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ABSTRACT

.Lherzolite nodules in basaltic rocks from three localities in
British Columbia include rocks of mantle origin and crystal
cumulates, Partial chemical analyses show that the compositional
ranges of the minerals are narrow for both major and minor elem-
ents and fall within the ranges reported for lherzolite nodules
elsewhere. Each suite is characterised by a definite range of
concentrations of some elements. Olivine in nodules from Castle
Rock and Jacques Lake show fabrics resulting from defofmation in
the solid state prior to their incorporation into their host rocks
but those from Nicola Lake are undeformed.

The distribution of iron and magnesium between coexisting
phasee is examined using an ideal ionic solution model. Differences
in the distribution coefficients between the sultes are probably
due to different temperature and pressure conditions at the source
of the nodules. The distfibution of iron and magnesium between
coexlisting spinél‘and’olivine gives nominal temperatures of
formation of 838°C fof Nicola Lake nodules. 1085°C for Jacques Lake
nodules and >16009C fbr‘Castle Rock nodules. Differences among
the suites in the distribution of Ni, Co, Mn and 7Zn between
coexisting silicates are independent of variations in composition
and are apparently dge to different conditions of formation.

The Castle Rock and Jacqﬁes Lake lherzolites are residual
fragments of the upper mantle left after extraction of an under-
saturated basaltic liquid from parental mantle rock. The source
of the Castle Rock nodules probably lies at greater deptn than
that of the Jacques Lake nodules. The Nicola Lake nodules are

crystal cumulates and formed at an early stage of basalt genesis

within the upper mantle or lower crust.
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CHAPTER 1

Introduction

Uitramafic nodules occur in basaltic rocks throﬁghaut.ﬁhe
world (Forbes and Kuno 1965, 1967). Thebmost common type of
nodule is spinel peridotite, consisting of various proportions
of olivine, diopside.eﬁé@atite and spinel. Garnet, hornblende,
phlogopite, anorthite and more rarely melilite_and leucite
also occur as primary phases in ultramafic nodules (Green 1968).
Gabbroic and granulitic rocks derived from the .subvolcanic
basement often occur in assocliation with the ultramafic typés.
Gabbro appears to be the commonest type of nodule found in
basalts of all types, but ultramafic nodules usually occur in
basaltic rocks of alkalic affinitles.(White 1966; Forbes and
Kuno 1967). Only rarely are they found in tholeiitic basalts.

Despite their relativé scarcity, ultramafic nodules are

important since they may yield information on the nature of
‘the upper mantle an¢ on the genesls of basalts. Ross et. al,
(195#) first drew attention to the relationship between
-ultramafiq nodules, dunites and the upper mantle. They found
that ultraﬁafigmnbduleS";ardundm-the worlé have a uniform
mlnerglogy andlcheﬁistry and suggested that the nodules were
derived‘from a uniform mantle peridotite. However, White (1966),
Jackson (1968) épd Kuno'(1969) studied suites of nodules from
Hawaii and fbﬁnd.that they could be grouped according to
mineraiogy, ghemistry and the character of the host rock.
These authors have divided Hawailian nodules into four groups.

These aré (a) a lherzolite serles which forms part of the
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upper mantle; (b) a dunite-wehrlite-pyroxenite series which
forms crystal cumulates in the lower parts of the Hawalilan
magma reservoirs; (c) an eclogite series which fbrms pockets
in the dominantly lherzolitic mantle; (d) a gabbro series
‘which forms part of the crust. Studies by Yamaguchi (1964),
Kuno (1967), Aoki (1968) and Ishibashi (1970) have shown that
there is also a wide variety of nodule types in Japan.

No single hypothesis seems adequate to explain the origin
of all ultramafic nodules, Several hypotheses have been
advancedlto explain the origin of these rocks, inéluding -(a)
‘they are fragments of the mantle; (b) they are crystalline
residues of pa;tially melted mantle; (c) they are products
of crystal éettling, formed during ascent of their basaltic
hosts; (d)'fhey:ére prodﬁcts of crystal settling, formed at
some early stage of basalt fﬁrmation. not necessarily the
present host rock;-(e) they are fragments of some earlier
formed ultramafic body in the crust.

That any oﬁéﬁof the'abovebhypotheses holds fqr all nodules
is not generally accepted. However there is still controversy
over the origin of any particulaf type of nodule, Lherzolite,
,'the commonest ultramafic variety, is of particular interest
.as it 1s ansdlogous to "pyrolite", a hypothetical mantle
rock (Ringwood 1966, 1969). White (1966) considers lherzolite
nodules to be residue from fusion of the primitive mantle.
Jackson (1968) éonsidérsvlherzolite to be part of a heterogeneous
mantle and dunite to be the refractory residue., Carter (1970)
suggests that most lherzolite nodules are refraqtory residue

from the upper mantle but that those relatively rich in iron
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are cumulates. Kuno and Aokl (1970) have found a wide variety

of 1herzolite_compositions throughout the world and suggest

that this i1s a result of different degrees of partial melting

in the mantle which is itself conposed of lherzolite with a
relatively low Mg:Fe ratio, O'Hdra (1963, 1967, 1968) and.
Brothersl(i960) support the hypothesis thatllherzolite and other
nodules are cognate. An accidental origin is considered. in
general, to be unlikely, although Instances are known where
ultramafic nodules, including lherzolites, are thought to be
xenoliths of sub-volcanic stratiform complexes (Fuster et, al.
1969).

In order to eiemine some of the problems outidined, particularly
with regard to lhefzolite. suites of nodules from British
Columbia have been collected and studied by the writer. The
objectives wefe twofold: (a) to describe the occurance and types
of nodules which have been found in British Columbia; and (Db)
to determine the differences and similarities between suites and
relate these if possible to the source of the nodules,

The nodules and host rocks were studied by standard
petrogrepnic techniques. Petrofabric studies on the olivine
and enstatite of the nodules were carried out using a Y4-axes
universal stege. The minerals of the nodules were separated and
analysed by means of atomic-absorption spectrophotometry,

electron microprobe and by wet-chemical means.



CHAPTER 2

The Localities of Nodules in British Columbia,

(a) Nodule localities,

The localities of ultramafic nodules which have been
dogumentéd in the literature in British Columbia are shown on’
| Fig. 1. Of these, suites from Castle Rock, Jacques Lake and
Nicola Lake were studied. The host rocks were not studied 1nl
.detail. {
(b) Petrography of the host rocks.

(1) Castle Rock. | |

Castle Rock is 1s a small peak on the northern_flank of the
Klastline Plateau, 40 miles east of Telegraph Creek in Northern
Br;tish Columbia. It is one of several Quaternary volcanic
centers which occur in the region (Souther 1970)., Rounded nodules
from:2 to- 6 inches in diameter are found in a volcanic bréécia;
‘made up of sub-rounded fragments of a black fine-grained alkali
baéalt in a métrix of palagonité. The contact of the nodules
and breccia 1s sharp; in some specimens there is a thin film of
basalt coating the nodule, Thié film, petrégraphically identical
to the basalt fragments, conslsts of small laths of plagioclase
(Ango) set in a matrix of glass,o0livine, magnetite and minor
clinopyroxene. The film appears to have prevented the 7Egl;w;7
disintegration of the nodules during the explosive extrusion
of the breccia. The breccia also contains small xenoliths of
diorite; presumably these are fragments of an underiying
intrusive body. |

(11) Jacquevaéke.

The nodules at the Jacques Lake locallty are found in a
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small dissected cone 4 miles south of Quesnel Lake in Central
British Columbia. The host rock ié a coarse tuffvexhibiting
crude layering in placeé. The tuff is made up of rock frégments
of various types and sizes, cemented by a brownish-green
matrix consisting of small rock fragments and partly devitrified
glass. The rock fragments consist of Sedimenfary, plutonic,
metamorphic and volcanic xenoliths- which are-. presumably
repreéentétive of‘the crust beneath Jacques Lake. No single
type is predominant and the size and frequency of each kind are
highly variable., Ultramafic nodules, mainly lherzolite, are
found infrequently throughbut@the}qdne. '

Many. .of the-nodules are coated with a thin film of basalt
consisting of small laths of altered plagioclase in a fine-
grained matrix of glass,magnetite ahd olivine (Fig. 2). Thié
coating appears to be the original basalt within which the
nodules were suspended before the extrusion of the tuff and has
served a simllar purpose to the coating around the CastlebRock
nodules. The nodules are generally rounded or sub-rounded andb
'range froﬁ 1 t6A15 inches in diameter. Most are less than 6 .. -
inches in diaméter(

The cone is Quaternary in age and appears to be similar to
several other cones and flows of alkalli basalt which occur in
the area (Cambell 1961).

- (111) Nicola Lake. °

Ultramafic nodules are found in scattered boulders 3 ﬁiles

south of Nicola Lake in Central British Columbia. The host

rock 1s a dark grey, fine#grained, vesicular basalt. It consists



Fig. 2

Basalt coating around lherzolite nodule in Jacques
Lake tuff.

o7




.8

of small laths'ﬁf unzoned plagioclase (An60), rounded oli&ine
ératns , interstitial glass and minor magnetite. Often partly
‘corroded xenocrysts of olivine and pyroxene are found. The basalt
1s alkaline in character. |

- The age of the basalt is unknown but is possibly Tertiary.
The boulders appear to have been brought to their present‘
position by élacial action from the north where there is a large

volume of Tertiary basalt. (K. C. McTaggart pers., comm,).
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CHAPTER 3

Petrography of the nodules.

(a) General,

All the‘nodules studied consist of varioué proportions of
olivine, clinopyroxene,- orthopyroxene and spinel. Olivine is
the dominant phase; orthopyroxene generally exceeds clinopyroxene;
spinelfisﬂa minor phase,

The modes of 29 nodules-from the three localities are shown
on a tertiary diagram (Fig. 3). For this purpose spinel is
omitted but all nodules contain from 0.5 to 2% (by volume)
spinel, Modes were calculated by point-counting from 30 to 300
grains in thin section, depending on the size of the nodule,
Some:of the results for the smaller nodules may not be accurate
A(particularly'thoée from Nibola Lake),but are included for
comparison. Modes of other nodules from British Columbia are
shown for comp;:ison. The data are taken from Soregaroli (1967)
and Tredger (1969)»for Boss Mountain and Haggen'®s Point -
respecti#ely.'

A1l thé nodules studied are lherzol;tes. The nomenclature is
in accordance with the classification of Jackson (1968).
According to White (1966) and Kuno and Aoki (1970) lherzolite
is the predominant:uitrémafic rock found as nodules at other
localities around the world.

(b) Petrography of the noduleé.

All the nodules from each suite have allotriomorphic

granular textures, although’there are some differences between

the suites. The Castle Rock and Nicola Lake nodules are medium-
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graiﬁed. ﬁhereathhe Jacques“Léke ones are coarse-grained and
are very-friable, |

Olivine‘formsﬁén‘1nterlo¢king mosaic of rounded grains
ranging in size from 0.5 to 2,00 mm, in Qiameter. In meny of
the Nlcqla Lake specimens some grains have muﬁually interfering
boundaries. In some of the chques Lake specimens olivine may
be up to 5.00 mm. in diameter, In all suites it is pale green,
Orthopyroxene forms subhedral grains some of which are 1argerf?
than the olivine and partly enclose 1; and others that are small,
anhedral and are interstitial to the olivine., It-is dark brown

in hand specimen and colourless in thin section. Clinopyrdxene

diameter, interstitial to both olivine and orthopyroxene, It
tends to occur as aggregates of three or four grains. It is a
‘bright emerala‘green in hand specimen and colourless or pale
green in thig sgction. Spinel occurs as irregularly shaped grains
interstitial to and partly enclosing the silicates, particplarly
the nydié;eé“(Flg. 4), It is black in hand specimen and
reddish-ﬁrown in thin section.
Exsolution lamellae are found in some of the silicates.

Lamellae of c;inopyroxene in orthopyroxene (parallel to {100}

of the host) are found only‘in the largest orthopyroxenes. They
are thin and pinéh out towards the boundary of the host (Fig. 5).
Both pyroxenes and very rarely olivine contain thin lamellae

of a browh 1s§tropic mineral which is presumed to be spinel

(Figs. 6, 7). In the pyroxenes the lamellae are sub-parallel



Fig. 4

Aggregate of spinel (brown) and clinopyroxene (grains
with cleavage); grains with no cleavage showing are
olivine; specimen S-2, X-30; plane polarised light.

Fig.5

Exsolution of clinopyroxene in orthopyroxene (dark);
specimen JL-50, X-30; crossed nicols,

012
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Exsolved spinel (brown) in orthopyroxene (grains
with cleavage); specimen S-3. X-30; plane polaeised
light.

Spinel (brown lamellae) exsolved in olivine (yellow);
specimen JL-50, X-30; crossed nicols.
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toi{001} and in the olivine they are parallel to the (010)
cleavage.

Many of the nodules show signs of deformation such as kink
bands in the olivines. A discussion of deformation follows in
Chapter 4. | |
~ Some specimens‘from Castle Rock are layersd. Specimén S-i
has two well-defined bands, each about 5 mm. thick, of
clinopyroxene which are separated by a thicker band of olivine
(Fig. 85; In other nodules there is an ill-defined layering
marked sy thin disseminated stringers of spinel (Fig. 9) or
orthopyroxene. Other nodules are massive, Specimens from Jacques
Lake do not in general show‘layering. Rarely, banding similar to
'that observed in S-4 above was seen in the field. Unfortunately
these specimeps could not_be,b;oken out of the host tuff, None
of the Nicola Lake nodules show layering but their small size
might méke this:difficult to see. ‘

(e) Secoﬁdary textural features,

Mdst of‘ths nbduies:from all three sultes show evidence of
disequilibrium bétween the enclosing rock and the primary
minerals. Usualiy reaction has taken place at the margin of the
nodule’, althogghvin some specimens (particularly from Jacques
Laké)ibasait has been able ts permeate the whole rock so'that
ﬁhe minerals‘sf the ‘interior have been affected.

0livine shows the least effects of reaction with the host.
Where 1n contact with basalt, the margin of the olivine grains
commonly shows a fine-grained rim of secondary olivine and

magnetite.,



015

Fig. 8

Mineralogical banding in specimen S-4 from Castle
Rock. The bright green bands are diopside; lighter
green is olivine.

Sheared spinel (brown) cutting through silicates;
specimen S-2 from Castle Rock.
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Spinel grains in contact with the host have a dark margin,
presumed to magnetite,

Orthopyroxene, where in contact with the host rock, has a
rim of rim of finely divided material of high birefringence set -
in a dark cryptocrystalline matrix (Fig.10). This appears to
be a result of incongruent melting of orthopyroxene which has -
produced olivine and glass.

. The clinopyroxene of some nodules in contact with the host
rock has a thin rim of secondary clinopyroxene, ln the Jacques
Lake nodules and’: rarely in those from Castle Rock, the clino--
pyrcxeneé have a porous-looking outer ione which may be up to
~a third of the diameter of the grein in width (Fig. 11). The
entire grain extinguishes uniformly and has uniform
birefringence. The spongy 2zone 1ls riddled with an extremely
fine-gralned dark material which appears to be partially
devitrified glass. This rim is entirely different from the rims
observed at the margins of the nodules which are of secondary
pyroxene with different extinction from-the parent, |

AAccording to White (1966) similar features are a result of
& depletion in the jadeite‘component of the pyroxene thus:

Jadelte-bearing diopside ;9 jadeite-poor diopside +
feldspar

The rcaction rims occur throughout the rock and.for reasons
givenuin'Chapter 8, they are considered here to be a result of
partial melting, |

All the reaction phcnomena described here have been reported

elsewhere (w1lsh1re and Binns 1961; Talbot et. al, 1963;



Fig. 10

Reaction of orthopyroxene at margin of host.
The highly birefringent material is secondary
olivine; specimen S-4, X-100; crossed nicols.

Fig.11

Porous-looking outer rim of clinopyroxene (on
right). The orthopyroxene (on left) is unaffected.
The mineral with no cleavage showing is olivine;

specimen JL-24, X-30; plane polarised light.
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Yamaguchl 1964; Whité 19663 Kutolin and Frolova 1970). The
reaction textures indicate disequillbrium between nodules and
magma at a higﬁ érustal level buf do not preclude equillbrium
at greater depth. -

Fiuld 1nclusions_were found in olivines in most nodules from
allvthe Suites.klﬁ*some cases they were also observed in pyroxenes,
Many of these are two phase (gas + liquid) inclusions., Roedder
(1965) has found two phasé fluid 1nclusions in olivines from
many localities, Most of these are COp; Hp,0 is found in some
nodules. The cdmpos;tion of the inclusions in the B.C. nddules
is unknown.

Most of the inclusions are found along fractures (Fig. 12)
~and along the cleavage of the oliviné. In some cases planes of
1nclusions cut across fractures (Fig. 12). They are most
abundant where the basalt has benetrated the nodule., They tﬁus.
appear to be secondary and may have formed after the nodules
were captured by their hosts. Some inclusions may be primary, -

'but‘distinguishing these from secondary ones ls uncertain.



Fig. 12

Fluid inclusions aligned along fractures in
olivine; specimen JL-50. X=-400.

.19
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CHAPTER U4
Petrofabric Study.

(a) General.

Previoys work on»ultramaflc nodu}es has revealed that the
olivine in many nodules has a prefered orientation (Turner
1942; Brothers 1959,1960; Talbot et. al. 1963; Collee 1963;
Black and Brothers 1965; Brothers and Rodgers 1969). These
authors have shown that there is a variety of olivine fabrics
in nodules and have attempted to draw analogies between the
olivine orientation patterns found in nodules and those found
in olivine-bearing rocks from other environments. Thus Brothers
(1960) compared olivine fabrics in nodules to those in flow-
banded troctelites and basic dykes and suggested the nodules
formed ty cryetai settling in a moving magma . Other workers
Aconsider that the fabrics of olivine from nodules are similar
to those of rohks_whieh have been deformed,

In ordef to determine whether olivines from nodules in
British Coluﬁbla’have-a prefered orientation, and if se, whether
such an orientation could be related to the source of the
nodules, fabric diagrams for olivine of three nodules from
Castle Rock, three from Jacques Lake and one from Nicola Lake
were prepared. An enstatite’fabfic diagramvof ohe of'tﬁe Castle
Rock nodules was also prepared. . |

The orientation of the olivine and enstatite principal optic
directions was measured on a 4-axes universal stage. Two of
these were determined in this way, the third being found by

construction, The dlagrams were constructed on the lower
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hemi sphere of a Schmidﬁ net, Measurements were made on every
grain intersected on suitaely spaced lines of traverse in order
" to minimise saﬁpiing~errers.

(b) Description of the fabrics.

Figs. 13, 14 and 15 are the fabric diagrams for the Jacques
Lake nodules;‘All three nedules have similar olivine fabrics,
although there are some differences between each one, The main -
element of the fabrics is the three mutually perpendicuiar
maxima. In specimen JL-24 (Fig. 15) and JL-A (Fig. 13) this is
modified. Inkthese fabrics(Q forms a weak partial girdle.‘In
eddition JL=-24 (Fig. 15) has a fabric in which =« forms a well-
developed girdle while still retaining the strong ¥ maximum;

Kink bands in the olivines are common, particularly in the.
1arger grains (Fig. 16)., The grain boundaries tend to be straight
. and to have friple grain 5oundaryrangles of 1200.

The olivine'from the Nicola Lake nodule has a very weak
prefered orientation in which the three principal optic directions
are mutually perpendicular. Each maximum is 1ll-defined and the
fabric is essentially random (Fig. 17).

| Kink bands in these olivines are also failrly common but
polygonisation is not a texturalzfeaturevof the olivines of this
nodule, The texture of this nodule, and also others of this'
sulte, is typiéal of cumulate rocks in which the grain boundaries
are mutuelly interfering (Fig. 18). ‘

Figs. 19, 20 and 21 are the fabric dlagrams for the ollvlnee
of the Castle Rock nodules. The main feature of these 1is that

¥ forms a strong maximum perpendicular to & {?—4X girdle. <

and {3 form less prominent maxima within the girdle. Specimen
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Explanation of Figs. 13, 14, 15 and 17.

Fig. 1

Olivine fabric diagram of specimen JL-A from Jacques Lake,

50 grains.

Contours at 2, 4, 6, 8% of 1% area. ‘
Maximum concentrations are 8,8,10% for X, [3,X’respective1y.
Mode: ol. 77, opx. 11, cpx. 11, spin, 1.

Fig, 14

Olivine fabric diagram of specimen JL-50 from Jacques Lake.

50 grains. o

Contours at 2, 4, 6, 8% of 1% area. .
Maximum: concentrations are 6, 10, 10% forcxlfg;X’respectively.
Mode: ol. 63, opx. 19, cpx. 17, spin. 1.

Fig. 15

Olivine fabric diagram of specimen JL-24 from Jacques Lake.

50 grains. o o )

contours ‘atw2i:; 4,648,102 of 1% area.

Maximum concentrations are 14, -8, 10% for d,(3,8'respectively.
Mode:s ol. 90, opx. 2, cpXx. 7, Spin. 1.

Flg. 1
{
Olivine fabric diagram of specimen NL-8 from Nicola Lake.
50 grains.
Contours at 2, 4, 6,.8% of 1% area.
Maximum concentrations are 8, 8, 10% fox'c%‘/Q, § respectively.
Mode: ol. 83, opx. 7, cpX. 9, spin. 1. ! :



Fig. 14

" Fig. 13




Fig. 17~

~ Fig. 15




Fig. 16

Strained olivine with abundant kink bands;
specimen JL-50 from Jacques Lake.
X-30; crossed nicols,

Mutually interfering grain boundaries between
olivine and orthopyroxene (grey and yellow);
specimen NL-8 from Nicola Lake,

X-30; crossed nicols.
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S-4 1s layered and has been described previously. The orientation
of the layering 1s shown in Fig. 20. The plane of the layering
‘and the?? — o girdle coincide and J 1is perpendicular to the
layering.

Many of the‘olivinesvof the Castle Rock nodules have kink
bands. These are found oniy in the larger grains. The smaller
ones are strain-free and form a mosaic with straight grain
boundaries meeting at 120°, (Fig. 22).

In'addition to the olivine, an enstatite fabric diagram for
sample CR-~-8 was constructed (Fig. 23). The enstatite in this
nodule has a poor prefered orientation. There is a suggestion
that ¥ is perpendicular to an»ill-definmi/g"“ girdle, but
more data are required to confirm thls. Comparison with the
olivine fabric from the same rock (Fig. 21) shows that there 1is
apparently no correspondence betweep the ol;vine and the enstatite
fabrics. Thls»in in contrast to the findings of Collee (1963)
and Rodgers and Brothers (1969).

(c) Discussion.,

Accofding to Rodgers énd Brothers (1969) there are five
orientétion rules for ollvine in ulframafic nodules. These are :
(1) & maximum perpendicular to a /3 -B’girdlé.

(2) ¥ maximum perpendicular to a 3 - girdle.

(3) ¥ and /3 maxima perpenidcular fo a K girdle.
(L) i ,{3) S mutually perpendicular,

(5) No obvious orientation.

Transitional fabrics also occur. The fabrics which are found in

lherzolite nodules are (1) and (4). This Study has shown that
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Explaination of Figs. 19, 20, 21 and 23,

Fig, 19

Olivine fabric diagram of specimen S-2 from Castle Rock,

100 grains.

Contours at 1, 2, 4, 6, 8, 10% of 1% area, ]
Maximum concentrations are 6, 7, 12% for cx,/?,X'respectively.
Mode: ol, 77, opx. 16, cpx. 6, spin. 1.

Fig. 20

Olivine fabric diagram for specimen S-4 from Castle Rock.

50 grains. : A

Contours at 2, 4, 6, 8, 12% of 1% area,

‘Maximum concentrations are 6, 12, 18% forcx)/3,x'respect1vely.
Mode: ol. 72, opx. 15, ¢px. 12, spin. 1.

The great clrcle is the plane of the layering,

Fig. 21

Olivine fabric diagram for specimen CR-8 from Castle Rock.
50 grains. ‘

Contours at 2, 4, 6, 8% of 1% area. :
Maximum concentration are 8,8,10% for C<,/3.5/ respectively.
Mode: ol. 63, opx. 23, cpx. 12, spin. 2.

Fig, 23

Enstatite fabric diagram for specimen CR-8 from Castle Rock.
50 grains, :
Contours at 2, 4, 6, 8% of 1% area.

Maximum concentrations are 6, 6, 8% forcx,(3,31respectively.
Mode: o0l., 63, opx. 23, cpx. 12, spin. 2.
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Fig. 22

Strain free, recrystallised olsvine with
triple grain boundaries of 1207 ; specimen
CR-8 from Castle Rock.

X-30; crossed nicols.
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olivihe'in lherzolife nodules'may also follow rule‘ﬁz). This
type of fabric has only been found previously (apart from
peridotites) in dunite and harzburgite nodules (Rodgers and
Brothers 1969) and in an 1solated "olivine nodule" (Talbot et;
al.‘1963). The mode of this nodule was not reported.

Raleigh (1968)'andearter and Aver'Lallement (1970) have
found that déformation of oliviné at high temperature résults in
gliding  onlfoki} « The axis of external rotation 1is [100] « The
orientation of the glide plgng 1s dependant on temperature and
strain rate:AAt'high temperature and low strain rate the glide
plane is (010). This is the plane on which slip occurs in most
naturally deforméd olivines,'resultiné in the formation of kink
bands. Polygonisation and recrystallisation result-in the
disappearance of the kink bands. Kink bands in olivine are not
in themselves evidence of deformation in the solid stéte,
Brothers (1962) has found that ﬁhese bands are present in olivines
in some basalts and gabbros which are undeformed. They may result
from flow in the magma from which the 6liv1ne crystallised.

Botﬁ‘kink banding and_polygdnisation are common in the
olivines of the Jacques Lake and Castle Rock nodules (Figs. 16
and 22). This suggésts that these nodules have been deformed
and have recrystallised (Raleigh 1968; Ragan 1969; Carter and
Ave'Lallement 1970). The Nicola Lake nodules , on the other
hand, are abparently undeformed since evidence of recrystallisa-
tion is absent,

. Evidence from the olivine fabrics supports the above suggestions,

The typical fabrics developed by olivine formed from a magma

are types (4) and (5) and less commonly type (1) of the above
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classification (Brothers 1959, 1962, 1964)., The Nicola Lake
olivine fabric is transitional between types (4) and (5) and
could therefore have resulted from the olivine having crystallised
from a magma, |

There is a range of fabrics shown by the Jacques Lake nodules,
The fabric for JL-50 (Fig. 15) corresponds to type (4). JL-A
(Fig. 13) is a modified type (&) fabric in which f3 forms a
weak glrdle.‘ |

Slip on the:system,{okl}, [ﬁOO] may explailn the variations in
the fabrics of thls suite. If the initial fabric of the source
rock wés a simple pattern (possibly produced by crystal settling
or perhaps by deformation) represented by JL-50 (Fig. 14), then
deformation would result in the maxima for « = [0/dand (3 = Lool]
being rotated about ¥=L[/%lyhich is the zone axis for glide. This
would result 1n'the formation of girdles-in o« and /? : g would
remain as a maximum. Specimen JL-24 (Fig. 15) shows this to
some extent where &KX forms a girdle perpendicular to § and /@
forms avweaker girdle. Perhaps translation as well as rotation
was involved in the formation of this fabric as /3 is not in the
same plane ascx . An exact geometrical analysis of these fabrics
is not possible since a sample of 50 grains 1s insufficient to
determine precise angular relatlionships. Further complications
are introduced by the fact.that the brientatfbn of recrystallised
olivine éréins‘is.pin part, controlled by the initial fabric
(Ave'Lallement and Carter 1970)

Despite the speculative nature of the above discussion, the

range of fabrics‘(which are unlike those produced solely by
crystal accumulation), coupled with evidence of reﬁrystallisation

given above suggests’that the Jacques Lake nodules have been
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deformed. Recrystallisation is not complete as some of the
larger olivines are still strained (Fig..lé);'This could explain
why there 1s a range of fabrics of the olivines of this sulte.

A single fabric type has been found in the Castle Rock
nodules. This 1s type (2) of the above classification ( J'J-(g a
girdle). Fabrics develqped by olivine formed from a magma have
been reported above, As far as could be determined from the
literature the fabrics of these olivines have no analogues
among olivines from 1gne6us environments., This type of fabric
has beén foﬁnd in deformed Alpine peridotites and oﬁher types of
ultramaflc‘nodules (Ave’Lallement and Carter 1970; Talbot et.
al.;1965; Rédgers and‘Brbthers'1969). More commonly the typical
olivine fabrié of a strongly deformed peridotite is one where
oL [3-¥ girdle (type (1) of the above classification).

The nodules from Céstle Rock are_layered. This has been
described 1n Chapter 3. Mineralogical layering in a rock can
arise in at least two ways. ?hese are: (a) by'accumulatidn of
minerals‘in a magma, and (b) by metamorphism and deformation
or metasomatism. Both these processes may result in a prefered‘
orientation of some minerél (in this céseﬁ?olivine).

To produce a fabric by crysta1~accumulation requlres a
dimensional oflentation of olivine. No such orientation was
found in the Caétle Rock olivines.‘This can be expiained by fj
suggesting that intercumulus growth took place which masked the
original shape of the grains (Jackson 1961). Hoﬁever this
would still produce a fabric which is typical of cumulate rocks.

This is not the case for the Castle Rock nodules.,
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Metamérﬁhic bahding in peridotites is a common feature (Thayer
1969; Loﬁgy et.al, 1970). The banding takes the form of
monominefaiic veins and dykés and discontinuous stringers of
minerals. Both types are found in the Castle Réck nodules (Figs.
8 and 9). The form of the spinel in specimen S-2 in which it
appears to be flattened and to cut throﬁgh the silicates (Fig, 9)
vsuggests that there méy have been an element of shear in the
formation of the layering. Loney et. al. (1970) have found that
mineralogical layering is sub-parallel or parallel to an axial
plane foliation in a deformed peridotite. The ax;al plane is
perpendicular to an <X maximum and parallel to a /?"X girdle,
It is possible that the fabric of these nodules 1s“re1ated to
a similar deformational feature although in this case the

' layering contains a,/3—0<gird1e and & forms a maximum at right
angles to it. This type of fabric is characteristic of some
deformed peridotités (Ave'Léllement and Carter 1970),

It is thus suggested that the’Castle Rock and Jacques Lake
nodules have been deformed, The basis of this is a comparison with
the fabrics of deformed peridotites and magmatic olivines and
| by the textures of the olivines in these nodules. Deformation
must have occured prior to the nodules having been captured by .
the magmas which brought them to the surface.

The different fabric types of the two suites suggests that the
sourée rocks of the suites underwent different deformational
histories. Factors which influence the type of fabric which is
devélbped by the olivine of a peridotite are the orientation of

the principal stresses with respect to the original fabric,
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temperéture, strain rate and the bresence or absence of water
(Ave'Lallement and Carter 1970). Pressure haé apparently little
influence on the fabric type although AvetLallement and Carter
(1970) imply (p.2214) that very high bressure is required to . -
produce a fabric similar to that found in the Castle Rock nodules., .
This fabric_type has not been reproduced experimentally so that
the conditions dhder which it formed are unknown. Experimental
recrystallisation of olivine takes place at temperatures above
900%C (Ave’Lallement and Carter 1970) So that the deformation

of these nodules probably occured at high temperature,



CHAPTER 5

Mineral Compositions,

(a) Introduction.

Partial mineral analyseé'presented.in this study were
carried_out by means of gtoﬁic absorptionlspectrobhotometry,
electron microprobe and by wet chemical means, Details of the
analytical methods and the precision of the results are
given in Appendix 1., Only the four pfimary minerals (olivine,
orthopyroxene, clinopyroxene, spinel) were analysed.,

The results of this study reafflirm the findings of many
workers that the.mineralé of ultramafic nodules (particularly
lherzolite) have a restricted compositional range. The
compositional range of these minefals is similar in both méjar
and minor elemenfs to the ranges pf other published analyses;
This study also shows that the compositional range of the
minerals in any particular suite of nodules is characteristic
of that suite, '

The analysed minerals were chosen from nodules ﬁhich had as
wide a range of modal compositions as possible so as to include
all possible variations, |

TABLE 1 : Modes of nodules with analysed.minerals.

Sample Locality =~ 01, Cpx. Opx. Spin.
JL-A Jacques Lake 77 11 11 1
JL-39 " 71 16 12 1
JL-10 " 62 12 24 2
JL-B " 68 22 8 2
JL-55 " 80 8 10 2
95 Castle Rock 74 6 19 1
S-3 " 83 5 11 1
CR=-8 " 63 12~ 23 2
ERC-11 " 66 17 15 2
NL-8 Nicola Lake 83 9 -7 1
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(b) Olivine. '

Partial chemical analyses of olivines are given in Table 2.
Of the four primary minerals, olivine has the most restricted
range. It ranges from F°89.5 to F°91.O in the Castlé Rock and
Jacques Lake nodules. The olivine of the Nicola Lake nodule
has a composition of F091.8. The range 1s similar to that féund
elsewhere (e.g. White 1966). There is no significant difference
in the range of major elements in olivine among the suites,

The range of values for Ni, Mn, Co, Cu and Zn and also Cal
and Naj0 1s similar to the range found elsewhere (Ross et. al,
1954; Forbes and Banno 1966; Simkin and Smith 1970; Carter
1970)., The Pb content of the olivines is variable and appears to
be high‘for ultramafic rocks. Goles (1967) suggests 0.5ppm. as
an average fér ultramafig roéks as a whole, While no data are
avallable on the Pb content of olivines from ultramafic rocks,
this figure suggests that the olivines of these nodules are
enriched in Pb (Table 2) relative to the olivines of other
ultramafic rocks,

(b)Orthopyroxenes,’

Partial analyses of orthopyroxenes are given in Table 3. The
Jacques Lake orthopyroxenes range in composition from En89.4 to
Engp,1 and those from Castle Rock range from Engp,s5 to Engg g.
The Nicola Lake orthopyroxene:has a composition of En89.5. The
Castle Rock samples are slightly more magnesian than those of
Jacques Lake or Nicola Lake, The‘Alzo3 content ranges from 3,50
to 5.90%. With one exception (ERC-11), the Castle Rock ortho-

pyroxenes contain less A1203 than those of Jacques Lake (Table 3).



TABLE 2

Partial chemical analyses of olivines.

Sample 95 S-3 CR-8 ERC-11 NL=-8 JL-A JL=-39 JL-10 JL-B JL-55
Oxide(wt.%)
FeO¥* 9.25 8.45 9.56 9.60 8.38 9.66 9.91 9.95 9,70 10.42
MgO 50,0 50,0 U46.9 48,1 52.8 48.4 47.9 47.1 50.8 L8.3
Cal 0.05 0,05 0.03 0,04 0,04 0.05 0.03 0.04. 0.05 0.04
MnO 0.11 0.10 0.10 0.12 0.09 0.12 0.12 0.11 0.12 0.16
NiO 0.32 0.31 0.32 0.34 0.24 0.33 0.35 0.33 0.31 0.36
Naz0 0.21 0.19 0,22 0.08 0.19 0.33 0.61 0.32 0.59 0.27

Fe/Fe+Mg  10.13 9.20 10.29 10,08 8.18 10.08 10.39 10.22 9.71 10,52

Minor elements in ppm,

Ni - 2u72 2845 2511 2640 1895 2619 2737 2604 2465 2861
Mn , 897 751 763 911 702 929 956 - 889 913 1027
Co - 119 133 122 140 132 140 129 125 130 137
Zn 53 52 L9 62 L6 48 62 55 57 L8
Pb 80 64 28 64 22 35 78 . 80 77 - 72
Cu 1.2 0.8° 0.6 0.7 1.1 1.2 1.2 1.2 1.0 0.7

#Total iron as Fel

8¢ *



Sample 95
Oxide(wt.%)
TiO2 0.06
Cr203 0. 37
FeO* 5,80
" MgO 32.2
Cal 0.76
MnO 0.11
NiO 0.11
Nax0 0.21
K20 0.01
- Fe/Fe+Mg 9.20

Fe/Fe+Mg+Ca 9.06
Mg/Fe+Mg+Ca 89.42
Ca/Fe+Mg+Ca 1.52

caTs(mol.%) 3
MgTs(mol.%) 2

Minor elements in
Ti 330
Cr 2500
Ni 838
Mn 839
Co 63
Zn . Lo
Pb 22

#Total iron as Fel
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TABLE 3

Partial chemical analyses of orthopyroxenes,
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The above compositions are similar to the compositions of
orthopyroxenes from other suites (e.g. White 1966),

The range of values for Ti, Cr, Ni, Mn, Co, Cu, Zn and also
Naz0, K,0 and Cao is similar to that found elsewhere (Ross et,
al. 1954; White 1966; Carter 1970). There is a difference between
sultes in some of the trace element contents, independent of
variations in major element concentrations. This 1s discussed
in Chapter 7. As with the olivines, the orthopyroxenes have a
high Pb content relative to .the average for ultramafic rocks
(Table 3).

(d) Clinopyroxenes.

Partial chemical analyses of clinopyroxenes are given in
Table 4, In terms of three end-members the Jacques Lake clino-
pyroxenes range in composition from D145.6En49.5Fsu.9 to
Diyg, uEnyg, 6Fsg, 05 those from Castle Rock range from
D136.0En58.6Fs5,4 to Diyp,7Enyg,8Fsy, 3. The Castle Rock clino-
pyroienes are generally more magnesian and less calcic than
those from Jacques Lake (Table 4). The Nicola Lake specimen is
the least calcic with a composition of Diyj, 3Engy, oFss, 4. The
clinopyroxenes contain from 2.78 to 7 .12% A1203. With one
exception (ERC=-11), the Castle Rock clinopyroxenes contain less
A1203 than those of Jacques Lake., The Nicola Lake specimen has
an intermediate concentration of Alp03. The Al203 content
increases with Naj0 and TiOp (Fig. 24) which suggests that these
elements are substitutung for Al in the pyroxene structure. The

above compositions are similar to the compositions of clino-

pyroxenes of other lherzolite suites (e.g., White 1966).
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TABLE 4

Partial chemical analyses of clinopyroxenes,

Sample 95 S-3 CR-8 ERC-11 NL-8 JL-A JL-39 JL-10 JL-B JL=55
Oxide(wt.%) :
T102 0.20 0.05 0.22 0.40 0.40 0.45 0.64 0,48 0.60 0.52
Al,07 h,92 2,78 5,00 6.70 5.90 5.60 6,84 5,60 7.12 7.10
Cr203 0.88 0.93 0.85 0.83 0.85 0.90 0.85 0.83 0.80 0.90
FeO# 2. 44 2,27 2.26 3.40 2.99 2.75 2.69 2.74 2,61 2.74
MgO 15.4 18.2 16.4 20.8 15.8 15.6 14,6 15.5 14.3 1h.4
Ca0 20.0 19.6 21.8 19.6 20.8 20,9 21.3 20,0 17.8 18.8
Mno 0.06 0.06 0.05 0.08 0.07 0.07 0.07 0.07 0.07 0.07
NiO 0.06 0.07 0.06 0.08 0.08 0.06 0.05 0,05 0.05 0.05
Nas0 1.00 0.63 1.26 1.09 1.39 1.00 1,54 0.90 2.11 1.34
Kzo 0.01 0.01 0.01 0.01 0.01 0,01 0.01 0.01 0,01 0.01
Fe/Fe+Mg 8.19 6.54 7.18 8.55 9,60 9.02 9.37 9.02 9.31 9.66
Fe/Fe+Mg+Ca L4.32 3.66 3.96 5¢37 5.1 L.81 5.00 4,69 4,91 4,97
Mg/Fe+Mg+Ca U48.40 52.26 51.20 58.55 50.97 48.16 48,19 Uu8.26 4B.66 47.06
Ca/Fe+Mg+Ca 47.28 44,08 45,12 35.26 43,26 46.91 UL6.63 U47.93 L7.24 48,52
CaTs(mol.%) 3 6 b 6 5 6 b 9 6 10
Minor elements in ppm.
Ty 1200 300 -1320 2400 2400 2700 3840 2880 3600 3120
Cr 5990 6330 5830 5650 5820 6160 5820 5650 5470 6160
N1 L82 5l Lg97 615 608 Lo 398 413 361 357
Mn L88 475 413 638 529 540 563 558 542 562
co 50 50 46 81 63 49 48 50 53 L2
Zn 21 20 18 26 22 19 19 20 15 16
Pb 89 83 69 60 104 84 77 73 10L 77

#Total iron as Fel

4
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The composition of the clinopyroxene is one meané of
distinguishing noduies of fhe lherzolite series from‘those‘of
the dunite-wehrlite-gabbro series and the eclogite series
(White 1966; Kuno 1969). Consequently the variation of Aly05,
Ca0 and NaOwith the ratio Mg0:Fe0 has been plotted in Fig. 25,
As can be seen all the clinopyroxenes from this study fall in
the field of the lherzolite series. | |

The range of values for Tf} cr, Ni, Mn, Co, Cu, Zn and also
Nas0 and K;0 are similar to the vélués repdrted elsewhere

(Ross et. al. 1954; White 1966; Carter i9fo). The;e-are
differences between suites in some of4the tface element.
contents, 1ndépendant of variations in major element concentration.
’ This is discussed in Chapter 7. As withAthe-olivines and ortho-
| pyroxenes, the ciinopyroxenes have a}h;éﬁ Pb content (Table 4)
compared to the average giveﬁ by Goles (1967) for ultramafic
rocks., |
(e) Spinel.b

Partial chemical analyses of spinels are given in Table 5,
The composition of natural chrome-bearing spinels»adheres
closely to thé model formula (Mg,Fe2+)(Cr.Al,Fe3+)504; the sum
of the oxides is generally more than 98% (Irvine 1965).
Consequently only these constituents were analysed to determine
the variations in composition.

The composition of chromian spinels may be graphically
represented by means of a triangular prism, each of the six
corners corresponds to one of the end-ﬁembers (MgCrzou H
FeCrpoOL; MgFe204; Fe203; MgAlpOn;FeAlpOy). Plotting is done by

\
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Sample 95
Oxide(wt.%)

MgO 20,27

Fe0 8.91

FEZOB* 2'. 98

A1203 50.49
Total :98.03

Fe2+/Fe2++Mg 19.8
Fe3;§F§Z++A1+Cr 3.0
Al /Fez +A14Cr .79.0
cr/Fe t+al+Cr  18.0

TABLE 5

Partial chemical analyses of spinels.

S-3 CR-8

19.56 21.38
9.01  8.43
5«03  3.17%

35.19 53.35

31.82 14.19
100,61 100,52
20.5 18.1
5.2 3.1
5645 80.8
38.3 16.1

ERC-11 NL-8

23.58 19,05

8.42 -
S4.19 58,71
8.43 10.06

99.05 99.34

9.5 25.3
8'2 -
82,2 88,6
9.6 11.“’

*Calculated by assuming model formula RR;0,

Ionic formula based on 32 (0)

Mg 6.507
Fe5i 1.605
Fe 0.729
Al 12.822
Ccr 2.620
2+
R 8.112
gt 15.926

6.554 6.671
1.694 1,476
0.852 0.498
9.328 13.167
5.656 2.237

8,248 8.147
15.836 15.902

6.760 5.909
0.789 2.007
1.335 -
13.353 14.401
1.415 1.655

16,103 16,056

JL-A
19.73
10.95

57.39
12.93

101.00 1
23.7

" 85.5
14.8

JL-39
20.15
11.29

63.57
9.24

04,25
24,2

96.2
9.8

JL=-10

19.93
11.33

0.46
5735
11.76

100.93

24,2

0.4
86‘3
13.4

6.275
2,002
0,068
13.777
1.965
8.225
15.801

JL-B JL-55
21.86 19.06
9.53 10.88

63.72  6k4.59
7.42 7.30

103,30 101.83
20.3 24.3

91.9 92,2
7.2 7.8

1

15.I94
151 1.151

954 7.483
.031 16,345

CHe
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projection as shown in Fig. 26. The compositions of the analysed
" spinels are shown on the two projections., As can be seen, the
spinels fall close to the MgAlzou apex of the prism. Thls is
similar to other analysed spinels from lherzolite nodules
(Ross et, al. 1954; E1 Hamad 1963; Ishibashi 1969; Kutolin and
Frolova 1970; Carter 1970). Spinels from other types of nodules
do not necessarily plot in this part of the prism (Kutolin
and Frolova 1970).

Each nodule suite is characterised by having the composition
of the spinel phase lying in a particular volume of the spinel
prism (Fig. 26). The Castle Rock spinels are richer in Fe203eand
Cr203 than those from Jacques Lake and Nicola Lake; also the
Cr203 content of the Castle Rock spinels is more variable. The
range of MgO variation is small., The Nicola Lake nodule has
the least magnesian spinel., There is no difference in the range
of Mg0 content between the Jacques Lake and Castle Rock spinels.,

The relatively high Fe203 content of the Castle Rock spinels
(Table 5) suggests that these crystallised under higher f02

than the Nicola Lake and Jacques Lake spinels (Irvine 1965, 1967).
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CHAPTER 6

The Distribution of Iron and Magnesium

- Between Coexisting Minerals.,
(a) Theor&. |
The distribution of cations between‘coexisting phases has
been discussed in detail by Ramberg and DéVore (1951), Mueiler.
(1961), Bartholome (1962), Kretz (1961, 1963) and more recently
by Grovef_and drville (1969). The following éummary is based |
on the work of Kretz (1961, 1963).
An eqﬁilibrium exchange reaction for the‘distribution‘of
A and B between coexisting phases (A,B)M and;(A,B)N can be
written: | |
AM +BN = BM +.AN | (1)
The thermodynamic equilibrium constant for such a reaction is:
2BM-8AN
Kp = apyeopy (2)
where apq is the activity of the approprlate end-member
compound. Equation (2) can be written: |
XBN, /BN AN (AN

KD = TAWM ;AN BN 7 BN ' (3)
XA . /\ A -XB . AB ’ K

where XgQ is the mole fraction of P in PQ and ;A gQ is the |,

activity coeffiéient of P in PQ. If (A,B)M and (A,B)N behave as
ideal solutions, then the activity coefflcients are unity and
equation (3) becomes:
xBM AN
Kp = B A v o ‘ , (&)

AM _BN
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If the ideal solution model 1is correct theﬁ Kb is a. . function
of temperature and pressure only. The température dépendence
of Kp 1s given by:

(-—-—--MnKD) AR (5)
d T P RT2 '

where AH® 1s thé change in enthalpy of reaction (1), R is the
gas constant; and T the temperature in %%. The pressure

dependence of KD is given by:

( a anD) I A VO
T

4 P ) (6)

where A VP is the molar change in volume of reaction (1)
and P is the pressure in bars.

As a first aﬁproximation, olivine, orthopyroxene and clino-
pyroxene can be treated as ideal solid solutions of the type
(A,B)M and equation (4) can be used to determine the distribution
coefficient with respect to the exchange of iron and magnesium
between two coexisting phases. The distribution of iron and
magnesium between spinelland any of the above minerals is
considered later. |

The appropriate reactionwis&%@
FeS103 + MgSlp,s0p = MgS103 + FeSig,s0, (7)
for olivine and orthopyroxene, and '

xfB* .x8%

. 8)
opxX ol . (
XFe .XMg

Kp(1)

For coexisting pyroxenes the reaction is:



CaFeS1,0¢ + MgSi03 = CalMgSip0g + FeSi0j (9)
and |
cpx
xoPX X
Kp(2) = _M8 TFC (10)
opx _CpxX
xoP% x°P
Fe Mg

For coexisting olivine and clinopyroxene the reaction is:

and
xCpxX xol
D xCpx yol
Fe *‘"Mg

(b) Results for coexisting silicates,

Values of Kp(1), Kp(2), and Kp(3) are listed in Table 6.
Also given 1s an analysis of the variance for the KD values
between the Jacques Lake and Castle Rock minerals. The Nicola
Lake minerals are considered separately.

The Kp's were calculated by assuming that all the iron in
the minerals is in the ferroué state, While this is a good
appioximation for olivine and to some extent orthopyroxene, it
is not so good for the clinopyroxenes since they may contain
up to 2% ferric iron (Ross et, al., 9954)., Nevertheless it is
still usefull to calculate the Kp's so obtained and compare the -
results for each suite.

Kp(1) and KD(B) for the Jacques Lake nodules are less than
the values for the Castle Rock nodules, This is a siénificant
difference as the F values exceed the 1% level of F (Snedecor

and Cochran 1967). Also, Kp(1) and KD(B) for the Nicola Lake
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Values of K? for coexisting olivine and pyroxenes,
s . _

with analys
Sample- Locality
JL-A Jaeques Lake

JL-10 Com
JL-B "
JL=55 "
95 Castle Rock
8_3 (1]
CR-8 "
ERC=~-11 "

Between suites
~ Within suites
Degrees of Between sultes

Variance

freedom ‘Within suifes
. .
NL-8 Nicola Lake

of variance,

KD(l)

0.99
1.01

Kp(3)

1.13
1.12
1.15
1.04
1.11
1.26
1.45
1.48
1.20

127
<065
1

7
15.88

0.84

sample are lower than any of the others. There is no difference

in the values of KD(Z) between any of the sultes.

The distribution coefficients for each mineral palr are

similar to the coefficients determined from other lherzolite

nodules (Kretz 1963; O'Hara 1963;AWh1te’1966).

Direct comperison

with other sultes 1s not possible since total iron was expressed

as FeO,

In the ideal solution model, KD is a function of pressure

and temperature only. If the minerals depart from ideality,

then KD will also be a function of composition, since the

activity coefficients will not be uniy. Nafziger and Muan (1967)

found that magnesian olivine 1is slightly non-ideal but ortho-
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pyroxene 1s ideal. However, introducing activity coefficlents :«-
in equation (3) to evalﬁate Ky will not change the relative
values of Kp since there 1s a restricted range of compositions,
It was found that each Kp is independent of any other component
.in the mihérals. Therefore the conclusions with respect to the

differences in K, between the sultes are still valid.

D
(c) The effects of temperature and pressure.

Medaris (1969) has determined experimentally the partition-
ing curve for iron and magnesium between olivine and ortho-

pyroxene at 900°C, The appropriate exbression is:

X . - , _ 4
log Felo1 = 0.1630 + 1.1128l0g _Fe opx (13)
Xug XMg

where Xpo and XMg are the mole fractions of iron and magnesium
in the minerals. There is good agreement between this curve
and the theoretical partitioning curve derived by Grover and
Orville (1969). who considered the exchange of iron and
magnesium between 611v1ne and orthopyroxené to take place
between a single site in olivine (M1 and Mé are energetically
‘ equivalent) and a double site in orthopyroxene (M1 and My are
energetically distinct). Equatibn (13) therefore appears to
express satisfactorily the.partitioning of 1:on_and magnesium
between these minerals at 900°C. Medaris also found that
partitioning was ﬁot sighificantly temperature dependant between
900 and 1300°C.
Despite the fact that temperatures of equilibration cannot

be determined from the composition of'coexisting olivine and

orthopyroxene it is still useful® to compare the distribution
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of iron and magnesium with the eXperimentallydetermined curve

in order to see if the minerals crystailised under equilibrium
condifions. Fig. 27 is a plot of (XFe/XMé)ol versus (XFe/XMg)opx
on a logarithmic scale. The curved line is the partitioning
curve determined by Medaris (1969). All pairs plot close to,

but slightly below the curve, This 1s in agreement with other
olivine-orthopyroxene pairs from lherzolite nodules (Medarie
1969). The points for both the Jacques Lake and Castle Rock
palrs lie parallel to the curve which suggests that all the-
palrs crystallised under equilibrium conditions,

The effects of pressure on the distribution coéfficientdhas
been given in equation (6), Using molar volume data on synthetlo
olivine and orthopyroxene Medaris (1969) found that Kp(1) is
not significantly dependant on pressure. However this conclusion
is based on the assumption that A VO does not change with
pressure or temperature. The change in volume for reaction (7)
is glven by |

Ave = V§g3103 + V§e310,502 - VgeSiOB - VﬁgSio.502
(14)
where V? is the molar volume of phase J.

However the orthopyroxenes contain a considerable amount
of Al (substituting for Si and (Mg.Fe)) Therefore the volumes
which are used in equation (14) should be partial molar volumes
and not the volumes of the pure end-member components. Since
the Al content of the orthopyroxenes 1s different for each
suite (Table 3), it is to be expected that £§V° will be
different for each sulte and hence the effect of pressure

cannot be entirely disregarded. It 1s possible that the differ-
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o Jacques Lake :
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ezt Mg opx.
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O Castle Rock:

Fig. 27 : Distribution of Fe2+'ond Mg between olivine and
orthopyroxene. The curve is the equilibrium partitioning
curve at 900°C determined by Medaris (1969).

® Nicola Lake.
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ences in KD(l) between the suites may be due to differences
in pressure. It is not possible tg determine the direction of
pressure change since the preciéioh'éf the_availéble daté does
not warrént the calculation.

Kretz (1963) has shown that the distribution éf iron and
magnesium betweén‘coexisting pyroxenes is é functién of
temperaturé and is constant with reépéct to pressure. Kretz
(1963) also_ghowed that KD(Z) increases with temperature for
igneous and metaﬁorphic pyroxénes and that the values for
pyroxenes from ultramafic nodules tend to approach unity. The
data from this study agree with the latter observation. The déta
suggest fhat all the pyroxene palrs crystallised within the
same range of temperatures since there is ho difference in the
range of values of K(2) betweeh_the sultes., |

"It will be shown in the next section that the Castle Rock
nodules formed at a higher temperature than those of Jacques
Lake and that the Nicola Lake nddule gormed at a lower
temperature than the others; Iﬁ might be exbected therefore that
the Kp(2) values might show this. This is not thevcase.ATherefore
it is likely that some other factor besides témperature is
affecting the values of Kp(2).

This factor 1s posslibly the A1203 content of the pyroxenes,

-although no direct relationship between the A1203 content of the
pyroxenes and KD(Z) could be found. As with Kp(1), the pressure

effect on KD(Z)'is dependant on the quantity .AVP, The effects
of Al03 on this are unknown, so that Kp(2) could change

7
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significantly with pressure. Also,[&Ho may be affected by the
A1203 content of the pyrokenés. Therefore it i1s not possible to
determine the conditions of formation of these minerals from the
distribution of iron and magnesium between them.

No experimental or empirical data on the effect of temperature
and pressure on the distribution of iron and magnesium between
coexisting olivine and clinopyroiene are available in the 7' . _ -
literatﬁre. It is evident from Table 6 that iron and magnesium
are distributed differently between these minerals in each
nodule suite; It is assumed that this is a result of different
conditions of formation. It 1s not posslible to evéluate‘variations
in Kp(3) with respéct to preésure and temperature using data
for the iron-magnesium end-members since AléOB in the clino-
pyroxenes probably affects the appropriate thermodynamic functilons,
(d) The distribution of iron and magneéium between coexisting

olivine and spinel.
The distribution of iron and magnesium between coexlisting
olivine and spinel has been discussed in detail by Irvine (1965).

2+

A reaction expressing the Mg-Fe exchange between olivine and

spinel can be written:

FeZ+

510,502 + Mg(Cr,,Alg,Fe}) 04, =  MgSig, 0, +
Fe2+(Cnx,Alﬂ,Fe%})204 (15)

wherec&,ﬁ,x are mole fractions of trivalent cations in the

spinel ando(fﬁ#i'%’ =1, Thé thermodynamic»equilibrium distribution

coefficient for equation (15) is:



a a% .aﬁ '.aX
MgSiO.502 FeCr,0y FeAlpy0y FeFep0Oy
= P ¥

a a -1

MgCrZOu MgAlzou MgFezou

Kp(4)

(16)

a
FeSiO.SO2

where 83 is.thé activity of end-member j. This can bé expressed
in coﬁpositional terms by replacing 8y with (’<3Xj) where /<J’
is the activity coefficient and XJ is the mole fraction of the
appropriate end;member.klf ideal behavior is assumed, the

activity'coefficients are unity and equation (16) becomes:

ol ,.s < S F s ¥
Xmg- (XPecraoy) « (XFea104) « (XFEFez04)

Kp(k) = XL, (x5P PP ¥ (x5P LE (17)
Mg* xﬁSCrzou * MSAlgOu ‘" MgFex0y
sSp - %o .
X = F C =otXSRS . ebtcCes
Sinee Xrecrpoy (Mg +eFe2+> (Cr AT Fe3+) HApe2+ =
X+ R+ ¥ - 1, equation (16) reduces to
ol _sp
Xy o X 24
K (4) _Mg ' Fe (18)
ol +sp
XFe.XMg

This i1is a result similar to that for coexisting silicates but is
bderived in this way to show the effects of the trivalent cations
of the spinel on Kp(4). |

Table 7 gives the values of‘KD(h) calculated from equation

(18). The method of calculating the uncertainties in KD(M) is
given in Appendix 2. The Table also gives the analysis 6f
variance in KD(u)'between thg Jacques Lake and Castle Rock suites.
The Nicola ﬁike pair is considered separately. As can be seen,

the Nicola Lake sample has the highest Kp(4). There is a



TABLE 7

Values of K (4) for coexisting olivine and spinel. B

with analysis of variance.

Sample

95
53
CR-8
ERC-11
JL-A
JL-39
JL-10
JL-B
JL555

Variance

Varlarnce

F

Locality

Caétle.Rock

"

Jacques Lake

"

"

Between suites -

Within sultes

‘Between sultes -

Within suites

Nicola Lake

Temperatures cf formation for coexisting olivine and spinel,

Locality
Castle Rock

Jacques Lake

"
L1

Nicola Lake

Kp( &)
2.20

28

0.93

O RN
[ ] -] L ] L e e
N WNW O
O EN - 0~

o

?
7.03

3.79

TABLE 8

TO

1632
2214
1822
10697
1133
1037
1113
1142
1002
838

W HHH R

C

HHHHBI+HE HHER

.17

.21
.16

.10
.20
.19
«20
.19
.19

« 30

184
262
231

99
90
122
88

71

1,004

1nKD(u)

0.785
0.931
0.651
-0 . 068
1.014
1,020
1.031
0.860

HHHHH K4

1.330

-+

.078
.081
. 080
«037
.071
. 069
.071
.079
. 069

«079



significant difference in the Kp(4) values between the Jacqueé
Lake and Castle Rock suites since the value of F exceeds the
5% level of F (Snedecor and Cochran 1967). With one exception
(s-3), all the Castle Rock KD(b)’s are greater than those of
Jacques Lake., |

The distribution coeffigient is related to the free energy

~of reaction (15) thus:

‘1nKb(4) = ‘ll% and Kp(4) = exp (:é%9> (19)

wherezlcv#pEZGj and Gj is the free energy of formation of

the appropriate end-member in equation (15), R is the gas constant
and T the temperature of formation of the coexisting mineral
pairf Substituting the free energy valués given by Jackson
(1969; §.64)-(theéé are temperature dependant), taking R =

1.987, and solving for T, we have:

5580« + 10188 - 1720¥ + 2400 -~ (20)
T = 0.90x + 2.56f - 3.088 - 1.47 + 1.9871nKp(%)

Temperatures derived from equation (20) are given in Table 8,
The method of calculating the uncertalnty in each temperature 1ls
given in Appendix 2.

The uncertalinties listed in Table 84represent the ﬁaximum
possible errors in T which can be introduced as a result of
analytical errors in the determination qf Mg and‘Fez+ in spinel
énd olivine and Cr, Al and Fe3* in spinel. The error that may
be introduced into the temperafure values of Table 8 due to

uncertainties in the free energy values are much larger than the
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analytical errors. Possible maximum uncertainties in the free
energies of the spinels alone could affect the temperature values
by as much as + 300°C but these uﬁCertaiﬁtiés_are not large
enough to reverée-the direction of reaction (15) and will have
little‘effect on the relative'temperatufes (Jackson 1969).

It is apparent from Table 8 that eachAhodule-suite formed at a
different temperature (within analyﬁical errof and assuming
that all the minerals é@uilibrated at the-séme temperature), The
nominal temperature of formation of the Nicola Lake suite is
838°C (éssuming that sample NL-8 is representative of the suite).
The nominal temperature of formation of the'Jacques Lake sulte
is 1085°% (average of 5 teméératures). | o
Thehpm;half«temperature% of formation of the Castle Rock
noduies is more difficult to assess.'There appeérs to be a range
of temperatures but this may not be real as errors in KD(h). and
hence in 1nKD(4). become increasingly important where KD(U)'
is small since this term appears 1h the denominator of equation
(20). As the derived temperatures seem unrealistically high
the nominal temperature of formation of the Castle Rock nodules
is taken to be 1600°C. This is somewhat arbitrary but there can
be. 1ittle doubt that these nodules formed at temperatures ﬁuch
greater than those of Jacques Lake and Nicolé Lake,
| The effect of pressure on KD(h) is that given in equation (6).
Irvine (1965) has‘shown that the pressure effect is negligible
at moderate pressues, Data to evaluate KD(N) at high pressure is
lacking, but any variation in KD(h) due to pressure is not
likely to reverse the relative temperatures sincé ény volume

change will be small compared to the enthalpy change of equation

(5).
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(e) The distribution of iron and magnesium between

coexisting spinel and pyroxenes.

Reactions equivalent to (15) can be written for orthopyroxene

and’ “‘clinopyroxene:

FeS104 + Mg(Cr&.Alﬁ.Feg+)204 = MgSi03 + Fe(Cnx.Alp,Fe?Téou
(21)
and
CaFesSi, 04 + Mg(Cr,,Als,Fel*),0, = CaMgsiog + )

Fe(Cry,Alg,Fed"),0,

-Analogous expressions for the distribution coefficients are:

XOPX ySDs
_ XMS Xpos
XFleQXMg
and

Kp(6) =  Xyg .Xpe2+

»x°€3.xSP
Fe Mg

(24)

Table 9.lists the values for KD(S) and Kp(6) for the analysed
palrs and also the variation in these for thé Jacques Lake and
Castle Rock suites., 4 |

.fhere is no significant>d1fference in these values between
the sulites. The values for ERC-11 are low in comparison to the
others. This may indicate ‘that the spinel in this nodule is

not in equilibrium with thg,pyroxenes (and alsq with.phe olivine
sinée KD(u) is low). Texturally, however, thé spinél appears to

be in equilibrium, so that the anomalous KD'S may be the result
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TABLE 9 '

Vélués of KD(5) and KD(é). with analysis of variance.

Sample - Locality Kp(5) KD(6)
JL-A Jacques Lake 2.74 3.14
JL=-39 " 2.78 3.08
JL-10 ' " 2.84 3.32
JL-B " 2.32 2.48
JL=-55 " 2.71 2.99
95 Castle Rock 2. 44 2,76
S-3 "o 2.93 3.71
CR-B . . " 2.2’4 2'85
ERC-11 " 1‘00, '1.13

Between suites .631 « 307
Variance _ _

Within suites .313 « 547
Degrees of Within suites 7 7
freedom '

Between suites 1 1

F o 1,96 1.78

NL-8 Nicola Lake 2.89 - 3.12

of an imperfect analysis. As can be seen frombTable 4,.ERC?;11
is the 1éast close to the model formula.,

Expressions analogous to (20) and (6) can be used to evaluate
the temﬁerature and pressure effects on KD(S) and KD(6). There
is é considerable amount of A1203 in the pyroxenes. Therefore
there will Ee an exchange of Al between the pPyroxenes énd thé‘%gﬁ
spinel which Will undoubtedly influence the temperature énd

pressure effects, This effect is not known.,
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CHAPTER 7

The Distribution of Trace Elements

Between Coexisting Silicates,

(a) Theory.

The partitioning of trace elements between coexisting
minerals hés been dicussed 1n detail by McIntyre (1963). An
exchange reaction between tﬁo solid phases (Cr,Tr)A and (Cr,Tr)B
can be wfitten:

CrA + TrB = TrA + CrB (25)
where Tr and Cr represent the trace element and the element
for which it substitutes (the carrier element) repectively. A
and B refef to that portibn of the mineral which does not take
part in the reaction. Cr and Tr have the same valence.

The equilibrium constant for reaction (25) is

. &rrp«dCrB :
Kpp =  — | (26)

r
8cra'8TrB

where aj 1s the activity of end-member J in equation (25).

Equation: (26) can be rewritten:

» ATr ., Cr
Xppp +XorBATraA CrB

Cr Tr
Krr = XCrA’xTrB'ACrA"(TrB

(27)

where Xj is the concentration of end-member J and.14§ is the
activity coefficient of 1 in j. If 1dea1 behavior is assumed,

then equation (27) becomes:

_ (XTr/XCr)A
r - <XTr/xCr)B

Kp (28)



The distribution coefficlent (Kpr) is & function-of
temperature and pressure. The temperature depen@gpg@, given in

equation (5) is:

(a anTI‘) - 4:1'_10
0T /P RT2

where AH® is the enthalpy of reaction (25), R the gas constant
and T is the temperature in °K. The pressure dependéncg, given

in equation (6) is:

(banTr> _ Ay
d P T RT

where AV°® is the molar change in volume. of reaction (25), P the
pressure and the other symbols are the same as before.
~Unfortunately AH® anda AvV® for reactions.involving trace
elements are unknown so that trace element distributions cannot
be used in geothermometry and geobarometry with any confidence.
Nevertheless it 1s still useful to determine trace>element
distribution coefficients and.anticipate that variations in
. these are due to vatiations' in the conditions of formation of the
mineral pair in question, if 1t can be shown that the distribution
coefficient is not depéndant on the concentration of any other.
element,
.In olivine and pyroxenes the carrier element for divalent
trace elements may be either Mg2+ or Fe2+. It is assumed that
the M2 site in clinopyroxene is completely filled with calcium
and that no exchange betweeh a divalentlion and calcium takes

place., The choice of Mg2+ of Fel+ is not entirely arbitrary as

stated by Matsui and Banno (1970). Burns (1970) has shown that
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transition metal lons have a preference for certa;n sites in
silicate structures. He has listed, among others, the following

site preferences:

N12%,co%t, ugct.

olivine M2 ; Mn2+,Fe2+.

2

olivine M1

2+

orthopyroxene M1 ; Ni +,Mg

n2 2 2+

+,Co +,Fe e

]

orthopyroxene M2 ; M _
clinopyroiene Mi_;IN12+,002+.Mn2f,Fe2+,MgZ+.
Thus Mg+ will be the carrier for Nilt in oliviné”and'ortho-
pyroxene since both tend to occupy thé same site 1n these minerals.
Since both Mg2+ and Fel+ occupy the Mi site in élinopyroxene
the Qho&ce is not so cleér. As there is a positive correlation

between NiO and Mg0O in the analysed diopsides.it is assumed that
2+ 12+ '

: +
Fe2+ is the carrier for anand C02+ in all three silicates. It

Mg is the carrier for N 1n\the clinopyroxemes also. Similarly
is assumed that all Co is.in fhe divalent state in these minerals,
Although Zn is not a transition element it appears toAbehave as
one in these minerals'since 1t.1s distr1butéd regﬁlarly among .
the three silicates (Fig. 28). For this reason Zn is treated in
the same way as Ni, Mn, aﬁd Co m”*this discussion. From size
consideratiohs it is likely that an+ substitutes for Fe2+ in
these minerals.,
(b) The distribution of Ni, Mn, Co and Zn.

Sinée»Nl, Mn, Co and Zn substitute for Mg or Fe in the olivine
and pyroxene structure, the concentration of these elements

1s dependent on the concentration of the carrier element, In

order to compare trace element concentrations, the ratio Tr/Cr
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can be cohsidéred tovbe é measure of the trace element content
of a mineral. A
(Ni/Mg)x1000, *(Mn/Fe)x100, (Co/Fe)x100 and (zZn/Fe)x100 for
olivine,'orthopyroxene‘and clinopyroxene are listed in Table 10,
The variation in these ratios between the Jacques Lake and Castle
Rock-3ultes 1is examined by means of Snedecor's F test and the
results given in Table 12. The Nicola Lake sample is considered
separately.A |
The'Nicpla Lake olivine contains more Ni and Co than the other
olivines and the pyroxenes contain less Mn and Co. The Jacques
Lake and Castle Rock 611v1nes contain slmilar‘amounts-of~these
elements, The Jacques Lake dlopsides contain less Ni, Co and Zn
than those of Castle Rock, and the enstatites less Mn and Co,
These are all significant results since‘phe valué for F exceeds
the 5% level 6f F in each case (Table 12).'There is thus a
fundamental difference in the concentratiqn of some elemenﬁs in
the minerals of each suite of nodules, The minerals of each
sulte are characterised by a particular trace element "content".
The distribution of Ni, Mn, Co and Zn between oliviﬁe and
the two pyroxenes is regular. Fig. 28‘sh0ws the relative concent-
rations of these elements in the three sillcates. The relative

enrichmentrof these elements in coexisting olivine and pyroxene

1. Ratlios involving iron were calculated with the assumption that
all the iron is in the ferrous state. Generally the minerals
(especially clinopyroxenes) will contain some ferric iron. This
will affect the magnitude of such ratios but the relative values
will remaln since there is a restricted compositional range
which is assumed to apply to6 ferric:iron also, )



Sample

JL-A.
JL-39
JL-10

~.JL-B
JL=55

TABLE 10

:(Tr/Cr) ratios of analysed minerals,

tocality

Jacques Lake

Nicgla Lake

Locality

Jadques'Lake
"

Castle Rock

"
"

Nicola Lake

203

(N1/Mg)x1000
ol. OpX« CDPX.
8.98 4,42 4,69
9.46 L.34 4,52
8.81 4,41 4,42
8.04 3.99 4.20
9.91 4.97 4.12
8.20 4.32 5.20
8.03 4.23 5.00
8.89 4,54 5,02
9.09 4,75 4,91
5.95 5.25 6,40

(Co/Fe)x100
ol. OpX. CPX.
.186 .132 .229
168 .136 .230
162 .136 .235
172 L1122 .261
JA74 125 197
161 140 .263
202 L1146 ,284
164 141,261
.187 .152 ,307

133 .272

(Mn/Fe)x100
ol. OpX. CDX.
1.24 1.71 2.52
1.24 1,77 2.69
1.15 1.79 2.62
1.21 1.80 2.67
1.30 1.77 2.64

. 1.25 1.86 2.57
1.14 1.81 2.70
1.03 1.82 2.35
1.22 1.79 2.42
1.08 1.77 2.28

(Zn/Fe)x100
ol. OpX. CDPX.
076 ,076 ,089
.071 .072 ,091
.080 .,079 .094
063 .095 .074
061 ,065 ,075
L0744 ,089 ,111
.079 .080 .11k
066 .076 .102
.,083 .087 .098
.071 .079 .095

.67
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cpx

ol

Fig. 28 : Relative proportions .of M.n, Zn, Co and Ni

opxb

between coexisting olivine, orthopyroxene and

clinopyroxene.




69

is a function of size and site energy as predicted by Burns
(19?0). These enrichments are in agreement with the data frbm
other ultramafic rocks (White 1966; Mercy and O'Hara 1967;
Carter 1970). : _ ' ' o |

The distribution of these elehents between coexisting olivine,
orthopyroxene and clinopyroxene 1s examined by means of the
distribuﬁion function Ky (equation 28) where Tr = Ni, Mn, Co
or 7Zn, Cr is the appropriate carrier element (Mg or Fe) and
A and B are coexisting olivine.‘orthopyroxene or clinopyroxene. .
The results are given in Table 11. The variation in each Kpp 1s
examined by means of Snedecor’s F tesf (Table 12). This applies
to'the'Castle Rock ahd JacQues Lake sultes onlys the Nicola
Lake results are consldered separately. |

From Table 11 1t can be seen that all the Nicola Lake Kyji's
are less than the corresponding KNi'S for the othef two sultes
and thathNi(ol/opx) and KNi(ol/cpx) for the Castle Rock pairs
are less than the cqrrésponding‘ratios of the Jacques Lake suite.
KMn(cpx/opx) for Nicola Lake is greater than the others;and for
Jacques Lake .arée:. less thah*the Castle Rock coefficlents. Kqq
(0l/opx) for Nicéla Lake 1s greater than the Castle Rock and
Jacques Lake coefficlients, KZn(dl/cpi) for the Jacques Lake
samples&&eiless than those of the Castle Rock minerals, These
comparisons are slignificant since the value of F exceeds the 5%
1eve1 of F in each case (Table 12)
' The consistancy of the distribution coefficients within each
éuite suggests‘that the minerals are in equilibrium with respect

to the elements which have been discussed.



TABLE 11

Trace element distribution coefficients.

Sample . Locality ol/opx ol/cpx opx/cpx ol/opx ol/epx opx/cpx
JL=-39 " 2.18 2.09 0.96 0.70 - 0;46 0.66
JL"].O . " 2.00 1099 1000 . 0064 O-Lu"' 0068
JL-B " . 2,02 1.91 0.95 . 0,67 0.45 0.67
JL-55 . " 1.97 2.38 1,12 0.73 0.49 0.67
g5 Castle Rock 1.90 1.58 0.83 0.67 0.45 0.67
5‘3 " 1-90 1058 0083 0067 0c1+9 0.67
CR-8 " 1.96 1.7t - 0.91 0.57 0.4k 0.77
ERC"11 " 1091 1085 . 0.9’4' 0068 0050 0.?“’
NL-8 Nicola Lake 1.13 0.93 . 0.82 0.61 0.4? 0.78
Kco - Kon 4
Sample Locality . o0l/opx ol/cpx opx/ecpx ol/opx ol/epx opx/cpx
JL-A Jacques Lake 1.14 0.81 0.58 1,00 0.85 0.85
JL=-39 " 1.24 0.73 0.59 0.99 0.78 0.79
JL=10 "o 1.20 0.73 0.59 -1.01 - 0.85 - 0.84
JL"B . " 1.""1 0066 Oou? 0.66 0.85 1028
95 Castle Rock 1.19 0.63 0.53 0.83 0.67 0.80
S-3 - " ' 1.38 0.71 0.51 0.99 0,69 0.70
CR-B " 1.16 0.63 005)"‘ 0.87 0065 - 0.?5
ERC-11 : " _ 1.23 0.61 0.50 0.95 0.85 0.85
NL-8 Nicola Lake” 1.53 0.75 0.49 0.90 0.75 0.83

04
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TABLE 12

Analysis of trace element variance between Castle Rock and
Jacques Lake suites,

Varianoe*' F Significance#
Ratio . Between Within
' sultes suites
(Ni/Mg)ol .031 «337 12,17 Not significant
(Ni1/Mg)opx 1,002 .093 - b6.93 "
(Ni/Mglepx = .918 .037 24,81  Significant at 0.,5%°
(Mn/Fe)ol .010 JOU0 1.76 Not significant
(Mn/Fe)opx - .010 . 0014 7.14 Significant at 5%
(Mn/Fe)epx = =~ .030 ,010 3,00 Not significant
(Co/Fe)ol ' 0001 .0002 2.00 "
(Co/Fe)opx .0005 ,00003 16.67 Significant at 1%
(Co/Fe)cpx. ,0052 .0005 10.61 . Significant at 2,.5%
(Zn/Fe)ol - 200002 ,00007 3.50 Not signifilcant
(zZn/Fe)opx . 00007 ,00009 1.28 . " ‘
(Zn/Fe)cpx 0002 ,00007 28.50 Significant at 0,5%
Kpp-
Ni ol/opx - - .033 . 004 8.25 Significant at 2.5%
Ni ol/cpx .278 . 029 9.59 - Significant at 2.5%
Ni opx/cpx .033 . 009 3.68 Not significant
Mn ol/opx .007 . 002 © 3.50 "
Mn ol/cpx .00005 ,001 20,00 "
Mn opx/cpx . 006 . 001 6.00 Significant at 5%
Co ol/opx ,018 .010 1.80 Not significant
Co ol/cpx .026 . 006 4,80 "
Co opx/cpx 005 .002 2.32 "
Zn ol/opx . .0002 .015 73.86 "
Zn ol/opx .029 004 6.86 Significant at 5%
Zn opx/cpx o Olly . 097 2.20 Not significant

#Degrees of freedom are 1 and 7 for between and within suites
"respectively

#The significant levels of F are 16.24, 12.25, 8,07 and 5.59
at the 0.5, 1.0, 2.5 and 5.0% levels respectively (Snedecor’
and Cochran 1967).
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Although the distribution of trace elements among these
minerals cannot be related quantitatively to the éonditions of

| formation, it is clear that some elements are distributed
differently among these minerals and that the observed distri-
bution cannot be related to different concentrations of trace
or carrier element in the minerals. For example, it has been
shown that Ni 15 distributed differently between olivine and
enstatite in the Jacques Lake and Castle Rdck sultes, although
the N1 content of these minerals in each suite is similar. Ni
therefore appears to be sensitive to changes in environment., On
the other hand,_the Co chtent of the Jacques Lake pyroxenes 1s
less than those of Castle-Rock but the Co is distributed between
the minerals in a similar way. Co is therefore not sensitive to
changing conditions (at least in these minerals). The Nicola Lake
pyroxenes contain less Mn than the other pyroxenes‘and is also

di'stributed d;fferehtly between these minerals.,

Each n&dule sulte is apparently characterised by differeﬁt
trace element behavior. The difference may be a difference 1nii
the content of some elements in the minerals or may be a differ-
ence in element distribution among the minefals which presumeably
reflects different physical and chemical conditions‘at the source
of the nodules.

The above discusslon 111ustrgtes the importance of considering
more than one element and pair of minerals when making inferences
on the cbnditions of formation of a sefieé of rocks. While one
set of distribution coefficients may not be significant with

respect to changesof environment, the evidence of several sets
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may reveal that suites of similar rocks have formed under
different conditions,

(c) Other elements,

Other trace elements such as Cu, Pb. Cr and Ti1 are not amenable
to a treatment such as given to Ni, Mn, Co and Zn as the position
of these elemenﬁs in the mineral structure 1s more uncertain
and because incorporation of these elements in the structure
involves a coupied substitution,

Cu and Pbbare distributed irregularly among the three silicates
(Fig; 29). Because of this, the distribution of these elements
is considered no further.

Tables 3 and 4 show that the concentTation of Ti and Cr 1is
greatér in fhe'élinopyroxenes than in the orthopyroxenes, This
is in agreement with the data of Whiﬁe (1966), There appears to
bevno s&steﬁatic difference between the suites in the Cr content
of the pyroxenes. The exception to this is the Nicola Lake
enstatite which-is comparatively low in Cr. On the other hand the
thé pyroxeneé of<the Jacques Lake'nodules_have a higher Ti
content than those of Castle Hock. The Nicola Lake pyroxenes have
a similaf-Ti céntent to those of Jacques Lake.

Tﬁe distribution of Ti and Cr between the coexlsting pyroxenes

is exémined‘by means of the Nernst Distribution Law:

where TrJ i1s the concentration of a trace element in phase j and
kTr is a constant at any pressure and temperature. In this case

A and B are orthopyroxene and clinopyroxene respectively.
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Fig. 29 :

Relative proportions of Pb and Cu between

coexisting olivine, orthopyroxene and

clinopyroxene.
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TABLE 13

Values of k and k for.coexisting pyroxenes with
- analysis of varianceé,

Sample  Locallty Kpy - ke
JL-A ' Jacques Lake = 0.49 0.51
JL=-39 . : O.l41 . 0.56
JL=-10 " - 0429 0.58
JL-B " 0.27 . 0.41
JL-55 " 0.23 0.37
95 Castle Rock 0.28 0.42
S"B " 1.20 0. 38
CR-8 " 0.36 0.37
ERC-11 . " 0.35 0.30
NL-8 Nicola Lake 0.25 0.10
Between suites 097 .031
Variance :
Within sultes .080 .006
Within suites 7 7
Degrees of :
freedom Between suites 1 1
P o 1.21 5.17

The values for kpy and kCr are listed in Table 13. Also given 1is

an analysls of the variance 1n kTr between the Jacques Lake and

Castle Rock suites. The Nicola Lake pair are considered separately.

As can be seen both kT1 and kCr are variable and there is no

difference between the suites, The exception 1s the low kn,. of +=
the Nicola Lake pair. The reason fér‘this 1s not known, The.
foregoing suggests that the distribution of Ti and Cr between
coexisting pyroxenes is not sensitive to different cbnd;tions of
formation. The higher Ti content of the Jacques Lake pyroxenes

1s probably a result of a difference in the Ti content of the

source rocks.
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CHAPTER 8

The Origin of the Nodules,

(a) Témperature and Pressure.

On the basis of the distribution of iron and magnesium
between coexisting mineral palrs it has been shown that each suite
vof nodules formed under different P/T conditions. Variations in
KD reflect different temperatures of formation. Nominal temper-
atures of formation are 838°C for the Nicola Lake suite._1085°C
for the Jacques Lake sulite and 1600°C for the Castle Rock suite.
While there is some doubt as to the absolute temperatures it is
believed that each sulte. formed at different temperatures and
that the relative temperatures are correct (Chapter 6),

Thé effects of pressure on KD are unknown,bitiit:1§ believed that
different pressures are also responéible for variations 1n.the '
' distribution coefficlents. This may be one reason for the
comparatively high Castle Rock temperatureé; the effects of
pressuré were not taken into account in the calculation of the
temperatures, Al substitution in pyroxenes affects the values of
KD's involving pyroxenes (Chaptér 6), but unfortuhately_quanti—
tative estimates of pressure cannot be made on the baslis of
Qariations in Kp. _

Al occurs in both sixfold and fourfold do-ordination in the
pyroxene structure. This is a result of the requirements of

Iv + VI

charge balance. The appropriate subsitutions are Al Al for'

Vi Iv I VIII ._ VI

Mg + Si and AlV + Na for 2Mg . If Al occurs in octahedral

and tetrahedral co-ordination, then a Tschermak®’s component will

appear. in an end-member calculation. Sincé bnly_pértial chemical
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analyses were done, the amount of Tséhefmak’s»bomponent can only
be estimated. This was done by assumingitnat the welght peréent‘
of 810, = 100 =~ ;E Rxoy where Rxoy is the wéight percent of any
oxide. The calculation of the end;membérs waS done byféomputer'
using the program PYREND (U.B.C. Dept. of Geology brogram; P.B.,
.Bead). The calculation of Si0p by difference and the fact that all
iron was assumled to be in the ferrous state limits the accuracy .
of the results. The error in estimating SiO2 will be the sum of
all the errors in the»determined oxides, Because of this only
the results of the calculation of the Tschermak's components
are given (Tables 3 and 4), since these are the most significant
with respect to pressure.(see below). . |

CaTs is a component of all the clinopyroxenes. There appears
to be no difference between the suites in the amount of CaTs in
these pyroxenes. Both CaTs and MgTs are components of the ortho-
pyroxenes, exéépt in the Nicola Lake enstatite. Fig. 30 shows the
proportioné of CaTs, MgTs, diopside and enstatite in thé pyroxenes.
Since. CaTs and MgTs are present in solution (except for Nicola
Lake) in diopside and enstatite respéctively it 1s reasonable to
suggest that these minefals formed at high pressure(Boyd 1963;
Kushiro and Yoder 1966; Kushiro 1969a). The stabilities of Al-
diopside and Al-enstatite coexisting with spinel and olivine are
shown in Fig. 32, |

Because the CaTs solubility in diopside is complexly related
to temperature,‘preséure, the amount of jadelte in the diopside
and the nature»and composition of the coexisting phaseé. it is

not possible to make precise estimates of the pressures at which
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the diopsides formed. (Kushiro 1969a). |

Boyd and England (1960) end Boyd (1963) have shown that the
'A1203 content of enstatite coexisting with olivine and garnet
increases with increasing_temperature and pressure due to the
coupled substitution 2A1 for (Mg + Si). Similar variatione might
be expected for enstatite coexlisting with'olivine and spinel. The
A1203 content of the analysed enstatites varies with that of the
spinels and also between spinel and diopside (Fig. 31).‘This
suggests that the distribution of A1203 between sbinel and pyroxene
may be a function ofvpressure and temperature as is the case for co--
ex1sting pyroxene and garnet.'Unfortﬁnately there.are no experimental
dg%ﬁwgk cgg%;gggthls.

The temperatures derived from:the distribution of iron and
magnesium between coexisting olivine and splinel, and the high
pressures inferred from the A1203 content of the pyroxenes are
consistent with the experimentally determined field of spinel
lherzolite. The stability flelds of various ultramafic mineral.-
assemblages are shown in Fig. 32, taken from Greeﬁ and Ringwood
(1970). Spinelvlherzolite has a falrly wide stability field which
falls within-uppef mantle coﬁditions. On the low pressure side of
the 1he£zolite stability field plagioclase is stable and on the |
high pressure eide garnet appears. The upper temperature limit of
the‘stability of lheféolite is, of course, the 1herzolite solidus.

Many experimenfal studies have been carried out to determine
the positioh of these bbundary curves, Reactions between olivine
aﬁd_plagioclase to yield aluminous pyroxenes and spinel have been

investigated by Kushiro and Yoder (1966). Such a reaction is:



701
, Iy
Y hay
. 60.
& 6 ®
o O ©
= 501 ©
R
401
O
30 . . .
2 3 4 5 7
% Al,05 cpx.
70]
c 607 °
‘:% JA'A)
o O
ON')
N 501 ©
<
R
401
O
30 . . T —
2 3 4 5 7
% Al, O5 opx.
Fig. 3l :  Variation of AI203 between spinel and pyroxenes.
O Jacques Lake : O Castle Rock: @ Nicola Lake.

#




" »081

Temperature in °C

Depth in Km.
50 100 150 200
15001
OO0
5001
(O 20 30 40 50 60 70
' Pressure in Kb.
Fig. 32 : Relative stabilities of various ultramafic
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foréteritel+ anorthite = Al-diopside + Al-enstatite + spinel
The exact position of the carve in natural systems 1s dependant
on the compositions of the reacting phases which may vary. The
relative stabllities of plagioclase and spinel bearing peridotites‘
is,however,as shown in Fig. 32.
"Reactions defining the breakdown of spinel and the 1ncoming'of
garnet are:
enstatite + spinel = forsterite + pyrope
and |
diopside + spinel = forsterite + gréssular
(McGregor 1967); There 1s no general agreement on the exact position
of the boundary curve (Green and Ringwood i970). McGregdr (1970)
has shown that the stabilities of spinel-and garnet bearing
peridotites is strongly dependant on tﬁe Cr20§1R503 ratio of the
rock. ;Spinel peridotites with a high Crz013 :Rzo3 ‘
‘at higher pressures than those with a low Crp03:Rp03 ratio., It

ratio are stable
is to be expected that similar variétions‘will'also affect the
lower limits of the stability of spinei lherzolite. At near solidus
temperatures spinel lherzolites are stable to about 23Kb,
depending on the ratio of trivalent oxides (McGregor 1968, 1979).

| Despite the uncertainties in the experimental data, the mineral
assemblages and partial mineral analyses suggest that the nodules
formed in the uppef mantle where at near solidus temperatures,’the
pressure would be between 11 and 23 Kb. (equivalent to a depth
Between 35 and 75 Km.) (Fig. 32). Each nodule suite apparently

formed under different conditions within the mantle,
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Of the three suites, the Nicola Lake nodules formed at the
lowest temperature and probably pressure. TheAenstatite of the
nodule:; from this sulte contains no MgTsi(Table'B) suggesting
that most of the Al is in fourfold co-ordinafion and that this oed
nodule formed at a lower pressure than thosé of the‘other suites..
(Boyd 1963). o

The Jacques Lake nodules formed at temperatures well below
those of Castle Rock and'slightly’above'thé'Nicolé Lake nodules
(Table 8), The relative pressures are not so certain, The Jacques
Lake pyroxenes contain more A1203 than those of Castle Rock (Fig.
31) but whether this is due to temperature, pressure or bulk
composition is not known. A higher temperature does not necessar-
ily imply a higher pressure as the geothermal gradient in the
Castle Rock region may be steeper than in the Jacques Lake region,
However 1; is believed that the;nwssuresat which the two sultes
of nodules formed were nét the same., The basis of this inference
is the different distributions of iron and magnesium between
olivine and orthopyroxene for the two suites (Chapter 6).
Supporting this is the different olivine fabrics in'the suites
'(Chapter L), The Castle Rock fabric may be due to relati#ely high
‘pressure and temperature (Ave’Lallement and Carter 1970) but thisv
requireé experimental confirmation.
(b) The nature of the source.

The preceding discussion has.shown that the lherzolite nodules
probably originated in the upper mantle. It 1s now necessary to

decide which aspect of the mantle they represent. Two hypotheses



are considered;
(a) They are crystal cumulates which precipitated from
thelr present host rocks.
(b) They are fragments of the mantle which may have been
depleted by partial melting.

If a cognate origin is proposed, it would be expected that there
would be a wide range in the mineral proportions and compositions
among a sulte of lherzolite nodules, This 1s not the case for
the Castle Rock or Jacdues Lake suites., The range of compositiohs
of the Nicola Lake suite is unknown. White (1966) and Kuno (1969)
have shown that dunite, wehrlite and gabbro nodules have a wfde
compositional range and that the compositional treﬁds of thesé o
nodules is distinct from those of 1heréolite nodules. The variation
in ﬁhe wehrlite nodule series is thought to be due to crystal
settling from a basaltic magma at depth, Thelnafrow compositional |
range of 1herzolité nodules 1s due fq their being fragments of
the mantle, |

Binns (1969) has found both lherzélite nodules and megacrysts
of undoubted cognate origin in the same lava flow. These mega-
crysts which may occur as clusters, include olivine, clinopyroxene,
_ orthopy:bxene and spinel and ére quité distinct chemically (they
are less magnesian) from the minerals of the lherzolites and =gy
appear to have originated at depth. It cén Be argued in this caseb
that the lherzolites are not cognate but are residual mantle
material and that the megacrysts represent the earliest crystal
fraction of a basaltic magma produced in the upper mantle, Kutolin

and Frolova (1970) and Aoki and Kushiro (1968) have examined



simiiar material and have come to the same conélﬁsion.

The petrofabric study has shown that the'Caétle Rock and
Jacques Lake nodules have been deformedﬁin*the sblid.state. If
these nodules are cumulates, then the following Sequence of events
might have taken place, Partial melpiné in the mantle occured.,

The liquid which was produced remained at depth while crystal
fractionationvtook place. The cumulates which formed were then
deformed before being brought to the surface. If this prdcess did
take place, it would requife quiescent conditions in the upper
mantle or lower crust to allow a crystal pile to accumulate. This
is contrary to the'conditions inferred from the olivine fabricé,
and also contrary to condlitions ekpected during partial fusion. On
the other hénd, a simple two-étep.process.whefeby fractional
melting and ascent of the resultant liguid brought up fragments of
the residual mantle rock would satisfy the requirement that the :
‘nodules have been deformed. The fabric 1é then dﬁe to processes
which operated prlior to or perhaps dﬁrlng partial melting.

It is possible that partial melting could result in the
production of a basalt which remailned at depth while precipitat-
ing crystals and fdrming a lﬁerzolite. The magma could then ﬁave
been removed and the lherzolite deformed. A second episode of
melting could then have occured and fragments of the lherzolite
caught up in the resultant basalt which brought them to the
surface.

Carter (1970) has examined lherzolites and other ultramafic
nddules from a single locality. He found that those lherzolites
("typical 4-phase nodules") which have a mode close to the olivine

apex of the olivine-orthopyroxene-clinopyroxene diagram (Fig. 3}

' generally have olivine with a composition more magnesian than Fogg.
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Other lherzolites ("atypical U4-phase nodﬁles") fall ih the
central part of the diagram and have olivines less magnesian than
Fo86.These lherzolites appearlto-be undeformed and héve éumulate
textures, és opposed to the typical lherzolites which appear to
be deformed~énd recrysalliséd.

Carter (1970) proposes a model whereby atypicalﬁlherzolites
(and also wehrlites and pyroxenites) are among the cumulatés
formed at depth from a basaltic magma; Typical lherzolites are
probably residual products of partial melting, although in some
cases an(origin by accumulation cannot be diséouﬁted. This is
similar to the model proposed byFWhite (1966). Cartgr’s (1970)

mod€eliisbased on expgrimental work by Kushiro (196§b) and oh'an
analysis of possibie crystal-liQuid paths during partial fusion
according to the methods of Presnall (1969). White’s (1966) model
is based on petrography and mineral chemistry.

Using the above model the lherzolites of this study fall into

the category of "typical 4-phase nodules" (Table 2, Fig., 3). No

 wehrlites or pyroxenites were found with the Jacques Lake .
lherzolites., A comparison with the above model and with work by
Aokl and Kushiro (1968), Kuno (1969), Binns (1969) and Kﬁtolin
and‘Frolova (1970) mentioned above suggests that the Jacques Lake
nodules were not part of a cumulate series prior to their incorp-
oration into the Jacques‘Lake tuff. The full range of nodule
types at Castle Rock is not known but since all the nodules which
were studied fall into the category of "typical h—phase nodule"
and appear to have been deformed.emuorigin by accumulation is

discounted.
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On the basis of the mode (Table 1) and the composition of the
olivine (F091.2) specimen NL-8 from Nicola Lake is a "typical"
L-phase nodule"., The modes of the other nodules from this suite
are variable (Fig. 3) although the full range is not known. The
olivine fabric of this nodule and the textures of this and other
nodules‘from this suiteléuggést that these nodules have formed
by accumulation, The temperature at which the Nicola Lake nodules
have inferred to have formed (nominal temperature is 838°C) 1is
below any known lherzolite solidus, even under hydrous conditions
(Fig. 33). The weight of the evidence therefore favours an origin
by crystal settliﬁg and accumulation at depth for this suite. Thé
nodules may be cognate with thelr enclosing basalt.

One essential characteristic of a parental mantle rock 1is that
it 1S'capable of producing a basalt on partial melting at high
pressure. There are two ways fo consider this proposition. Firstly,
direct experiments on thé melting behavior of possible mantle
rocks (natural or synthetic) can be made. Secondly, mixtures of
basalt plus refractory residuum can be examined to determine . :iii:
whether these palrs result in a proposed mahtle composition,

Direct melting experiments on spinel lherzolite have been
carried out by Kushiro et.al. (1968) and by Nishikawa et.al. (1970).
The results of these studies and aléo'of work by Kushiro (1969b) '
1nd1céte that a éilica undersaturated magma can be produced by
partial melting of a spinelvlherzolite. The type of magma which-is
produced depends on the degree of partial melting, on the presence

or absence of water, and also the pressure at which melting took
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place. The residue from such melting may be a more magnesian
lherzolite, a harzburgite or a dunite, These may be produced
under a wide pressure and temperature range and under both hydrous
and anhydrous conditions,

In additiom to the above experimental studies, work on the
chemical relationships between basalt and ultramafic nodules has
been done by Kuno (1969), Kuno and Aoki (1970) and Jackson and
Wright (1970). They found that é-basalt close to the'composition
of an olivine tholeiite could be produced ffom'a pyroxene rich
lherzolite, leaving a more magnesian lherzolite as residual'
material. Green and Ringwood (1969) ‘argue that alkali olivine
basalt can be produced by a low degree (<20%) of partial melting
of lherzolite at depths of 35-70Km. With:an'increasing degree of
partial melting, olivine tholeiite can be produced. |

The above summary of receﬁt Work on:basalt-lherzoliﬁe.relation-
ships shows that lherzolite may bg - refractory residual material
left after partial melting of primary mantie, which may itself be
lherzolite (Kuno and Aoki 1970) or a mixture of lherzolite and
garnet peridotite (Jackson and Wright 1970). Thus lherzolite nodules
(including the nodules,of this study) could be residual fragments
of partially melted mantle. Lherzolite nodules are not generally
Qonsidered to be parts of the primary mantle since they are too
low in certain elements (K,Ti, P, Ba,Sr,Rb,Th,U and others) to
produce basalt on partial melting (Harris et. al. 1967; Green
and Ringwood 1969). The low K50 content of the minerals of these

nodules supports this (Tables 3 and 4),
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No chemical data on the enclosing rocks of the nodules in this
study are avaiable., Nevertheless, in view of the closg similarities
in mineralogy,\texture and mineral compositions of these nodules
to nodules which have been studied in relation to their host
rock chemistry, it is reasonable to suggest that these rocks are
fragments of the mantle. A worldwide similarity of lherzolite
‘nodules, regardless of the nature of the enclosing rocks, is an
argument against lherzolite:znodules in general being cumulates.

The temperatures at which‘theQCastle Rock and Jécques Lake.
nodules are thought#to have formed are consistent with the
hypothesis that the Castle Rock and Jacques Lake lherzolites are
residual fragments of the upper mantle. The Jacques Lake nodules
appear to have formed at 108500. This temperature is close to the
" solidus temperature of lherzolite at high pressure where PHZO <
Ptotal 8nd above the solidus temperature of lherzolite where
PHgO = Pgotal 4at high pressure (Kushiro et., al 1968) (Fig; 33).

While the above temperature could be applied to the argument
that the Jacques Lake nodules formed ap.a basalt liquidus
temperature, the same cannot be salid for the Castle Rock suite, The
calculated tempefatures of formation of these nodules are»greater
than 1600°C. This is greater than any lherzolite solidus at
pressures where splnel i1s stable, even under anhydrous conditiohs
(Kushiro et. al., 1968; Nishikawa et. al. 1970). While there is
some doubt as to the absolute temperaﬁuresuat ﬁhich the nodules
formed, the relative temperaturés aré‘bélieved to be correct (p.60)
s0 that these nodules appear to be?réﬁracﬁory and may be residue
from partial fusion of the mantle.

Textural revidence described 1n'Chapter 3'suggests that the above
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discussion 1s'reasonab1e. It has béeh suggested'thét the marginal
alteration of the diopsides of ﬁhe Castle Rock and Jacques Lake
nodules (Fig. 8) is due to the reaction:

jadeitic diopside — Jadeite-poor diopside + feldspar

If the reaction is of this form, then another phase~must have
participated (elther as a reactant of a catalyst) since the
reaction occurs only at the rims of the diopsides. Enclosing
minerals such as olivine afe unaffected (Fig. 10)., A fluid'phase
could have been present, but if a fluid was present and participated‘
in the reaction, thon coexisting orthopyroxene should also have . .
been affected since it has been shown that orthopyroxene 1is
unstable at thermargin of the nodules..Coexisting olivine and
enstatite are unaffected.by any reaction (Fig.10). Therefore the
breakdown of diopside is not due to reaction with a fluid phase
and cannot be a polymorphic change due to variation in the
pressure and temperature since reaction occurs only at the rims
of the diopsides;A |

One explanation of this is that it is due to partial mélting.
It 1s possible that the liquid produced by partial melting of
lherzolite was trapped and quenched when the nodules were brought
to the surface. The glass then devitrified to form feldspar (1n
part at least). |

Diopside is the first phase to melt in a lherzolite of likely
mantle composition (Kushiro 1969b; Ito and Kennedy 1967). Dickey
et. al. (1971) have found that Cr-bearing diopside meltslinconér- '
uently to spinel and liquid‘above 5b. The effects of Aly0q,
Cr203 and other components on meltlng Sehaﬁior at high pressure

in the system Di-Fo-SiO, (a simplified peiidotite syétem)'which
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was~étudied by Kushiro (1969b) are not known but in'view of the
behavior of Cr-bearing diopside (Dickey et. al. 1971) they are
likely to be significant. It is not necessary-fdr the minimum
melting point of lherzolite fo be a eutéctié. In the.simplified

4 peridotite system it 1is ﬁot cértain whether point P (Fig.34) is
a eutectic or a reaction pqint.anipt;Atbﬁfthe Di-Fo join is &
plercing ﬁoint (Fig.jh) (Kushiro 1969b). Thus melting of diopside
in a natural system is a poésible‘explanation of the described
texture.-

The weight of the evidence favours the’hypoﬁhesis that the
source pf the Castle Roék and Jacques Lake nodules is the upper
mantle and that these nodules could be fragments of the mantle
which has been depleted by partial melting. There are two lines of
evidence to suggest that the source of the Castle Hock nodules
is layered. The majority of the samples available for study show
some mineralogical layering. The olivine fabriélof one of the '
layered specimens appears to be related to the layering (Fig.20).
The massive specimens have a similar fabric which suggeéts that
the mechanism which produced the layering was operative throughout
the source rock, even though‘some of hand specimen‘sized ﬁodules
are apparently unlayered. Mesoscoplc layering is therefore
probably characteristic of the source of the Castle Rock nodules,

On thé other hand, the source rock of thé Jacques Lake.nodulés
is unlikely to be layered, at least on a mesoscopic scale. Only
a few of several hundred specimens observed in the field were
layered., The olivine fabric of the nodules which were studied is

different from the Castle Ropk fabrics or other layered
ultramafic rocks (Chapter 4).
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Fig. 3¢ :  Part of the liquidus diagram of the system Fo-Di-Si02 at 20Kb. pressure;

(a) hydrous , (b) anhydrous. (after Kushiro 1969b).
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CHAPTER 9

The Upper Mantle in British Columbia,

It has been shown that the lherzolite nodules of Castle Rock
and Jacques Lake are probably samples of the upper mantle, The
differences and similarities between these suites of rocks are
significant with respect to the constitution of the upper mantle
in British Columbia. While much of the following discussion is
speculative. it is nevertheless useful as s.guide to what might
be expected upon further study of the mantle in British Columbia,

Thé limited evidence from this study sﬁgéests that the upper
mantle in British Columbia consists largely of spinel lherzolite,
There 1s no evidence of regional differences 15 mineralogy nor
of mineralogical zoning. | |

There is evidence of chemical varlations, The Castle Rock
pyroxenes are more magneslian and the spinels and pyroxenes are
more aluminous than the corresponding minerals of the Jacques
Lake nodules, This may be a result of a fundamental difference.
in the chemistry of the mantle in these.” areas or méy be a result
of different degrees of partlal melting. The Castle Rock nodules .-
are more refractory so if the upper mantle in British Columbia
was originally homogeneous,different degrees of partlal melting
have resulted in the differenceslin mineral chemistry.

As Well»as major element variations there are variations in
 the trace element concentrstions in the two areas. Both Castle
Rock pyroxenes contain more Cojrthecdiopsides contain more Ni and
Zn, and the enstatites more Mn than the corresponing minerals of

the Jacques Lake nodules. The upper mantle beneath Castle Rock
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appears to be enriched in these elements relative to the mantle
beneath Jacques Lake, This enrichment 1s probably a primary
feature of the mantle in the Castle Rock region since the
concentration of these elements 1s independent of major element
variations,

Further sampling of nodules and also of the basaltic rocks of
each area is required to support this suggestion. Analyses for
more moblle elements such as Rb, Sr and the rare earths would be
useful to test the hypothesi&:; that geochenicalfprovinces exist
in the upper mantle in British Célumbiay,Data on these elements
might allow one to evaluate the extent of partial melting and so
distihguish pfimary variatioﬁs in the chemistry of the mantle
from variations due to different degrees of partiallmelting.

Physical as well as chemical variations exist in the upper
mantlé'iﬁ*Britlsh Columbia. It has been shown that the olivine
fabrics of the Castle Rock and Jacques Lake nodules have resulted
from deformation in the solid state, and that the suiltes have i ."®
" different charscteristic fabrics. The fabrics are considered to
have been imposed on the rocks prior to their inclusion in their
enclosing rocks and are a result of stress within the mantle,

Hess (1964) showed that seismic anisotropy in the upper oceanic
mantle 1s caused by the alignment of olivine in the direction
of flow at major fracture zones, Keen and Bariett (19?1) found
that the mantle west of the Queen Chariotte Islands has an
anisotropy related to the direction of sea floorhspreading (Fig.
35). It is possible that this anisotfopy extends'into the mantle

beneath British Coluﬁbia. Both the Castle Rock and Jacques Lake
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olivines have a strong degree of-brefered 6rientation suggesting
that both regions are underlain by an anisotropic mantle. Each._
suite has a different fabric which suggests that the degeee of
anisotropy is not the same in each area, Also,the orientation
of the ollivine fabrics-in the mantle and consequently the seismic
velocity vectors in each afea are likely to be different. Souther
(1970) has suggested that the regional distribution of Quaternary
volcanoes in British Columbia is contrdlled by major faults
associated with mantle structures. (Fig. 34). If the orientation
of olivine in the mantle 1s associated with fracture zones in the
mantle, then different stress regimes associated with the two
regions will produce different fabrics in the olivines and will
'result in varyingtdegrees of anisotropy. g

Castle Rock appears to lie in a zone of extension and Jacques v
Lake appears to lie in a zone of shear above the mantle. (Fig.35).
This might result in different fabrics being prodﬁced in the
olivines in the mantle in these aréas. Other factors such as
strain rate, temperature, pressure and the presence or absence
of water will also contribute to the type of fab;ic developed by
a particular suite of rocks. Which of these is dominant is not
known., Whatever the cause, it-is likely that variations in the
degree of anisotropy‘and consequently in the seismic behavior of
the mantle in British Columbia are to be expected and that these

may eventually be integrated into the regional tectonic framework,



Fig. 35

Major structural features related
to recent volcanism in British

Columbia. (after Souther 1970)

I | .. Belts of Quaternary volcanoes.
1“ - Eastern limit of ‘Terfiary and Recent transcurrent
faulting (right lateral shear).
> Direction of inferred relative motion between adjacent
' segments of the Cordillera. ‘

A Area of mantle anisotropy. ( Keen and Barret 1971)
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CHAPTER 10 -

Conclusions.-

The main'finding of this study is that each suite of lherzolite
nodulés'in basaltié rocks from British Columbia is chérgcterised
by its own range of mineral compdsitions and fabfics. The range
of compositions for each sulte 1svnarrow and 6vef1§p to some
extent., The distribution of some elements (eg. Fe, Ni,Mn,Co,Zn)
between the minerals of each suite is different and 1s independent
of mineral composifion. The significancé of this is that each suite
probably formed under different P/T conditions.,

Comparison with other studies and with rele#ant experimenﬁal
work places the source of these nodules in the upper mantle. This
agrees with the P/T conditions inferred from the mineral chemistry
of these nodules. |

Consideration of the textures and olivine fabrics of the Castle
Rock nodules suggeéts that these rocks are fragments of the
refractory upper mantle which 1ls layered and has been deformed. The
Jacques Lake nodules are also residual fragments of the mantle
which has been deformed but in the Jacques Lake area 1s unlayered,
The mineral chemistry of‘the nodules has shown that the Castle
Rock lherzolites formed at higher temperaturés and probably at
greater depths than those of Jacques Lake., The Nicola Lake nodules
are crystal accumﬁlates, have not been defdrmed, and formed at
lower pressures ahd temperatures than the other nodules, They .
could be cognate with their présent host rocks.

The different chemical characteristics of the Castle Rock and
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Jacques Lake nodules suggest that the mantle is chemically
different in these regions. This may be a result of different
degrees of partial melting of an originallylhomogeneous mantle
but may also be a result of original heterogeneity

The strong prefered orientation of the olivine of the Castle
Rock lherzolites and, to a lesser extent, those of Jacques Lake
suggésts that the mantle in these two regions is anisotropic. The
differentAfabric types suggest that different deformational

regimes are to be found from place to place in the mantle,
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APPENDIX 1

Analytibal Technigques.
(a) Mineral separationvand sample preparation.

The constituent minerals of each nodule were_separétéd by a
combination of hand sorting and by»usé of a»Franz magnetic_f’
separator. Purlty was estimated by poiht-couht;ng’grains on a lmm,
transparent grid. The final purity of the mineral separales was
greater than 99.5% in most cases and never less than 99,0%.

About 1g portions of olivine, orthopyroxeﬁe and clinopyroxene
were ground to a fine powder (-100 to -200 mesh) by hand for 15
minutes in an agate mortar. A few grains of each spinel were
mounted in Fibrolay epoxy and polished with tin oxide. Prior to
the probe analyses each mount was coated withaa fhin layer of
carbon, |
(b) Electron microprobe analyses.

The spinellanalyses were carried out with a JXA-3 electron
microprobe X-ray analyser. The analyses were done by comparing
intensities (measured as counts per second) of selected X-ray
lines to those from standards of known composition. In all cases
first order Kq;lines were used, The voltage was 25Kv. for every <
element. A 10 second countiﬁg time was used in each case,10 to”20
points on each grain being analysed. The average of each series of
counts was taken as the true 1n£ensity. The standafds were analysed
before and after each run to determiné instrumental drift, After
each run the background was determined for both standards and-
samples,

Table 1 lists the elements which were determined, refered to

the appropriate standard.
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Elements and standards used in electron microprobe analyses.

Fe
Cr
Mg
Al

Element

Standard

Pure Fe metal
Pure Cr metal

Synthetic spinel#

¥ Composition is : Mg0 28.30; A1203 71.55; FeO 0.02; Cal 0.02.

Element Wavelength(X) Lamp current(ma.) S1lit( )

Co
Cu
Mn
Ni
Po
n
Na#
K*
Ca#
Mg#
Fe
Ti
Al

TABLE 2

Operating conditions for the hollow cathode lamps.

2407

3247

2794
2320
2170
2138
5890
7664
4226
2852
3719
3643

3091

[y

T
ONFOOUNRAONDOWWn

N

11

25
50
100
50
300
100

200

200

100.

Flame

acetylene-air

acetylene-nitrous
oxlde

*#Cs added to samples and standards to suppress interferences.
#La added to samples and standards to suppress interferences.

The data were processed through the computer program EMPADR V11

which applies corrections for béckground. dead time 1if necessary,

atomic number, absorption and fluorescence and converts the

readings to weight percent of the appropriate oxide. (Rucklidge

and Gasparrini 1969).

The precision of the analyses for each element calculated as
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the standard error of the mean of each series of counts, is |
given below. For Al aﬁd Mg the error is close to 5% of the amount
present and for Fe and Cr it is aboutvl%. The error is consistent
from sample to sample except for Al which varies from 4 to 6%.
Accuracy can be no better than precision so that the errors in
counting alone can account for the deviations from 100% in the
totalé.

(c) Atomic-absorption analyses.

Alltelements expected to have a concentfation of less than 2%
were treated as trace elements in the analyticai’SCheme. These
were Co,Cu,Mn,Ni,Pb,Zn,Na,K,Ti,and Ca (in olivine). 0,3000g of‘the
mineral powder was dissolved in 5ml of HF and 1iml of HC10y, and the
solution evaporated to dryness at 180°C on a hotplate. The residue
was taken up in 3ml of HCl and the solutlion made up to 25m1.with
distilled water. Serieé of standards of appropriate concentration
wereimade up 1n 1.5M HCl, The standards were aspirated into the
flame of a Techtron AA-4 atomic-absorption spectrophotometer and
a plot of concentration versus absorption prepared. The samples
were then aspirated, after appropriate dilution if necessary, and
the concentratien.read from the graph. The operating conditions of
the hollow cathode'lamps are summarised in Table 2,

For major eleﬁents (Mg,Fe,Al‘and Ca in pyroxenes) a method
described'by.Lannghr and Paﬁs'(1968) was used. 0.2000g of mineral
powder was dissolved in 5ml of HF and evaporated to dryness at |
1800C on a hotplate. A further 5ml of HF was then added and the

solution warmed. 50ml of saturated boric acld solution was then

added to dissolve the precipitated fluorides and to complex any
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excess HF. The solution was made up tollooml with distilled water,
Standards of appropriate concentration were made up in the same
way.

Each sample solution was aspirated four times into the flame
of a Techtron AA-4 atomic-absorption spectrophotometer, bracketiné
it each time between standards of appropriate concentration. The
"order of aspiration was reversed after each set of réadings. The
concentration of the elements in each sample was calculated from
the followiﬁg equation:

Ex - E1
E2 - E1
where A is the concentration (wt.%) in the lower standard, K the

c = A + K

difference in ﬁeight between the upper and lower standards, Ex,

El and E2 are the absorbance of the sample solution, lbwer standard
and upper standard respectively. The arithmetic mean of the four
readings was taken as the concentration. Qperating conditions for
the hollow cathode lamps are summarisedAih Table 2.

Each batch of samples included a‘duplicate and a blank. No
corrections for the blank were necessary. No corrections.for.
background were requlred for any of the elements.

The precision of all the analyses was estimated as the standard
deviation of the duplicate analyses. For all elements the preci--
sion was better than 5%, and generally about 3% of the amount
present, The largest errors were in Mg due to the high dilution
factor required and the Sensitity of the lamp, and in Al which
1s sensitive to the fuel flbw. |
(d) Determination of Crp04.

Chromium was determined colorometrically using an adaption of
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the methods described in Sandell (1967).

A 20ml aliquot of‘the solution used for the determination of
Mg etc. by atomic-absorption was taken. 5ml of 6N H>50), was
added and the solution'warmed. A few drops of 0.1N KMnOu solution
was added to this until the solution remaiﬁed faintly pink on
heating. The solution was boiled for tén minutes, allowed to cool
and O0.,1g of NaZO and 10 - ZOmi of 20% NaCO3 solution added until
a permanent precipitate appeared. The solution was then boiled
for ten minutes, cooled and filtered. Enough 6N H,80,, (10 -20ml)
was added carefully with swirling to liberate CO2 until the o Tui’
solution was approximately 0.2N in H»S04. 1ml of diphenylcarbazide
solution was added and the solutlon made up to 50ml with distilled
water., The purple colour so obtained was compared visually to a
serlies of standardssolutions containing 0.2 - 5ppm Cr made up
with standard‘KZCr207 in the same way as the sample solutions.

Duplicate sampleé and & blank solution were run with each
batch, Preclision, determined as the standard deviation of the
éverage'of the duplicate&, is 5% of the amount presenp. Due to
the dilute solutions used, the limit of detebtability iSTZOOppm.
Consequently‘the chromium content of the olivines was not determined.

A slight error is introduced by using this method as some Cr
is driven off as a fluoride during the»initial decomposition.
However this 1s not believed to be serious as the pyroxenes
contain between 0.5 and 1.0% Cr203 and reﬁroduc;bility is only 5%.
-Precision could be improved by making up fresh concentrated solu-
tions, but for rapid convenient aﬁalyses, the above method is

considered adequate in view of the errors: in the other elements,
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APPENDIX 2

Error propagation in temperature determination.

'The precision in determining Mg and Fe in olivine (based on
duplicate analyses) 1s less than 5% of the amount present. The
precision in determining Mg and Al in the spinel 15'5% of phe
amount present; for Fe and Cr precision is 1% of the amoﬁnt
present, These figures are basedﬁbn counting statistics. Table 1
gives the uncertainties in ratios involving.these elements,

"based on the above precisions,

Table 1

Uncertainties in element ratios.

Ratio Uncertainty Ratio Uncertaint&
ﬁéﬂé—ﬁg o1 * 004 Cr %CXI T Felt 1 -003
7z +Fe oL * .00k T AT ETFe f .003
EE&ETGH s * .006 Fed* .. % 009 *

o4 Cr + A1l + Fe

Fe
Mg + Feet SP % 005

Cr «
# Uncertainty taken as 3x the uncertainty in Cr + Al + Fef3+

as Fe203 calculated by assuming the model spinel formula.
The uncertainties in KD(M) were calculated from the expression:

’ldylSi/fxl(xl.;..xn)//dxll + [fx5(Xqeeeexpy) ldx,]  +

Ifxn(xl....xn)lldxn[

' ' ol
where dy was set equal to dKD(b), Xy to XMg
ol

Fe and xu to Xﬁg. dxl. dxz. deand dxu were taken from Table 1.

]
’ XZ,tO'XFg' x3 to
X
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(these were calculated using the above equation with the

appropriate substitutions).

The uncertainties in the derived temperatures were calculated
from the above equation where dy was setuequalito daT, x4 to x7

to the variables on the right hand side of the equation for the

calculation of the temperature:

5580 + 1018/ - 17208 + 2400
290 + 2,56F - 3,08% - 1.47 + 1,9871nKp(4)

and dx1 to dx7 were taken from Table 1gahd Table'7 in the text.



