n'a’ n!al n’a.
Fa2+ 0.081 0.077 0.083 0.156 0.106 0.168
Mn n.d. n.d. n.d. 0.003 n.d, 0.002
My 0.845 0.833 0.812 0.768 0.785 0.757
Ca 0.815 0.796 0.787 0.838 0.810 0.813
Na 0.092 0.125 0.108 0.064 0.091 0.072
K n.d. n.d, n.d. n.d. n.d. n.d.
Ni n.d. 0.003 0.002 n.d. n.d. n.d.
Sum 4.008 4.022 4.005 4,007 4,011 4,014
Mg# 91.2 91.6 90.8 83.1 88.1 81.8
Ca 46.8 46.7 46.8 47.5 47.6 46.8
My 48.5 48.8 48,3 43.6 46.1 43.5
Fe 4.7 4.5 4,9 8.9 6.3 9.7

Sp~L Sp~L Web~b Web Web Web
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Table 2.2 continued...

Spinels Plagicclage
RR182B RR39 RR84 RR108 RR61 RR108
SWN 1-1 SN 1=l S 1-1 SIN 3=1 SIN 3-1 PL 1-1
Sioz n.d, 0.24 n.d, 0.25 n.d, 55.47
Tio n.d. n.d, n.d, n.d. 0.32 n.d.
Al283 54,71 56,06 59.88 65,45 55.19 27,89
Cra0; .11 .22 5.28  1.20 3.50 n.d.
%03 4.90 3.02 5.09 3.36 9.84 0.41
5.88 6.48 5.63 8.47 13,93 n.a.
Mo 0.13 0,20 0.11 0.15 0.23 n.d.
M0 22.24 21.94 22.87 21.85 17.38 n.d.
QO n’d' n.d' n’d. o’ 08 n'd’ 10'97
Na,0 n.d. n.d, n.d. n.d. n.d. 5.14
n'd' n'd' n’d' n.d' n'd' 0024
Nio 0.38 0,44 0.51 0.51 0.55 n.d,

Total 99.35 99,60 99,37 101.32 100,94 100,12

0 4.000 4.000 4.000 4.000 4.000 8.000
si n.d, 0.006 n.d, 0.006 n.d, 2.504
Al 1.671 1.704 1.793 1.908 1.714 1.487
Ti n.d, n.d. n.d, n.d, 0.006 n.d,
Cr 0.228 0.229 0.106 0.023 0.073 n.d.
Fe3+ 0.096 0.059 0.097 0.062 0.195 0.014
Fe2+ 0.127 0,140 0.120 0.175 0.307 n.a.
Mn 0.003 0.004 0.002 0.003 0.005 n.d,
My 0.859 0.844 0,866 0.806 0.683 n.d.
Ca n.d. n.d, n.d, 0.002 n.d. 0,532
Na n.d. n.d, n.d. n.d. n.d. 0.449
K n.d. n.d, n.d. n.d. n.d. 0.014
Ni 0.008 0.009 0.010 0.011 0.009 n.d,
Sum 2.992 2.995 2.996 2.997 2.992 5.000
Ma# 87.1 85.8 87.9 82,1 69.0 Are= 53
cr# 0.11 0.12 0.05 0.01 0.04 Ab= 45
Oor= 2

Sp~L Sp-L Web=b  Web Web Web
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1. Yukon

2. Atlin

3. Mt, Llangorse
4. Castle Rock
8. Summit Lake
6. ltcha Mtns.

7. Eastern B.C.
8. Nicola Lake
9. Lightning Peak
10. Lassie Lake
11. West Kettle River
4 Rayfield River

‘l‘M‘N

Figure 2.1. Ultramafic xenolith occurrences in the Canadian
Cordillera adapted from: (1) Sinclair et al., 1978; (2) and
(6) Nicholls et al., 1982; (3) Higgins and Allen, 1985; (4)
and (8) Littlejohn and Greermood, 1974; (5) Brearley et al.,
1984; (7) Fiesinger and Nicholls, 1977; Fujii and Scarfe,
1981 (9) Brearley and Scarfe, 1984; (10) Ross, 1983; (11)
Fujii and Scarfe, 1982.
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Figure 2.3. Campositional variation of pyroxenes in ultramafic
xenoliths at Rayfield River. Circles - spinel lherzolite,
dunite, harzburgite, and olivine websterite xenoliths.
Triangles - discrete Fe-rich websterite xenoliths.
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Figure 2.5. Range in calculated temperatures of equ@libzat':ion
for clinopyroxene - orthopyroxene pairs in Rayfield River
ultramafic xenoliths.
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Figure 2.6. a) Geotherm constructed for the upper mantle beneath
Rayfield River using the calculated temperatures of
equilibration for the xenoliths and phase equilibrium
constraints for spinel lherzolite. Dashed lines are the
extreme errors in the gectharm. Dotted line is a gectherm
based on heat flow measurements for south-central British
Colunbia (adapted from Davis ard lewis, 1984). b) Depth
estimates for the Rayfield River xenoliths using the average
Cordilleran gectherm adapted from Ranalli (1980). Also shown
for camparison is the average shield gectherm adapted from
Clark and Ringwood (1964).
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3. ORIGIN OF PHLOGOPTTE IN MANTLE XENOLITHS FROM KDSTAL
.IAKE,WEU.S@AYPARK, BRITISH COLIMBIA

3.1 INTRODUCTTION

The discovery of phlogopite in mantle xenoliths by Dawson
and Powell (1969) confirmed that a discrete K-bearing phase
existed in the upper mantle, and that it may be respansible for
the presence of potassium in many magmas erupted on the Earth's
surface. Since then, mmarocus other studies of phlogopite hosted
in upper mantle xenoliths have demonstrated the capacity of this
phase to retain K, Rb, BRa, H,0 ard other incompatible elements
in the source region of mantle derived magmas (Aoki, 1975;
Boettcher and O'Neil, 1980; Delaney et al., 1980). Fhlogopite
may influence the trace element and isotope systematics of melts
generated in the upper mantle (Bailey, 1982; Menzies, 1983). In
addition, experimental studies have shown that the presence of
phlogopite in mantle assemblages influences the melting
behaviour of mantle peridotite (Wyllie, 1979; Werdlandt and
Eggler, 1980; Olafsson and Bggler, 1983).

Previous investigations of Cordilleran ultramafic xenoliths
have revealed an overall paucity of hydrous phases in the upper
mantle beneath this region (e.g. Fujii and Scarfe, 1982; Ross,

1983; Brearley et al., 1984; Canil et al., 1987; Francis,
1987). Only a few occurences of amphibole and apatite have been
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described (Brearley and Scarfe, 1984; Higgins and Allen, 1986;
Matcalfe gt al., 1986). The gemnl absance of hydrous minarals
in the extensive mmber of xenoliths and localities studied
(Fig. 3.1) is espacially puzzling when considaring the evidence
for metasamatism manifest in the geochemical signatures of
alkaline lavas derived fram the Cordilleran upper mantle (e.q.
Smith, 1986; Metcalfe gt al., 1986; Eiche et al, 1987).

In this paper, the first major cccurrence of phlogopite in
ultramafic xenoliths fram the Canadian Cordillera is documented.
Using petrographic and mineralogical data, the paragenesis of
phlogopite in lherzolite, dunite and cumilate wehrlite xenoliths
hosted in lavas and ejecta of a Quatermary alkaline volcano in
eastern British Columbia is described. Bacause of the unique
origin of the phlogopites, the implications for metasomatism and
alkaline magmatism in the Cordilleran upper mantle are
discussed,

3.2 GEOLOGICAL SEITING

The Wells Gray Park area is situated within the
Quesnel-Shuswap Highlands of eastern British Columbia and is
underlain by Hadrynian and possibly younger metamorphic rocks of
the Kaza Group and Shuswap Camplex (Hickson and Souther, 1984).
Volcanism in the region began about 3.5 Ma ago and contimued
into the Quaternary with the eruption of post-glacial cinder
cones and blocky lava flows (Hickson and Souther, 1984).
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The Kostal Lake volcanic center (52°10'N 119957'W) is
ane of four isolated, post-glacial eruptive canters located in
Wells Gray Provincial Park (Hickson and Souther, 1984; Matcalfe,
1987) . The cantar is comprised of two cinder cones; one well
presarved and a second less~well presarved to the ncrth
(Matcalfe, 1987). Both centers are of central typs, and are
estimated to have an age of less than 7550 B.P. (Matcalfe,
1987) . Most of the xenoliths in this study were collected from
ejectasummirgtherimofthesamhemmmﬂfﬁmalm
tube in a breached portion of this cone. All enptive products
from both vents are basanitoid in composition (Table 3.1).

3.3 PETROGRAPHY

Fifty ultramafic xenoliths were collected and divided into
two groups based on their hand sample features. The first group
is termad Type I xenoliths (Menzies, 1983) and contains
daninantly olivine with subordinate orthopyroxene, apple green
clinopyroxene, and spinel. The Type I xenoliths are subrounded
and consist of lherzolites (47%), harzburgites (24%), dunites
(24%), olivine websterites (3%), and olivine clinopyroxenites
(2%), ranging in size fram 2 to 8 om. These samples show
granular textures, «nd sametimes have a sheared appearance.

The second group has amulate textures, and is camprised
entirely of wehrlites. The curmlate xenoliths range in size from
2 to 10 cm and are subrounded. The cumilus texture is defined by
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lhxga 2 t0 4 mm grains of olivine or olivins aggregates enclosed
in poikilitic, dark qreenish black clincpyroxana.

In the field many xenoliths ware weathered or altared due to
hydrothermal activity during eruption. Thus, the sampling of
xenoliths was biased towards large and fresh samples. However,
an unbiased estimate of the xanolith population proximal to the
cinder cane is 40% Type I and 60% cumilates.

Polished sections for petrographic examination and
microprobe analysis were made for 18 Type I xenoliths and 12
cumilate~textured xenoliths,

Type I ¥enoliths

All Type I xenoliths from Kostal Lake have either coarse
equaﬁt or coarse tahular textures when classified according to
Harte (1977). Olivines range in size fram 1 to 3 wm, and may be
strained or kink-banded, especially in harzburgite xenoliths.
Olivines at the contacts between the host lava and xenoliths
show a simple dissclution reaction definad by a 50 to 100 um
wide zone of euhedral olivine and brown glass. Orthopyroxenes
range in size fram 1 to 4 mm, and at the contact with the host
lava show a camplex dissolution reaction defined by a 100 to 300
um wide 2cne of subhedral olivine, elongate clinopyroxene,
cpagues and brown glass. Similar features have been noted in
many other spinel lherzolite xenoliths (e.g. Kuo and
Kirkpatrick, 1985) and in high pressure dissoluticn experiments
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on orthopyraxens in basalt malt (Brearley and Scarfe, 1986).
Clinopyroxens is usually pale green, less than 1 m in size, amd
may show evidence of melting at qrain baurdaries as vermicular
pockets of glass., Clinopyvoxenes in phlogopite-bearing wenoliths
contain many fluid inclusions, whareas clinopyrovenes in
anhydrous xanoliths are relatively devoid of fluid inclusions.
Spinals usually ocour as amall gramiles less than 2 mm in size
ard can be blood red, dark brown or pale green in colour,

Seven of the 18 Type I xenoliths examined in thin section
contain phlogopite. In most cases, phlojyopite comprises less
than 1% of the mode. Fhlogopites in the Type I xenoliths are
dark reddish brawn, pleochroic, unzoned, and may occur as 0.5 to
1.5 mm sub-euhadral grains along grain boundarias in dunite and
lherzolite xenoliths (Fig. 3.2a). In addition, phlogopite also
occurs as subhadral grains hosted in primary 10 to 100 um
diameter fluid inclusions in clincpyroxens. The fluid inclusions
hosting phlogopite show preferred orientations in their long
dimension, possibly reflecting crystallographic control by the
host clincpyroxene (Fig. 3.2b,3.3a). None of the phlogopites
show reaction relationships with other coexisting phases.

Cmulate Xenoliths
The wehrlite xenoliths all show meso- and/or adcumilate

texture (Irvine, 1982) defined by large (< 2 cm), optically
contimious, pale green clinopyroxene oikocrysts enclosing 3.5 mm



39

diameter, subhedral single grains of olivines or 1 to 5 mm sized
polycrystalline aggregates of olivine (Fig. 3.4). The
polycrystalline aggregates contain inclusions of dark browm,
granular spinel, and ave texturally (but not campositionally)
identical to other discrete dunite xeroliths from Kostal lake.
Intercumilus clinopyroxens often contains lamellae of
orthopyroxans, 5 to 50 um thick, exsolved along (100). In rare
cases, intercumilus clinopyroxene has been melted, resulting in
the formation of pockets of clear glass which contain amall
grains of euhadral clincpyroxaene, pale green spinal, and
euhadral priams of reddish brown rhonite. Clinopyrexenes usually
show fritted margins adjacent to olivines, possibly due to
infiltration of the host magma zlong grain boundaries.

Six of the 12 cumulate xenoliths studied in thin section
contain phlogopite, Phlogopite in the wehrlites camprises less
than 1% of the made, and can occur as either subhedral grains
containad in 10 to 100 un diameter fluid inclusions, or as thin
plates associated with pale green spinel oriented parallel to
orthopyroxene lamellae exsolved from intercumilus clinopyroxene
(Fig. 3.3b).

3.4 MINERAL CHEMISTRY
Analytical Methods

Mineral campositions for 18 of 30 xenoliths examined in thin
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saction were determinad using wavelength dispersive analysis
(WDA) on an ARL SEMQ microprobe at the University of Alberta,
and cn a MAC three channel microprabe at the Gecphysical
Laboratory. Routine analysis for all elements by WDA employed an
operating voltags of 15 kV and a probe current of 10 to 12 nA.
Data for the ARL probe were reduced with ZAF corrections using.
MAGIC IV (Colby, 1972). Raw data for the MAC probe were reduced
using the Bance and Albee (1968) method, with the correction
factors of Albae and Ray (1970). Core and rim compositions were
analyzed for most minerals., Energy Dispersive Analysis (EDA) was
used for qualitative analysis of fluid inclusions. EDA spectra
of the fluid inclusions were reproduced using EDATA2 (Smith and
Gold, 1979).

Olivine

Olivines in the Type I xenoliths range in camposition frim
Fog, to Fog, (Fig. 3.5, Table 3.2). The bimodal distribution
in olivine compositions might sucust that some of the more
Fe-rich campositions are representative of Type II xenoliths, or
re-equilibrated cumilates (Fig. 3.5). The NiO content of olivine
ranges from 0.15 to 0.40 wt.% and shows no correlation with Fo
content. There is also no correlation between the Fo content of
xenolith olivines and the presence or absence of phlogopite. The
Ca0 contents of all Type I olivines are less than 0.09 wt.%.

Olivines in the wehrlite cumilates range from Fog, to



Fog, 5 and contain less than 0.3 wt.% NiO (Table 3.2), On
average, Ca0 contents of wehrlite olivines are higher than in
Type I olivines (0.07 to 0.29 wt.%).

Orthopyroxane

Orthopyroxenes in the Type I xenoliths are EnggWo,Fsy g
to EngqWosFs,, in camposition and range in Al,0, and
Cr,0, content from 1.21 to 3.60 and 0.36 to 0.75 wt.%,
respectively (Table 3,3). Most Type I xenoliths contain
orthopyroxenes which show slight increases in Al,05 and
Cr,04 towards their rim, possibly due to thermal
perturbation in the mantle prior to their entrairment in the
host magma (e.g. Witt and Seck, 1987).

Clinopyroxene

Clinopyroxenes in Type I xenoliths from Kostal Lake plot
mainly within the diopside field of Morimoto (1988) in terms of
their major quadrilateral camponents (Table 3.4). They contain
high amounts of Cry05 (0.69 to 2.7 wt.%) and are referred to
as chrame diopsides (Wilshire and Shervais, 1975). The Al,04
content of the chrame diopsides ranges from 2.78 to 5.80 wt.%.

Unlike the orthopyroxenes described above, most chrame diopsides

from Kostal Iake show little if any zoning in Al,04 or
Cr,05 (Table 3.4). Chrome diopsides hosting inclusions of
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phlogqite (see Fié. 3,2b,3.3a) show m cbservable differences
in camposition when campared to chrame diopsides in which
phlogopite is absent.

Intercumilus clincpyroxenes in the wehrlite xenoliths are
augite in camposition (using namenclature of Morimoto, 1988),
and contain more Al,0; (up to 8.17 wt.$), Tio, (> 0.88
wt.%) and less Cr,05 (0.53 to 1.00 wt.$) than the Type I
clinopyroxenes (Table 3.4). Wehrlite clinopyroxenes also contain
a greater proportion of A1V (Table 3.4). In many wehrlites,
interaumlus clinopyroxene has exsolved lamellae of
orthopyroxene with campositions close to those of the Type I
orthopyroxenes, but with greater amounts of Fs camponant (Table
3,3). Where interamulus clinopyroxene has melted to form large
patches of glass, decreases in Na,0 ,Ca0, Al,03, Cr,0,
and FeO, and increases in Mg0 and TiO, are cbserved adjacent
to the melted region (Table 3.4).

Fhlogopite

Thlogopites in Type I xenoliths have (Mg/Mg+Fetx100)
(Mgi#'s) similar to those of coexisting olivines, orthopyroxenes
ard clinopyroxenes (Fig. 3.5). The partition coeffecients for Fe
and Mg between phlogopites and coexisting clinopyroxene and
olivine (K, = [Fe/u;]phl / [Fe/Mg]ol,cpx) range from 0.99
to 1.37 in both the Type I and wehrlite cumilate xerwliths.
These Kp's are similar to those adbserved for other
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phlogopite-bearing mantle peridotites (0.96 to 1.52 -
Wilkinscn, 1975; Francis, 1976; Girod 9}_;1., 1981; Nicholls et
al., 1981), and for phlogopites coexisting with clinopyroxene
ard olivine in high pressure melting experiments on ultramafic
bulk campositions (1.00 to 1.60 - Lloyd et al., 1985). This
acbservation suggests that phlogopites in the Kostal Lake
Xanoliths have equilibrated with their coexisting phases. The
remarkably constant Fe/Mg ratios across phlogopite grains from
the Kostal Iaxe xenoliths also strongly implies they have
attained chemical equilibrium, Unfortunately, the influence of
temperature, pressure, oxygen fugacity and bulk camposition on
the minaral chemistry of Ti-bearing phlgopites prevents a
rigorous camparison of the Kostal lake Kp's with Ky's
extractad from experimental data. Experimental investigqations in
which phlogopite, olivine and/or clincpyroxene are equilibrated
at high pressure show a wide range of Kp's (0.65 to 3.00) that
appear uncorrelated with either pressure, temperature, oxygen
fugacity, H,0 activity or bulk composition (c.f. Lloyd et al.,
1985; Esperanca and Holloway, 1986, 1987). This may be due to
the camplex solid solutions permissable in Ti-bearing micas.
Type I phlogopites fram Kostal lake are enriched in Tio,
(3.49 to 6.13 wt.§ - Table 3.5) with values approaching those
found in kimberlite-hosted mantle xenoliths (e.g. Delaney ot
al., 1980; Boyd et al., 1982). On TiOz vs. Mgt plots, Type I
phlogopites from Kostal Lake fall within the field for
lherzolite phlogopites hosted in alkaline rocks (Bachinski and
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siupson 1984) Fluorine and chlorina cmtem:s masumd for a
few'lypelphlogopites (Table 3.5) are lower than those of many
kimberlite-hosted xanoliths (Smith et al., 1981). 'lype I
phlogopites have Na/Na+K (0.09 to 0.19) typical of many other
gpinal lherzolite-hosted phlogopites (Arai, 1986) but contain
much less Xgi (Xg3=S1/5i+Al on tetrahedral sites - Table
3.5) than phlogopites from other spinel lherzolites (e.g. Arai,
1984) .

Phlogopites in wehrlite xenoliths tend to have higher Tio,
(6 to 7 wt.%) and, like their coexisting olivines ard
clinopyroxenes, lower Mg#'s when compared to the Type I
phlogopites. Again, the similarity in Mg# between wehrlite
phlogopites and their coexisting silicates suggests they have
attained equilibrium (Fig. 3.5).

Spinel

Spinels from the phlogopite-bearing xenoliths from Kostal
Lake are typically more Fe-rich than other spinels from
lherzolite xenoliths fram Rritish Columbia (Fig. 3.6). Same
spinels are anamalously rich in TiO, (up to 1.21 wt.§) and
Cr,03 (up to 42.00 wti) when campared to spinels fram other
xenoliths in British Columbia (Table 3.6). Spinels in
phlogopite~bearing xenoliths, especially those directly
associated with phlogopite (Fig. 3.3b), usually contain more
Fe3' when compared to anhydrous xenoliths from Kostal Lake and
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elsewhere in the Canadian Cordillera (Fig. 3.6, Table 5.6).
Spinels from all xenoliths are zenad in Mg#, with higher Mg#'s
tmmtheirgrajnrins (Table 3.6). This zoning is due to
cation interdiffusion during heating of the xanoliths in the
uppar mantle prior to entrairment in their host magma (Ozawa,

1983).
Rhonite

Analyses of rhonite hosted in patches of glass contained in

intercumlus clinopyroxene are given in Table 3.7. The
campositions are camparable to rhonites with similar parageneses

fram other ultramafic xenoliths (e.g. Gamble and Kyle, 1987).

Glass

Analyses of glasses produced by melting of intercumilus
clinopyroxene are presentad in Table 3.7. The glasses are
peraluminous and are heterogenecus in §i0, and alkalies.
Similar siliceous and peraluminous glasses were noted by Frey &
Green (1974) in ultramafic xenoliths from Australia.

Fluid Inclusions

Fluid inclusions hosted by interculmilus clinopyroxene in
wehrlite xenolith KIC18 (which contains inclusions of
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phlogopite) were found by back scattered electron (BSE) imaging
during routine electron microprobe analysis. The inclusions
existed just beaneath the surface of their host grain. Upan
bambardment with electrons the fluid inclusions burst, and a
qualitative estimate of their campositions was determined by
Energy Dispersive Analysis (EDA). Examination of the analyzed
inclusions afterwards showed a thin bukble of fluid expelled
beneath the carbon coating of the polishad thin section, thus
indicating that the fluid inclusion did indeed hurst during
analysis. The EDA spectra of these inclusions show significant
concentrations of Na, P, K and C1, and minor § (Fig. 3.7). The
exact speciation of these elements in the fluid, or whether they
are the camponents of minerals (e.g. apatite, phlogopite)
crystallized within the fluid inclusions, could not be
determined by EDA, BSE or petrographic examination.

3.5 DISCUSSION

Ultramafic X¥enoliths

Type I xenoliths from Kostal Iake are similar in their major
ard minor element mineral chemistry to mumercus other Type I
xenoliths from British Columbia and elsewhere (e.g. Wilshire and
Shervais, 1975; Frey and Prinz, 1978; Fujii and Scarfe, 1982).
The Fe-rich character of same of the xenoliths when campared to
other xenoliths from British Columbia may be a source
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characteristic, or may be due to metasamatism, as will be
disc:.issad later.

The temperatures of equilibration of the Type I xenoliths,
estimated from two-pyroxene ard olivine-spinel geothermametry,
vange fram 900 to 1100°C (Table 3.8). These temperatures of
equilibration suggest the Type I xenoliths have equilibrated in
the upper mantle at depths between 40 and 50 km, if typical
Cordilleran gectherms are assumed (23°C/km - e.g. Fujii and
Scarfe, 1982; Brearley et al., 1984; Canil et a),, 1987).

The presence of orthopyroxene lamellae in intercumilus
clinopyroxene of both phlogopite-bearing and "dry" wehrlite
xenoliths indicates that these xenoliths have experiencad a
higher temperature history prior to their incorporation in the
host magma. Two-pyroxene temperatures calculated for the
intercumilus clinopyroxenes and their coexisting orthopyroxene
lamellae irdicate that the wehrlites cnulates initially
crystallized at temperatures above about 1080°C, but
re-equilibrated on cooling (Table 3.8).

Wehrlite xenoliths from Kostal Lake most likely represent
cumulates of magmas precursory to the post-glacial alkaline
lavas in which they are entrained. Volcanism in the Wells Gray
area began about 3.5 Ma ago, and predates the eruption of
basanitoid lavas at Kostal lake by at least 3.0 Ma (Hickson and
Souther, 1984; Metcalfe, 1987). These precursory magmas may have
arrested at the uppermost mantle due to density constraints
(e.g. Stolper and Walker, 1980) and fractionated olivine and
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clinopyroxene, Subsequent alkaline magmas traversing this part
of the lithoaphare below eastern British Columbia may have
disrupted these earlier olivins/clincpyroxene camilates and
transported them to the surface as the Kostal Lake wehrlite
xanoliths., The crystallization saquence presant in the wehrlite
cumilates is identical to that cbearved in melting experiments
on same tholeiitic and alkalic basalts at pressures of 10 to 12
kbar (e.g. Arculus, 1975; Barder et al., 1978; Takahashi, 1980;
Fisk et al., 1988). These pressures correspord to depths of
about 30 to 36 km, the estimated depth of uppermost mantle
beneath the Shuswap Metamorphic Complex (Cook, 1986), which
underlies volcanics of the Wells Gray region.

origin of Phlogopite and Conditions During Metasomatism

Numerous petrological studies of mantle xenoliths have
describad possible reactions or mechanisms for phlogopite
formation in the upper mantle (e.g. Lloyd and Bailey, 1975;
Erlank et al., 1987). All phlogopite~forming reactions
investigated experimentally (e.g. Yoder and Kushiro, 1969;
Modreski and Boettcher, 1973) have indicated that the reaction
of alkalic melts of varying degrees of silica saturation with
olivine in the upper mantle can form phlogopite. These types of
reactions are consistent with textural information recorded in
some phlogopite-bearing xenoliths (e.g. Lloyd and Bailey, 1975).
However, the fact that phlogopites and coexisting olivines in
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the Kostal Lake xenoliths do not show any reaction
relationships, and are in chemical equilibrium (Fig. 3.5, see
also previous discussion) suggests that nona of these reactions
are probably responsible for the formation of phlagopite in
either the wehrlite or Type I wanolitha. A

Francis (1976) and Delansy et al. (1980) have described
"secondary" phlogopites in a variety of xenolith paraganeses
involving the breakdown of amphibole, in association with
seconrlary clincpyroxene and spinel, Acki (1975) also outlined
breakdown reactions involving amphibole or garmet as possible
precursor phases to mantle phlogopites. There is, however, no
eviderice for amphibole breakdown in any of the Kostal Lake
xenoliths.

The association of phlogopites with orthopyroxene lamellae
exsolved from intercumlus clinopyrowene in the wehrlite
cumlates may indicate that phlogopite formed as a breakdown
product of orthopyroxene or spinel. It was noted above, however,
that phlogopite in the wehrlite xenoliths can occur as
inclusions in intercumilus clinopyroxenes which have not
exsolved orthopyroxene. Therefore, phlogcpites crystallizing
along the orthopyroxene lamellae are not necessarily the
reaction products of exsolved orthopyroxene.

The phlogopites themselves, alang with orthopyroxene and
spinel, may have exsolved from host intercumilus clinopyroxene
in the wehrlite cumilates. If this were the case, however, then
the higher water activities of the magma which crystallized
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these "wet" interaumulus clincpyraxenes ahould be reflectad in
the clinopyroxane campositions. Hydrous magmas undergoing
crystallization would have silica activities which are highar
than those for anhydrous magmas (Kushiro, 1975) and precipitate
clinopyroxenes with greater AlTV and lower Wo contents
(Trvine, 1974; Campbell and Borley, 1974; Wass, 1979). However,
clinopyroxenes in both the "dry" and phlogopite-bearing
wehrlites contain similar amounts of ALYV and Wo campanent
(Table 3.4), and have exsolved orthopyroxens. For this reason,
the precipitation of phlogopite cannot be due to the exsolution
process.

Two petrographic adbservations in the Kostal lake xenoliths
ghad light on the possible origin of phlogopite in the upper
mantle beneath this region. Fivstly, because the phlogopites are
crystallographically controlled (see Fig. 3.2,3.3)
crystallization after formation of their host pyroxenes is
suggestad. Secandly, the comman association of
crystallographically controlled fluid inclusions with the
phlogopites (Fig. 3.3a,b) implies that a fluid phase was
involved, and it infiltrated along planes of weakness in
xenolith minerals. Inferences can be made regarding the
camposition of the metasamatic agents responsible for the
formation of phlogopite by examining the mineral and fluid
inclusion chemistry in the xenoliths. EDA analysis of fluid
inclusions irdicates that the fluid or melt from which they
formed contained considerable Na, K, Cl, P, ad S. The
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H,0/Q0, ratics of the fluids are unknown; however, the
crystallization of ﬁ:logcpite within scme of the inclusions
suggests considerable amounts of H,0 were present.

The TiO, contents of the phlogopites in these inclusions
are problematic in that they suggest high Ti concentrations in
fluids at upper mantle temperatures and pressures, which are not
cbeerved experimantally (e.g. Schneider and Egyler, 1986). Thus,
it is prabable that the metasamatic fluid vhich crystallized
phlogopite exsolved from silicate melt., The existence of such a
melt, however, remains unconstrained by either the minerals or
fluid inclusiens in the xencliths; glass was not jdantified in
any of the inclusions examinad. A "Fe-Ti enriched" melt,
possibly basanitic in camposition, has bean inferred as a
metasamatizing agent in other lherzolite xencliths (e.q.
Menzies, 1983; Hawkesworth et al., 1984; Kempton, 1987). The
Fe-rich nature of other Cordilleran xenoliths has been
attrilbuted to reaction with Fe-rich melt in the mantle (Francis,
1987) . This could explain the more Fe-rich character of same
Kostal lake xenoliths, when campared to other Cordilleran
xenolith populations (Fig. 3.5). However, phlogopites occur in
both Fe-rich and Fe-poor xenoliths from Kostal lake (Fig. 3.5),
thereby invalidating any relationship between Fe-enrichment and
formation of phlogopite in the upper mantle beneath this area.

Spinels are a particularly useful indicator of the oxygen
fugacity (fy,) recorded in spinel lherzolite xenoliths (e.q.
O'Neill and Wall, 1987; Wood and Virgo, 1987; Mattioli and Wood,
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1988) . Most spinals fram phlogopite-bearing xenoliths fram
Kostal Lake are notably high in Fe’® (Fig. 3.6). The high
Fe3* cancentrations of same spinals, particularly those
texturally associated with phlogopites (Fig. 3.3b), implies
increased £,, attendant upon metascmatism of the upper mantle
beneath Kostal Lake. The f5, calculated for two xenoliths from
Yostal Lake using the thermobarometric method of O'Neill and
Wall (1988) and Fe3* contents of spinels determined by
Mosshauer spectrascopy, plot at the oxidized end (near the AR
(fayalite-magnetite~quartz) uffer at 15 kbar) of all anhydrous
spinel lherzolite xenoliths from British Columbia (Canil gt al,,
in prep.). Thus, the higher foz Yecordad by spinels from these
metasamatized xenoliths may be attriluted to the influx of
oxidized fluids (containing H,0) that were responsible for the
formation of phlogopite.

All the above campositional information recorded in the
mineralogy of the Kostal Lake xenoliths suggests that
metasamatism of the upper mantle beneath this region involved a
H,0-bearing fluid/melt phase rich in incampatible elements,
with H,0, K and Ti being partitioned into phlogopite. The
ingress of metasamatic fluids resulted in oxidation of the upper
mantle beneath this region. The oxidation state of the
fluid/melt involved in metasomatism was at least as high as FMQ,
possibly higher. The composition of a coexisting silicate melt
phase, if it were responsible for the modal metasamatism, is
difficult to discern. Nonetheless, the Fe-rich nature of same
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Kostal Lake xanoliths is probably not attriluted to infiltration
of "Fe-Ti enrichad" melt attendant upon metasomatism and
formation of phlogopite.

Timing and Petrological Implications of Matasamatism

There has been cansiderable debate as to whether
metasamatiam in the uppar mantle, eithar by fluids or melts, is
a necessary "precursor" or "cansequence" of alkaline magmatism.
Most of this discussion is centered on radiogenic isotope
studies of alkaline lavas ard their entrainad spinel lherzolite
xenoliths (e.qg, Menzies and Murthy, 1980; Roden et al., 1984).
Textural relationships in xenoliths showing metasamatic
enrichment have also been useful in providing constraints on the
temporal as well as spatial relationships between metasomatic
agents ard their host upper mantle wall rocks (Francis, 1976;
Irving, 1980; Erlank et al., 1987).

The textural relationships preserved in xenoliths from the
Kostal Iake suite can provide same constraints on the timing of
metascmatism in the upper mantle beneath this region. The fact
that phlogopites have crystallized from ingressing fluid/melt in
presumed accumlates (i.e. wehrlites) of magmas precursory to
the post-glacial alkaline phase of volcanism in the Wells Gray
area, suggests that the metasamatic event responsible for the
formation of phlogopite occcurred after the initial phase of
volcanism in the region. Volcanism in the Wells Gray region
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bagan 3.5 Ma ago (Hickson and Sauther, 1984). If the wehrlite
culates formed as a result of this early stage of mgmtiém,
then metascmatism of the upper mantle baneath Kogtal Iake must
have taken place after 3.5 Ma, ard prior to about 400 B.P. (the
ninimm age of post-glacial lavas in which the wehrlites are
antrainad ~ Metcalfe, 1987).

The scarcity of phlogopite in mmerous Cordilleran xencliths
axclusive of the Kostal Lake suite attests to its probable
lmlizedwammmeuppexmntlebexmththacamdim
Cordillera. Thus, if a K-rich campanant occurs anly locally in
the uypar mantle beneath the Canadian Cordillera, ard if the
lateral extent of partial melting beneath this region is limited
to small "batch'-type processes (e.g. Eiche et _al,, 1987), then
the aruption of K-rich lavas should be random and of limited
extent within this alkaline province., Indeed, a survey of the
geochemistry of primary Cenozoic alkaline lavas from the
Canadian Cordillera reveals that most of these lavas have sodic
chemical characteristics (Table 3.9). This would suggest that if
any volatile-bearing phase played a major role in the genesis of
alkaline magmas in this region, amphibole, rather than
phlogopite, would ke a more likely candidate (e.q. Brearley and
Scarfe, 1984). Nonetheless, the occurrence of phlogopite in the
upper mantle beneath eastern British Columbia is significant in
that this ‘phase can be considered a potential reservoir for
alkalies, incompatible elements and volatiles in the source
regions of more K-rich alkaline lavas erupted at some volcanic
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centers within the Canadian Cordillera (Table 3.9).

3.6 SUMMARY

Fhlogopite occurs in both wehrlite cumilate and Type I
xenoliths hosted in basanitoid flows and ejecta of the Kostal
Iake volcanic center, Wells Gray Park, British Columbia. The
phlogopites are enriched in Ti and Cr, and have attained
chemical equilibrium with their coexisting phases.

The cammon association of crystallographically controlled
fluid inclusions (which contain phlegopite) with
phlogopite-bearing xenoliths, supports the contention that a
fluid phase infiltrated the upper mantle beneath Kostal lake,
and precipitated phlogopite. ¢ alitative analysis of fluid
inclusions preserved in the xenoliths indicates that the fluid
phase contained Na, K, Cl, P, § and H,0. The higher Fe3*
content of spinels from phlogopite-bearing xenoliths, compared
with anhydrous xenoliths from Kostal Lake and elsewhere in the
Canadian Cordillera, suggests that metasomatism resulted in
oxidation of the upper mantle beneath this region. Metascomatism
by fluids/melts most likely occurred after the initial phase of
volcanism (3.5 Ma) in the Wells Gray area, and prior to the
eruption of post-giacial, xenolith-bearing lavas and ejecta at
Kostal lake (about 400 B.P.).



Table 3.1 Representative Campositions of Kostal lake Lavas®

Jwt. %) CIEW Nowm (wt,$)

Si0, 44.40  44.17 Q -~ -
Ti0 2.62 2.50 o - -
A1233 13,14 12.72 Or 8.9 9.2
%03 4,12 4.00 Ab 12.8 10.9
8.56 8.69 An 14.7 12.1

MO 0.18 0.16 Ne 10.1 12.5
MO 10.68  11.43 Wo 12.0 12.5
cao 9,49 9.21 En 8.4 8.7
Na,O 3.72 4.01 Fs 2.6 2.7
x23 1.51 1.55 Fo 12.8 13.9
P05 0.55 0.56 Fa 4.4 4.7
Total 98,97  99.00 Mt 6.0 5.8
Il 5.0 4.8

Ap 1.2 1.2

Notes: * Adapted from Metcalfe (1987). Fe,0; calculated by
the method of Irvine and Baragar (1971).



Table 3.2 Representative Analyses of Xenolith Olivines

KIER1 K3 K28 KIC1s KL29 KIC18
OLV 2-2 OLV 2-1 OLV 1~-1 OLV 2=1 OLV 1-1 OLV 3-1

sio, 40.60 40,05 41.00 39.85 38.84 39.64

Tio, n.d. n.d. 0.00 n.d. n.d. n.d.
FeO 13.39 14.81 9,21 17.79 16,09 18,79
M0 0.18 0.05 0.16 0.23 0.17 0.20
MO 47.06 45.52 50,15 43,06 44.05 42.49
Ccao n.d. 0.05 0.09 0.16 0.07 0.11
Nio 0.35 0.19 0.34 0.32 0.23 0.30

Total 101.58 100.67 100,98 101.41 99.46 101.53

o) 3,995 3,997 4.000 4,000 3.985 3.998
si 0.995 0.997 0,992 1,000 0.985 0.998
Ti - - 0.001 - - -
Fe?t 0.265 0.302 0,171 0.373  0.310 0.391
Mn 0.004 0,001 0,003 0,005 0.004 0.004
Mg 1.720 1.689 1.809 1.611  1.664 1.594
Ca - 0.001 0.002 0,004 0.002 0.003
Ni 0.007 0.004 0,007 0.006 0.005 0.006
Mg# 86.2 84.6 90.7 8.2 83.0  80.1

Rock  IHZ IHZ DIN WER WER  WER
Type

Notes: n.d.=not detacted Mgi=(Mg/Mg+Fe®)x100 Rock Type:
IHZ=lherzolite, WER=wehrlite, DUN=dunite

57
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Table 3.3 Rapresantative Analyses of Xenolith Orthopyraxenes

KIERl KIER1 KIER7 KIBR7 KI3 KL3 xc1s*
OFX 1-1 OFX 1-2 OFX 6-1 OPX 6-2 OFX 1-1 OFX 1-2 OFX 1-1

si02 55.29 54.57 56,12 55.36 56,15 56.17 54.15
Tio 0.13 0.25 0.05 0.06 0.06 0.18 0.20
A1283 3.60 4.54 1.39 2.17 1.86 2.02 4.11
Cry04 0.36 0.66 0.44 0.58 0.38 0.41 0.44
Fes 8.49 8,72 6.41 6.54 8.99 9.10 9.98
MY .15 0.23 0.14 0.11 0.18 0.19 0.13
MO 31.10 30.89 33,03 32.69 30.79 30.50 30.78
Ca0o 1.05 0.92 0.88 0.91 0.59 0.74 1.15
Na,0 n.d. n.d. 0.18 0.20 0.15 0.16 n.d.

8 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
NiO n.d. 0.23 0.11 0.10 0.07 0.07 n.d.

Total 100,17 101.01 98.75 98,72 99.22 99.54 100.96

o} 6,012 6.001 6.004 6.001 6.004 6.028 5,978
Ssi 1,30 1.893 1.966 1.954 1,984 1,981 1.882
Al 0.148 0.186 0.057 0,089 0.077 0.084 0.168
Ti 0.003 0.007 0.001 0,002 0.002 0.005 0.006
Cr 0.010 0.018 0.012 0.016 0,011 0.011 o0.012
FE?+ 0.248 0.253 0.188 0.190 0.266 0.268 0.247
Mn 0.004 0.007 0.004 0.003 0.005 0.006 0.004
Mg 1.618 1.597 1.724 1.696 1.621 1.604 1.595
Ca 0.039 0.034 0.033 0,034 0.022 0.028 0,043
Na - - 0.012 0.014 0.010 0.011

K - - - - - - -
Ni - 0.006 0.003 0.003 0.002 0.002 -
Ma# 86.7 86.3 90.2 89.9 85.9 85.7 84.6
Ca 2.1 1.8 1.7 1.8 1.2 1.5 2.2
Mg 84.9 84.8 88.7 88.3 84.9 84.4 82.

Fe 13.0 13.4 9.7 9.9 13.9 14.1 15.0
Rock IHZ 1HZ 1HZ 1HZ 1HZ 1HZ WER
Type

Notes: Grain rims are labelled with -2 (e.g. OFX 1-2). Grain cores
are labelled with -1 (e.g. OPX 1-1). Orthopyroxene lamellae
exsolved from intercumulus clinopyroxene. See Table 3.2 for Rock
Type abbreviations.
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Table 3.4 Representative Analyses of Xenolith Clinopyroxenes

KIERlT KIBER1 K28 K9 K18  Ki29 K292
CPX 1~1 CPX 1-2 CPX 1-1 CPX 2-1 CPX 1=-1 CPX 3=1 CPX 3-2

8102 52.70 52.47 52.24 53.65 51.00 49,21 50,00
Tio 0.50 0.56 0.84 0.23 0.88 1.34 1.77
A1283 5.38 5.80 2.78 3.52 6.76 8.17 6.19
Cr. 0, 0.69 0.95% 2.08 1.35 0.53 1.00 0.54
F 4,49 4.44 2.56 3,07 5.57 5.03 4.24
MO n.d. 0.07 0.07 0.08 n.d. 0.10 0.06
MgO 16,10 15.87 17.30 116.04 16,04 14.76 17.20
cao 19,65 19.98 21.36 20.9% 18,95 19.13 18.73
Na, 0 0.73 0.71 0.64 1.37 0.72 l1.21 0.66
Kis n.d. n.d. n.d. n.d. n.d. n.d. n.d.
N1O n.d. n.d. 0.08 n.d. n.d. 0.05 0.03
Total 100.24 100.9%5 99.95 100.26 100.45 100,00 99.42
0] 6,026 6.024 5.991 6,000 5.977 6.000 6.990
Si 1.913 1.896 1.901 1.939 1.849 1.793 1.824
Al 0.230 0.247 0.119 0.150 0.289 0.351 0.266
Ti 0.014 0.015 0.023 0.006 0,024 0.037 0.049
Cr 0.020 0.027 0,060 0.039 0.015 0,029 0.016
Eez+ 0.136 0.134 0.078 0.076 0,169 0.107 0.109
Mn - 0.002 0,002 0,002 - 0.003 0.002
Mg 0,871 0.855 0.938 0.864 0.867 0.802 0.935
Ca 0.764 0.774 0.833 0.811 0,736 0.747 0.732
Na 0.051 0.050 0.045 0.096 0,051 0.086 0.047
K - - - - - - -
Ni - - 0.002 - - 0.001 0.001
Mg# 86.5 86.4 92.3 90.3 83.7 83.9 87.9
Ca 43.1 43.9 45.0 45.9 41,5 43.9 40.7
Mg 49.2 48.5 50.7 48,9 48.9 47.1 42.1
Fe 7.7 7.6 4.2 5.2 9.5 9.0 7.2
AlVI/AlIV  1.67 1.37 0.20 1.45 0.92 0.70 0.51
Rock 1HZ 1HZ DUN IHZ WER WER WER
Type

Notes:aglinopymxene adjacent to patches of melt. See Table 3.2
for Rock Type abbreviations.



Table 3.5 Representative Analyses of Xenolith Phlogopites

KLER] KIER] K28
FHL 1-1 PHL 2-1 FHL 1-1 PHL 3-1 PHL 3-1 PHL 2-1

KL28

KIC18

KIC18

Sioz 37.08 37.81 37.77 38.18 36,94 36.74
Ti0 5.20 3.49 6.13 6.06 6.12 7.07
A1283 15,98 16,26 15.56 14.74 15,94 15.62
Cr,0, 1.26 0.82 2.24 2.07 0.53 0.55
Fea 6.35 5.11 4,09 4,18 6.44 7.14
MO n.d. n.d, n.d. n.d. n.d. n.d.
MO 18.86 20,23 20.26 20,25 18.03 17.05
Ca0 n.d, n.d. n.d. n.d. n.d. 0.16
Na,0 0.70 0.46 1.13 1.20 0.49 0.49

8 9,65 10.05 8.50 8.12 9,62 9.41
N o n'd' n’d’ 0!17 0025 0012 n'd'
F 0.19 0.20 n.a. n.a. 0.10 n.a.
Ccl 0.G7 0.05 n.a. n.a. 0.20 n.a.
Total 95,34 94.48 95.85 95.05 94,53 94.19
(o] 22.000 22.000 22.000 22.000 22,000 22.000
Ssi 5.368 5.478 5.353 5.448 5.385 5.373
Al 2.728 2,777 2.600 2.478 2.739 2.695
Ti 0.567 0.380 0.652 0.648 0.671 0.775
Cr2+ 0.143 0.017 0.249 0.234 0.061 0.066
Fe' 0,770 0.621 0.483 0.498 0.786 0.874
M'l - - - - - -
Mg 4.070 4.367 4.278 4.304 3.922 3.718
@ - - - - - -
Na 0.198 0.127 0.312 0.333 0.138 0.143
K 1.782 1.859 1.536 1.477 1.788 1.754
Ni - - - - - -
Sum 15.626 15,626 15.463 15.420 15.490 15.398
Na/Na+K 0.10 0.06 0.17 0.18 0.07 0.08
Mg# 84.1 87.6 89.8 89.6 83.3 8l1.0
XSi 0.671 0.685 0.674 0.681 0.673 0.672
Rock IHZ 1HZ DUN DUN WER WER
Type

Notes: n.a.=not analyzed, Xg
See Table 3.2 for Rock Type
oxygens, with all Fe assumed to be Fe*t, and without
considering F and Cl anions.

:=S5i/Si+Al on tetrahedral sites.

abb

reviatjons. Cations based on 22

60
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Table 3.6 Representative Analyses of Xenolith Spinels

KIER1 KL3A K18 K3 w28 K28 KOl
SEN 1-1 SPN 3-1 SPN 3-1 SEN 2-1 SEN 6-1 SPV 6-2 SEN 1-1

8102 - 0.08 0.48 0.08 0.09 0.13 0.09
Tio 0.46 0.19 2.25 1.21 1.20 1.15 0.01
A1283 46.00 49.30 31.25 23.82 22.58 22,15 53,39
Cry0, 16.57 18.39 20,82 38.88 41.97 41.35 15.06
52303 5.68 2.87 14.74 6.84 5.73 6,70 2.18
F 13.11 9.98 13.64 16,76 13.35 12.80 8.16
MO 0.26 0.14 0.23 0.25 0.21 0.20 0.12
Mg0 16.79 19.55 16.78 13.18 15.12 15.31 20.96
Nio 0.3¢ 0.30 n.d. 0.10 0.20 0.26 0.32
Total 99.20 100,80 100.10 101.12 100.55 100.05 100.29
o 3.941 3.971 3.839 3.922 3,935 3,923 3,979
Si - 0.002 0.014 0.002 0.003 0,004 0,002
Al 1.500 1.544 l.072 0.852 0.805 0,793 1,641
Ti 0.010 0.004 0.048 0.028 0,027 0,026 0,000
Cr 0.363 0.386 0.479 0.932 1.004 0,993 0,311
Fe3+ 0.118 0.057 0.323 0.156 0.130 0,153 0,043
Fe2+ 0.303 0.222 0.332 0.425 0.338 0.325 0,178
Mn 0.006 0.003 0.003 0.006 0.005 0,005 0.003
Mg 0.692 0.774 0.728 0.596 0.682 0.693 0.815
Ni 0.008 0.006 0.000 0,002 0.005 0,006 0,007
Mgt 69.5 77.7 68.7 58.4 66.9 68.1 82.1
Cri 0.20 0.20 0.31 0.52 0.56 0.56 0.16
Rock IHZ 1HZ WER 1HZ DON DUN 1HZ
Type

Notes: * Spinel adjggent to phlogopite ,‘;same grain as in Fiq.
3.3b). Note high Fe %, Mg# = (Mg/(Mg+Fe®Y)) x 100 cCr# =
Cr/(Cr+Al) See Table 3.2 for abbreviations for rock types. Grain
cores denoted as -1 (i.e. SPN 1-1). Grain rims denoted as -2 (i.e.
SN 1-2).



Table 3.7 Analyses of Xenolith Rhonites and Glasses®

K29 K29 K29 KI29
RHN 3-1 RHN 2-1 GIASS 1 GIASS 2
sio, 26.11 25.76 58.47  63.68
T40 14.48 14,90 1.13 1.09
A1233 16.69 16,50 22.44 24,82
Cr,03 0.07 0.05 0.05 n.d.
Fi 11.87  12.13 2,37 2,25
MO 0.08 0,08 0.02 0.04
Mo 17.46  17.51 0.42 0.34
cao 11.08 10,97 0.99 0.87
Na,0 1.25 1.24 6.71 2,96
8 0.01 0.03 5,93 4.19
nio 0.04 0.05 n.d. n.d.
Total 99,14 99,22 98.53 100,24
o 20,000 20,000
si 3.419 3.379 Q - 26,92
Al 2.575 2.550 Co 3,23 13.81
Ti 2.575 1,469 Or  35.63 24.74
0.006 0,005 Ab 43,75 24.99
Fe2t 1.299 1.330 Ne 7.54 =
M 0.008 0,008 En - 0.85
My 3.407 3.423 Fs - 2.33
ca 1.554 1.541 Fo 0.74 -~
Na 0.317 0.315 Fa 1.95 -
K 0.002 0.005 Il 2,18 2.07
Ni 0.004 0,005
Mg# 72.4 72.0 35.6 32.3
Rock WER WER WER WER
Type

Notes: Glasses are patches of melted intercumilus
clinopyroxene. See Table 3.2 for Rock Type abbreviations.
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Table 3.8 Geothermometry of Kostal lake Xenoliths
Sample Rock Iype Temperature of Equilibration (°c)

Type I olivine-Spinel* Two Pvroxene**
K37 IHZ 1047 968
XL15 1HZ - 972
Kic1 LHZ, 1088 1002
KL3A 1HZ 1127 1003
KLERL IHZ 1019 1051
KLER7 THZ 984 1020
KL3 LHZ 1092 -
KL39 DUN 1102 -
Ki28 DUN 1030 -
Qumlate

KL36 WER 1017 -
KLER2 WER - 1094
KLC18 WER - 1086

Notes: The Fabries (1979)° amd Wells (1977)""

gecthermumeters were used to facilitate camparison with similar
work in British Columbia, Errors for these thermameters are +
50°C and + 70°C, respectively. See Table 3.2 for Rock Type

abbreviations.
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Table 3.9 Campositional Data for Xenolith-Bearing lavas™**

Eruptive
Cantey

Ttcha Mtns.
Kettle River
Sumit Lake

Atlin

Rayfield Riv.

Mt. Lhangorse
lassie lake

Boss Mtn.

Alligator L.
Kostal lake

Iecation

central B.C.
southern B.C.
eastern B.C.
northern B.C.
southern B.C.
northern B.C.
southern B.C,
central B.C.
Yukon
eastern B.C.

KMNa

0.39
0.39
0.96
0.40
0.32
0.37
0.38
0.77
0.45
0.40

Mo/ (Mg+Fe?t)

0.60
0.67
0.74
0.67
0.61
0,70
0.65
0.62
0.70
0.69

Type®

Sxdic
Sodic
Potassic
Sadic
Sodic
Sadic
Sodic
Potassic
Potassic
Sadic

Notes: ### Data sources for all localities in caption to Fig.
2.1, except for Alligator lake (adapated fram Eiche et al,,
1987). @ Classified accoiding to Irvine and Baragar (1971). B.C.
= British Columbia.
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LocATIONS OF XENOLITH=-BEARING LAVAS
Cinoer CONES

! Yulon
2 Alligator Late
Atlin
4 Mr. Liangorse
g gcmlo Rl’c:’c:
J mit lake
/ 7 Tcha Mms.
7 |t
iver
J/ ol 10Nicola Lake
4 1 anim Peak
a 12 Wast Kettle River
~ o? 1 lassie Lake

Figure 3.1. Iocation of xenolith-bearing lavas in the Canadian
Cordillera. Location for Alligator lake adapted fram
Francis (1987). The Kostal lLake volcanic center is one of
the eastermmost centers labelled as East B.C./ Wells Gray.
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Figure, 3.3 (a) Enlarged area of photo (3.2b). Arrow points to
phlogopite crystallized within fluid inclusion in left hang
area of photo. Scale bar is 100 im, (b) Phlogopites (ph)
oriented along the (100) plane of intercumilus
clinopyroxene (cp) in wehrlite xenolith KIC18. Also note
spinel (sp) associated with phlogopite flakes, and
orthopyroxene (op) lamallae. Scale bar is 50 um.
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Figure 3.4. Sketch of wehrlite xenolith KL29 showing cumilate
texture. Note sub-euhedral olivine (ol) and metamorphic
texture of mm fragment (containing spinel (sp))
enclosed by poikilitic intercumlus clinopyroxene (cp).
Scale bar is 4 mm,
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Figure 3.5. Mg/big+Fe2+ of silicates fram both Type I and
cumilate wehrlite xenoliths from Kostal Iake. Thick bar in
olivine histogram represents the range of olivine
campositions for spinel lherzolite xenolithe from the
Canadian Cordillera. Note similar Mg/Mg+Fe + for
phlogopites and coexisting silicates.
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KOSTAL LAKE
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Figure 3.6. Fe?* - Fe3t - Mg®* ternary (based on 3 cation
stoichiametry) for spinels in xenoliths from Kostal ILake and
other localities in the Canadian Cordiilera. Note the
Fe-rich character of spinels fram Kostal Iake, ard high
concentrations of Fe3' in spinels from xenoliths
containing phlogopite. Also note anomalously high Fe3*
content of spinel spatially associated with phlogopite (same
spinel as in Fig. 3.3b).
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EDA SPECTRUM
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Figure 3.7. Energy spectrum of fluid inclusion hosted in
intercumulus clinopyroxene from wehrlite xenolith KIC18.

Note peaks for Na, X, €1, P and S. K alpha and K beta lines
for Mg, Al, Si, Ca, Ti, Cr, and Fe are interpreted as
background excitation fram intercumilus clinopyroxene.
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4. OXIDATION STATE OF MANTIE XENOLITHS FROM
FROM BRITISH COLUMBIA

4.1 INTRODUCTION

Information regarding the oxidation state of the upper
mantle is important in understanding the oxygen fugacity (£fo2)
attending magma generation in the source regions of
mantle~derived melts, Moreover, the present oxidation state of
the upper mantle may in same way reflect that of the Earth's
earlier primitive mantle, and is, therefore, central to models
for the evolution of the Earth's core. and atmosphere (Arculus,
1985).

Estimates for the oxidation state of the Earth's upper
mantle have been the subject of much recent controversy in
ignecus petrology. Much of this controversy stems from the
different methods used to determine the oxidation state of the
samples studied. Studies applying the intrinsic oxygen fugacity
(IOF) technique to lherzolite xenoliths and olivine megacrysts
hosted in alkaline basalts, and to ilmenite megacrysts found in
kimberlites, indicate that upper mantle foo's range fram below
the iron-wustite buffer (IW) to at or near FMQ (Arculus et al.,
1984; Ulmer et al,, 1987). Virge et al. (1988) have shown,

however, that much of the range in foo's for different
mantle-derived ilmenites obtained using the IOF technique may be
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due to chemical and physical modification of samples during an
JOF experiment, multimtmthepmotcaﬁminthe
natural samples. Virgo ot al. (1988) demonstrate quite clearly
that carbon-free samples are not altered during the course of an
IOF experiment, and give f,,'s near PR, Nonethaless, phase
equi. rium analysis of paridotite-C-O-H systems (Woermann and
Iinsenhauer, 1985), the oxidation state of occeanic basaltic
glasses (Christie et al., 1986) and same "high confidence" IOF
data (Ulmer et al., 1987) indicate a heterogenecus upper: mantle
with respect to its oxidation state.

Recently, thermcharemetric methods have been calibrated to
estimate the oxidation state recorded by spinels in lherzolite
xenoliths (Mattioli and Wood, 1986, 1988; O'Neill and Wall,
1987) . These methods give fo4's at or near AR for spinel
lherzolite xenoliths fram worldwide localities, consistent with
theymobarametric caloulations (BEggler, 1983) and YOF
measurements (Virgo et al., 1988) for ilmenite megacrysts in
kinberlites, Unfortunately, fo, estimates for spinel
lherzolite xenolithe using the thermobarametric method rely upon
the estimation of the magnetite camponent (Xpe304) in upper
mantle spinels by electron microprobe analysis. Because spinels
in upper mantle peridotites commonly contain less than 10 mol$
Xpe304r €stimation of this camponent is difficult by
microprabe methods. Errors in a typical microprobe analysis have
a large effect on the calculation of ferric iron, and thus
Xpe3os4r iN spinels (Finger, 1972; Virgo et al., 1988). This
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shortcaning was explored in previous studies which showed that
errors in Fed* determinations for spinels must be amall for
precise estimates of fo, in the spinel lharzolite facies of
the upper mantle (O'Neill and Wall, 1987; Mattioli and Wood,
1988; Wood and Virgo, 1989)., Thus, the minimization of these
errors is necessary in order to delineate any "fine structure"
in £5, recorded by different lherzolite xenoliths within a
given alkaline province. This "fine structure” may be relevant,
for example, in recognizing variations in the £,y of xemoliths
from a given geographical region, or from the same eruptive
canter, and would provide limits on both the magnitude and scale
of vertical and lateral heterogeneity in the oxidation state of
the upper mantle,

In this study, 57Fe Mossbauer spectroscopy is used to
Aetermine the Fe¥*/total Fe ratio of spinels fram mantle
xenoliths hosted in alkaline lavas from British Columbia,
Canada. Camparison of this value with those determined by
electron microprabe analysis reveals “he error in the resultant
calculated f,, of the spinel to be on the order of 1 to 2 log
foz units. These data are then used to campare and contrast
the oxidation state of spinel lherzolite xencliths from
different eruptive centers with varying ages within both this
alkaline province ard worldwide. The results of this study
reveal systematic trends in the oxidation state of the spinels,
which can correlate with the evidence for metasomatism recorded

in some xenoliths,
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4.2 EXPERTMENTAL METHODS

Spinels free of inclusions, glass ard altmtién were
hand-picked from 17 mantle xenoliths from six different alkaline
eruptive cantars in British Columbia (Table 4.1). All of these
xenoliths are spinel lherzolites, except for sample KR37, vhich
is a spinel harzburgite. Datgiled mineralogical studies of
mantle xenoliths fram these localities have been presented
elsswhere (Table 4.1). Campositions of the spinals, and their
coexisting olivines, orthopyroxenes and clinopyroxenes were
determined at the Geocphysical laboratory by wavelength
dispersive analysis (WDA) on a MAC 3-channel microprobe.
Oparating conditions for the MAC probe were 15 kV operating
voltage, 30 nA probe current, and counting times of 30 s on
peaks, Data from the MAC probe were reduced using the Bence and
Albee (1968) method with the correction factors of Albee and Ray
(1970) . Microprobe analyses of selected samples were also
carried out at the University of Alberta using WDA on an ARL
SEMQ microprabe. Operating conditions were 15 XV operating
voltage, 12 nA probe current and caunting times of 100 s on
peaks, Data fram the ARL prabe were reduced with full ZAF
corrections using EDATA2 (Smith and Gold, 1979). At least three
grains of each mineral, and two points on each grain, were
analyzed.

Resonant absorption spectra were obtained at 298 and 77 K on
powdered samples mixed with plastic transoptic powder and
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pressed into thin discs, absorber thicimesses ranged fram 1.5 £o
5,0 mg Fe/cn®. Mirror image Mosshauer spectra were collected
over 512 channels using a 25mC 5'Co in Rd source, Spectra were
alloved to accurulate at least 1x10° comnts per channel.

Mirror image rescnance ernvelcopes were dacorvoluted separately
with a least aquares routine (MOSSFITA) using Iorentzian iine
shapesardwithwidthmﬂmmmintsmtheoamnt
peaks of the single ferric absorption doublet, ard on two
ferrous absorption doublets. Hyperfine parameters given in Table
4.3 are the average values for the left- and right-hand side
fits. Fits to ‘he spectra were evaluated using MISFIT, MISFIT
and X2 parameters.

4.3 RESULTS

Moesbauer spectra cbtained at both 77 and 298 K were fit
with cne Fe3* doublet and two Fe?t daublets, with different
guadrupole splittings (QS), but nearly identical isomer shifts
(IS) (Fig. 4.lab, Table 4.4). Attenmpts to fit either the 77 or
208 K spectra with only ane Fe?" doublet resulted in poor fits
with large residuals and anamalously large line widths (~ 1.0
mn/s FWHH - Fig. 4.1d). large line widths could be attributed to
next-nearest neighbour interactions on tetrahedral sites in the
spinel structure (Osborne et al., 1981,1984); however, the
slight skew in the high velocity peak of the resonance ervelope
at 77 K (see arrow in Fig. 4.1c) and the broad line width for
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the high velocity peak in all 298 K spectra (Fig. 4.1d) suggest
the presence of a second Fe?* doublet. The validity of this
£it is also discussad in Wood and Virgo (1989).

The differences in Fe'/total Fe determined for the
sph\elsbyelectxmudcmpmbeamucssbauerspactmcmymas
high as 45% relative, ard do not show any gystematic trend
(Table 4.2, Fig. 4.2). In most cases, the assumptions of
stoichicmetry used in calculating Fe3* from microprobe
analyses vesult in overestimation of Fe3'/total Fe ratics
(Fig. 4.2).

Most previous Mossbauer studies of natural and synthetic
spinels were performed at 298 K. The principal aim of this study
was to cbtain accurate Fe’'/total Fe ratios for mantle
spinels. Therefore, most of the Mossbauer measuremants in this
study were cbtained at 77 K as opposad to 298 K, due to
increased resolution of the Fe3t doublet in these spinels at
lower temperatures (Fig. 4.1); however, a limited nmber of
measurements at 298 K permit comparison of Mossbauer spectra for
upper mantle spinels with cther natural and synthetic spinel
solid solutions.

Isamer shifts for the single Fe3' doublet at 298 K in the
yenolith spinel spectra range from 0.27 to 0.32 my/s (Table
4.4), consistent with tetrahedrally coordinated Fe3* (Marshall
arnd Dollase, 1984, p. 930). No evidence was found in either the
298 K or 77 K spectra for octahedrally coordinated re3t,
Quadrupole splittings for the Fe3t doublet at 298 K range from
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0.73 to 0,77 mys (Table 4.4), and show little cmma viit.h
decreasing temperature, as expected for Fe** (Bancroft, 1973).
Isomer shifts for the single Fe3t doublet increase with
dacreasing temperature to values ranging fram 0.41 to 0.45 my/s
at 77 K. Line widths for this doublet also broaden at lower
tamperatures (Table 4.4).

Isamer shifts for both the "inner" and "outer" Fest
doublets at 208 K (Fe?t[I] and Fe?*[II), respectively, in
Table 4.4) have values ranging fram 0.80 to 0.94 mys, and
indicate that Fe?! is tetrahedrally coordinated in these
spinels. The presence of two Fe?t doublets suggest that same
degree of ordering of Fe?t on two different “types" of
tetrahadral sites may cocur in mantle spinels. Attempts to fit
the Fe?t doublets with different isomer shifts, for example,
wmmmmelmpmiumofmofthemmm‘“pem
with the ocuter, resulted in larger residuals, anamalously low
isamer shifts, and a generally poorer fit. Line widths and
{samer shifts for both Fe?® daublets increase with decreasing
temperature (Table 4.4).

osborne et al., (1981) studied spinels with similar bulk
chemistry to those presented here, but did not fit two Fe?t
doublets to their 298K Mossbauer spectra. Spinels presented in
this stwdy, hwever,mxequemhedfmhighertamenmrem
pressure envirorments than those measured by Osborme et al.,
(1981), who studied mainly spinels from low pressure, slow
cooling ultramafic intrusionms, suggesting that the pressure
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and/or temperature histories of spinels may be a major factor
affecting their cation distrikutions.

4.4 DISCUSSION
Oxygen Fugacity of Spinel Iherzolites

The oxidation state of spinel lherzolites is buffered by the
heterogenacus equilibrium (O'Neill gt al., 1982) ¢

6Fe,Si0, + O, = 2Fe;0, + 3Fey8i0¢ [4.1]
0ol Sp Opx

Mattioli and Wood (1986, 1988) and O'Neill and Wall (1987) using
thermochemical data and activity-camposition relations for
olivine, orthopyroxene and spinel solid solutions, give
formilations for calculating fo, in spinel lherzolites.

Application of the O'Neill and Wall (1987) thermcbarametric
method to mantle xenoliths from southern British Columbia shows
that most of these samples have equilibrated over a range of
£02's fram ~ 0.5 to 1.5 log £g, units below PR at an
assumed pressure of 15 kbar (Fig. 4.3a). Application of the
Mattioli and Wood (1988) axybarameter to the same samples gives
a wider range of fo,'s fram ~ 1.0 log unit above, to 1.5 log
units below PR at 15 kbar (Table 4.2). The average £y,
recordad by xenoliths from southern British Columbia using the
O'Neill and Wall method is 1.05 log units below FMQ, campared
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vith 0.61 log units helow nR fo:: the Mattioli mlWocd method.
The average foz cﬁlwlatad for all sanplesdoesrbtcmme
appreciably if olivine-spinel rathar than two-pyroxens
equilibration temperatures are used in the O'Neill and Wall

oxybarameter (Fig. 4.3b).
Errors in Ol-Opx-Sp Oxybarcameters

Although both the O'Neill and Wall and Mattioli and Wood
oxybarameters are based on the same principle (equation [4.1]),
they give disparate results for many of the samples studied
(Table 4.2). In all kut one sample, the Mattioli and Wood
oxybarameter produces higher calculated f,,'s. Reasons for
this disparity may be due to errors in mineral chemical data
used as input, the inability to cbtain accurate pressure
estimates for the samples, the different parameters used in the
activity-composition relations for olivine, orthopyroxene or
spinel in either method, or carbinations of all these factors.

Perhaps the most critical information used as input into
either oxybarcmeter is Fe, /total Fe in spinel. The use of
Fe3* contents for spinel determined by electron microprabe
results in shifts in the calculated fo, of 1 to 2 log units
for same samples. 'Iheseshiftsvmldobswreanytmﬂsinfoz
cbeerved when the more precise Mossbauer Fe®* contents are
used in the calculations. The error quoted in the Mossbauer
determinations for Fe3+/tatal Fe in spinel of 10.005 can



88

produce ahitts in calculated £, Of +0.05 log units.

Also u@omntmthoummxm in
orthopyroxane. If cptimistic errors of 2% are assumed in
microprabe analyses of olivines, errors of 10.002 in Xpa can
be expected. Variations betwean grains of up to 0.003 in Xpa,
and 0,005 in Xpg, were cbserved in same olivines and
orthopyroxanes, vespactively. If Xp, and Xpg ave varied by
$0.003, fo,'s calculated using the Mattioli and Woo method can
change by 0.2 log units. Mest”of the above shifts also apply to
the O'Neill and Wall oxybarameter, although the cbserved
variations in orthopyroxene campositions do not greatly affect
calculated £4,'s when using this method. It is evident that
canbinad errors in minaral analysis alomcanshiftmimlated
fop's using either the Mattioli and Wood or 0O'Neill and Wall
method by +0.2 to 0.3 log units, and explain the differences in
calculatad fn,'s of less than 0.3 log units cbserved for many
samples in this study (Table 4.2).

Amtherjnpoxtantpam\eterusedineitherthmmbammtric
method is the pressure of equilibration of each sample.
Unfortunately, the lack of a satisfactory gecbarameter for
spinel lherzolites requires cne to assume a pressure in the
thermobarcmetric calculation. However, it is probable that many
spinel lherzolite samples in this and other studies (e.q.
O'Neill and Wall, 1987; Wood and Virgo, 1989) did not
equilibrate at a cammon pressure in the mantle, but were derived
over a range of pressures, which for natural Cr-bearing spinel
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lherzolites equilibratim between 900 and 1100 could vary
from 8 to 23 kbar (Herzberg, 1978; O'Neill, 1'931')'.7 I¢ cne varies
the assumed pressure in the tharmcharamateric calwlatidt
(commonly 15 kbar) by +8 Kbar, ghifts in fgy of $0.3 log units
result. When errors in mineral analyses and pressure are
considered together, an error of 10.4 logfn, wmits results
using either the O0'Neill and Wall or Mattioll and Wood msthod.

Differences in f,, calculated using the two different
oxybarameters can in same cases be greater than the expacted
error of +0.4 log units determinad above. such large differences
are, with cne exception, cheerved for samples which contain
spinels that are either high in Fe (Ma/Mg+Fe®* < 0.80), high
in Cr. (Cx/Cr+Al > 0.15) or both (Table 4.2 - samples SLA7,
SL125, KIER1, KR3003). In these samples, the large differences
in calculated f,, may be due to the different treatments of
spinel solid solutions in both oxyharameters. For instance,
Mattioli and Wood (1988) use magnetite activity-composition
relations which are experimentally calibrated, albeit under
oxidizing conditions (Hematite - Magnetite buffer), whereas
O'Neill ard Wall (1987) gierive magnetite activities fram a
thermodynamic model based on cation distributions in binary
spinel systems (c.f. O'Neill and Navrotsky, 1984). Comparison of
thempxtpametemforthetmdifferentn\eﬂlods indicates
that for a given set of spinels ranging in Fe and Cr content,
the O'Neill and Wall (1987) method gives a gmaller range of Mt
activities than does the Mattioli and Wood (1988) method,
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perhaps explaining the more restricted range in calculated fop
for the O'Neill and Wall (1987) msults (Table 4.2).

For the sake of consistency, only the O'Neill and Wall
results will be discussed further. It is mniza‘l, however,
for the purpose of the following discussion, that the relative
trends in fo, hetween samples in this study are the same using

eithar oxybarometer.
Geological Implications

The cbeerved f,,'s for gpinel lherzolites ard harzburgites
from southern British Columbia fall close to the range of
oxidation states preserved in fresh oceanic MORB glasses
(christie et al,, 1986) and suggest that much of the upper
mantle lithosphere beneath this region has a depleted, oceanic
character. The bulk chemical and isotopic camposition of many
peridotite xenoliths fram southern British Columbia support this
interpretation (Sun, 1985; Xue, 1988; Xue et al., 1988). Most
mantle peridotites sampled by alkaline magmas traversing the
lithosphere in this region thus probably represent residua after
extraction of melts, perhaps with MORB-like compositions. The
more oxidized nature of alkaline lavas erupted in this province
(Fig. 4.3c) indicates that they are either derived from a more
oxidized source at greater depths, or originate in source
regions with oxidation states similar to their entrained
peridotite xenoliths, but are modified during ascent by



91
dagassing of H, Cor 8 species (Mathez, 1984).

There a;;mm to be 1ittle if any 8igniﬂcant mtnmgamity
in the fgo; vecordad by different peridotite xanoliths from
different geographic mgims within southern British Columbia.
This is particularly evident for spinel garples saparated from a
camposite xenolith camprised of both a 1 am thick websterite
vein (KR3020B) ard host 1herzolite (KR3020) which record similar
£o,'8 (Table 4.2, Fig. 4.3ab). Moreover, xenoliths fram
eruyptive centers located more than 100 Jm apart (Boss Mountain
and Rayfield River - Table 4.1), vecord nearly identical fnp's
(Table 4.2), and all samples from British Colurbia generally
plot above the magnetite-wustite (MW) buffer, and within 1 log
unit of each other (Fig. 4.3ab). The similar f5;'s recordad by
different xenoliths fram voleanic centers with varying eruption
ages (26 Ma to 7550 B.P. = Table 1) indicate that the f5y Of
the upper mantle beneath British Columbia was not affected by
Cenozoic alkaline magmatism in the vegion.

The single sample studied (KLER1) which shows evidence of
modal metasamatism in the form of phlogopite (Canil and Scarfe,
in press) consistently plots at the high oy end of all
sanples, regardless of whether the Ma tioli ard Wood or O'Neill
and Wall thermobarametric method is used (Table 4.2, Fig. 4.3).
Another sanple (KR35) which records the vestiges of metascmatism
in its 0 and Nd-Sr isctopic signature (Xue, 1988) also plots in
the high f,, range of the samples investigated (Fig. 4.3).

Both these samples (KIER1 and KR35) may indicate that
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mtamtim msults in progressive axidation of the upper
mantle, ad that C-0-H gpecies irvolved in mtamtim of the
mantle, either as tmpmmorasdjmlvadw in
melts, cocur in oxidized (CO, and H,0) rather than reduced
(cCH, and Hyp) forms. However, the lack of correlation betwean
the £, and bulk Fe content of the xenoliths, as reflected by
the My/Mg+Fe?t of their consistuent phases (Fig. 4.3d),
suggests that the overall degree of major element depletion in
the xenoliths is indeperdent of the fq, they record, This is
further exemplified in the one harzburgite sample studied (KR37)
which, although depleted in its mode (i.e. no clinopyroxens) ,
records an fp, similar to those of less-depleted lherzolite
xenoliths from southern British Columbia (Table 4.2).

The fn,'s calculated for mantle xenoliths from southern
British Columbia are slightly more reducing than those reported
" 'for spinel lherzolite underlying parts of the southwestern
United States (San Carlos and Kilbourne Hole) ard Mongolia (Fig.
4.3c) although the differences approach the error in the
oxybarameters (+ 0.4 log units). Nonetheless, all samples in
this study have calculated fo,'s which are far more reducing
than spinel lherzolites from Ichinamegata, Japan and the Massif
Central (Fig. 4.3c). Mantle xenoliths fram these latter
localities represent lithosphere overlying subducted oceanic
crust, and show petrographic evidence for interaction with fluid
or fluid-rich melt (Takahashi, 1986). The more oxidized nature
of the Ichinomegata and Massif Central samples is probably due
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to t.he mnumm ot oxidized tluid/melt ma\am:s li.baracad
£rem downgoing slabsﬂ\msthamﬂlﬂmmias (Wood and
Virgo, inpms). In contrast, suhductimhascaam!_admthoud
otmcamda for over the last 200 Ma (Monger et al., 1982;
Souther, 1978) yet samples of the upper mantle beneath thia
mimmﬁmatmmmmgz'smm&m
using the thermohavamstric method (Fig. 4.3c) and are
ancmalously "dry" in their modal canposition (Nicholls gt al.,
1982; Canil and Scarfe, in press). These unique characteristics
mﬂmthateitherthemddatimmteammimmlqyofthe
upper mantle beneath British Colurbia has remained isoclated
fram, and unaffected by, the extensive history of gubduction in
this region, or that any oxidized fluid/melt component
meummtmmmmwm
late Cenczoic magmatism in this alkaline province (e.g. Souther,
1977; Goxgh, 1986).

4,5 SUMMARY

Determinations of Fe3' in upper mantle spinels by electron
microprobe can differ from that abtained by Mossbauer
spectroscopy by up to 45% relative, These differences in Fe3t
contents for spinels can produce shifts in calculated fop Of
up to 2 log units when using either the Mattioli and Wood (1988)
or the O'Neill and Wall (1987) thermobarametric method for
estimating fo,'s for mantle xencliths from British Columbia.
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The calwlated foz's for 17 mantle xemliths fram 6
emptivacem:aminnritishcolmuramefmostolslcg
units below FM). This range of fq,'s is less than that of most
Canozoic alkaline lavas from this region, but overlaps those of
MORB glasses. This absarvation lends support to the idea that
most of the spinel lherzolite facies mantle underlying British
Columbia has a depleted, oceanic character, in accoxd with
geochemical and isotopic studies of many xanoliths fram this
region.

The calculated 5, for the upper mantle beneath British
Colunbia shows no significant variation laterally between
eruptive centers with ages ranging from 26 Ma to 7550 B.P. Thus,
the £oo of the upper mantle may have remained essentially
constant during the generation of Cenczoic alkaline magmas in

this geographic region.



Table 4.1 Sample Locations in British Columbia”
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sarple #

KLER1L Kostal Iake < 7550 B.P. canil and Scarfe
(in press)

mg " " "

KR1034 West Kettle 2=-3Mr Fujii and Scarfe

River (1982)

KR35 " "

KRr3020 " " "

KR3020B " " "

KRr37 " " "

KR3003 " " "

KRrR3008 " " "

m°41 " " "

SL32 Sumit Lake 26 Ma Brearley et al.
(1984)

SLA7 " " "

Sms " " "

JL8 Jaques lake <1Ma Fujii et al, (1981)

m " " "

TKN15 Boas Mauntain < 1Ma Fujii and Scarfe
(1981)

RR222 Rayfield River 6 - 10 Ma Canil et a). (1987)

Notes: * Geographic locations within British Columbia are given

in Fig. 3.1.
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Sample # SL32 S§147 SL125 KIER1 KL.39 TKN1S
sio 0.09 0.09 0.08 0.07 0.09 0.04
Al 83 54,64 51.97 50.29 46,83 37.05 59,16
'I‘ia 0.26 0.30 0.13 0.27 0.66 0.11
&'233 11.71  13.12 16.86 16,68 28.70 9.48
?&03 4.02 4.28 3.41 6.01 4.37 2.03
9.79 4.28 10,88 12.62 11.79 8.93
MgO 20.13 19.35 19.25 17.59 18.13 21.31
MnO 0.12 0.14 0.15 0.17 0.20 0.12
Cao d 0.01 nd 0.02 d 0.0l
Nio 0.30 0.28 0.30 0.21 0.21 0.42
Va0, 0.12 0.14 0.10 0.16 0.19 0.07
ano 0.00 0.02 0.16 0.11 0.16 0.0l
Total 101.18 100.68 101.62 100.74 101.56 101.70
o 4.000 4,000 4.000 4.000 4.000 4,007
si 0.002 0.002 0.002 0.002 0,003 0.001
Al 1,671 1.617 1.564 1.499 1.216 1.763
Ti 0.005 0.006 0.003 0.006 0.014 0.002
cr 0.240 0.274 0.352 0.358 0.632 0.190
Fe3+ 0.079 0,085 0.068 0.123 0.092 0.039
Fe2+ 0.212 0.242 0.240 0.287 0.275 0.189
My 0.779 0.761 0,757 0.712 0.753 0.803
Mn 0.003 0.003 0,003 0.004 0.005 0.003
Ca d 0.000 ) | 0.001 d 0,000
Ni 0.006 0.006 0.006 0.005 0,005 0.009
\Y 0.002 0.003 0.002 0.003 0.004 0.001
Zn 0.000 0.001 0.003 0.002 0,003 0.000
Mo 78.6 75.9 75.9 71.3 73.3 80.9
cri 0.13 0.15 0.18 0.19 0.34 0.10
Fe3+/Fe* 0.25 0.28 0.24 0.31 0.32 0.18
Fe3+/Fe 0.27 0.26 0.22 0.30 0.25 .17
ol
XFa 0.147 0.130 0.116 0.141 0.107 0.101
2Px 1078 1073 1067 1082 - 913
olsp 1234 957 898 946 977 847
OWlogFfMQ =-1.16 -0.97 =1.21 -0.63 - =1.33
OWlogFMQ* -1.29 -0.86 -1.07 -0.53 ~-1.04 -1.24
MWlogFMQ -1.26 0.13 -0.04 0.85 - -1.21

Notes: Fe3+/Fe* fram microprobe analyses using Bence-Albee data

reduction scheme. Fe3+/Fe from Mossbauer
Two-pyroxene (2Px) and olivine-spinel (O
Oc) were calculated using the Wells (1977) and O'
Wall (1987) gecthermometers, respectively. Errors

and +50°C, respectively.

Spectroscopy. ]
1Sp) temperatures (in
Neill ard
are + 70°C
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KR3020
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Sample # KR1034 KR35 KR37 KR3008  KR1041
§io 0.06  0.10 0.05 0.06 0.04  0.04
A8, 61.60 56.88 50.41 58,97 62.31 57.64
748 0.09 0.1 0.02  0.00 0.07  0.07
cr,8, 6.64 9,77 18.78 9.11 6,33  7.95
FesCs 1.90 3,03 2.21 2.42 1.64 2.79
7.77 9.4 9.06 8,74 7.76  7.95
MO 21,98 21,56 20.30 2l.24 21,88 21.39
MO 0.06 0.1 0.14 0.08 0,11  0.09
ca0 rd nd rd 0.0 0,02 0,01
Nio 0.36 0.39 0,24  0.35 0.38  0.3¢
V,0; 0.06 0,11 0.06  0.03 0.06 0,07
Zno 0.18 0.07 0.05  0.05 0.05  0.08
Total 100,79 101,56 101.32 101.08 100,65 99,61
0 4.000 4.000 4.000 4.000 4.000 4.000
si 0.002 0,003 0.001 0,002 0.001 0.001
Al 1.828 1.708 1.560 1.767 1.845 1.752
T 0.002 0.008 0.000 0,000 0,001 0.001
cr 0.132 0,390 0.183 0.183 0.126  0.186
Fed+ 0.036 0,058 0.044 0.046 0.031 0.054
Fe2+ 0.163 0,195 0.199 0.186 0.163 0.171
Mg 0.824 0.818 0.795 0.805 0.820 0.822
Mn 0.001 0.002 0.003 0.002 0.002  0.002
ca 0.000 0,000 0.000 0,001 0.001  0.000
Ni 0.007 0.008 0,005 0,007 0.008  0.007
v 0,001 0,002 0,001 0.001 0.001 0.001
Zn 0.003 0,001 0,001 0.001 0.001  0.002
Mgt 83.4 80,8 80,0 8l.2 83.4  82.7
cri 0.07 0.10 0.20 0.09 0.06  0.10
Fel+/Fet 0.16 0,29 0,19  0.20 0.12  0.25
Fe3+/Fe 0.18 0,23 0,18  0.20 0.16  0.24
01Xps 0.105 0.103 0,092 0.107 0.104 0.108
2Px 937 953 - - - 898
olsp 991 895 886 913 956 1046
OWlogPMQ -1.45 =0.88 = - - -1.05
OWiogRMQ* -1.52 =0.81 =1.45 =-1.19 -1.73 -1.08
Milogi) -1.57 =0.18 = - - -0.82

Notes: Oxygen

and 2Py temperatures.

units. O
SR st = 100N (g+Fe
detected Campositional data for coexisting

given in Table 4.4.

fugacities (in logfMQ format
the methods of O'Neill and Wall (
ard Wood (1988) (MWlogFMQ) with Fe

) calculated using
gg?) (OWlogF) ard Mattioli

Mosshauer

Urmrtaintiesm+o.4
mrgsmreusedtoulwlate

Cri = Cr/(Cr+Al) nd = not
orthopyroxenes are
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Sample # KR3020B KR3003 RR222 JI8 JLl
8io 0.04 0.05 0.09 0.04 0.04
Al 83 59.50 50.51 56.86 54.55 58,97
'1‘18 0.11 0.09 0.12 0.01 0.09
&233 7.00 6.48 9,70 13.73 8.52
303 2.92 2.35 2.11 2.19 2,12

: 7.48 11.12 8.11 9.01 8.42
MgO 21.89 18.50 20.96 20,82 21.23
MO 0.08 0.15 0.14 0.14 0.09
Ca0 0.01 0.02 0.00 0.00 0,00
Nio 0.37 0.30 0.37 0.35 0.40
Vo053 0.07 0.07 0.07 0.09 0.05
a0 0.05 0.15 0.09 0.09 0.14
Total 99.52 99.80 98.63 101,03 100.15
o 4,000 4,000 4,000 4.000 4.000
si 0,001 0.001 0.002 0,001 0.001
Al 1.793 1.596 1.748 1.663 1.779
Ti 0,002 0.002 0.002 0,000 0.002
Cr 0.142 0.349 0.200 0.281 0.172
Fed+ 0.056 0.048 0.042 0.043 0,042
Fe2+ 0.160 0,249 0.177 0.195 0.180
Mg 0.834 0.739 0.815 0.803 0.810
Mn 0.002 0.003 0,003 0.003 0,002
Ca 0.000 0.001 0.000 0.000 0,000
Ni 0,008 0.006 0.008 0,007 0.008
\' 0.001 0.002 0.001 0.002 0.001
Zn 0.001 0.003 0.002 0.002 0.003
Mai 83.9 74.8 82.2 80.5 8l1.8
cri 0.07 0.18 0.10 0.14 0.09
Fe3+/Fe¥ 0,27 0.16 0.19 0.18 0.19
Fe3+/Fe 0.26 0.16 0.19 0.18 0.19
OlXp, 0.094 0.115 0.102 0.094 0.097
2Px 898 903 937 889 940
Olsp 937 824 939 839 847
OWlogFM) -—0.47 -1.53 -1.29 -1.20 -1.09
OWlogFMQ* -0.52 =1.45 -1.29 -1.14 -0.96
MWlogFMQ <0.07 -0.99 -1.04 -0.89 -0.80




Teble 4.3 Conpositicnal Data for Orthopyroxenss”

Sample SL32 SI47 SL125 KIERL TKN1S KR1034 KR35
o 6.000 6,000 6.000 6.000 6,000 6,000 6.000
gi 1.882 1.866 1.878 1.893 1.883 1.884 1.926
Al 0.189 0.205 0,185 0.153 0,197 0.179 0,163
T4 0,005 0,004 0,002 0,004 0,003 0.003 0.002
cr 0.010 0.014 0,016 0.010 0.010 0,007 0.008
Fe2+ 0.179 0.229 0,211 0,258 0.184 0.186 0,225
Mn 0.005 0.005 0,005 0,006 0.003 0.004 0.004
Mg 1.697 1.648 1.676 1.660 1.700 1.731 1.627
ca 0.041 0,083 0,041 0,034 0,027 0.022 0.024
Na 0.007 0.006 0,007 0,004 0.005 0.005 0.009
Xpg 0.095 0.122 0,112 0.134 0.098 0.097 0O.l21
Sample KR3020 KR3020B KR3003 RR222 JL8 Jl
0 6.000 6,000 6,000 6,000 6,000 6.000
si 1.895 1.895 1,910 1.886 1.895 1.885
Al 0.175 0,175 0.147 0.175 0.160 0.172
T 0.002 0,002 0,002 0,002 0.001 0.003
cr 0.007 0.007 0.010 0,009 0,011 0.008
Fe2+ 0.181 0,181 0,210 0,188 0.176 0.185
Mn 0.005 0.005 0,005 0,005 0.004 0.005
Mg 1.720 1.720 1.697 1.727 1.745 1.738
Ca 0.022 0.022 0.024 0.022 0.022 0.021
Na 0.008 0,008 0.007 0,006 0.003 0.003
Xpg 0.095 0.095 0.110 0,091 0.092 0.096

Notes: * Based on six oxygen stoichiametry.



Table 4.4 Mossbauer Parameters for Spinels*
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7K.

Sample # JLl TKN1S s1a7 SI32 Sl125 KER K139
: FWH 0.510 0,573 0.554 0.423 0.406 0,557 0.503
Fe3+ Qs 0,720 0.661 0.703 0.753 0,708 0.725 0.631
IS 0.417 0.455 0,435 0,428 0.435 0.431 0.429
FWHH 0.581 0.602 0.609 0.611 0.609 0.583 0.595
Fe2+ [I) Q5 2.464 2.530 2,526 2.408 2.474 2,516 2,562
15 1.083 1,065 1,083 1,080 1.077 1,080 1.071
FWHH 0.318 0.362 0.378 0,332 0.342 0,370 0.401
Fe2+ [II)QS 2.991 3.058 3,047 2,998 3.030 3.045 3.045
Is 1.063 1,061 1,066 1,059 1,063 1,066 1.082

X2 434 354 489 766 351 518 315
MISFIT% 0.417 0,256 0.200 0.328 0.264 0,250 0.212
MISFIT 0.069 0,059 0.028 0,03 0.063 0.033 0.066
Fe3+/Fe 0.19 0.17 0.26 0.27 0.22 0.30 0.25

298 K

FWHH 0.314 0,302 0.331 0,338 0.319 0,367 0.352
Fe3+ Qs 0,697 0,712 0,753 0,784 0.762 0,737 0.649
IS 0.303 0.306 0.291 0,295 0.283 0,323 0.312
FWHH 0.505 0.553 0.512 0,501 0.528 0.535 0.444
Fe2+ [I] S 1.174 1.159 1.193 1,159 1.205 1.217 1.134
Is 0.900 0.991 0.908 0.922 0.918 0.914 0.904
FWHH 0,403 0.408 0.422 0.474 0.457 0.429 0.576
Fe2+ [II)OS 1.820 1.894 1,903 1.867 1.893 1.933 1.861
IS 0.901 0.908 0,938 0.942 0.944 0,928 0.912

X2 280 300 360 909 262 478 326
MISFIT% 0.182 0.203 0.206 0.205 0.185 0.274 0.295
MISFIT 0.089 0.068 0.051 0.016 0.093 0.040 0.084
Fe3+/Fe 0.18 0.26 0.26 0.23 0.29 0.27

0.14

Notes: * All parame

for campanent peaks

gxs given in mr/s relative to Fe metal at
298 K. Errors in Fe”'/Fe ratios are estimated to be + 0.005.
Standard deviations for IS and QS are + 0,01. Areas and widths
were constrained to be equal. Abbreviations
are: FWHH = peak width at half height; IS= isomer shift; @S =
quadrupole splitting.
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Table 4.4 Contimued....

K
sample # KR1034 KR3020B KR37 KR3020 KR35

FWHH 0.651 0.630 0.471 0.659 0.550
Fe3+ Qs 0.734 0.732 0.714 0.682 0,632
Is 0.453 0.388 0.426 0.377 0.484

FWHH 0.555 0.610 0.618 0.611 0.576
Fe2+ [I] QS 2.508 2.385 2,524 2.390 2.444
Is .01 1.057 1,063 1,060 1.080

FWHH 0.300 0.389 0.370 0.400 0.419
Fe2+ [II)Q8 3.000 2.907 3,028 2.922 3.012
Is 1l.061 1.043 1,069 1.047 1.070

X2 319 373 374 339 330
MISFTITS 0.313 0.196 0.256 0.358 0,185
MISFIT 0.092 0.041 0.053 0.091 0,050
Fe3+/Fe 0.18 0.26 0.18 0,24  0.23
71K
Sample § KR3008 KR3003 KR1041 JI8 RR222
FWHH 0.679 0,537 0.692 0.510 0.476
Fe3+ QS 0.667 0,635 0.746 0.720 0,714
IS 0.436 0.452 0.422 0.417 0.422
FWHH 0.598 0,578 0.654 0.581 0.578
Fe2+ [I] OS 2.554 2.449 2,672 2.464 2.452
IS 1.059 1.062 1.137 1.083 1.078
FWHH 0.379 0.378 0.420 0.318 0.318
Fe2+ [II)QS 3.073 2.965 3.239 2.991 2.997
IS 1.061 1.046 1.140 1.063 1.063
X2 423 433 522 384 342
MISFITS 0.242 0.238 0.297 0.236 0.350
MISFIT 0.042 0.039 0.039 0.047 0.087

Fe3+/Fe 0.20 0.16 0.16 0.19 0.19
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Fiqure 4.1. (a) Mossbauer spectrum of spinel %asumd at 77 K.
The zesonagge envelope is fit with one Fe”" doublet (1)
and two Fe?' doublets (2) and (3), with different

quadrupole splittings.
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Figure 4.1. (b) Mossbauer spectrum at 298 K, same sample as
4.1a. Fit with three doublets labelled using same format as
4.1a.
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Figure 4.1. (c) Resonance envelope for spinel at 77 K. Note skew
(arrow) on low velocity side of high velocity peak.
Iorentzians amitted for clarity.
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Figure 4.1, (d) Same sample as in 4.1c, at 298 K. Note large

line width (horizontal bar =1 m\ég) required to fit this
high velocity peak to only cne Fe doublet. lorentzians

amitted fram for clarity.
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Figure 4.2. Camparison of Fe3'/ total Fe determined for
xenolith spinels using Mossbauer spectroscopy and electron
microprobe (with two different data reduction schemes).
Diagonal line is 1:1 correlation.
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Fiqure 4.3. log PR histogram at 15 kbar for mantle xamoliths

from British columbia using (a) thermobarametric method of
O'Neill and Wall (1987) with two-pyroxens temperatures. (b)
Same as above using olivine-spinel temperatures. (c) Oxygen
fugacities for mantle xenoliths from Morgolia (M),
southwestern United States (San Carlos and Kilbourne Hole)
(W), the Massif Central, France (MC) and Ichinomecata,
Japan (J) (adapted from Wood and Virgo, 1989) compared with
the results fram this study (BC) and with the range of

&3'8 for MORB glasses (MORB) (adapted from Christie gt
, 1986) (d) log P of les from British Columbia

plotted against (Ma/ (wreﬁ?)?aoo of their coexisting
olivines.
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5. mmmwsmmmm+mzsvmsmnmz
IMPLICATIONS FOR THE ORIGIN OF KIMEERLITE
MWWWWJDMW

5,1 INTRODUCTION

The occurrence of hydrous minerals, fluid inclusions, carbon
and/or carbonates in mantle-derived xenoliths and xenocrysts
entrainad in alkaline magmas attests to the presence of C-O-H
volatiles in the Earth's upper mantle (Roadder, 1965; McGetchin
and Besancon, 1973; Avai, 1986; Berg, 1986). These volatiles
also cccur in gases produced during the eruption of
mantle-derived basalts (Anderson, 1975; Gerlach, 1980),
providing more indirect evidence for a volatile camponant in
their mantle source vegion. Several recent studies indicate that
the oxidation state of both the spinel and garnet lherzolite
facies of the upper mantle are within +2 log units of the
fayalite-magnetite-quartz (FMQ) oxygen buffer (Bygler, 1983;
Virgo et al., 1988; Wood and Virgo, 1989; Luth et al., in press;
Canil et al., submitted). Under these conditions, C-O-H
volatiles in the upper mantle will be dominantly €O, ard H;O
(Bxgler and Baker, 1982). Same relatively reduced regions may
exist, however, where C-O-H species would be mainly CH, and
H,0 (Haggerty and Tompkins, 1983).

The most abundant volatile species in mid-ocean ridge
basalts (MORB's) are 00, and H,0 (Andersan, 1975; Delaney et
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al., 1978). Bauause MB'B z_epmsent the mst vpim@!mically
aburdant lava on Barth, and are derived from partial malting of
mantle peridotite, it follows that COp and Hy0 should be the
moat important volatiles in the scurce regions of mantle-derived
MAGMAS » |

with this in mind, the effect of O, ardﬂzompartial
melting in the upper mantle has lang been appreciated., Numerous
experimantal investigations have shoun that the presence of
€0, enhances the degree of silica - undevsaturation in melts
derivad by partial melting of peridotite (Mysen and Bosttcher,
1975; Wyllie and Huang, 1976; Brey and Grean, 1977; Byler,
1978) . The presence of 0, in the mantle scurce regions of
many alkaline, Si-poor magmas, such as kimberlites, melilitites
and nephelinites, can thus explain their silica undersaturated
nature, ‘

some kinberlites contain diamond, and thevefore, originated
atpressumgmaterttmnsamintheupparmntle, within the
stability field of diamord. The origin of kimberlite magma deep
jntheuppermntleispoorlymﬂarstood, however, due to the
fact that few experimental studies have been urndertaken on
systmtspertinenttothepetrogenesisof)dmberliteatpmssums
greater than 5 GPa. 'meambiguityindotainimatmeprimzy
kimberlite composition (Mitchell, 1986) on which to perform
mlevantphaseequilihri\meuperimntshasalsocammdeduue
problem of kimberlite genesis.

Perhaps the most definitive experimental studies bearing on
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this prcblem are tl-lnsevaf; Bygler and Wlmt (1979) and
Wendlandt and Emm.' (1980) . BEygler and Wandlandt (].9795
determinad the phase relations of a natural Lesotho kimbarlite
amloguéinaneftorttodefimﬂmmndmmlogyuﬂdapﬂl
of origin of this kimberlite, assuming it is primary. To avoid
Fe loss to Pt capsules, Bygler and Wendlandt (1979) substituted
Co for Fe in the starting material, Extrapolation of their
results demonstrate that this kimberlite could have bean derived
by partial melting of CO,-bearing garnet peridotite at 6.5 to
6 GPa in the upper mantle. This conclusion is fortified by phase
aquilibrium work in the KAlSi0, - MO - 8io, = @, = Hy0
system at 3 to 5 GPa (Wendlandt ard Bygler, 1980). That same
kimberlites originate at even higher pressures in the upper
mantle ( > 6 GPa) is evidenced by the presence of a significant
conmpanent of pyroxens solid solution in garmets included in
diamends from the Monastery kimberlite (Moore and Gurmey, 1985).
PmssumofstomGEammquimmstabilizethesesolid
solutions (Akaogi and Akimoto, 1977; Kanzaki, 1987).

wyllie (1980) provided a more hypothetical model for
kimberlite genesis, based on phase relations in peridotite +
o, systems deduced in a large part fram theory. His model
requires volatile emanations from depth in the Earth to lower
the solidus of mantle peridotite, cause ascent of mantle diapirs
containing H,0 and C0,, and episcdic emplacement of
kimberlite in the crust. A drawback of Wyllie's model is that it
is critically dependent on his version of the peridotite - CO,
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- H0 soliaus, which has not been veritied mwly
(01a£ssm ard mmr, 1983; Wallace and Green, 1988) m,
it relies on extrapclation of the peridotite - O, = 1-!20
golidus to pressures above 3 GPa, vhare the P - T topology is
not dagined by experiment (Mitchell, 1986). In this respect,
Wyllie's (1980) and other models for kimberlite generaticn in
the upper mantle remain unconstrained by the necessary
experimental data at pressures above 4 GPa.

In this stuly, the phase relations in simplified peridotite
+mzsystemsfm4.5tolzmmmandammimd, ard
provide an essential foundation for understanding the genesis of
deep-seated, diamond-bearing kimberlites and allied magmas which
mthmghttominasigniﬁcantmzcmmmntintheir
mantle source regions. Same yYeconnaissance experiments in the
simplified peridotite - - H,0 system are also presented
to elucidate the effect of uzo on the carbonate buffered
solidus. The vesults of this investigation define the effect of
0, cn the topology of the mantle solidus at depth in the
Earth, pmvidecmsmintsontheP-'rregim for kimberlite
generation, ard have implications for the storage of 0, in
thedeeperpartsofthe!:‘arth'suppermantle.

5.2 EXPERIMENTAL METHODS

Starting Campositions
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'nwompasitiamdmenformﬂymsysﬂmticﬁeridctites
in the Ca0 - MgO - 810, = (0, (CM5-C0,), Ca0 - MO -
AlL,0, - 810, = (0, (CMAS-CO,) and Cad - M0 - §i0; -
0, - Hy0 (CME~C0,-H,0) systems. These systems were
chosen due to their compositional simplicity, yet ability to
adacquately model melting in natural peridotiéas, as noted by
Wendlandt and Mysen (1980). Bacause sealed capsules are requived
for experimentation with volatiles at high temperature ard
pressure, Fe-free systems were deemad more experimantally
tractable, and circumvented problems of Fe loas to Pt capsules
during the experiments. |

Starting compositions were cambined minaral mixes of pure,
synthetic, end member diopside (Di), forsterite (Fo), enstatite
(En), and pyrope (Py) (Table 5.1) which were stored at 110°%¢
prior to use. To avoid errors in weighing small amaunts of
volatiles into each individual nn charge, O, and H,0 were
added to the starting materials as pure calcite (Icelard Spar)
ard brucite (Br), respectively (Table 5.1, Fig. 5.1). The
resultant mineral mixes were ground in alcchol to less than 10
um grain size, dried, and stored under dessicant.

High Pressure Experiments
Sanplesmmloadedinto:mdiamter?tmpsulessealedat

ane end, and then dried overnight at 4009C to remove any
adsorbed water. Capsules were sealed immediately after drying by
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arc welding, arupmsedmtoﬂdnwafm 1essmn1mmck
and 2 to 3 mm wide.

'nieuseotathinwafer, nﬂmrﬂmnalaqoaﬁsule. halps
tommimizewgndlmmsmmle, vhich can he
substantialinmightwallﬁmmotmlldimim
(Takahashi gt al., 1982). The thermal gradient acrcas the sample
mmmiwmmmmmmmwmmam
gimilar to Takahashi et 8l. (1982). The results show that the
thermal qradient across the sample is about 25°%C (Fig. 5.2).

The charges and other assembly parts were then loaded into
an 18 mm edged (18M) My octahadron which served as the pressure
madium. All parts of the sanmple assembly were fired at 1000°¢C
prior to loading to remove H,0, and then stored at 110°C.

lixparimxtsmmparfonmnpmssumaf4to1269ama
milti-anvil apparatus (USSA 2000). Pressure generation in the
18M assembly was calibrated at 5.3 and 9.2 GPa at 1000°C using
the fayalite - = spinel (Yagi et al., 1987) and coesite -
stishovite (Yagi and Akimoto, 1976) transitions, respectively.
These transitions were bracketed to within + 0.3 GPa, and this
value serves as an estimate of the error in pressure for
experiments below 12 GPa.

Heating was accamplished by graphite or IaCrO5 furmaces,
depexﬂimontheta@erawmanipmsumofﬂxeemerm.
Graphite heaters were stable within the stability field of
diamond at temperatures less than 1500°C. Temperature was
monitored using either Pt-PtRhyq or WRe; = WReys
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mmlmuwtedwﬁmmofﬂwlmmmw
(Fig. 53) mwotﬂmmzmlmmmtadmr
pressure. m:oarahm was controlled to within + 10°C of the
get point. In some runs, thermocouples were lost during heating,
and nun terperature was estimated using furnace power (Table
5.2).

For almost all experiments, the sample was pressurized at
yoom temperature and then heated at a rate of 100°¢/min to the
nm temperature. In a few experiments, the sample was
pressurized at 500°C and then heated to the run temperature.
Experimants using either of these procedures produced identical
results. Rms were quenched at a rate of 1000°C/s by
terminating the power to the furmace. Rm durations varied from
20 mimtes to 4.5 hours (Table 5.2).

Analytical Methods

Phases intherunpmductsmmidentifiedbypetrcgraphic
examination in oil mounts, powler X-ray diffraction and back
scatteved electron (BSE) imaging of polished sections. The
proportions of phases in selected rm products along the solidus
for the OOMS2 camposition were determinad by point counting
(1500 points) BSE images of the experimental charges.
Oarpositionsofmasesinselectednmpmductsmdetemined
using wavelength dispersive analysis on a JEOL JXA 8600 electron
microprobe at the University of Saskatchewan. A 15 XV operating
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eltage ar 10 nh prebe current; vers enploye in a1l aralyses.
Stardiards used were pyrope (ML), clivine (%) and dicpside (Ca,
8i). mummmwithawm.

Mmmmmiﬂmotmmmw
point camting and electron microprobe, vespactively, allowed
calculation of liquid canpositions in selectad yuns above the
ooMS2 solidus by mass balance (Table 5.3). In three ait of five
cages, these calculations produced residuals within 2 § of the
ik caposition. The two exceptions were Rms 120A and 124A,
which gave residuals within 4 %. Errors in these liquid
canpositions at the 95 § confidence level, oconsidering standard
deviations in the point comting and ervors in microprobe
analyses, ave + 3 wt.% of each oxide. It should also be noted
thatpartialmltsfmemimnts 175A and 133A do not contain
@, (Table 5.3). This result is most likely dus to the errors
stated above.

Equilibrium and Experimental Corditions

The solidi for both the OOMS2 and COMAS1 starting
campositions were reversed at 5 GPa. No further reversals were
attempted due to the difficulty in unambiquously identifying the
onsetofmltiminmstlycrystallimnmpr@lctm To cbtain
these reversals, thesolidustmperawmhadtobem\damtapped
50°C to recrystallize all incipient liquid generated at a
temperature above the solidus (Table 5.2). It was disccvered
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ﬂatthewpenulmoftmm:udwlmusmcoimided
withﬂmlmotmmsiuinﬂ\empattams (butmtjntha
mods) of run products at this pressure, misc:iwiamﬂmn
used to dalineate the cnsst of melting (i.e. the solidus) in
higher pressure experiments and confirmed ky patrographic ard
back scattarred electron imaging of run products.

No time studies were undartaken to evaluate whether liquid
coexisting with restite crystals changed camposition with
varying run duration (e.g. Fujii and Scarfe, 1985). However, the
fast yate of cation exchange in carbonate-bearing and Al-free
MS systems in the temperature range investigated here (Trving
and Wyllie, 1975; Bxgler, 1978) and abeence of zoning in any
gtable phases in the cOMS2 run products, suggests that
aquilibrium was approached in the experiments. Zaning was
cheerved in stable crystals in the CCMASL xun products,
indicating that true equilibrium between liquid and crystals vas
not achieved in this camposition, perhaps due to slugyish
kinetics in Al-bearing systems at these temperatures and run
durations. Experiments with different run durations produced
identical results with respect to the stable phases present in
both the CCMS2 and CCOMAS] starting campositions,

Although the £, of the charges was not externally
buffered, the presence of coexisting orthopyroxens (Opx),
magnesite (Qn), carbon (G,D) ard olivine (Ol) in several runs on
the CCMAS1 composition indicates that the fn, during the
experiments was at or near the EMOG or EMOD (enstatite -
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eagpesita - clivine - Grghite/diamnd) mtter (Bgler e
Baker, 1982). The BOG or BED mffer Lies “'&‘F”“F“" AR and
mgmtits-vnmita L) mzyqanh.\ttm in temperature - f,,
spaca. Bothmzaniuzowthedmimnt&o-uupecium
these conditions (Bggler and Baker, 1962).

Rydrogen Diffusion

In initial experiments, ancmalously low malting temperatures
were encountered for the peridotite + €O, starting
campositions, It was immadiately suspacted that H, was
migratimintnthechameduringanmmﬂminimwithom
form 1,0, which greatly effects the stability of the
aubsolidus carbonates (Goldmmith and Newton, 1969). To test this
hypothesis, a few "dummy" experiments were performad in which
MO poder, dried at 1200°C, was loadad in cne of the Pt
capsulesandaealedbymweldim. After a typical experiment
(e.g. 5 GPa, 1250°C) the MgO was examined by X-ray
diffraction. Peaks for Br appeared in the X-ray pattemn,
suggesting that Hy diffusion was indeed occurring.
Pyrophyllite sleeves used for thermal insulation in the criginal
18M assembly design (Fig. 5.3) were the most probable source for
the H,. Similar test experiments with 2r0, replacing the
pyrophyllite sleave showed much smaller peaks for Br in XRD
patterns of the MgO "dummy" run products, indicating that H,
diffusion had been minimized, but not eliminated. ZrO, sleeves
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vare then adoptad for all the experinents reported in this

Decompositicn ef pyrophyllits gaskets surrounding the Mg
octahadrons during a run is also a potential source of H,, as
shumbylimfotmianputtemotmmomMm
and Pt capsules containing a MyO "dummy", after an experiment.
meettwtofthisswxmotuzmthemulmwm
relations is not Jnown., Bacause Br does not appear in any of the
ooMs2 crvcm&s.'l.nmpmducts, the amount of H,0 actually
formad by H, diffusion through Pt capsules during an
experiment is expacted to be small, but may slightly affect the
melting temperature of these campositions. It is apparent that
in spite of all precautions used to rid sample assemblies of
H,0 before experiments (i.e. assembly dryout at 1000°¢)
tmlyanhydmsmtpermmcanmthaachievedmthe
milti-anvil apparatus if pyrophyllite is employed as a gaket
material.

5.3 EXPERIMENTAL RESULTS

All run products below the solidus of each composition
contained a mixture of subhedral grains 5 to 20 um in diameter.
Stable equilibrium phases formed grains with campositians
different from the minerals used in the starting material.
Motastable restite phases were recagnized by their zoned rims
and ragged edges (Fig. 5.4a), and had compositions identical to
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themimmlsunadmﬂwmrﬁmmtarial.i 4
| mmmmmlim,li@idmdiﬁummly
Wﬂmmﬁmmsmﬂwd\me,wumwm
toteathewandacimlarOlammx(ﬂg 5.4b) . Queneh
mummmsidmmmmmm Ay
mzpartitiomdmtothamltmyhavequwadtoglmor
carbonats which was unrecognizable in BSE images or oil wounts,
Stable On was identified in BSE images of several run products

below and above the solidus (Fig. 5.4a).
The Peridotite + CO, Solidus

The solidus for the COMS2 camposition (in the OM8 - CO,
system) i pressures greater than 5 GPa (Fig. 5.58) is
consistent with lower pressure data for the QS - O, system
(Bymler, 1978). The solidus for COMS2 changes slope naar 10 GPa.
Reascns for this inflectiom in the solidus ave not dwious. The
changejnelcpapmbablymﬂectsagmdualchameinthe
structure of melts genarated along the CCMs2 solidus.

Subsolidus phases for CCMS2 at pressures above 5 GPa are Ol
+ Cpx + Om. q:xdoesmtamearjnthesuhsolidusothZat
these pressures due to its increased solubility in clinopyroxene
with increasing pressure in uitramafic bulk campositions (Table
5.3, Fig. 5.6, see also Takahashi, 1986; Takahashi and Ito,
1987) cambined with its reaction with calcite in the starting
materials to form Cpx and Cn at pressures above the reaction:
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2 MgSi0, + CaMg(CO3),; == CaMgBijOg + 2 MgcO; [1]
En ad Di Cn

(Brey et _al., 1983). opx does appear in hoth sub- and
hypar-solidus runs below reaction [1] (Fig. 5.58), Ol + Cpx + Cm
coexist with liquid up to about 100°C above the solidus, upon
which On is consumed by further partial melting (Fig. 5.5a).

The addition of Al to the OB - (0, system does not
greatly affect the topology of the peridotite + 00, solidus
(Fig. 5.5b) as was realized in phase equilibritm work at lower
pressures (e.g. Haaloe and Wyllie, 1975; Bogler, 1978). solidus
temperatures for the COMAS] starting camposition are slightly
lower than for OCOMS2 at pressures below 6 GPa, hut are higher
above 6 GPa (Fig. 5.5b). Unlike in the COM52 composition, a
ctmmeinslopeofthesolidtmismtdosexvedmarlomin
CQMAS].

01+q:x+cpx+ct+anamsubaolidusphasesincmz\81to
pressures as high as 11 GPa. The appearance of Opx in the
subsolidus of the COMAS1 composition is due to the high
nomative En content of the starting material (Table S.1).
Unlike in the OMS2 starting material, not all Opx in the CQMAS1
camposition is consumed by solid solution with coexisting
clinopyroxene and garnet (Fig. 5.5) or by reaction with calcite
in the starting materials at pressures above reaction [1]. That
reaction [1] is operative is evidenced by the appearance of Cpx
(not present in the starting materials, Table 5.1) in the COMAS1
camposition at pressures above 5 GPa.
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The Peridotite + O, + H0 Solidus

The results presented here for the peridotite + CO, +
H,0 solidus in the QM5 = (O, = HyO system (CCMEH2
camposition) can at best be considered preliminary, due to the
fact that cnly six reconmaissance experiments were performad in
this system. Nonetheless, ths five experimants do provide a
fairly tight bracket on the solidus at pressures above 5 GFa
(Fig. 5.5c) and are consistent with lower pressure data for Q5
- 0, = H,0 data presented by Bugler (1977). Suheolidus
phasesforthiscmpositionm01+mc+m+nrs_-v. The
absence of Opx is again attriluted to its solution into
coexisting Cpx (see above discussion) and reaction with Br at
pressures below the reaction (Ellis and Wyllie, 1979):
Mg5i0, + Mg(OH), == Mg 8104 + Hx0 [2]
En Br Fo Vap
Vapor was not recognized in the run products, hut may be present
at pressures below reaction [2]. At pressures above reaction [2)
all H,0 can be contained in Br. Metastable, quench Br coexists
with Ol + Cpx + Lig outside of its stability field (Fig. 5.5cC)
in hypersolidus runs. Cm is probably consumed at the solidus.

Clinopyroxene Campositions

Clinopyroxenes in equilibrium with melt along the CQMS2
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solidus become more sub-calcic with increasing pressure (Fig.
5.6) . This tyend was also cheerved in experiments on anhydrous
peridotites at pmssum above 5 GPa (’m]mhgahi, 1986; Takahashi
and Ito, 1987). medatafmthisshﬂywmpml
ﬂmtaub-calcicpymemsmrrirqasdimtemdulesin
kiMlitm (e.q. Boyd and Nixon, 1978) represant phenocrysts
which crystallized at hich pressure in kimberlite magmas (BEgygler
ard Wandlandt, 1979).

5.4 PARITAL MELTS ALONG THE PERIDOTTTE + CO, SOLIDUS AND
THE ORIGIN OF KIMBERLITES

At 5 and 7 GPa, partial melts within 100°C of the solidus
have campositions very close to that of the starting material
(Fig. 5.7) and confimm the eutectic-like melting at
carbonate-buffered solidi predicted in previous studies (Bygler,
1977, 1978; Bygler and Wendlandt, 1979). Near-solidus partial
melts at 5 to 7 GPa are not unlike those of presumed primary,
uncontaminated, natural kimberlites (Fig. 5.7) when projected
using their (MS camponents. In contrast, the partial melt
calculated at 9 GPa lies very close to Fo in OMS projection
(Fig. 5.7) and is more Mg-rich than any kimberlite or other
natural melt.

HigherdegmepartialmltsatSto7GPaterdtoplot
towards the Om (M) apex when projected in the QIS ternary (Fig.



127

5.7) mmmmmmiwmmmumm
the source, dmemmdinhypemolidusmmthomzmim
carpositicn (Fig. 5.5a), These partial mlts are ghifted avay
from the spectrum of natural kimberlites (dashed arvows in Fig.
5,7) and suggest that kinberlite and othar silica undarsaturated
magmas represent partial melts genevated within a small
temperature range above the solidus. These vesults support the
contention that high degrees of partial melting ( > 20%) are
probably not realized in kimberlite petrogenesis (Mitchell,
1986) , This conclusion is further corroborated by studies on the
wetting properties of near-solidus, carbonate-rich melts (Hunter
and McKenzie, 1989) vwhich indicate they are efficiently removed
from their source region soon after melting occurs. |

The above data indicates that most kimberlites erupted on
the Earth's surface, if represented by the field of campositions
in Fig. 5.7, are generated Ly partial melting of CO,-bearing
peridﬁi&atpmsmmofSto?GPaintheuppermntle.
Kimberlite cannot be derived at pressures below 3 GPa (Bler
and Werdlandt, 1979). The proposed 5 to 7 GPa "window" for
kimberlite generation may represent a restricted region in the
Earth from which these magmas can ascend essentially urmodified.
A likely "window" at the appropriate depth interval (150 to 250
km) beneaththecmtixmxtsmyhethatransitionbetwaenthe
lithosphere and asthencephere (Boyd and Gurney, 1986; Fimmerty
and Boyd, 1987), where diapirs of C0,-bearing peridotite
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rising from the asthenosphare became trapped (Bygler and
Wendlandt, 1979).

That other "proto-kimberlite" magmas originate at pressures
above 7 GPa in the upper mantle is not precluded. Such wagmas
may exist in the upper mantle, hut for tectonic reasons are not
represented an the Earth's surface (Bggler and Wandlardt, 1979).
Altermatively, kimberlite magmas derived at pressures above 7
GPa may fractionate olivine before emplacement into the crust as
the "primaxy" kimberlites represanted Fig. 5.7. '
"proto-kimberlites" genarated at pressures greater than 7 GPa
could also became contaminated, or mix with other magmas, during
their ascent through shallower depths in the mantle. Evidence
for mixing in kimberlites is recorded in their megacryst arnd
whole rock major, trace and isotopic chemistry (Hunter and
Taylor, 1984; Shervais et al., 1987). A possible product of such
mixing could be the enigmatic Si-poor kimberlites studied by
Kqar et al. (1988). Those rocks may represant mixtures between
near-solidus kimberlite derived above 5 GPa and carbonatitic
melts generated at less than 3 GPa (Fig. 5.7).

The effect of other important camponents such as Fe, Ti and
K on the phase relations of simplified peridotites used in this
studyneedtobeevaluatedinthemtumbefomamnyoauplete
experimental interpretation of kimberlite genesis can be
advanced. The effect of Fe would be to lower solidus
temperatures, The addition of Ti and K may stabilize high



129
presmire titanates, ghlogopite and Kerichtarits, all of vhich
cocur in sartls Lithesghars smpled by Kisberlites (aggerty,
1987; Erlank m;._" 1987) ard are stable at the pressures
predicted for kinberlite gefumtim (Liu and Bassett, 1986,
p.140; Tronnas et al., 1989) . Notwithstanding these
canplications, it is comforting that the interpretation
described above, based on phase relations in the aimple O -
0, syatem, is in accord with previous phase equilibrium work

on natural kimberlite (Byoler and Wendlandt, 1979).

5.5 CONCERNING KIMBERLITE AND MELILITTTE

The spatial association of kimberlite with melilitites in
same alkaline provinces could indicate that these two rock types
are samehow relatad. However, Brey (1978) proposed that
kimberlites and melilitites are derived at different depths in
the upper mantle, and are therefore unrelated. Kinberlites have
low Ca/Mg, and are prabably generated from On=-peridotite,
whereas melilitites have high Ca/Mg, and are derived from
a-peridetite (Brey, 1978). The melting of carbamated peridotite
at higher pressures, where Cn is stable, should produce melts
with lower Ca/Mg ratios (kimberlites) than those produced by
melting of Cd-peridotite (melilitites) at lower pressures.

Differences between melilitites and kimberlites outlinad by
Brey (1978) are well {1lustrated in CMS projections of these
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mcktypes (Fié 5.7) Mcmmstedwiﬂammldamm

peridotite + €O, systems. Kimberlites, and neax salidus
partialmltsinequilibrimnwith@uatSwd?GPahmlm
ca/Mg than do melilitites and partial melts of Qd-peridotite at
3 GPa (Fig. 5.7). The fact that melilitites are always
diamond-free, wheveas kimberlites can be diamond-bearing, is
consistent with the derivation of these two magmas from
carbonated peridotite at lower and higher pressures,

respectively.

5.6 THE STORAGE OF CARBON IN THE EARTH'S UPPER MANTLE

Where and how carbon is stored in the upper mantle is
important in order to understand the distrilution and
geochemical cycle of this elemant in the Earth, Carbon may
veside in the upper mantle in a free vapor (Roedder, 1965), in
diamonds or graphite, as tetrahedral carbon in silicates (Fyfe,
1970) or as carbonate (Berg, 1986).

Whether carbon is contained in apper mantle carbonates is
critically dependent on the fo, of this region of the Earth.
The £y, in the spinel and garnet lherzolite facies of the
u;;permantletopmssumsofﬁsmismarthemmffer (Wood
and Virgo, 1989; Iuth et al., in press; Canil et al., submitted)
and therefore high enough to stabilize carbonates. The £, of
the upper mantle at depths from which we have no representative
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smtéles(>1aoim), ismﬂmmaxﬂcandilyheinférﬁd&t
present. However, ﬂmmmctmgrmits inclusions in same
diamonds (Bulancva, 1986) is evidence that the fo; of the
mnueatpmmmgmammnsmismrtmmw
mffer (Bggler and Baker, 1982) and may be suitable for
carbonate stability.

If the upper mantle is relatively oxidizing at pressures
above 5 GPa, then Om is a potential host for C to depths of at
least 350 km in the Earth. This possibility does not elimimate
themcistameotelmmlcnthmdepths:diamﬂsm
carbonates can coexist under suitably oxidizing corditions
(Bggler ard Baker, 1982).

5.7 SUMMARY

Near-golidus partial melts of peridotite + CO, in the OMS
-cozsystmatstochamaimilarincmpnsitionto
uncontaminated kimberlites cbserved in nature. In contrast,
partial melts generated at higher temperatures above the
solidus, or at pressures above 8 or 9 GPa, are unlike natural
kimberlite, and have Mg-rich campositions which are not
representedbyanymagmaontheEarﬂl's surface. These magmas
may have, however, fractionated olivine in transit to the
surface.

The inferred depth of generation for diamond-bearing
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Kinkerlite is 150 to 250 kn in the upper mantle. mismtﬂcted
dapthintemlor"wirﬂw" cwldmpmentthsinterfmbetvmn
cold, elastic lithosphere and hotter, anelastic asthams;hm
baneath the cratons of continental zeqims. Diamond-free or
noff-craton" kimberlites probably originate beneath continental
regions whare the lithosphere is thimer, and "window" at a
lower pressure (3 to 5 GFa).

The contrasting compositional variation between kimberlites
and melilitites, when campared with partial melts of paridotite
+ 00, deduced from experiment, confimm that kimberlites are
derived by partial melting of magnesite peridotite whereas
malilitites ave derived from dolomite paridotite at lower
pressures, The spatial asasociation of these two rock types in
maﬂmlimpmﬂmsdmsmtmﬂwtammammion
in the upper mantle.

Under appropriate, but not unrealistic, fq,'s carbonates
are potential hosts for carbon in a peridotitic upper mantle to
depths of at least 350 km.
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Table 5.1 Canpositions of Starting Materials” (wt¥)

OMS2 COMAS1 COMSH2 Fo En DL Py
510, 43.18 48,31  39.22 42,55 50.85 54.40 44.80
A123 - 3,06 - - - -
25273 |
MO 44.27 43.93 46,54 57,87 40.00 20.89 29.73
ca0 8.08 2.86 7.45 - - 2.1 -
© 4.40 2.2 4,00 - - - -
aza - - 2,80 - - - -
Total 99,93 100,40 100,01 100.42 99.85

99,40 100,26

WAJ- - 0.93 -
Mg/si 1.03 0.91 1.19

Ca/Mg 0.19 0.07 0.16
mexde wtk

Fo 60.0 40,0 54,5
En 20.0 43.0 18.2
Di 10.0 - 9.1
H - 1200 -
Ce 10.0 5.0 9,1
Br - - i 3
noxm wtk

Fo 73.7 52,56 86.4
En - 34.31 -
Di 22.1 4,63 2.1
In 4.2 - 11.43
aAn - 8.5 -

Notes: *Syntheticmmdmmp.mchasedbyms from a
Japanese ceramic matarials campany. Dicpeide was crystallized
from a melt at 1360°C and 1 atm for 24 h. Pyrope was

ized from an oxide mix + 10 wt$ H,0 + 2 wt¥ natural
garnet seads at 1050°C and 2.8 Gpa for 24 h. The purity of all
synthetic starting materials was verified by electron microprobe
analysis. The synthetic diopside is slightly Mg-rich compared to
stoichiametric diopside.
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Table 5.2 Experimental Run Conditions
511 4.0 1200r 210 18M38 O1+Ope+Cpne+Cm

222A%% 5.0 1200r 60 18MGL OL+Cp+Cim
92A 5.0 12504 60 18MGL OL+Cpne+Om
274A%% 5.0 1260r 50 18M58 OL+Cpi+Cin
110A 5.0 13104 60 1EMEL OL4+CE+OHOpR+L
175A 5.0 13204 75 18M5L O1+Cpae+OdHOpne+L
101A 5.0 1410p 30 18MGL OL+Cpy+Oop+Ls
231AW 5,3 i300r 70 18M58 01+ P+
253A 5.5 1210r 60 18M5S O1+Cpoe+Cim
201A* 5.5 1290r 70 18M5S Ol+CpHamtL,
216A% 5.5 1300r 110 18M55 0L+ pHamtLy
191B 5.5 13404 95 18MIL, 01+Cpne+Cm+L
49A 6.0 12004 60 18MGL O1+CEne+Om
268B 6.0 1250r 230 18MGS 04T+
1438 6.0 13404 60 16M5T, 01+ pRHMHL
195A 6.0 13554 90 18M58 O1+CpyHaom+L
128B 7.0 1250p 40 18MG8 ol
150A 7.0 1300p 95 18M3S OL4+Cpx+Cm
133A 7.0 13604 30 18MGL Ol+Cpx+Om+L
3278 7.0 1370r 150 18MG8 O1+Cpne+Om+L,
117A 7.0 13804 20 16M35 Ol+Cpx+amHL,
124A 7.0 14504 35 18MGL O1+Cpw+L,
2827 Y 1350r 45 18MGS O1-+CEne+Cm
154B 9.0 1400p 70 18M35 O1+Cpx+am+L
1207 9.0 1420p 30 18MGL OL4+Cp%+L
344B 1.0 1490r 50 18MLL OL1+CpeHM
3474 11.0 1590r 20 18ML OL+Cp+Om+HL
31 12.0 1000d 240 18M5L O1+Cpx+Cm
34 12.0 1200d 120 16M5L OL+CPx+Cm
COMSHR
518 5,0 1150r 100 18M55 OL4+Cpx+OM+BY
49B 6.0 1200d 60 18MGL O1+Cpe+Br+L
355B 7.0 1150r 60 18MGS O1+Cpx+BrHCm
358A 8.0 1250r 60 18MGS OL+Cpw+Br+L,
120B 9.0 1420p 30 18MaL O1+Cpx+L
43 10.0 12004 95 18MGL O1+Cpx+CtBr
Brucite
355 7.0 1150r 60 18MGS Br
3587 8.0 1250r 60 16M3S Per+V+Br

Notes: 18M=18M assc—bly; 18MiS=3 mm i.d. graphite heater;
18MGL~3.5 mm i.d. graphite heater; 18M=3.2 xm i.d, LaCro,
heater; p=estimated using power; r=Pt-PtRhy, thermocouple;
d=WRa4~WRe, thermocauple; ##=successful reversal;
*a\msuccessg:l veversal: Ol=olivine, Cp=clinopyroxene,
Opx=orthopyroxene, Cremagnesite, d=dolamite, Br=brucite,
Gtegarnet, I=liquid, IHZ=Ol+Cpx+Op+Gt, Per=periclase, V=vapor
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Table 5.2 cantinued...

COMS1

Rm#é P(GPa) T(°C) L(min) Assenbly

241A% 4.5 1200 125 18M68 THZ+L
222B%¥* 5,0 1200r 60 18MG8 THZ+COm
274B% 5.0 1250r 50 18MG8 IHZ+Om¢L
1758 5,0 13204 7% 18ML THZ+On L
2388 5.3 1300r 60 laMas HZAOmL
253B 5.5 l210r 60 18G8 IHZ+Cm
2018+ 5.5 1290r 70 18M58 LHZ4OmtL
216B% 5.5 1300r 110 l8MG8 IHZ+COmL
“191A 5.8 13404 95 18ML IHZACOmbL
268A 6.0 1250r 230 18MaS IHZ+Cm
1430 6.0 13404 60 18MGL 1HZ+Cmt L
1958 6.0 13554 90 1aM58 THZ4-OmtL
1508 7.0 1300d 95 18MGS UZ+om
327A 7.0 1370r 150 JEMGS THZAOFL
2828 9,0 1350r 45 18MGS8 THZAOnm
1548 9,0 14004 70 18MGS THZ+COm
335A 9.0 1475y 270 18MG8 IHZ+On+L
344A 11.0 1490r 80 J18ML, IHZ+Cm
3478 11.0 1590r 20 18ML, THZ+OntL
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Table 5.3 - Canpositions otmaminSelqctedmsznduchs*

RM§ 1758 101A 133A 117A 124A 1200 347A
P(GPa) 50 80 7.0 7.0 7.0 9.0 11.0
T(°C) 1320 1410 1360 1380 1450 1420 1590
modet 24 25 21 27 28 29 n.d.
810, 55.53 55.53 55,18 55,94 57,56 55.86 55,09
M0 23.00 23.23 22.80 23.88 26,10 27.43 29.40
cao 21,00 21.07 21,51 20,12 17.49 17.31 15,02
Total 99,53 99,83 99.49 99,94 101,15 100,60 99,51
Ca/ (Ca+ig) 0.39 0.39 0,40 0,38 0.33 0.31 0,27
oxthopyroxenes Caxbonates

i 1750 101A 1754 133A 117A

P(GFa) 5.0 5,0 50 7.0 7.0

7(°C) 1320 141 1320 1360 1380

mode$ 6 8 10 110 8

510, 58,39 59.54 - - -

MO 39.49 38,68 46,31 46.23 45.09

cao 1.51 1.88 5.47 6,39 6.42

Total 99,39 100,10 51,78 52.62 51.51

Ca/ (Ca+ig) 0.03 0.03

Partial Maits

Rn# 1757 101A 1337 1174  124A 120A
P(GPa) 5.0 5.0 7.0 7.0 7,0 9.0
T(°c) 1320 1410 1360 1380 1450 1420
modet 23 39 36 32 36 37
0l mode$ 37 28 33 33 36 34

SiOz 45,87 33,06 48,61 43,70 30.88 37.14
MgO 46,27 49,10 44,72 48.30 45.06 50.81
Ca0 10.37 7.26 8.12 8.67 8.36 7.93
16.0) - 11.00 - 1.70 12022 1043
'Ibgal 102,51 100.42 101.45 100.37 96.52 97.31

Notes: * Campositions represent average of at least 3 analyses
of each phase in each run product. Partial melt campositions
were calculated using mass balance, with olivine campositions
assumad to be nearly pure Fo (as verified by microprobe analyses
not presented here),
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MgO

@ cCcms2
W CCMSH?2
vr CCMAS1
@ Kimberiites

Fo

CaO si02

Figure 5.1. Starting campositions projected in the Ca0 - MgO =
sio, ternary. Field for average uncontaminated kimberlites

adapted from Mitchell (1986).



|

\\ ~ ) .'3’ .35 2 ‘so
\ 025 el e -3333.0 ”i-:u \ N
\ NX\\\ 9
\ - \

7

\
\

1450
\\

- &

18M assembly used for .
(

h.

microprabe analysis after the run, and the equilibrium

temperature they record throughout the charge (plotted as

}égvalus) was determined using the two pyroxene
ermameter of Nickel et al. (1985).



139
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MgO
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Figure 5.3. Cross-section of assenbly used in this study.
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(a) Back-scattered electron (BSE) image of run
product 274A (5 GPa, 1260°C). Clinopyroxenes are bright
white, olivines are dark grey, carbomates are dark black.
Note metastable restite minerals (ragged, large grains) and
stable equilibrium grains (subhedral, 5-15um).

Fiqure 5.4.
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Fig. 5.4. (b) BSE image of run product 101A (5 GPa, 1410°C) .
Note bladed, acicular olivine ard clinopyroxene (
from liquid) amongst larger stable restite grains. Image
contrasts same as in 5.4.(a).
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Fiqure 5.5. (a) Fhase relations for the simplified peridotite
aMs2 in the OMS - O, system. Solidus below 5 GPa adapted
fram BEggler (1978). Filled aquares are subsolidus runs,
hatchuredsqua:esamhypezhsolidusnmswhichmina
carbonate phase, and open squares are carbonate-free
hyper-solidus runs. In principle, a cusp must be present at
the invariant point where the subsolidus reaction En + Dol
== Di + Mag intersects the solidus, hut was cmitted for
clarity.
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Figure 5.5. (b) Phase relations for the synthetic peridotite
COMAS1 in the QRS - CO, system., Synbols as in (a) except
that open synbols above the solidus are runs for which no
BSE examination of charges was performad. Circles at 2.8 GPa
representﬂiesolidusbmcketforparidotiteinthem-
@, system (adapted fram Adam, 1988). circle at 1.5 GPa is
thé solidus for peridotite PHN 1611 (adapted from Wendlandt
and Mysen, 1980).



144

CCMSH2
12
m]

(3]
0.
o ()
o s
: .
g . Ol+Cpa+Liq
o X

"

2 = ’
| | | ! |
1000 1200 1400

Temperature °C

Figure 5.5. (c) Preliminary phase relations for c
peridotite CCMSH2 in the CMS - CO, - Hy0 system. solid
squares are subsolidus, open squares are hyper-solidus.
Circles at 3.1 GPa represent brackets for the peridotite
solidus in the AMs - QO -Hg‘system(adapbadfm
BEygler, 1977). The reaction + Br == Fo + V is adapted
from Ellis and Wyllie (1979). Dotted line is the brucite
decampositian curve to 3.3 GPa adapted from Irving et al.
(1977) arﬂbytworecconmissarmnmfmthisshﬂyatv
and 8 GPa (Table 5.2). Bracket at 5.5 GPa is solidus for a
natural kimberlite analogue (adapted from Eggler arnd
Wendlandt, 1979).
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Crn Cpx
CCMS 2 5GPRa
Swarting 1400°C
materials @ .

Figure 5.6. Clincpyroxene campositions (in mol.$) fram various
nmsinﬂleads-cnzsystemfmthissmdyplottedin
the Fo - Di - Si termary. Note that Opx does not crystallize
in runs above 5 GPa in the CMS2 starting composition.
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Figqure 5.7. Campositions of partial melts of the CQMS2
camposition fram this study projected (in wtd) in the QIS
termary. Representative campositions of natural kimberlites,
lamproites and melilitites arve projectad onto the MS plane
fram Al,0, using a method modified after O'Hara (1968) .
Cross-hatchured field reperesents analyses of
mumoontaminatad” natural kimberlite (adapted from Mitchell
(1986) ) . Data for melilitites are adapted from Brey (1978).
Data for W. Australian and Smoky Butte lamproites are
adapted from Jaques gt al. (1984) and Bergman (1988),
respectively. Data for Lesotho (cocky 7) ard Wesseltan
Si-poor kimberlite are adapted from Eqgoler ard Wendlandt
(1979) and Eyar et al. (1988), respectively. The arrows for
partial melts fram this study represent the sghift in

ition for melts further above the solidus (i.e. higher
dagree partial malts). Error bars represent error in partial

confidence level. Also shown is the liquidus trace in the
system OMS - CO, at 3 GPa (adapted from Bggler (1978)).
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6. THESIS SUMMARY AND CONCLUSIONS

A series of petrological and experimental studies of
mantle-derived peridotites has been undertaken in this thesis.
The three petrological studies contained herein have addressed
different, yet interelated, aspects of the upper mantle beneath
the Canadian Cordillera, including its geothermal
characteristics, metasamatic history and oxidation state. An
experimental study investigating the melting relations of
C0,-bearing peridotites in compositionally simple systems, has
attempted to provi same constraints on the origin of
deep-seated, alkaline magmas in the mantle, such as kimberlite.

The mantle-derived xenolith populaticn hosted in hawaiite at
Rayfield River, south-central British Columbia confirms the
dominance of spinel lherzolite in the upper mantle beneath the
canadian Cordillera noted in previous studies (Brearley et al.,
1984) . Harzburgite, dunite, wehrlite, and mineralogically banded
peridotite, also cccur as xenoliths at Rayfield River and other
localities in British Columbia, and indicate that the upper
mantle beneath this region is heterogenecus on a am to meter
scale. A geotherm constructed for the upper mantle beneath
Rayfield River based on the geothermametry of xenoliths
(239C/km) is similar to those determined for other xenolith
suites from the Cordillera (Fujii and Scarfe, 1982; Brearley et
al., 1984). The consistency of these xenolith-derived geotherms
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with a geotherm calculated from present day heat flow
measurements, suggests that gecthermal conditicns were probably
uniform during Canozoic alkaline magmatisn in this province, and
have not changad significantly over time.

The first occurrence of phlogopite in mantle xenoliths from
the canadian Cordillera has been documented in wehrlite and
peridotite xenoliths from a volcano near Kostal laks, eastem
British Columbia. The phlogopites provide evidence for the
infiltration of a fluid phase or fluid-rich melt in the upper
mantle beneath a recently active alkaline volcano. The fluid
phaseisshwntohavecontaj:adanalies, cl, P, Sad
probably H,0, and to have oxidized the upper mantle beneath
Kostal Iake. Fluid or fluid-rich melt infiltration and the
formation of phlogopite in the upper mantle urderlying eastern
British Columbia may have occurred less than 3.5 Ma ago. The
relationship between metascmatism and magmatism in the upper
mantle is well demonstrated in this petrological study.

The redox equilibria recorded by coexisting olivine,
orthopyroxene and spinel in seventeen mantle-derived xenoliths
from six localities throughout British Columbia were used to
estimate the oxidation state of the upper mantle beneath this
region. The precise determination of Fe3* concentrations in
spinels by Mossbauer spectroscopy, was found to be essential in
order to detect any real differences in the fo; calculated for
the xenoliths. The results indicate that the fg; of the upper
mantlebeneaththeCaradiancordilleraissimilartxsthatof
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mid-ocean ridge basait glasses (alig!ttly below the PR puffer at
15 kbar) ard was wnaffected by late Cenozoic magmatism in this
region, Subtle variations in the oxidation state between aﬁmples
cwldmtbedetactedduetomommﬂammbimsmhemntin
the thermobarametric calculations. However, metasamatized
samples appear to have slightly higher fn,'s than anhydrous
xenoliths, suggesting that metasamatism is a potential process
for oxidation of the upper mantle. The overall oxidized nature
of the sanples investigated requives that C-O-H volatile species
contained in fluids or melts in the sub-Cordilleran mantle occur
in their oxidized forms (i.e. H,0 and C0y).

Recent studies on the oxidation state of the ug:er mantle,
including that described above, indicate that fluid species in
the upper mantle are daminantly CO, ard H,0 (Bygler, 1983;

Virgo et al,, 1988; Wood ard Virgo, 1989; Iuth et al., in
press). With this in mind, the role of (O, in the generation

of deep-seated, diamond-bearing kimberlites was investigated by
melting synthetic peridetite + 0O, campositions at pressures

of 4.5 to 12 GPa. The spactrum of melt campositions determined
over a range of pressures in the experiments indicate that
diamond-bearing kimberlite may be formed by partial melting of
00,=bearing peridotite at pressures of 5 to 7 GPa beneath the
stable cratons of continental regions. This § to 7 GPa "window"
for diamond-bearing kimberlite formation may correspord to the
lithosphere-asthencsphere bourdary beneath stable cratans. It is
proposed that the interface between cold, elastic lithosphere
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" and hot, anelastic asthems;hem m}ay pmvant the passage of
nﬁgmas tcmiad at higher pressures in the mmxtie. m, melts
derived fram CO,-bearing peridotite at higher pms in the

' mantle ("proto kimberlites ?") are not vepresanted on the
Earth's surface. The subsolidus stability of magnesite to
pressures of 12 GPa in these experiments suggests that this
phaseisapctentialmsewoir for carbon in the Earth to depths
of at least 350 km,
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