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' ~ Abstract
‘ .

A systematic geochemical and isotopic study of ultramatlc xonolltha from a
Pliocene basanftoid ﬂow at West Kettle River, southern Brltleh Columbia, has been
attempted to increase -our understandlng of the nature and evolution of the upper mantle
beneath this region. 4 -
The bulk chemical varlatlons of the West Kettle River Group | Iherzolites and

.harzburgites seem 1o be largely controlled by partial meltlnq processes. Most of these

xenoliths have lower TFeO than xenolfth suites from Summit Lake, British Columbla

”?"tnd San -Carlos, southwestern US.A, oosstb'lly‘ a result_of less interaction with
migrating melts. " .

Nd and' Sr isotopic“ratlos o,f‘the clinopyroRenes in all® but one of these .Iherzolltes
and 'harzhurgites (0.51296-0.51335, 0.70223;0.70342) are similar to MORB. The
clinopyroxenes in the\ilherzolites have Nd model ages of 1.5 to 3.6 Ga and plotolos'ewto
a .reference Nd isochfon (with-an age of 0.75 Ga andllnitial eNg Of +6) In the Sm-Nd
rsotope evolution diagram. These xenoliths were most likely derived from &n oceanic
Irthosphenc mantle that was accreted by Terrane | of the Canadlan Cordiligra in mid-
- Jurassnc Thelr Nd model ages and Nd tsochron age: may reflect global continental

crustal formation and overlying oceanic crustal formatlon respectively.

Recent mantle metaéomatism, possibly caused by figrating sillcate melts, is

suggestedw-mmeral oxygen isotope disequilibrium in one fherzolite and low

Sm/Nd (< CHUR) of "the chnopyroxenes in the harzburgrtes Anclent mantle

'metasomatlsm is implied by trte more enribhed 143Nd/144Nd (0.51273) of the

¢linapyroxene in one other Iherzohte. The whole rock Sr isotopes for most xentSliths

have been markedly a'ffected‘by external oontarnlnation rnostlikely 'ground water

contamination. ‘The effect of ground water contamination on the Nd Isotopes is mlnor

unless the xenolrths were severely wegthered. Very recent mantle metasomatism is

suggested by the whole rock Nd isotopes and REE patterns in some of these xenoliths,

-
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Themultiple mantle metadomatism.may be related to the Miocene to Recent volcanism

in"this region. Depleted lsotopic compositions of the inferred metasomatic agents

~ testify to the involvement of a MORB-like mantle component in their sources. -
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\ - I Introduction .. . T

.'\

Ultramafic xenoliths hosted by alkaltne basalts and klmberiites, wldely accepte@

as fragments of the upper mantle, are among the limited types of occurrence of mantle
’ rocks at the ‘Earth's surtac,e_\ (Frey, 1984} Petrological, geochemical, isotopic and
experimental studies of these rocks have yielded direct Information. on the details of
‘the constitutlon'and processes in the upper mantle (BVSP, 1981). Their. wide
occurrence Ina variety of tectonic. settings ‘enable characterization of the upper mantle

R =t

both in indivldual localities. and on .a global scalé. The inttmate spatial and temporal

relatlonships between these - mantle xenohths and - the mantie-derwed melts also

present an opportunity to study the melt generatton processes and thetr source

: characteristics (eg., Hawkesworth et aI 1983; Menzues, 1983) s N \J l
o W !- \

This thesns reports ma]or and trace element concentratlons alopg ytth Nd ‘Sr and

Bt
O isotopic ratios of uitramafic xenoliths ‘from a Pliocene basanrl@ ,

Filver southern Britlsh Columbia. Prevnous petrographic_ mineral .chem
studies of the West Kettle River 'mantle xenoliths (Fujii and-S 9824;

/

1983) have yielded important information on the constttution And geotherm of the o

‘upper mantle beneath this area. However a systematlc geoch’emtcal and |sotoplc

investigation of these xenoliths is lacktné but is essential ll"l understandrng the "

- chemical structure and evolution ot the upper mantle (Sun 1985)

- This- project was an extension of the earlier petrographlc and mineral chemtcal '

;work (Fu;ll and Scarfe. 1982a) and yas aimed. at better understandmg of the'-
‘composition and processes of the upper mantle beneath West Kettie River. lnf atton '

resulting from this - study also bears on the tectonic evolution of the Canadran
Cordillera- and constrains the source charactertsttcs of the Mtocene to Recent

N

volcanism in south-central Bntish Columbia L .

pum———



I1. Geological Setting

1. T&tonic setting )

West Kettle River (49°47'N 11904'W) J& located near  the boundary between
the Ommeca Crystalllne Belt and the Intermontane Belt in southern Brltlsh Columbia
(an 1). The Omtneca Crystalline Belt is ‘mainly composed of highly deformed and
variably metamorphosed: (to high grade) mid-Proterozolc to mid-Paleozoic
mlogeoclinal sedﬁnentary rocks, and Paleozoic and lower. Mesozotc volcanogentc and
pelitic. rocks, wnth local occurrence of. Precembrlan crystalline basement. The
’ Intermontane Belt is’ made up Iargely of upper Paleozolc to mid- Mesozolc marlne
. volcanic and sedimentary rocks and mid-Mesozoic: to upper Tertlary ‘marine and’
nonmarine sedimentary and volcanic roct?s which were deformed at various ttmes.
from early Mesozmc to Neogene nd were cut by comagmatic tntrusions (Coney et al,,
1980; Monger et. at 1982) ~ 1 '

The tectonic history of this Zegion is characterized by accretion of Terrane 1, one ..
' ,of the twa. super terranes in the Canadian Ccrdtllera. durlng the mid- Mesozolc The
Intermontane Belt constitutes the bulk of Ter_rane | oceanic crust. The Omineca
Crystalline Belt. represents.‘a tectonic welt .from the collision of Terrane | with the
North American continent (Monger et al 1982). It is uncertain how much of the
| mantle portion of the oceanic Inthosphere has been’ attached to the overlylng crust in
'Pgrrane | and accreted to the North American continent (Smith 1986) Follcwtng the
‘terrane accretion, -the processes associated with subduct‘on and accretion continued -
into mtd Terttary time. S | ‘, e \ , | ‘

The tectonic srtuatton from Miocene to the present has been very constant and Is ‘
- dominated by interaction of the North American continent with the Pactﬂc plates and
the Juan de Fuca and Explorer plates (Fig. 2) (Souther, . 1977). Extenslonal tectonic -
envuronmerﬂs _dominate . the region of .the Omineca Crystalllne Belt and the’
" Intermontane Belt (Souther 1977). An upﬂow in the mantle is inferred beneath this
region (Gough, 1986) ‘The Juan de Fuca and Explcrer plates ard deduced to have been
_ subductmg under the Vancouver Istand (thdlhough and ‘Hyndman, 1976; Miine et al.,
1978), but the subducted plate appears to be thun and toses its identity -before it
reaches thé Intermontane Belt (Gough 1986). L
' The volcanic‘s from the Miocene to the late Pluocene in this region are featured by
§

2
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Fig. 1. Five géolodic and physiographic belts in the f}apadianj__(?omilleraf (adapted from Gough, 1586).
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: /A Late Miodene lova flow
s ‘ & Late Terfiary & Quaternary
o .4 N\~ volcan
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“BE‘ 1 West Kettle Rivers 9 Castle Rock _
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Fig. 2./Late Miocene to Recent volcanics distribulibns and .ultramafic xenolith
occurr ncc;i in the Canadian Cordillera (compiled from Souther, 1977; Canil et al.,
1987) ‘. S
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eruption of large quantities of plateau basalts (Fig. 2) (Bevier, 1983). Late Pliocene
and Quaternary Volcanic actlvitlee are mainly sporadic eruptions:of highly varled
lavas from many celntral vents (Fig. 2), most of which belong to the alkaline olivine
. sulte (Souther, 1977, Nicholls et al., 1982). | |

- Many of these late Pliocene and Quaternary volcanic ﬂows and cones, including
the West’ Ket_tle River lava, contair xenoliths of ultramafic rocks, gabbro, granite and
granulite, and xenocrysts of plagio¢lase, augite and hypersthene (eg. Nicholls et al.,

1982; Fu}u"qnd Scarfe, 1982a). Al of these xenolith localities ‘occur along a

northwest- trendlnq belt (Fig. 2), whlch par,allels a thlnnlng of the Irthosphere
beneath southern British Columbia (Nicholls et al., 1982).

2. Host basalt and mantle xenoliths /

The K-Ar dates of the West Kettle Rlver basalts fall in the range 25 5 Ma -

(Ross. 1983). There are/ four lava flows stacked concordantly and separaled by rubbly

horlzons about 10 cm’ thick. No weathering surfaces were detected, indicating the lack.

of a signlﬂcant time lag between each flow The first three flows are each
approximately 2 m thick and. belong 10 ‘calc-alkaline series subalkahne basalts (Sun,
1985). The top flow has a thickness ef 11 m and possesses well developed columnar
joints. The average width of lhe l':olumns is 50 cm: This flow is a basanrtord
(nomenclature of Macdonald and Katsuul. 1964) (Fu]il and Scarfe, 1982a) and Is the
only one that coMains mantle xendlhhs ’

The host basalt is ﬁne-gramed and contains euhedral olrvine phenocrysts (10%) ‘

"and euhedral or‘anhedra| clinopyroxene phenocrysts (2%) in an intergranular

groundmass of -plagioclase, cllnopyroiene, olivine and titanomagnetite (Fuijii and

Scarfe, 1982a). Xenocrysts of olivine, orthopyroxene and clinaﬁyroxene are also
present, some  of which may represent disaggregated ultramafic xenoliths. The
megacrysts are mostly augite and are of small size (< 3 cm).

Xenoliths are concentrated in the lower middle portion of the host lava flow and _

constitute about 0.5 % (by volume) of xhe flow (Fujii and Scarfe, 1982a). They are
mostly subangular and range from 1-20 cm in diameter, with an average of 5 cm. The

xenolith population includes both gabbroic and granitic rocks of crustal origin and -

ultramafic rocks of mantle origin. Both 'Cr-diopside-bearing.Group | and

' augite-vbear'ing Group Il ultramafic -xenoliths (see nomenclatures of Frey and Prinz,
| » | ‘ \



" £1978; Wilshire and Shervals, 1975) are present. The Grdup | xenoliths dominate the
xenolith population and include spinel lherzolite (76%), websterite, olivine
websterlte (19%) and dunlta. harzburgite (5%) (Fujii and Scarfe, 1982a). The
textures of these xenoliths are typically protogranular. but' some are porphyroclastic
or equigranular. Heterogeneous Group | xenoliths charadterlzed by pétchés or bands of
websterites or olivine websterites in host dunites or lherzolites are common. The
Group Il xenoliths comprise we’hrllie and clinopyroxenite, which sometimes occur as’

bands in Group .1 Iherzolites. Hydrous mineral- bearlng ultramaﬂc xenoliths are absent
from this locality.



' IIl. Sample descriptions

Nine éroup I xenollths from West Kettle River were selected for determination of
major and trace’ element concentrations as well as Sr and Nd isotopic compositions.
These xenoliths renge from 10 - 20 cm in diameter. Modal compositions of these
xenoitt_he are listedln Table 1. ’

.The six Iherzolites '(KR-35, KR-141, KR-4001, KR-4002.' KR-4003,
KR-4005 a.nd'KR-401‘6)' are very similar in modes and textures. They contain
10-15% cltnopyroxene, 20- 35% orthopyroxene. 50-65% olivine and 1-3% spmeli
(Tahle 1) ang all exhlbit coarse- gramed protogranular texture with some triple
point junctions. Olivine and orthopyroxene graing a;e approximately 2 mm and contain
well- developed kink bands. Clinopyroxenes qrb “slightly smaller (1-2 mm).
Red-brown spinels occur either mterstitially or wlthln other minerals Reaction with
host basalts Is common at the contact between the xenoliths and the host basalts. Glassy
veins containing plagteclase and olivine mtcrolttes were observed 'in lherzolite
KR- 4005 This possibly results from penetration by thé host basalt, or incnpuent
melting of the xenoliths on heating by the host basalt. Lherzolite KR-4003 is dustnnct‘
in its abundant fluid inclusions, which cut through the grain boundaries. Similar fluid
inclusions, though also present, are far less abundant in the other Iherzolites.

‘The two harzburgites . (KR-4000, KR-37) contain 70% olivine, 25%
orthopyroxene, 3-5% clinopyroxene and 2-3% spinel (Table 1). They are both
‘ eoatse-gralned with 3 - 5 mm olivine and orthopyroxene grains and 0.1 - 1 mm
- .clinopyroxene and red-brown spinel grains. Spinels occur either interstitially or as

.“"\.‘.

inclusions in other minerals. Well-developed kink bands were observed in the olivine
and erthopyroxene»_ grains. The textures for ~both harzburgites are
xenomorphIc-protogranular with some triple junctions.

The olivine websterite (KR-3020B) is a portion of a composite Type | xenolith
and has a sharp contact with the host lherzolite (KR-3020). It is composed of
coarse-gralned clinopyroxene and orthopyroxene (1 - 4 mm) and staller grains of
_ollvtne'and spinel (0.1 - 2 mm). The texture of this sample is protogranular and some
of the olivines are kinked The spmels occur as interstitial crystals or inclusions in
pyroxenes. The host Iherzohte (KR -3020) was not analyzed for its bulk chemical and -

7 : A .

I



Table 1. Modal compositions of ultramafic xenoliths from West Kettle

o

Sample\ Type Name Method T Modal Mineralogy. -
No. - ol
KR-35 | ‘Spinel Lherzolite 1 55
2. 61.0
. 2
KR-37 - | Spinel Harzburgite 1 70
: 2 70.3
KR-141 | Spinel Lherzolite 1 55
2 56.3
KR-4000 | Spinel Harzburgite 1 70
3
KR-4001 | Spinel Lherzolite 1 60 25 13 2
3 12.4 *
KR-4002 | Spinel Lherzolite 1 65 20 13 2
3 149
KR-4003 | Spinel Lherzolite 1 §5 28 15 2
3 14.9
KR-4005 | Spinel Lherzolite 1 55 27 15 3
‘\\.\\2’"“‘""“ 48.3 33.9 144 25
KR-4016 | Spinel Lherzolite 1 55 30 . 13 2
2 53,2 320 11.7 1.4
KR-3020B | Spinel Olivine 1 * 10 47 35 g
Websterite 2 92 424 39.4 8.8~
KR-3003 | Spinel Lherzolite 1 30 43 6 1
KR-3017 | Spinel Lherzolte 1 60 30 8 2

T Methods 1: Visual estimations from thin sections. Errors are about + 2-3%
for spinels, clinopyroxeriés and + 5-10% for olivines, orthopyroxenes;

2: Mass balance calculations based on major element analysis

(8i02, Ca0, Alx03,-MgO). Errors are < + 1% for clinopyroxenes, spinels

and * 2-3% for olivines, clinopyroxenes; .

_ 3: Calculated clinopyroxene modes from the CaO contents and the

relationship: Cpx = -0.825 + 4.6433 CaO, obtained from the xenoliths

with mass balance calculation data. These results reasonably agree with

the visual estimations. ‘
Modes from method 2, when available, are employed in later

calculations; Otherwise those from method 1 are to be used.



Sr, t:ld isotope compositions. It is similarly cqarob-grainod as the olivine websterite\ |
(KR-3020B) and has a protogra'n’t'tlar t’ox'ture containing kinked olivines. Thls\\
Iherzolite has an uneven mineral distribution and qrades into dunlte at the contact with -
the olivine websterite (KR- 3?208) | '

Two other I|herzolites (KR-3003, KR- -3017) were selected for the
determination of oxygen isotopes in their constituent minerals only They are bg,th ‘
coarse-gralned and have a protogranular texture with kigk bandq Jn ollv.lnes Their
modal compositions are listed In Table 1. '

Except for sample KR-37, all these xenolitﬁs are very fresh, Sample KR-37
was chosen to test the weathering effect ort mantle xenoliths. It is fragile, with a yellow
‘surface on the olivine grains and white-yellowish veinlets pervading grain boundaries
and fracture surfaces. AIthong very fresh, the rest of the samples also contain a small
amount of similar white-yellowish veinlets along fracture surfaces, and in case of
K§-4000, along the grain be ttdarles too.

~,



IV. Analytical Methods *

1. Sample preparation '

Whole rock xenolith samples were separated from the core of the xenoliths and
any fractured and weathered surfaces removed. The .gamples were cleaned in dIstIl{ed
(or Nanopure) water and ultrapure acetone and reduced in a Plattner steel mortar to
essentially monomineralic sizes. Atter split, ten to twemy grams of sample wgs laid
out, further reduced in the steel mortar to pass, 40 meshcnd then finely ground.in an
agate moTtar. ] « ,

Clinopyroxene separates used for Sr and Nd isotope analyses were
preconcentrated using a Franz magnetic separator and picked under a binocular
microscope two to three times. The minerals were then cleaned ultrasonically in 2.5 N
HCI for 20 minutes, rinsed with distllled water and dried. Following two more
examinations, these mmerals were reduced to pass 80 mesh and reexamined twice.
Finally, they were ¢leaned with 2.5 N ﬁCl agaln for 10 minutes, rinsed with distilled
water and dried, and then finely ground in an agate mortar The clinopyroxenes are
believed to be at least 99. 95% pure.

Olivine, orthopyroxene and clinopyroxene separates for oxygen isotope analysis
were prepared similarly, but were not ‘g@bjected to acid leaching. Because of its
resistance to reaction, olivine was washed in alcohol following the grinding. Only the
fine portion suspended in alcehol was used for oxygen lsotope analysis.

The host basalt sampte was ground in a shatterbox of'a tungsten carbide mill.

Detailed description of the sample preparatlon procedures is given in Appendix I.

2. Major and trace element analyses

“Major and trace elemgnts were. determined by inductively-coupled argon plasma

atomic-emission spectrometry (ICAP -AES) at the Department of Geological Sciencas.

University~of Washington. | o C

‘Samples were first dried in the oven prior to decompositionz The major and trace
elements were dete_rminéd in three groups.

(1) Major Elements ( Si, Mg, Fe, Ti, Al, Ca, Mn and Cr)

The “Ii_thium metaborate fusion ?qchniqué was employed for the sample
decomposition. Fe, Ti, Al, Ca, Mn Zan& Cr were determined on a nitric acid 3oluti}3n‘

10
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containing La internal standard and the results corrected dgainst the USGS standard
PCC-1." Mg and Si were measured in a more diluted nitric acid solution containing Y
internal qtarhard and the results corrected against a basalt sample (BHVO) of known
composition (Irving, unpubl. data).

(2) Trace elements (Ni, Co, Sr, V, Cr, Mn, K and Ti)

Samples were digested In a mixture of concentrated HF, HNO3 and HCIO4 and

" unattacked spinel filtered and fused with NaOH. The sample solutions for the ICAP-AES
rung were in HC| contalnlh‘g Lu internal standard. A portion of the solution was spiked
with the elements to be analyzed. The trace element concentrations were determined by
analyzing the blank, the unsplked solution and the spiked solution.

Based on the replicate analyses, the errors are estimated to be about 1-5°/; for

Cr, Sr, V and Sc, about 10-15% for Ti, Ni and Co and up 1o 200% for K. Ti and Cr’

concentrations ‘determlned in this way are within the error limits of those obtained by
major element analysis. Sr concentrations determined from ICAP-AES and isotope
dilution (1D) are within the er‘ror‘/lénlts of each other.

(3) ¥ and rare earth elements, (REE) '

Sample decompositions ‘were similar to those for the other trace elements. Y and

REE were preooncentrated quantitatively by cation exchange separations as described
by Crock et al. (1966). The samples were run in nitsic acid solutionsk containing Cd
internal standard. _ .

The accuracy of the REE analysis by ICAP—AES is shown by, comparison with the
INAA (instrumental neutron activation analysis) data for HL86-O, a Hawaiian basalt
(Irving, unpubl. data) and UM-11, ah ultramafic xepolith from fan Carlos (BVSP,
1981), as well as by comparison with the Sm and Nd ID results for the samples in this
study (Fig. 3). Reproducibllity of these analyses can be attested by replicate analyses
of samples KRBWC-1, KR-37 and KR-141 (Fig. 3). It is shown in Fig. 3 that the REE
data by ICAP-AES are excellent for the basaltic samples and, with the exception of Cb,
Sm and Nd, are also reasonably'good for the ultramafic samples. The Ce, Nd and Sm
results are erratic for the ultramafic samples of the lowest concentrations (e.g.,
KR-141). This may be ascribed to the low signalbackground ratios for ihese elements
in the ICAP-AES runs. As a resul, in the REE pattem diagram (Fig. 7a-c), the Sm and
_Nd 1D data for the ultramafic xenoliths are used and Ce is plotted only when its

"
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concentratlon exceeds 2 ppm.
ented in Appendix e A . }10

3 Sr and Nd isotope analysis |

13,

Detalled accounts of the procedures for mahr and trace element analyses are :

Samples were digested wrth a mixture of concentrated HF and HNO3 lnrtlal Sro

’ separatlon ‘was achlgved by Ba(NO3)2 co- prectprtatron. followed by punfrcatron

__'through two cation exchange columns Sm and Nd were first separated by ammonia .

' “"‘preclpltatron then further. purified, thrbugh four cation exchange columns. R

o AII the Nd and most of the Sr rsotope ratios (lFl s) were determined on a VG 354 '

mass spectrometer Most of the Sr, Sm and Nd le and some of the Sr-IR's were

"'determined omlcromass 30 mass- spectrometer The 87Sr/86$r ratros obtarned. |

vfrom both lFls and ID's measured on erther of the mass spectrometers are wrthm error
~ -of one another. All 143Nd/14"'Nd ratios were normallzed to 1‘44Nd/146Nd = 0.7219
“and 875r/865¢ to 8ﬁ"SrIBBSr -'ﬁ1194 ’ ’

lgreclslon and reproduclbllr were establlshed throughout the entire study from

repeated analyses of the N.B.S. SRM 987 standard for 87Sr/868r and the La Jolla
standard for 143Nd/144Nd Eight analyses of the La Jolla standard on the VG 3
mass’ speetrometer’ gave ‘a werghted mean for 143Nd/14"'Nd of 0.511855 t 2 (2 a).
~Six. analyses of the N.B. S. SRM 987 standard on the VG 354 mass spectrometer defined

a welghted mean for 87Sr/3‘-"tSr of 0.71025 + 3 (2 o). No_ corrections agarnst the’s@y LR

’standards were attempted for the 8757888y and 143Na/144Nd measurements.

o ~The average Sr blank throughout thls study is 4. 03 ng. The average Sm and Nd

- blanks, ‘prior ‘to September 30, 1988, were 0.84 ng and 11.20 ng respectrvely
Subsequent purfficatlon of MLA reagent reduceql‘the Sm blank te 0. 09 ng and the Nd
‘ bIank to 1 26 ng Because the’ lsotoptc composrtions of blank Sr. Sm and Nd i is close 10
gthat of the samples the blanks for Sr,"Sm'and Nd are consrdered msrgnrfrcant and

: blank correctlons therefore not made Detarled procedures for the Sr and Nd rsotope

' analyses are descrrbed in Appendrx,ul

- 4, Oxygen lsotope analysrs
e Oxygen was .extracted usrng the BrFg technrque (Clayton and Mayeda. 1963) at
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6500C. The 180/160 ratios in the CQ%Mere measured on a VG 602D Mlcromass mass
spectrometer All the results are reporl‘ed”ln permll (%) relative to SMOW standard
The 5180 value of the NBS-28 quartz standard is 9.6 at the Department of Geology.
Umversrty of Alberta laboratory Measurements are estlmated to be’ precise within
| $0.14%. based on prevrous replrcate ahalyses T h% dlfferences in 8180 between '

coexrstlng mrnerals arg reported as Ax-y,. where

» A‘xfy = 5180x ',6180)’ =, 100%ax-y o

€



V. Major and Trace Element Geochemistry ¢

1, Hostbasalt ~ \ A ,
" One West Kettle River host:basanitoid sample” (KRBWC-1). was ‘analyzed for

' major and. trace element contents. Rare’earth elements (REE) of the West Kettle River

basanitoid were not previously determmed The results for major and the other‘ trace
element concentrations in KRBWC-1 generally agree with the available data’ (Fu]u and

‘Scarfe, 1982a; Sun, '1985) (Tables 2, 3). The West Kettle River basanitoid Is very |

‘similar, In-major ‘elemerit contents, to the San Carlos. basanites, which also. contain -

ultramafic xenoliths (Table 2). The highly fractionated REE  pattern of the West Kettle ;
River basanitoid (KR'BWC -1) (Fig 7a) is typrcal of‘ highly 'aikahc,
silica-undersaturated basalts and mdicates that it has orrg}t d in the garnet
lherzolite - -stability field (Kay and Gast 1973). Compared wlth%\ San Cailos -

- basanites, the West Kettle River basanrtoid has Iower heavy REE (HREE) but higher

.._.Green. 1976), the equrhbnum ohvrne would have a forstente content of F084 (Frey P

o
R

light REE (LREE) (Table 3). As a result its REE pattern (La/Yb = 28. 8) is more.

fractionated than that of- the San Carlos basanites (La/Yb = 14.2-19.2).- This may be

interpreted as derlvatron of the Wesf Kettle Rivar basamtord by lower degree of partial

'vmeltlng (Kay and Gast, 1973; Roy et al., #W75).

The Mg/(Mg+ZFe) ratios  (0.55-0.57) Yand Ni, Cr contenis (153-270;
233-383) of the ‘West Kettle Rlver‘basanltnid' similar to these of the San Carlos
basanltes. are lower than the estimated values for primary magmas (Irvmg and Green,
1976; Frey et al., 1978 Hart and Davis, 1978; Sun and Hanson, 19”; Wass,

1980). It may therefore. have expenenced fractronatron of olivine at high pressure o
-(Frey: anq Prinz, 1978) The forsterite content of the. equrlrbrrum olivine for the

West Kettle River basamtord magma can be estimated to be between Fogp « F°86 The |

mlnlmum value is obtained by assuming that all the Fe has been present as FeO in the '

magma- and_tf)maximum value calculated by using the measured Fe203/Feo ratio

(Frey and PrinZ, 1978). The fpartition'coeffieient of Fe/Mg between thve melt and“b‘

olivine used in these calcutatrons is from Roeder and Emslie (1970) If a F9203/Feo

ratio of 0 2 is assumed, as suggested for the Vrctorran basamte magmas (Irving and

and Prmz. 1978) This value agrees with the oompo‘srtron of the olivine phenocrysts

‘¥.
15 :
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Table 2. Chemical composition and normative mineralogy of West Kettle
River host basanitoid in comparison with thosqqt the San Carlos basanites.
West Kettle River ~ SanCarlos

1 KRB WKR4B KR35B PAS3B  PA17.

445 45.01 4483 4468 4461
312 294 257 . 284 273
141 ° 1485 = 14.60 14.20 14.15
0:08 003" .
| 1345, 14.50 o
3.73. 4T 6.66
- 852 BRI 785, 6.38 |
MO - 0.18 021  0.18 019 0.8 020
MO - 883 950 . 853 8.44 8.82 - 8.B2
O . 943 955 929 . 920 830 815 "
BO . 0.05 : S
SO - 0.1 - ~ '
. Na© - 3.94 4.20 3.316_ 343 443 - 438
- Ko0 1.84 1.65 164 144 273 2.70
Po0s5 102 - 079  0.85 0.80 - 097 . 095
LOI 0.84 0.35 - 0.29
Total 99.74  99.95 100.00  100.00 - 100.77  100.80
100Mg/

(Mg+3Fe) * 0572 - 0588 0557 0549 0565 0554

100Mg o | | .
(Mgie%). 0650 0665 ~ 0636 0634 0667 0707

or - 11.13 975 . 9.82 8.63 16.1 159 *
ab 1152 1292 1651 = 1705  13.2 153
an. - 16.48 1475 = 19.86 2048 121 - 11.0
ne, 1222 1225 713 871 143 144

di 1509 2200 1728 1879 182 186

ol 15.02  15.04 19.11  20.65 15.3 12.1

mt 548 541 . 263 2.84 4.9 7.0
i 6.00 593 . 566 495 39 3.8

ap 2.42 1.83 . 2.00 ,}@.ee 2.0 2.0

Data for KRBWC-1 from this study by ICAP-AES; Data for KRB from Fuji
and Scarfe (1982); Data for WKR4B and WKR35B from Sun (1985); Data .
for PA-53B and PA-17 from Frey .and Prinz (1978). M'g/éMg+F92+)-- ratios
for all West Kettle River basalts are calculated from Fe3+/Fe2+ of KRB.
Fe03" = total Fe as FeoO3. '

.



/ Table 3. Trace element data for West Kettle River host basamtouds
in comparison with San Carlos basanites (in ppm)

West Ket}le Rlver » * San Carlos |
KRBWC-1, WKR4B  KR35B PA-538  PA-17
/> S 20 , 22.2 227
7V 248 - . 216 220 :
Aooor o283 0 231 . 383 303 189 -
& 56 j c 48 48
Nl 183 164 270 265 195
Cu 88 ‘ B ‘ .
Zn 107 |
Ba. 460 470 397
- Sr 911 914 803
u 18 S
Zr 202 319 281
Y 25 25 24
Be 3.2 | |
~ Nb ] 66 56
Rb 29 26
. . o .
La: 44.850 o 326 - 385 .
o ~ 80.149 I 82 67
Nd 40.442 37 33
Sm 7.874 | 785 717
.Eu 2.557 ‘ . 223 228
e 6.354 | S |
- Tb 1.1 111
Dy 5.161 . R : )
H 0.810 SR R 1.1
Yo 1.560 : .23 20
Lu 0201 - 038 0.30:
- \.
“La/Yb 288 . . ~~~\,\14_2 19.2

Data sources as for major elements in Table 2; KRBWC- 1 by ICAP- AES
from this study
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£ 1978). The bulk Al203, CaO and Tida"of the West Kattle River Ihayg

N

il

in the West Kettle River basanitoid (Fujll and Scarfe, 1952a)

2. Major element variations | - \

(1) Oxides vs. Mg/(Mg+2Fe)
‘ Major element concentrations of the West Kettle River xenolith whole rocks are
feported in Table 4. The bulk compositional variations of ‘ultramafic xenollths can be

evaluated by oxides vs. Mg/(Mg+3.Fe) relationships. because the Mg/(Mg+ZFe) ratio-

18

is a sensitive lndicator of rnaflc mineraVsllicate llquld lractionatlon (Frel and Prinz, . .

lltes and

"harzburgltes decrease systematlcally with increasing Mg/(Mg+XFe) (Fig. ‘4 . Such a

variation is typical of spinel lherzolite and harzburglte xenoliths worldwide and Is

consrdered to result from mafic mineral/melt equilibrium processes (partial’ melting
or fractlonal crystallization) (Frey and Prinz, 1978; Prep et al., 1986). However,
the correlatron coefficients for these trends are generally low (0.88 - 0.95)»and

there are only weak correlations between. TFeO, -SiOg, Cr203. NiO and Mg/(Mo+ZFe)

~ for these West Kettle River xenoliths (Fig. 4). The _poor correlations’ may be. partly_

due to the samplmg problem resulting from coarse grain size. restrlcted sample size,
and 1o the errors in Mg/(Mg+Fe2+) introduced by the presence of Fe3+, Slight source

heterogeneity. multi- stage meltlng/crystallization or interaction of some of these

»xenoliths with mrgratmg melts may also have been responsible for the data scatterlng
r‘»\i 'KR-30208, an olivine websterite in a composite Group | xenollth has, a
MQ/(Mg+ZFe) value within the range for_the harzburgites. and lherzolites (Fig. 4). Its

~ mineral composition is indistinguishable ¥rom that of the host Iherzolite (KR'-302‘0)

(Ap‘bendix' V). As expected from its modal com}positlon.' KR-3020B has distinctly
higher CaO, Al;03, Cra03 and lower NIO and FeO than the lines defined by the

lherzolites and harzburgrtes (Fig. 4). A direct genetic Iinkage of sample KR- 30208
with the therzolites and harzburgites does not seem likely. Similar major element
patterns have been documented for websterite bands in composite Group | xenoliths
from other localities (eg. Frey and Prinz, 1978; Kempton et al., 1964). They very
likely represent precipitates from silicate meits ih the upper mantle’ (irving, 1980
Frey and Prinz, 197/8,)
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Table 4. Bulk chemical analysis for.ultramafic xenoliths from West Kettle |
River (wt.%). :

Sample ~ KR-35 - KR-37 ~ KR-141 KR-4000 KR-4001
Sio2 43.62 4423 4450 "-'42.§5 . 4492
TiO2 . 0.12 "~ 0.01 0.08 0.05- 0.08 .
- Al203 3.71 181 318 - 155 3.51
03 044 0.38 0.48 .26 043
8.53 8.12 8.15 .65 7.80
: 028 029 - 0.26 0.31 - 0.24
| ‘an , 001 "~ 0.0 0.01 002 . 001
> MnO 0.14 . 013 0.13 013 0.13
MO 39.52 . 43,58 39.82 4547 37 75
0:0) 268 1.14 2.58 0.69 3.38
Na20 0.08 0.00 0.10 0.08 . 0.00
" K20 1002 0.00 0.02 - 0.09 0.00
+ Total 99.15 99.70 99.31 . 100.24 98.25
100Mg/ - - S
(Mg+XFe) 89.20 = 90.54 . 89.70 - 90.36 89.61

Sample KR-4002  KR-4003  KR-4005 KR-4016  KR-3020B

Si02 4474 4480 4485 4388 - 46.88
" Tio2 S 011 047 < 015 0.11 020
- Al203 - 3.58 4.26 402 . 309 9.49 .
Cr203 ~ 042 040 039 __ 036 °~ 096
FeO" 7.98 8.03 805 807 5.67
‘NO - 0.25 0.23 0.25 026 0.16
a0 0.01 0.01 0.01 001 , 001
MnO 0.13 - 014 N 014 0.13 042
MO 39.08 37.50 37.86 39.97 2639
cO 2.84 3.46 3.36 2.72 8.56
Na20 000 020 014 000 076
K20 002 - 009 - - 008 10.06 0.20
Total . 99.16 99.29 9930 = 98.66 99.40
100Mg R '
(Mg+3Fe) 89.72 89.27 89.34 89.82 89.24

Note: FeO" = Total Fe as FeO; Data by ICAP-AES;
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(2) Oxides vs. MgO .
Another type of correlatjon dlagra_m. commonly employed in the interpretsion of
chemical variations in mantle xenoliths, ls‘ the oxide vs. MgO plot. Systematic
variations of Ca0,:Al203, FeO, NIO, SiOp with MgO for bulk spinel peridotites have

been compiled both for xenolith suites from single localities elsewhere (ég. BVSP,

1981; Nickel and Green. 1984; Pref et. al., 1986) and for mantle xenoliths
P worldwlde taken as a wholo (Maaige and Aoki, 1977; Paime and Nickel, 1985) These
systematic trends, in combination with constraints from the meteoritic data, have
often been used to extrapolate the primitive upper mantle compositions (eg. Jagoutz et
al., 1979; Palme and Nickel, 1985; Hart and Zindler, 1986). Not unlike xenoliths
elsewhere, the West Kettle River harzburgites and lherzolites display strong linear

correlations between AlxO3, CaO, NiO and MgO (Fig. 5). SiOp, Cra03, TiO3 in these

xenoliths are only loosely correlated with MgO (Fig. 5). Imeréstlnqu, In most of these
oxide vs. MgO diagrams, the olivine websterite (KR-3020B), when taken together
with the lherzolites and harzburgites, falls on reasonably good trends wlth correlation
coefficients similar or even higher than tho corresponding lines calculated from
lherzolites and harzburgites alone (Fig. 5). These two trends, however, are mostly not
in accord with each other (Fig. 5). As discussed earlier, the webgterlte is not derived
from the same process as the harzburgites and lherzolites. The apparent coherence of
their compositions warns against modeling of the primitive upper mantle composition
based on the oxide-MgO correlations without independent evidence for a genetic
felationship (eg. correlation of the oxides with Mg/(Mg+ZFe)). Compositions of the
primitive mahtle derived this way might be biased by the samples of different origin. A
similar argument has been made by Prep et al. (1986) based on three
clinbpy_roxene-ﬁch Iherzolites from Mongolia. It should be noted that both the West
Kettie River olivine websterite and the Mongolia clinopyroxene-rich lherzolites (Prep
"ot al., 1986) have significantly lower ZFeO than the lines defined by the other
therzolites and harzburgites (not plotted).

3. First-series transition elements
This group of elements (Sc, Ti, V, Cr, Mn, Fe, Co, Ni) and the adjacent element Ca
are compatible to at least one of the major constituent minerals in ultramafic rocks. ©
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The lower atomic number elements (Ca - Cr) are all to some extent accepted by
clinopyroxene and to aﬁlosser extent by ohhopyroxer, and almost completely rejected
by olivine and can be convenienfly named as pyroxene-compatible elements (Kurat et
al., 1980). The higher atomic number elements (Mn - NIi) are oompaﬂble to all the
major minerals in ultramafic xenoliths, more so in olivine, and can be called
olivine-compatible elements (Kurq et al.,, 1980). As a result of their varlable
bahavior. the first series transition Uhmom patterns are sensitive to partial melting
and fractlonal crystallization processes -td m&provide us with some insight into the
genesis of the ultramafic xenoliths. -* - s )

Trace element abundances for th‘e!Wast' Kettle River ultramafic xendjths are
reported in Table 5. Fig. 6 shows the trans;tﬁn element and Ca contents, normalized to
the estimated pnmitive upper mantle compositions (Sun, 1982; Jagoutz et al.,
1979), for the West Kettle River ultramafic xenoliths and host basanitoid. Three of

the lherzolites (KR-4003, KR- }905 'KR- -4001) have nearly flat patterns with

23

normalized values close to 1 (Fig 6). From’these fertile Iherzolites to the more -

depleted harzburgites, the pyroxene-compatible element contents generally decrease -

and the olivine-compatible element contents either slightly increase (Ni) or remain -

essentially unchanged (Mn, Fe, Co) (Fig. 6). S

A noteworthy feature of the transition element patterns for these Iherzolites and
harzburgites is the large variations in the pyroxene~compatible element contents (Ca,
Sc, Ti, V), in contrast with tt;e restricted values for the olivine-compatible elements
(Mn, Fe, Co, Ni) (Fig. 6). This is typical of lherzolite and harzburgite xenoliths
worldwide (eg. Frey and Green, 1974; Frey and Prinz, 1978). Quantitative modeling
" of the distribution of these elements, paniculérly Ca, Sc and Ni, during partial
melting and fractional crystallizétion processes sudgests that lherzolites and

harzburgites - represegt partial melting residues, rather than fractional.

crystallization cumulates (Frey and Green, 1974; Frey and Prinz, 1978; Francis,
1987).

The general trend for the West Kettle River basanitoid (KRBWC-1) is a "W"
shape with depletions of Cr and Nl-(an. 6), which characterizes basalts in general
(Allegre et al., 1968; Bougault and Hekinian, 1974; Kay and Hubbard, 1978). The
transition element patterns of fhe depleted .lherzolites and harzburgites are
complementary to that.of the basanitoid, in accord with the partition coefficients of



s

Table 5. Trace element (excluding REE) data (ppm) for ultramafic xenoliths
from West Kettle River. v

Sample KR-35 KR-37 KR-141 KR-4000  KR-4001

sr 62 12 32 6 10
S 14 8 13 5 16
v 67 . 38 60 21 - 70
Cr 3019 2381 3236 1902 2976
® 107 103 95 106 90
"N 2226 2350 - 2061 2420 4927

Sample KR-4002 KR-4003 KR-4005 KR-4016  KR-3020B

- Sr 16 49 53 22 44
Sc - 13 18 18 16 38
\ 62 81 79 70 167
Cr 2913 2730 v 2760 2693 6912
@ 89 92 « 100 102 73
Ni 1990 1843 2002 2099 1215

-

P N

Data by ICAP-AES.

>
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these elements between mafic minerals and silicate liquids. For example, a Ti valley
characterizes most of the depleted Iherzolites and harzburgites and forms a mirror
image to the highest Ti in the basalt (Fig. 6). This is due to the much greater
incompatibility of Ti than the adjacent elements (Sc, V). Harzburgite KR-4000,
however, lacks such a Ti valley (Fig. 6). Its Cr content is lower than the fertile
lherzolite (Fig. 6), which cannot be explained by a simple partial melting model. The
Fe content of this xenolith Is also anomalously higher than the other xenoliths (Fig.
16). Equilibration of this xenolith with a silicate melt in the uppar mantle may have
resulted in these features.

The olivine websterite (KR-3020B) has a distinctly different transition element
pattern from the basanitoid (Fig. 6) and thus is unlikely to represent a completely
crystallized silicate melt within the upper mantle. The systematic shift of this
xenolith from the lherzolites, to higher values for the pyroxene-oompatibleh elgments,
and. to lower values for the olivine-compatible elements (Fig. 6), is due to Ita-higher

»

modal proportion of clinopyroxene.

4. REE abundances
} (1) Bulk REE patterns

The Bulk REE concentrations of the West Kettle River ultramafic xenoliths are
presented in Téble 6. Chondrite-'normqlized REE concentrations of these xenoliths are
plotted in Fig. 7a - c. As observed for similar xenoliths elsewhere (Frey, 1984), the
REE patterns of the West Kettle River Iherzolltes and harzburgites range from relative
" LREE depletion to LREE enrichment Th heavy REE (HREE) in these xenoliths have
unfractionated distributions and their absolute abundances range from 0.15 to 0.35

ppm. Their LREE contents (0.15-? 79 pbm) are more variable than the HREE. The
two harzburgites (KR-37, KB-4000) are most enriched in LREE. Harzburgite KR-37"

is also peculiar in its strong negative Eu anomaly (Fig. 7c), which is not expected in
spinel peridotite ienoliths (Frey, 1984). Four of the -saven lherzolites (KR-141,
KR-4001, KR-4Q02, KR-4016) are LREE depleted (La/Yb < chondritic value) and
are with or without relative La enrichment (La/Nd > chondritic value) (Fig. 7a).
Lherzolite KR-35 has a moderate LREE enrichment pattern (Fig. 7b) and two other
Iherzolites (KR-4003) KR-4005) have convex-upwards REE patterns with the
highest cﬁondrite-normalized values in Sm and Nd (Fig. 7b).

Ed
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Positive oorrelatlons ‘exist between the HREE (eg Yb) and CaO (proportionai to
modal clinopyroxe}e) for these Iherzolltes and harzburgltes (Fig. 8a), suggesting. that
_Ithe HREE contents are controiied by the processes reeponsibie for the major element
variations. Y in these xenoliths behaves very similarly to the HREE (Flg 8b). HREE
and Y in Iherzolite KR- 4003 are, however, too low for lts CaO contents ‘when compared
with the other Iherzolites (Fig. 8a).”Positive correlations between HREE and CaO have
been recognizéed for most" perldotlte xenolith suites. elsewhere (Frey. 1984).
addition, in many of these xenolith suites inverse correlatlons between the LREE and
-Ca0 have been documented (Frey, 1984). Similarly, among the West Kaettle River

Iherzolttes and harzburgltes, the two ‘harzburgites witlLthe lowest CaO have by far the

highest La and La/Yb (Frg 8c, d). In.principle, patterns of LREE depletlon and positive

correlation of LREE wnth CaO are expected for anhydrous peridotites, if they represent.

srmply parttal m Attng resudues from a primltlve Iherzolite source (Frey and Green,

30

1974). The LREE enrtchments and their inverse corrblation with CaO for me

harzburgites and some of the Iherzolites from West Kettle- River suggest that they have
been affected by other processes (instead of partial melting) that had little effects on
the major element and HREE abundances, but have signtficantly affected the LREE.

The oltvme websterite KR-30208 has a flat REE patter both its HREE and
LREE contents are higher than those of. thoeiherzolites (Fig. 7a). lm‘ilar REE patterns
have also been documented for websterite xe‘oglths elsewhere (Frey,b 1984). Such a
REE pattern implies that KR.30208 does not"representacompletely Crystalilzed

silicate magma, but m‘ay reflect -crystal segregation. from such a magma (Frey, 1984,
Irving, 1980) As discussed earlier, this interpretation is also supported by the
- major element variatlons and transitlon element pattern of this websterite
* (2) Mass balance calculattons '
It has been demonstrated that LREE of whole rock ultramafic xenoliths are
susceptible to secondary oontaminatton (eg Jagoutz et al., 1980; Kurat et al., 1980;
Stosch and Seck 1980; Stosch et al., 1986; Zindler and Jagoutz, 1988). in order to

assess the upper mantle processes. itis necessary to ascertain the location and origln o

of the LREE in these xenoliths. Only Sm and Nd were analyzed for the clinopyroxenes
in the West Kettle River ultramafic xenollths (Table 9). Mass balance calculations of
Sm and Nd are presented in Table. 7 and plotted in Fig. 9. The calculated values are
~ derived from the modal compositions, concentrations in clinopyroxenes and partition. ‘



¢

. coefllcleme from Zlndler and Jaqoutz (1988) assumlnq chemleal equilibrium

between the ‘coexisting minerals. - B A
' The discrepancies in the Sm and Nd concentratlons between the measured whole
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vrodks and the caleulated whole ' rocks, when beyond statistical uncertainties (up o
*.20%) assoclated with the estlmatlo'n of modal compositions and Nd isotope dilution

analyses, could be ascribed to interstitial materlals or tncluslons in the xenolith whole

'rocks. These contaminant phases may have been denved from ground water, host basalt -

or mantle metasomatic fluids.

There Is a general correlatlon between the bulk LREE enriéhment and the
: proportlon of Nd residing in the secondary phases. For the four lherzolutes that display

LREE depletlon patterns, reasonable agreement is obtarned between e calculated and

: measured whole rock Sm and Nd concentratlons (Fig. 9) For the two harzburgltes wrth
strong LREE enrichment, about 80 - 85 % of the Sm and Nd ‘are attributable to the’

" secondary phaees (Fig. 9). For lherzolites KR-4003 and KR-4005, that have convex

'upwards LREE patterns, about 50 % of the Nd resides in the.seoondary phases (Fig.

9). For lherzolite KR-35 that shows moderate LREE enrichment, there is also some

~ Indication of Sm and Nd in the secondary phases (Fi'g 9). Therefore.' the LREE
, enrichments of the - bulk West Kettle River xenoliths are at least partly attnbutable to
the secondary phases. The secondary phases may also be ‘responsible for the' slught La

ennchment in KR 4001 and KR-141 (Fig. 7a)

Table 7. Ma§s balance calculations of Sr, Nd and Sm for ultramafic.
xenollths from West Kettle River.

Sa_mple‘ ’ - Calculated WR/Measured WR
Sr Nd Sm . Sm/Nd - Sr/Nd
.KR-35 0.17 . 0.68 1 0.84 . 123 0.26 . :
KR-37 - 0.22 0.14 - 019 138 160 -
KR-141 024 = 088 100 117 . 027
- KR-4000 0.04 - 0.15 017 : 1.11 0.25
KR-4001 0.88  0.97 - 0.99 - 1.01 0.91
. .KR-4002  ~ 0.33 1.00 1.00 1,10 - . 032
- KR-4003 025 048 0.76 158 0.52
KR-4005 0.20 0.52 083 160 - 0.38

- KR-4016 ~032 1.00 1.00 1.07 030
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The REE patterns of the xenolith whole rocks, prlor to these secondary processes

(uncontamlnated' whole rocks') can be reconstructed by utilizing the measured whole
'rock HREE and the calculated Sm and Nd concentrations, and are shown in Fig 7d.
Although Iarge errors are assoclated with the calculated Sm and Nd,bbncentratlons. the
general pattern may be valid. The REE patterns of the ‘uncontaminated' whole rock for

' - all’but one (KR-4003) of the Iherzolites display ' LREE depletion. A convex-upwards

t.REE pattern Is exhlblted by the 'uncontaminated’ whole rock of KR-4003 (Fig. 7d),
lmplylng that this sample has experienced LREE enrichment, which was followed by a
LREE depletlon event. The ‘uncontaminated' whole rocks of the two harzburgites show
concave#upwards REE patterns (Fig. 7d), suggesting that they have been
| metasorhatlzed in the upper mantle after melt extraction. It should be- emphasrzed that
the ldeal way to trace the upper magtle processes based on such ‘'contaminated'
xenollths Is to analyze the REE concentrationis in their constituent clinopyroxenes. If

the .above argument is valid, the REE patterns of the reconstructed ‘uncontaminated’

whole rocks should match those of the constituent clinopyroxenes.

The negative Eu anomaly cf KR-37 seems to be a feature associated with the
secondary phases and disappears In the ‘uncontaminated' whole rock REE pattern (Fig.
7d). Sample KR-37 is severely weatheréd and was initially chosen to test the
weathering effect on mantle xenoliths. The distinctive negative Eu anomaly and strong
LREE enrichment of its whole rock may be largely associated with weathering. Studies
of weathered granodiorites and shales have indicated that REE can be mobilized by
ground water during\ weathering (Humphris, 1984; Schieber, 1986). Change in pH of
- the ground water (Nesbitt, 1979) and abéorptlon by clay minerals in the weathered
rocks (Aagaard, 1974; Dypvik and Brunfelt, 1976) may facilitate precipitation of the
REE from the ground water. The REE patterns of the ground water precipitation are
often lnherlted rrom the source rocke (Nesbitt, 1979; Dypvik and Brunfelt. 1976;
Cullers et al., 4 5) _Weet Kettle River lavas were erupted lthrough Precambrian
gneisses '(Monger'et al., 1982), the REE in the grain boundary phases of KR-37 were

possibly transported by ground water from these rocks. Since REE are generally low in -

the g'round water (Keasler and Loveland, 1982), a prolonged exposure'tlme to ground
water and high water/reclt ratio, as suggested by-the severely weathered appearance of

~ KR 37, may have been important for the significant addttion of LREE (Humphns,v

1984) The LREE enrichment for the other West Kettle River whole rock xeholiths



A

+ 34

, ,
may not be due to ground water contamlnatlon, because they are all very tresh. Host .

basalt interaction or mantle metasomatlsm may be a posslble explanatlon Further

discussion on the characterlstlcs and sources of the secondary phases will be presented ‘

~in the Nd Sr isotope chapter (Chapter Vi).

5. Sr abundances

Sr is one of the large lon lithophile (LIL) elements, which are incompatible with
all the major minerat phases in anhydrous ultrarl'tatlc' xenoliths. Fig. 10 indicates that
the Sr concentrations in the Wast Kettle River whole rock xenoliths do not correlate
with CaO.- Sumnlar to the LREE, the inconsistent varlations of Sr with the major
elements dre very common for whole rock ultramafic xenoliths and can  often be

)

4

t
attributed to the secondary phases in these xenoliths (eg. Zindler and Jaooutz. t988 R

and references cited therein) Sr mass balance calculations of the West Kettle Rlver-

xenoliths (Table 7; Fig. 9). conﬂrmed this tnference only one of the lherzolites
(KR-4001) has the bulk of the Sr in its major mineral phases, the reet of the
lherzolites- and harzburgites contain over 60% of the Sr contents in the secondary
phases. Obviously, for'most of the West Kettle RQ‘er xenollthe. the contribution trom
the secondary phases is more significant for, Sr than for LREE,

Sr. is the daughter element .of the important Rb-Sr isotope system. The
identification of the secondary phases will be further discussed in the Nd-Sr isotope

chapter (Chapter VI).
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V1. St and Nd Isotope Geochemistry

1. Sr and Nd isotopic compositions '

Sm, Nd, Sr concentrations and” Ng; Sr isotopic ratios 'r the West Kettle River
xenolith whole rocks and host basanitoid are reporied in Table 8. Isotope results for
the clinopyroxenes and olivines from these xenoliths are glven_‘in Table 9. Fig. 11
shows a plot of 143Nd/144Nd vs. 875r/86S¢ fgr these samples.

The 87Sr/358r of the xeng,liilt//h clinopyroxenes range from 0.70223 - 0.70342
‘and are comparabie to.the pvev}pus data-for Group | ultramafic xenoliths from West

" Kettle River (Sun, 1985). ;Their 143Nd/144Nd range from 0.51273 - 0.51335.

"Except for |herzolite KR-4 3 //all these clinopyroxenes fall into the MORB range and
~ are correldted along the’ mantle array in the 143Nd/144Nd vs. 8751/883r diagram
(Fig. 11). K -400’ clinopyroxene has the lowest 143Nd/144Ng ratlo (0.51273)
and plots to the left of the mantle array (Fig. 11). ‘

The 875¢/863y of the xenolith whole rocks range from 0.70349 - 0. 7050 and
143Ng/144Ng fro 051104 - 0.51328, Only one lherzolite (KR-4001) has nearly
identical 87Sr/868r and 143Nd/144Nd ratios between the whole rock ?nd the
clinopyroxene (Fi(g 12a, c). The 37Sr/86$r of the whole rocks for most xenoliths are
markedly highey than the correspondlng clinopyroxenes (Fig..12c) (also see Sun,
1985). With two: exceptions (KR-37, KR-4003), the 143Nd/144Nd ratios of the
whole rocks " are similar to, or sllghtly lower than, those of the constituent
clinopyroxepes (Fiq 12a). The 143Nd/14“Nd ratio of the KR-37 whole rock is much

wer than that of the oorresponding clinopyroxene and the 143Nd/144Nd ratio .of the
KR-4003 whole rock ‘is higher than that for its constituent clinopyroxene (Fig. 12a).
It has been shown from the mass balance calculations (see Chapter V) that significant
amounts of Sr (for most of thesé xenoliths) and Sm, Nd (for some of them) are present
in the secondary phases. The offsets in 87Sf/868f and 143Nd/1““Nd ratios between
the whole rocks and clinopyroxenes may therefore be attrlbutable mainly to these
, secondary phases. Similar results4 have been observed for ultramaﬂc xenoliths from
many other Iocalmes (eg: Zindler ahd Jagoutz 1988). Identification of the sources of
such secondary phases is crucial in extracting information concerning the upper
mantie processes from these xenohth whole rock data.

The host basalt has a 87Sr/3‘}5Sr ratio of 0.70269, comparable to the. previous
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Table 8: Sm, N8, Sr concentrations and Nd and Sr Isotopic ratios for the ultramafic xenolith
whole rocks and host basanitoid from West Kettle River.

37

Sampie Sm  Nd_ 1%78m/  143Nd/ € Sr 875
(pPm) (ppm) 144Nd 1A4Ng 3 (Ppm) 86gr 3
KR-35 WR 0,307 1.032 0.179 0.512991 + 21 2 6.03 64.27 0.70408 ¢ 6!
0.512947 + 12 2 62.99 0.70403 t 7
5 0.512949 + 26 2 . 0.70411 % 5
0.70409 + 2
KR-37 WR  0.3052 1.8272 0.1012 0.510999 + 162-31.08 11.52 0.70448 ¢ 71
. 0.3092 1.8812 0.1002 0.511044 + 152
KR-141 WR 0.175 0.488 0.217 0.513085 + 192 8.33 33.15 0.70428 % 5
’ 0.513070 + 422 0.70427 + 6
KR-4000 WR 0.189 0.513034 + 37 7.72 65.76 0.70504 1
- 0.191 0.972 0.119 . 66.65 0.70498 + 3!
KR-4001 WR 0.155 0.408 0.229 0.512953 t 47 6.15 8319 0.70349 £ 5
‘ .0.483 0.70368 + 6
KR-4002 WR 0.222 0.531 0.252 0.513283 + 16 12.58 16.16 0.70391 £ 2
0.218 0.501 0.262
KR-4003 WR 0.420 1.838 0.138 0.513087 t 19  8.76 47.26 0.70398 £ 1
: ‘ " 070399 t 2
KR-4005 WR 0.348 1.430 0.147 0.513002.% 48 7.10 51.34 0.70422 + 1|
KR-4018 WR 0.212 0.526 0.243 0.513175 = 23 10.48 19.21 0.70422 £ 3
S 0.70381 + 3
KR-3020BWR 0.544 1.811 0.182 0513053 + 23  7.78 44.1 _ (0.70360% 8)
0.513037 + 9 .
KRBWC-1  9.28345.317 0.124 0513080 14 8.62970.5  0.70269 ¢ 1
' 0.70268 + 2

! Ratios calculated from the isotope dilution analyses.
2 Data obtained prior to Sept., 1987.
3 Errors quoted are derived from 2 o standard deviations.-



Table 9: Sm, Nd, Srconcentrations and Nd and Sr isoto,

olivines in ultramafic xenoliths from West Kettle River.

7

pe ratios for the clinopyroxenes and

1" Raios calculated from the isotope dilution analyses. .
2 Errors quoted are derived from 2-¢ standard deviations.

3 The-olivines are crudely picked mineral concentrat
which were removed after olivine dissolved with

olivines.

es with variable amounts of pyroxenes,
HCI. No acid leaching was applied to these

38

|

Sampie Sm Nd ~ 1478m/ T33NgJ € or LA T/
(ppm) \ (ppm)  144Nd 144Ng 2 (ppm)  86gr2

KR-35 Cpx 2.015.5.630 O0®16 0513102 £ 16 9.0% 88.82 0.70305 + 8
KR-37 Cpx  1.186 5.592 0.128 0.512062 £ 17 6.32 56.53 070317 £ 5
‘ ‘ 0.70299 + 3!
KR-141 Cpx 1.515 3.687 0.248 0513150 + 31 9.09. 68.24 0.70264 & |
0.70269 t 3!
‘070273 t 4
KR-4000 Cpx 0.964 4.644 0.125 0.513104 £ 13 009 8004 0.70289 + 8

- KR-4001 Cpx 1.135 2.996 0.229  0.513017 ¢ 12 7.39 55.82 070350 ¢ § ,
- 0.70342 ¢ 2!
KR-4002 Cpx 1.917 4.218 0.275 0.613353 t 16 13.95 4063 0.70293 & |
0.70229 t 7!
KR-4003 Cpx 2.059 5.739  0.217 0512734 t 42 1.87 77.83 070282 & 7
0.70268 + 5!
KR-4005 Cpx 1.927 5.084 0.229 0.513145 t 15 0.89 70.43 070258 + 3
0.70256 ¢ 5!
0.70269 + 3
0.702681 + 2
KR-4016 Cpx 1.923 4.560 0.255 0.513252 14 12.17 51.37 070281 + ©

0.513262 + 13 ‘

KR-35 OI-1 3 0.114 0.70439 t 1
0123 0.102 0.70438 ¢ 2
KR-37 Ol-1 3 0.983 0511680 £ 18 0.70388 t 1.
o123 - 0.967 . 0.70474 1+ 1
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Fig. 12. Comparison of the 143Nng/144pg (a), SmuNd (b), 8751865/ (¢) and
Sr/Nd (d) ratios between the whole rocks and dinopyroxenes for ultramafic xenoliths
from West Kettle River. The horizontal line represents the composition of the host
basanitoids The slope line represents identical ratios between the whole rocks and

. clinopyroxenes (slope = 1). Host basalt contamination would result in the xenoliths |
falling between these two lines.
4



analysis (Sun, 1985) and 2 143Nd/144Nd ratio of 051308 (Table 8). It therefore_
© Hallg within' the. range of the olinopyrbxenes in the Nd Sr lsotope plot (i‘-‘ig 11)

;2 Problem of inter mineral lsotope equilibrium :

\

o vxenollths are concentrated in clinopyroxenes (Zindler and Jagoutz. 1988 Stosch ,
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Slnce over. 80 % of the Sr and REE In the mlneral phases of anhydrous mantle :

1982), the isotope compositrons of clinopyroxenes are. ldentlcal wrth those of the clean_'

whole rocks (free from secondary contammations) as long as signiflt:ant isotOplc

‘disequllibrlum among the coexnsttng mmerals |s Iackrng _ o
The question of inter mineral isotope equilibnum in mantle xenohths has@.«z;‘i'“ ‘

'recelved much attentlon since the 19703 (see reviews in Zmdler and Jagoutz 1988 o

. »“Stosch et al 1986) ln the: earlier studies, large isotope differences among m

S coexisting mlnerals were documented and were mterpreted as- resultmg irom
v radlogenic growth of Sr and Nd (Paul 1971 Kudo et al 1972 Stueber and

lkramuddin, 1974 Burwell 1975 Dasch and Green. 1975) It was iater recognized‘
| these results were biased by the ubiquitous secondary contamlnations {eg. Zindler" -

: and ~Jagoutz, 1988). More recent data on marrtle xenollths from dwerse locahtres,»_ Y

.‘such as: Klibourne Hole New Mexico (Jageutz et sak, 1980), Peridot Mesa, Anzona»_y'_ '

: (Zindler and Jagoutz. 1988) Tariat Depression. Mongolia (Stosch et aI 1986)

o South Africa (thhardsorl et al 1985) and Malarta. Soloman Island (Rubenstone and; SRR

A Zindier in prep) demonstrated that inter-mmeral Sr and Nd isotope equilibrrum is .
: generally attained for anhydrous ultramaftc xenollths“ Experrmental determinatlons of

Sr and Sm. diffusion rates (Sneering_ et al., 1984) tndrcate,‘ that these elements

 diffuse fast enough at temperatures iy excess of 1050°C to keep pace With ‘the

radlogenic growth and therefore to arntam lnter-mmeral |sotope equrlrbnum in a

r

E _.closed system (Zindler and Jagoutz. 1988) Stosch ot al. (1'986) sﬁggest that thrs i' ’

conclusion could be extended to temperatures as. low as 950°C It seems that |sotopp L

o equilibrium between coexistlng minerals in mantle xenolrths is the rule. rather tharr 5

the exception S S I

i The problem of lnter-rnlneral isotope equllibrium for West Kettle River ‘

g »xé‘noliths may be. evaluated through compartson of the whole rock clr'ﬁiyroxene

‘ data for those xenoltths that were least affeeted bir secondary phas ith 4001 is. the ~

| : only sample investlgated i'n which the bulk of the S Sm and Nd are contributed by the o



‘major mmeral phases. The nearly identical 143Nd/144Nd and 8"Sr/BSSr ratlos

- between Its whole rock and clinopyroxene (FlU . 12a c) lndlcate apparent
inter- mtneral tsotope equrlibrtum

by .'

Dtrect measurements on the constttuent cllnopyroxenes. orthopyroxenes and .

olivines ot ultramaftc xenoliths from West Kettle River and slmllar Iocalltles In
south- central British Coluthbia (Sun, 1985) on the contrary. have shown
" |nter mtneral "Sr |sotope dlsequrltbnum whtch were. Interpreted as radlogenlc

growth of Sr. If thls argument is valid, the ?r rsotoplc ratios ot the cllnopyroxenes l’

would not be representattve of those of the clean whole rocks. However. the averages,of -

! the calculated Sr - partitlon coefflcients for ollvlne/cllnopyroxene and
} orthopyroxene/cltnopyroxene in these. xenoltths (Table 10) are about 15 and 35

trmes hrgher than those from Zmdler and Jagoutz (1988). The qoexlstlng mlnerals in.

'these xenohths are apparently out of g_h_e_m_[ga[ (Sr) equlllbrlum Inmmplete removal
of the secondary phases (whtch occur as- Inclusions or. lnterstltlally) rather than
| e radlogenlc growth ‘may be. responsrble for the apparent Sr isotope dlsequlllbrlum in

these xenoltths These ‘results pannot therefore dlsapprove the assumptlon of .
- rnter-mmeral |sotop|c dtffusrve equiltbrlum Since clinopyroxene has the hlghest Sr

; 5”\' S . ‘ v
. t S : oy - ‘ . o
"3. Sources of the seoondary phases

._nn/

a_“%e lnferred through comparrson between the Sr and Nd lsotoplc systems of the

N and REE abundances » dtis Ieast affected by the secondary contaminants among the

The_ isptopic: charagteristtcs of the secondary phases ln the ultramafic xenoltths )

‘nopyroxenes (whtch are assumed to be identicai to those of the clean whole rocks)

-Vand the. measured whole rocks (th 12a -d). These results together with. mass balance-f':

. calculattons and bulk REE data (Chapter V), may allow us to idéntify the sources of the
seoondary phases - : - : R .
' One posstble source for the secondary phases is ground water contamlnatlon The.

.charactensttcs of the ground water may be establlshed from the weathered xenollth <

i ’(harzburgrte KR-37). Its. whole rock REE pattern has been shown to be distlnctly}t
t N .
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Table 10. Sr partition coefficients calculated for ultramafic
xenoliths from south-central British C,olumbia (Data from

K

Sun, 1985)
Opx/Cpx OlCpx
BM11 0190 " 0.644 .
BM16 - 0.039 0.0446
BMS5 " -0.0224 - 0.0078
KR35 0.0167 0.00664
KR2 . 0.0447 10012
JL18 00176 0.00972
JL15 . 0.0508 0.00598 .
JLT4 0.0392 - 0.0194
0.0367 0.0045
LL1 0.0297 0.0081
LL:14 0.0472 ©£0.0295
Average  0.0456 0.0182
Zinders ' T
Jagoutz(1988)  0.00274 . 0.000522 ‘

BM = Big Tlmothy M0untains KR = West Kettle Rlver
JL = Jacques Lake; LL = deassie Lake; Also for comparison.
are the average Sr partition.coeffiGients obtained by
Zmdler and: Jagqptz ( 1988) - -

ol



different from the other xenoliths by its strong negative Eu anomaly (Chapter V) Fig

44

" 12a |ndioates that KR-37 also distinguish ltself in its mar.kedly low whole rockf '

- 143Nd/144Nd ratio relative to that of Its clinopyroxene, a feature that is not

demonstrated by the fresh xenoliths. One uncleaned ollvine fraction from KR‘37 gives
a similarly low 143Nd/1 44Nd (Table  9). Since . clean olivine contains - negligible
- amounts of Sr and Nd (Stosch 1982; Zlndler and Jagoutz, 1988) the Isotope ratios of
this uncleaned olivine Iargeiy ;efleqte bt ithe seoondary phases. The 87Sr/aGSr ot

the whole rock and two uncl,ga X ' of KR-37 are all significantly higher than
"“i#?:) fi! these features can be solely attributed to

weatherrng, the ground water must have a very low 1“3Nd/"“4Nd ratio (<0. 51104)

the clinopyroxene (Table 8, 9; F

“the original source of the gr und water precipitatlon (as imterstitial ‘phases In the
weathered xenoliths) may be/t'he nearby Precambrian gneisses (see Chapter V). Few
rsotope data on ground water have been- teported. A caliche filling In a mantle xenolith

Yrom Peridot Mesa, Arizona gave a 87586, Tatio of 0.70571 and. 143Nd/““‘Nd of

i3

and high 87Sr/86$r ratio’ (2 0/7045) which are consistent with the inference  that

I-\
%QKiIbourne Hole,- New Mexico. believed to be reprepentative of the ground water

-contaminant, has -a srmllarly high 8-"SrIBSSr ratio .(0.7055), but higher
n 143Ng/144Nd  ratio (0. 512971) (Jagoutz et al., 1980) If the ¢ompositions of the
. ground water are buffered by the surrounding rocks. regionai ‘varlations in the .

rsotopic ratios of the ground water are conceivable The ground water in the vicinity of
’West Kettte River may be charactenzed by high Sr, low REE con\ents and high
875r/86r, law SmNd, low 143Nd/144Nq ratios. If “this inference is valid, mild

~ ground water contaminatron on the ultramafrc xenoliths may cause signiiicant increase
- in' the whole rock 37Sr/358r ratios and litle or slight decrease in the whole rock '

- 143Ng/144Ng .- ratios.

*
¢« W
e

0.502687 (Zindler and Jagoutz, 1988). A HCI Ieach from a‘whole rock xenolith from -

Lherzolite KR 141, KR- 4002, KR 4016 contain the bulk of -the whole rock Sm :

and 'Nd and less than half of the Sr in the major mineral phasee (Fig 9). Their whole

rock 143Nd/”“Nd and Sm/Nd ratros are similar to. or slightly lower than, those of
. . the constituent clrnopyroxenes and whole rock 87Sr/3‘5Sr and Sr/Nd ratios much

higher than the chnopyroxenes (Frg 12a-d). The 87Sr/858r of two uncleaned olivine A

. fractions of KR-35, largely representatwe of the seoondary phases. gave similarly

" high 87Sr/86Sr ratros ﬁ(Tabler 9). If the inferred ground water isotopic compositions



i contamination Fiowever. as discussed.in chapter V, the secondary phases in these

AN

are ‘valld, -ih‘ese" teaturescould'be.accounted for by '~"g‘“round water ‘contamination. In.
fact, high 875r/868y ratios characterize almost all the whole rocks and HCI leachates
of mantle xenoliths from West Kettle River’ (also see Sun, 1985), despite of the more
variable Nd isotope ratios (Fig 12a,c). It is likely that ground water contamination iS

'ubiquit‘e'us and Is resporisible for these high 87"Sr/863r ratios. Ground water

contaminations have also been widely recognized for mantle xenoliths elsewhere (eg
Jagoutz et al,, . 1980 Zindler and Jagoutz, 1988)

The whole rock Sr and Nd Isotope features of Iherzolites KR- 4005, KFi 35 and .

harzburgite KR- 4000 {Fig. 12a-d) can be simiiariy accounted for by ground water

45

xenoliths contain a considerable- amount of Nd (Fig 9 which requires an additional ,

Nd-fich source. Interaction with the host basalt or-a metasomatlc fluid, from a mantle ‘

' source that is isotopically similar to ’the host basalt, can expla'n these features.

~The whole rock Sr isotope of I&erzolite KR-4003 is not .unlike the other

xenoliths and could be attributed to ground water contammatron However, thrs

xenolith Is distinct in terms of thé M!i isptope composmon of the secondary phases. A |

143Ng/144Ng ratio of 0.5135 or h?gher, similar to that of &R 4002 clinopyroxene,

s required’ tor the secondary phases in KR- 4003 in order to account for the.

difference in the Nd isotope ratios between its whole rocit&nd clinopyroxene (Fig.
12a). as well as to account for the Nd mass balance (Fig 9). The overall whole rock ﬁ

~and Nd isotopes of KR-4003 could be explained by a very recent mantle metasomatism

by a fluid from an isotopicaliy depleted region, supenmposed by . ground water -

contamination Alternatively a mantle metasomatic fluid with both high Sr and Nd

lsotopic ratios could” also explain these data However, considering the ubiquitous

presence -of ground water contammation, the first explanation is preferred The

" abundant- tluid inclusions in this xenolith may be related to this inferred mantle N

.

metasomatism :

“ in summary. only one sample (KR 4001) appears to have escaped sigmficant
seoondary contamination Ground ‘waler contamination seems to be ublquitous and may
have affected most of the xenollths. causmg signmcant increase in their whole rock

87517863 ratios. The efféct of ground water contamination on the whole rock Nd
- isotopes and REE patterns is possibly mmor. unless the xenoiiths have been severeiy

weathered (eg KR 37). After the effect ot the ground water contamination is



Q

.
.

”'establlshed it Is’ revealdd that three of the xenoliths (KR-4600, KR 4005 KR- 35)

may have interacted with the host basalt or a metasomatic fluid that was derived from a
mantle source isotopically similar to the host basalt, and one vlherzollte (KR-4003)

‘may have interacted with a metasomatic fluid from ' an isotopically more depleted

46

mantle source. Since these secondary proceéses have only affected the whole rocks

(resultmg in the bresence of the secondary interstitial or inclusian phases), but not
the clinopyroxenes, the mantle evolution prior to these seoondary processes can still
be evaluated by study of the clean clinopyroxenes in the xenoliths.



.

Vii. Oxygen Isotope Geochemistry

| "Oxyqen' isotopes present a‘nother useful tracer to mantle proeesses Oxygen
comprlses almost half of the mass of the mantle and variations ‘in its isotopic
composltlon can arise from different physical-chemical mechanlsms than those
~causing variations In the trace elem_ents and radlogenlc isotopes (Kyser, 1986).
| Thermodynamic theory predicts that oxygen isotope fractionatlons between anhydrous
slllcates are small at high temperatures and vary as a functlon of temperature in a
closed system (Kieffer, 1982). However, much greater 180/160 variations than .
theoretlcally expected were reported recently for mantle xenoliths from southwest
US.A. and central Europe (Kyser et al 1981). There is considerable debate over

whether these variations have resultep from closed system ) "!onatton or
non- equlllbrlum metasomatlc exchange with an external fluid (Kyser?'et al., 1981,
1982 1986; Kyser, 1986; Gregory and Taylor, 1986a, b).
- Five West Kettle River Group | spinel lherzolites were - analyzed for oxygenf
isotope composltlon (Table 11). The 8180 of their constituent olivines ranges from
5.06 to_,,,,,5/.35; orthopyroxenes from 5.69 to 6.32; clinopyroxenes from. 5.22 to 5.82
~and whole rocks from 5.26 to 5.57. These values are within the range for similar
’ mantle, xe'n'ollths eléewhere (Kyser et al., 1981; Harmon et al., 1987), but have much
“smaller variatlons (Fig. 13). The 5180 fractionation between coexisting minerals is
_ generally small and has a relative §180 enrlchment sequence of Orthopyroxene >
Cllnopymxene > Olivine (Table 11) Sample KR -35 differs from the other West Kettle
B River xenoliths in having large Aopx-cpx (_1.10) and Aopx-ol-(1-16). but very small

(0.06) (Table 11). Except for sample WR-35, the range defined by the West »

Kettle River xenoliths is 0.1 -.0.3 for Aopx-cpx, 0.6 - 0.7 for Aopx'-ol and 0.4 - 0.5

for Ac'px'-ol- | | ,
The oxygen isotepes of 4West Kettle M ultramafic xenoliths are similar fo .
those of the xenelith suite from Tariat. Depreﬂn, Mongoha (Harmon et al., 1987),
in that both have limited ranges of 5180 (’ 13) and similar relative 5180
enrichment. . These xenohths have possibly not been significantly affected by mantle
metasomaticpr_ocesses and their consistent relative '§180 enrichment sequence (Opx >
Cpx > Ol) may reflect the equilibrlum'lractior"tation factors among these minerals. In

4

47
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Total range > :
' lﬂ—Monqolla-ﬂ _ o , Olivines
[ S 'b I I I I 1 1 n ! ! ! 1 L] 1 I

- 4.8 5.0 6.4 5.8 6.2 6.6 7.0 7.4
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50 5.4 58 . 6.2 6.6 7.0

Fig. 13. Comparison of 5180 data for West Kettle River ultramafic xenoliths with the
(total) range of the reported 5180 values for continental alkalic basalt-hosted -
ultramafic xenoliths worldwide (Kyser et al., 1981; Harmon et al., 1987). Also-

shown Is the range for 5180 of ultramafic xenoliths from Tariat Depression, Mongolia
(Harmon et al., 1987). '



the & - & diagrams, all the West Kettle River xenoliths, except sample KR-35, fall
close to an array parailel to the zero oxygen fracttonatton line ( Ax.y = 0) (Fig. 14).
Gredory and Taylor (1986 a, b) have demonstrated that such an array represents an
isothermal ‘equiljbrlumi line, which Is in accord with the limited temperature range
(898-9879C) of th'ese xeneliths (Table 11). Sample KR-35 plots off this array in

- these § — & diagrams (Fig. 14). lts large Aopxl0|- (1.16) sugdests that the coexisting

minerals may be out of oxygen Isotope equilibrium (Kyser et al., 1981). KR-35 may
have been subjected to a recent mantle metasomatism.

 The chnopyroxene and orthopyroxene in an olivine websterlte (KR- 30208) of a

composite Group I xenolith has slightly hlgher 3180 values than the correepondlng
minerais m the host lherzollte (KR- 3020) (Table 11). As discussed earller the
websterite band very likely represents precipltates from a sliicate melt (see chapter

V). Its higher 180 and smaller Aopx-cpx than the host Iherzolite may suggest that

50

oxygen isotope equilibrium are not attained between the websterite and the host -

" Iherzolite. However, it Ashoi . be noted that the differences in the oxygen Iisotopes are

only marginally higher than‘?

i@ analytical uncertainties and are within the variations

for the West Kettle River xenolith suite. Differences in their mineral compositions -
(Appendlx IV) and element partition temperatures (Table 11) also seem to be within'

error. It cannot, therefore, be excluded that these differences in the oxygen isotope
ratios may be only due to analytical uncertainties. |

- Plots of KR-3017 and KR-3020B on the Aol-cpx versus temperature diagram
(Fig. 15) gives a temperature of 12009C or higher by trslng Javoy (1977) and
Mayeda et aI (1986)'s data and 1050-1100°C by using Kyser et al. (1981)s
empirical geothermometer KR-35 is not plotted considering the possibility of its
oxygen isotope disequilibrium. These oxygen isotope temperatures are higher than the
element partition temperatures (ca. 900°C)(Table 11), possibly .due to discrepancy
in the calibration of the different geothermorneters. | -
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VIil. Diecueelon

1, Chemical variations of the upper mantle beneath est Kettle River

(1) Undepleted upper mantle composition ‘

The chemical and mineralogical variations of the Group | lherzolite and
harzburgite xenoliths are very likely derived from variable degrees of partial melting |
of the upper mantle. The lherzolites with the highest Ca0, Al205 and lowest MgO and

Mg/(Mg+Fe) are therefore closest to the primitive upper mantle domposition. In
Table 12 the chemicei oompoeitions of -the three most fertile Iherzo?ltes from West
Kettle River are compared with the estimated primitive upper mantie composntlons

derived from the compositions of ultramafic xenoliths and/or partial melting model
calculations (Ringwood 1979; Jagoutz et al., 1979; Sun, 1982; Wanke, 1981; -Palme
and Nickel, 1985). Most of these estimated primitive upper mantle: oompositions are
very similar to the pyrolite model of Ringwood (1979) except that détived by Palme
and Nickel (1985), which has significantly lower MgO and higher CaO and AI@%‘
concentrations. The compositions of the fertile Ih‘erzoiltes from West Kettie Rivpr %‘ﬁ;
-very similar to that of the pyrolite and can therefore be assumed ‘o i'epreseht t“. {'
undepleted- upper mantle composition beneath West Kettle Ftlver The MdA(M%\)

ratios of these lherzolites (0.893) (Table 4) are;. however, highervthan that ‘of‘thﬁk
most primitive Iherzolife (sample ' PA- 15) from San Carlos, A 0!

melting, but rather, is derived from the different FeO contents in thei
beneath these two Iocalities Spinel lherzolites from: Tarlat Depressnow ‘e!ia, have
oomparable FeO contents to that of the West Kettle River xenoliths @ 7 |
I. (1986) ascribe the varlable Fe/Mg in different localities to g
heterogeneity of primitive upper mantle. interestmgly, the mantle )
Summit Lake, cent_rai-Bntush Columbia (Smith, 1986; Brearley et |

: . ' . ..

: i
Co J:' R e - ~ " .rf;‘,) '



Table 12. Compositions of the fertile W.
to those estimated for the primitive u

gst Kettle River lherzolites compared
pper mantle in the lltera’luro
TR ’

Primitive Usper mantle

3 4 5

‘Fertile KR Xenoliths

4001 4003 4005

45.1 44.5 45.1
0.2- 022 022
33 431 397
04 039 046
8.0 837 782
- 025. 027

0.15 0.4 0.3

38.1 38.0 38.3

3.1 350 35
04 040 033

44.92 44.80 44.85
008 017 0.15
351 426 4.02
043 040 0.39
780 803 8.05

.-024 0234025

913 014 014
) 57.75 37.50 37.86

338 346 336

0.00 020 .0.15

1 2
Si02 46.2 45.1
TiOo2 023 0.22
NI203 475 4.14
Cr203 043 0.45
FeO 770 7.82
NiO 023 0.27
- MnO 0.13 0.13
MO 35.5 38.0
0:0) 436 3.54
- -Na2Q 0.40 0.36
‘ﬂ.} Palme and Nickel (1985)
. 2. Wanke (1981)
3. Ringwood (1979)
. 4. Sun (1982)
5. Jagoutz et al. (1979)
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N has high- FeO oontents simiiar to those of the arlos xen’tiths (Fig. 16) Varlation‘

of-the FeO contents In the upper mantle beneath Sauthaien
also been observed from the mrneral composition .

4loca||t|es (Caml et al., in prep) If the rnterpretat Ty
- the- primrtrve upper mantle beneath south- central Bntrsh Columbia must have been
heterogeneous in FeO content. Alternatively. the higher. FeO contents in the ultramafic

”xenoiiths from San Carlos and Summit Lake may be a cOnsequence of more extensive |

' reaction with Fe- rrch silicate melts in the. upper mantle A possible example of

melt-xenolith reactton is presented by ‘ultramafic xenoiiths from Aliigator Yukon,
: (Francrs, 1987) whrch have. FeO contents traversrng the rangé of both the San Carlos”

|'British Columbia-has: " -
enolith suites In diflerent N
feB ot al. (1986) Is valid, o

‘ and Mongolra xenolith surtes (Fig 16) The compositional varlations of these .
‘)‘”’iherzolttes are’ toward the Fe rich harzburgrtes rather than Mg rich. harzburgltes o

5 (th 16) Francis (1987) suggests that the composition of the upper mantle

‘ represents an tmportant buffer for magmas migrating towards the Earths surface Jn
~ this sense, the majonty of the West Kettle River xenoiiths may have less interacted

wrth silicate melts than the Summit Lake and San Carios xenoliths. Three of the West -
~Kettle River xenoirths (two harzburgites and one lherzolite) have comparable FeO |

._.,{:_‘contents to the San Carlos ar;pd Summit Lake xenolrth suites (Fig. 16) and as will, ty’ |
discussed later, may have been metasomatrzed by srlicate meits migrating in the upper.

- mantle . . o :

(2) Composmons of the melts equrlrbrated wrth mantle’ xeneliths :

There have been some attempts to model the' compositions of the melts th\

) ) equrlrbrated with. the perrdotrte xenolrths {eg. Nickel and Green, 1984 Francis,
1 987) The numerous meittng experiment results ‘both on synthesized and 'naturai

s pendotrtes at varrous pressures'iand temperatures (eg Fujii and Scarie. 1982b;

Mysen and Kushiro 1977 Takahashi 1984) provide us W|th a gurdeiine It has been

, weiI establtshed that at Iower pressures (10 25 Kb) meittng of anhydrous pyrolite'

wrll produce aikalme basalt or tholente melts leavlng a. iherzoiite residue with lower
degrees of partral meitrng, and produce tholente meit a‘ﬁa harzburgite residues. ,with

hrgher degrees of partial melting At elevated pressure (>25 Kb) the melts will E

become mcreasmgly more MgO -rich (prcrrte or. koma.tiite) leaving a iherzoirte or

parzburgrte residue - (eg Takahashr‘and Kustttro 1983)’ Assumrng a batch melting ‘

- model, it can be demonstrated that the Iherzohte and hgrzburgrtes from West Kettle
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River could be either. equlllbrated wlth a tholeitte or plcrtte melt (Table 13) by
6 9%.and 24- 29% degrees of partlal meltlng respectively. A basanlte cannot be In -
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equilibrium with the harzburgite residues, otherwlse a very hlgh Tl02 content (- _ |

1%) is required in the source rock (Nickel and Green, 1986) ‘but lt could be
equrlrbrated with a Iherzolrte resrdue by 5% of partlal' meltrng (Table 13) A constant
 malt composition, as suggested for perldotlte xenoliths from Vlctorla (Nlckel and

Green, 1984) and Mongolra ( Prep et al., 1986) is not necessary for the Waest Kettle ,‘
‘ Rwer harzburgrtes and lherzolrtes, because of the |arge scattering of their

omposmons in the oxrdes vS. Mg/(Mg+Fer) plots (Flg 4). Derivation of the melt

'composrtrons from the xenolrths themselves is hampered by the fact that they have -

experrenced subsolrdus recrystallrzatron and- therefore thelr mineral chemlstry and
- thermal state are not necepsarily the same as those durlng the meltlng évent (Francls
1987). Th“e' only pitestrved mtormation about the chemlcal state durlng partlal
~melting is_ the

composltion of the resldues represented by the whole rock
composmons of the. xenolrths Followrng the approach of Francls (1987)
: composrtron of the melt in equrltbnum wrth the West Kettle "Rlv& harzburgites may

be estimated under the’ assumptlon that the .Fe/Mg of the ollvlnes has- survived. the

subsolldus metamorphrsm Assuming a Mg/(Mg+Fe) of 0.91 for the ollvlne In

KR-4000, a Mg/(Mg+Fe) exchange coeffrcrent of 0 3 between the melt and the. ollvlne |

‘ (Floeder and Emstre, 1970) and a source composrtion as the average of the three most

fertile lherzolrtes. .a tholeute melt “with MgO of 8% and Ca0,10% (Table 13) can be
denved for harzburgrte KR- 4000 Francis (1987), however obtalned a plcrlte melt

for the harzburgrte xenolrthg from Alligator Yukon As ‘noticed from. its transltlon |

“element pattern KR- 4\00 may have been metasomatrzed by a fluld of high Tl and Ee

content. Higher: Mg/(Mg+Fe) in the olivine would yleld a higher MgO in the calculated “ "

o melt.” E»urther complrcatrons for the estrmatron of the melt composltion based onythe o .
"+ xénoliths are imposed by the. possrbrlrty of multrple meltrng events and lnvolvement of i

'HZO -COz in 1 the source rocks. = D
*(3) ca/Al problem : o e

lnformatron from the ultramafic xenoltthsa in alkali basalts and kimberlites can

only constrain the composrtron of the upper mantle (eg. Jagoutz et al 1979) Most
refractory (non volatile)” lrthophrle element abundand% ratros, (eg TI/Y Tt/ O L

#
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I

Sc/Yb) in the estimated- primitive upper mantle compositions are close’ to ‘chondritic,
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hich has been argued as evidence for the lack of signiticant intramantle chemical |

tr%ctionatlon (eg. Zindler and Hart," 1984) A notorious exceptlon to this
generalization is the fpon-chondritic Ca/Al ratio in some mantle-derived samples This
Was(,first recognized&

(Ca/ﬁﬁ ratio I8 1.2: tim‘e of chondritic ratio) and AI undepleted (Ca/Al ratlo. is close

fo chopdrites)(eg Sun and Nesbitt 1978; Nesbrtt et al., 1979). The Al-depleted.
komatittes have been interpreted by either garnet fractional - crystallization or

mechanical separation at high temperatures - (eg ‘Green, 1975 “Sun and N9§bltt
1978; Arndt "1986) or by a,nc%chondrmc upper mantle composrtron due to
fractionation of gar vperovskrte into the lower mantie (eg., Herzberg and OHara.
~1985). Pélme and %e

" many. Iocali'ties amd concluded that the’ mantle xenoliths have consistentiy hrgher Ca/Al

, ratio (about 15% higher) than chondntes Based on these data, ‘hey suggest that this:
is possibly due to

' hlgh Ca/Al tatio |s characteristic of the upper mantle an
fractionation ”6f garnet into the lower mantle (Paime and Nickel, 1985) However, the
generalization of this conclusion was questroned by MacDonough and’ Sun (in prep.),
who ndticed ;tmany samples as exceptlons (see Sun. 1987) Prep ot. al. (1986)
reported that' th'e Ca/AI ratros for xenoliths from Mongolia vary oonsrderably and the
‘ average is much Iower than both the chondritic and those compiled by Palme and Nickel
(1985). »;,»?-‘? co G ST _

2 The Ca/Al ratios of the ten West Kettle River xenolrths have a considerable range
from 0. 6 to t'"a (Fig. 17) These resalts present further. exampies of the variability
'vof Ca/AI in mantle xenoliths , . )

“The factors and processes that affect the Ca/Al ratios of the mantle xenoliths have
to be assessed In order to ascertain the characteristics of the primitive upper mantle.
" The small santple size. coarsg grain suze and Iocal modal heterogeneity of the mantle

komatiites, which can be divrded into two types: Al-depleted

I (1985) -recently compiled data for iherzolite xenolrths from; .

) xenoliths ntay\ oontrlbute to the ’Samplmg bias (eg Fiingwood 1975; Zmdler and Hant,

1986) and add variabihty to the Ca/Al ratios, partlcuiarly m harzburgrtes Anotherﬂ

,tactor is the fractionatnon of the Ca/Al ratios dunng partiai meitmg Fig. 18
‘demonstrates that the Ca/Ai ratio of the silicate melts are sensmve to the melting

L conditions (temperature and pressure) ‘Since most Iherzohtes and harzburgites have

experienced partial melting to some extent, this factor has to be taken into |

9
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o . tndeed greater than the Nd model ages, as expected for some of the lhe

" simple two- stage melting model. The coexrstmg mineérals in KR-3§

62

‘%*consideration The low Ca/AI ratlos ln the two harzburgites may be ascrlbed to
e\tt@ﬁtion of melts of high Ca/Al ratios. ~ ‘

A third factor that deserves attention Is the interactlon of mantle xenoliths with
silicate mfelts Francis (1987) has shown that this process*an effectively change the

Ca/Al ratic?e-@ both the melts and theuxenoliths invoived Agaln. the Ca/Al ratios of the

resultant melts may vary as a iunctiomqt pressure due to the variable stability of.each

“ mineral  phase in the sillcate meits"at different pressuces (Brearley and Scarfe,
1986). ’ . : .

Considering all these cOr'nplications. itis suggeste‘d that Ca/Al ratios of the mantle

xenoltths are. very Iikely unreptrgeehtative of those of the primltive upper mantie and

' caution should be taken .in internrdting these data.. -
2. Evolution of the Lrpper mantle beneath West Kettle River .
’ (1) Multiple mantle depletion and enrichment events

The cltnopyroxenes in all the lherzolites but one (KR 4003) hdve Nd and Sr_ »‘

~ isotope composmons similar to MORB (Fig 1L)r and their Nd modei ages range from
1.5 - 3.6 Ga (Table 12). The 143Ng/144Nd
with the 147Sm/144Nd and a reference Nd isochron with an ag f:of 0.75 Ga and initial

these clinopyroxenes are correlated

eNd of +6 can be drawn a gh them (Fig. 19). The uncontammated' whole rocks ot

these iherzoiites all,,,dispi’ LREE depletion patterns(Fig 7d) The isotopic varlations
and REE pafterns in these Iherzolites cag be acoounted for by a two stage melting model.
" The Nd model ages of 1.5 -3.6 Ga may

-extraction events due to the slightly grdater incompatibility of Nd compared with Sm

ecord a period between the initial and final melt

in a perrdotrte - melt system. The Nd isochron . age (0.75 Ga) may date the second
" depletion event In principle, multiple melt extraction. would reeult ‘in" a residual
peridotite wrth older Sr model ages than Nd, due to the much greater: lncempatibiilty of

Rb than Sr, Sm and Nd (Stosch and Lugmair 1986). The Sr modei ages for theee_

iherzolttes cannot be estimated due to the lack of reliable Rb data. Nevertheless
. "mmtmum Sr model ages (Table 14), can be derived with Rb/Sr = }9

Lherzoirte KR~35 may have had a more complex history than sug

C tsotope equnlibrium and both its whole rock and constituent mmerais ar V,ﬁanomalously



Table 12: Nd and Sr Model Ages (Ga) for Mantle
Xenoliths From West Kettle River.

Sample = TNd1 . Tmﬁl.er
KR35 . . 363 1.24
KR-37 - () - | 1.19
KR-141 - 152 1.59
' KR-4000. (-) 1.37
KR-4001 1.78 : 0.86
KR-4002 1.39 1.96
 'KR-4003 . 072 ‘ 1.45
i . KR-4005 2.38 | 1.64
- KR-4016 1.63 162 #

-1 Nd model a%e calculated with A( 147Sm) =
- 6.54X10°12, 1475ny144Nd « 0.1967
" _(CHUR), 143Nd/144Nd = 48512638 (CHUR).
... 2 Minimum Sr model -age calculated with

. Rb/Sr = 0A( 87Rb) = 1.42.X 10-11(CHUR),
. '87Rb /86Sr = 0.0816 (CHUR), 87S1/863r
-7 0.7047 (CHUR). .
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high in FeO contents compared with the other lherzolites (Fig. 16, 20). It these two
features are related to each other, KR-35 may have experienced incomplete reaction

~with a silicate melt in the upper mantle. No chemical zoning were’ ‘observed In the -

constituent minerals in KR-35. This may be a result of the large ";u/‘ncertalntle's in the
probe analyses (see Appendix 1V). It is controversial whether\‘\the oaygen diffusion rate
is greater than those of the cations (Harmon et al., 1986: Dowty.' 1980; Freer,
- 1981). If ‘oxygen diffuses faster than cations as sugqested by Harmon et al., (1986) it
is possible that the Sr and Nd isotopes of the ooexlstlno minerals in{ KR-35 are out of
.equilibrium, too. It follows that the Sr and Nd isotope systems of its whole rocks and

clinopyroxenes could both have rec'okrd‘ed‘ this 'process. The mantle metasomatism, ‘

inferred from the whole rock data, might have been"responsible for the oxygen isotope
disequilibrium and high FeO content. As discussed in chapter V, this mvetasomallc fluid
(silicate melt) has possibly been derived from an isotopically depleted source, sirnllar
to that of the host basalt. However, thé effect of this metasomatic fluid on the Sm-Nd
isotope system of the clinopyroxene may be minimal, considering that me“é’ﬁ'{im ratio
of its clinopyroxene is very similar to the clinopyroxenes in the other xenoliths, but
is much higher than its whole rock. o \ W

The 143Nd/144Nd and 87Sr/aﬁshr ratios of the two harzburgites are similar to

‘the isotopically depleted Iherzolites (Fig. 11). However, their Sm/Nd ratios are
decoupled from, the '43Nd/'44Nd and are lower than CHUR (Fig. 19). The
'uncontaminated’ whole rocks of these two harzburgites are both'LREE enriched (Fig.

7d). LREE enrichment {n harzburgite xenollths are very common and could be -

explained by the model of Frey and Green (1974), in whlch a partial melting event

controls the major elements, and a subsequent enrichment or cryptic metasomatism'
'(Dawson 1984) mtroduces incompatnble trace elements into the rocks, without

markedly affecting the major elemem compositions. The decoupllnq of the
1“3Nd/1“4Nd and Sm/Nd implies that the LREE enrichment may have occurred very
recently and the metasomatic fluids have similar Sr and Nd {gotope composmons to-
those of the clinopyroxene. The metasomatic fluids responslble for these two
harzburgites are very likely silicate melts, similar to that inferred for Iherzome
KR-35, because the bulk composmons of both harzburgntes are characterized by high

FeO (Fig. 16) and KR- 4000 also has anomalously high TiO, content(Fig 6).
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The clinopyroxece of one lherzolite, KR-4003, has similar 87Sr/86Sr and .

1473m/144Nd , but lower 143Nd/144Nd, compared with the other lherzolites, and
plots to the left of the mantle array in the Nd - Sr isotope diagram (Fig. 11). Its Nd
model age (0.72' Ga) is lower than both its Sr model age (>1.45 Ga) and the Nd model
ages of the clinopyroxenes in the other lherzolites (Table 14). The 'unoontaminatéa'
whole rock of KR-4003 has a convex-upwards REE pattern (Fig. 7d). A more complex
model involving both depletion and enrichment{ évents hasvto be invoked In order to
account for these Igotoplc and’ geochemical features. A possnble mterpretatnon is as
follows: . '

(1) A depletion event prlor to 1.5 Ga ago, slmilar to the otﬁer lherzolites;

(2) A metasomatism which decreased its Sm/Nd ratio but did not significantly
change its Rb/Sr ratio; .

(3) A second deplatloh e,vent;.Which raised its Sm/Nd ratio to the present value
. above CHUR, ‘ L '

The timing of the mantle enrichment event and the/second depletion event cannot
be constrained. Nevertheless, sufficient time has o be(allowed between the enrichment

and subsequent, depletion for 143Nd/144Nd to respond Yo the decreased 147Sm/144Nd. .

‘The isotope pattern of such enrichment (shifts to the left &t\he mantle array) has been

observed in mantle xenoliths elsewhare and in continental voicanic rocks from several

extensional environments (Zindler and Jagoutz, 1988; Menzies and Wass, 1983;
Hawkesworth et al., 1984). This pattern may be associated with melt or melt-related
' fluid migration in the upper mantie (Hawkesworth et al., 1984). |
More recent mantle metasomatism has been recorded by the whole rocks of
KR-4003, and the Nd isotope composition of this metasomatic ﬂuid\vas inferred to be
depleted similar: to that of the.KR-4002 clinopyroxene (see discussion in Chapter VI).
Briefly, the Group | Iherzolites and harzburgites from West Kettle River may
have experléhced at least two stages of melt extraction. Interactions with episodes of
silicate mé"lt or 002”H20 'rich fluids over a span of time are exhibited by some of these
xenoliths. The lsotoplc composmons for most of these inferred metasomatic agents are
similar to MORB. '
Migration of ‘meit in the upper mantle is also directly demonstrated by the
occurrence of GrQup | websterites and Group Il clinopyroxenes (either as discrete

xenollths or as Bants and patches in Group | therzolites). One olivine websterite
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- (KR-3020B), separated from its host lherzolite in a composite Group | xenolith wu' |

analyzed and gave a '43Nd/144Nd ratio of 0.51304 and 87Sr/888r of 0. 7036 (Tabtd

8). These values may represent the upper limit ¢f 87S¢/885; and lower limit of. (

1‘“’Ng/“‘“Nd for its ‘uncontaminated' whole rock, due to the possibllity of ground
water contamination. Nevertheless, the MORB-like Isotope signature s flearly

demonstrated. The silicate melt, from which it segregated, may have been derived from:

an isotopically MORB-like mantle source.
The metasomatic fluids and melts could have come from sources dmerent from
the xenoliths themsﬁws ~and therefore may proutdev-tnetght into the lsotoplo nature of

the upper mantle below the xenolith source reglon Their MORB-like isotoplc

charactenstics together,qwith evidence from . the cllnopyroxenes. suggest that
M%RB Iike mantler component is volumetrically stgniﬂcant and has played an
I rmporta%role iri the magmatism in this region. Th West Kettle River host basalt has

stmrlar ér qndt Nd_isotope ratios to the clinopyroxenes In the West Kettle River. A

. xenolrths (Flg 11) and may therefore have beeén derived from such a MORB-like
mantje sBurce ——
(2) Models Jor the?}upper mantl:e evqlutton .
!Sels.moipgrcal resuhs indncate that the lithosphere in the vicinity of West Kettle
Rrver i 40 50 Km thick with the mantle portion of the lithosphere approximately
15 - 20 KW’n thick (Wnckens. 1977) iT‘he depth of equilibration for West Kettle River

vy !

xenolrthsieanhot be accurately constramed due to lack of reliable geobarometers, but

was fourfd, o “be withint the range of 30-60 Km {Fujii and Scarfe, 1982a). The actual
depth mterval of the West téettle River xenoliths must b& more- @yﬁted (possibly

<10 Km°) consrdering their very narrow temperature range (Fujii jand Scarte. _

1982a~) Derrvation of these xenoliths from the thin mantle portion of the mhosphere
is therefore 5uggested
7 There is a great tendency to associate the mantle event possrbly (}rded by the
Nd and Sr modal ages of mantle xenoliths with the formation'of the overlylng crust by
igneous’ drfferentuatron particularly when these data match the th§ ages of overlying
crustal rocks (eg. Cohen et al., 1984; Stosch et al., 1986). *
West Kettle River Iavas are Iocated in a regr‘where the Terrane | of upper
Paleozoic to mid- Mesozoic oceanic volcanic and sedimentary rocks were accreted to

the western margin of the ancient Cordillera’ continental craton "(Monger and Price,,

\
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\..,979 Monger ot al 1982) There are few constraints on whether the lrthospher‘c
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mantle beneath West Kettle Ftiver ls part’ of the accreted Terrane I, or ‘whether it

represents that. underlying the ancient continental crust (Smith 1986)) ln,flight of
“the’ abcve tectonic: scenarlos. three models may bﬂ'

B upper mantle beneath West Kettle, Rrver

p f”_ered. for the- evcluttcnfot the

\ o @ The upper mantle represented by these xenollths mrght have been. assocrated.‘ t

‘ .'wlth the old Cordllleran Mton instead of the oceamc crust of Terrane I: The initial -

'meltlng event suggested by the Nd model ages may be related té’ the formatton and :

3 lstabllizatlon of the ancient contmental craton |n the Archean thrcugh early Proterozmc' e

o ,"(>1 &ﬁa) Since: the Nd modei ages haﬁ been reset by a later depletron event. there i

. ‘-an amblgulty about the exact age of the, initial depletton event. The Nd |sochron deflnedf o

by the depleted lherzolltes may be related to ProterOzoic volcanrcs in’ thrs regron
‘“-‘(Mcnger ot al, 1982); ' o cdh o S

Thls model lmplles .that the overlying crust was, denved irom a pnmrtive upper:

’ .mantle However. there is lncreasmg ‘evidence trom -

i itha’t.'thegupﬁer m'antle was already is,otcpicallyd'ep . Archean times (Stosch etal.,

;"antle dlfferentiation in the asthenosphere The lsotoprc similarity

rsotoplc study of crustal rocks,; v

'rivelyl the Nd mcdel age may reflect global contrnental crustal;

'between MORB ‘and mantle xenoliths from West Kettle Ri er and many other localities,

: rand the trequehcy of Proterozmc or Archean Nd model a s m these xenoliths (Stcsch o
~et'al, 1986) suppert this model The simtlar oxrdation states for West Kettie Fttver B
. mantle xenoliths and MORB glasses (Caml et al in &rep) Ien turther credibihty

_”v‘;for the argument of invclvement of these xenollths in the asthenosphere The mantle_-_;';f- '
I, sectlon represented by ,the xenoliths might have been rncorporated ihto the lithcsphere '

later (posslbly 0. 75 Ga ago) durlng the tormation ot the overlying oceanic c ust,' ‘

e \which was subsequently accieted to N,orth America in the Jurassrc (Monger f

' Thmitlons of these xenoltths range. trom depieted harzburgr s to". :

'undeﬁleted Iherzoiites (T.able 4), suggestlng that the upper mantle beneath West -.Keglejv' N

3 Rlver includes rqcks simlier td the MORB sources as well as those representmgf

e ,‘;residues after MORB extrectien

(c) A third pos ibliity is that these xenolrths had been part of the asthenosphere’_,. o
until they were- bm%ht up tz ‘\e host bﬁsalt as. is the mcdel for the' xenoltths from

B ) . R B i . Lo E . T N - e v .



Krlbourne Hole, New Mexlco (Fioden et al 1988). a tectonlcally slmllar locallty .
(Gough 1986). However the available data. as discuSsed earlier, is more.in tavor of a"
hthospheric rnstead of asthenosphenc origin for these xenoliths S

, * The second model is preferred over the other two, although neither of them can be
cbnclusrvely excluded ‘ g L e _
“ Durung and/or after the lncorporation of the’ xenolith _source’ mantle into the ‘

' Iithosphere, the upper. mantle has eplsodrcaliy rnteracted wlth sillcate melts and _". ,

002 H20 rich. flurds which are’ possrbly related to the late ?ertlarwolcanl‘ i L
LT S

K

southern Brltlsh Columbra. trrggered by mantle upflow In this reglon (Q&gph 1
3 COnstramts on the source charactensilcs of volcanlsm in south central B C
' Since the tectomc settmg for south central Brltish Columbia startlng from the
Mrocene has, been mferrgd to be very srmilar to: its present tectonlc reglme. tHe .
Mlocene through present volcanlsm in- thrs region ,rnay have been derived lrom simllar
’ mantle sources (Souther, 1977) lnformation trom the mantle xenollths can therefore '
be used to place constrarnts gn the source characterlstlcs ot these volcanic rocks .
Oniy irmlted |sotope data are available for mantle X:i?Ollth c’linopyroxenes from )
, the other localrties |n south central‘ %C Clinopyroxenes in seven of the eight ’ .
N previously hnalyzedﬁn@g{e xen‘%llrth Mt ’Jacques Lake ’Fig Timothy Mountalf
Lassre Lake in ‘south-central B.C. (SQJn 1985) have: comparable 87Sr/°°Sr to-those '
from West Kettle Ftiver’ The Sr and Ndisots s of one clinopyrdxene. separated trom a.
composrte Group 1 xenolith from Rayfleldeilver (Smlth 1 ‘86) is slmllar to the ' ‘
West Kettle Rrver xenoliths (Flg 21) : ' - : '
The Nd and Sr isotopic-afios of the Iajad
B south-central BC (Smrth 1986), Quaterna

i

ﬂ'«"

ertiary Chllcotln piateau basalts frogt

kaline- bagalts from' the"‘?Welis Gray

Provmcral Park (Metcalfe 1987), “host basaltsof mé!itre xenolltln trom West Kettle- L
River'. (thrs study) SummituLake and Fiayfreid Fiiver (Smith 19869». along wlth B
clrnbayroxenes m mantle xenolrths from West Kettle River (thls study); an‘d Summit ‘ o
"‘Lake (Smrth 1986) a;e piotted in Fig 22 These' baséits abd cllnopyroxenes form a - hi




‘ Smlth (1986) The host basalts ol West Ke’ttle River and Rayfield River xenoliths

“have very slmliar Sr and Nd isotope ratios (Fig 22) and may have been least affected ‘

b he enrlched components (Fig. 22) The late Tertiary ChIIcotrn plateau basait and

o Quat‘ernary alkaline basalts from the Wells Gray Provmcral Park span 3 wide range in

" the Nd - Sr lsotope plqt (Fig 22) and suggest varIabIe proportrons of’ the depleted and
enriched componen in thelr mantle sources. The host basalt for ‘mantle xenohths

"'from Summit Lake iswby far the most enrrched (Frg 22) and a srgmflcant amount of

, anrithed component(s) might have been involved in tts mantle source. It would be

'Interestlng to determine whether such enriched tsotope charactertstrcs are “also

‘recorded in the mantle xenoliths from Summit Lake Hoivvev” :

; Isotope data are. available for these xenolrths (Smith 1986)' AIthough they are"
[
;‘generally more erlriohed than: the fresh whole rock xenoliths from West Kettle River ’

71

so far only whole rock.;, L

- (Fig.” 21), cautior shouid b taken in mterpretrng these data because oi the possrble -

secondary contaminations partrcularly ground water contamrnaéron on the whoIe rock. r

Isotope systems.
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¥, IX. Summary and Q_oncluslone

Systematic geochemical and Sr, Nd &nd O isotopic studles for ultramaflc xenoliths

‘from a Pliocene basanitoid flow at WestjKettle River, British Columbia, have provided

important mformation concerning thp natuyre ‘and evolution of the upper mantle
beneath southern British Columbia Three general conclusions may bed ;

“The mineralo of th ‘
both Gfoup I’and l&nollthsmajor and

By butk Group | lherzolites and harzburgrt o - tetnatically and are interred fo- be.

’

largely controlled by partlal meltmg PRENRRS e composition of the most fertlle
lherzolites from West Kettle River are’vdi

. upper mantle (eg. Ringwood 1979) The Urgites may be considered as resldues
: q‘arti;l mblting of these undepleted lherzolite source rocks. The compositions of

‘the melts generated from%e partial melting capnot be accurateiy determlned because
of the subsequent subsolidus recrystallization and inter
the upper mantle, but may be estimated to be tholeiitle

drscrete xenoliths or as bands and patches .in. the host Group | lherzolitee Interaction of
mantie xenohths with srilcate élts in the upper mantle s aléoireﬂected by the high

FeO cont&m (én@ossibly TDQ) in somé oi' the harzburgites and lherzolites. The

: these Iocalrtles max be either d

) mantfe -

I T ~<

ma;ortty of the West Kettle Rive lherzolites have Iower FeO than xenolith suitee from -

rSan‘Hl' Lake and San Carlos, which have 'comparable Fe© oont‘nts only to the'

relatrvely Fe:rich West Kettle River - xenoliths Khe differenqg in Feo‘ contents from

.:% glo?oal heterogen‘bity of the primltive upper

a with migratlng melfs in "~ -
%itic. possibly related to

MORB generation. Melt migration and crystallization Wthe upper mantle were '
. recorded by the occurrence: oi Group ] websterites and. Group i pyroxenltes elther ae '

T

'mymle or interaction -of: * uppec méryie rocks with migrating meits in the upper . o
v o ) . o

"
' &

\

-~ Nd an isotope rattos of the cl| opyroxenes in all but.oné ot the lherzolites and
o o . ‘, N\ : .
‘ ¢ * . . » : ] ( . ,7 4 . , . ’ R ' ’ :’ =

Ea
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‘Nd/’“Nd 0. 51296 . 051335, 87Sr/863r -0 70“!23
0'70342) are 1s‘fmﬁar to MORB. The cllnopyroxenee in these Iherzolltes glve Nd model % :
. dges of 1.6 to 3 6 Ga and they are close to a reference Nd- Isochron with an age of 0 75 o
Ga an@ lnlttal ENd, ot +6 in the Sm-Nd evolutlon diagram. These isotopic data ;:an be'} o

lnterpreted by 4 two Stdﬂe melting model’One of these lherzolites is ouf of

inter- mlneral oxygen isotope equilibrium, pogiiibly - 1ndrcatmg recent intera’c/ron wrth
“a sllicate melt, Sm/Nd of the harzburgltes'(< CHUR) are decoupled flom their

. 1“3Nd/‘44Nd suggesttng a recent mantle metasomatism Because these metasomattzed ,

qeﬁéted Iherzolites, the
M 1han a co2 Hz0 r;ch

, ;mo:ﬁraﬂ have higher Feo contents &an the lsotoplca

‘metagOMmatic agenﬁ can be lnferred to.,be a srlrcate melt r

fluid. ‘Fivcllnopyroxene of one other Iherzolrte has sjfnilarf' : Sr/BGSr and Sm/Nd o

the Isotoplcally depleted lherzolites, but ts more enriched %I 143Nd/144Nd'

" (0. 51273) Implylng -a more comptex htstory iavotxing ‘a. mantle ennchment_
subsequeht to ipitial partral melttng. and followed by a second meltrng event
*The effects. of groun@ater <contamination on the Sr and Nd isotope

¥

s of.‘l

" whole rock’ )senoliths from West Kettle River are* established by sturr ing a severely‘ .
weathered sample Tﬁ’e Sr isotopes of most of the West-Ke: Rtver xenohths have been

demonstrated that more recent mantle metasomatism may have affeoted some of the
whole rock xenoliths Mantle metasomatism at various times are also recorded by the

REE patterns of the whole rock xenoliths,. whrch are’ oﬁ\erwise LREE depleted
+ . |

: and magmatrsm In south-central Bﬂtish Columbia

. 3. Evolutton of the upper man

The- Sr.and Nd Isotopic characterrstice of the West Ketile" Hf\rer mantte xenol%s e

can be Interpreted by a model in whlch southern Brrtish Columbia is. underlarn by an'

- oceanic lithospheric mantle that was accreted by Terrane 1.of the Canadran Cordrllerak )
.,,tn mtd-Jurasstc The Nd model ages of 1.5- -3.6* Ga may reflect global @ptmentala_l

- crustal formation and ‘were recorded in the xenoltths ,whrle thevagre part of the
oonvecting asthenosphere The Nd isochron age of 0. 75 Ga may date " the trmey

formatton of the owerlylng oceanic crusts. _whrch were subsequently accreted to the

[ . : . . .




possible mumple mah\le mmasoméﬂsm recorded by the minwaonths may be
related to the Miooene o Recent volcanism in thls region. Isotoplc compo,nitlons of tha
me:asomatlc fluids and melts. Inferfaq to have Interacted wlth maa ost Kettle Rlver
o xenohths. .are mostlyudepleted similar iolfhose "of the d
et i X r"t an - isotopically MORB nke mantle:, omponent is, volumatrlcally

e, w

«:g:asanitoid may have been derived from, sucn‘a MOBﬁ
isotoplo composmons of the Mlocenq to: Rece"’ yolc

gomponent in various proportions, with mor'e ennched ‘marﬁe c&hponents B

. . _ B e

L o ‘ ’0

L]

epleted clfn0pyr9xenas‘ Thls,,

: ‘Vnrqportant and played aﬁ lmportan( role in the magmatism in WesPKetue River. The', .
% ¢ hakt tiko

T Ism in
sbuth%entral Britlsh Columbua may be. lnte?prelpd as ‘mixing of suéﬁ "a'“, MO@MIke uw;
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R _ and analyzed as described in Chapter Vl

: S y
. . .
‘ K . . . ..

i " xl.,,Appondlx I Sample,Pr,ep‘m;ton R :

I

Samples used for ICAP- AES and Rb-Sr, Sm Nd lsotoplc analyses were prepared; '
. as described below Those used for oxygen lsotope analyslS‘ were prepared separately o
© . Whole rock poWders SR, . o ' '
The xenoliths studled rande from 10 20 cm in diameter. Except KR 37 all are

extremely fresh KR-37 was- chosen as a weathered sample to tegt the weatherlng- ‘ |
effect on mantle xenoliths. It ls fragile, with a yellow surface on theﬁh@e grains and

~ white- yellowrsh veinlets oervadlng grain bo.undarles and. fractured surfaces. Although
.very fresh, the rest of the samples also contaln a small ‘amount of- slmllar
“white-yellowish velnlets along‘ﬁractured surfaces and in case of KR 4000, along the

grath boundaries too. Care was taken to: remove any vlslble fractured or weathered
: ,zsurfaces However it is not unllkely that some veins filling... ln mlcrofractures may
have escaped observatlon and should therefore be kept in mind in lnterpretlng the .
whole rack. data B - N : , : |
)fenolrths were first sawn from their host basalts An oll-cooled saw Was.
employed in separatmg samples KR*35 KR- 37 and KR 141, For the rest of the
' samples (prepared later), a water-cooled saw was dellberately used instead to avoid

possible contamrnatron from the coolant oil. The xenolithg, were then broken up with a
hammer and those pieces away from the contacts wlth th?host ,basalt were selected and
carefully ground to remove weathered or fractured surfaces Following this step. two
slrghtly different procedures were employed for samples sawn with different coolants

- For sambles that were separated wlth the water cooled saw the pleces chosen

- were cleaned ultrasonlcally in 2X distilled water for: 20 minutes and dried with

uItrapure acetone. Partlcular caution was taken ih cleaning those that were processed

with the oil-cdoled saw, in order to prevent any possible restdual oll cont"”
Ahter further crushing to about 5 mm ina ‘steel mortar the chosen pleces were cooked"
in.2X" dlstrlled water at.about 80°C for 30 mlnutes ultrasonlcally cleaned ln'
.ultrapure acetone for 20 minutes and then dried with acetone. <

About 50-100 grams of the clean sample was selected and crushed in a Plattner

Asteel mortar to pass 16 mesh sieve and split. Approximately 10- 20 grams were laid

.»"‘
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out, furthered crushed in the stgel mortar- to pass 4b mesh Bieve and then‘rfinely

, ground in an agate mortar The agate mortar wae cleaned wit d, distilled water and

ultrapure acetone before grlndlng, but(yvith acetone only between samples N
’

- ) : T4 . - <,

2. Clinopyroxenes v ’ et . ov .
" After crushing with a steel mortar the 40 -’60 mesh fraﬁtion oi the xenoliths
: was used ior separation of- clinopyroxenee because this fraction contains essentially

monominerallc cllnopyroxenes of relatively large grain size. Cll%pyroxene was

preconcentrated uslng a Franz magnetlc separator then carefully picked under a

binécular microscope two to three times to remove any other fineral grains ag well as
cllnopyroxene gralns with surface impuritles or fluid/solid, inclusions. it was then

cleaned ultrasonically with 5 - 8 ml 2.5 N HCl in a 10 ml. silica beaker for 20 -

- minutes, ringed with a sufficient amount of -water and dried oQ a hot plate under a fume
hood for about 5 minutes. The HCI leachate was yellow-greemsh in oolor FoIIowing the
Ieachlng procedure, the cllnopyroxene was fe- picked twice to ensure no visible

impuritles. then further reduced to pass a 80 mesh sieve and the very fine powders '

washed off by distled water Two more exarﬁlnatmns under the binocular mrcroscope
ensured that the clinopyroxene was free from any VlSIblG |mpurrtles Frnally it was
ultrasonically cleaned in25N HCI in the 10" ml silica beaker for another 10. rnmutes,
then agaln rrnsed with water and dried on ‘the hot plate. This time the HCI Ieachate was
colorless Clinopyroxene at this stage was believed to be at least 99.95% pure. It was
now flnely ground in an agate mortar. Before the s?wple grinding, the agate mortar
 was rinsed with 7 N nitric acid followed: by Nanopur water and ultrapure acetone it
was then cleaned by successlvely grinding sand and a small amount of clrnopyroxene
sample. and was finally rinsed with ultrapure acetone. Between samples, the agate
- mortar was rlnsed with 7 N nitric_ acid’ followed by Nanopure water and ultrapure

® i .

acetone.’ LR : , .

3. Basalt ‘powder
One fresh host basalt sample, containing the least amount of xenoliths and
X8 crysts, was chosen and rock powders prepared '
After reduclng the sample to 1 cm chlps with a hammer those wrth no vrsrble
-xenolrths/xenocrysts were carefu&y selected The chips were then cleaned

'Y . L . R

a
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OI(_P_‘asOn_lEalty In 2X_distilled water for 20 ;mnutos, and

_fraction% of this basalt sample were prepared. Oné (KR

aluminum shatt'ev_ box, the. other:(KRBWC-1) in a igﬁgstem
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drl@d' with-acetone. Two -

BAL-1) was ground in an
carbide. shatter -box.
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XII. Appendlx i Proceduru For Ma]or and Trace Eiement

.V . Anaiyoeo WIth ICAP-AES .
o ) S, | o | |
- The major and trace element concentrations were determ’lned/ by

S~

.inductNely coupled argon plasma atomic-emission spectrometry (ICAP-AES) at the
) Department of éeologlcal Sciences. Unlverslty of Washington. * |
‘ Nanopure H0 and reagent grade,HF HNOg, HC|, HCIO4 and NaOH were ueed for‘

the sample decomposltlon and REE and Y separation " ) <( /

. PO,
1. Meior element analysis . . '
Lithlum metaborate fusion technigue was employed for sample decomposrtlon The

samples and llthlum metaborate (LiBO_z) flux. were oven- drred for at Ieast three hours
= at 1050C énd then cooled down In,a desslcator for 20 minutes. About 0.1000 gm
sample and” 0.70.. +gm LiBOg (7:1 flux to sample ratio) were mixed and fused ina.
graphite crucible In a furnace at 1050°C for 20 minutes. The molten bead was
dissolved in 50 ml 4% HNO3 in-a plastic beaker on a stirplate. The solution was then
quantltatlvely transferred lnto a 100 ml volumetric flask and 5 mi of 1500 .ppm La
- Internal standard added before diluted.to the markqwrth,vNanopure water. 20 ml of this
fusion solution was pipetted for Si and Mg analyeis. It was further diluted to 100 ml
with Nanopure HoO after addition of 5 -ml Br 200 ppm Y internal standard: Thev rest of
the hsolutlon was eaved for the determirtatlon of the other major elements (Ti, Al, Fe,
Ca, Mn, Cr) Results were oorrected against USGS standard PCC-1 for Si and Mg
“analysis and agalnst a basalt sample (BHVO) of known composition for the rest of the .
ma]or elements ‘, ’

2. Trace element analysis (excluding REE and Y) .

The same rock powers as those used for major element analysrs (oven-dried)
were :mployed ior trace element analysis. Samples were decomposed by a
hydroi‘luoriclperchloric acid dissolution technique. To maintain a constant dissoived
solid oon‘tent in the solution after HF attack, 0.50 gm of sarple was weighed for -

ultramafic xenoliths and 0.65 gm for'the host basanitoid ( Fig. 23).
- ‘ AN
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A mixture of ‘5 mi concentrated HNO3 am; 1 omj HF‘wee added to the sample in a
teflon beaker, vr'hloh was then allowed to stand cold overnight in the fume hood with a “
“teflon lid on. The following day the solution was evaporated to oomplete dryness on a
hot plate at medium setttn‘g',and then treated with 5 ml concentrated HCIO.i“tor three or .
marg times until the free F- was all removed. Sample was then dissolved In 30 ml 6.2
u . Undigested spinel was broken down through a mini- fuslon technlque R

A speclal Buchner funnel with a ﬂlter CAREat nd suotlon filtrator was

drops of chloroform. then ashed In a small furnace at 800°C for 7 mlnutes
resldue was then fused with 2-4 pellets of NaOH in a furnace for 20 minutes and the
fusion product dissolved in 50% HCI. The solution was then quantitatively tr'ansferred

into the flask contalntng the rest of the sample

5 ml 200 ppm Lu internal standard was added before the sample solution was

diluted to 100 ml with Nanopure water. 15 ml of the solution was pi_petted into a dry

125 ml polybottle for storage. 5. ml trace element spike solution and 5 mi 30 ppm -
' Lu/acid solution was added to the remaining solution, which was then diluted to 100 ml |
with. ‘Nanopure water and stored in,a dry polybottle The concentrations of the trace
elemgnts were determined by analyzing the blank, the unspiked solution and the spiked
solution. : -

3. REE and Y analysis
(1) Sample dissolution ’ . B
: The dlssolotlon technique émployed for the REE and Y analysis was adapted from
that for- trece element analysis. Effort was made to achieve a small volume for the
v-sample solution (20 - 30 ml) before loaded onto the cation exchange column. The
savnple was deoomposed with a mixture of 10 ml concentrated HF, 2 ml ooncentrated

HNOg3 and 3 ml concentrated HCIO4 in a teﬂon beaker at room temperature o overnrght

‘and then treated with 5 mi concentrated HCIO4 two to three times. Durmg the HCIO4

treatment care was taken to increase the temperature of the hot plate step by step so
that the acid worked most efficiently. The residue was taken up in 5mi1N HCI. At
this stage, unattacked spinel and some other insoluble materials remained and the

g
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‘solutlon was therefore flltered ind rgald;}o fused with NaOM as In the trace element
analysis. The fused residue was dissolved in appropriate amount of 1 N ahd 6 N HCI 80
that the acidity of the solution was close to 1 N. The resultant solution was
subsequaml_y filtered into the flask cdntaining the rest of the sample solution.

_ Filtration at this stage was cons_ldered necessary because small amount -of épinel-

residue normally persisted, which contained very litle REE and Y, buL' mdy cause
clogging  of the resin if loaded onto the ion exchange column. At | stages of
trangferrlng. only 1 N HCI was used for rlnslng and the volume of the ringing solution
always kept minimum. The volume of the flnal solution was within 30 ml and was
ready to be loaded onto the column. A small volume of sample solutlon was important in
order to minimize the interferences on REE from Mg, Fe and Cr In ultramafic
xenoliths. - o '

(2) Cation exchange separation

The cation exchange method Is very similar to that described by Crock et al.
(1986). 10-30 ml of sample solution was loaded, followed by rlnélng with 1’ N HCl
(total volume of 50 ml, including the sample solutlon) The resin was then eluted with
50 ml 2 N HCI, followed by 50 m! of 2 N HNOgj. Subsequent elutlon with 50 mi gf 6 N

nitric acid, followed by 50 ml of 8 N nitric acid were collected in a Erlgnmeyer flagk
for REE and Y détermination. The columns were regenerated by cléaning with 100 ml
of 8 N HNOg, resettled with Nanopure water and then equilibrated with 1 N HCI. The
sample, after evaporated to dryness, was stored in the flask covered with parafilm
until the ICAP-AES run. : .

. The sample was dissolved in 1 mi of 10% HNO3 containing Cd internal standard
for the ICAP-AES run. Reduction of the solution volume from 5 ml in the routine
procedure to 1 ml for analysis of ultramafic xenoliths was critical in order to achieve
a reasqnable signal to background ratio. ‘
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\ "' XilI Appendix ii: Procedures for Ab-§g
\ ' *  and Sm-Nd isotopic Analyses

1. Samplo docompoomon "

An allquot of 0.06-0.20 gm of cllnopyroxone separates or 0.5-1.0 gm .of whole
rock powders was weighed and mixed spike solutions of 87Rb-84Sr and 1495m -
145Nd  added prior 1o sample dissolution for isotope dilution analysis (ID). Th
isotope ratlo measuremems (IR) were carried out on a separate aliquot of the sa(
sample e \‘\\ '

The sampﬂe was dlgemd overnlght in‘a mlxture of concentrated hydrofiuoric an
" nitric acids in a screw-capped teflon vessel on the hot plate at approximately 100°C.

After evaporatlon lo dryness, it was treated with nitric acid at least three times to
femove the fluorldes. The residue was then taken up in 1:1 HNOg and heated on the hot

plate in the capped teflon vessel for about 20 minutes to achieve a clear solution. Next,
‘the solution was evaporated to half of its original volume. For the clinopyroxene

‘samplesk. it was now ready for Ba(NO3)2 co-precipitation. For the whole rock

samples, the solution still contained unattacked spinel residue, for which two

alternative procedures were employed:

For the whole rock powders of KR-35, KR-37 and KR-141, analyzed during the:

early stage of the project, the spinel residue,was digested with 6 N HCI in a high
pressure teflon bomb in an oven at about 150°C for three days, then treated with
nitric acid and recombined with the rest of the sample solution.

For the rest of the samples analyzed, the small amounts of spinel were simply

ignared and the residue discarded. The contents of REE and other incompatible elements

in these spinel residues were considered negligible. In order to avoid possible regidual
'~ REE - bearing fluorides, the nitric acid solution was bolled in a silica tube above a
burner, then centrifuged and the residue discarded. ‘ ’

The initial separation of Sr was done by Ba(NO3)2 co- precipitation: The
concentrated nitric solutlon ‘was transferred into a cqntnfuge tube containing 2-5
drops of saturated Ba(N03)2 solution and stirred with a teflon rod. Strontium was
quantitatively retained in the Ba(NO3)2 preciprtate along with barium. leaving

magnesium calcium, iron and REE in the supernatant liquid. After standtng ‘for about

92
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20 minutes, the solution was centrifuged and the eapernltent llquld saved in a clean
gilica tube for the REE. A prolonged precipitation was avoided 80 as not to crystallize

Mg(NO3)2 from the eolutlon, which would seriously interfere with Ba(NO3)2
co-precipffation. The precipitate was then dissolved in a minimum amount of water
and transferred into a smaller centrifuge tube, where Ba(NO3)a co-precipitation was
repeated by addition of concentrated nitric acid.- Following centrifuging and discarding

of the supernatant liquid, the precipitate was dissolved in 0. 25 ml 1 .0 N HCI and
ready for the first Sr column.

To separate the REE, the supernatant liquid from the first Ba co-precipitation -

was diluted with water and the R203 elements precipitated by addition of ammonia
drop by drop until the pH was close to 7. After centrifuging and discarding the
supernatant, the precipitate was dissolved ln 6 N HCI and the R203 precipitation

procedure was,repeated one more time. The llnal precipitate was dissolved in 6 N HCI
of approximately equal volume 1o achleve a hydrochloric solution close to 2.3
normality, which was ready for the first Sm-Nd column.

2. lon-exchange separation )

Two cation exchange columns were employed for the Sr separation

Sr column 1: This was a teflon column contalnlng 0.5 gm of Dowex 50W-X8, 100
mesh cation exchange resin cleaned with 6 N HCI, rinsed with Nanopure water and then
equilibrated with 1 N HCI. After the sample in 0. 25 ml 1.0.N HC! was loaded onto the
column the resin was eluted with 1.0 N HCI in three 0.25 mi portlons one 1.00 mi
* portion and four 2.00 ml portions successively to remove Rb. Sr was then collected in
25 ml 23 N HCI leaving Ba in the resin. After evaporation to dryness, the sample
was passed through the same column for a second time to ensure a thorough separation
of Sr from Rb and Ba.

After separation through the first Sr column twice, a small but significant
amount of Rb from the reagents still persisted in the Sr concentrates. This was largely
removed by purification through a second caplllary column,’

" Sr column 2: This was the same column used as the fourth Sm-Nd column, which
contained fresh Dowex 50W-X8, 100 mesh cation exchange resin of 1 mm in diameter
and 12.3 cm in length below a loading reservoir. After equilibrating the resin with 1.0
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N HCI, the sample was Ioldod onto the ruln in 0.06 mi 1 ON HCI The resin was thon
washed with three fractions of 0.06 ml 1.0 N HCI bllowod by elution with 1 fraction
of 0.20 m! 1.0 N HCI and one fraction of 0.25 ml 2.3 N HCI. Sr wag aubsequonﬂy
collected'In 0.30 m! 2.3 N HCl. The final residue after evaporation of this.solution
contained very little alkali and was ready for loading onto the mass spectrometer
filament. ~ : ' .

The procedures for the separation of Sm and Nd were adapted from those outlined
by Dosso and Muhhy (1980) and involved four cation exchange columns:

Sm-Nd column 1: This column was packed with Dowex SOW-X8, 100 mesh

cation exchange resin of 6.6 mm diameter and 21.4 cm length. The resin was ¢leaned

" with 8 N HCI, resettled with water and then equilibrated with 2.3 N HC! before the -

sample solution was loaded. Elution with 80 ml 2.3 N HCI ramo\ved major elements,
such as Fe, Mg, Ca, Sr. REE were then collected as a group in 55 ml 2.3 N HCI. This
solution wasxmn evaporated to dryness and the resldfae treated with one drop of nitric
acid to collect in one spot. Just befote being loaded onto the second Sm-Nd column, the
sample was taken:up in one drop of 0.2 M methyllactic acid (MLA) adjusted to a pH
value of 4.43 + 0.01 with_ammonia.

Sm-Nd colunyrz/ This column contained Dowex 50W-X8, 100 mesh cation
exchange resin of B mm diameter and 34.3 cm length and was designed to purify Sm
and Nd. The rof: was first cleaned with 6 N HCI, resettled with water, and
equilibrated to 0.2 M MLA adjusted to a pH of 4.43 + 0.01 with ammonia. Following
the loading of the sample solution, the resin was eluted with 0.2 M MLA. The 10-20 mi
fraction was collected for Sm and the 39-69 ml fraction for_Nd.

Sm-Nd column 3: This column, 3 mm in diameter, comalned a length of 8.0 cm
of Dowex SOW-X8, 100 mesh cation exchange resin cleaned with 6 N HCI, resettled in
water and then equilibrated to 0.1 N HC|. Before loadlng onto the oolumn the solution
containing Sm or Nd (collected from the second Sm-Nd column) was mixed with an
appropriate amount of 6 N HCI to adjust the pH to 0.5 - 1.0. Alternatively, the
solution collected from the second Sm-Nd column could be revaporated to dryness and
loaded onto the column in 1.5 N HC|, although a poorer Sm or Nd yieid might result due
to incomplete dissolution of the residue. The column was then rinsed with 0.1 N HCI
three times, followed by elution with 8 ml 2.3 N HC!, which completely removed the
MLA and ammonium salts. Sm or Nd was then collected in 20 mi 6 N HCI and the sample
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.3olution evaporated to dryness. ° '
Sm-Nd column 4: 1 mm in diameter with 12.3 cm of Dowex SOW- X8. 10 mesh _

fresh cation exchange resin equilibrated 10 2.3 N HCI. This column was designed !o
remove alkali from the Sm or Nd concentrate. The sample was loaded onto the resin In a
minimum amount of 2.3 N HC! and 0.80 mi of 2.3 N HC! was then eluted through the
column in small fractions to remove soluble alkali. Subuquemly Sm or Nd was
collected in 1.6 ml 6 N HCI, which was evaporated 1o dryness and ready for loading
onto the mass spectrometer mamom

W

3. Mass spectrometry

The Sr sample was loaded onto the side filament of a double rhenium filsment
assembly in 2.3 N or 6 N HCI as chioride , dried at low current in air and then heated

very briefly &t higher.current. Sm or Nd was loaded onto a double rhenium fllament in
concentrated or 1:1 HNO3, gently heated at low current followed by a-dull rod glow to
convert to oxide. All the 143Ndv 144Nd ratios (Nd-IR's) and most of the 87s,/86g,
ratios (Sr-IR's) were determined on a VG 354 mass spectrometdr; While most of the
spiked samples (Sr, Sm, or Nd -ID's) and some of the 87g/86g, ratios (Sr-IR's)
were determined on a Micromass 30 mass spectrometer. All 143Nd / 144Nd ratios
were normalized to 144Nd / 146Nd = 0.7219 and 875/86S; ratios to 865:/883, -
0.1194,

Precision and reproducibility were established from repeated analyses of the

N.B.S. SRM 987 standard for 87s/86g, (Table 15) and the La Jolla stardard for:

143Nd / 144Nd through the entire study (Table 16). Eight analyses of the La Jolla
standard on the VG 354 mass spectrometer gave a weighted mean for 143Nd / 144Ng of
0.511855 + 2 (2 o). Six analyses of the N.B.S. SRM 987 standard on the VG 354 mass
spectrometer defined a weighted mean for 875¢/86Sc of 0.71025 + 3 (2 a). No
corrections against these standards were attempted for the 87Sr/86Sr and 143Ng /
144Nd measurements.

4. Reagents and blanks
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2X distilled HNOg3, 2X distilled HC! and 1X distilled HF were used for the isotope

separation procedure. 3X distilled water was used before the lab was moved into a new



Table 15: 87Sr/863r measuremants of N, BS.,
SRM 987 strontlum standard

No. .~ | Date T . 87Sr/858r it

"(oaerror) ™
1 'Oct. 1,1987 0.71028 + 6
2 Nov. 19, 1987 0.71029 £ 1
3 Dec. 31, ,1987 .+0.71027 = 6
4 Jan. 19; 1988 , 1071027 '+ 2
"5 Apr.25 1988 0.71023 ¢ 1
6 May 13, 1988 . 071024 + 1

: Table 16: 143Nd/1 44Nd maasurements of La Jolla :

neodymium standard , ‘ [
*No. Date] Lo 143Ng/144Nd.
o SRRV ‘(2o error)
-t - Sept.5, 1987 . - 0.511858 +10 S
2 Nov. 21, 1987 - . 0511855+6
.3 Jan. 23, 1988 . " 0.511855 +13
4  Feb.9 1988 . 0511850 +11
5 Mar8 1988 = 0511858+ 7
6 . Mar. 30, 1988 0511853 #11
o e B 1008 . 0511851+ 6
8 ‘May 14, 1988 05118577
L
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- space in ESC in June. 1988 whlle Nanop C) water was utlilzed after the move

o Ba(NO3)2 used for Sr separatlon was purified from reagent grade salt by passlngl,

through a large cation exchange column several times until the Sr blank came down to a.

Sy

' satrsfactory Ievel (81 6 ppb Srin Ba(NO@)g crystals) Reagent grade MLA was used -

prtor to Sept. 30, 1988, but was purified afterwards through the same catlon,

exchange column used for Ba(NO3)2 The MLA purlflcatlon slgnlflcantly reduced the -

, Y4
total procedure blanks for Sm and Nd, which is evidenced ‘through a comparison of
Blank 8 with Blanks 1 and 4 (Table 17)“7\ total procedure reagent blanks ol 0.026 ng

and 0.34 ng for Sm and Nd respectlvely, determined on a mixture of HF, HNO3. HCI an '.

" MLA, was. achteved ‘after this MLA purification (Table 18) it la worth mentioning t at
only élank 8 represents the true Sm and Nd blanks after the purified MLA A

employed Blanks 6, .7 were biased because of poor Sm and Nd yields caueed/ Y - the

omrttlng of the third Sm-Nd column The poor. Sm and Nd yields also re ulted In

’ farlures of almost all the Sm-Nd determinations on the ultramaflc xenolltlf samples.

with which Blanks 6 and 7 were analyzed

The average Sr blank through this study was 4.03 ng. Before September 1988,

the average blanks for Sm’ and" Nd were 0.84 ng and 11. i/ng respectively;

for Sr, Sm and Nd were considered inslgnlficant and blank cor/ectlone therefore not

‘The Rb blanks were surpnslngly hlgh (10 52 n

throughout the study.

Subsequently. the blank was reduced to 0 09 ng for Sm and 1.26 ng'for Nd. The blanks

_‘ ‘Consrdenng the very low Rb contents in mantle xenoliths blank correctlons on these-

Rb- concentratrons are srmply too high to be reliable and t e Flb data therefere lgnored



' Table 17: Sm, Nd and Sr total blanks , /

" No. - DATE ... 8Sm{(ng) - Nd(ng) " Sr(ng)
1 ~+ Jan, 14, 1987 0.71 10.48 - L

2 ' Feb. 12, 1987 L ~ 6.85
3 Mar. 24, 1987 \ e 2.85
4 ‘May 18, 1987 96 11.93

5 Sept. 15, 1987 . 1.071 = _ . 3.96
6 * Sept. 30, 1987 0.0761.2 . 9,662 . 1.18

7 - Jan. 13, 1988 = ".0.171.2 [ 4.781,2 .

8 April 8, 1988 0.090'.2 1262 = . 532

1 These values are blased from the actual blanks because of poor Sm and Nd ynelds asa
result of the omitting of the third Sm-Nd column. .

2 Purified. MLA was used for the Sm and Nd separation othéngn,se, ’the\reagent grade
MLAwas used. ‘ o ¥

Table 18 Reagent blanks

Date " Reagemt . S&m _
' (ng/g: )

Summer,1984 1X HNO3
. 'Summer,1984 2XHNO3
“Aug.,1987 . 2X HCI -

- Aug.,1987 ~ 1XHF ‘ L - 017 o2t
June, 1987 " Ba(NO3)s crystals © oL " 81.6 X103
July,1984 = MLA! - 1078 2.47 ,
- Cet., 1987 Sm-Nd procedure . o .
. total reagents?  0.026 ng 0.34 ng v V'

1 Data frém A.D. Smlth (1 986), the rest from H. Baadsgaard (per commun. )
2 A mixture of 1X HF, 2X HCI, 2X HNO3 and purifi ed MLA in appropriate amounts to be
‘ representative of all the reagents used for Sm-Nd separatnon and punﬁcat»on o
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XIV. Appendix IV Microprobe Analyses of Xenolith Minerals

Microprobe analyses of xenolith mln“ezrals were performed on an ARL SEMQA'
microprobe, using. wavelength dlsperslve analysis (WDA), at the Department of
Geology, University of Alberta. Operatlng condltlons were 15 KV operatlng voltage, 10 -
nA probe current and 100 s counting )lmes for the peak and 80 s for backgrounds The
raw dat}were processed with ZAF oorrectlons using MAGIC IV (Colby, 1972)

The probe results are presented in Table 20. The typical reproduclblllty of the
analyses is shown by the 2 o ermors of the repeated analyses of sample KR- 3017

- (Table ?20) For some unknown reasons, the total percentages for some of these

analyses are too high or low (Table 20) Repeated runs of the standard dlopslde (Table E

| . 19) indicate that the erratlc totals are malnly due to the analyses of SlOz. which were

‘dedrcated fo a spectromet r of PET crystal The SlOg for the analyses with too high or_ '

low totals were therefore orrected, for the purpose.of mass balance calculatlons. 80

~ that the totals are. within| 99 - 110 % . Data corrected thls way are considered

acceptable for mass balan}:e calculatlons However. the uncertainties are too large for
detectton of chemlcal vartatlons wnthin mlneral grains ’ '

Table 19. Repeated probe analyses of standard diopside (Wakefleld, Quebec)

12 3 47 5 e 7T 9

TiO, 0.08 0.06 0.00 047 0.12 0.0 0% ~0.05_ 0.02
S0z 55.36 55.25 56.06 55.02 54.37 53.57 54.57 53.08 51.49

MO 18.63 18.56 18.73 18.68 18.94 18.92 18.74 19.00 18.91

GO 2573 25.80 25.75 25.84 25.76 25.59 25.59, 2548 25.60
Total | 99.68.99.54 99.66 99.19 98.17 99,00 97.57 96.02
‘1 Standard values; = o ’ ) -
_2 -9:- Analyses dunng this study hd
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. Table 20. Microprobe’ analyses for xenolith ‘weréls NI l
Cpx S0 TIOp AI03 Crp03 MO FO. - MO NO  CO ~ NagO Total
KR-3017 5204 028 534 150 1645 2.41 006 004 10.03 2.02 100.06
§1.82 031 533 '1.84' 1508 2.47 007 004 20.14 1.97 08.88
5§2.12 0.70 540 1.88 1522 2.53 £0.06 .06 10.96 2.46 100.18
53.08 0.22 5.25 1.62 1519 2.56 ' 0.08 - 0.13 19.76 2.11 100.00
52.71 0.23 5.20 1.48 1541 2.71 ! 0.02 '0.85 19.39 2.24  99.42
53.97 021 497 137 1574 2.50 .0.08 003 10.48 2.07 100.52 |
62.77 0.20 5.16 1.48 1538 2.60 WO 003 19.80 2.15 9963
53.64 010 512 1.22 1557 2.68 0.07 0.08 18.98 2.05 99.50"
Av. §2.88 0.28 622 1.51 1538 2.57 0.06 0.06 10.68 2.13  99.77
20 067 0.17 .13 0.15 020 0.09 0.02 0.03 035 0.14 .
KR-37 5181 0.15 502 1.13 1591 2.56 0.08 004 21.68 1.14 9922
: 54.12 0.13 4.37 0.88 16.50 2.36 0.08 0.04 21.92 1.03 101.42
52.08 0.13 4.65 1.16 16.16 2.24 0.06 .0.03 21.97 1.18  99.66
< Av. 52,87 0.14 4.68 1.06 " 16.19 2.38 0.06 0.04 21.86 1.11 100.09 -
KR-35 §3.03 0.50 6.73 0.73 1586 3.20 0.00 - 0.00 19.44 1.64 101.30
- 52.20 0.55 6.90 0.79 1558 3.12 0.12 0:04. 19.63 1.72 100.65
52.89 0.58 7.09° 0.81 1500 3.01 0.04 0.05 19.91 1.79 , 101.28
Av. 5271 0.57  6.91 0.78 .1552 3.11 0.08 0.03 ‘?qkss .72 101.09
KR-141 51.99 040 6.41 0.85 1508 2.58 0.06 008 2094 1.76 100.05
o 5222 0.40 648 087 1510 266 0.10 008 20.72.1.79 100,52
50.95 0.49 6.63 0.87. 1513 2.64 0.07 0.04.20.6§°1.73 9920
Av. §1.72 0.49 651 0.86 1510 2.63 008 0.07 ?2%_7_0 .76 9092
KR-4005  56.01 0.56 7.32 066 1520 2.81 012 005 2105 1.74 10553 -
55.25 0.58 7.16 0.66' 14.90 2.86 0.05 0.02 2136 1.70 104.54
. 5337 0.57. 6.95 065 1501 2.73 0.10 0.07 2185 1.71 _ 103.10
Av. 5488 0.57 7.14 066 1504 2.80 0.09 005 2145 1.72 104.39
~ KR-4016 §1.72 0.56 6.44 066 1543 2.65 0.10 002 21102 1.50 10070
' 51.89 0.56 6.68 0.71 1551 2.63 0.08 0.01 21.%2 1.50 100.79
50.64 0.55 6.39 072 1538 2.54 0.06 0.03 21.28 1.50 99.09
51.39 0.40 6.63 064 1664 290 0.08 003 -20.76 1.47 101.04
52.37 0.54 6.89 0.72 1513 2.70 0.08 005 20.67 1.53 100.68 -
Av. .5160 0.54 6.45 0.69 1562 268 0.08 003 2099 1.50 100.18
KR-3020  '53.66 0.20 6.69. 0.75 1530 2.93 0.07 008 2044 1.64 101.85
. 54.53 0.26 6.00 0.71 1558 2.76 0.05 0.04 20.75 1.55 102.24
5250 0.20 6.67 0.69 1562 271 009 0.01 20.71 1.60 100.89
‘AV. 5356 0.28 645 072 1550 280 0.07 0.04 20.63 1.60 101.65
KR-30208 . 50.97 0.82 7.69 059 1533 273 006 004 2055 1.72 10001
\ 5174 0.25 6.34 063 1591 260 006 0.06 20.51 1.64 9975
'51.73 0.26 6.86 0.58 1569 238 0.10 0.06 20.73 1.64 100.03
Av. 5181 0.27 0.58 15.28 0.05 0.06 21.04 1.48  99.36

100



o | ot

-

- opxL "8Slo; TIO; A0y Cri03 MO RO MO NO . GO Nego Total
KR-3017 5684 005 2088 0.47 3424 602 0.14 0.10 0.61 0.6 10749
: 5558 004 295 049 33.64 624 010 008 062 014 | 9988
57.13 0.02 2.85 044 34.15 598 0.13 0.12. 0.65 017 101863
5508 0.05 289 046 33.30 622 0.16 .0.10 088 018 100,05
54.64 005 3,10 044 3384 610 0.14 010 062 014 9917

‘ ¢ . . . . :
Av. 56.03 0.04 ".2.93 0.46 33.85 6.11 0.13 0.10 0.63 0.15 100.43
20 . 089 0.0t 0.09 0.02 0.32 0.10 0.02 0.01 0.02 0.01

KR-37 55.67 0.04 354 0.43 33, 505 0.13 007 058 0.00 10033
5460 0.04 3.21 0.20 3342 587 0.11 0.13 0.57 0.10 90.32
54.85 004 366 0.42 33.11 581 0.10 0.09 0.62 008 9878

Av. %5.04 0.04 347 0.38 33235 588 0.11 0.08 069 000 - 90.14

KR-35 57.65 008 4.22 0.28 32.02 8.00 0.15 0.06 0.59 0.16 103.21
56.64 0.09 4.06 0.28 32.10 7.91 0.14 0.12- 0.68 0.13 102.13

. 5148 025 440 0.311 31.44 811 0.14 0.15 0.90 0.14 97.31

49.62 0.12 4.46 0.34 5242 7.60 0.12 0.1 0.63 0.11 95.53

Av. 53.85 0.13 4.28 . 0.30 32.00 7.90 0.14 0.11 0.70 0.13 - 90.54

KR-141 ~ 5442 010 4.20 0.34 33.06 6.23  0.09 0.11. 057 013 99.268
54.54 008 4.16 0.30 32.96 6.08 0.12 0.12 0.61 0.12 - 99.10
55.12 0.08 4.11 . 0.3% 33.24 6.32 0.14 0090 0.57 0.14 100.12
54.71 0.09 4.03 0.30 33.30 6.25 0.14 0_.100 0.56 0.11 99.59

Av. 54.70 009 4.12 0.31 33.14 8.22 0.12 0.10 0.5‘ 0.12 £9.48

~ KR-3005  56.65 0.11 12 104.09

.58.15 0.08 .¥2  103.70.

58.09 0.08 0.14° 103.60 .

'56.67 0.09 0.13 102.47

Av. 54.30 0.09 0.13  103.45

KR-4016 54.00 0.11 014 . 90,80

53.25 0.13 0.14 100.15

i 56.49 0.09 0.15 .101.93

“Av. 5458 0.11 0.14 * 10085
KR-3020 - 5538 0.07 0.12 101.50 ‘
. 56.04 008 0.14 10178

A 5552 o00e 0.13 101.72

Av. 5578 0.07 .4.32 0.27 3392 6.36 0.13 008 060 0.13 15168

0.14 0.11 057 0.00 -100.13"°
.10 0.07 0867 0.14 101.28
.13 0.09 059 0,14 100.38

54.49 6.05 4.20 0.16. 34.08 6
' 0
0
0.15 0.15 057 0.14 100.33
0
0

2
55.44 -0.04 4.28 022 34.11 6.19
53.84 0.06 4.79 0.32 34.14 6.28
'53.92 0.05 4.82 0.30 34.02 6.21 .
’ 6.15 0.1 0.08 0.64 0.13 10023

6.07 0.16 0.10 0.57 0.15 99.12

54.15 0.06 4.50 0.31 34.08 6.
52.99. 0.06  4.58 0.22 34.23

54.14 005 4.54 0.26 3411 6.19 0.14. 0.10 0860 0.12 100.24




T"l°2 Alx04

NO GO Napo

Av.

40.67

e

- 9.48

0.10

o Cra03 O™ RO MO Tota]ﬁ
 KR-3017  41.02 0.00 0.08 000 40,32 0.94 012 038 005 002 10091
41,26 0.00 0.04- 0.01 49.34 9.86 0.12 038 006 002 101.08
40.44 000 008 0.08 49.97 9.84 0.12 033 005 000 10089
Av.. 41.24 000 0.06 002 49.54 9.88 0.12 0.36 005 001 101.28
KR-a7 41,06 000 0.07 002 48.05 9.20 0.12 039 004 005 990
40.17 0.00 0.08 0.00 49.53 8.93 0.12 032 004 003 9922
41.20 0.01 0.08 . 0.01 49.70 9.11 0.1 038 005 004 100.68
Av. 40.81°0.00 0.08 002 49.39 0.08 0.12 Q.36 0.04 0.04 9994
. KR.35 4142 001 0.00 0.00 47.95 1251 0.18 634 0.11 004 102.64
, 41.82 0.00 0.09 000 48.32 12.58 0.13 034 012 0.05 10346
38.51 0.00 +0.13 0.03 46.99 12.90 0.12 033 014 002 9917
e Av. 40.58 0.00 0.10 - 0.01 47.75 12.66 0.15 0.34 0.13 0.04 10176
KR-141 40.77 0.00 0.07 0.00, 49.46 1000 0.12 040 006 003 10092
i 41.30 0.00 0.11° 0.04 49.32 10.02 0.15 035 0.10 006 10145
41.30 0.00 0.10 , 0.02 49.34 9.72 0.08 039 009 003 101.08
Av.  41.12 000 0.09 0.02 49.37 9.91 o012 oM 0.08 0.04 101.13
KR4005  44.02 0.00 0.08 002 49.64 10.06 0.14  0.41 008 003 10447
44.02 0.00 0.07 0.00 49.55 10.18 0.12 038 0.10 0.06 104 48.
42.84 000 0.0p° 0.00 49.72 10.10 0.13 038 0.12 0.02 103.40
Av. . 4363 0.00 0.08 0.00 49.64 10.11 0.13 039 0.10 0.04 104.11
KR-4016 . 38.51 0.00 0.09 0.01 51.12 9.83 0.14 036 0.07 0.07 ‘106.29"
: ©39.94 000 0.06 0.00 50.75 9.96 0.10 0.39 007 005 10134
3724000 009 001 5023 1043 0.13 036 009 006 9865
Av. 38.38 0.00 0.08 0.01 50.70 10.11 0.12 0.37 .0.08 0.06  99.91

" , ' J .
KR-3020 ~ 42.46 000, 9.08; 000 50.52 10.06 0.11 035 0.06 005 10369
42.53 0.0+ 909 0.00 50.22 10.14 0.10 0.38 009 0.04 10358
4144 001 .68 0.02 51.14 10.08 009 032 005 0.05 10327
Av. 4214 0.01- 0.08 000 50.63 10.09 0.10 0.34 007 0.05 103.51
. KR-3020B 40.93 0.00 0.07 0.01 51.16 9.62 012 032 010 006 102.40
4046 0.00 0.07 0.00 5142 9.52 0.11 034 008 006 102.06
: 40.62 0.01 0.13 003 5168 9.30 008 038 009 004 10236
0.00 0.09 001 5142 0.35 009 005 10227

102



* Average of the first two a’nalym.

So IO, TO, ~ AigO3 Crz03 MO RO MO N0 GO NagO Tomwi
KR-3017 * 0.08 '0.05 38.85 20.86 17.78 13.81 0.14 024 0.00 000 10081
'  0.05 0.04 40:07 28.60 17.49 13.64 0.16 023 001 000 10020
0.10 0.06 38.40 30.12 17.86 +13.62 0.16 0.22 0.01 000 ‘100 82
0.14 0.08 38.00 20.55 17.48 13.20 0.22 018 0.0f 002 08,88
0.07 005 38.77 20.04° 17.26 13.30 0.14 Q.17 0.01 000 9883
7010 004 30.37 2051 18.02 13.45 0.18 0.20 0.01 000 100 88
0.08 0.05 39.53 28.37 17.46 13.87 0.14 025 001 000 0978
Av. 009 .0.05 39.00 20.20 17.62 13.51 0716 0.21 0.01 0.00 ©09.04

26 .0.03 - 008 065 060 025 021 003 003
KR-37 007 005 5049 1773 10.41 1737 013 027 0.00 000 9952
0.07 0.05 50.26 17.66 19.60 11.01 0.13 020 002 001  99.09
0.05 0.04 - 49.27 17.58 19.47 10.99 0.16 032 0.01 001 9780
Av®. 0.07 0.05 50.38 17.70 19.50.11.19 0.13 028 0.0 0.00 9931
KRe35 0.12 063 ,5535 10.16 20,19 14.91 0.12 0.35 0.01 001 101.67
- 015 0.64 5582 9.53 20.30 14.66 0.10 0.34 0.00 001 10187
0.15 0.63 5628 9.05 20.47 14.75 0.07 0.38 0.00- 0.00 10179
Av. 0.14 063 5582 9.58 20.32 14.77 0,10 0.35 0.00  0.01 101.72
.

KR-141 0.07 0.12 56.70 10.87 21.14 10.86 0.11, 0.37 0.00 0.00 10028
0.07 0.17 '56.27 11.00 21.05 10.84 0.10 0.32 000 001 0.8
0.08 0.13 55.08 10.65 21.26 10.59 0.11 0.33 000 004 9917
Av. 007, 0.14 56.32 10.84 21.15 10.76 0.10 0.34 0.00 002 9078
KR-4005 * 008 0.19 60.77 8.16 21.78 11.12 0.08 037 000 000 10257
©0.09 032 60.36 8.48 21.93 11.22 0.10 0.34 001 005 10290
0.11 0.39, 59.77 8.32 21.90 11.26 0.09 0.38 0.01 000 102 23
Av. 009 0.30 60.30 8.32 21.87 11.20 0.09 .0.38 0.0 0.02 102.56
KR-4016 0.12 0.17 58.91 0.17 21.97 10.28 0.12 034 002 002 10773
0.09 0.13 59.27 9.32 22.03 9.81 009 0.35 001 002 10123
Av. 010 0.15 50.09 9.25 . 22.00 10.10 0.10 0.3¢ 0.01 0.02 101.16
KR-3020 . 0.08 0.07 58.99 897 2216 20,84 0.12 0.38 001 0.02 101.04
: 0.10 0.05 58.47 8.80 22.18 10.86 0.10 0.36 001 003 10074
- 0.06 0.04 58.05 8.70 22.30 10.63 0.10 0.37 001 002 10027
Av. 008 005 58.50 8.82 2221 10.51 0.11 0.37 001 002 100.68
KR-3020B - 0.07 0.06 59.72 7.03 22.34 10.53 0.08 0.7 000 004 10024
' 0.09 0.19 60.12 6.81 22.38 10.73 0.08 0.39 001 004 10084
0.06 0.05 60.47 7.66 22.74 9.66- 0.00 0.41 000 0.03 101.18
0.13  0.04 58.38 8.91 23.08 10.21 0.22 0.33 0.00 003 101.34
(Av.009 0.08 59.67 7.60 22.64 10.20 0.12 0.38 000 0.04 100.90

Av. = Average °

- Tos



