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Abstract. A basanitoid flow of Miocene age, exposed near
the West Kettle River, 25 km southeast of Kelowna, British
Columbia, contains abundant ultramafic and mafic nod-
ules. The subangular nodules are 1-20 cm across and typi-
cally show granular textures. A study of 250 nodules indi-
cates that spinel lherzolite (~60%) is the dominant type
with subordinate olivine websterite (~10%), websterite
(~7%), clinopyroxenite ( ~4%), wehrlite ( ~4%), pyroxene
gabbro (~4%), dunite (~2%), harzburgite (~1%) and
granitic rocks (~8%). Ultramafic nodules are of two types.
Most of the wehrlites and clinopyroxenites belong to the
black pyroxene (aluminous clinopyroxene) series, whereas
the other clinopyroxene-bearing nodules belong to the green
pyroxene (chromian diopside) series. Some spinel Therzolite
nodules have distinctive pyroxene- and olivine-rich bands.
Microprobe analyses of the constituent minerals of more
than thirty nodules from the green pyroxene series indicate
that grain to grain variations within individual nodules are
small even when banding is present. Olivine, orthopyrox-
ene, clinopyroxene and spinel in spinel lherzolite have aver-
age compositions of Fogo, Engg, Wo,-FssEngg, Cr/(Cr+
Al+Fe?)=0.1 and Mg/(Mg+Fe?>")=0.8. Equilibration
temperatures, which were calculated using the two pyrox-
ene geothermometer of Wells (1977), range between
920-980° C. Based on published phase stability experi-
ments, pressures of equilibration are between 10-18 kbar.
In summary, the upper mantle beneath southern British
Columbia is dominated by spinel lherzolite but contains
some banding on a scale of cm to meters. The temperature
in the upper mantle is ~950° C at a depth of 30-60 km.

Introduction

The study of mantle nodules transported to the surface
by alkali basalts has been an important area of research
for several years (e.g. Kuno and Aoki 1970; Jackson and
Wright 1970; Yoder 1976). Only a few nodule localities,
however, have been described in British Columbia (e.g. Litt-
lejohn and Greenwood 1974; Fiesinger and Nicholls 1977;
Hamilton 1981; Nicholls et al. 1982) where Late Tertiary
to Recent volcanism is represented by a large component
of alkali basalts (Souther 1970; 1977).
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In this paper we describe a suite of approximately
200 nodules from a Miocene lava flow exposed in the West
Kettle River valley, 25 km southeast of Kelowna, British
Columbia. Nodules from this locality have not been pre-
viously described. We present petrographic, textural, miner-
alogical and chemical data on the nodules and derive tem-
peratures of equilibration using element partition geother-
mometers. Using these temperatures, and estimates for the
depth of origin of the nodules, we discuss the geothermal
gradient and the nature of the upper mantle beneath south-
ern British Columbia.

Geological Setting and Host Basalts

The host basalts are part of a northwest-trending belt of
Late Cenozoic volcanism in British Columbia (Souther
1970; Nicholls et al. 1982). Four lava flows are exposed
on a forestry road to the west of the West Kettle River
valley in the Kettle River Provincial Forest (geological map
sheet 82E (west half); 49°47'N, 119°4'W ; Fig. 1). Their age
has not been determined radiometrically, but according to
the geological relationships they are most probably of
Miocene age (Hamilton, personal communication). The
four flows are stacked concordantly and have thicknesses
of approximately 2 m, except for the nodule-bearing flow
which is 11 m thick. Each flow is separated by a rubbly
horizon about 10 cm thick; however, no weathering sur-
faces were detected, suggesting that the flows were erupted
without a significant time lag. Only the uppermost flow
is nodule-bearing and it also shows well developed colum-
nar joints with 50 cm average widths of columns. The up-
permost flow can be seen in contact with the gneissic base-
ment at the west end of the section.

The host basalt has phenocrysts of olivine (~10%) and
rarely clinopyroxene (~2%) within an intergranular
groundmass of plagioclase, clinopyroxene, olivine and ti-
tanomagnetite. Olivine phenocrysts are mostly euhedral and
free from alteration. Clinopyroxene phenocrysts occur as
both euhedral and anhedral crystals, often showing good
examples of sector zoning. Groundmass olivine is subhedral
and commonly associated with euhedral or subhedral
titanomagnetite. Groundmass clinopyroxenes are mostly
granular and relatively rare columnar structures are found
in feldspar-rich portions of the groundmass. The columnar
pyroxene shows sector zoning of the swallowtail type
(Strong 1969).

Xenocrysts of olivine, orthopyroxene and clinopyrox-
ene, thought to be derived from disaggregated ultramafic
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Fig. 1. Locations of nodule-bearing lavas and cinder-cones of Late
Cenozoic age in Western Canada. () Sinclair et al. 1978; (2, 4
and 5) Littlejohn and Greenwood 1974; (3 and 6) Nicholls et al.
(1972); (A) Fujii and Scarfe 1981 ; (B) Fujii et al. 1981; (C) Brearley
et al. (1982)

nodules, are also present. The xenocrysts frequently show
evidence of reaction with the magma. Xenocrystic olivine
shows irregular grain surfaces and xenocrysts of orthopy-
roxene have ragged crystal outlines and are surrounded by
aggregates of small olivine grains that are probably the
product of reaction with the host basaltic liquid. Xenocrys-
tic clinopyroxene occurs as rounded crystals surrounded
by a rim of titanaugite. Dusty inclusions mark the boundary
between the two phases.

Ultramafic Nodules

Xenolithic fragments are concentrated in the lower middle
portion of the uppermost basalt flow and occupy about
0.5 volume percent of the flow. The xenoliths are mostly
subangular and range from {-20 cm in diameter, with an
average size of about 5 cm. They range from gneissic rocks
of crustal origin to ultramafic rocks of upper mantle origin.
The frequency of each type (Fig. 2) was estimated from
the field observation of about 250 xenoliths in one outcrop
which was approximately 11 m high and 75 m in length.
The textures of the ultramafic nodules are typically
granular with average grain sizes of 1-2 mm. They can be
subdivided into two series: a dominant green-pyroxene and
a subordinate black-pyroxene series (Wilshire and Shervais
1975). The black-pyroxene series rocks contain abundant
clinopyroxene and lesser amounts of olivine and are classi-
fied as olivine-clinopyroxenite and ¢linopyroxenite. On the
other hand, rocks of the green pyroxene series have abun-
dant olivine, orthopyroxene, clinopyroxene and small
amounts of spinel. They are mainly lherzolite and olivine
websterite; however, there are a few samples of harzburgite
and dunite. The modal proportions of the green-pyroxene
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Fig. 2. Percentages of types of xenolithic fragments at West Kettle
River. Estimates from 250 nodules in the field
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Fig. 3. Modal mineralogy of green pyroxene series nodules plotted
in terms of olivine, orthopyroxene and clinopyroxene. Laboratory
estimates of 100 nodules
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series rocks are shown in Fig. 3 in terms of olivine, orthopy-
roxene and clinopyroxene. Some of the lherzolites have
bands enriched in clinopyroxene or orthopyroxene (Fig. 4).
The thicknesses of the bands vary from 0.5 cm to several

.cm, and it is possible that some of the olivine websterite

plotted in Fig. 3 represents fragments of the pyroxene-en-
riched bands.

No significant reaction zones between the xenoliths and
the host basalt were recognized, except in the case of gab-
broic or gneissic samples of crustal origin. In some ultra-
mafic nodules of the green pyroxene series, however, partial
melting along grain boundaries was observed. It is sug-
gested below that this melting took place after capture of
the fragments by the host basalt.



Fig. 4. Examples of banding in nodules. a Nodule showing dark
bands rich in chrome diopside. Width of nodule ~6 cm. b Nodule
divided into two halves, one rich in chrome diopside, the other
rich in olivine. Width of nodule ~3 cm

Analytical Methods

Chemical analyses of phases in nodules of the green pyrox-
ene series and the host basalt were performed on an ARL
EMX microprobe fitted with an Ortec energy-dispersive
spectometer. Operating conditions were 15 kV operating
voltage, 20 nA probe current and 400 s counting times at
a full-spectrum counting rate of approximately 3,000/s. The
spectra were processed by using EDATA?2 (Smith and Gold
1979). The limit of detection using the above methods is
~ 500 ppm and accuracies for major and minor elements
are comparable to wavelength dispersive analysis (Smith
1976; Smith and Gold 1979).

A few analyses were also performed on the MAC wave-
length dispersive microprobe at the Geophysical Laborato-
ry, Carnegie Institution of Washington. Data reduction for
the MAC microprobe was performed by the methods of
Bence and Albee (1968). The results obtained by the two
different methods are identical within analytical error.

Analyses of the host basalt were performed by micro-
probe on glass beads fused from basalt powder at about
1,350° C in air. FeO was determined wet chemically by a
volumetric titration method (Wilson 1960).

Bulk Chemistry and Mineral Chemistry
of the Host Basalt

The chemical composition and CIPW norm of the host
basalt is given in Table 1. The rock has no modal nepheline
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Table 1. Chemical composition of the host basalt

Si0, 44.5
TiO, 3.12
Al O, 14.1
Cr,0, 0.08
Fe,O, 3.73
FeO 8.52
MnO 0.21
MgO 9.50
CaO 9.55
Na,O 4.20
K,0 1.65
P,0;4 0.79
Total 99.95
CIPW norm

or 9.75
ab 12.92
an 14.75
ne 12.25
di-wo 11.47
di-en 7.92
di-fs 2.61
fo 11.03
fa 4.01
mt 5.41
il 5.93
ap 1.83

but contains 12.3% nepheline in the norm and is classified
as a basanitoid (Macdonald and Katsura 1964).

Representative compositions of phenocryst and ground-
mass phases are shown in Table 2. The core compositions
of olivine phenocrysts (Fog,, CaO=0.2 wt.%) are relatively
homogeneous and are mantled by a narrow (<50 pm)
strongly-zoned rim. Rim compositions vary towards the pe-
rimeter from Fog;—Fog, with CaO contents ranging from
0.2-0.6 wt.%, and the composition of the outermost zone
is similar to the composition of groundmass olivine. Clino-
pyroxene phenocrysts are titanaugites with distinct differ-
ences in core and rim compositions. Xenocrysts of olivine
(Fog,) and orthopyroxene (Eng,) are also present.

Groundmass olivine is ~Fog, and plagioclase in the
groundmass is typically zoned from Ang, to Ans,. Ground-
mass clinopyroxene is titanaugite, but it is much less alumi-
nous than the phenocryst clinopyroxene. Titanomagnetite
shows a slight increase in the ulvdspinel component and
a decrease in MgO and Al,O; (3.7 to 2.8 wt.% MgO; 4.4
to 2.5 wt.% Al,O;) towards the margin. The petrogenesis
of the basalts will be discussed elsewhere (Scarfe and Fuji,
in preparation).

Mineral Chemistry of the Nodules

Microprobe analyses of the constituent minerals of 35 nod-
ules from the green pyroxene series are described below.
Representative analyses are given in Tables 3 and 4. Analy-
ses of the black pyroxene series xenoliths and of the crustal
samples are not discussed in this paper.

Olivine. Olivine varies in composition from Fog,—Fo,,,
but is mostly within the range Fog,— Fog, (see data plotted
in Fig. 7 in next section). The content of NiO varies from
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Table 2. Chemical Composition of Minerals in the host basalt (KR-119)

OLV 2-1* OLV2-7 OLV32 CPX11 CPX14 C(CPX41 PLG21 PLG42 MTI1-1 MT 6-1

(Ph-core) (Ph-rim) (Gm) (Ph-core) (Ph-rim) (Gm) (Mph) (Gm) (Mph) (Gm)
SiO, 39.1 38.0 37.0 © 473 433 46.9 52.4 54.3 n.d. 0.15
TiO, n.d. 0.06 0.08 1.98 422 2.68 0.09 0.15 20.9 223
Al,O4 n.d. 0.06 n.d. 9.41 9.13 6.02 291 28.4 442 2.56
Cr,0, n.d. n.d. n.d. 0.14 0.07 n.d. n.d. n.d. 0.47 0.13
Fe,04 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 20.0 19.4
FeO 15.4 22.8 27.8 7.43 8.12 7.75 0.47 0.56 48.6 50.8
MnO 0.11 0.39 0.60 0.18 0.11 0.16 0.07 n.d. 0.69 0.78
MgO 44.0 38.1 34.0 13.4 11.3 12.7 0.11 0.11 3N 2.90
Ca0 0.21 0.36 0.53 18.3 22.1 222 12.1 10.9 0.13 0.17
Na,O n.d. n.d. n.d. 0.79 0.37 0.48 4.02 4.67 n.d. n.d.
K,0 n.d. n.d. n.d. n.d. n.d. n.d. 0.30 0.34 n.d. n.d.
NiO 0.21 n.d. n.d. n.d. n.d. 0.06 n.d. n.d. n.d. n.d.
Total 99.03 99.77 100.01 98.93 98.72 98.95 98.66 99.43 98.92 99.19
O 4.000 4.000 4.000 6.000 6.000 6.000 8.000 8.000 4.000 4.000
Si 0.995 0.995 0.993 1.762 1.656 1.777 2.409 2.467 n.d. 0.006
Al n.d. 0.002 n.d. 0.413 0.411 0.269 1.576 1.521 0.191 0.112
Ti n.d. 0.001 0.002 0.055 0.121 0.076 0.003 0.005 0.575 0.621
Cr n.d. n.d. n.d. 0.004 0.002 n.d. n.d. n.d. 0.014 0.004
Fedt n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.550 0.539
Fe?* 0.328 0.499 0.624 0.231 0.260 0.246 0.018 0.021 1.489 1.573
Mn 0.002 0.009 0.014 0.006 0.004 0.005 0.003 n.d. 0.021 0.024
Mg 1.669 1.487 1.359 0.744 0.644 0.717 0.008 0.007 0.202 0.160
Ca 0.006 0.010 0.015 0.730 0.905 0.901 0.596 0.531 0.005 0.007
Na n.d. n.d. o.d. 0.057 0.027 0.035 0.358 0.411 n.d. n.d.
K n.d. n.d. n.d. n.d. n.d. n.d. 0.018 0.020 n.d. n.d.
Ni 0.004 n.d. n.d. n.d. n.d. 0.002 n.d. n.d. n.d. n.d.
Total 3.005 3.003 3.006 4.003 4.030 4.029 4.988 4.983 3.048 3.046
Mg/Mg+Fe 83.6 74.9 68.6 76.3 71.3 74.5 - - - -
Ca 0.3 0.5 0.8 42.8 50.1 48.4 - - - -
Mg 83.4 74.5 68.0 43.6 35.6 38.5 - - - -
Fe 16.4 25.0 31.2 13.6 144 13.2 - - - -

Ph: phenocryst; Gm: groundmass; Mph: microphenocryst; n.a.: not analyzed; n.d.: not detected

* Laboratory analysis number

0.4-0.5 wt.% and shows no systematic relationship with
forsterite content. The concentration of CaO is close to
the detection limit of the microprobe. Detailed profiling
of grains yielded no chemical zonation of MgO, FeO, NiO
and CaO and grain-to-grain heterogeneities within single
nodules are absent. Even in banded lherzolites, olivines in
olivine-rich bands are identical in composition to those in
pyroxene-rich bands.

Orthopyroxene. Orthopyroxene compositions range from
Ca Mg, Feg to Ca,MgggFe;, (Fig. 5). The Al,O; content
is between 2-5 wt.% and the Cr,0O; content is less than
0.6 wt.%. Within a given nodule, the composition of ortho-
pyroxene is homogeneous and exsolution phases were not
found. With decreasing Mg/(Mg+ Fe), Al,O; increases and
Cr, 05 decreases. Furthermore, Al,O; decreases systemati-
cally as the Cr/(Cr+ Al) values in coexisting spinel increase
(Fig. 6a).

Clinopyroxene. Most clinopyroxenes have compositions
within a narrow region around Ca,,Mg,sFe; (Fig. 5).
Within individual nodules there is little or no compositional
heterogeneity in CaO, MgO, FeO, Al,0; and Cr,05. Some
grains in a few nodules have exsolution lamellae of orthopy-

roxene. No compositional differences, however, could be
detected between these grains and exsolution-free grains.
There is some nodule to nodule variation in Al,O,
(3-8 wt.%) and Cr,O5 (0.6-1.6 wt.%). These two elements
show good correlation when the Al,O; content of clinopy-
roxene is plotted against Cr/(Cr+ Al) in coexisting spinels
(Fig. 6b).

Spinel. The major variation in the chemical composition
of spinels is in the ratio of Cr/(Cr+Al+Fe*")=0.06-0.5
and in Mg/(Mg+Fe?")=0.84-0.7, with most values clus-
tering around 0.1 and 0.82, respectively. This is somewhat
unusual, because spinels in ultramafic nodules are often
heterogeneous within individual nodules, even when the sili-
cate minerals are homogeneous (e.g. Wilshire and Jackson
1975). The range of spinel compositions for a nodule, KR-
92, are given in Table 4. Compositional zoning at grain
boundaries could not be detected.

Estimation of Equilibration Temperatures

Because of the homogeneity of mineral compositions in in-
dividual nodules at West Kettle River, it is reasonable to
assume that the minerals within a given nodule are well



Table 3. Representative analyses of minerals in ultramafic nodules

1 2 3 4 5 6 7 8 9 10 11
OLV1-1 CPX1-1 OLVi1 OPX1-1 CPX1-1 SPNi1-1 OLVi1-1 OPX1-1 CPX1-t SPN1-1 OLV1-1
Sio, 40.4 52.9 40.9 54.8 52.7 0.37 40.2 55.3 521 n.d. 40.2
Tio, n.d. 0.18 n.d. n.d. 0.19 n.d. n.d. n.d. 0.46 0.14 n.d.
Al,O4 n.d. 4.57 n.d. 4.17 5.79 55.9 n.d. 3.92 6.59 55.3 n.d.
Cr,04 n.d. 1.64 n.d. 0.36 0.96 11.5 n.d. 0.35 1.10 12.5 n.d.
Fe,0;4 n.a. n.a. n.a. n.a. n.a. 293 n.a. n.a. n.a. 2.26 n.a.
FeO 8.23 1.99 9.42 5.97 2.49 7.22 9.62 6.09 2.63 8.47 10.5
MnO 0.10 n.d. 0.12 0.11 n.d. 0.07 0.12 0.13 n.d. n.d. 0.14
MgO 50.5 15.6 49.5 33.5 15.5 21.5 49.6 33.6 15.0 20.9 48.9
CaO n.d. 211 n.d. 0.53 209 n.d. n.d. 0.56 19.9 n.d. n.d.
Na,O n.d. 1.39 n.d. n.d. 1.25 n.d. n.d. n.d. 1.58 n.d. n.d.
NiO 0.49 n.d. 0.38 0.08 0.09 0.37 0.40 n.d. n.d. 0.44 0.38
Total 99.72 99.37 100.32 99.52 99.87 100.06 99.94 99.95 99.36 100.01 100.12
O 4.000 6.000 4.000 6.000 6.000 4.000 4.000 6.000 6.000 4.000 4.000
Si 0.989 1.924 0.998 1.900 1.906 0.010 0.988 1.909 1.892 n.d. 0.990
Al n.d. 0.196 n.d. 0.170 0.247 1.699 n.d. 0.159 0.282 1.694 n.d.
Ti n.d. 0.005 n.d. n.d. 0.005 n.d. n.d. n.d. 0.013 0.003 n.d.
Cr n.d. 0.047 n.d. 0.010 0.027 0.234 n.d. 0.010 0.032 0.257 n.d.
Fe3* n.d. n.d. n.d. n.d. n.d. 0.057 n.d. n.d. n.a. 0.044 n.a.
Fe?* 0.168 0.061 0.192 0.173 0.075 0.156 0.198 0.176 0.080 0.184 0.216
Mn 0.002 n.d. 0.002 0.003 n.d. 0.002 0.002 0.004 n.d. n.d. 0.003
Mg 1.842 0.846 1.801 1.731 0.835 0.827 1.816 1.729 0.812 0.810 1.794
Ca n.d. 0.822 n.d. 0.020 0.810 n.d. n.d. 0.021 0.774 n.d. n.d.
Na n.d. 0.98 n.d. n.d. 0.088 n.d. n.d. n.d. 0.111 n.d. n.d.
Ni 0.010 n.d. 0.007 0.002 0.003 0.008 0.008 n.d. n.d. 0.009 0.008
Total 3.011 3.998 3.002 4.010 3.996 2.995 3.012 4.007 3.995 3.000 3.010
Mg/Mg+Fe 91.6 93.3 90.4 90.9 91.7 84.1 90.2 90.8 91.0 81.5 89.3
Ca(Al) 0.0 47.6 0.0 1.0 471 85.4 0.0 1.1 46.5 84.9 0.0
Mg(Cr) 91.6 48.9 90.4 90.0 48.6 11.8 90.2 89.8 48.7 12.9 89.3
Fe(Fe®™) 8.4 3.5 9.6 9.0 4.4 2.9 9.8 9.1 48 2.2 10.8
12 13 14 15 16 17 18 19 20 21 22
OPX 1-1 CPX1-1 OLVi1-1 OLVi1-1 OPX1-1 CPX1-1 SPNi-1 OLVi11 OPX1-1 CPX1-1 SPN1-1
Si0, 54.6 514 39.7 39.9 544 51.8 0.11 39.8 552 52.5 n.d.
TiO, n.d. 0.65 n.d. n.d. 0.12 0.57 n.d. n.d. n.d. 0.20 0.71
Al O, 4.51 7.27 n.d. n.d. 4.52 7.75 60.8 n.d. 3.23 4,99 37.2
Cr,0, 0.27 0.83 n.d. n.d. 0.22 0.81 6.43 n.d. 0.40 1.26 26.4
Fe,04 n.a. n.a. n.a. n.a. na. n.a. 2.37 n.a. n.a. n.a. 6.24
FeO 6.64 2.77 10.4 10.5 6.76 2.86 8.27 12.0 7.43 3.56 12.4
MnO 0.16 0.07 0.15 0.08 0.17 n.d. n.d. 0.19 0.15 0.07 n.d.
MgO 32.5 14.6 48.3 48.2 32.4 14.6 214 47.6 32.7 16.1 16.9
CaO 0.57 19.8 n.d. 0.09 0.58 19.8 n.d. n.d. 0.70 19.6 n.d.
Na,O n.d 1.80 n.d. n.d. n.d. 1.63 n.d. n.d. n.d. 1.36 n.d.
NiO n.d. n.d. 0.46 0.47 0.11 n.d. 0.56 0.37 n.d. n.d. 0.36
Total 99.25 99.19 99.01 99.24 99.28 99.82 99.94 99.96 99.81 99.64 100.19
(6] 6.000 6.000 4.000 4.000 6.000 6.000 4.00 4.000 6.000 6.000 4.000
Si 1.902 1.872 0.989 0.992 1.897 1.872 0.003 0.989 1.920 1.910 n.d.
Al 0.185 0.312 n.d. n.d. 0.186 0.330 1.823 n.d. 0.132 0.214 1.242
Ti n.d. 0.018 n.d. n.d. 0.003 0.015 n.d. n.d. n.d. 0.005 0.015
Cr 0.007 0.024 n.d. n.d. 0.006 0.023 0.129 n.d. 0.011 0.036 0.591
Fe3* n.a. n.a. n.a. n.a. n.a. n.a. 0.045 n.a. n.a. n.a. 0.133
Fe2* 0.193 0.084 0.217 0.218 0.197 0.086 0.176 0.249 0.216 0.108 0.293
Mn 0.005 0.002 0.003 0.002 0.005 n.d. n.d. 0.004 0.004 0.002 n.d.
Mg 1.687 0.793 1.793 1.785 1.684 0.786 0.811 1.762 1.695 0.873 0.714
Ca 0.021 0.773 n.d. 0.002 0.022 0.766 n.d. n.d. 0.026 0.764 n.d.
Na n.d. 0.127 n.d. n.d. n.d. 0.114 n.d. n.d. n.d. 0.096 n.d.
Ni n.d. n.d. 0.009 0.009 0.003 n.d. 0.011 0.007 n.d. n.d. 0.008
Total 4.002 4.005 3.011 3.008 4.004 3.993 2.999 3.011 4.006 4.008 2.997
Mg/Mg+Fe 89.7 90.4 89.2 89.1 89.5 90.1 82.2 87.6 88.7 89.0 70.9
Ca(Al) 1.1 46.8 0.0 0.1 1.1 46.8 91.3 0.0 1.4 438 63.2
Mg(Cr) 88.7 48.1 89.2 89.0 838.5 48.0 6.5 87.6 87.5 50.0 30.1
Fe(Fe*t) 10.2 5.1 10.8 10.9 10.4 5.3 2.3 12.4 114 6.2 6.3

1-2, KR-106 wehrlite; 3-6, KR-1 lherzolite; KR-5 lherzolite; 11-13, KR-46A lherzolite; 14-17, KR-46B olivine websterite; 18-21, KR-61

lherzolite
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Table 4. Chemical composition of spinel in a spinel lherzolite (KR-92)

SPN 1-1 SPN2-B  SPN2-1 SPN 2-2 SPN 2-3 SPN 2-4 SPN 2-5 SPN 3-1

Sio, 0.15 0.09 0.10 0.10 0.10 0.11 0.06 n.d.
TiO, 0.15 0.13 0.15 0.15 0.15 0.13 0.13 0.12
ALO, 58.5 58.1 59.0 58.8 57.3 57.7 57.9 58.8
Cr,0, 7.63 7.73 7.24 8.01 8.12 7.96 7.71 7.92
Fe,0, 3.87 331 2.18 2.68 3.78 332 4.03 3.11
FeO 772 8.02 8.94 8.79 7.60 8.01 7.38 8.30
MnO n.d. 0.11 0.12 0.09 n.d. 0.12 0.16 n.d.
MgO 21.7 21.2 20.7 21.0 21.4 21.1 21.6 214
NiO 0.46 0.42 0.31 0.40 0.46 0.43 0.47 0.36
Total 100.18 99.11 98.74 100.02 98.91 98.88 99.43 100.01
o 4.000 4.000 4.000 4.000 4,000 4.000 4.000 4.000
Si 0.004 0.002 0.003 0.003 0.003 0.003 0.002 n.d.
Al 1.762 1.770 1.801 1.778 1.751 1.764 1.758 1.775
Ti 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.002
Cr 0.154 0.158 0.148 0.162 0.166 0.163 0.157 0.160
Fe3* 0.074 0.064 0.043 0.052 0.074 0.065 0.078 0.060
Fe2* 0.165 0.173 0.194 0.189 0.165 0.174 0.159 0.178
Mn n.d. 0.002 0.003 0.002 n.d. 0.003 0.003 nd.
Mg 0.827 0.817 0.799 0.803 0.827 0.816 0.830 0.817
Ni 0.009 0.009 0.006 0.008 0.010 0.009 0.010 0.007
Total 2.998 2.999 2.999 2.999 2.999 2.999 2.999 3.000
Mg/Mg + Fe?* 83.4 82.5 80.5 81.0 83.4 82.4 83.9 82.1
Al 88.3 88.8 90.3 89.2 87.8 88.6 88.3 88.9
Cr 7.7 79 7.4 8.1 8.4 8.2 7.9 8.0
Fe3* 3.9 32 2.2 2.6 38 3.2 3.8 31

Fe?*: Fe** determined by stoichiometry; n.d.: not detected

Pyroxenes: West Kettle River
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equilibrated. It is therefore possible to calculate tempera-
tures of equilibration using published geothermometers.
Unfortunately, few published geothermometers are reliable.

The partitioning of Fe and Mg between olivine and cli-
nopyroxene is temperature dependent. This geothermome-
ter, however, has not been calibrated experimentalily and
there have been problems with the theoretical treatment
(Powell and Powell 1974; Mori and Green 1978). Wood
(1976) discussed some of the shortcomings in a commentary
on the paper of Powell and Powell (1974). Nevertheless,
a qualitative estimate of the equilibration temperatures can
be obtained by using Fe-Mg partitioning, especially in the
case of equilibration at low temperatures. In Fig. 7, Mg/

Fig. 5. Compositional plots of pyroxenes in
nodules from West Kettle River

(Mg + Fe) ratios of coexisting olivine and clinopyroxene are
shown. All points for the West Kettle River nodules plot
between the line for K=1 and the line for coexisting olivine
and clinopyroxene in Norwegian granulites. The latter is
believed to correspond to equilibration temperatures of
700-750° C (Mori and Banno 1973; Obata et al. 1974).
Igneous rocks scatter around the line K=1 (Obata et al.
1974). Equilibration temperatures for the West Kettle River
nodules are therefore between 750° C and igneous tempera-
tures of 1,200° C. This temperature range is lower than -
the liquidus temperature of anhydrous basalts at pressures
greater than 10 kbar (Yoder 1976).

The two-pyroxene geothermometer, which is based on
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the width of the miscibility gap between orthopyroxene and
clinopyroxene, has frequently been used to estimate the
equilibration temperatures of ultramafic rocks. However,
as pointed out by Henry and Medaris (1980), temperatures
estimated with different formulations of the two-pyroxene
geothermometer give conflicting results. Despite these reser-
vations, and even though there seems to be no consensus
on which two-pyroxene geothermometer is most adequate,
the geothermometer of Wells (1977) is commonly used. We
have therefore applied the Wells’ two-pyroxene geother-
mometer to the West Kettle River nodules. Twenty-five
of the nodules which contain two pyroxenes were equili-
brated in a narrow temperature range from 920-980° C,
and the remaining five nodules extend this range from
900-1,040° C. The uncertainties inherent in the geother-
mometer are less than 4+ 50° C and those derived from the
probe data are less than +10° C for each calculated temper-
ature. If, on the other hand, Wood and Banno’s (1973)
two-pyroxene geothermometer is applied, all temperatures
are systematically about 100° C higher than those of Wells.

Other methods based on the solubility of elements, such
as aluminum solubility in orthopyroxene (MacGregor
1974), have not been generally successful. Henry and
Medaris (1980) applied several methods to ultramafic rocks
found in ophiolites and concluded that the method of alu-
minum solubility in orthopyroxene (Fuji 1976; Danck-
werth and Newton 1978) can be used successfully because
‘temperature estimates can be made from the composition
of orthopyroxene alone, rather than from the compositions
of coexisting orthopyroxene, spinel and olivine” and ‘even
in disequilibrium situations orthopyroxene compositions
may yield reliable temperatures provided that orthopyrox-
ene was at one time in equilibrium with olivine and spinel’.
In fact, this is incorrect. As discussed by Fujii (1976) and
Danckwerth and Newton (1978), the solubility of alumi-
num in orthopyroxene is a function not only of tempera-
ture and pressure, but also of the composition of coexisting
olivine and spinel. Although the equations proposed by
Fujii (1976) and Danckwerth and Newton (1978) include
ideal solution corrections allowing for additional compo-
nents in pyroxene and spinels, their applicability in multi-
component systems, especially the Cr-bearing system, has
not yet been tested experimentally. A recent study (Sacht-
leben and Seck 1981) indicates that the ideal solution cor-
rection for spinel is not adequate and that the Cr/Cr+ Al
ratio in spinel has a significant effect on the geothermo-
meter. The application of this geothermometer to the West
Kettle River nodules gave consistent results for Cr-poor
assemblages but inconsistent results for Cr-rich assem-
blages.

The olivine-spinel geothermometer, which depends on
the partitioning of iron and magnesium between coexisting
olivine and spinel, also has several contradictory versions
(Jackson 1969; Evans and Frost 1975; Fujii 1977; Fabriés
1979; Roeder et al. 1979). One of the reasons for disagree-
ment is the difficulty of carrying out successful calibration
experiments at low temperatures. The early version of this
geothermometer was calibrated at high temperatures with
data from olivine-spinel assemblages in natural basalt
(Evans and Frost 1975). These calibrations, however, are
less reliable than laboratory experiments, because it is not
clear that coexisting olivine and spinel actually crystallized
at liquidus temperatures in equilibrium with each other.
Furthermore, because spinels in spinel lherzolite are often
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very aluminous and the effect of temperature on the Fe-Mg
partition coefficient is too sensitive for such spinels (Fujii
1977; Fabries 1979), small analytical errors can cause large
changes in estimated temperatures.

Estimation of Equilibration Pressures

There are no reliable geobarometers for spinel lherzolite.
The only way to estimate the depth of equilibration is from
the published phase relationships for spinel lherzolite. A
maximum pressure of 19 kbar at 1,100° C is indicated by
the absence of garnet (Obata 1976; Herzberg 1978) and
a minimum pressure of 10 kbar at 1,100° C is defined by
the absence of plagioclase. The rather small variations in
equilibration temperature suggest that these samples come
from a restricted portion of the upper mantle. It is therefore
probable that the nodules do not represent samples from
the entire pressure interval from 10-18 kbar. If an upper
mantle geotherm of ~ 15°/km is assumed, the depth interval
sampled would be <10 km.

Discussion

In this paper we have focussed principally on the green py-
roxene series nodules from West Kettle River. The black
pyroxene series nodules and crustal xenoliths will be dis-
cussed elsewhere. Of the green pyroxene series nodules
sampled, spinel lherzolite is the dominant rock type with
subordinate olivine websterite, websterite, harzburgite and
dunite. This dominance of spinel lherzolite in the upper
mantle beneath British Columbia has been noted previously
by Littlejohn and Greenwood (1974) and by Nicholis et al.
(1982).

Provided that the nodules were equilibrated in the upper
mantle, the geothermal gradient in the Miocene beneath
that part of British Columbia will be imprinted on the nod-
ules. The shaded area in Fig. 8 represents the probable pres-
sure and temperature conditions of equilibration of the
West Kettle River nodules before eruption of the host
basalt. Through this region has been drawn a geotherm
for the Miocene with the uncertainties shown by the dashed
lines. The geotherm shown in Fig. 8 is in good agreement
with that obtained from heat flow measurements (Ranalli
1980). Turning this observation around, and assuming the
nodules were equilibrated on Ranalli’s Cordilleran geo-
therm (Fig. 9), the pressure of equilibration is restricted
to 40-50 km depth.

The presence of banding or layering in some nodules
is strong evidence for mineralogical heterogeneities in the
upper mantle beneath southern British Columbia. However,
before generalizations can be made, nodules will have to
be studied from other localities in southern and central Brit-
ish Columbia. This comparative work is now in progress
(Fujii and Scarfe 1981; Brearley et al. 1982; Scarfe and
Fujii, in preparation). Similar banding has been observed
in nodules from other localities in North America and Aus-
tralia (Irving 1980).

Some of the nodules of the green pyroxene series show
melting along grain boundaries, indicating that they were
heated above solidus temperatures. The estimated tempera-
tures for the equilibration of these minerals are, however,
considerably below the liquidus temperature of alkali basalt
magma (e.g. Arculus 1975), indicating that the heating
event was of short duration and was probably caused by
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Fig. 8. Estimation of a Miocene geotherm using equilibration tem-
peratures and depths for nodules from West Kettle River
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Fig. 9. Estimation of the depth of equilibration of nodules using

calculated equilibration temperatures and a geotherm for the Cor-
dillera from Ranalli (1980)

the host basalt during ascent. The temperature of the
magma and the residence time will determine the extent
of re-equilibration of minerals within the nodules after they
have been captured by the host basalt. The evidence for
element migration during re-equilibration would be the
preservation of chemical zoning at the margins of minerals.
Because the diffusivity of cations in spinel is much greater
(~107° cm?/s; Halloran and Bowen 1980) than the diffu-
sivity of cations in any of the silicate minerals (e.g.
~ 10712 ¢cm?/s in olivine; Freer 1981) in the nodules, chemi-
cal zoning is more likely to be observed in spinels. A search
for such zoning in spinels, however, was unsuccessful. Using
this constraint, it is possible to estimate the maximum resi-
dence time of the nodules in the host basalt prior to extru-
sion. The maximum residence time is given by r<x%/D,
where x is the thickness of the chemically zoned margin
and D is the diffusion coefficient of Fe?™ at the tempera-
ture of interest (107° cm?/s at 1,400° C and 10~ ! cm?/s
at 1,100° C; Halloran and Bowen 1980). The maximum
suspension time will be obtained using 10~ ** cm?/s for D
and 5pm for x, which is a conservative estimate of the



diameter of the volume excited by the electron beam. The
result is 2.5 x 10* s, or about 7 h. Finally, if it is assumed
that the nodules were derived from a depth of about 50 km,

the ascent rate of magma is estimated to be faster than

7 km/h. This value is in agreement with the ascent rate
estimated from Stokes’ law and assuming that the magma
behaves as a Newtonian fluid (Spera 1979). It is not neces-
sary, therefore, to assume non-Newtonian behaviour during
magma transport.

Conclusions

Mineralogical and chemical evidence from the West Kettle
River nodules, which were transported to the surface by
a basanitoid melt, indicates that the upper mantle beneath
southern British Columbia is dominated by spinel lherzo-
lite, with subordinate amounts of olivine websterite, web-
sterite, clinopyroxenite and wehrlite. Textures are typically
granular and show little evidence of shear. Some of the
nodules are layered with pyroxene- and olivine-rich bands.
It therefore seems clear that the upper mantle beneath
southern British Columbia is heterogeneous and banded
on a scale of centimeters to meters. Temperatures of equili-
bration, which were estimated from geothermometers, are
approximately 950° C at depths of 30-60 km.
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