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3-35 and 'comprise a 'hatk-arc ridge _ aesembla‘ge.j-_"?

ous basalts
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,,flisland tholeiitic suit ;]
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1‘_;'.to North America- a8 .. '. AR | | | . | R : ‘,
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' mcr easing continental character within 'rerrane I 'rhe Nicola volcanics .

show the greatestf tholeiitic affinity and have eNd values £rom *’5 t° *’8 :..-.

- ) . Lo J . s
S and ‘”Sr/' ‘Sr ratios from 0; 7031 to 0 7036 . In contrast, the Kamloopsw =

i W

:f\:voIcanics are. 1(— rich and have isotopic~ compositions approaching thevf"’ |
..__.bulk Earth value. . The trend toward increased incompatible element
content and more enriched isotopic compositions shown by ‘the arcs,f g
s cannot result rrom crustal contamination since the underlyinq terrane-.."-";',:"'f_
A'material has a depleted isotopic signature characteristic ot its oceanic“:'lf.'fl-‘ .
e :_origin.' 'rhe trends must, theretore, reflect enriphment of the mantle- S
' "‘-_""source region over time 'by continuing subduction processes. s '
| Plateau basalts of the Chil“cotin Group erupted throughout "rerrane" ;:' '

' .,‘ I in the late 'l‘ertiarf are divided into three groups. A (alkaline), - | »’

y c.v
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| : | 1.. Introdut::tion - N o
- Isotopic studies have shown that the continental crust has‘ grown in‘ a. _
”’;:;*quasi-continuous : mapner i since approximately 3 8 Ga (DePaolo and i.f-
A;;tiwaSSerburg 1976, McCulloch and Wasserburg 1978, Patchett et al._ 1981)
"'{f.Th‘ growth is assumed to take place by addition of igneous material
vfgtabove subduction zones at the continental margins (Moorbath 1978) or at
flf_island arcs (HcCulloch and Wasserburg 1978). Other forms of continental :arb
,'{ y:igneous activxty such as tlood basalt volcanism, may also contribute to;;» n
Vh-)the process The recognition 'that much of the continental marginsi e
iicomprlse prefabricated blocks of material or 'terranes that were formedfi

(

/,J[hfseparately trom the continents, has shifted the focus of attention in;;
‘Hfstudies of crustal evolution from the continents to the ocean. baSins_i.nh
\hhe western margin of. North America fr?m Baja California to the tip off N
\\,Ai;ska, extending an average of 500 km inland (Jones et al 1982)3 .
"C.composed ot a series of terranes which were accreted to the continento
s'since the mid-Mesozoic.» This material is ‘at least 30 km tthk,‘
%theretore,- the“amount of crust added over the period of accretion .
‘».Yf(approximately 200 Ma),‘by volcanic arcs built on the continent ‘or Qy-fhf
b-A}other types ot interior volcanism, is small compared to that added by |
: 'terrane accretion._The terrane material need not necessarily be of arcl~
'jv.origin, =.ridges, seamounts, and oceanic plateaux, with associated.sv:
 sediments comprise approximately 10% of the ocean floor and are allf
‘t_potential candidates tor accretion (Avraham and Nur 1983)
The characterisation of the terrane material is necessary for ;n

'g'understanding of the composition and evolution ot the continental crust. R
."uowever, “the origin‘} taatures of this material are invariably qbscurgd | e

by metamorphic events accompanying the accretion of the terrane to thes'; &
_ Tt kS



the Sm—Nd and, Rﬂékm isotopi systems in the characterisation otf‘u

4 €

terrane material.i The waSr system is sensitive 1‘to ﬂjlou7;}§§aagf;-'

EL

;' metamorphism whilst the Sm—Nd system lS far ‘less affected When}u o

. v \) - ; S . . .\a.,:.‘.,1

RS

combined,_the two systems provxde a means for_ the characterisation ot

the original terrane material and of the alteration processes‘

The growth of the continents by accretion tectonies also has

: important implications for mantle evolution. Whilst voluminous basalts\(7

v"‘

produced at ocean ridges, namely MORB, have' isotopic signatures',fu'

.u-

’f,f indicating .derivation from depleted mantle (O Nlons et al. 1977 White”pf

and Hofmann 1982), their continental counterparts, f}oodwvbasalts,f ared'

;j; ngenerally more iron-rich and have isotopic compositions close to that of

the bulk Earth (DePaolo 1981, 1983) Foro several of the continentalv ’

e

basalt provxnces these features ,may be caused by large amounts of‘ '

crystal fractionation combined Wlth contamination by continental crustfv.

(Carlson 1984,_ Menzies et al‘ 1984). For basalts erupted through young;.?7

"»/ terrane material, the chemical and isotopic variations are not explained_:

by crustal contamination because ‘terrane material of oceanic origin‘f'

'.ﬁ would normally have depleted isotopic signatures. Accretion of - the’

terranes to the - continents takes place by the removal of the interveninglvlf

oceanic crust by subduction. Production‘of enriched mantle by subduction‘i

‘processes is suggested by the moderately depleted to enriched isotopic"

compositions of arc volcanics (Hawkesworth 'et ' al. 1982) eThe L
. ,

comparatively enriched isotopic signatures of the continental basalts

suggest that the process of teﬁrane accretion serves to produce a v.

fertile and isotopically enricheq young subcontinental mantle._:v_



"~i,mantle would be the asthenosphere.' The overly1: ?H

The amount of mantle root adhering to the terranes on accretion is

j';cumulate origin, and.be relatively iron—rich compared .to -the parentf

3 lherzolite. iﬁ an. oceanic environment such lithosphere would play nq'i5

further part in magma genesis. However, after accretion of the _terrane,i_-

)

' ‘ghence accounting for the iron—rich nature of many continental volcanics.
eff_Th second part of . this study concentrates on the post—accretional

'volcanic history o£ the terrane material as a. means of studying- thei

-

“.evolution of the young subcontinental mantle.

2

',accreted to the continental margin in the mid—ﬂto late Mesonic. ,.';i

Terrane I comprises the Slide Hountain, Quesnel Cache Creek and o
- Stikine terranes (Pig. l). These terranes were amalgamated during the
”~r1ate Triassic prior to accretion to the continent in the mid Jurassic‘,,

';:(Monger et‘al 1982). Terrane 1T comprises the Alexander and Wrangell -

,fterranes,. which are both of arc origin. These were amalgamated in the

’}”'lkunknown a probable zone of decoupling of the terranes 'and the upper_fl '

’tle would be of L

':'u_ this material in a subcontinental %nvironment could be rendered fertile,’a"'

\ g ¢
' Regional Characteristi 5 of the Canadian Cordillera T :{'-_;:f f‘g}
Over7'50l'terranes have been recognised in western North America.b

- The Cana ian Cordillera, however, comprised mainly . two ;’Qj

S superterranes,- or microcontinents, Terrane I and Terrane II that were . -

, early Cretaceous prior to accretion to the western margin of Terrane I:'

- in the late Cretaceous Palaeomagnetic and tﬁ,i“l eVidence suggest that

‘both Terranes I and II originated and were accrgted at latitudes close

‘to the equator, and have reached their present position by right lateral,

strike—slip movement (Coney et al. 1980), or by oblique subduction

v ..

fri
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Fig. 1. Terrane map showing the distribution of Nicola and Spencesﬁ

_Bridge Group rocks in southern British Columbia (after Tipper et al.
1981, Monger and Berg. 1984). Terrane I (shown in- bold. outline) cg_prises'

the Slide. Mountain (SM), Quesnel (QN),’ Cache Creek (CC) and Stikine - (ST)

- terrane The.Cache Creek terrane is further divided into the Bonaparte

(CCB), rble Range (CCM) and Pavillion (CCP) subtérranes. To the east -

of ‘Terrane 1 1lies the McLeod:(MD), Bakerville (BV), Kootenay. (KO) and

. Monashee (MO) terranes which consist predominantly of metamorphosed

Upper  Proterozoic to Lower Palaeozoic. strata to which Terrane I was

“accreted during . the mid-Jurassic. To  ‘the ‘west” of Terrane I, the"f“
Methow-Tyaughton (MT) terrane - inicludes strata derived in part from -

"Ter:ane 1 during the early Cretaceous. The Wrangell (WR). -and ' Alexander

(AX) terranes comprising superterrane,. Terrane 1I, along with the Bridge.
River: (BR), Nootsack (NK) and Tracy Arm (TA) terranes , formed removed -

—"trom ﬂorth”“america and were accreted to Terrane I during the lgte

‘Cretaceous.

-Q;l

T R 56,



Lambert 1985) ,' ) -
Terrane I has been chosan as the focus of thxs study because of
J}“sthe variation and enigmatzc origzn of its components' the Cache Creek

:,‘iand 511de Mountain terranes are‘ consxdered to represent ocean floor

,.,,-_

- g~assemblages of rldge or '&eamount affinxty,v whilst the Quesnel and

X . _;_. .
ffﬁStikine terranes are of arc origih..In additxon, the earller accretion 4u”'

ﬁi'of Terrane I to the continental margin “llows a more complete study of

'w‘the evolution of the subcontinenta'pd

The part of Terrané'L chosen for study is" the area around Kamloops

3

’

w._-between-zzoow S0°N,. 1zo°wn32m, 122°w 500N and 122°w 520N, 'I‘he regmn L

: vhas been mapped at the 1: 250 000 (Cockfield 1947 Campbell and Txpper

“'-11971) and 1: 125 000 (Monger and Mchllan 1984) scales Geologxcal maps

\.

T and sample 1ocat10ns are presented ln Appendix 1
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;:;' Introduction fﬁ'

'\-

\f Slide Mountain, Fennell and Milfor :

‘?e:i;jsliaéfubunesiﬁ,sna}caehe}cfaékﬂmefranes;

«
S

The Slide Mountain terrane (essentia'v %equivalent to the Eastern

terrane of Monger 1977) conSists otti 4 h:, Sylvester, Nina Creek,

edge of Terrane; r (Fig l) The subterranes range in age from late

1l-ubterranes at the eastern

v‘

Pennsylvanian to late Permian (Monger 1977) and have heen subjected to

. lower greenschist facies metamorphism.. llthough the subterranes are

isolated from one another they display a similar stratigraphy comprising

E a mainly sedimentary lower sequence and a mainly volcanic upper

. sandstone, conglomerate, mino_""

SIS o

sequence _The, lower sequence which comprises/' chert, " argillite,

T nates, and local'mafic flows, has

/
1979) The relationship of this sequence to the overlying volcanics,

been intggpreted’as forming in a basin environment (Monger and Price \-"'

. which include basalt, gabbro. alpine ulttamafics and chert,.is variable

throughout the subterranes. An overthrust relatidnship was demonstrated

X v
the v'lcanic sequence represents obducted,oceanic crust (Monger et al

lv H

0‘”'

Anvxl subterrane (Tempelman—xluit et al ' 19765 indicating that J'f'

1972 Hall-Beyer 1976) Howevér,; in the Nina Creek subterrane,‘ the“ o

3

sequences are in stratigraphic continuity, suggesting ‘a seamount origin

back-arc or marginal basin.,

(Honger 1977). Hhe presence of kaersutite in basalts trom the Fennell

K

'f subterrane (Aggarwal et a 1984), and high K o contents (as. much as’

AL

0 7%) in ;he Sylvester Subterrane (Monger 1977) have been cited in -

suppbrt of an ocean island origin‘ Alternatively, Monger and Price
v N

14
(1979) %uggest the volcanics represent a ridge that develo;hd- in ga



B

The Cache Creek terrane has been divided into western, central,?fﬁfff

“'i'and eastern belts : :*._i)“ Each belt contains a slightly differenthzl.v

e y9°”*' . IR
"_}l lithOIOgy, although all belOng tq an oceanic enVironient (Mahqer 19811* e

Shannon 1981, Monger and Betg 1984), and like the Slide Hountain terraneffV“

Jltf'nhavelheenEsubjectéa;ﬁefiaeerfgreenschist- faciesf?net’,_rphism.i In the,t:*‘

study area, ‘the .eastern’ belt or-Bo‘ ';?te subterrane contains basalt,{ll;(

- é&lcaniclastics,:eabbro and. serpentinitew(srette 4979, Shannon 1981) :
Palaeolontological eVidence : indicates ;anft.age‘ range from late'ffff
Pennsylvanian to late TriaSSic for the strata. The central belt, the; ]il
Marble Range suhterrane, contains mosnly mid- to late Permian carbonates;&l,l

with minor chert, argillite, tutf and basalt.f The western belt, the;:”ﬂi
Pavillion subterrane,“ contains mainly Silicified argillite, Siltstone,}
“::.L(’ chert and minor limestones. The strata are of Tr1assxc age and rest "lﬁi‘”;’.

~;a,4 thrust contact' on the Marble Range s”ﬁ@errane (Monger 1981)

'T; Detormation is most intense in the Bonaparte gsubterrane, which may ,»,;
_ S ‘

A represent a subduction‘complex related to the late Triassic Nicola arc L

'”1: on’ the Quesnel terrane to the east (Travers 1978) : f/-]w;”n  \o.l:'x 3‘i1;;
| ;;;;i' § l:in”' }I-, i %;A;l “i‘_j‘ ; . - A

’} The Pennell subterrane (Fig. l) was chosen to represent the Slide

o Mountain terrane in this study because ot the conflicting views that the_ 3_‘

subterrane represents ocean island (Aggarwal et al. P984) or ocean ridge ':
U o
ﬁaterial (Hall-Beyer 1976) Samples vere collected from two localities,
. \ e e

‘one in the north ot the Sﬁbterrane (samples 2—2 t02°5),, the _other mo

the south. (samples 1-7A to 1-8) Eight,samples studied—by Aggarwal étj-_lf

an. (1984) from- the vicini;v

f( the Chu-Chua massive sulphide depOSit,3

R were ‘also’ analysed The : e; Creek samples are entirely trom the%7i;5

V
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5,5;,aug1te and sodic feldspar microphenocrysts within\a grOundmass Whl‘h has;f

’Major Element Chemistry

?f'Bonaparte;suhterrane oty "R;f _ o
R e B | 3 . |
Mineralggx o ” S j - L .-'_;_ L PR .

\l° S

,.‘;g mlCrophenocrYsts of augite and plagioclase comprising 25 to 40% ot .the“;;ii
Aifgt' “in a groundmass of similar composition, althOugh this ls & nlyfv’”
altered to actinolite, chlorite and epidote. Olivine is rare or absent.fff,~

Plagioclase compositions are often close to albite and indicate that theglbfﬂ

\ - -
basalts have undergone conSiderable spilitisation. Primary amphibole,

originally descr:.bed as hornblende (Campbell and Tipper 1971 Hall Beyer
1976) but later identified as kaersutite (Aggarwal et al 1984), isfg‘is

»present in 20% of the samples ThlS mineral may constitute as much as?f[*q

--—

50% of the microphenbcryst assemblage The basalts thUS' differ;:;%
? conszderably from modern MORB, where oltvxne is common and augite isi_ﬁi’

,‘f'rare. Most of the Cache Creek basalts exhibit a cdhpanable mineralogy o:“-é‘V

o

"»largely been altered to actinolite, chlorite and epidOte Several of the ;”:t
' hsamples lack a. phenocryst assemblage and consist gﬁ tine grainedﬁ; o

chlorite, plagioclase and actinolite, often with a distinct schistose-f]‘“

PR

Silica ranges rrom 47 to 53% in the Fannell Pormation (Table 1),1'21
. compared to the unifotmly low contents of 44.5 to 47 5& in the Cache -

‘ff Creek samples (Table 2) Fennell Formation samples with as. little as 38%f}r

silica were classitied as komatiites by Hall—Beyer 1976 houever, trom

their - mineralogy and chf_t“

e B t o

Typical mineralogy of the, Fennell Formation consists ot relicttf{f'

.sition these are “ndOUbt°dly~iiw<
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' ‘Major and trace element compositions of Fennell Formation basalts.
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Major and trace element compositions of tnn_Qgche Greak basalts
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Ma jor element abundances recalculated to 1OOA ‘on. a volatile- free bas!s

/': T i‘;‘-fv' Table 2.
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' SIV affected thé whole of the Fennell Format)en. The Cache Creek samples

B ;.
3 in Table 1. r)

”-; spili i

Moderate to high Na,o concentrations (as much as 4 3%) combined

-,

with low (0 to 0 35%) K O contents suggest that this process.has

have lower Na 0 concentrations (l 4 to 3 5%) but higher K o (0 45 to { o
1 0%0 Tpe Fennell Formation thus have Na,O/K 0 ratios greatéz than 10 '
‘ similarv to . normal MORB, whilst the Cache Creek samples have Na,O/K Oltl?n‘
: ratios from 1.5 to. 6 0', more akin to ocean island basalts On a SLlica E
versus alkalis diagram (Fléi e) the Fennell Formation lie mostlY in the L'dﬁi

thOlellé&C field, although thOS° Wlth low Slllca contents lie in the :

. alkaline. field as-.a result of more extensxve alteration In contrast,

the Cache Creek basalts lie mostly w1thln the alkaline field A similar fi*

o
grouping lS noted on- an AFM plot (Fig 3) h o
j‘# The average Mgo in- both groups lS 8%,'”although a'.greater range‘ﬂf?-
(7 4 to, 16%) 1s showﬁ by the Cache Creek samples. Moderate ca0 contents-
(6 to 12%) in both groups suggestsi that the samples have not been:f.

' severely affected by ca1c1tisation T10z and P 0, contents (l 8% and.>;
: 0 . 22% respectively) are low in the Fennell Formation Tio /P o,i ratios |

are close to 8 in both the Fennell Formation and Cache Creek basalts No B ;

‘ major element differences between the kaersutite and non—kaersutite »f

bearing basalts of the Fennell Formation are noted. o /A L
Nd-Sr Isotopic Composition b
v v , o NE TR -
Nd and Sr isotopic data. for Fennell Forma on and gfache Creek
basalts are presented in Table 3. The "Sr/"Sr data for Fennell

v Formation show a broad negative correlation with.Rb/Sr. Samples with‘:“?'

high "Sr/f‘Sr_have-very low Rb/$r~ratios of 0.002 to 0.015, indicative ——

B
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B L T
: _Fig 2. Alkalis versus silica diagram :or the Fennell Formation ‘and’
- Cache Creek' basalts. ‘Fennell Formation data - includes the undivided

o analises of Hall-Beyer (1976). Alkaline-subalkalxne f;eld div;ding line
' 3'-;5 from Irvxne and Baraqer (1971)

] Fenneu Fprmanon

a Cache Creek "~ |

‘F1g. 3. AFM dxagram for Fennell Formation and Cache Creek basalts
~A-Na,0+K 0, F= Fe0+0. 8998Fe,0,, H-Mgo. Symbols as ‘for Pig 2.
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B [ . . ._,,.:

"iff'of Rb loss or Sr gain, as could be produced by seawater alteration.ff_t.f

-::‘clearly no age can be interpreted from tﬁis data, a similar conclusion_;

"‘ﬂ:being reached from the Sm-Nd data on account of the small variation Er I

L b :
"Sm/Nd (0 31 to 0 34) The measured *"Nd/!"ﬂd and "Sr/"Sr ratios

B ﬁ_have, therefore, been corrected to an age of 300 Ma,v this being the . -

> average of estimates from palaeolontological evidence. On a Nthrii
”‘-isotopic diagram (Pig 4) the data show a trend toward high "Sr/"Sr"

.v3away from the mantle array,, conSistent with the interpretation of,'

‘.

' seawater alteration. '7Sr/"Sr ratios of 0. 7025 to 0 7030 shown byf

-

o samples 2715, 1-7A and 3893, appear closest to the original values. eNd"

s ranges from +7 6. to +10 l ' overlapping the values for MORB from the
_’Mid-Atlantic Ridge and East PaCLfl.C Rise (Cohen and o Nions 1982"‘ White',
"and Hofmann 1982) whilst the lower values lie mthin the range (eNd 7 9

~to 8. 3) for the Scotia sea back-arc ridge basalts (Hawkesworth et al
S R : B ST S : '
11977) o IR ' N

‘ :he Cache Creek data have also been corrected for an age ‘of 300 ;'

_\, [N

;“wMa Thé'basalts have eNd values from +4 5 to +6 0 and "Sr/"Sr ratiqs'

)

Jfrom 0 7039 to 0. 7048 . Sm/Nd ratios (0 21 to 0. 26) are Significantly g

lower than in the Fennell Formation, and suggest that the basalts aregf'

-A LREE' enriched : The mobility of the LREE during prehnite-pumpellyig,,so
.igreenschist facies metamorphism in the oceanic environment has been aip
| topic of 'considerabi: debate. Hellman and Hend&%son (1977) have shown;

- that the LREE content is increased during SUch alteration, whilst Luddenjqw

vet al.. (1979) -have shown'-that " such eftectsxyare not ubiquitous. i

'._ Equilibration with seawater Nd, which has moderately negati e ¢Nd

(present day seawater has eNd from -3 to *lﬁ depending on tk

-question (Piepgras et al 1979)) could have lowered the l"Nd/“‘Nd and

ocean in o
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y,jsm/nd ratios of the Cache Creek basalts Such a possibility is.
'bviconsidered unlikely because sample 2-46 which has’ the lowest “’Nd/“‘Nd
' ;and Sm/Nd ratios. shows little deViation from the mantle arraY-
'fourthermore, the RbFSr system shows the Cache Creek basalts to have‘

fsuffered no ‘more - alteration than the Fennell Formation which have

: Cconsrstently high 1“‘Nd/“‘Nd and Sm/Nd ratios e .ﬁf -"’

. The eNd of the Cache Creek samples is sxmilar‘to that of ocean
‘1iisland basalts from Hawaii (Stille et al‘ 1983) and Bouvet lsland ”f
v(O Nlons et al 1977) cFig 4). It is stressed that the difference in
,eNd between the Fehnell Formation and Cache Creek basalts is 51gnificant
'no matter what age wﬂthin the range of the palaeolontological evidence ;'
lS chosen for the two terranes. The Pennell Formation have Sm/NdQ

l”,suffi 'ently close to the bulk Earth value such that their eNd does not

'gnificantly over this tlme interval In contrast the low Sm/Nd o

7'ratios of the Cache Creek basalts results in their eNd decreasxng toward
" the present The assumed age £or these samples is close to the oldest
'estimates from the palaeolontological evrdence and thus the.eNd values

in Table 3 can- be consxdered a maximum for these rocks ol SR

.7,Trace Element Chemistry and Discussion

Because of their immobility, the elements Tl, Nb, Zr, 'Y and P,
" have been used in several classification schemes for altered or '

vlmetamorphosed igneous rocks (Pearce and Cann 1973, Floyd and Winchester B

o 1975, Wincheiker and Floyd 1976, ‘Pearce and Cann 1979) ‘The' use of these .

A elements as absolute d15criminants has met only with limited success,
partially because of interlaboratory bics in their measurement at low

concentrations The trace element abundances reported herg are directlngfs
L '\( :
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g

"comparable to the results of Hall—Beyer (1976) having been analysed by

the same laboratory.g However, the Y concentrations reported here are .

'some 30 to 40% highe;: the Zr concentrations 10% higher,_ and the' “Nb- . o
Py '

” ,concentrations some 20% lower than the results of Aggarwal et al (1984)5'

' for the same samples. The conSistency of the trace element analyses wexe

"determined by reference to an internal standard analysed hy four other

‘laboratories. The Y values reported here fall Wlthln 4% of the mean of

ﬂ‘.

* -the foun other laboratories The Nb concentrations are 7% higher than

¥ e

ll :the mean which suggests that the results of Aggarwal et al (1984) are

A

further in 'error. Zr was found to be 10% high and it lS conceded that

'_for this element the results of Aggarwal et al. '(1984)- may ber more ,'V

""accurate Where this discrepancy results in ambigUity in the data :'jaf
'interpretation both sets of 2r results have been conSidered t; - ,'3"‘q‘ a4

The classification of oceanic basalts is complicated .by the A

b . .
9 ’ e AR

. existence of a compositional and isotopic range from-noqmal . or Nrtype _1.2

»_MORB, to ocean island tholeiites which may result where a ridge lies ip‘..iu

)

"'*, close proximity to an ocean island fed by a mantleyplume (LeRoex et« al %w.

.‘,'source leads to more enriched isotopic ratios_ and higher incompatible'
IS element abundances. LeRoex et al._ (1983) recognised,three types of

_3oceanic tholeiite, normal (N—type), tranSitional (T—tfpe) and plume_» A

".. -
'\" +

'1983, Humphries et al 1985). In- such an environment, the ridge basalts

" a
A
[T

gmay have major element compositions comparable to N-type MORB,v but gbsf

.'incorporation of - the ocean island basalt source matérial 1nto the MORB

) ~(P—type);- reflecting increased contribution from _an enriched mantle_ -
'component.. C | -v'. - L 'f S - v,7.‘ R
,(1) N—type MORB-derived trom normal 'depleted'i oceanic mantle@vand

'characterised by Zr/Nb 17 , Y/Nb >8 *, 1‘=Nd/1“Nd ratios from 0.51312



.to 0 51302 and "Sr/"Sr ratios from 0 7027 to 0 7030

j (2)~ Phtype MORB-derived from an ehriched source, possxbly related to an"

"upwelling mantle plume, and characterised by Zr/Nb 5 6 to 6 8 ' Y/Nb 0 9

o 0,12 mNd/umd ratios from 0. 51295 to 0. 51286 amd ns:/us: s

e _ratios 'from 0:7035 to 0.7037 . | |
'11“(3) T—type MORB- tranSitional between N-~ and P—types, and characterised
:» by’ %f/Nb 7. 7 -to ll 8 ' Y/Nb 1 3 to 3 0 ,vl"Nd/“‘Nd ratios from 0 51301

'-»fto 0‘51284 and "s:/"s: ratios from 0. 7029 to 0.7037 . . «f‘

a plot of TiOz versus Zr (%Lg 5a) shows, that both the Fennellri;
) Formation and Cache Creek basalts lie on a line of Ti/Zr —80 ' USing the'

"&JZr values of Aggarwal et al. (1984) this ratio i' elevated to 100 Y

y__:,. " closer to the average fOr ocean ridge basalts (Basaltic VOlcanism Study»"

.

L Project 1981). No matter which Zr values are used, the Fennell Formation'f

¥y §“';~ lie Wlthin the field for ocean floor - basalts on this diagram The Cache*f

and» Zr contents

"saltic Volcanism Study Project 1981) "The data presented here and
: Hall~Beyer (1976) indicate a Zr/Nb ratio of ‘30 for the Fennell

4

Fotmation, sxmilar to N—type MORd& The large degree of scatter in Fig.‘ .

o R
":-,‘, .}

3b arlses»mginly from variation in the Zr content, and indicates source_

/7

;"._eParticnlarI¥ significant is the sepa#%tion of the Fennell Formation and

Cache Creek basalts on thlS plot Although two Cache Creek samples have
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. Pig. 5. Fennell Formation and Cache Creek baSaltS‘plottgd.§h~‘(a)..Ti-ir .
- discrimination diagram of Pearce and Cann  (1973). Fields for ocean

island alkali basalts ‘and ocean island tholeiites from Floyd and

wWinchester (1975).. (b) :Nb versus Zr diagram. Symbols as for Fig 2.
.-+ ‘Additional data - for th§:~Fennell_‘POrmation‘”trom' Hall-Beyer (1976).
" Hatched . area shows field of Fennell Formation basalts psing the data of
‘Kggarwal et al. (1984). Basalts from ridges have Zr/Nb =30, whilst those

_erupted. .along topographic highs adjacent to ocean islands or platforms,

have Zr/Nb 210 . Fields for N-, T-, P- type MORB are from LeRoex et al.

'(1983). The Fennell Fotmation :qsembléfkétypevMORgtvbicheygr data set is

used. -~ . -
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basalts. Y/Nb ratios for N-, T-, Pr type HORB are from - LeRoex ‘ot -al

"Fig. '6. Nb ‘versus Y diaqram tor the Fennell Formation and: Cache Creckj
(1983) - Symbols. as for. Fig. 2.
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"1

‘ to distinguish between ocean ridge and island basalts.: The Fennellf‘"

- Fonmation show a similar range of Zr/Y to the N—type MORB of - the-_f

rﬂ‘..

Zrlﬂb slS ’ similar to the‘low t;ratios bf the Fennell ?ormation, the-L,f?

-

occurs on a pkot o; Nb agafn Jh';(Pig. 6) The high Y contents of the

= S
Fennell Formation (30 to SO ppm) give Y/Nb ratios from 7 to 7 5. In

' contrast{/*the Cache Creek basalts contain 16 to 36 ppm Y, and have !/Nb,_‘j.ﬁ

ratios from 0 9 to 2 0 r. within the range of P~type and T—type basalts.,?ﬁ

b1: Only One of the two Cache Creek basalts with Zr/Nb srmilar to theth"v\

Fennell Formation shows the same affiliation on ‘this diagram.\ Fig, ‘7 SR

shows the variation of Zr/Y and Zr/Nb as used by Humphries et al (1985)

Jaln

Hid—Atlantic ridge. Some regional variation may also be ev1dent asd"

13 suggested by the 1ower Zr/Y ratios (2 5 to 3) of samples l 7A, 1-7C, and

Al 1983) RS ";,‘!_'gx_ j s -//

1 8 . The Cache Creek samples ‘show more- variation in z:/y than zr/ubland'

trend toward the tield f .Tristan ‘da Cunha whilst overlapping the

/

tields for’ the P— and'r-type iasalts from the ;tndian Ocean (LeRoex et )

The Fennell Pormation and Cache Creek basalts have similar low Rb,
Sr and Ba contents. (less than lo, 320 and 240 ppm, respectively),l

characteristic ot tholeiitic rather than alkaline suites chever, only

(two samples?“

to the mantlex .
$rkd
little alterqd Both these samples have ,"Sr/"Sr ratios less than

.JO30A. Ba/Rb”ratios.ot 13 to 30 in the Cache Creek basalts indieate';

less alteratlon than tor the ?ennell Formation..
: . _,/ “Jt .

-,.,m.-sf"‘ .

_-&5 and’ ltyk‘ from the Fennell Formation have Ba/Rb close f f

Hitio ot 11 3 (Hotmann and White 1983) anai thus may be



.‘”

B ,(1983) Symbols as_ for. Fig. 2

: Fig. 1. Zr/Y variation with Zr/Nb ratio'in the Pennell Formation and
Cache - ‘Creek basalts. Additional data for the Fennell Formation £tom o

Hall-Beyer (1976). Fields for N—, T-, P- type MORB from LcRoex et al
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Nx contents are unlformly hlgher and show a greater range in. che

Cache Creek samples (70 to 300 ppm) compared to the Fennell Formatlon

v

i'(30 to 130 PPm). conSLStent wrth the generally hlgher MgO of the Cache

Creek basalts.» Low Nl. contents of 1ess than 50 ppm in the Fennell

,J,

'/of the~pr1ncipa1 ob]ectlonsaagainst such an, 1nterpretatlon., -

tf' E ':h.f*va@ :'£~ ;Ch ji;'

N

; ~'Tectonic Settlng ; “'_ v»% : BRI IR

"
Ocean 1sland basalts may be interpreted as. the result of mlxlng of

[

melt derxved from a LIL—depleted MORB-source mlntle reservomr and melt

Doe

(Chen and Frey 1983, 1985) ‘The 1nf1uence of the plume results,xn lower

- ’

;-1‘=Nd/*"Nd~ and hlgher '7Sr/"Sr ratlos, and hlgher trace element

"abundances than observed in basalts from other oceanlc rse%tlngs.' The

o element cheMlstry and LSOtOplC composxtlon strongly suggests .an ocean

5

lsland or-gln. The basalts are asszgned to a thOlellth surte from thelr

. -

abundances!

- -

—

The presence of sma!& scale (tens of metres to krlometers size)

. 'mantle heterogeneitxes w;thin the upper mantle source region of oceanxc
“the plume model (zindler et al. . 1984) Sultable candidates for the’

. segregations of basaltic melt, incompletely mixed remnants of subducted

)

© .ocean crust, and metasomatised perxdotlte (ibid )

- [ ¢
“l
Pt

'relatively enriched (compared to MORB-source) material includes anclent

»_Formatlon samples ciassxfled as komatlltes by Hall Beyer (1976), are one

’ Wfrom an upwelllng mantle. plume Whlch 1s geochemxcally dlStlﬂCt from MORB '

e

:‘_'51milar1ty of the Cache Creek basalts to T— and P-type MORE in trace o

lmajor elementv chemlstry, cohstant T1/Zr' ratlo ano low P and Ba .‘

{‘ basalts has been proposed to provide alternatlve miming components to _'



r

:.fOuhd 1n basalts of ocean lsland, seamount, or back-arc ‘l&dge afflnlty

o : 24

The sxmllarlty of the. Fennell Formation to N—type MORB 1n major

and trace element chemlstry and 1sotop1c composxtlon 1nd1cates a ridgef

q

'}‘orlgln rather than an ocean 1sland settlng. however, the maneralogy of-
‘the Fennell, Formatlon, in’ partlcular the presence of kaersutlte, is

‘:151gn1f1cantly dlfferent from that of ocean r1dge|.asa1ts._Kaersutlte is

generally found 1n alkallc rocks of arc assoclatlon, but may also be

v

B

\(chk 1982) The contrlbutlon to a MORB melt from elther a: subducted l-

".‘

' slab—sedlmentvcomponent, 51m11ar.to the:source materlal of lsland arc

. basalts, or metasomat;sed perldotlte, would lmpart the hydrous nature of

"trace 'element chemlstry or~lsotop1c,comp051

tkaersutlte- and non—kaersutxte-bearlng Fennell Formatlon

'contrlbutlon of the enrlched component must

'the melt requxred by the presence of kaersutl e As no dlfferences in,

asalts,\'the

e very small Subductedf

sslab-sedlment-materlal is consldered.more sultable - for thls component'f

because no enrlchment in . Ti, 'P;'Zriand‘Nb'as miéht be expeCted»from

: metasomatlsed perldotlte, is observed ‘in the Fennell Formatlon ThlS

: turn suggests a back-arc settlng for the Fennell Formatlon The larger,'

. more thoroughly mlxed source region of a back*arc rldge compared to. a
'seamount, would account' for the ‘unlform chemlcal comp051txon of the -

Fennell Formatlon. Eurthermore, P- and T—type MORB whlch may otcur .asjfp

”I

'lat -stage products in seamount volcanlsm as a result of the influence

‘ of local heterogeneltles on the restrlcted source"region,-faret notf”:

observed in the Fennell Pormatlon. , ".-\

noted between the
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= ’;j~%III.‘hicola Group =

)
’

4 fntroduction

'ti VOlcanic and sedlmentary rocks of the Nlcola Group comprlse the

Y

w-h»,oldest exposed sequences "in'p thesf Quesnel terrane (Plg. 1),

: Palaeolontologlcal evidence (Travers 1978 Grette 1979) and the 205'-Ma ,

-.fégé Yof - the lntqldxng Gulchon Creek bathollth (Preto et al.;'

979)constrain the age of the Nlcola Group to between' 230 and 205~ Ma o

'(latecTrla551c) The Nlcola Group is equlvalent to the Takla and Stuhlnlxp'h
’;vcfaupé of'centr and northerncBrltish Columbla,- and the" LerS Rlver‘

pGroup of tiE” Yukon, and thus comprlses part oi an exten51ve belt of'

early Mesozoic volcanlsm marklng the amalgamation of Terrane I (Souther e

- OK JEN
:1977) “

The Nlcola Group has been subjected to metamorphlsm .ranglng in

'intensity from prehnlte pumpellylte to lower greenschxst facies,.along‘_ __'

-3with conszderable calcxte velnlng. This alteratlon has resulted in thexr-i
‘linterpretation both as a calc-alkallne lsland arc sequence (SChau 1968:‘

- 1970) or- as alkallne rlft volcanlcs (Preto 1977). Ev1dence from

_ associated sedlments,‘ whlch include breccias, onglomerates, greywacke

and reef limestones, has not - resolved thlS uncertalnty An origln: .V'

vlntermediate between these two extremes, 1nvolv1ng rlftlng assocxated

with oblique subductlon, has also been proposed (Souther 1977)

- 'Sggpling
The type localxty of the Nicola Group at Nxcola Lake has been :

.descrlbed in detaxl ‘by Schau (1968) who div1ded the successxon lnto

,'lowar feldspathxc (P) and upper augltlc (A) cycles from the dominant'-‘-

=, . -

’

¢



phenocryst phase in the volcanics. Both cycles are further diVided into{'fba
.vlower. mainly volcanic (Pa and A ) and upper, mainly Sedimentary (P; and'.ﬁ

Ay) . assemb ges., SChau (1968) estimated the thickness ot the Nicola~

: Group at Nicola Lake to be in excess of 7000 " although the_ contact

3

with the underlying strata is. not“exposed To the east of Nicola Lake

-3

the Nicola Group rests upcontormably (Cockfield 1947)#
vt . ;U i ’

r ‘with v;ault
. e

. : "':4)
-(equ1valent to t*e Thompson assemblage of uonger (1977)) 1ncludes

#,

ﬂ'Permian to late TriaSSic clastic sediments, ﬂhrbdhates, ghd rare. '
volcanics (sample 2 108) (Monger 1977 yonger ahd ad&g 1984). These may“a

.be partial fac1e5 equivalents of and in *part older than the ~N1cola;mf

1

.

-_Grou - fre f the occurrence of augite porphyries sxmilar to the A,fl?

I

assemblage interbedded qlth the sediments (Mon.er 1982). ;;.5» ~nf,

~

Preto (19;23 divtded the Nicola Group south of Nicola Lake into :

three northerly trenﬁing belts “The boundaries between the belts ‘were -

~

&

interpreted as- an rift system which controlled the distribution of

§ the volcanics. Each belt is characterised by a particular volcanic

.
.

tassemblage.. ande51te, dacite and tuffs of tholeiitic affinity in the

LE

"}western,belt, andesxte and basalt of calc alkaline and alkaline affinity p

. v

‘in the central’ belt, and mostly sedimentary material wzth rarer,

.1“v

, increaszngly alkaline vglcanics in the eastern belt This diviSion has

- not been extended to this study, which has included*the Nicola Lake

_‘type-section. and the exposures around Kamloops Lake and Canim Lake

" which. were prevxously described by Cockfield (1947) and Campbell and

“Tipper (1971) Sampling also included the Copper Creek ;exposures " north

of Kamloops Lake which were originally mapped as Cretaceous or Tettiary"

L R o

(Scﬁau 1968) on phylkitic argrw}ites of the" Harper Ranch' :
X-0ad 1 .

'] nd Kamloops, the Harper Ranch subterranelf




e

Mineralggx

t

i

: rarely prehnite also occur.

Major Element Chemistry

27,
(Cockfield 1947) ‘ In view of the structural continuity of these rocks
w1th the Nicola Group (Monger 1982) it 15 proposed that the Nicola Group

be expanded to include these strata, renamed the Copper Creek Formation,

as. the uppermost unlt.

N O

The NlCOla volcanics generally contarn either abundant plagioclaSe

or augite phenocrysts in a fine grained groundmass of plagioclaSe and

*qRyroxene Quartz and phenocrysts of hornblende occur infrequently
nI ?

Despite the consplcuous abSence of orthopyroxene, high normative
percentages of this mineral suggest ltS occurrence in the groundmass.,'

Nepheline andr-olxvxne occur in the normative mlneralogy but are not.-

present in th

d

ection, although relict OllVlne has been reported in/;r
basalts of the augite cycle (Schau 1968, 1970) Analcite has al;o/been
reported in- the exposures to the south .of - the study area (Preto 1977,_'

N The majority of the’ samples show consrderable alteration-' augite: *

e is replaced by chlorite, green biotite, or more rarely uralite..

Plagioclase, originally labradoritef

,Gre/tte :

'lpandeSine (Schau 1970,‘

fractures and in aggregates in many samples Epido

, s ' o L SO e ,
: The major element chemistry of the Nlcola Group (Table 4a3 is e o

characterised by silica contents between 46 and 54% combined w1th

variable, usually high, alkali contents. Ky 0 ranges from 0 2 to 5% Wlth
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oy Table 4.. e .:_”_.~'fo
= (a) Major and trace aloment chemtstry of the N\cola Group.
. (l) Calc-aikaHne Saries ) . R ' \.f“ i
L ey
T
e . . B . . - v
2-928  2-35 . 2-12. 2-158  2-924 . 2-87€ - 2-16 . 2-82 S
" $30, "49.93  S50.66- : 53.42 - 49.89 --50.03.' 50.39  62.49 - 67.0% *
21,0, 16,10 15.11 - 14.20 13.00 16.03 - 18.45 -16.05 . 16.17
Fe,0, 11,45 9.52 12,00  12.50  11.04 -12.53 6.69  5.34
MgD 197997 . 7.29.  10.418 . 10.02 9.35  "8.04 3.32 2.87
cag 7.23 11.24 . 4,49 9.09 6.7t . 4.71°  4.00 5.70 .’
. Na,0.. - '3:8% 2.96  2.24 2:64 335 7. 73,3977 3,95  3.83
‘K, 00 . 0.78 _1.a2 ' 1.70 1.56 1.9 " '0.98 . 1,23 -~ '2.3%
T10,. 0.77 0.80 0.97 - 0.77 0.86 . 0.98 0,77 - 0.61
PO, 0.35. 0.81 0.25 0.32 0.45 .- 0.15 . 0.%47 0.21
s 0.02° © 0.01 .0.45 - .0.08 0.06 © - 0.02 - -1.21% 0.13°
* MnO. 0.18 .. 0.18 . 0.10 0.17 0.21: -0.36.. .0.12- 0.18.
Ba 499 901 1232~ 596 g1a vgh” '555' QP :
Nb, 4 A 5. 8 o4 er B0 8 3 3
2r . 80 . B2 .83 68 . 68 ... BT - 116 : i ‘
X e T 4T 19 18 .. .23 28 N ThE
Sr - 532 - .1138 ° B47 408 382;;»;3136 . 294 . B13 .
N 13- <« 10 ... 31 .35 26 214 .23 89 07
Zn. -, 49 .84 84 . 9§ ' 182 " 293 - . & - &1. .7
Cu " 42 " 1420 - 42 - 90 165 7. 24 ET:
Ni 33 . 22 1 437 .95 .'1az_v" 9 5 e
. S . -y . . : ] o < . i .
- o L
* ®11) Tholeiitic Series. v S T .
. . . o . . R - bt v . B
) v o . 2 ' ‘, o
2-84° . 2-86 2-870 2 B1c ,2lazé-}
50, 46.20  46.94 4 .50.4 'gb 64 51,71
A1,0, - 16.56 17.20 - .16.19 16.8% " 46.19
Fe,0. '~ 11.33. 12.28 . 13107 12177 .¥2.52
MgO 15.09.  9:59 ~.6.75 5.83 5,92 .
ca0. 7.03 10.41 6.74 8.22 6.5
Na,Oo 1.96 . 1.84 4.69 4.89 '5.03
K,o 0.006.  ".0.39 1 0.34 0.13.. Q.21 ,
Ti0; " 1.35 1.00 1.28 1,10 M2 0
,0,. 0.29 -0.14 . 0.23 0.22 - 0:25 )
s . .0.04 0.02 :0,02° 0O .
Mno 0.15 0.20 0.23° O
Ba- 338 180" 226 121 201
. 'No’ 11 6 7 S 6
' 2r 121 53 86 59 108
Y - 19 18 . 19 19 ° 34
Sr - 228 322 518" 222 520
Rb | Ca 7 s ... 6. - &
Zn . - 70 67 114 73 84
Cu <413 . . a4 238. 82 " 45
Nt 237 C2 123 46 8
P A ' :




Major elemants
- Trnc' olomcnts

rocaICUlat.d to
!n ppm

100x'6n‘| volatile-free pasis.

v . o
: :X\ Table 4. contd.-
’ _Cg o 1\ ) b :
(i11) Calcalkaline lou A! Augtte Porphyries :
{1v) Alkaline series: N s - -
L) Shoshonitq series l\ o
I . - ; ' : o R
oot ) & v)
2-978 . 2-97F' 2-97F:: 2-970 | 2-79 2-100 2-19" 2<208 2-13
510, 50.96 - 50.31° S53.68  50.1% | 47.47 44.90 48.34 §2.77. 48.23
©A1,0, 6.97 .. 8:94 7.97- 10.71 | 14.67 ~ 17.61 - 15.64 14.57  12.23
Fe,0, - 10.44 . 11.04 9.22" 41.7% | 14851 - 13,47 12792 | :10.12 - 13.01
Mg0 . 15.43 . 11.07 . 11:47 = 12.68 5.14 - .10.28 .B.21% 5.88 - .8:08
‘Cca0 .- 13,27 - 1a.45 13.38 . ~9.74 | 10.15 " 5.80 - 8.73 7889 ¢ 12.27;
Na,0  1.05 - 1:47 1.09 . 2.57 | '3.36 . 4.72. 2.54 | 2.82. 2,17
K,0 . 0.64 1.22 1.82 . .0.86 2.52°  1.36 1.36 3:40 2.72
Ti0, © 0.80..  4.01 .0.84 - 1.06 1.53 - . 1.84 1.43 S 0.75,  0.72
p,0,. -0.17 - o0.27 .0.28 . 0.29 | 0.52 0.16 0.37, ] - 0.50 .. 0:34
S 0.01 . 0.00 0.00- .- 0.00. | 0:02  0.00 0.21 .0.18" 0.06
- MnD - 0:24 ‘0.23 - 0.24 0.26 0.13  0.16. 0.28.| -0.02 - 6.17
.'Ba . 301 456 807 297 707 298 344 - 1058 | .1076 -
Nb .~ 2 - 3 4 5 - 1B. & .9 . 8 4.
2r 45 - 54 . 49- .63 183 110 135 104 60
Yy . -, 19 22 .18 " 23 24 .18 - ‘26 .21 16
Sr 318 764 . €84 635 597 71" 710 722 609
Rb 15 18 23 17 48 28 53 93 58
n 82 . 67 - .. 71 - 99 78 0 . 200 73 66. .88
Cus 15 .50 - 203 .. 59 120 S 125 169 69
N 91 30 a8 - 30 . 21 120 37 ~. 37" 71
(b) Major and traco element chemistry of the Copper Creek FormatiPn
S and Thompson Assemblaga (TA) basalts.. )
Copper Creek Formation . TA
2-94A - 2-918  2-91C ~ 2-91D . - 1-22 2-108
$10, . 48.13 . 47.59 49.27 -+ $0.30 45.77 |.'49.83
g . A1,0, 13,68 13,15~ 13.27 = 15.06 3.19°| 15:1
o .Fe,0, 11.85. . 9.59 9.05 . 11.14. B.8% 13.2
v MgO 10.20° 15.36 ~ 13.31° 7.52 35.69 7.60
ca0 9.59 8.79 = 9.21 8.84 - 3.87 8.01
Na,0: = 4,09 15700 ¢ 2.32.  5.42°  0.01 ~1.92
k,0 0.79 2.54° 2.32- 0.1t 1.88 ) .2.33
TH0, 1.10 0.8 . 0.83 1.05 . .0.28,| "1.24
. ,0, - 0.36 , 0.26 0.25 0:37 - o0.08 | 0.3
. —_— s 0.04 0.01.-  0.01 0.01. 0.2, 0.01
: MnO 0.16 0:16 = 0.15 0.19" .06 .0.20°
. Ba’ . 280 ;635 . 375 108 265 1386
Nb: [ : : 4 6 2 6
. Lz 77 . 7o €9 85 10 .91
- Ty 22 ,21 20 23 5 25
: .se - 283 . 484 602 - 746 7246 o 633 |
~ R 13 0 33 25 2 - 32 ‘50
n e 71 - 18 71 80 . .54 93
. Cu "7 17 1 136 . 52 104
) NV 40 259 220 33 1189 20 .



Cu . R p e . B

'the result that all tour suites, tholeiitic, calc-alkaline, high K and«-:

:shoshonite, are -represented .on a K, 0 versus silica classification
iji diagram (Fig. 8) A comparable range of Na,o results in Na,O/K 0 ratios
,ranging from 0. 5 to 110 ; Approximately half of the‘samples in’ Table 4a
- would be c1assxfied as alkaline based on total alkali content, although'_:if
,;rat silica contents greater than 56% theﬁNicola volcanics are invariablyﬂ
.-subalkaline (Souther 1977) __ . ' ‘
= Almost half the samples plot within the tholeiitic field on aﬁ’kFM_.h.
jdiagram (Fig.. 9).-Most of these lie to the right of, rather than above-'ﬁ'
yj?the tholeiitic-calc—alkaline boundary, indicating low iron ’enrichment._
. fThe analyses of Preto (1977), recalculated to lQO% on a volatile free‘“
:*_baSis, all lie well wrthin the calc alkaline field w1th the exception of.
the western belt samples (c f Fig. 6a, ibid ) A Similar distribution,
jwhich at first approximation could be termed alkaline, is noted on . the

FeO /MgO-srlica discrimination diagram (Fig lO) The distribution on '

'”»*this diagram could also be fit by discrete tholeiitic and calc—alkaline

A

: trends comparable to the pigeonite and hypersthene rock series. One off&
.the reasons for the limited usage _of these series as - a_ baSlS for; '

‘o

’ClaSSlflcat10n4 has been the problem of identifying the groundmass

o
.jpyroxene. Although orthopyroxEne is not observed as a modal phase in the

' - Nicola Group, it is conSidered significant that samples lying along the;'“

‘fhypersthene series trend in Fig ‘10 contain.high normative amounts of -

this mineral.-‘,'_a'~;';;ﬂ,_~.

f Minor and Trace Element Chemistry x ,'-_i ft" "7 -
f The Nicola volcanics show a’ depletion in Ti, Nb, Zr and P which is

| .‘tvpically calcfalkaline. Tio, ranges from~,0.6, to '1,85$, but rarelyf"
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'”“';;jmineralogy, reflecting either multiple phases of alteration, or a uider«,':‘

: 'fl973 Ployd and Winchester 1975) The use of discrimination diagrams
of certain mineralogical trends on alteration (Smith and Smith \S76)

o (Fig.,ll) is conS';’

b

':'exeééas l% Similarly, R o, ranges trom 0 1 to O 8%, with most samples

I tfalling in the range 0. 2 to 0 4%. Nb averages 5 ppm,, 2r~ 85 ‘ppm The ;
. immobile- nature of these elements during low-grade metamorphism has led »
bgto their use 1n.several claSSification schemes designed to d?duce the.

original tectonic environment of altered basaltic rocks (Pearce and Cann

"which include a mobile element such as K or P allows further recOgnition;

The Ti/lOO -2r= 3y discriminationfﬁiagram of - Pearce and Cann. (1973)

..‘)

"Sr/2 apex on the Ti/lOO Zr—Sr/Z diagram (Fig..lZ) However, overlap intgr

vtof pOints in both diagrams is Similar Scatter is also observed on the

\/’\/

' TiO,-K 0 P 0, discrimination diagram (Pig.«l3) of Pearce et al (1975),‘

|-.‘

-has been equated with several forms of mineralogical alteration for the

‘,7whereas albitisation was assoc1ated with high K content However, the

- LA

v [3

‘ed.h be the most reliable for altered rocks ‘n:‘f ;
-this diagram the Nicola volcanics fall entirely within the calc alkaline:h.
gand calc-alkaline- low K tholeiite fields. The four; samples thata 1ie'

-‘ioutSide the low K tholeiite in Fig..ll are heaVily calcitised or have3j
:-undergone epidotisation. Consfant Ti/Zr ratios of '75 combined vwith:-;.n‘

uvariable sr content (70 to 1450 ppm) results in a. scatter toward the'"

' ;fthe same fields as for Fig. ll is seen, and the individual distribution"~~\

_reflecting the highly variable x content of the volcanics. Tio /P O.Ja*

fiv-ratios decrease from 4 to 3 with increasing K content Similar scatter‘f

: f

':.Australian Cliefden volcanics (Smith and Smith 1/76) replacement of{f“ o

1d 3teldspar by epidote or pumpellyite was associated with low K. content,;lb.c

; ;content of the Nicola Group cannot be linked to any partiodﬁar 7
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" @iginal compositional range. . - "

E

o ~coppe Creek and Thompson Volcanlcs g 1;'7'f"7 "ff;“{~'5“;"

T Major and trace element data for the Copper_ Creek Formatxon and1f

“nThompson assemblage (Table. 4b) confzrm the chemlcal afflnlty of these f.:7

'volcanlcs to the Nlcola Group.vThe four basalts from the Copper Creekfe R

: Formatlon, in partlcular, have hlgh Mgo (>7 5%), low Tlo, (<1 l%), ow

'~“P 0, (<0 37%) and varxable alka11 content On Flgs 10 and ll the<Copper'{”"
'Creek Baselts 11e Wlthln the calc alkallne fleld reflectlng thelr less :
;'raltered nature. The plcrlte 1- 22 from the Copper Creek Formatlon (Table:

b) has 35 6% MgO and 4 0% Cao, 51m11ar to enrlched mantle estlmatesfli

(Palme and Nlckel 1985) The Al; O, content (3 2%) sample lf22 is

; 'dlstlnctlve features of thlS rock. however are the enrlchments in mlnor

i

and 1ncompat1ble elements (1 88% K.O, 250 ppm Ba, 30 ppm Rb)

PR U L . : B L - o ]

i Zlud Sr ISOtOplC Comp051tlon

The Nd and Sr lSOtOplC composxtxons of eleven Nlcola Group samples’f
yiare presented Ln Table 5.. ngh "Sr/"Sr ratlos resultlng 1n scatter om-“l'

a Rb—Sr isochron plot were preV1ously ascrlbed to exchange of Sr thh SR

.u-.
¢

'”assoclated sedlmentary mater1a1 during low grade metamorphlsm (Preto et. '

B g

d.al.j 1979) No age can be gained from the Sm-Nd system due to the small

"N PO

' t<_;51mllar to that of splnel lherzolltes (Maaloe and Aokl 1977) The mostf

range in both Sm/Nd and “’Nd/“‘Nd Consequently, the Nd-Sr data haveh

S 8 \
s ly f#end unlts from +4 9 to +7 8 . In contrast, "Sr/"Sr ratlos range

frod o 7025 to o 7082 On a Nd-Sr isotopic Riot (Flg. 14) the data’lie :

»Q;_;close to’ the_mantle_array,_ overlapplng the fields for the Marianas;

b

‘ St v oy

' " been corrected to an: age of 220 Ma. 1‘°Nd/1“Nd shows a small ‘range of;”
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T

’.

(White and Patchett 1984,

Nodha and Wasserburg 1981,n DePaolo and
Wasserburg 1977 Meijer 1976) and Izu arcs (White and Patchett 1984)

,a_

ik
The more altered,vcalcitised samples have higher "Sr/"Sr ratios,

_ over’ap the fleld for
¥

and
the Lesser Antilles (White and Patchett 1984,
v?
Hawkesworth and Powell 1979, Hawkesworth et al 1979)

~/

The trend towardj=f."
elevated "Sr/"Sr is conszdered a ﬂést-magmatic effect resulting from

low grade metamorphism rather than from increasingly seawater altered

material being added to the mantle wgd%e below the arc. Anomalously low
2

)

'VSr/ &Sr ratios, such as for sample 2- 963, have also been found 1n the
Mariana arc: (Meijer 1976)

N - . & K3

However, 2 968 has particularly high Rb/Sr
unlike other Rb-rich Nicola basalts such as 2= ZOB, and it is

o conSLdered“'ﬁ'
that the low "Sr/"Sr ratio regults from post magmatic lntroduction of? ',\'

| Rb into the rock :f"l ;%f< S ;ff7 fi-'_Jl.l;J;::p?“?,i,-A SRS d:'\
t'-bf; f_ IsotOpic data for. the Gppper greek Formation‘have been. corrected
a‘ to a slxghté%%&ounger age of 210 Ma (Table 5) The samples show a
?1fniff cogparable range oﬁ eNd (+SyLn

4
lrs

: . A\
to +7 ,1) and Sm/Nd (o 26 to o 31) to the'
Nicdla Group. Less alteration lS 1ndicated by the tighter grouping of
"Sr/'*Sr

\4

I8
w

]

(0 7032 to ,0. 7037), and results in the Copper Creek samples
; &
_ lying within the Nd-Sr mantle array in Fig. 14.

o e
N Crystal Fractionatibn ' '

o v'l . da, v :' o SRR
In spite ottthe alteredj;ature of the Nicola Group the range of"

o 44

- Al 0, (6 5 Eo 18 5%) and Mgo (5 to 20%) in the basaltic samples can be

- 2

related )directly to the predominant phenocryst phase.

The highly‘n
porphyritic nature ot mﬂny samples suggests that crystal fractionation
Ay

&l

was signiticant in controlling the composition of the Nicola Group
g uBasalts of the augite cyele of Schau (1968 1970), termed low—Al augite
‘i TR A s _

R
X



| ﬂ‘porphyries (LAAP), have very Low Al o, 6. s to 11%) and high NgO <11 to

‘15 5%) Conversely, the basalts ucontaining predominantly plagioclase

'; varying amounts of augite—oliv1ne accumulation, *the LAAP plotting ;ov f"

'sj_phenocrysts have high Al 0,, CaO and Na O contentS/#On'd?graph ot Al 0,

”7“and higher Mgo than for other calc-alkaline surtes, which can be
epiexplained by the incorporation of cumulus augite or -olivine.; Nicola.

“basalts_ w1th less than 10% Mgo and greater than 13% Al 0, define a
g .

]

scatter on the same diagram, indicating ‘ variable f augite—oliVine

fractionation combined,With plagioclase accumulation.

a0
B

Augite fractionation is also suggested by the pOSltlve correlation

°f Cao and M90 (Flg- 15b) The scatter ‘on the\diagram is inteqpreted as ﬁ"'”

higher Mgo but showrng only a slight enrichment in CaO More clearlytr's"‘v

basalts,f although their isotopic compOSitions indicate that these

vlbasalts cannot represent the differentiation products_ of srngle magma

- p.classification of the Nicola Group ".‘f o

“

.

"jpulse.- Mgo decreasesv from 15 to 7. 5% with only a modeiafewincreaSe in

*

g

~"inerease }-o&er' ftheii same f.rangeg : Mgo,' consistent with this

R Y

interpretation. .0 -

¢

. The: low Tl, P, Zr. and Nb contents of the Nicola volcanics and'

> .

x_'Versus MgO (Fig. lSa) the LAAP define a trend extending to lower Al 0, ‘p

‘..‘.ﬁr

B

b‘; defined trends on Figs. 15a and le,_ are shown by the Copper Creek _;fl‘

'val 0J indicative of olxvxne fractionation.; Cao shows@&only a slightf

their~ pOSLtlon on the trace element discrimination diagrams (in"

characterisation of the arc requires the resolution as to whether the -

_ particular on the Ti/lOO—Zr-3Y plot Fig. ll) suggest that the lavass

f belong to an arc. rather than an alkaline rift assemblage. More detailed‘.’:'
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K Fig. 15 Vatiation ot (a) Al O, with Mgo (b) Cao with Mgo in the Nicola]'
'Group. - Also ' shown in (a) are fractionation trends for the East'Pacific -
‘Rise (EPR), Mid Atlantic Ridge (MAR), and - Taupo Volcanic Zone (TVZ), - -
;rcpresenting tdst- medium-, and slow- spreading rifts, ‘respectively - -
(Flower'1980) The trend for the Copper Creek basalts is indicated by a -
broken line iﬁ both (a) and (b). Solid lines in (b) illustrate augite -~
and/or olivine fractionation and accumulation ‘trends interred trom thef~'

.fchemistry of the Nicola Group. Symbcls as tor Fig. 8.

'.fi(ﬁ;}fii,f

O



R L
alkali contents are a primary feature (Preto 1977 1979) or result fromef,j,f(

' ﬁf alteration (Schau 1968) fgvv 'ﬂ'*p-*_uf.itl;

Augite or OllVlne fractionation would’*pcreasa the alkali contents”f;vgfn

{Vifof the lavas but lthls unlikely that this mechanism alone could account"f'
h'for the high K Q contents,.To account for Na,O/K 0 ratios of less than 2

- J'in the LAAP requires the incorporation of augite crystals into a highlyff

S 'evolved melt._Such a process should alsc increase the concentrations off*”

'f‘.

-incompatible elements such as. Ba, Zr and Nb, for 'which there 15 -no :
'v”'ev1dence.'»7«-..'it"f . t - ffs

- Rifting associated with oblique subduction has also been proposed

i.f.l_to impart an alkalene character on the volcanics (Souther 1977) The *f.'

ﬁ*modern analogue to such a. tectonic enVironment——woutd““be' the Taupo‘—“
fvolcanic zone (TVZ) of New Zealand\ However, the Nicola volcanics show
*,little Similarity to the TVZ lavas, which include a large proportion of_ﬂ

-yintermediate and acidf! rocks. In contrast, only 7 5% of the samples in

-"-t--Table 4a, ‘and 20% of those of Preto (1977) have Silica contents greater{J

-than 56% Most Significantly, in spite of the contention that the maupo;:.:“'

"rift enVironment has led to K enrichment of the associated volcanics
‘ (Hodder 1984), he TVZ lavam‘are typicaIIy calc alkajne (Cole 1079) and:"_ L
' have consxderably lower K 0 contents than the Nicola Group o |

Low grade alteration of the Nicola Group is suggested by the trend_l"
. in "Sr/"Sr away from the mantle array in Figll4 ‘.' The' greater‘;*

: ‘susceptability of the basaltic rocks to such alteration would account

. '1for the alkali content decreasing with 'increaSing silica much lessi-'

' .rapidly than the alkaline—subalkaline boundary.‘ e less altered nature
,of the COpper Creek Formation indicates that the alteration took place'-

‘fshortly after the extruSion of the lavasgfor that the alteration varied.'

*



leth 1ocality.p Regional variation i§ supported by differences in the j'

TR

' alkali contents of the Takla and Stuhini Groups (Souther 1977) 'tné:ff'ifd

“»h”akla volcanics are predominantly subalkaline, whereas the Stuhini are ©

Pt

ﬁ'}‘alkaline.'Such alteration inva}idates the contention of Preto (1977,:f_jﬁgft
"H,1979) that the occurrence of analcite in the Nicola Group indicates and*

zalkaline association. pseudomorphing of sodic feldspars by anaICite'vis'

a

1 common in prehnite-pumpellyite faCies metamorphism (Deer et al. 1966)

i Consequeqtly, it i prebable that an’ int rpretation of the trends:"

' ’tin Figs. 9 and 10 as alkaline is oversimpliffed. The progreSSion towardfe-~ R

_‘afalkali enrichment in’ Fig. 9 is particularlXJmfsleading in conSideration:

'of the paucity of intermediate and acidic volfanics The Feo‘/Mgo versus -

‘ Silica diagram (Fig 10) has, therefore, beeh used as ‘a ;baSis for the
diViSlon"‘Of the )Nicola Group into -thr e -

').tholeiitic, and alkaline i , ;“._, 'Tmi \~.-7

| _ (1) Calc-alkaline. This series includes the low;Al augite porphyries andv
is is characterised by low Peo*/Mgo (Fig 1033 and low ' iron enrichment '

f(Fig. ’9)}‘ although at high Mgo contents the samples may plot in the,~*

tholeiitic field TJ.O, contents are lessdthan 1%. Nb a\:erages 4' : ST
‘ -. R [ ) " * L ] ,‘“ N #,'450 i {G
ppm' Z.r 70 ppm’ SE I o h \ : L o ‘) o ‘@ﬂ‘

(2) 'rhoientg; (%us series is characterised by high FeO /u@ ng. 10y

"iff_and iron enrichment (Fig. 9). Na O/K O ratios exceed 9 dependingﬁon tﬁE$

¥ )

: degree ot albitisation. 'l‘iO3 ranges fromao 95‘to l 35%, P O, from 0 1 to

&

: 0 3%, ‘Ba, Sr and Rb contents are all low.»

»

'-(3) Alkaline. An alkaline series is recognised from low Silica and high ’
minor and trace element contents (Tio, >1 4%, P, O, >0 3%, Nb- >6 ppm, 2r o

.'>110 ppm) similar to the ranges reported for other alkaline suitese'

- accompanying calc-alkaline volcanism (Arculus‘ 1976).,Two,samples are

series. calc~alkaline,. B



‘n,sif_“f" "Early to mld—Devonian strata on the Harper Ranch subterrane to the
w

e 6;-*. : Lo _ R ) . :
tutentatively assrgned to an absaroklte—shoshonite serzesw Both have low

'>.I.Al 0, (12 to 15%). moderate MgO (6 to s%), mgh alkal:. contents, , and

-.ﬁpNa 0/& 0 ratlos less han 1 " On the AFM plot (Flg 9) no ;ron

~i

f”enrlchment is observed.; n mxnor element content T1015 averages ,0475%i-

R0, 0% . Ba, S, RD are greater than 1000, 600, and 50 ppm,

B respectively

ffAmalg tlon and Accretlon of Terrane IftofNorth America~“

Interpretatlon of the Sllde Hountaln terrane (SM) asv a back arc

Basxn assemblage ralses the questlon of the 1dent1ty of the related arc.-‘

-Conventronal tectonlc lnterpretatlons (Dxcklnson 1976, Honger and Prrce

e

: ‘+1979) suggest that the, Atlantlc—type contlnental margln whxch had : -

'preValled srnce the late .Proterozoxc developed \1nto a Japanese type

L wmargxn durlng the early Devonian w1th the formatlon of ‘a back—arc basz'

‘i

"_w;;hin the marglnal shale facxes of the mlogeocllne A provenance forﬁ'wf”c'

the basin sedxments from North Amerlca is precluded by the occuprence of

.‘ Q ‘\ N
) wldespread contemporaneous caﬁ‘Bnates along the contlnental margihT'

v .

'(Monger et al 1972) ‘and thus requxres an arc source to the west.

-

est * of the SM terrane have not been preserved Late Devonxan 2 early»f;

.. K

N Permlan strata of thss subterbane are predominan}ly carbonates (Flg..d

13

16a) (Monger 1982) maklng it, an unlikely canﬂ!date for the arc. off:

“(KO) and Monashee (MO) terranes whzch now lie between the SM terrane and

'j North America (Fig. l) The conventlonal model requires both the rennval ‘

'1; axnterest are the possible posrtions of the Bakervxlle (BV),v Kootenayl'>

‘e

7Aof the proposed arc’ and the insertion of the BV, MO and KO terranesvg

whxch would have to takebplace by transcurrent movement prior to the



.amalgamation of Terrane -.‘f“{._*

-Ordobician to early MlSSlSSlpplan, although -a. late Devonian age

“”iiéﬁ Fi:

: S - -4....*g . %)
Both the Bv and xo terranes contain mid-Palaeonic plutons
indicative of arc actiVity on ghese terranes (Honger et al 1972,3@;~;__;
Dickinson 1976) - Age estimates for the intru51ons range from early'fff_l>f

. r.-."

favoured (Monger and Becg 1984) Given the uncertainty in age of thegjf

rplutons and of the SM terrane, it lS proposed that the SM back-arc ridge}g_'i

'uapf related to arc activ1ty'on the BV and KO terranes. From the spatialffiﬁgfﬁl

relationship of the latter terranes -a westward-dipping subduction zone5jfj :?f
15 required under the ﬂistern margin of the BV,'KO and MO terranesfp j';i

during the mid-* to’ late Palaeonic (Fig 16b) lhThe'_ lack

cvolcaniclastiF material w1thin the carbonates of the continental margin"d

_is conSistent Wlth such an interpretation and requires »that the arcfi

*developed remote from North America The model is sxmilar to thatg;fﬁfﬁ

suggested for the relationship of the LeW1S River and AnVil volcanics :An S -

'tpe Yukon (Tempelman—&luit 1979) Follow1ng cessation of vqg;anic”‘”'

':}activity on the BV, KO andJSM terranes around 240~ Ma,; - is suggestedf,

Q-

" ‘that the western part of the sy terrane was subducted under the Quesnel -

SRR

)  terrane to form the Nicola arc (Fig. 16b) The Harper Ranch subterrane

"vwould theﬁkarepresent a fore-arc assamblage. Subduction continued untilﬁu,

j:'approximatelg 205 Ma when this second subduction ‘zone became imbricateinf'

' by the collision of Terrane I,,the BV, KO and MO terranes and North{ f“'

' America (Fig. 16b)

[
s

The spatial variation of the. Nicola Group described by'Preto :

L (1977) would be - expected from ‘an east-dipping subduction zone but”f

interpretation of the alkali contents of the Nicola Group as resulting_“‘;lg

ffrom low-grade alteration negates this theory. The Cache Creek terrane: -

-

uP-

+ .
- N I

| T;?apufii,':} fit_ll.',.,t‘,h._d o .’._: ;r
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Fiq 46 (b) Schematic model tor the tormation of Terrane I At 300 Ma -
-volcanic arcs - on the Bakerville (BV), Kootenay (KO) and Monashee (MO)‘

extent, ‘related back-arc - activity - forming the Slide Mountain terrane -

5

-{Subduction ‘zone: ‘under. these .arcs.” Ocean island basalts of the Cache

ﬁf_;and MO terranes to North America. . Closure of ‘the  back-ar¢ basin ' takes
" place by suhduction under the eastern margin of the Questiel ', (QN) rrane

n"f.gtarranes are separated trom North America ‘by an ocean basin’ of " unknown'**. -
T (SM) - (illustrated by the Fanneli*?ormation) requiras ‘a westward dipping~~.'

. Creek. terrane ‘are formed contemporaneously with the: Fennell Pormation..f»t; 
’Back-arc activity- ceases around -250 Ma with the accretion of the BV, KO

" with the formation of the ‘Nicola arc. Topoqraphic irregularities on ‘the B
©.- back+arc ridge. rosults 'in localised obduction of the SM terrane onto the SE
~./BV, /RO and MO terranes. Volcanic activity on the CC terrane also’ ceases. -
. around 250 'Ma, and is: followed by subsidence and the tormatiog»ot reef -
'*limestones ‘around ‘the . leands. A subdliction ‘zone .of westward polarity““

urder - the 'Stikine = terrane  (ST) . forms the Takla-Stuhini arc

R “ “contcmpotaneoqply with the Nicola arc. Thd‘Takla—Stuhini subduction zone '
% . consumes:‘ the 'ocean basin separating the QN, CC and ST terranes, thus. .

* . amalgamating the: components of Terrane- I. By 180 Ma Terrane I. has ‘been
_ accreted ‘to ‘the BV, KO and MO tprranes.’ ‘Sybduction’ under the western'
e marqin of Tetrane I is initiated, torming the Hazelton arc.. o7 :




o "

T7rhas been lnterpreted as a subductlon complex,related to the Nicola arc “3;

(Travers 1978) but the obllque orientation of the Cache Creek

L subterranes to the arc axls lS problemat:.c. In erpretats.on of the Cacl"*

‘;xlthe Quesnel terrane allows a westward—dlpplng subduction ’zone beneath

'fhthe Nicola arc, but also requlres the distance betyeen the Quesnel and

- ii51n by subduction to the west or southwest has also been rnvoked by o fﬁl'

é -terranes (collectlvely termed Terrane III) along with Terranes I and II j"”‘

o iStikzne terranes to have been taken up by westward subductron beneath

-fthe Stlklne terrane.dva:;;; [' I_.f_ p;ff~3:c'ifeléinjf"db

| ot . : , T
Accretlon of terrane materlal to North Amerlca by the: closure of a

Chamberlarn and Lambert (1985) who propose that the vav xo and MO

:amalgamated to form the mxcrocontxnent Cordzllerla, whxch was then

',accréted to North Amerlca 1n the late Cretacaous. The presence of

. 5 5 . 0
mid-Cretaceous arc volcanxcs of the Spences Brrdge Group (Chapter 55

ﬁ along the western marg;n of Terrane uI[:Is Hn 'confllct with the"

peZsrstence of a westward-dipplng subductlon zone ‘so 1ate 1n the

. L

Mesozorc. The west‘hrd—d plng subduction zone was - probably lmbricated

- :ldurlng the égrly Jurapsrc, hich is the generally accepted time of

accretzon of Terrane T to North America (Monger et al 1982) Batholxths""'"

. of mid—Jurassic to Cretaceous age withln Terrane III represent the tinal

,ﬁstages .ot arc activity related to the closure of the basin between j;*’

£ Terrane III and North America. ff" 2K ',fu'. "1'\i;'="flf'3'”




vy ;Ff:@“uﬁiv.,Post:JuraSSic7Tectonics:gg’Terranejif1 Co

.

'7,.,rntroduction _”f',l_li-‘ ~g-_4_ RS J_L"

The post-accretion history of Terrane .I has been dominated by .,-'

)

interaction w1th the Pacrfic plates, therefore, wit _i pertinent to -

present a synthesis of the relative plate motions_of the!Pacific region
Am rica are those calculated by Coney (1978) usrng a hotspot reference
frame, w1th adjustments for the rotation of the continent after IrVing

3

(1979) The diagrams diSplay the relative pos;tions of Terranes I and 11

plates with North America lS likely to have anOlVEd subduction or‘

» strike slip motion.vThe repreSentation of subduction rzones is largely

schematic, except where noted, and does not represent any speCific arc._;

o ;o

.

-i" 154 Ma Late Jurassrc j'f-‘ f Co 7'.'i'~f':l. - -f:uxkf 'étd*n

At this time the tniple—;unction between the PalelC, Farél}on,: i

and Phoenix platea is estimated at 10°S 130°w thh the PalelC Phoenix,

R

»

'7f?nd, aFagﬂllon—Phoenix ridges trending southwest _hand :southeast,.:’

respectively (Henderson et al.f 1984).7 The Farallon—Pacific ridge -15-7

’ orientated north or northeast and may have been offset by several major :

‘ iraﬂ%form faulis enenderson et al 1984). Palaeomagnetic data suggests a e

position of 23°N £or~Terrane I (Monger and Irving 1982), and either 20°N

' or 20°S for Terrane II and southern Alaska (Stone et al. 1982). _fhe?

southerly latitude for Terrane II and.southern Alaska is preferred by

mOSt authors because only a straightforward northeast movement lS then

to’the present (Fig 17) The pOSitions for North -

) and address the problem as to whether the 1nteraction of the oceanic ‘“f

e

required to bring these Terranes to their present posxtion.AHowever,,¢

r.,‘




- v;ilongltude (Coney 1978, Larson and Pltman 1972) The orientatlon of the ;':“

b 52 L

‘},wf unless _the. Terranes are located between 40°. and 90°w the southerlyUVf .
3;‘,p051t10n 15 untenable hecaUSe spreadlng at the-Farallon-Phoenlx ridge _1g,"

'.vwould drlve them further south

Ly -

. ;_120 Ma Early C:ﬂ;aceous e ‘.r»f'”

b
'.t\

Durlng fthe_" early Cretaceous . 'the Pac1£ic-Phoen1x—Farallon'Q

’-'trlple—Junctlon lay at a latltude of 2@1%,' between 80°and 100°w }Nal[

”'ijarallon-PhOenlx and Paczflc—Phoenlx rldges at thlS tmme lS uncertaln,f

>f although an easterly trend for the Farallon—Phoenlx rldge (Irving 1979,"

£

[ Larson and Chase 1972 Larson and Pltmann 1972) is consrstent wlth the

A late Jurassxc plate orlentatlon. A northeast orlentatlon of :jthe

‘ plate) (Engebretson et al 1984)

'hFarallon—Phoenlx rldge (Stone et al. 1982) 1ntersects the western margln'

P

af_of Terrane I £rom approxlmately 130 to 120 Ma The ridqe WOUld then bei.} :
”f;orlentated almost perpendlcular to the contlnental margln"thetefore,l;
‘the resultant xnteractlon would probably be Strlke—SllP motlon in ’the;?»;
‘:.“ v1crnlty of ,the Terrane. By thls tlme there also exlsted, or hadz“

R developed on the Paczflc-Phoenlx rldge,' a-'second ‘trlpledjunctlon ,

resultxng 1n the formatlon of the Berlng plate (also termed Izanagif.;a

D comt . : .o . - . © ol

83 to 82 Ma Hld-Cretaceous rf‘,] lc, e

A major reorganlsation of -the oceanic plates occurred in the_

. mid—Cretaceous in response to the Subductlon of the Berlng~Pacific andf

Cr.

Bearing-Farallon ridggghlong the Slberian-hlaskan contlnental margin"_‘;

"

(Rea and Dlxon 1983). This resulted in the formation of the Kula plate'

from the northern half of the Farallon plate by the generatlon of a
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“”TSoutn,puates by‘transform faultlng.. 8

| »Cénéic_iic"to Recent' SRt

' within Terranes I and II, ‘as much as. half the north &

;'these Terranes taking place in the early Tertiary (Symohs,-f

sy L e

P

\‘,"‘,

S
ek

“*ffﬁ.72 Ma Late Cretaceous . ':_?f g ;-»;v;-»”< L?"'~‘ s

By the 1ate Cretaceous southern Alaska and Terrane II had collided

~°’3(Monger and Irving 1980). Palaeomagnetic data giVes an average p051tion"
'Iﬂof 45°N for these Terranes at this time (Stone et al 1982 Symons andi;

'_iLitalien 1984, Symons 1983, 1985) The location of the Kula—Farallon ’

”'si.dmight interfere w1th the motion of southern Alaska A ridge intersection'

7‘to have produced the observed northward translation.-‘

In the -earl Tertiary southern Alaska began to move mrthwards ;

e

‘”past Terrane II to ‘its present position, possibly facxlitated by -

e

transform taulting on the east-northeast trending Kula—Farallon North

RS s

'.7ridge (Wells et aI 1984) Accompanying strike-slip mov;; 'tjhhoti,place»l

L

. \7

- movement was accompanied by up to- 45° clockwise rotation until the"

‘QTerranes reached their present postion during the late Oligocene.'

_ 1F

‘

reorganisation of;.the 'oceanic'_plates in the mid—Tertiary due to’-‘:

A"v ‘ 'A‘, o

The_

'?fi;northeast trending ridde (WOOdS and,DaVies 1982), and the separation of_f""”

A”ﬂifthe remainder of the Farallon plate into Farallon North and Farallon PR

s»ﬂWith the western margin of Terrane I forming the Coast Plutonic Complex S

- fNorth ridge at this time is unknown‘ two extreme options (after Page and_'-'

"'f“Engebretson (1984)) are illustrated. The northerly option, however,~ v

_wrth North America at 40°N ' Just south ‘of the Terranes is ‘more 11ke1y»ifiV‘

Magnetic anomalies in the northeast Pacific indicate a major -

N7 )



—

fiwith the Alaska—Aleutian arc.. Timing ot this EVeng has been estimated

: 43 Ma (Engebretson and Cox 1984) is preferr@d because it coincides yith

'ages determined for the kink in the Hawaiian-Emperor island chain of

"result the Kula—Parallon ridge reorientated to a, north-south axis,

B

d'ifr'reconstruction is complicated by uncertainties in ‘the, positiong,o£~

S— -

-lh v Estimates for the: timing '.of ]'the_ intersection 7o ; the";‘

. Farallon—PaCific ridge and North America vary from 55 Ma (Fox 1§83) to

’%

- fridge in tre Vicinity of southern California had been OVeridden by the

fcontinent with the development of the San Andreas fault system (Atwater

s
e

.1970) “In addition, the Farallon-North American plate convergence rate

2ty

»

8 of i,c;,asingly_young oceanic lithosphere to subduction as. the proximity

N}

1,,‘of the Earallon—Pacific ridge to the continent increased The overall
"1ﬁresu1t of these events was a change from a predominantly right lateral,

strike—slip regime to an extenSional enVironment within Terrane I during

L 4 .
b K

"'the 1mid—Tertiary. This ini'turn, affected the style of volcanism.-

Cal

,‘r'

‘ “Juan de Fuca and Pacific plates but back-arc extension can . be considered

2

_Ma Chilcotin basalts. In California, inland from the San Andreas tault

"issystem,-extenSion unrelated‘to subduction resulted~in the :ormation ot

RS

'-.between 56 (Byrne 1979) and 25 Ma (Jackson et al 1972) The estimate of

9

2

t?

‘-ﬂ.

-;‘cessation oi actiVity on the Kula-PaCific ridge, caused by its collision ,_?Lf

‘_b43 l Ma (Dalyrimple and Clague 1976) and 37 8 Ma (McDougall 1979) As a j{vh7
&ontinUing the trend of the Farallon—Pacific ridge (Byrne 1979)é The g

..southern Alaska during the mid Tertiary...: e ;‘ R M’w:,.‘ i »(';{,’v’

‘1‘.as recent as 29 Ma (Atwater 1973) By 20 Ma ch.of the Farallon PaCific‘ B

.
]

LA

@

‘ ’;responSibie tor—the l7 to—6 Ma- Columbia Riva?“basalts' and the 12 to-2

' .fdecreased Significantly from 40 to 20 Ma, pnobably due to the reSistance'

B calc-alkaline volcanism continued in response to the subduction of the -



-the Basin and Range Province from 15 Ma to the present. .




2 o RN,

_;gSpences:Bridge‘Group',' -l:f.;;5hf«v;§

Introductlon

Volcanics of the Spences Brldge Group represent an arc bu11t On :

the western margin of North America during the mld-Cretaceous.,'In>jf*'

southern Brltish Columbla the Spences Brxdge Group Occur on the Quesnel

che Creek, Methow-Tyaughton and.Stzklne terranes (Flg. l) To 'the,ﬁft, B

.gin of the Stiklne terrane as far .as the Yukon-Brxtlsh Columbla.'"

border (Tlpper et al 1981) The-egposures contaln 50% clastrc sedlments'-

t" north, rocks equzvalent to the Spences Brrdge Group occur “on the western,;lrf 3

and 50% calc-alkallne lavas (Thorkelson 1985), and are of tectonlc;;_f"

sxgnlflcance because the Cretaceous lS the accepted tlme of accretlon ofllf'V

C Terrane II to the western margin of Terrane I (Monger 1982)

The stratlgraphy of the Spences Brldge Group has recently been7 -

revised (Thorkelson and Rouse, 1n prep ) A lower Sequencey comparable o
"',,;9 the. Spences Brldge Group of Duffel and McTaggart (1952), Monger:J"

~*~(l981,_ 1932), Monger and Mchllan (1984),‘ Thorkelson (1985)

s_rn‘ xingSVale Group of Preto et al (1979), unconformably overlles 1ateﬁ
SR .
;}g;ﬂ . Trxassxc Vchanlcs of the Nlcola Grdhp.‘ The thlckness “of thlS unit
R »

..‘-d.
A & §=;. exdeeds 3200 m CThorkelson 1985) and consists of 1gnrmhr1te flows, tuffs;n-
2 l t ' o
v. ? vqnd&hgglomefaxes._ thh intercalated flows of basalt, andesite and*_o

5" .
] »& K rhgq}xte.vtaﬁ" upper u600 arthick’ unit, correspondxng to the Upper'
¢ 2 . ot

SRR ’

_}3 e d&tﬂ@SvaIe Group of Duttell and McTaggart (1952), Kingsvale Group ot

Mbnger (1981, 1982),‘ Monger and Mchllan (1984), and amygdaloidal

;nn.,vc o

andesite unit of Thorkelson (1985), has beeﬁhnamed the S ius Formation ‘

P ¥
.._i": ('rhorkelson and Rﬁse, iﬁ prep ). In contrast to the lower part of ‘the -

',rV f

g}'*"ffw mspences Bridge Groug& the Spfﬁs Formatlon consists mainly ot andesite
L. "‘ 4, o N . 3 : g ) o . -_,,’,""--,;O . .
) ","b' Q'F]‘ B . ' ,"::' : <I.-- . ': . . ”",'»‘.‘

[ R
el R 3
vz

.



":vvflows and contains onﬂy minor pyroclastic and sedimentary material

Sampling was undertaken before this rev1510n with the result that'f

N

v all but one of the samples collec!bd belong to the lower part of the

- sequence,

-%Major Element Chemistry

n\ : ‘ : :
Major and trace element data for 34 Spences Brxdge Group volcanics~

_'are Rresented in Table 6. Silica contents range from 48 to 70% The3"

.J . . I

' - samples follow a’ calc-alkaline trenq on an AFM diagram (Fig. 18) and on:
*]a FeO*/HgO versus silica diagram (Fig 19).:Sample 2 1018 lies in thef'
' ltholeiitic field on these diagrams probably due to alteration._ FeO*/MgO'.,T‘Y

*ranges from 0. 9 to 2. 4" Wlth an average of 1.5 Six samples, 2 101?,3:

>\

~."';‘32 1011, 2 71C, 2-107, 2 7lB, and 2-716G have FeO*?MgO 1ess than l l ~and

h.zMg-numbers greater than 67 (assuming Fe,o /Feo ~0 3) All six have low_

L\

;u_silica (less than 55%) and high Mgo (6 to- 10%), and may represent

.h}primarg) melts from the mantle wedge The remainder have lower Mgo withf

ﬁ P
X I E : L7 .

- Mg numbers ranging from 49 to 67

On a K 0 versus 510, diagram (Fig. 20) laq medium, and high K'

'suites are recognised. Na,O/K 0 ratios range from]. r,S in the low K

v suites to less than 2 in the high K. suites. K O exceeds Na,O, andﬂis ;fﬁh
":funrelated to. Sio, in the small number of samples from the high x suitea‘ffp;v.

'Thorkelson (1985) describes only low and medium K suites from exposuresf,

'ito»the7southeastvofﬁthe.study area which may suggest some regional

variation ':'W;”' j. S AR f'f ' L:ff ’ ';,Jd.',%

Tio, and P 0. contents are typically calc-alkaline, averaging l 1% 3

i'and 0.3% respectivelya A ‘; : _ }? S ’ "TQ S
) B _ g
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- Major and trace element. chemistry of the Spences Br.idge Group :
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f“Trace Element Chemrbtry

B ’

"i The variation in Rb, Sr, Ba, Y th Zr, and Nl Wlth Slllca content

{‘are shown in Fig 21 . The‘ anundances of Rb and Ba show the same _fﬂr’

: ‘div1sxon into high, medium and low series as for K content Thus the

‘;ppm at high silica contents. Similarly, Ba increases from 150 to 450

| high K samples have 27 to 65 ppm Rb and 700 to 400 ppm Ba In the low K

f:samples, Rb contents ingrease from less than lO ppm 1n the basalts to 25

, .

i'

f7ppm Concentrations of Rb and Ba in the medium K suite are intermediate

--:pstrontium, in contrast ’lS unrelated to K content but shows‘a decrease“'u

from 900 to 300 ppm Wlth increaSing silica. Ni decreases from 90 ppm inf*J'v
.“ 4 . - LR

ﬁ'the basaits to concentrations of less than 10 ppm. Nl contents are o

Lt

-' :vagreement with the 112:5 Ma Rb-Sr isochron of Preto 3 al (1979)

‘generally 1ess than 30 ppm, and attest to the evolved nature of many of-"

",these rocks Concentrations of Zr and Nb are high for calc alkalrhe ,"i

'

‘jrocks,; reaching concentrations of 270 ppm and 15 ppm respectively,

‘L;between 54 and 56% silica (Fig. 21) v[.*”<-_ el .;,v»-ff '« _lf

-

Nd Sr' sotopic gggsition 3f_ s “?:

= Nd and Sr isotopic data for 8 Spences Bridge Grqup samples are

o
\

L presented in Table 7 Fourteen samples (excluding 2 105) define a 'Rb-Sr ,”

v

X isochron of 115135 Ha weth initial rateo 0. 70534:8 (Eig 22), in ,good

N %

3
s o

'

. &

\"’Sr/"Sr ratios measured by Preto et al (1979) ‘are’ srgnificantly,

€ R

‘;~higher,: resulting in a higher initial ratio of 0;7037?:4 ..The’ Spiusf

f:;dFormation sample analysed here falls ciose to the 112 Ma isochron,*'l

’ ’ \ 1 o

. whereas the two sampIES considered discorq'nt by Preto et al (1979)‘f73
'taIT close to. the 115 Ma. isochron. The rangekin "Sr/"Sr requires thatfnn

jeither the Spences Bridge Group are isotopically hetefbgenous on aZ w;

~
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B mc ,, o ; ST i _e o 'f*"bfp ‘
'7-jregional scale,; or- that the scatter results,: from po§t-magmatic;:;‘.

"{f,alteration, in which case- the data should be interpreted as. a Single.g"lf

e LA

K-Ar)ages of 94 413 4 Ma for the lower part of the Group, 91 713 3'”r:

’fffMa for the Spius Formation (Thorkelson 1985), and 91 6:3 Ma on can

“"r"unspecitied part ‘of the.GrOUP (Church et all 1979), are sanlflcantlyf: |

_ lower than the Rb-Sr ages. The latteri are conSidered more' reliable }.

.'; despite the larger associated errors. The Nd and Sr data in Table 7f

“'fhave, therefore, been corrected to an age opﬁilz Ma., The samples have:;i
:'eNd values frgm +5 5 to *8 and "Sr/"sr ratios from 0 7031\to 0 7036 ,.'

v'”‘"similar/to the Nicola Group. On a Nd-Sr isbtopic diagram (Fig. 23) thei‘;,'
_ g -

. jspences Bridge Group overlap the fields of the Mariana (White and" -

'5fPatchett 1984 DePaolo and Wasserburg 1907) anﬂ Izu arcs (Nodha andif*f

. Wasserburg 1981) '“j ”'F;.g”‘ RIS & ?E;i?;, B _
.;." -: - g : WX e t s ‘. o . i [] r
. . - o L ) . .-~P. . . . ’
x“:Crustal Contamination P D
. e'*;,;mhef Spences Bridge ’ Group _contain aabundant; plagioclase,'

» - -

'7;f”clinopyroxene and more rarely, orthopyroxene phenocrysts indicative of:»

‘_f'ff fraétional crystallisation in shallow crustal magma chambers. At thef':

Jtztime ot extruSion of the Spences Bridge Group, the. “ﬂdquying NicolafVZ'
'ngroup volcanics have eNd between +4 5 and +1 5“. “This ‘range is: directlY’(

l_comparable to that Sh°"n by the SPences Bridge GrouP but significantg:'f'
.;”:contQMinAtion is c°n51d°r°d “nlikely as,no trend toward the elevated;i:Vt

. .‘

':{f"Sr/'°Sr compositions which charactsrise the Nicola Group is observed.';i?

",'i_Furthermore, the Spences Bridge Group Samples with highest silica_{}ﬂ»

x;*,contents also have the highest cNd values,. above the range for theff_;f

'*G;,Nicola Group Contamination by a hidé;*"ﬂd/l“hd crustal component,‘:,5
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C -

-—alteration.. The range of isotopic compOSitions shown by-the Spences

“#;‘region heterogeneity@ 7"‘

X3

Tectonic Setting

possrbly the original oceanic crust on which the Nicola arc Was built, -

N

could account for the eNd values, but should aiso impart a trend toward

high "Sr/"Sr ratios lf the o.eanic crust had suffered seawater ff"

I 4,

o )
Tkl T

>

Bridge Group, therefore, 1s consxdered to result primarily from sourCe

‘,_, o

The age» andﬂtlocation of the Spences Bridge Group requires the'_f;jv

presence of an,eastward—dipping jﬁﬁduction zone_ beneath the western

i margin of Terrane I during the mid—Cretaceous The presence of such an

/’

r\--".~.

afa\conflicts with tectonic models (Chamberlarn and Lambert 1985) which
requrre a westward—dipping subductiozgkone beneath the eastern margin of

Terrane I at this time

v

N attributed tQ.the incorporation of a subducted slab—sediment component

P

S -

into the source region of the volcanics (Hawkesworth 1982; White and

..

Patchett 1984) The isotopic signature of an 1sland arc -is thus iargely

The de)E’arture from the mantle trend shown by arc volcanics 15 fﬂi

¢

T a a function of the nature and quantity of sediment subducted. The Sunda,i_ “

Fo

EAE suggests a low

f, in rront of the arc (White and Patchett ‘1984) The proximity of the’ ‘

Bénda and Lesser Antilles arcs which have ‘the highest '7Sr/"S; and

1oye§% *‘=Nd/44*Nd ratios, have thick sequences of terrigenous sediment'

RS isotopic cqmpositions of the Spences Bridge Group to the mantie array

v: could be used to support an argument that at the time of formation of

L

: ,-the arc, Terrane II was not situated close to North America Accretion

.,,4_‘

ot Terrane II to the vestern margin ot Terrane I may be recorded by the

S . : ) ' v"..'_.:"':()".“;

e

“v o: subducted Sediment into the trench. This in turn S

,5‘,' :
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- ‘!nt oguctio . t',”rifi-ﬂ;ﬂ:ft;fiaalfi'

,_‘

o i{complexes (ibid Yo

augite, pigeonite and labradorite in a groundmass of andesine laths with,‘

N

K n;fprm part of a belt of early Tertiary volcanic activity which extended_i'

J

' from wYoming to the Yukon—British Columbia border (Ewing 1981a).

andeSites More Slllcic differentiates are limited to rare late—stage ,? #

ha

rhyolite plugs K-Ar work (Ewrng 1981a, and reﬁerences therin) hasf;-

delineated the main phase of volcanic activrty to between 52 and 48 Ma,ﬁﬂv'

wrth sporahic eruptions continuing until

" Durinq the time of eruption of the

4
e S

Early to mid—Eocene calc—alkaline volcanics of the Kamloops Groupg

Kamloops'Group, the tectonic]‘

uwn;xamloops Group is widespread throughout Terrane ’I (Fig.v 24) and.;VJ'

e comprises a 1 to 3 km thick sequence predominantly of basalts " and 7f;_'

regime was 5t111 dominated bY rlght lateral strike-slip motion Terranef'-"

I underwent some 7° of northward transxation and 15° of clockwrse.°“'“

/ . .

'f rotation during the Eocene and Oligocene LSymons 4&985) This tectonicff i

regime accounts tor the distribution of the volcanics 1n a series ofi._gf

y: )):‘,' .

smail fault—bounded basinsvli'f;, by a mbre extensave1~fau1t system on'f=nf

tissures or low shield volcanoes, whilst the andeSites formed large conev:"

t;'

ineralggx fEI:=]r;F;;¢;ﬁ-.f" v'fV ---: f.hiliifi:a; : ;;-;fL;
e The mineraloqy or the Kamloops Group ComPrlses PheﬂOCfYSts i‘: S

interstitial pyroxenes and glass. Euhedral olivine 'phenocrysts, often;lv~

s

K4 SO . e . e o LR ) . O P
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- 'Pig. 24: Distribution of Kamloops Group and Chilcotin Group -rocks. in .
ig 1. Also. shown = .

v "jsouthe:nvﬁBritisp,Co;uﬁﬁia;“Tg:rane-désignatidn as for. F
- * are the positions of the ‘Summit <Lake “(SL),. ¢
" Timothy - Mountain - (BTM), -Lightning Peak (LP)- and. Kettle River: (KR
"+ . genolith localities (after Tipper.et al. 1981, Monger and Berg 1984).
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QTf;

50.‘?-

Jacques Lake (JL), Big
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"fgfdifferences in the relative abundances of rock types. The silicav»:f'”

'Major Element Chemistry . 'v .

‘frw1th glomeroporphyritic texture similar to the pyroxenes, are common inﬂQ{ '
"ETthe more baSic samples Euhedral magnetite and, more rarely, hornblender:_-‘

'5i'or biotite, may also occur._‘

.

The major and trace element chemistry of the Kamloops Group_'has L

) been described in detail by Ewing (1981b) However, the anal?ses of 52 ,; -

'?;Kamloops Group volcanics presented in Table 8. show some 1mportantf7

%}”contents of the samples in this study range from 51 to 74%,} although l?,f;

Y ST

o

- irmost are andesites with between 55 and 63% Sio,. The samples of Ewing~*

"(1981b) cover a wider Slllca range (49 to 77%) but are mostly basaltszfy"

‘

and basaltic andeSites. Discrepancies between the alkali contentsf

i presented here and those of Ewing (1981h) are evident on the K 0. versusf{id“
f' smz classification diagram (Fig. 25). Only four samples, 1-20A,- zva,;d,=*=
.”ﬁ2-27B and 2 54A lie in the absarokite—shoshonite-banakite field in " Pig.

'25: ' compared to one third of the analyses of Ewing (1981b) These:ff

vﬁdifferences are ‘considered to 'reffect sampling ‘bias rather , thghAuk'}
‘:7'analytical error or any regional variation. The results suggest that the ;

; intermediate rocks are at least as abundant as_ those of basic:<y”

composition.»i

The. calc-alkaline nature ot the volcanics is readily apparent tromg:

, lthe minimal iron enrichment on hoth AFM (Fig..26) and FeO*/MgO versus"
"Vvsilica (Pig. 27) diagrams. Five samples, l 14A, 1-148, 1—19D, 1= 19L and'.

t'. -SAA‘ have reo‘Vugo less than 1 1 and Mgwnumbers greater than 67'_;_

“””;(assuming Fe 0 /Feo no 3) All tive have Sioz less than 56%, Mgo greater;"

4‘than 6 5%, and may represent primary mantle-derived melts. 'riol contents;:;5“
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u':%}de-Sr Isotqgic COmposition i

The Kamloops Group are_fh'

‘fffffcontents.i In the basalts and basaltic‘andesites Ba may reachllsoolppm-fh

Nd and Sr isotopic qmpositionsa of the Kamloops‘;Group Hare?f_t‘

:”:ﬂh;presented 1n Table 9 Tbe datgahave been corrected for an age of 50 Ma S

iT;Where not measured, Sm/Nd was _estimated by comparison with similar}b‘u i

':”n{samples.- This approximation in§reases the errors by less than 0 2 € Nd;'?"“

"'if,units because ot the restricted Sm/Nd range (0 15 to O 21) and young agejvl“
btf;-of the Kamloops Group. Only 2—74C and 2-27A (both belonging to the

"‘;;shoshonite suite). '

'-rhyolite l-lBB, have sm/ﬂé less fhan 0 17 731;{f‘

'3”f5therélore, e;more I listic increase uould be less than O 05 eﬁd units. ff':.
loona Na-st 15’t°P1= diagram <Fig. 28) all samples lie witnin tue},}"“
v imantle a££;§, the more depleted samples overlapping the more enrichad:;r

.-~basa1ts ot the Chilcotin Group The Kamloops Group‘!all almost entirely;tl.?

f}tbetween the tields tor the Grande Ronde, Wanapum and Imnaha basalts otf"

Q:;the Columbia River Proviﬁce. The slightly posttive eNd values and low; o

l:ZV"Sr/“Sr ratios, are inconsistent with the high Nd/Sm and Rb/Sr ratios:k:g"

P
-
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- to divide the qxpmu’s. ,_; ’

Crustq contaminat ' gts ot "'Sr/“Sr ot
Wso, a scatter whichj

xowd/“‘ud versus .SJ.O, X@-g- .2.9)
.‘ ) . . 3 "\. o
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ntamination in the Kamloops Group -(a)
"Nd versus Sio, _ DR Y




; a basementLto the unﬁerlyingf!:};

,terranes. Mantle hetetog-neity is !avoured as. the most primary levasf.:fi

-hadr isotopic compositions approaching the median for the group, whichfdff

,would require two di%tinct typei of éontumination to account tor the o

v

,regular increase in l“N‘d/“‘Nd or decrease in "Sr/"Sr with increasingf'fﬁﬁ

Silica ls noted where succe551ve flohs (1*19A L series), presumably fremJ o

the same vent, have been analysed 3 "”1v;ff‘_ fﬂﬂ;f 75'}'; fji;ﬁ;‘AQ }fﬁ:;

Crystal Fractionation

;:,cfthan 65% 510,, loy pressure differentiation in shallow crustal magma.:f<-

"F;'fchambers was invoked to explain the reduction of plagioclase and absence?~v‘

' xi"Of pyroxene The pauCity' of rhyolites suggests that this~process:was E

- °"1’ of 1°Cal imP°rta"°e-,H°"ﬁver: /Sr ratios higher than those of thef‘jif
: mo'e primary lavas (which have Rb/Sr ‘ratios trom 0. 028 to o 032),*-,:"

'.;indicate some degree of plagioclase fractionation tor most samples. f_?i

:ui Ditterentiation t?ends betueen 50 and 65& Sio, were mﬁdelled by'j‘

”i-amphibole tractionation as indicated by the decrease in K/Rb (Fig. 30)'

’i;,and increase‘fn Pe0 /Mgo (Fig. 27) with increesing silica. Amphibole 1;“‘

;irarely observed in the Kamloops Group, although it may h&VG dehydrated_jf'

'f;during magma ascent., Clots of plagioclase, pyroxene and magnetite,,:7

"7&bserved in thin section, may represent relics ot this process (Stevart i,

higher and lowet isotopic ratios of the other samples, In addition,i'nof- %






'HVe'nature ot the volcanics tequires a hyd}ous mqlt;’

RS amphibole—bearing spinel Jherquite Lth (desctibsa in detail in Chapterf

i;

5). Recharging and mixing of magwas is indicated by the. variation of

'fef  high concentrations of these elements in the lavas.i The calc-alkalinefnjfﬁf

R - .
f':'I:B) has similar '1"Nd/*“Nd and '7Sr/"Sr ratios to the Kamloops Group:

and is suggested as possible source material.r:;nfz-"

Tectonic Setting f’-ff fmfx‘ffﬁf?f*:5i'j ;i"2iffflfﬂi¥;ft::ﬁ{fij”*7sa'i

to the understanding of

because the volcanics mark the last activity betore the latJr Eoceneﬁf;g};
plate f reorganisation.u principal ditticulty explaininq theff""

"f; calc-alkaline nature ot the Kamloops Group is the distance inland ot the,:‘

some 400 km trom the nearest, possible tranch tor a-"

AL

- subductipn-related otigin Subduction beneath Terrane Ir trom the late~‘

5 ¥

Cretaceous to early Tertiary is indicated by the plutons ot this age inﬁftf”

the Coast Plutonic Complex (Souther 1977) Honever, it is not iknoun'}’a,f

“a

i "heth“ the. “tm" of °"‘P13CMt Of the plutons ovarlaps that of the.

must have been unusually rich in P Zr and Nb to account tor the:f"'"

In Fig. 29 m,"'

The origin and tectonic setting of the xamloops Group is impottant”*ff]f

ly Tertiary tectonics in British COlumbiafiwl;?



Terrane II (Pig'-‘ '-_:17){ suggests that the motion betueen North America and

the Kula andiil’arallon" plates should have been strike-shp in nature.[‘

faz northeast diPPing subducted ab

onsiderably greater than the 100 to 150 km suggest for most argsj k
P

(Gill 1980) and suggests that tlye K," depth relation

greater trench-arc distance. . o

lsilica, E\ving (19@) postulated an :

;‘ underrying Terrane I at a depth' of 200 to 300 km 'I‘his depth is',

is inaccurate.;,- L

- Any subducted slab during the eatly 'rettiery should have been been at_. 2

shanow depth,_ undeplating the continent, ‘as the proximity ot the’f

> Kula—l’arellon end Ferallon-Pacitic ridge systems wonld have resulted in_:'l

tne slab b.inq reletively younq and b“mnt- _-:*-f : ’I S

'me presence ot a relict inbricate subduction zone beneath Terrane_"n';-‘,' R

-

LA I atter the eccretion of 'rertane 11 has been postulated by Goodwin

e,.j‘ !

L (1978). Although it is unlikely that such a slab could have survivedh‘_:f - =

, trom its oriqin at 80 Hd, it would h‘ave served to enrich %he'-‘

Y
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'1£1_Introduction :fl 3A:'tf'7£hl-“Aé?%“~frifﬂe'g;~ ol f e _ﬁif f»{_\p'

" The Chilcotln basalts form a 50000 km2 plateau of 1ate Mlocene totv_,'

* .Pliocenei age '1n Centrai Britlsh Columbla (F1g. 24) (Bevier 1983b)

";g_baik-arc setting~has been suggested for the basalts (ibld ) because of.17r

'”{;f the presence of coeval calc-alkallne volcani s'of the' Pemberton belt,“i77‘

‘tlSO km to the west The stratigraphy of the pl_teau is poorly known butf, |

"K-Ar datlng (1b1d ) has recognlsed two eruptive phases between lO and 6,
c v ‘

- A_.v-—"'

f__and between 3 and 2 Ma. The Chllcotln Groug is thus‘contemporaneous w1thf‘””

‘“‘fj"the Saddle Mountalns basalts of the Columbla Rrver Prov1nce 400 Km to

~ the. south but drffer signifrcantly rn eruptlve style The Chllcotlnhf'"‘

lf'fgbasalts are of the basaltlc plarns type (Greeley 1982), thh locallsed

":fflows belng erupted from low shleld volcanoes (Bevxer 1983b) often o
marked by late stage gabbro or dolerlte plugs (Farquharson 1973)1 The

"g'thzckness of the plateau varles between ‘5 and 140 m ‘(Bev1er 1983a)

Falls (Fxg. 24), lsolated act1v1ty contlnued until as recently as: O 5 Ma'z

(C.,Hickson,spers comm )' ;h.""? f: S

Outside the maln plateau, at liﬂﬁlitles such as Mann Creek and Canlm,f'

The Platea“ 15 cut in the nOrth R alkaline basalts of the Ananlm" o

Belt (Bevier et al 1979) The belt decreases in age from Mlocene in the.’ffl

::west to Recent in the east, and has been interpreted as lithosphericijf'

'-

'rracturing above the northern end of the subducted Juan de Fuca Plate,

a‘

. h-or to represent the trace of a mant1e~hot spot beneath Britlsh Columbla'

3

'”‘(Bevier et al 1979) The youngest centres in the belt occur 1n the Wells S

"VGray Park area ‘to the east of the Chxlcotin plateau 01der——basalts at,;._’

f 3

© this. lotality, the: o ss to o 15 Ma valley-fllling assemblage of asckson,""’

PR e . Co . R ) L
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MaJor and Trace Element Chemistry

"ha e been included in thls study

&

a outher (1984), are geochemically similar to the Chilcotin Group and

| 5 j‘f f.,i"ff i

The Chilcotln -basalts' were classzfied as transitional_fBev1er
1983a) because both petrographlcally and on an AFM diagram (Fig‘iﬂl
they resemble alkali basalts yet fall in both the \alkaline and

subalkaline fields on a Silica versus alkalis diagram (Pig

basalts : analysed i this study ‘.ere both - nepheline—' and

s

hypersthene-normative, although quartz normative basalts have alSo Jbeen'."'

reported (Bevrer 1983a) Slllca contents nange from 47 to 53& (Tabb'

0) SlllClC differentigglk are unknown. Alz 2 ranges from 13 toﬁ
: ) ; ;

“and Ca0 from 6 to ll%.fﬁgo is more variabl to 14%l~and is 1nverse1y
el

correlated Wlth Cao (Flg 33) Mg—numbers range from 46 to 67, but :or'

e

Na 0 and K 0 ranging from 2 to 5% and from 0 5 to l 7% respectlvely,

wrth Na O/K 0. ratios of 3. 5 to 4 5 TJ.Oz reaéhes a maximum of 3% but is

O

usually&between l 5 and 2% P 05 correlates posztively with Tio,r and "~

4

. “\ reaches concentrations of up to 0. 6% [, S J“’v'"’;f; ‘1"‘ ng;ﬂ'g' )

f.-(
U AL samples show. depletion in Rb (9 to‘QS ppm), (140 to 400

e

e most samples ‘are between 60 andiés Alkali contents are generally high,

’-?Pm) and Y (18 to 25 ppm) . The overall low Rb contents are in’ contrastj:_;

to a marked enrichment in Sr in several samples (Fig 34) ’ Nb contentsﬂ:

range fro" lS to 30 ppm, and for many samples aﬁ% only slightly higher5=

than 1n the Kamloops Group Zr contents of 120 to 230 ppm are lower than-'

\ . - ‘~-"'1~’\5

e

in the Kamloops Group : L \’ fv-;,_’ kg

N

REE data are presented in Table ll and as chondrite normalisedn,*

plots 1n Fig.- 35, All sampIes ahow slight to moderate LREE enrichment
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anomalies of Eu/Eu +1 1 to +1 3

2

with (La/Yb)n ratios ranging from 3 to 15, 'and{fsmallfdpoSitivef;£u=1v u

R

d-Sr Isotopic ggpgsitio ’.; . jét“g'ﬂif7 "ﬂ7li‘ _
i,flSQ";' Nd-Sr } isotopic compositions for, the Chilcotin basalts are o

i:;,presented in Table 125 The basalts have moderately depleted ""Nd/*“Nd

- o ratios Zof 0 51310 to O 51284 and "Sr/"Sr ratios of 0 7028 to 0 7039

7.Group, East Pacific Rise and assoc1ated seamounts (Zindler et al 1984),v;

:-”Hawall (Chen and Prey 1983 Stille et al 1983) and the more depleted

"7fbasalts' of the Columbia River (Carlson et al 1981, Carlson 1984) and

'_“_BaSin and Range Prov1nces (Hart 1985)._In contrast, the CONEOSltionS of

;ﬁfthe alkall basalts 2 308 (“’Nd/*“Nd ‘0 51270 "Sr/"Sr -0 7047) and

i'2-66D (1"Nd/1“Nd 30 51274,v "Sr/"Sr “0 7039), which have been

.1‘.

1-tentatively inclufed in - the Chilcotin Group, are. closer to thd bulk

”;Af4Earth value. B f'iﬁ-xl. ” j.{ _‘:1_,;_'3:;'“

Sm/Nd ratios range from 0 33 to 0 22 ‘. the lowest ratios being

-found in. the most isotopically depleted basalts. The Sm/Nd ratios thus'

contrast the positive eNd values which imply a time integrated LREE

| ;depletion in the source region. Rb/Sr ratios range trom 0 018 to 0. 055,

'afversus "Sr/"Sr plot the basalts show a scatter on and to the right ot

";the geqﬁhron, showing no evidence for a mantle isochron.

f;DiscussiOn:

‘The . Chilcotin basalts which have the most depleted isotbpic

i'v(Fng 36) The Chilcotin Group overlap the fields for the Kamloops'5

A

bcompositions (de/mm ratios or o 51307 to o. 51302 - and ersr/eese

'

. -

bkboth higher- and lower than the bulk Earth value of 0 030 On a Rb/Sr



Sz

k : VoE e . . . .
. R T P e s
.. Nd and 'Sr 1_so,top1c.cdm_pos‘ﬁtj_10ns‘ of ‘Chilcotin’ ba;pl,t_s. -

L

CCRB/SPL . WisE T sm/Ng' P ieind 0 ENd Lt g
R T vesSp s R ! e . ' »

9. 0.70270#3 . 0.513075t'9 s8.5 "
.//0.7028122 . -0.217 ' 0.513074£313 . +8.§ . -

‘

. -0.7038523 " . - . #0.512846213 | +4.1 -
.0,7037543. . 0 0.512894229 0 +5.0 -
10.7029623 7 T 1 0.513000£16°) 7.1
©.0.7034423 - '0:236 . 0.5129382£15 | 5.9 -

. 0.703722#4 .. . .0.512901220\ " +5.2
"0.7037622 <. D.512916%16 . +5.4

. 0.7035322 0 0.227 . ¢ .07 s
./0.7034622 © 0.193  0.512950#33  .+6.1- '

5. 0.7028%5£3 . . 1 0.513006425° . 47.2 .

< 0.7036748 - 05129132 7 +5.4-

-049° - 0.7032124 - 0.270 - 0.513007£12  +7.2-

.041 . 0:70280£2, ' ° 0 " 0.512998% .6 . +7.0
TR o J,0.813003% 7 . 471 L
1044 '0.7030242 . 0.245  0.512975225  +6.% .
).026 | 0.70315%2 ... 0.512965£19 - +6.4 . .
0527 0:7032923-  0.270 . 0.512904%14 - +5.2

.027 - 0.7031823 . ' ... . 0.513020£16  +7.5

035 " -07030843 ' - - 0.512986%16 . +6.8.

\ ‘ , ‘2‘-'43‘):93 " A .

> AbKali and other basalts =~ | oo

o R i W . ‘ ol - . 'j»'\ . } o ’ .

o7 2-30B . 0.158 © 0.70467%¢% " 0.182 0.513704%17 " +1.3

o 2-99A - 0.094 . 0.70415%3 0,312 0.5128582. 9 - +4.3\
Vi 7 2-998 . 0.068 :0.7042623 " 0.365 . 0.512915£15 ' +5.4

L Y. 0 2-66B '0.023. -0.70371#1 L . 0.512852817  +4.2

S . R 2-66D° 0.037° 0.70394%3 © ‘0190  0.512739£19 +2.0
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o _'plateau. All samples are nepheline«-no :

by high Sio, (so to sz%). Al 05 (16 to 'em,. Na,o (4 5 to 5%), -no, (2%)3'5

o :'_-;zr, Nb and to a lesser extent Ba. Low Y abu

3 three groups' " S

)

a.nd P,o. (0 6%), and certain trace element’ enrichments, notably in s}

<.

. /-

‘f

,slightly lower Al.Q, (14 5 to 17%), Na,O (3 to 4%), 'J.‘ioz (1 S to 2%) and

or hypersthene—normative. 'rhe trace elem.t chemistry is characterised

AY

(La/Yb)n ratios of 4 7 to 6 0 ..Group ﬁ has the most enriched

i'..j- isotopic compositions' “’Nd/“‘xd ratios of. 0. 51295 to 0 51284 end

(3), Group o (Tholei;itic)

sos). ‘ .crr(-ia 5~to 15&), N ,'(<3z), -no, <<z&) and p 04 (£0. 35;); but
hes hiqh sgo (>9&) 'Low .elkali content places the besalts in the

¥

v

"Sr/"Sr ratios of o 7034 t0 0. 7041 E f' jj,l_’ S f f S

e ‘content complement (La/Yb)n ratios of 6 to 15 Group A has the most”‘A'.."v_'-

TR

'P 0. (0 3 to 0. 35%) compared to group A. The samples may be nepheline?.-'-

L by moderate to high Ba (3oo to uoo ppm), Sr (>400. ppm), Rb (>15 ppm>. ,;.;

( ) Group A (Alkaline) This g'roup is represented by the hawaiites'_f
‘_,-;_2 99C‘ 2~ 99D tren Nicola Lake, and RRMrom the southern end of the main,',‘:"j.
t-_lve._'l‘he group .'LS characterisledf
for a given silicav-____:_’i'

;'f-;-"'depleteg isotopic compbsition5°- “’Nd/“‘Nd >o 51300 and .”Sr/"Sr‘_

L "w<z) Grog;s (Trensitional) This group has lower sm}, (a7 'to 50%) \/

' ;'""_roup is characterised by low Sio, (47 to :'»:



’;31};suba1ka11ne field (rig.f 32) The - samples

hypprsthene~

ﬁf}ivlquartz-normative and are restricted to the main plateau Low trace

llflifelement‘concentrations, notably ot Ba (<250 ppm), Sr (<400 ppm)*~and Nb = "

‘-7=QI¥(<16 me). complement low (La/ben ratios of 2 7 to 5.4 ‘o Y contents of

ii:“_s21 to 23 ppm are szmilar to those of group B.; Isotopic ‘compositions

- eu,(;caxd/xccnd ratios Of 0 51300 to O 51290 and "Sr/"Sr ratios ot 0 7028

’v"f’to 0 7034) are intermediate between groups A and B.,;.

It is stressed that the division is primarily to provide a working

-‘-basis on: which to model the the isotopic, major and trace element

,.

zs,

:vj.,‘trends. All three groups show similar major and trace element teatures :

';pﬁf thich differ primarily in magnitude (Pig.,37). ;.b

A . H K ‘ B S ._
L o - . “ R ,-r.-..v,-.i' . [N - PRI I T R
: B R e v,_. B . . . . et - " .o N oo : .
‘

'dA zsta Practionation and Magma Mix g

:" The inVerse correlationtpf MgO with Cao, similar to the GrienlLt \

.5;5Province basalts (Basaltic Volcanism Study Pro;ect 1981), is an unusual
‘Efeature for continentalyﬁézalts and is ac:entuated by tpe'diVlSLOn into

' groups--A,. B and,c (Fig. 33) The wide range in MgO<content is aScribed .

ifto olivine £ractionation as this mineral is the prﬂncipal phenocryst

aphase.“ The variation in Cao,requires either some degree of plagioclase

"e,tractionation or’ source region heterogeneity On a Rb—Sr plot (Fig. 34)

B Vgroups A and B form a diverging trend away trom the lou Rb, low Sr group
e

ff:c basalts.- No trend toward Rb | enrichment ;;‘ plagioclase ?f :
}:;tractionation is’ seen in any group._- “ | o ‘ i » “
- “The importance ot magnetite tractionation is illustrated by a plot o
.Qeof ;Tio,‘ versus Nb (Fig. 38) 0, concentrations ot up to l S%, the j;_.
;samples lie on a line ot miD,/Nb r esulting trom ‘ﬁpe crystallisation o
40: the assemblage olivine,' clinopyroxene and plagioclase (Pearce and }
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Fig. 37. Trace element abundances of group A, B and C Chilcotin basalts '
‘normalised to' the primitive mantle values of McDenough et .al. (1985).
The elements are arranged in.order of increasing compatability from left.
ito .right. All. three groups show similar,patterns which differ'oniy in ..
the degree of incompatible element enrichment. o T
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. 0 S0 0 a0 | 4 5% 60 .70

;fFng‘ 38, ’fio, versus Nb diagram for the Chilcotln baSalts. The line
Ti0,/fb =1 corresponds to ‘thd crystallisation of olivine, . clinopyroxene»v

B ~and. plagioclase. The dev;ation trom this line above 1.5% TiO, resultS‘

from ‘the fractlonatlon!of magnetite. Ti0,/Nb ratios.greater than 1 arise .
~ from the contributlon ot amphibole or phlogopite to the melt 5ymbols as
- for F1g 32 e e R



g

Norry 19793r Sample 2-99A has - 'rio /Nb =z ,'whi

iajcontribution of amphibole to the melt.v Magnetite t

B vindicated by the deViation of the maJority of the saﬁples (mostlyvff )

'Eiﬁ' :f; 511°§{ff;n

"maY indicate the’.~:%

ractionation is] f:‘

'e»belonging to groups A and B) from the Tio /Nb -l line at' 'rio2 contents.~

 oreater than 1%, 3 B

EVidence for magma mixing is illustrated by a plot of ‘Mg0 versus : -;

(?ig ) The MgO-Ni data define a pattern which is interpreted asf_‘ 4

'J,”suggesting derivation from a more primary melt

-

L Crustal Contamination.:~

Trends toward enriched? lSOtOplC compositions have often been‘-. -

.(Carlson et al 1981, Mahoney et al 1982 Menzies et al 1984, DowneS'“;-

“1i_the result of repeated oliVine fractiona!EBn and recharge 1n a deepf;[

"if:seated magma chamber. Group C have higher Ni and Mgo contents‘;iug‘ 39),_h"

: : interpreted as contamination by older, more radiogenic crustal material L

'"171984) Alternatively 'it has been argued that the observed chem*cal and »f“"

isotopic variations result from mantle heterogeneities Or are imparted~

o upon mixing of mantle components (DePaolo 1983, McDonough et al 1985)

In view of the restricted Silica range shown by the Chilcotin:»

1pbasalts,v contamination effects should be better observed when the
' isotopic composition is plotted against Mgo content (Fig.‘,4b)‘ as this"
'may “be. considered an’ inverse measure of differentiation. Group»B, which

- from their localised occurrence away from the main plateau, would be the o

- most succeptible to crustal contamination, define a. cloud clear1y~f

'separated from grOups A and C which can only be attributed to originali

. 4

o '

", magmatic heterogeneity Groupsrl A_ and C show ‘a rough posrtive'f .
‘ .

e

' orrelation, opposite to: the trend expected from crust‘ cont }mtion.



20b o

8 ts:..8.  8_

o T Mgo(vh%)

¢

T as for Fig. 32

100

. Flg. "39. MgO versus Ni diagram tor the Chilcotin Group The positive.‘
"'correlatlon of Mg0o and Ni results from olivine £ractionation.- The .

~. .scatter on this diagram may - be :accounted for by repeated olivine”,
fractionation and magma recharge~in a deep—seated magma chamber Symbols”"
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 Flg. 40. Assessment of crustal contamination in' the Chileotin Group:.
$7Sr/*4Sr versus MgO. SthOls\asifqg‘Pig, 36.: R B R

o
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L. Table 13. -
Ndf‘Sr {sotopic data for crustal xenolt@-j found in basalt RR, °

Sample . RB Sr . RD/Sr U'Sr/veSr | 14ING/ieiND - ENd

pPm . ppm

" 0.70384%2

RR-PY

[VE

RR-2PA . 34.9 1636  0.021 - 0.70351#2.  0.512091£19 - +6.9

oo



'1'*; ~; Gabbroic xenoliths comprising S% of the' rock were found withg'hi*

fffspinel lherzolite nodules in the hawaiite RR The xenoliths are—mostlybltpsgi
;-?3fcm in diameter but occasionally reath 5 cm. Internal fﬁactures indicatelfﬂ??
- 4}ran accidental origin. Isotopic compositions measured on two suchf;;f”

E ﬁsixenoliths are presented in Table l3 1k’ssmilation of l% gabbroic'xiﬁg

" _t;lxenoliths (1640 ppm Sr, -5sr/-‘5r -0 7035) and 20% spinel lherzoliteti;iw

: i;(31.’ ppm Sr, "Sr/“Sr =0 7045) would only increase the "Sr/"Sr ratiofhgit
'Zlffof a basait (500 ppm s:, ,"Sr/"Sr -o 7oza> by one part in 1o=7’
"fffconsideration of the rapid ascent rates required tor survival of thef‘:
sf”lherzolite nodules (of the order of hours to days) it is- concluded that o
ﬁ:pthe crustal raSLdence time of RR was too short to 4allow significant,v;.‘
;?pcontamination. The xenolith RRZ -PA- and hawaiite RR have a similar, fidd
ipeharacteristically low Rb/Sr ratio of 0 019, therefore, it is probable;lh
. that the xenoliths represent vent filling material from a previous'J
vpiimagmatic episode. This Rb/Sr ratio is charactegisticb of the doleritev
.f‘plugs associated with the Chilcotin.Group (Parquharson 1973), whereasif},d

' the Chilcotin basalts generally have Rb/Sr ratios of 0 03 to 0 05.

iﬂ“15°t°ELd595§ Trace Element Correlations S

: The positive correlation ot the REE and P Q, in basic magmas has‘
,h;ubeen suggested to indicate apatite control .on REE abundances in the
‘;mantle during magma genesis (Beswick and Carmichael 1978, Metcalte and
'meith 1986) McDon:ugh et al. (1935) demonstrated that the P,0, /Nd ra(I;?”f[
l”i’for continental basalts and ocean island basaltsgeaverages 170130
‘ﬁcomparable to the primitive mantle estimates of §Un (1982) ot P 0 /Nd'
;543-150 . The P 0 /Nd ratio for nine Chilcotin basalts,;Pig.; 41) is 202,';}:d

' similar to the ratios o! the Tasmanian basalts and the Australian Newer

A
it
; .."s} .




o 2-99A, l—SA, and 2-308. From the slope of the regressiou lines in Fig.;*gif

o

f; relationship due to increasing contributions trom phases such as f;Q‘i

basalts (HcDonough et al 1985). Two samples, the hawaiite 2 99D and tnejf}e;f

(

: where a second line of lower\egradient may be drawn through samples;f,fﬂf

41 an. average,Sm/Nd ratio of 0 195 is calculated for the whole group._fAff\f7;

feature of both Nd—~and Sm- P 0, diagrams is that the linear regressionvd‘

line does not pass through the brigin but at zero phosphorouz content}jjjv

ﬁndicates Nd and Sm contents of O 47 and 0 99 ppm respectivgly. Givén;

the‘uncertainty in the P 0, concentrations it is debatable whether thesein,p

intercepts are ‘significant Frey et al (1980) have argued that both P

and the 'REE- behave _as incompatible elements on melting and ‘are?nlf'

]

partitioned strongly into the melt By this argument, the line shOuldj f;&
pass through the origin ' but this would only appear to be valid.if allffjftv
the REE reside in ‘a’ phosphate phase. If clinopyroxene or garnet alsoilfT_

contributed to the melt and were residual in the source region then?fﬁi~

there should be no such requirement.-~'

The data in Fig. 41 could also be fitted by curves, and hence bea

interpreted as a mixing relationship between high P 0., REE—rich and i o
zero P O., REE poor components. Samples with low REE and 1ow P,O, sili
o contents,‘ which might result from high degrees of partial melting, showh }{,

greater RBE concentrations than expected rrom a linear REE*P 0,‘.1 :

clinopyroxene. A»plot ot Sm/Nd versus P 204 (?ig. 41) shows that at- low P -

. contents the Sm/Nd ratio is gre‘lpr than 0.27, but decreases to 0 22 atv“ﬁ'

“h 0.6% P 0. . Again the data are considered indicative ot mixing betweenfh L

high Sm/Nd, low P o., REB-poor and low Sm/Nd, high P o,, REE-rich

.alkali basalt 2-308 lie signitiéantly off the P, o,-xe correlation 11ne.d77¢f

imilar feature is illustrated by the P 0.—Sm relatiqnship (Fig. 4l)f;f7*
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L components

: “-qf If the control on the RBE content by P has been a long term effect

'f.uin the mantle, co relation between 1‘=Nd/“‘Nd CFig. 42), and hence alsofif

o "’St/' ‘Sr (

'LIQH;the common endmember occurs. The trends are strengthened when the dataﬁ;.

5*iof Bevier (l983a) is included. "Sr/"Sr data for the dolerite plugs}i:'.

; 7_vhut also include samples with higher "Sr/"Srtyith respect to P 0, thaq

f7‘_igroup B. The identification of afihird trend encompaSSing the doleritesp"

——

o

ﬂf“suites of continental basalts are 1acking The indiv1dual groups of theJﬂ%f

’) - 14

aColumbia RiVer Province (McDougall 1976, Carlson et al 1981), and Basinffn

i

'»p and Range Prov1nce (Hart 1985) show. a strong negative correlation, ﬁ'

\

_almost independent of P 0, content (Pig.- 43) 'ﬁhpleiites fromwMull

LY

'1(Beckinsale 1978) and Hawaii (Roden et al 1984) also 'show ,large :

; variations in "’Sr/"Sr for little change in P O,. Conversely, alkali

"basalts from the Cantal region (Chauval and Jahn 1984, Downes 1984), i

ifhustralia (McDonough et al l985) and Mull (Beckinsale et al.. 1978) shon

a large range of P,O. yith little variation in "Sr/"Sr.. The position :

'““._(Farquharson 1973) fall within the fields for groups B and C (Fig.A¢3),f¥{ff

“i~alkali basalt 2—308 and diorite 2-993 is not conSidered valid because of;?i

7§€' ‘2)' and the P 0, content of .the. basalt should be e

"?l expected..On both graphs a diverging trend with the group A samples as'] o

the widely differing rock types. Combined P 0s isotopic data for otherf_?f'3

hof severai- alkalic differentiates and siliCic volcanics are also shown..'-‘

l in Fig. 43 Although these invariably lie toward higher "Sr/"Sr and;g

”lower P 0., forming an inverse correlation that reflects crustal oy

. contamination, this possibility is rejected for “the Chilcotf

'gnbecause of the restricted silica range.

GroupJ7
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.1984), Columbia. River basalts (Carlson et al. 1981), “Hawai{l (Roden et.
al, 1984),- Mull - (5eckinsale et al. 1978), and southeastern Australia

(HcDonough et al. 1985). Isotopic compositions "of  spinel lherzolite - -

“ xenoliths (o) from: Raytield River and Lightning Peak tor an assumed P,O, .

h&;;’Fcontent of 0.1%.
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L ffisotopically-distinct mantle reservoxrs (DePaolo 1979) Of these,

.

2

1?*-222251 Mixi ‘g Hodel for*the Chilcotin Basalts '”,_li;i:;"iyfﬁelﬂifﬂff5;3{7’”“

7 The positive correlation of Nd—Sr isotopic compositions shoun by

si?basaltic‘rocks can be conszdered to result from the binary’mixing or two

:the
| “:_depleted mantlé reservoir )DM),thth high l”Nd/“‘lld and low "Sr/'°Sr,.

" “15 considered to be homogeneous and to have resulted from an ancient

grd ion event. mhe othél reservoir, considered to be enriched mantle &
f‘y (EM), is less homogeneous and has-low *"Nd/1°'Nd and high y"Sr/"Sr

‘:'__The heterogeneity of the EM generates a range of mixing hyperbolae about

a binary mixing curve even for only two end members (Anderson 1982)

"‘However, the Nd-Sr isotopic array can alﬂb be generated trom an infinite ;f .

<. .

'fnumber.on

’ﬁgderived by o

1ervoirs lying along the mantlertrend, l of which were 3

,tionation of a: homogeneous initial reserv01r at some time )

‘7in the past (DePaolo 1979) Magmas derived from such a series of f> '

-:f~reservoir : ould show a positive correlation between *"Nd/*"ud and

1;'Sm/Nd and between "Sr/"Sr and Rb/Sr More frequently basaltic suites

‘fshow time-integrated depleted isotopic signatures inconsistent with the

A

' observed high Rb/Sr and Nd/Sm ratios, or 1arge~1on lithophile element

'"(LIL) enrichment. Such basalts are unlikely to have been produced trom

‘h[fan fhfinite series 9f mantle reservoirs unless all eservoirs behaved o

o coherently. The concept of mantle metasomatism haS often’ been invoked inc

such circumstances to produce the high Rb/Sr and Nd/Sm ratios and the_b;"

corresponding LIL enrichment observed in alkaline melts (e g. Menzies

a{and,uurtny 1980b)

LN

depleted basalts may also be produced by very small degrees ot partial

't}melting ot a

PN

"ource. Several ‘models (Chen end_rrey-igss,,19as,;f

y

High Rb/Sr and Nd/Sm ratios, and LIL enrichment in isotopicallyeﬂ



"resulting rocks. In these models_ thﬂ_!.gi(:e ratio is used as a measure of-“f.

v

: ,.“_,';»{,the LIL eP:ichment as neither of these elements is likely to be affected ;" R

: ,by crystal fractionation. whilst ”Sr/' ‘Sr is used to as a measure off o

- -the time-integrated LIL enrichment. : o

On a binary plot of these ratios, the mixing curves are controlled -

'by the choice of parameters for the mantle components. The chemical and -
: _» isotopic composition of the DM component may be specified fairly- :

B “.'_;A'rigorously and the La/ce ratios calculated for varying degrees of

'.partial melting. In both the models of Chen and Frey (1983) (C-F model);"‘ o
and Anderson (1985) (A-model) this component was considered to be
o oceanic mantle garnet lherzolite consisting of :60% olivine ,’ 25%';

,:'orthopyroxene,‘ lo% clinopyroxene and 5% garnet, with 0 31 ppm lla, 0. 95

"ppm Ce, and 13. 2.ppm—$r. tvsy

~ _and A-models difter in the choice of EM component. in the C-—F model this L
: -‘,component is specified only as having 0 71 ppm La, l 90 ppm Ce and 23 7, N

- ppm Sl‘ With ”St/ "Sr -0 7047 ,’ thus representing a composition ClOSe to.

o

'f‘~the bulk garth. In the A-model the zu component is isotopically moreh"

: '-enriched hav 'v
?

Q. e
: overall conclusidns from the models. :

.;_‘La/'Ce andf"'Sr/"Sr data tor the Chilcotin basalts have been .

- plotted on bo#z the C-I' and A-model mixing curves in Fig. 44 &here not

'*s: was assumed tO’be 0. 7023 Zﬂ The C-F°

”Sr/"Sr I=0 7202. a.nd La/Ce =0. 5 .. TheS‘e differences;

o f-erable shitt in the' mixing lines but do not - affect the

Y

I '-measured directly, Ce" abundances have been interred from the chondrite .

*

'normalised plots in Fig 35 ~No attempt to change the pax ameters used in' L
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Pi’g.v 44, dxnc'otinibas_alfs' plqt;éd.=6n the ‘La/Ce. vgrsus '?Si/ “’Sr binary

Mmixing models of (a) Chen and Frey. - (1983): (C-F _model); ' (b) Anderson - -
(1985). - Characteristics of the depleted mantlé (DM) and enriched mantle:

- _(EM) ‘components are discussed 4in'the text. Near-horizontal lines in both

‘models . indicate the. degree of partial ‘melting ‘of ;ho'.w;cdinp'onin't;"”f;j-_
. Trequired to prodiuce  the observed La/Ce ratio.. Near-vertical lines . :
~ indicate  the degree of contamthation of the melt with the EM componesit.

’iVert'ic':a'l“bar. on EMin (a) indicates the La/Ce ratio of the melt - derived -
" from this :component—for 0 to 10% v'pa:tl:al:melu_.ng.,_§ymbols'.as -tqf_’ Fig. ..



' j; Apart from tb‘*’"

either mbdel has been made.;_

L""

I

“

l

hpredictions are glven 1n Table 14.. Of the alkuli basalts, 2-3OB has‘.

o -

‘higher' "Sr/“Sr than the EM component 1n .he c ‘F model and cannot,

'therefore, be accounted for by the model The hxgh La/Ce ratio of 2 308

‘would requrre a ve;y small degreeiqf partial mflti:g if the "Sr/"Sr of

.the EM component was 1ncreased. Conversely, Z‘J‘D, which has a low La/Ceh

4 S

i;ratio, cannot be accounted for by the A—mode.. It lS possible that this

:.from the EM component will be relatively insensrtive to the degree of”V

- mfof the DM component, because !his must account for the high Rb/Sr and -

o’.:,.

feature,arises from a 1OW'La/Ce ratio in the sourae region due to the'

presence of amphibole which _is not taken in.O'account 1n the m;xing‘~'

PR .o A S
models..' o ” "5th’ S,

1
;,‘

-'It should be noted that the amount of EM contaminant is not

synpnymous wrth the degree of partial melting of the EM compongnt. Asl

discussed by Chen and Frey (1983), the La/Ce ratio of the melt derived

i partial melting Approximately 12 to 16% melting of this component was_

c

amounts of contamination from the EM. component in both models. detailed.;

les 2-99A, 2—993, 2- 303 and 2 66D, which have.;.‘ ’“
”guestionable af lllatlod‘to the Chilcotin Group, the basalts show at'}ﬁ L
}restricted La/Ce range from 0. 42 to 0 47, this variation being srmllarn"""
afor groups A, B and’ C. In_the C-F model the La/Ce ratiéjtan be satisfiedu;i}rr
"by 0. 3% meltfnq of the DM whereas in the A—model this figu'e 15 SOMeWhath:""

fhigher at 2 to %, The three groups, A, B and t;_ reqUire lncrea51ng-' -

.:A_suggested for the generation or the Hawaiia& basalts._ The R most,', :

.Significant fqature of the models is the low degree of partial melting,"'

Nd/Sm ratios, and the LIL enrichment of the isotopically depleted melts. L

") A b’r"—
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f La/Ce range requir\s varlatlon 1n the degree of meltlng of the DMd
c°mponent Thls contradrcts the results of Richter and Mackenzle (1985) ,b o
~who coxteﬁg that ‘the: output of melt from the DM component should onlyf-

:7;decrease sllghtly wlth t1me. Thls is’ not a problem for the genes;s of'

'the Chilcotln Group whlch have constant La/Ce and, rf the degree of

;r‘imek¢ing of the DM 15 f1xed at elther 0. 3% (C;F model), or. 3 5% (A-model) b

fe‘(Table 14),,the sequence of eruptlon should be controlled by the amount"

,‘stages of actxvxty at a glven locallty

‘_hof EM contamlnation. The output of the EM component should decay fasterp
-'than that of the DM component because of 1ts hrgher lnltral fluld-
fract:.on (chhter and ‘ackenzle 1985) : Consequent:ly, the Chilcotin,

'w_,basalts should become progressively more enrrched in the DM component

over time, regardless of; the rmodel “or parameters used'-for.,'thenn

.components.' This rs connstent,i wrth the observed eruption sequence,'

R

- ~group B whrch rnqulre the greatest imput from the EM component occur on

-the perlphery' of the maln plateau and probably constltute the fitst

Cagm e



VIII. Spinel Lherzolites as Direct Evidence of the:Mantle'Beneath BC

4 f:‘ Qtroduction :f_:'lz,;.f__ f;f'"

Mantle xenoliths occur" frequently in- late Tertiary to’ Regent

'J

alkali~basalts throughout central British Columbia (Littlejohn and

upféreenWOod 1974 ~ Fiesinger and Nitholls_ 1977). Although 'fifteen

. been identifi

.3localities haye been studied,‘most of the work has focussed on the v
- 'petrography and mineral chemistry of the xenof!ths (FUJli and Scarfe

'1982, Ross 1983, Brearley et al.a 1984;. ~The principal localities in ,7

v‘southern British\Columbia are shown in gag. 24.

YA e . -
liths are Type"I Cr-diopSide bearing
B spinel lherzolites. ﬁggsteri lfigarzburgite, and dunite are less common 5,.:?

9

e 'wzthin this suite. Type II black-clfhopyroxene bearxhﬁfi!noliths, Q?stly ’ rf

. §
fwehrlites or clinopyroxenites,‘ alsb occur, at mosg 1ocglttadk but\are R
'far less abundant than- the Type I xenoliths (Pujii- and.‘i&arfe 1982

A l' 5 . = R
Brearley et al.ﬁ 1984) The clinopyroxene in the Type II xeholiths has oL

v 4,

as an Al—Ti-rich, Cr-poor chrome lepSlde rather than _

AR Coe
s the aluminous augite which characterises Type II xenoliths ‘sensi stricto ot

A(Ross 1983) Composg&e Type I/II xenoliths, ‘banded on a millimetre scale

have also ;been report"ﬁ‘(Brearley et al 1984).aAmphibole-bearinq,

¥

lherzolites are »extreme“

rare, and have been reported only from f‘v‘ﬂ;'

i

:Lightningi.keak-in southern British Columbia (Brearley and Scarfe 1984),-m

‘;and from one locality‘;n northern British Columbia (Higgins and,\Allen:x :

“1935) rb T;f O L};u7”q -l ,-5? ”“_f. ‘h;:} g i‘ﬂfﬁ ‘;“:J.L“"’?t
The Type 1 xenoliths have been divided 1nto "depleted';

, undepleted' categories oﬂ the basis of the Ti/Cr ratio in theif

1

diopsides (Ross 1983) These categories may also be recognised trom« the fﬂ

PURERS

’,‘.' v co o N
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"'fthe the term undepleted' 1s misleading as the xenoliths were shown to"'

":7appearence of the xenoliths, the undepleted' group being homogeneous,f:l"
f 'containing mostly spinel lherzolites The 'depleted' lherzolites are“:'
- inhomogeneous, and include harzburgites and dunites which contain thini

djt(l -to 2 cm) bands of websterite or spinel lherzolite (ibid ). The use of"7

:,f“have undegone some enrichment from their phase chemistry (1bid ).”

;: term 'less-depleted’ Wlll be used in preference in this‘uork

'.Sgggling. o
l Xenoliths from three localities, Summit Lake, Lightnlng Peak, and'

- Rayfield River,. were selected for whole rock najor and trace element{

-;}_'ana1¥515, and Nd Sr isotopic analysis All three localities, as for most :EE

.')4‘

others :.n‘9

central British Columbia, 11e w1th1n the Quesnel terrane (Fig.ﬁf

?.  ,

Xenoliths fr m Summit Lake have been prev1ously described by Rosse

- (1983) and Brear ey et al. (1984). ot twelve ‘Xenoliths selected forﬂf:° K
ﬁstudy, nine are»TYPe I spinel lherzolites, the other three are TYPe II

~ wehrlites The host basalt‘has been included in the’ MiOCene Endako Group R

‘.‘fi(Souther 1977), but may be Signlflcantly younger, lf not POSt-glaCial DR

L of 26 Ma for this basalt.

'”age (Brearley et al. 1984) Aiternatively, Ross (1983) proposes ae age;_d_

e

i The host basalt at. Rayfield Rggex (sample RR) is classified as

Yo ;Ff%

:“group A hawaiite of the Chilcotin basalts. The evolved composition ofh‘

b*k

s from Briffsh

'“is- unusual in that the other .nodule—bearrng xenol
“Cblumbia are of alkali basalt to nephelinite composition (Litclejoﬁn am?‘ o
;Greenwood 1974, Fiesinger and  Nicholls 1977, Fujii and Scarfe 1982, iy

"‘ﬁHiggins and Allen 1985) Ultramafic xenoliths comprise 20% of the flow



-

‘.ivChilcotin hasalts. ‘,'_j;‘ R

s jao 5 to 42.5% compared to the Type b xenoliths which have 39 to 42& ugo.i;

5finhomogeneous Type 1 harzburglte containing' a l cm websterite vein.‘

w # s Y

o

Zpe

-:disaggregetion fThlS heterogeneity lS reflected in the range of 1SO

A
\

| Major Element Chemistry : _‘," }éé*ff

:"‘_’_j 1'25;_ L

'dsuch as Summit Lake or Lightning Peak. Maximum sizes of up to 10 cm were
:f;recorded for the xenoliths, although most are less than 5 emin

'-diameter. Three xenoliths (lRR ZRR and RR218) and one Type T cumulate

~xenolith (RR61) which were conSidered representative of the population

"Rayfield River, were Selected for isotopic and trace element analysis

-‘) -

» _analysed The overall small SLze of ;re xenoliths precluded crushing by

@ ki A IS

compositions on separate aliquots (designated A, B etc ) of the sample

powders. fy "d ;_ @;_3_.' ;:;f; '1:7[‘,:; _ﬁj_,_'fo,fL::f fi”:'

0

Only one xenolith “the" amﬁhibole-bearing Type’I spinel lherzolite c

described by Brearley and Scarfe (1984) (labelled Ltpk),> was analysed

1

. )-,v.

Lightning Peak'Tibid ) overlaps the last -phase of activity of the

.-

'H.Only RR61 was large enough for whole—rock XRF ana1y515.‘ ZRR and RR218

'.,:ﬁare classified as homogeneous’ Type 1 spinel lherzolites. 1RR is an"';'"
'-'lRR- ; ‘a large (3 mm) chrome lepSlde crystal from this vein was also:,' o

“swingvmill and thus the grain size could not he,homogenised after o

I3

e

jfrom the Lightning Peak locality. The 2. 5 Ma age of the host basalt ab-

'Type II xenoliths exhibit a. similar but,slightly higher Mgo range o&_

'fand‘are chsxderably more rounded and smaller than at other localities R

)



Ma jor elements recalculated
- Trace piomhnts !nﬁppmg

to :100% on a vo\atfio#ﬁfon basis.

126

. - .
* ’Tabl. 15
(a) n;jor and trace cloment cnemlstry of spinel Lherzolltes;
: - from Summit Lake and: Lightning Peak )
‘'SL141°. " S1170A SL20%" .SL3B0 .. .LtPK. . S1174° . SL120 SL153  SL200
S10, - 41,03, 43,30 43.82 43.99. 44.19 - 46.03. .41.91 40.09 4043
AV,0, . 1.10 7 2.77° . 3.47 2.36 - 3.69 3.27 " .2.22 - 2.39 . 2.24
FeO -~ 14.25 ° ' 8.88 . B8.79 -§.34 - B.67 -9:59---10713- -10.74 11 .41
Mgo 41.73° ‘41.31 --39.98 41.91 39.04 - 37.17 .40.69 " 42.59 - 41.27
.ca0 0.899 . . 2.86 . 2.84 - '2.50. °'3.27 2,88 -4.08 3.31 -.'3.77
Na,0 . 0.06. . 0.00 0.15° 0,06 . 0.20. _0.16- :-0.00 0.00 ‘®0o.00
K,0 . - 0.00 0.00 0.00 .. 0.00 0.00.. 7 0:00 "~ 0.00-. 0.00. 0,00
T10, - 0.02 : 0.07 = .0.10. - 0.06 . 0.12 .. 0.10°-. 0.14 -0.12 0.13
PO, 0.000 .0:00  ~ 0.00 " 0.00° . 0.01 - 0.00 0.0 0,01 ".0.0t%
s 0.01 ° ©0.01: :.0.01 0.01 # 0.01..70.00 0.01 '0.02 - 0.01
. N1O 0.18 0.26 '0.24 0.28., '0.24 .. 0.21. . 0.27 - 0:25. . 0.22"
cr,0, - ~0.36 ' 0:38. . .0.44 0.37 10.41 016 01T 0.16 0.18
. -MRD. 0.24. , 0.14 0. 14 0.13 0.14 . 0.16 . 0.17 0.16. 0.18-
Co. . B 2 . ’ ’ ‘ . NS
8a 25 S2t B0 1 14 40 27 T 26
Nb - -2 "3 L3 s - IO R 4 3 -
L 2e ‘9' 10- . 7 10 10 . 13 -0 13 17 4 S15 .
4 -2, 4. 4. A s . . 8% .. 8. .. &4 ' "= §
Sr. 9.37 - 7.56 8- - 5% 1.5 . 16 22 18 18.8
2n 70 -1 . 59, 1. 'S§ " 80 .. 88" §3 .. 66 58
C-Cu- <6 32 28, 31 29 . .36 29 24 - 13.°
mg . 84 89: - 89 .- 80. - 8% ©.-87.. ..BB - 88 ° - BT
(b) Major°and trace element compos1tion of thp Summlt Lake host basalt :
SL121/2 Rayfiold River host basa)t RR. and cumulate xenolfth RRGi !
.+ SL121/2 RR . RR6
. S10, 46.21 . '80.16 49. 11
] 41,0, 16.99 -© 15.09 ~  7.87.
fFe,0, 10.01 11.63 9.81,
Mgo- S.7.89 1 .T:17 16.3%
ca0 “10:01° . 7.49  15.52
Na,0 3.45%  4.63 0.87
‘ K,0° 2.93 0.98 0.00
Ti0, 173 F2.12. . 0.25
P,0, 0.60 0.55 " 0.03
S - 0.01 0.01 0.0t
MnO ., - 0.16. 0.17 0.18
Ba 1753 | 478 . 55
“Nb .18 33 LA
Ir - 190 - 229 19
B Y 24 25 17
SN Sr - 719 713 3 o .
- Rb 86. .. 15 ... L
v . Zn .55 - 71 . ©.38
e Cu .87 T o8t
C @ Ny 141 152 344



'f»'estrmate of 35. 5% MgO (Palme and Nickel 1985), but overlap the primitlve’sl.,'
':5mant1e estimate ,of 41% MgO of Maaloe and Aoki (1977) 5L174 “which has

a ;-37% Mgo, is not—included in the discussxon because of the visibly‘

127

'laltered nature of this xen'lith It has been included in the data set )

4’13 for illustration of the trends of lherzolites ‘on weathering.. _»’

Despite ';ne restricted Mgo ranges, bot.

,vne‘correlation of major elements with this ogide (Fig.4 45) which is,‘afi

,‘ubiquitous feature of spinel lherzolites worldwide (Maaloe and Aoki'

ﬂﬁgroups‘ show good:

e,

' 1977) The Type I xenoliths have 2. 5 to 3.3% Cao similar to pyrolite_;'_» L

‘(3 1% CaO) . The Type I xenoliths have 3 3 to 4% Cao, approaching the

- enriched mantle estimate of 4.4% (Palme and Nickel 1985) Feo (10 to

.‘,Lll%) and MnO (0. 16 “to 0 18%) are both high in the Type II xenoliths

chompared to the lower and.more restricted ranges xn the Type I xenoliths;
' '.,j(8 3 to 9% and 0. 14 to 0 15%, respectively) The enrichment in Ca Fe;
Ujand Mn shown by the Type II xenoliths reflects their clinopyroxeneg'

fi_comPOSition Conversely, the Type I xenoliths have high Cr,O contents

~'1h19h Cr 0: Content of LtPk’ (0 41%) is consistent with the Cr rich naturegf

1

', of other xenoliths from the Lightning Peak 1ocality (Ross 1983) Bothﬂ[
_Type I and II xenoliths show similar variations in Al 0, (2 2 !b 3 7;)‘fﬂ~“

e,and Nio (o 22 to 0. 28%). Silica %gntents of the Type 1 xenoliths (43 to ,:]

:44 5%) are tar higher than those of ‘the Type II xenoliths (40 to 42%)

SL141 is an. unusually iron-rich Type 1 *iherzolite. PeO - and . Mn0

© - of 0. 37 to 0: 44%, compared to O 3 to 0. 37% in the Type 1I xenoliths.,Thef=_,

;contents of 14 25% and O 24% respectively, are tar higher than in the' C

"other Summit Lake xenoliths whilst Al 0, (l.l%) and CaO (0. 99%) are much

"1ower. The xenolith is depleted in 'rioa and Nio, although Cr o’rtallsv""

-

'f“'w1thin the range of the other xenoliths and the. silica ‘content is
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' ttSimilar to the Type II xenoliths. The chemicat trends shown by SLlcl are__

A |
' Similar to those of the iron—rich Spring Mount lherzolite from southern'4

r,Australia (WilkinSOn and Binns '1977). Both nodules are distinct !rom“

‘;f'other iron-rich lherzolites from Kilbourne Hole (Basaltic Volcanism R

‘:Study Pro;ect 1981) and from central France (Hutchison et al 1975)‘ .

i

) ,,which have less than 12% FeO and resemble Type II xenoliths in bulkd'

‘composition. . f¢ o
B

. ' B E "'&‘k« :
Trace .Element Gontent A-, e VTR P _ :
- ‘( .... ) : - R e .!-. ., k : «5’":" “

Trace elment contents for the- Summit Lake xeholiths#and Lth

'normalised to the primitive mantle abundances of McDonough et al

“are vpresented in Fig 46; Rb, Sm and Nd were not determined on~af

: _‘samples, therefore, it was not posszble to arrange *he elements in order~‘

: of increaSing compatability on the diagram. Sr, Ba, Nb, ir and Y as'

: _._determined by XRF (Table lSa) are considered accurate to 120% at the 1ow

concentrations in question. Rb, Sr, Sm and Nd were determined by mass

spectrometry isotope dilution on selected samples Both Type I and

xenoliths show Similar trends. Zr and Y contents show a limited range_'\

close to the primitive mantle abundances of 11 1 and 4. 69 :pm,,i_,__"

hrespectively. Ba {10 to 30 ppm) and Nb (3 to 5 ppm) are. enriched as much

jas six times the primitive,mantle value. Both Sr and. Ti are depleted

~ from 0. 8 to 0 3 times primitive mantle abundances, except in SL120 wherea

the Sr content (22 ppm) approaches the primitive mantle value Rb is "

: .extremely depleted in all Type 1 and I xenoliths except SL141. The

ihabsolute concentrations of Rb (0 02 to 0. 3 ppm) and Sr (S to 22 ppm)

tall within the . range of 'depleted but fertile mantle ’ and are in '

.contrast to the Ba’ contents (ll to 30 ppm) which are more characteristic
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f,j_ of_metasomatised mantle (Roden and Hurthy 1985)

"’: The high Zr and Sr contents of the Type II xenoliths are evident o
l.,on plots ‘of Mgo versus Sr and Mgo versus Zr (Fig;_47) The similarity in“7”
Ba contents in Ehe two groups gives a characteristic Sr/Ba ratiggot 0 3'}_

' '::for the Type 1 xenoliths and 0 76 for Type II Nd and Sm data show that;

N

the nodules are enriched or depleted in LREE relative to the primitive»,
dmantle abundances,_ but all have Sm/Nd less than chondritic of the.f_

K chalcophile trace elementS, Zn 15 eXPected to Substitute for Fe"'_:and:

: A
shows a positive correlation Wlth Feo content. 'Zn abundances ot 50 to 59

’.“:ppm.in the Type T xeiﬂﬁ%@ and 53 to 66 ppm in Type II, are‘similar to.
;the primitive mantle estimates of Jagoutz et al (1979) and Sun (1982).'
v Cu behaves as an.incompatible element with respect to the lherzolitef
4imineralogy, pand' shows only a rough correlation with Feo Cu contents
j‘:'},-'range trom 13 to 24 ppm in the Type II xenoliths and trom 28 to 32 ppmi
in the Type I xenoliths The 1atter range includes the upper mantlel
'Vfﬂ estimate of 30 ppm (Sun 1982) SL1¢l has 70 ppm Zn and 6 ppm Cu, ‘;54'

L represents an extreme example of the dractionation of chalcophileif"

xf ‘elements in a silicate mineralogzi,i,

REE were determined by the method of Duke and Smith (1986) on the S
 Type 1 spmel lherzolite mma and Lth The data are presented ‘in 'rable‘ S

16 and as’ chondrite normalised plots in Pig. 48. RR218 has very low RBEi L

'ipattern with a Eu/Eu value ot +2 06 . LtPk alsoudisplays a v-shaped

‘;f‘pattern but has REE abundances closer to chondritic values and a smaller

S 'Eu anomaly ot Eu/Eu +1 32 . The La depletion relative to Ce is caused
S . . : ,?
, by the presence of amphibole._"

2

DI Y
A IRt

'.j“concentrations, from 0. 07 .to 0 2 times chondritic, and shous a. v—shaped .

:1:._-%_{ ‘; “ [.- .

l.: ’
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‘fj,Host Basalts B

/

~'nghtnlng Peak host basalts have been dlscussed by Brearley et al

‘“dﬂ';Slel/z, has been re—analysed by XRF (Table 1Sb) to- determlne the trace

;3;e1ement chemlstry The basalt was classxfled as a basanrtord or. potassrc RS

-

E serles alka11 basalt by Brearley et al (1984) The prlncxpal maJor =
'";element feature of SL121/2 1s the h1gh K 0 content of 2 9% giving a ‘
'cf,K O/Na,O ratlo of O 85 and lS accompan-ed by a hlgh Rb content of 55

; ;‘ppm. 51121/2 lS also enrlched rn Ba (1750 ppm) and Nb (78 ppm) but not; .'z

”?M The major element chemzstry and petrography of the Summlt Lake and

-

‘?i*{(1984) and Brearley and Scarfe (1984) The Summlt Lake host basalt,,~,-

~'fpart1cu1arly so 1n Zr (190 ppm) The ¥ content of 24 ppm is. comparable -

”'_to the group B and C Chllcotln basalts The Ba/Y ratlo of 72

, is far;-‘

'1:rem0ved from the 1ncluded xenollths whrch have Ba/Y ratlos of less than;t

. 7 ThlS suggests that the basalt was generated by a small degreev of.

'1part1al meltlng of an amphrbole or phlogoplte bearlng splnel lherzollte'fb

'z;f :1sotop1c comp051tlon of 1'=Nd/*“Nd ,-0 51261 and "Sr/'!Sr —0 705741f
f:t(Table l7) Unllke many other alka11 basalts, the rsotoprc ratlca are;:

‘not contradlcted by the observed Sm/Nd or’ Rb/Sr ratlos of 0 176 andmf

¥

0. 120, respectlvely A model age of 500 Ma lS calculated from both Rchr"

‘ gfand Sm-Nd systems for derrvatlon of SL121/2 from a MORB source reservorra”“

";1w1th present day eNd +8 ,: .;,Fa;'ff

A large plagloclase megacryst (MCSL7IB), greater than 5 cm in.

-

1fdlamEter,' vas found to have a- srmllar, ‘but signifrcantly higher"fuifV

Th "Sr/"Sr ratfo of 0 70594 compared to. SL121/2 fﬁe megacryst cannot,l

A

._ﬂtherefore, have been xn equilibr;um with the basalt A mantle orlgzn forf~

”jthe megacryst ls unlikely because the crust under aummit Lakn is. 35 kmd.‘;'

",;ysource SL121/2 (dupllcate sample SL128/9) has ,a' sllghtly enrrchedffb
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_hvthick, precluding the existence of a. plagioclase lgerzblite stability
"3_£1e1d in the mantIE It is possibile that the megacryst originated trom V}"“
fhﬁf"a prevxous magmatic episode which ponded at the base of the crqst , Such .wiFL

ff'underplating lS an 1mportant feature ot the model for continental

S 'baSaltic volcanism of Cox (1980) The lSOtOplC composition of the ._ffg

"Vf'megacryst implies a more isotopically enriched sourte for the preceding

7”;the field for continental and ocean island basalts (Figs 49) Other T&pe o
= daI xenoliths from Summit Lake have “‘Nd/l“Nd ratios of 0 51159 to
"qf,o 51241 and "’Sr/“Sr ratios of 0. 7062 to o 7102 Similar to the

B compositions of kimberlites and related rocks (McCulloch et al. 1983)

= o, 51299) but. similar "Sr/"Sr (. 7059x""
. xenoliths have low Rb/Sr (o 001- td
- ,0 30) ¢n a Rb—Sr isochron plot the Summit Lake xenoliths scatter to the ”,'

'ef-right of the geochron and cannot be interpreted as showingwany age '

- ‘.'. AR

t RN
'4“

B

' 1'IS°tOqurCOMPOSition of the Mantle Xenoliths 'fﬂ~553_f‘z}fﬂ“ : l,» j;r{ e
o R

The Summit Lake xenolithe and Lth show consxderable variation in

"f,x«JNd/l*‘Nd (o 51160 to o 51300) and 1n "Sr/"Sr <o 7040 to 6. 7102)
h'(Table-17) compared to spinel lherzolites elsewhere (Henzies and Murthy
: 1980, Zashu et ‘al. 1980 Roden et al 1984, Mehzies et al 1985 Sun 7ﬂ~37'
f51985) Three Type‘I xenoliths, SL37 5170 and Lth, show ‘a restricted
”3f*range of ‘1"Nd/1“Nd (0. 51275 to o 51230) aﬂd"’Sr/"Sr 0. 7042—to

'“7:f0 7051), Similar to the lherzolites from Rayfield River, and lie within

L

)’ ‘ o

$ o
5j¢h ?ype II xenolith SL200 has Significantly higher 1”Nd/“‘rld fc-ﬂ

lthe Type I samplés »_llff'

L

; and Sm/Nd ratios (Q 16 to. r”: E

q : s

’1-Arelationship. Three xenoliths, SL37, SL78, and SL96, lie on a Sm-Nd

"f‘isochron of 2221:130 Ma’ (Fig. 50). ';t ai” 'ff‘,f“ ?f"‘if'ii* =
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R

The Nd and Sr isotOpic compositions of the Rayfield Riverjf};f >

'rga_ﬂxenoliths ("Sr/"Sr ratios of 0 7036 to 0 7045 and 1"Nd/*“Nd ratiosffﬁp;:

”.“.,'o: 0. 51291 fo o 51296) are Significantly more enriched than the host;”‘

-’[';*basalt RR which has "Sr/"Sr -o 7032 N 1‘=Nd/1“nd —o 51302 A whole'_.}igl

"-.ifrock isochron of age 331:95 Ma, initial ratio o 70351 v is defined by}{l:-ﬁ

‘:v'gdthe Rb—Sr isotopic data for the Rayfield River xenoliths (Pig. 51)..

"“.e‘xenoliths overlap the isotopic compOSLtlons Of the 9r°“P B Chil°°t1n f'

f'basalts (Fig. 36). but at a glven "Sr/"Sr ratio, have slightly higher;;_”ﬁ"

“_i;_“’Nd/“‘Nd.; The dxopside 1RR-CD has very depleted isotopic ratios-- : ”

";35("Sr/“5r -0 70242. 1"Nd/"‘Nd —0 51307) compared to the host basalt

LiéfOrigin of the MaJor and Trace Element Trends ;h_ ‘ S .
| t "«v The enriChﬁEnt in HgO and eorresponding depletign_in o%f T maJor“ftg?éu
e -_elements, relative to primitive mantlewabundances *\;ﬂh‘wﬁ by sp&? %&
"lherzolites world:zde results from partiaﬁﬁﬁﬁﬂk ext‘aC§1;:".(Basalticiﬂ: %

E Volcanism Study Project 198l) Spinel lherzolites, therefore, ﬁre _
‘,:»

'v,;interpreted as. the re51dua from the comparatively small degrees of melt

'-extraction incurred incurred by alkali basalt genesxs More depleted

.,nanoliths, such as harzburgites, are interpreted as residua from larger ‘ ['%1;
- 'degrees of 2’}t extraction during tholeiite genesis (Menzies 1983) Frey oyt

o S A £
. '_.and Green (1974) 1abelled the residual component (A), whilst a second

.dcomponent (B) was proposed to account for the enrichment in P, K, Ti
.s~LREQ</3h\and u shown by some lherzolites over their counterparts withi";
*similar major element chemistry and mineralogy This resulted in thed:”

| suttix A or B being added to the Type 1 mineralogical classification~h.;,h
~scheme As component (B) resides in clindpyroxene, this resulted in thefu.

:gdistinction that Type IA. xenoliths have clinopyroxenes with LREE'



i : o -

":»depleted profiles whilst Type IB xenoliths contain clinopyroxenes- withjff,

he_‘LREE enrichment., Both Types IA and IB are further subdivided into ’

vaetasomatised and unmetasomatised varieties, the~£ormer~being recogniSedhp‘

: gby the presence of hydrous phases such‘as amphibole (Menzies 1983)

Clinopyroxenes from 'rype IA xenoliths giv’ Sm-Nu model ages of. l

%

ﬁwﬁito 4 Ga (Menzies et*al 19857. interpreted as’ eVidence for widespread e

'7*c'tpart1a1 melting in the' mantle during this time interval Type IBiffﬁ

::clinopyroxenes give younger model ages of 0 3 to 0 9 Ga and have-; -

’.p 1sotopic ratios that do not represent a time-integrated response to the

Tlffobserved Sm/Nd ratio. The model ages,.high Nd/Sm,and LRBE enrichment of;v.;f"

o the xenoliths analysed here suggests affiliation to Type IB / Diopsrdeij~iff.

'f f from Type: IB lherzolites show pOSitive Eu anomalies (Menzies et alia

R 1985) but these are 1nvar1ably of lower magnitude than observed

V'RR218. The Eu anomaly of RRZlB is more characteristic of mantle micaev A

".”'(IrVing and Frey 1984 Menzxes et al 1985) or plagioclase (Irvihg and:’

”

- f“fFrey 1984) ' The ’kEE pattern of RR218 is similar to that of the '
";“;harzburgite Kal&% of Kurat et al. (1980), a leached £raction :of which;v‘

hrghly enriched in Ba, K, La, Sm and Eu and, to a lesser extent in ;
gv

":Fe, Mn, Co, Na, Yb and Lu,» all of v ich must have rresided in an‘if'

o intergranular phase.' The- Rb, Sr and Eu venrichment shown by RR218’

73fsuggests the residence of these 1ncompatible elements in a sxmilar grain_'
¢ - . )

]sbounday phase.» .'-'ﬁ: ‘:3-_L%-f SRR Vh-r."fo,‘

= Lth is slightly less depleted than the Type I xenoliths tromt-
: Summit Lake but it similarity in major and trace element chemistry”

;U’indicates that the metasomatisation has not s;qnificantly altered the

‘“ composition of the material The Ba content of Lth is abnormally low;a o

-compared to the other spinel 1herzolites, with the exception of thef':' i

?

e
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'.u(

refractory SL390 On a plot of Mgo versus

)

IR
/-
|

(Fig. 47) Lth lies on a"‘,ﬂ.
3 ':':‘. ’:A
} line from the Type T xenoliths toward the bulk Earth composxtion. Thiscf"

suggests'that a slightly different enrichment mechanism affected the;

"ni_ xenolith,: or that large 5cale trace element heterogeneity is present inﬁh f
i-the mantle beneath British Columbia 'f‘f,‘n .'-?fﬁﬁlihﬂ(~.hi. -J;is-f;]
The higher Ca Fe, Hn zr and Si contents of the Type II xenoliths”- .

5# are consistent with the suggestion that Ehel clinopyroxenes in such'7

~ . ‘.

xenoliths are precipitates from an alkalic liguid at. high p}essure

(Irving 1980) Tﬁ? low Rb- and similar Ba content; compared to the Type |
R

e xenoliths, reSu1t from the incompatibility'of these elements ‘in. theb_:f

’.

o clinopyroxene—structure Type II xenoliths hgve moderately depleted‘ S
o VA [ R

; *"Nd/l“Nd, characterlstic of the parent alkaléckliquid (Men21es 1983) ;

Whilst the ’“Nd/“'Nd ratlo of sz.zoo is consxstent with such an origin,;‘- '

—

B

the elevated 'gﬁr/"Sr requires a complex multi-stage history

. \ L 3

"-fRelationship of Aenoliths to Mantle Componenfs -

The isotopic compositiOn of'%he ultramafr@ nodules prov1des direct-_>5

f_eVidence for the existence of both isotopically depleted ,and enriched

. o .
h',River basalts (Carlson 1984) and Basin and Raﬁge ‘Provin“

, R
have required th€3 involvement of such mantle material a§4 xing,
‘ ’v : -7 "« i A

',fcomponents in the genesis ot the basalts from these regions.“sThe “'% .

"*-fsimilarity ot the 1sotopic characteristics, panticulafly of the Summit
Lake %:enoliths, to the mantle components Q1 to] ce proposed for the-
Colgmbia River baSAIts (Carlson 1984) i marked u,i B B

Component C1 represents depleted mantle and has eNdf >¥6.5i ,1'7" |

"Sr/"Sr <0 7035 ’ similar to the lherzolite lRR



Component C2 has eNd of +4,5 and "Sr/"Sr -O 70‘0 . similar tol"’
,ZRR: SLZOO. SLl?O 5137 and ttpk S

. . X R
. . ‘. K e o ,-

"7* Component C3, important in the geneSis of the Saddle Mountains'{ku'

: ;basalt, has *"Nd/"‘Nd Similar to SLl4l but has_ lower i"Sr/"Sr.?;f

'Iron-rich lherzolites such as Shlﬁl have been proposed as the source R

?di"material for anorogenic andesxtes such as; the Columbia River basalts*o;fV’“

(Wilkinson and Binns 1977).

:'4’. c . - - o
o .

Component c4 repreSents old sx11c1c continental crust and has thdb'
”'_hvalues from -20 to -30 and "Sr/"Sr ratios from o 7100 to o 7150 .. The:

i:isotopic composxtion of SL78 demonstrates that thlS component may reszde-

‘-in the mantle,3 obv1at1ng the ,requ1rement for crustal contamination,ft-”"

'estlmated at as much as 30% for the more 1sotop1cally enriched members;n*

“of the Columbia River basalts

"Evolution of the Mantle Beneath British Columbia

Jsm’Nd medel ages. have been calculated for the xenoliths from Fig,'. RN

'15 The depleted mantle growth curve (DMS) cogresponding to a present'7

v

day eNd of +12 1ntersects the xeﬁgiith evolution lines between 0. 3 andfl,d_fi

1.8 Ga Achan ridge basalts commonly have eNd as ‘low as +8 (Jacobsen and; s

-
F

%asserburg 1979 HcCulloch -f}et '_‘-al_.w.' ’ 1980), therefore, ca curve
. reSponding to the evolution of such a resenvoir (LDMS) has also been_'

’.'drawn to represent a” lower ?Nd limit for the‘depleted mantle. The-f'

i xenolith evolution lines intersect the LDMS curve betJE%n 0 1. and l 65f}.;'

. t §. ,‘
cGa, similar to the age range of splnel lherzolites from other localities.‘

e s
. in British Columbia (Sun 1985) The evolution lines ot SL37 SL78, and
't-SL96 intersect around 2.2 Ga on Fig. 52 as would be expected from the'-

2Sm-Nd isochron plot The initial ratio of eNd +7 is far higher than the»

&
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aiiﬁ;ffhe mode1vagesf£or splnei

, ylh@rzolitgs»trgm,Liaﬁtninq.Peak;%aay:ield River " and - Summit - Lake. The =

.- 'depleted mantle ' schematic ;(DMS)C'curve,Traptesents’thé‘evolution~ot a
- ~depleted mantle reservoir to a present day eNd of +12, .and corresponds

- .to. the average of the most depleted rocks of differing ages that have. -

SR TVREN

been analysed by the Sm-Nd method (DePaoclo and Wasserburg 1976, Jacobsen

.- and “Wasserburg ° 1979). The lower depleted mantle schematic (LDMS) curve -
- represents the cori'esponding evolution of a less-depleted ' resevoir to

'i:prcsdnt; day eNd of - +8 . Also shown is a histogram (scale on right

y-axis) of Rb-Sr ages  for: fifteen spinel lherzolites from  nearby

- localities in British Columbia .(Sun 1985)  {The  331Ma age for the
Raytléld;give; xqpolithS'has”alssxbeen,;nclUded).' i

1‘?1.



o 5,-;,”;'1982, Ashwal et al

”’{ernoliths to decrease toward ‘the.g

't;reservoir wi MORBclike Sm/nw;by

“[5degletion event took'place prior‘to,d 2 Ga.-Most Afchaean mantle-derivédii,"

fﬁ';;;rocks have isotopic comesitionsi'close to the bulk Earth values Q:»fth

xE (Patchett 1983), a"'miougn there

L

‘i_ferences t”erein) to suggest that by 2 5s-
‘7 g K

! ’.( .«

sa grow1ng amount of data (Zindler3h,;gu

. ;to 2 7 Ga certain regionrf nbtably/the'Superior Province, were underlain:327“

':-fderivation of these xenoliths from the DMS would correspond more closelytfffﬂ'"

Gy

”"

systematics, the Rb/Sr ratiosA are
F‘A

’.to the Rb—Sr age. ; *» ;

In contrastf to’ the i‘

- generally ﬂ'ah order of magnituge' lower than chondxitic and are‘_fh°)'

’_l'finconsistent with the high "Srf'“Srrratios This causes the eSr of thef
' w% s‘;” o
“ent because the higher Rb/Sr ot the[‘“
8 SRR
"; ‘Sr to increase much more“rap;dly"

. bulk Earth causes the c%ndritlc

”‘i?(Fig.-SB) The exception is RR218 which has higher Rb/Sr, similar to the:‘:

e /

o majority of nodules from Jacques Lake, Big Timothy«anountain, Kettle‘gil.

’River and Lassie Lake (Sun 1985), and could have been derived trom a_.-

ﬂ'g“depleted mantle reservoir in a single stage.; Three possibilities to-l' 8

, : acco‘mt for the high "'Sr/' 65:: and lOW Rb/Sr rafios of the xenoliths are

»
‘h'-"
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T

vfkﬁi?conSidered.‘___

'“”I?’(l) Low Rb/sr and high '7Sr/"Sr ratios, similar to those ot the Summit ;.
n?ﬁLake nodules and Lth, have been observed in spinel lherzolites trom
fItinome-gafa,: uapan \aashu et al 1980), implying a subduction-related
e_origin. Brearley et al (1984) suggested that the pargasite in Lth was
:'5y;;precipitated ﬁrom an’ aqueous fluid, derived from an underlying subducted
Vﬂgﬁslab. The Nd-Sr isotopic evolution of the xenoliths isv)illustrated in
'.~;Fig. 54 At the calcul;ted‘Sm-Nd model ages all Summit Lake xenoliths
and ‘th have eNd values ot +2 to +7 and eSr values of +5 to +25
vvr(corresponding to ."Sr/“Sr ratios of 0 7050 to 0 7065) and lie Wlthin _
'd;,fﬂthe present day field for island arcs.’Also shown in Fig.- 54 is the @;li{
'~.;:field for modern oceanic sediments which have eNd values’of--z to —14 {..

;iV‘]and eSrrvaIues of +60 to +350 (o N’_ns et al 1978,— DePaolo and

'{“:Wasserburg 1979, Piepgras et al 1979, White et al 1985) The xpung
model ages (1ess than Q 5 Ga) of Lth, SL37 and SL200 could mark the _3-;fv'

-_;; mixing’ of depleted mantle Wlth such sediment. SL96 has a model age of

'1. S

i, ,l 7 Ga,,and is more dif!ﬁcult to model because its eNd of +2 and eSr. of
,,:. +25 at. that E&me would require a relatively enriched sediment end
:‘l?member.»3“ifh',v3 .f‘;, } ni’“ff,tflfJ | | |

.,. However, the model ages .are for derivation from the LDMS curve )
:’:'3Whlch corresponds to. the more edriched isotopic compositions ot MORB

!ZFew modern arcs (the Mariana and Izu arcs would be exceptions) have such
'f;depleted isotopic ratios.:It the observed isotopic signatures of the
.alxenoliths result from the eguilibration ot -a slab-sediment-derived
?: component with depleted mantle, this event could have occurred at eny .;;.'

‘;tun;‘adongothe evolution lines in Fig. 54 Such a model mey.account tor

‘u,?the evolution paths, but it is dirficult to explain how such an event

B . . : Lo B . . R ) : Qa, v
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would result ‘in’ the low Rb/tr ratios of the xenoliths, particularly when RS

' :',the concept of the incorporation of the sediment is to explain the LIL

to
enrichment observed in arc lavas.. Most oceanic sediments have Rb/srg-

' »

ratios from 0.25 t° 1 o (Whlte et al 1983) Only calcareousﬂoozes would‘gf;v
be Ilk91Y t° have SlMllar Rb/Sr‘ ratios to the xenoliths, and the’_'.x
,a, subduction of such material alone lS _pnllkely,; A depletion event to e
PrOdUCe the observed trace element ratios would be: essential afterrof';%
equilibration of the mantle and sediment. 7¢,~fﬁj7"bﬁ |
(2) A second explanation 15 that an anc1ent depletion event affected thexit:'
I‘mantle material leavrthJ; harzburglte rSSLdue., Rb and Sr are bOth.}E:iﬂ
' incompatible in oliv1ne and‘enstatite, therefore, i%ch a re51due would“fﬁ
8 have Rb/Sr greater than chondritic and would evolve to high "Sr/"Sr
h The depletion event would also 1result in high Sm/Nd producrng,an_fﬁz}'
accompanying 1ncrease in “’Nd/l“Nd < B calculation shows that over z;]fii
Ga harzburgite composed of 70% oliv1ne With 0 1 ppm Rb, 1 ppm Sr, and:tiﬁd
30% enstatite with O 2 ppm Rb, 2 ppm Sr, could produce €SI +81 irom fadu
N

o chondritic lnltlal ratio

[

The model ‘is. COhSlStent with the suggestion (Brearley et al 1984)‘
e that SL141 represents a cumulate texturally re-equilibrated Wlthln the«_'
upper mantle, but requires later enrichment of the harzburgite to;

j: produce the observed major and trace element variations, and anje;;cl
' ": accompanying decrease in Rb/sr . A depletion event to lower the Rb/Sr;H

i ratio,f as proposed for model (l), is not feasrble because the initial"
depletion event to produce the high Rb/Sr ratio would leave the materialg.
incapabie of yielding a basaltic melt The Rb/Sr ratio would have to be} :

IOWered by a metasomatic event This would require that ﬁﬁi metasomatic': ‘

. fluid ‘ be a basaltic melt, because equilibration with .a ’ﬁ}irous'“



. amphibole ’ or phlogopite,‘ the

-mantle material wou” _’lihen’»be‘domnated by the high Rb[Sr of thesfev.,_f_-___“; )

.,"“hence louer °g ‘yae Rb/Sr r~a,tio but leav;ng high *5Sr/‘USr, prov:.ded t

v

Sy f_’_event alsd C/Z:aused‘ lsotgpu: re-equ:.l1bra1:1.<p,wav ThlS model may y

first/ 'model 1s ,consxdered the most feas:.ble, although it lS
,a tressed that the -three* models are ne:.ther uruque nor mutually

. exclusive, but repreSent the simglest possxble sequence of events to

e

S produ&e theg casserved "Srﬁ“Sr and Rb/Sr ranos. B




_*;;‘fggi.Reiationshipfggtﬁenolithsvgg,ﬁiocenejtétRecentfvolcanismg}m RN

e

"lfcharacteristics of the Mantle Beneath British Columbia -,_If_“ii RN

Geothermal gradients and depth-composition profiles for Summitﬁ}yfi;;

o u SO
K vLake, Lightning Peak and 51x other xenolith localities in the Canadiang‘;

.Cordillera have been calculated by Ross (1983) It is probable that the
”higtwo—pyroxene thermobarometer used by Ross (1983) resulted in high’,:

'“’equilibration temperatures but this will not have affected the internal

\'.

-'”’conSLStency _of'j.;the3 ' depth-comPOSition o profiles—}. .Simplifiedllvf L
f.,depth-compOSition profiles for Lightning Peak, and also for the Big:
T_Timothy Mountain and Jacques Lake localities which are between Summitf;fj

';'Lake and Rayfield River (Fig 24) are shown in Fig 55 The profile fpr_“‘

14

o of the crust at approximately 30 km depth beneath Terrane b (Stacey' .
lQi@@ Cumming et al 1979) precludes the existence of a plagioclased*‘
fﬁ;:lherzolite stability field ‘in” the upper mantle.. All profiles showyl

'l'metacumulate material overlying a layer of less-depleted lherzolite. The"

"5;;Timothy Mountain aql Jacques Lake This tranSition also cdbresponds to‘14

xthe asthenpsphere which lies at depths of 40 to 50 km (Wickens lQ*ggh_

‘

i'Sunnnit Lake lS essentially the same as that for Lightning ~Peak The base:

";-less-depleted lherzolite grades into depbeted lherzolite at degths of",:
7 o

A

/ Y ‘
*around 45 km at Summit Lake and Lightning Peak, and around 40 km at Big

: fThe profiles for Big Timothy Hountain and Jacques Lake also have a zone o

: eof cumulate material above the metacumulates, extehding to a depth ot 3§f R

:hm. It is possxble that enrichment in the less-depleted lherzolites iS'ﬂ;.

's;:caused by fluids derived from this layer

A high velocity layer (8 0 to 8. Skm s 2) at a depth of 60 km was 3

o reported to the east of the study area at 50°N (Mereu et al. 1977)

=4

'.]o o = : .. | ,9
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'-;velocities are too high to aSsociate w1th any-particular mantle phase,

”f:Simiiar anomalous velocities 1n oceanic mant{:‘have been considered to

:7f_;resu1t from the -appearence of garnet Gprggn and Liebermann 1976)

"[l Consequently, this feature isj conSidered ¢: ,markh the ki garnet

'l lherzolite-spinel lherzolite phase boundary.-..

h” As the host basalts of the xenoliths have jges of less than 3 Ha

; the profiles and geothermal gradients were conSidered evidence for a

>

"'steeper geothermal gradients the Summit Lake and Lightning Peak

lvlocalities were interpreted as the core whilst the Big Timothy Mountain

v

'-:and Jacques Lake localities represented the flanks Because Jacques Lake
ffand Big Timothy'Mountain are located between Summit Lake and Lightning
iPeak the model is not consistent with a single diapir The spatial

":extent of the diapir. corresponds to a layer of high electrical

\._[conduct1v1t¥ hthe Canadian Cordilleran Regiéﬁal conduc;or (CCR),

‘1*-resulting from partial melting caused by adiabatic upwelling in- the:i,'

2 R

' mantle (Gough 1986) ' The top o.f “the Cer: at 15 to 3o km depth, 1ies

.'?Within the the crust, where high conductivity was interpreted either -as

~,y-partial melting,' or the percolation of hydrothérmal fluids (ibid )

\; ;119 5°w, 9°S, to the southeast of the study area, the thickness of the ”

Q

,5ﬁprobably extends begeath the Chilcotin basaltggpaateau.z Although such?i'5lf

flate Tertiary mantle diapir under Terrane ’I (Ross 1983) Prom their ~4"

RO

‘ fngCR was estimated ‘at 30 to 70 km, which results in its base lying '

""between 45 and 100 km depth Although the CCR may lie at dirferent

'1depths elsewhere,' the essential feature ais that theipartial melt is_

'results' of Ross (1983), taken as evidence tor a: series of diapirs, can

-

1 fbe interpreted as fine structure on this large scalgﬁppflow.’.i“fl

ﬁ i

‘present in both the spinel 1herzolite and garnet lherzolite tacies. The.p'



7 convection associated thh the subducted Kula—Parallon ridge, and nowﬁfﬁfﬁf

*,Kula-Parallon remnant. The alternative explanation, that the CCR isgy,“j

'related to the ascent of melt aﬂ%ve the subducted Juan de Fuca plate isj'g{-.;

4

' .reaches Terrane I (Riddihough 1979, 31115 et al 1983) This of course,;f;jep

Y.does not preclude the existence of a cooler, more exten51ve slab“f_fy.

B

' originating at a more distant ridge pOSition, underlying Terrane I at»la_”i

;jsome time in the past.»

_,.-- o
»

Evidence cited by Gough (1986) for a deep source of convectionﬁ;_ﬂ'

includes the existence of a low velocity layer at 250 km depth (as shownif_'7

e

‘gf;by tomOgraphic profiles) extending from the Gulf of California to the

I.Canadian Cordillera but ‘not. beneath the Juan de Fuca ridge. whilst it Ag __~.’

ﬁDZiEWOHSkl 1984) have the resolution to distinguish such features, af '
“1'shift in the location of the mantle upflow associated with the ridge to

wlipredominantly beneath the continent, is attractive to account for the ,fﬂ;f
v PR

late Eocene transition from calc-alkaline (Kamloops Group) to alkaline

"fvolcanism (Chiicotin Group), and the change from right lateral

strike—slip movement to an extensional regime characterised by normal”f

nfaulting.

ffj;’f? ‘The “ridge-upflou decoupiing could feasibly result from .fthE’}
’ varesistance of an increasingly hot and buoyant slab to subduction,

VQ,causing a reduction in the spreading rate on the ridge as the proximity

v

| T“e dfiVing f°r°e f°r the upflow could be deep-seated mantle;';“.,

Cb'g’largely decoupled from the Juan de Fuca ridge which represents theibifffr

'».funtenable (Gough 1986) because the plate loses its identity before ltl-;:>‘

o ”conszdered debatable whether tomographic profiles (e g.. Anderson and ;

;of the continent increased. Since the upflow feeding the ridge is drivenf.v'

:;-by larger scale conVective forces, there would be no requirement for thef'*

: b



i ‘upflow to remaln with the “ridge and, therefore, could have been,

'overidden

4

: o ; NE S
.‘J;f‘upflow would continue to pull oceanic mantle into the subcontinental;:

4..

‘n.‘enVironment.‘
i _jvolétiie cbmggném RN ——

idotite-co,—H 0 solidi (Morse 1980) are shown in Fig 55,=iThe”3

. »

-

A190 km depth but extraction of melt from this region would result in and‘;i
. % .

unrealistically | high liquidus Vtemperature EVidence ‘for:’sthei‘

.iparticipation of both co, -and - H 0 in- the genesis of the Chilcotin:;
ff'ibasalts comes from their distrihution on the Chayes normative diagram”
7iﬁh(Fig.‘56) TWo trends, one. toward the nepheline normative field,’mthe;fz

j""'fother toward the~quartz uormative field, follow the paths suggested for”‘

'-~o,:3 e continent The implication 'of the 1arge laterai",“'
;f to the top of such convection, as shown byig;}_i”

’r;;ﬂthat once overidden by the continent, the'.cff’

The relationship of the geotherms to the lherzolite phase diagramnii:f;;

j ng Peak geotherm intersects the dry garnet lherzolite solidus at‘g’

the effect of these volatiles on the melting of peridotite (Mysen and' R

Boettcher 1975) Group CitQ : predominantly hypersthene- .or

I DD » .
:};and group A exclusively nepheline-normative. This distribution suggests

L._ .
éhagrco,, on or both may be present in the source region ot groups B
»

/ q@d-c,,huf CO, is predominant in the source region of group A
19 ,’5” ’K o . .
“i'-'g ﬂb Tyegpig Timothz,Mounthin—Jacques Lake geotherm intersects the XCO,
< } .
1.

R %df‘selid&s ét 70 to 80 km The same geotherm also intersects the xco"

..‘
\,ﬂ

_-o 6' solid.xs at a. depth of 50 km, “but melting tn this region wouldi'_ B

t .
;result in a 1iquidus xemperature of only 1050°C Elevatioﬂhof this,_

L
v . N -
- 5 REERE N B S R ,v s .
.»r'r_.,*’,.. BN fe i . HRY SRR

':quartz—normative' group B equally hyperthene-f or nepheline-normative, o



geotherm to close -to the position of the LP geotherm would result in Ag?"

L melting around the garnetilherzolite—spinel lherzolite phase boundary atlj'

J”'i a fluid comp051tion of XCO 0 7 'to 0 9 and would yield a suitableﬂy;‘:f
liqUidus tempenature of 1250 to 1275°C foqﬁa group A melt. vf,"

— —— — — r—

' i' Nature of the EM and DM omggnent . o - - .

) | In, the C—F mixing model the EM component was modelled as a plume, f{;i
.rising trpm the lower mantle, which then caused partial melting in thei;' ”
DM wall rock- Conversely, in’ the A—model the EM component is conSidered‘m

to be the mantle thr0ugh which melts produced from the DM component mustl

hPY

pE rise The spatial . relationships O£]p1thef components aref thus

interchangeable For the Chilcotin basalts, the model of a r151ng plume
s‘«‘a‘ B e
would appear the more appropriate from the geophysxcal evxdence The

I3

trace element and isotope geochemistry'of the group A Chilcotin basalts,-j‘"
in which the contribution of the DM component ‘is most pronounced,tgjf

iy indicate that the plume is oceanic mantle garnet lherzolite

'n§ o

No garnet—bearing xenoliths occur in British Columbia, therefore,y:~

homoqeneity of the DM component must be assumed The‘BM component mayj:J'f

also represent a metasomatiC‘ phaSe derived from gar i lherzolite,“

: residing within the spinel lherzolite facies A garnetgipinel websterite;

(Ka103) reported from Austria by Kurat et al (1980), was considered to:

result trom the recrystalliSation or a tholeiitic melt derived from the o

l garnet lherzolite facies, within the spinel lherzolite stability field

/

The_ teasibility of segregating melts formed by less than 1% partial
melting has been questioned (Richter and Macxenzie 1985) and, for this

reason, the A-model with its higher degrees of partial melting would ,':jQ

o appear the more attractive. By invoking a metasomatic component in the ‘
' R B T P



R
H

'1:geneSLS of the Chilcotin basalts the,ngquirement for very small degrees

<.

),..,A< oo oy

are removed because the metasomatised host material would simultaneously

x‘:‘-' -y

ffundergo partial meltinq._._,pf” ' .
‘ The preSence of the CCR in bonu tha garnet 1herzolite and spinel g
‘ _..lherzolite ﬁacies implies that the EM component must be represented by

e «t4
the subcontinental spinel lherzolite. The~diversity of spinel 1herzolite

-_xenoliths from British Columbia inv1tes comment on their suitability to t'
frepresent the EM, . or alternatively the DM component Both the C—F and
A-models compensate for the lack of a metasomatic component by deriVing
the LIL enrichment of the melt from small degrees of partial melting. It
{is‘ unlikely that the Summit Lake xenoliths{ with their marked depletion
| _in Rb and to a lesser extent in Sr, could produce 5a basaltic liquid

1

¥ .
5However, lherzolites Such as found at Summit Lake m&y s l represent a

'1fsource component in basalt geneSis because of the unlikflig":
| N

"partial melting and for efficient mixing of the DM and EM components ,fffff

*'ot jmore ~;~

than one component in a multi component mixing system y:‘represent.f'

V-

"'_.meta?somatised ma;erial.‘ This is "i_nd.icate”d by the deﬁ":_f £\gn. of Rb

t

f».relative».to >Sr in the trace element-primitive mantle-noru:@jj.;vplotsvf;"
L for *‘the Chilcotin Group (Fig.‘ 37) or. the Tertiary to Recent
A'ps, southern Australia (McDonough et al 1985) Metasomatised lh
er' oshOws no such depletion (Roden and Murthy 1985) and basalts derivs%‘f.f
{J‘ such material should be enriched in Rb relative to Sr.' . h o
| ‘ The Raytield River xenoliths, in conttast, have Rb and Sr contents
_p7:;'within the range of metasomatised mantle' ‘and have Nd-Sr isotopic
. compositions which parallel the trend of the Chilcotin basalts across-
:'the mantle array (Fig. 36) This relationship indicates the involvement

v'_of such xenoliths in the genesis of the Chilcotin Group, ;and: suggests
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- the presence of at 1east two more cor

’.,jﬁts,_ corresponding to the;.ii;f‘
fwebsterite band in xenolith lRR (as repre;inteo by the chrome-diopSLdei';
”fplnR-CD), anc moﬂerately depleted spinel 1 rzolite (such as xenoliths‘1 ;
.“‘fRRZIB or 2RR). Thﬁ very low "Sr/"Sr (Similar to chrome diopSides in-'lfit
b'; xenoliths from several other localqﬂ&es in British Columbia (Sun 1985))?;:
‘Q‘iand high 'xoand/l4oud ratlbs of lRR-CD invalidate the assumption thatff%;;e'

,'.;garnet lherzolite represents the only DM component Sm/Nd was not:ﬁ*

”f~f‘measured on the websterite to determine its affinity o Type lA or IB,fﬁ_y;
‘}',;and consequently its La/Ce ratio and the resulting effect ‘on the meltingf
3 of the DM component in the mixing calculation cannot be assessed?,i'
:directly Clinopyroxenes in Type lB iEH_Iiths have La/Ce ratios close to_ip S

the chondritic value (Menzies et al 1985), therefore,,particularly infijt -
- the C—F model the addition of this component would not Significantly ;h;hit
'“;alter the positions of the mixing lines.. 1 ‘f.m. t | 'i o
| B Sr/Ba ratios for the xenoliths, Chilcotin basalts, and Kamloops
‘ 'iGroup basalts with mg greater than 60 are. illustrated in Fig. 57. ‘Low
't.Sr/Ea ratios of approximately 0 3, similar to the Type 1 xenoliths are:_AVh
;'present only in the Summit Lake host basalt (SL121/2 has Sr/Ba i=0 4) and.:?.
Lsome Columbia River basalts. The Kamloops Group basalts have Sr/Ba —0 st‘.
' o similar to the 'l‘ype n xenoliths. L | |
The Chilcotin basalts have Sr/Ba ratios of 1. 3 to 2. 1 . with;:
.several samples, - notably | the group A hawaiites, haVing values |
'approaching the primitiVe mantle estimate of 3. 5 r As Ba is .a morel7;w_
:‘?fafincompatible 'element in the lherzolite mineralogy than Sr, the Sr/Bakf,
. »}ratio might increase only with increasing degrees_ o£ p:itial melting._1
pThe Ba depletion ot the Chilcotin basalts cannot,v therefore,_;be

reconciled with derivation of the basalti‘ from. Type I xenoliths as. found
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at Summit Lake; Lherzolite such as Lth, which,is relatively depleted in S
Ba similar to the Type II xenoliths, may be conSidered a suitable mixing
component The moderately depleted isotopic signature of Lth suggests
that the C-F mixing model is more appropriate to :he Chilcotin basalts,
but would require conSiderable reViSion.to incorporate the lower La/Ce
'Zi'f ratio of Lth The validity of the argument is reinforced by the tact
’?f that the group A hawaiites, whiCh have Sr/Ba approaching the pnimitive /ri
mantle value,. require the smallest amount of EM component in their -
geneSis._The DM component must,; therefgre,' have Sr/Ba close to the _].
primitive mantle value..The positive Eu anomalies shown by the Chilcotin é';
basalts may be explained by the incorporation of lherzolite such as Lth';tftfq
and RR218 as mixing components., Leeman (1976) demonstrated that the o
| Small pOSitive su anomalies shown by many Suites of | basalts could be f9‘
generated by retention of sclinopyroxene in the source region |
Alternatively, the anomalies could be inherited direotly from ﬂhe source .f“

o

lherzolite. . _f"‘;{"ﬁ':ftfpigz“

y 1

ignificanc of the sotopi Correlations wish 3 3

‘ Interpretation of the grOup A basalts as: resulting trom a smallh;:.
degree of partial melting of a depleted source, and the group B a$§'°t'f;'"
basalts as repreSenting increasingfamounts of contamination to the melt |
by enriched subcontinental mantle, allows a reappraisal or the trends 'i;;}g
shown on the *"Nd/“‘ﬂd versus p,o. or "Sr/"Sr versus P 0. diagrams T,‘:'v
(Figs. 42 and 43) For the purposes of. this discussion only the latter

L will be considered on account of the greater.data spreaa shown on thq.[' .

diagram.

VA



‘:ffy' In addition,to the three groups of basalts, also plotted on Pig.”ir"'v

U 43 are the isotoprc composltlons ofOthe Rayfleld Rlver xenollths andth;;]f;f

""‘ Tean

:tbaggg uth fgg an: assumed P,O; content of 0 01% for each xenollth Thevtgﬁ; o

”~7*~T*xenql1ths tall entxrely w1th1n the fan descrlbed b&*the group C and B]‘k

o :regression Ilnes and, a:§in the C—F or A—models, can be 1nterpreted as af,&

contaminating component*;zhe P 0, content 1s propor 1ona1 to the degree;'

of partlal melting of the mlxing components; The p051tlon of thel[ﬂa

ind1v1dual samples along the regression llnes Lndicates the degree offgf:'

mrxxng of the components. Compared to the La/Ce versus "Sr/"Sr dlagram:-"7'h"

-

the diverglng trend of tne group B ahd C basalts 1ndlcates the presence_j;ﬁf

-

? of the two EM components inferred from the Nd-Sr lsotopic relatxonshlps.u "

Melts contaminated by both of the EM components are rare. ;

'f.:;' g With regard to the other SULtES plotted on Flg. 43 i the small]niu’ -

range of -uvsr/usSr and large variatlon‘ in P 0s shown by the alkallh o

.
v

5 basalts is Lnterpreted as the result oE varxable,’but small, degrees of§_751-

);‘ part1a1 meltrng of ‘a falrly homogene

a.»

us’ source. The low, eonstant P 0,'}_”"'

and varzable "Sr/"Snnof the tholelxtes suggests 1arge degrees oflﬂ.“’

N

. meltlng of a heterogenous source, or the contrxbutlon of several source;i?.,

°°’"P°nent5~ e T e



’f{Pormation of’ Terrane 1

Lo o 7o Xucemelusion o - o

_.|‘ ¥

The 1sotop%£ systematics of the princxpal volcanic'units of the-if,{ﬁ

5: Slide Mountain, Quesnel and Cache Creek tetranes have been studied in*?f;;*

- accretion tectonics Since the late Palaeozoxc._»'

'su1te of M1551551ppian-9ermian spilitised metahgsalts. In spite of thiijf

&if order to determine the character of crust added to the North America by_;fff'

e

The Fennell Formation of the Slide Mouﬂtain terrane comprises aift‘

L alteration,, the ,basalts resemble N—type MORB in their major and trace7

.'fSimilar to medern tidge basalts. "Sr/"Sr ranges from 0 7025 to 0 7042

RO the higher values being‘dqe to sh

'*}.o: S lsotOPLC'} differences ;:are“_fébted between kaersutite ' and".'

"element’chemistry ISOtOplC compositions ﬁrom eNd +7 6 to +9 6 are’i_'f

v -

ter alteration.n Nov compositionall““

;f{non-kaersutite-bearing samples.J The preseﬁce of kaersutite and the,

'-%ﬂ;~resemb1e T— and P-type MORB 1n their major And

PP I

and are classified as ocean island tholeiitesz'Isotopic comp051tions offfff-

:-‘eNd +4 5 to' +6'0 indicate derivation trom a Hawaiian-type mantle plume

.;the Quesnel tetrane. Their major eleméht chemistry is characterised bY a;:rf

‘ﬁf,xresemblance of the basalts to N—type MORB sugéests a back—arc oridan., _f

Contemporaneous basalts in the Bonaparte subterrane of the Cacheg'fj:
l R

i3

751;iCreek terrane show szmilar alteration ‘to’ the Fennell Formation, but‘7f?5

‘érace element chemistry,‘f;f;

T~ 4

The late TriaSSic Nicola Group comprise the-oldest volcanics in’f ”

.. . ’\A« > . “‘
; f_7predominance of Silica contents between 46 and 54% coupled with high,ﬁ_ :
,f variable aiﬁali contents;lresulting from prehnite—pumpellyite >téhff;f
‘ij;”greenschist facies metamorphism. CIassification by conventional APM and"”idr*
yialkalis-silica diag;amsmis hot possible.v Calc-alkaline and tholeiiticﬁ»igif
163 . S A




trends are identified on a FeO*?MgO discrimination diagram 'Lowﬁ‘””
¢ pis

._.:?}jabundances of high field sttength elements Ti, P, Nb and Zr indicate an?l~'*

_ arc° origin. Isotopic composxtions o. theJNicola Group, eNd +s to +8 andtf'rf

ey

,'jéﬂ;-:Sr/-tsr 0 7031 to 0 7042, are typical of oceanic arcs The trend to;{”x;

d~felevated -7Sr/"Sr results from low grade metamorphism, rather than from},ij;

. SRS INE
‘incorporation ot slab~s‘

%

—derived material into the source region.\ﬂ~7

Young crust added to the continents by terrane accn&tion,fd7tf

o 'pr]therefore, includes a significant proportion of ocean floor and ooeang L

‘flﬂisland material 1n addition to arc assemblages. Much of this materialff”

t

£ ;f‘“has a depleted isotopic signature which has impOrtant implications for;fV

’j;_studies which 5 invoking crustal materlal uas ‘a 'contaminant o£f7'7

e_mantie-derived rocks, or which concern the generation of granitic

T

' *}Jbatholiths along continental margxds : '1vjf S
'ﬁvPost-Accretional History of Terrane I -i;'xtf;;-',ff’:“h}?,;’f}*fw;%fi' i

ﬁk The Spences Bridge Group, a series of low, medium and high K

lfcalc—alkaline volcanics, represent an arc formed on the western margin

z’ﬁfgéof Terrane I during the mid-Cretaceous.; A Rb—Sr isochron for the

'dzvolcanics of 115135 Ma is, in good aqreement with previous age eStlmates"ii
.-.". R |

' ‘rThe isotopic composi "on of the volcanics, sNd +5‘5 to ‘+8 0 and.

a{J?’Sr/"Sr 0 7031 to 0 7042, shows no indication of assxmilation of,‘

‘éh}underlying §iﬁ‘i& Group strata, and their position close to the mantle:5

7 .
Sil

':7,tfarray on'a NddSr isotopic diagram indicates that subducted sediment did{

,.‘_‘,,’ _’3 B

i’*,fnot play a major part in the \genESis of the -volcanics The arcff_;i

“fgfconstrains the time of ACcretion o£ Terrane II to Terrane I to be atterni:e7

110 Ma.



- ,o 7038 to. 0. 7051"’

:fﬁvariatione qute reconstructions for the mid-Tertiary result in an

""1,Washington and Oregon Both groups were erupted in similar tecton;c
_ ¥ ,

R R L o SRR AR
The Kamloops Group comprises a suite tof high K %a;c-alkaline U

ff volcanics which were erupted throughout Terrane I during the Eocene. The
A e

T

:‘?;isotopic composxtion of the Kamloops Group, eNd +5 5 toQ,‘ aﬂd "Sr/"Sr /h};

shows no eVidence of crustal contamination or regional
p o

“-‘.arc-trench distancE'ot over 400 km, therefore, it 1s proposed that the

’ '.Kamloops Group originated over a shallow subducted slab underplating

lf'Terranes I and II ;“fl'_;f:f,;Ff

Late Tertiary volcanism 1s represented by the Miocone—Pliocene

‘f;_Chilcotin basalts 1n British Columbia, and the Columbia River basalt ins_~-5

: v
e
e

B

"7:>fpenv1ronments but. differ considerably ‘.h chemical and isotopice /!

"comp051tion !he *Chilcotin Group have moderately depleted isotdpi ;

: J}sfseompoSitlons, “’Nd/‘*‘nd 0. 51310 to o 51284 and '“Sr/"Sr oe7oze €0 ¢

“are d1v1ded x.'o three groups -

B :~(tholeiitic) lelication of the binaryrmixing models of Chen and PrethJj;

- f and B result from successively greater amounts of contamination by the:; o

r’

.1&39 The~‘§ost. isotopically depleted Chilcotin basalts show the> S

‘j”fwgreatest minor and‘trace element enrichment, although this trend lgé not;ffii
uffg.continued throughout thqb group The most chemically depleted basalts~“fﬁl

'fvhave isotopic co.posxtions Wlthin the middle of the range._ The basaltsf;-

(alkaline), (trdnsmonan, c

-er"

T

| j-(1983) and Anderson (1985) suggests that group It :Ls produced by 2 smallff',: i
; degree’(less than 5%) of partial melting ot a: depleted mantle component,hd‘af

'"'u:ing ,witn melt produced trom an enriched mantle component Groups cf

Y

ehriched mantle component.‘ v i,f*ld

'I‘he depleted component must have eNd >+a ,‘ "'Sr/"Sr <o 7030 P and ‘

be garnet-bearing to account tor the high (La/Yb)n ratios and lou Y E;,}&



',}abundances of group A. The candidate material is oceanic'hantle garnet

ﬁ?*f,pilﬁllherzolite, introduced into the subcontiqpntal environment by the bif

L decoupling o;
. B ) ,q.

deep—seated mantle upwelling from under the Juan de Fuca
) ?“Ridge Source region metasomatism is not an impliCit feature of the fawb
l'gfmixing models because the LIL enrichment of the melts derived from the
iy é:rldeplﬁted source are accounted for byﬁsmall degrees bf partial melting.:"1;
Gb"lfThe representation of the depleted component by a metasomatic hase .
.vhfderived from such lherzolite resolves the problem of extracting small |
t degrees. of partial melt to mix with the enriched component because both
"fif :metasomatic phase and host lherzolite would melt szmultaneously
- _ The models do not explain the more enriched isotopic compositions |
’ ;of group B relative to group C._ These are resolv‘eggon a. P 0s versus
”hi;{f“’Nd/l“Nd “or P 0(' versus ””Sr/"Sr diagram, the interpretatibn of
'7:5{gfuhich 1s analagous to the La/Ce—"Sr/"Sr diagram*of the binary mixing
l{models.; On theSe diagragg the Chilcotin basalts form a diverging trend
\ih with the high P O, group A basalts the common member._ The clear

'-i'_,isotopic separation of groups B and C,~both of which have low“P o, ;,‘

::;pontents, requires the pﬂ%sence of 1|
. R4

5y enriched" mantle components.vflﬁ”
,_&These are identified as moderately depleted mantle with eNd =+5 and

‘:I"’Sr/"§r =0 7040 ,; in the genesis of group C, and mantle Wlth
S g . : -
o approximately bulk Earth composition, eNd <+2 oy S’Sr/"Sr >0 7QAS v in
S ‘

'thg genesis of group'B. High Y contents and low (La/Yb)n ‘ratios of

ffﬁgroups B and c require both enriched mantle components to bq.spinel

iflherzolite rather than garnet lherzolite. The lack of overlap
‘ﬂ'groups B and C on the P, o.—isotopic diagrams suggests t“”t either o
";,component may dominate the spinel lherzolite sectiqn. The presence dt a';fll

'”ttourth component, with high 1"Nd/“‘Nd and‘low '7Sr/"5r iS required ’b

o e . - “ - . ,' S X ‘_ . T .



account for the tranSitional nature of several samples between groups Af? :

andc‘:

Peak localities prOVide late Cenonic 'samples of the subcontinentaldfé

mantle and record a complex series of depletion and enrichment events infﬂtf*

4

- all xenoliths to be depleted to varying extents relative to primitivelk%ff
mantle compoSitions. 1ype II xenoliths are enriched in Ca Fe,‘ eri“

and Sr,, but have similar Al, Ba and Ni, compared to their Type I.f.'

' Lightning Peak and Summit Lake xenoliths show a. considera%ie range

of isotopic compositions (*"Nd/“'Nd ratios of 0 51160 to o. 51300 and~il’”

sPinel lherzolites from Rayfield River, Summit Lake and Lightning”;f

'.:v‘ their chemical and isotopic com9051tion. Whole xenolith XRF results showfif

T5ﬁ“' r *esr ratios Of. to ' prov ing rect,e idence ‘for. t e-“"“
s / S £ 0 7040 0 7102) id d} x d f he:

existence of both enriched and depleted mantle beneath western North7_;'

R

America The xenoliths give Sm-Nd model ages of 0 1 to 0 7 and'l 5 tof‘;i,

1 6 Ga for derivation from a reservoi: corresponding to present day

The model ages are comparable to the Rb—Sr mineral isochrons of Sunﬁff

‘ v

(1985) for xen‘ iths from nearby localities in. British Columbia.; Theffj

1ack of ages between 0 7 and 1 5 Ga corresponds to the period during“

f which the west‘COAst of North America is ‘con$1dered to have been ac

- LN 7
PRSI EN

- -ipassfiéré' cfontfi jt,a,i'ﬂ_ aarg;nif | *?f__;, .

crust and associated lsediment Either="

surficiently hig"h ”Sr/"Sr and J.ow mNd/;t.otdfto alter the issopic
I SRR _ o

Teia
~ s .



"554,-same mantle components have been produced. H??':a“h'.

L :dmantle component inferred in the genesrs

o f‘ Qnixing component in the gi”f

'“itiicomposition of the xenoliths to close to their present values, or this&ﬂ"”

o the‘xenoliths..

Ta}vfgrowth occurred in a phase such as amphibole or ph109°Plte: Pf°d“°ed as:,a;”
) *:tffa conseQUence of the metasomatism. In either case. a depletl°n event 19.;5»

v"ih“required to produce the low Rb/Sr ratio and LIL depletions observedc:inﬁf;p;

The Sm-Nd MOdel ages gennot relate to any specific event, howeVer,iff.*

"fgbecause at the time of,the«depletion event the eNd ‘of the xenoliths may;fp;@

e

"f?lie anywhere within the range of island arcs The xenolitis bearif:ﬂ

Y

' jzfconsiderable isotopic SLmilarity to the mantle components C2 to Ccyu

'thinvoke& in the geneSis of the Columbia River basalts (Carlson 1984) The*{ »

d* e

the mantle beneath western North America?g“'
o ,g !

-

1ﬁSpatial variation of the xenolith localities indicates that throughoutgf?;

"ing proportions of the:;r'f

Th hibole—bearing 1 spinel lherz ite Lth has similarn"
e4§mp v

€

.isotopic composition and incompatible elzent ratips to the enrichedir_ -

'f¢xamlogps Group volcanics The generation of these two groups of Tertiaryf'

the group B Chilcotin“

'ﬁf,'_'basalts. but ,would also be an- appropriate source component for thet&‘”"

a volcanics may account for the rarity of amphibole—bearing spinelf"'*

. g

lherzolite xenoliths from central British Columbia...Xenoliths such as';\

um trom Rayneld River, _, which has aNd s_-{ . ”Sr/"Sr =0. 70375 .

o

represent&the enriched' mantle component in the generation of the group_

‘c dhilcotingpbasalts.- A websterite band in lRR is a suitable candidate7§;5'

o ¥4

tor the’ fourth, depleted, component which contributes to groups A and C.t

None “of the Summit Lake xenoliths is considered to be a suitablen ;5”

ETS
sis of the Chilcotin Group because ,ot the

high Ba contents ot the xenoliths, which should be imparted to the melt,

a..

7

KN

-



| ‘_f:";Columbia .Rmer baSalts. 'rhe xenola.th may reptesent a cumulate vﬂ‘om an

:ocea.n ridge env:.ronmant enniched by Subductlon prodsses after

,'rhis matenal xs particularlﬁy sultﬁ as a source material tor‘thet

o oA .

“iincorporatmn 1nto the subcontmental—mantle.
o e Loy KSR ’ L e
-.'The‘differences between ,the Columb:.a River basalt:s and thev

9 LA,

'kﬂ . . “a

;'Group. | share ,sm:.lar* Spurcev;‘; components Vwithin '-')je_x

e

l_'T-‘f_v'.'Subcontinental spinel lherzollte fac:.es, the heterogeneity of.‘ whi‘ch has-.:
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Chemzcal Procedures R

A sample sxze of 0 3 to 0 5 g, correspondtng to at leaSt 3 ug Nd

] and 50 ug Sn °was sultable for most samples. Low Nd and Sr\fcontents of

,;

L 'the sp1ne1 lherzolltes dlctated the ‘se of 3 to 10 g sample sizes.‘For “‘ .

‘,n:mass .spectrometry 1sotope dllutlon analyses,' allquots *fofJ mzxed

SP-

"';*Snd-14’5m or' "Rb—"Sr: sp;ke solutlons were added prlor tq 1.’

o ST VAR ‘ Co : " _ﬂ [
. Samples were: decomposed overnlght b refluxlng thh a. 3:1 ml ture

./’

’f’;] of 25M HF 16M HNO; in screw capped teflon vessels » The samples were

v

' centrlfuged 'to" separate " the Rb-bearing supernatant .and;gSrf;_e‘

7REE—conta1n1ng fluoride-residue._

],ij' f For Rb ana1y51s the supernatant was~evaporated to dryness, treated

;iiftw1ce w1th 16M dNO, and bakedW‘Rb and other alkalls were leached from

i

”htthe‘ reszdue in x2 dlstllled H; 0 for loadlng onto the mass spectromg er

_jjfrlament. e . ,.::, & :

-

; Thei Sr,"REE- contalnlng re51due was treated thce w1th“2 ml 16M '

W . . ~

-_HNO; ' evaporated to dryness and baked to remove HF The nitrate re51due

-

't;b

ial S

dlssolved in 10 ml ( .3M HCl before preoﬁBitation of’ the hydroxides ’

>

.‘wlth concentrated amonia. Care was taken at this stage not to increaSe B

\t !

.

"preclpltate dlssolved ln 5 drops of 25M HF. The cloudy whlte suspension

B . =

3 _obtalned was evaporated to 1nc1p1ent dryness to remove ammonla, then

?;ftreated w1th a further 5 drops of ZSM HF, 1 ml GM HCl and made up to 10

vtl_the pH sufftcrently as to cause the preczpttatlon of ﬁg(OH), . After :

: »t7centrifuging, ‘the supernatant was dxscarded and the =~ hydréxide-ﬂ”

' ml with x2 dlstilled H, ) before refluxtng for lhr to dissolve« as muchu;

) 'r._' ._b,'




'1'1rqn as 90551b1e.» ”iff_”:

_;ml 16M HNG, and t?e sequence ;

After centrlfuging, the fluor“
X

_Qngh to the hydroxlde precipltatlonf‘

.stage repeated untll the preczplti‘e was. Small enough to dlssolve ,1n 2'7 e

| ml 2 M HCl Incomplete dlssolutxon at thlS stage was often noted,

- . ; v

' althpugh the whlte gelatlnous reSLdue generally dlssolved on standing .

B for several days, or' after the additxpn of further 2. 3M HCl The ;‘"”

resxdue, although not spec:.flcally analy5ed, was %conszdered { to be a'

jhydrated alumlnlum complex,, and as ‘Such to contain llttle REE. B

“Consequently, at thls stage the preclpltate was often dlscarded after

v

ﬁEentrlfuglng.

Y o ~

Ion*Exchange:Procedures- A oLl
A three_ column 1 lon-exchange ' procedure was ‘used  for thed]f

r‘fpurlflcatlon of Sm and Nd The 'coherence of sr w1th the 'REE groupi

C_?through the dﬁ!mlcal procedures allows the separatlon of thls element atby

"the flrst 1on-exchange column stage AG§33=XB, 100 200 mesh catlon resxn1r»

' was used throughout the.procedJres:

s

;}rOn;- the REE 'and-'Sr were ,separated on a 2¢xb.sfg; cblumn\byi f :

'elution with 2 k)| HCl. Elution peaks as determlned by tltration with' i

h'eriochrome black solution and by radiotracer experiment are shown 1n

-

F'g. Gla. The difference in elution .peaks” between the LREE (lllustrated

by . La, Nd and Sm), and the HREE (lllustrated by Lu), 1s due to a change;_-

in coordination number of the lanthanide ion from 9 ‘to . 8 at atomiC-f'

- number'64_§Gd),; g ;.‘ s :"'

re51due was: treated twice Wlth 2 ; -



- equlllbrated w1th lM HCl After dlscardlng 7xl ml 2 3M HCl ‘Sr~.wa;‘”“
: collected in: 4 ml 2 3M HCl

ST

woem el

; loaded onto a 38x0 3cm column in' 1 drop 2. 3M HCl : for separatlon offf”‘
N these elements u51ng 0 2M methyllactlc aCLd (pH adjusted to 4 43) (Dosso':

;and Murthy 1980) Elutlon peaks determlned by t1tratxon w1th erxochrome;_.:,

‘complete and Sm was neve; observed as a SLgnlflcant contamlnant ,duringtl

The Sr-bearlng_ eluate usually contalned somg lron partlcularlya,;

AN /'

2

Column 2 o
After evaporatlon “to. dryness the Sm—Nd contalnlng fractlon was

de an31Y51s. e ""ié S

¢
‘,

Organlcs from the drylng of the methyllactlc acld eluates wepé

_removed by succe551ve elutlons of 5x1 ml 1M HCl followed by 7 ml 2 3M

“HCl  on 'a 7%0.4 ‘cm -column equlllbrated w1th 1M HCl Nd or Sm were

and were treated wx!h 2xl ml 16M HNO, before loading onto the mass

‘-black solutlon ‘are ‘shown in Fzg., 61b Separatlon of Sm and Nd 15”"

‘strlpped from the column in 20 ml 6M HCl 0n1y mxnor amounts of organic o

materlal, mostly from the lon-exchange resxn ’ remained at this stage,.t

ll_

" spectrometer filament._

..y

' > . .
.. . “ L . : 5 . @

Total blanks for the chem1cal procedures are presented in Table 18

~

were signxficantly reduced follouing the move to new laboratory

P

fwhen the sample was loaded an OVer 2 ml 2 3M HCl. After evaporation to-f"57

".,dryness,: thls fractlon was, further purifie& on a .xO 4 cm columnifﬁf

L .



S I T

' b) 02M Methyliactic acid

% 4z

T | - B R oo - RS L Lo . N . e .
- Lu | : ' o ) - - : R ‘ C
; . i - o e R S o .

. 0 v_.le 20 30 4050 : 60\ 3 70 80

Hl&gi‘:; : ':, . 17w7 niEbant jlflnﬂ\\xgiigf 3
Plg. 61. Ion exchange column elution sequences- RN ST
{a)- Column 1 . 24x0.6 cm, AGl- X8, 100-200 mesh, eluant 2. 3M HCL: Elutlon'

~90.

l; of Lu was determined using a- 1”Lu (tl/2=6 75d) radiotracer, all others’f:

by titration with eriochvome black. solution. . ;

. (b) Column }’. 38x0.3 cm, AG1-X8, 100 200 mesh, eluant 0. ZM methyllactic

" acid pH 4.43£0.01 .

-_Q'Pgrlochrome black solution. The ‘elution with methyllactic acid at pH 4.43
. \giroduces , good separatlon of Sm and Nd but poor sepatation of the HREE

vand other elements such as Sc. T

RS i -‘

Table l8.

- Q § Mass 5pectrometry blanks (in nanograms)
b’ m st sa ’ina‘,;

Sm/Nd
L S/

All peaks were determined ‘by titration with

Blank 1

Blank: 2

Blank 3",

Blank 4 -
- NaOH

(per g) .

. (per g soln)

July 1986
July 1984
Sept .1984

Sept.1985

Oct. 1983

July 1984

3.87 . 0.194
10.5 - 0.12}
9.56 - . 0.367 ..
'1.02°. .0.235 .

0.38 - 36  0.75 "
.35 1.27
$.6-  3.51
3.8 . 0.24
0.200"

ST .1&.1 70.4 .
‘\ S : .

0.78 2.47  0.316



o fac111ties in“August "1984

*pellets which were considered;;for use in :Snr alternative chemical'j”

"»ﬁ“procedure,.glthougnhonly 0 1 to 0 3 g of haOH woul have been required,rfsﬁ"

: ;‘the use’ of this reagent would have increased the blank by at least a:fffé

}_factor of two.

PN

l Mass Spectrometry ‘.:‘-z} -
Nd.and Sm were analysed as the metals usxng a triple tilament (Re

L centre, Ta Sides) 1n a Micromass MM30 masssspectremeter or - uSing af'

Sl

kNd-Sm‘blank was also p‘ertormed on: NaOH

iiidouble Re filament in a VG354 mass bspectrometer Sam les were loaded;f’m

‘onto the filaments xn 1“ HNO,zg"Gentle heating Of the £ilaments in air: L

fv_ was found to be suffLCient to remove any organics‘_gemaining from thewlv

’lthlrd ion—exchange column . Analyses were performed on the MM30 with ,f

‘amultiple measurements of backg;ound in each cycle and twice ‘as many .

l‘JNd/l“Nd data sets as 1“Nd/*“Nd. VG354 analyses were performed in'
ﬂfpeak sthching mode wzth quintuple collector assembly. Sr was analysed”pt'
as: the Cth*lde usxng a double Re filament in the MM30

Nd isotopic ratios are.reported normalised to *“Nd/*“=0 7219

KJ'Sr analyses ‘to. "Sr/"Sr 0. 1194 ‘d_1¢:Nd/104Nd‘determlned fé; the Laj;.f:

'_cholla standard was 0 51184117 (one o standard error) (n=21) for fthe'

"MM30, and 0 51184316 (n=40.~for the VG354 e Similarly, *"Nd/“‘Nd.

g measured on. an in-lab standard prepared rrom neodymium oxide pouder, waSQV

?;»:O 511044114 (n—ld) for the MM30,_ 0 511057&6 n=l) tor the VG354

';""Sr/"Sr determined on the NBS SRM987 Sr standard was 0 71026118 (n=13)h

o over the same time period. Isotopic ratios determined tor BCRl Vere';T

)

'*"Nd/“‘Nd 0 512625t10 (n=4) and "Sr/"Sr 0 70502 12 (n=l), also Nd,

A

Sm concentrations 28 93, 6 637 ppm respectively, by mass spectrometry‘,
_ B —_— e
. -

oy [P R ) . Lt " . B ) e
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