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ABSTRACT

Seventy-one samples of subalkaline and alkaline basalts
from British Columbia and the adjacent Pacific seafloor were
analyzed for 33 major, trace and rare earth elements using
X-ray flourescence (XRF) and instrumental neutron activation
analysis (INAA). These basalts are all less than 22 Ma in
age and come from various magmatic belts, each with a
distinct, well-known, tectonic setting; (1) Convergent
margin (Garibaldi and Pemberton Belts), (2) Back-arc
(Chilcotin Basalts), (3) Hotspot (Anahim Volcanic Belt), (4)
Incipient rift (Stikine Volcanic Belt), (5) Arc-trench gap
(Alert Bay Volcanic Belt) and (6) Ocean floor (Offshore
basalts of the Juan de Fuca-Explorer Ridge Systems). Element
abundances and ratios were plotted on eighteen diagrams that
have been proposed to discriminate between tectonic settings
on the basis of magma chemistry. Although eruption through
continental crust has modified the abundances of Ba, Th, U,
K and Sr, in most cases this did not affect the ability of
the diagrams to distinguish tectonic setting.

On most diagrams basalts from back-arc, hotspot,
incipient rift and arc-trench gap settings plotted in the
within plate basalt (WPB) field, but distinction between
these different WPB settings could not be made. Two samples
from the Masset Formation on the Queen Charlotte Islands,
included with the Anahim Belt hotspot suite, were
consistently classified as coﬁvergent margin., Samples from

the ocean floor plotted in the N-MORB or E-MORB fields.

1i



Three convergent margin samples from the Pemberton Belt
always plotted in the convergent margin field, but on most
diagrams all eight samples from the Garibaldi Belt plotted
in the WPB field because of their depletion in LIL elements.

La is the only rare earth element obtained by INAA that
is essential for identifying the tectonic environment of
magma genesis. The ratio La/Nb, is an effective separator of
within plate basalts (WPB), including E-MORB, (La/Nb less
than 1.2) from convergent margin basalts (La/Nb greater than
2.0). N-MORB lie between the ratios 1.2 and 2.0.

Th, Ta and Hf also obtained by INAA, are important
discriminant elements. However, Nb and Zr, obtained by XRF
analysis convey much of the same information. The ratio
Nb/16 as an estimate of Ta and Zr/39 as an estimate for Hf
produced acceptable results on diagrams that originally
incorporated Ta and Hf. Effective discrimination can
therefore usually be achieved using XRF elements alone.

Convergent margin, within plate and ocean floor
tectonic settings were best distinguished on Th-Hf/3-Ta,
Ti-Zr-Y and Ti-Zr-Sr, Ti/Y vs. Nb/Y, Th/¥Yb vs. Ta/Yb,
(Ba/La)CH vSs. (La/Sm)CH and V vs. Ti/1000. Slightly less
effective plots were MnO-TiO,-P,0;, La vs. Th, La vs. Nb and
K,0/Yb vs. Ta/¥Yb. On the other hand Ti0,-K,0-P,0;,
MgO-Fe0*-A1,0, and La vs. Ba provided little information
concerning the tectonic setting of individual samples.

Ti/Cr vs. Ni, Sm/Ce vs. Sr/Ce, Cr vs. Ce/Sr and Cr vs.

Y diagrams were useful for distinguishing unfractionated.
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convergent margin basalts from MORB plus WPB.
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1. OBJECTIVES

Tectonic discrimination diagrams which use major and
trace element abundances in basaltic rocks have been used to
infer tectonic setting. These diagrams were produced using
analytical data from unaltered basalts from known tectonic
settings, many of them erupted through oceanic crust. In
subsequent applications the same diagrams have been used to
-identify tectonic settings of metamorphosed and/or deformed
basic rocks, now incorporated into and often erupted through
continental crust. The present investigation was undertaken
tos
1. provide more complete chemical data for each suite, and
2. ascertain the applicability of various tectonic

discrimination diagrams to suites of Neogene basalts
from British Columbia and the adjacent Pacific and
Explorer plates which have been erupted in a variety of

known tectonic settings.

1.1 SAMPLE SELECTION AND METHODS OF ANALYSIS

The samples studied existed in research collections at
U.B.C. and at the G.S.C. in Vancouver. Since this thesis was
concerned with discrimination diagrams for basaltic rocks,
most samples selected had either a SiO, content of less than
55 wt.% (known from previous analyses) or they had been
described (verbally) as basalts. These criteria were met for
all samples except COQ61 (58.75% SiO,), CAYLEY (60.34%

$i0,), SILVERA (59.81% SiO,), ALERT! (61.15% SiO,) and



HOODOO (59.18% sioz).

Many of the samples chosen for this study had already
been described, analyzed by XRF for major and trace
elements, and had Sr isotopic determinations and K-Ar dates.
A few of them were not previously analyzed. Sampie source
information and a list of‘previous analytical work is given
in Appendix I.

Incomplete major and trace element data sets were
filled in by new XRF analyses and some of the previously
analyzed samples were reanalyzed in order to estimate
precision of results. Total Fe was measured as Fe,0,; and
calculated as FeO*, Sample preparation, method of analysis,
abundances obtained from duplicate analyses and precision of
analysés are given in Appendix III.

Instrumental neutron activation analysis (INAA) (see
Appendix II) was used for selected trace and rare earth
elements (REE) with the expectation that future studies at
U.B.C. might routinely use INAA. Estimates of precision
based on replicate analyses are presented in Appendix II,
Table XIII, and Table XIV; tests of analytical accuracy are
listed in Table XV, and systematic errors in analysis are
presented in Table XVI. Because systematic errors wvere
greater than the precision of analysis for La, Hf, Yb and Sc
calculated abundances of these elements were revised by an
amount equal to the systematic error.

In addition, trace and REE abundances obtained by INAA

were determined for intralab standards WP1 and P-1. These



are presented in Appendix 11, Table XVII.

Analysis for Ta was unsuccessful because of
contamination so Ta abundances were estimated using the
ratio Nb/16, denoted Ta*. A more detailed explanation is

given in Appendix IV.

1.2 TECTONIC SETTING

The Neogene'and younger volcanic trends from western
British Columbia and southwestern Yukon, and the present
plate boundaries are shown in Figure 1.1. The Queen
Charlotte right lateral transform fault which separates the
Pacific Plate and North American plates parallels the edge
of the continent from southeast Alaska to a triple junction
in the vicinity of Delwood Knolls at latitude 50° N. (Yorath
and Hyndman, 1983; Riddihough, 1984). Earthquake first
motion studies along this fault show almost pure stike-slip
motion on a near vertical plane (Milne et al., 1981),
however Srivastava (1973), Horn et al., (1981) and Yorath
and Hyndman (1983) suggest there may be a component of
underthrusting of the Pacific plate beneath the North
‘America plate élong the fault zone since Miocene time.

To the north, the Queen Charlotte fault continues into
Alaska as the Fairweather fault system (Plafker et al.,
1978). Southwest of the triple junction at 50° N, spreading
axes (Tuzo Wilson and Delwood Knolls, Explorer Ridge and the
Juan de Fuca Ridge) and transform faults (Paul Revere and

Sovanco fracture zones) separate the Pacific from Juan de
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Fig. 1.1. Neogene volcanic trends of British Columbia and
southwestern Yukon and present plate tectonic boundaries,
showing extent of Garibaldi Volcanic Belt (A), Pemberton
Belt (m), Alert Bay Volcanic Belt (%), Anahim Volcanic
Belt (®), Stikine Volcanic Belt (V¥ ) and southeastern
Wrangell Volcanic Belt (% ). Outlined dotted areas show the
extent of the Chilcotin Group Basalts. PP - Pacific plate,
EP - Explorer plate, JdFP - Juan de Fuca plate, NAP - North
America plate, PRfz - Paul Revere fracture zone (ridge), Sfz
- Sovanco fracture zone, NFZ - Nootka fracture zone, CB -

Cobb seamount, BB - Brown Bear seamount. Diagram modified
from Bevier et al., 1979.




Fuca and Explorer plates. These two smaller plates are
separated by the northeasterly trending Nootka left lateral
transform fault, which formed in Pliocene time (Riddihough,
1977, Hyndman et al., 1979).

The plate boundary separating the Juan de Fuca and
Explorer plates from the North American plate is one of
convergence. Although an eastward dipping seismic zone
beneath the continent is poorly defined and a major
bathymetric trench at the foot of the continental slope is
lacking, Ridaihough (1979) concludes that the Juan de
Fuca-Explorer plates are moving under the North American
plate thereby producing the arc type volcanism of the
present day Garibaldi Volcanic Belt and the earlier
Pemberton Volcanic Belt.

The Quaternary Garibaldi Volcanic Belt comprises a
narrow linear chain of volcanic centres that trend
approximately N20° W, parallel to and approximately 250 km
inland from the Juan de Fuca-North American plate boundary
(Green, 1981). Farther northwest, near the Silverthrone
Complex, a few volcanic centres of similar age and chemistry
lie a similar distance from the convergent plate boundary
between Explorer and North American plates.

East of the Garibaldi Belt and following a more
northwesterly trend is the largely Miocene Pemberton
Volcanic Belt. Bevier et al. (1979) suggest that cessation
of volcanism in the Pemberton Belt and the shift to

volcanism in the Garibaldi Belt was caused by reorientation



of plate motion about 3 m.y. ago, when the Nootka fracture

zone was created.

The Anahim Volcanic Belt runs approximately east-west
along latitude 52° N and includes volcanic centres that
range in age from 14.5 to less than 0.0i m.y. Three
hypotheses have been proposed to explain this magmatic belt.
They are:

- magmas rising through deep fractures developed along the
northern edge of the 'subducting Juan de Fuca plate
(Stacey, 1974).

- magmas from a mantle hotspot (Bevier et al., 1979).

- magmas generated in an east-west rift zone (Bevier et
al., 1979).

Volcanic rocks of the upper Oligocene to lower Miocene
Masset Formation occur in the Queen Charlotte Islands and
offshore basins to the southeast. Bevier et al. (1979)
suggest that these volcanic rocks form the western end of a
hotspot trace whose propogation eastward produced the Anahim
Volcanic Belt. Northward movement of the Queen Charlotte
Islands, after volcanism had occurred, was accomplished by
transcurrent motion along the Louscoone Inlet-Sandspit fault
systems (Young, 1981; Yorath and Chase, 1981). Other models
suggest Masset volcanism is:

- associated with the crustal rifting that generated the
first phase of Queen Charlotte Basin subsidence (Yorath
and Hyndman, 1983)

- the northwestern end of the Pemberton Volcanic Belt (J.



Souther, oral comm.).

Adjacent to, locally in contact, and coeval with the
Anahim Volcanic Belt are the Miocene to Pliocene Chilcotin
Group Basalts, forming a lava plain elongate parallel to the
continental margin (Bevier, 1982). These lavas were erupted
in a back-arc tectonic setting and are contemporaneous with
volcanism in the Pemberton arc (Souther, 1977).

The Miocene to Qﬁaternary Stikine Volcanic Belt 1is
situated inland and to the north of the Queen Charlotte
Islands and trends toward the northeast, cutting diagonally‘
across the older rocks of the northwesterly trending Coast
Mountains and Intermontane Belt. It is believed to be a zone
of incipient Cenozoic extension related to transcurrent
motion along the adjacent continental margin (Souther,
1977). Near the centre of the Stikine Volcanic Belt is the
Edziza-Spectrum Range complex in which alkali basalts to
highly fractionated peralkaline rhyolites and trachytes were
erupted (Souther, 1977; Souther et al., 1984).

The Wrangell Volcanic Belt, a broad arc that curves
around the northern and eastern edge of the St. Elias
Mountains in southwest Yukon and southcentral Alaska,
results from subduction of the Pacific plate beneath the
North American plate (Souther, 1977). Farther to the west
the same subduction produces the Aleﬁtian arc system.

The Pliocene Alert Bay Volcanic Belt in northern
Vancouver Island, formed during a hiatus in the volcanism of

the Pemberton-Garibaldi Volcanic Belts and was likely a



result of magma generation along the edge of the descending

Juan de Fuca plate (Armstrong et al., in press).



2. REVIEW OF MAJOR AND TRACE ELEMENT TECTONIC DISCRIMINATION

DIAGRAMS

2.1 CHEMICAL DISTINCTIONS BASED ON MAJOR ELEMENTS

| Results from conventional bulk chemical analysis of
igneous rocks are generally presented as major element oxide
percentages by weight, and consequently a variety of
tectonic discrimination diagrams have been formulated based
entirely on major element chemistry. A complete review of
major element geochemical characteristics in MORB, WPB and
convergent margin basalts is provided by the Basaltic
Volcanism Study Project (1981). Major element chemistry is
used to calculate normative mineralogy and to distinguish
alkaline from subalkaline and tholeiitic from calcalkaline
series rocks (Irvine and Baragar, 1971). As some of the
tectonic discrimination diagrams are predicated on
separation of alkaline, or tholeiitic, or calcalkaline
series rocks, these classifications must first be

established.

2.1.1 ALKALINE VS, SUBALAKLINE

To distinguish the alkaline from the Subalkaline
volcanic rock series the alkalis vs. silica (wt.%(Na,0 +
K,0) vs. Si0O,) and O!/’-Ne’-Qz’ diagrams were used
(MacDonald, 1968; Irvine and Baragar, 1971) (Fig. 2.1).
Irvine and Baragar considered the 0/°-Ne’-Qz’ diagram

the most reliable for separating subalkaline from
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Fig 2.1. K,0 + Na,0 vs, SiO, distinguishing alkaline and
subalkaline volcanic rocks. The solid line is MacDonald's (1968)
dividing line for Hawaiian tholeiitic and alkaline rocks, the
dashed curve is Irvine and Baragar's (1971) dividing line for a
general distinction between alkaline and subalkaline
compositions.
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alkaline basalts, therefore in the few cases in this
study where the two discrimination diagrams disagreed,

Ol’-Ne’-Qz’ classifications were given the most weight.

2.1.,2 THOLEIITIC VS, CALCALKALINE

Subalkaline rocks include both the calcalkaline and
the tholeiitic basalt series and were distinguished from
one another by Wager and Deer (1939) on the basis of Fe
enrichment trends. Pronounced Fe enrichment during
differentiation typifies the tholeiitic series while
absence of this enrichment typifies the calcalkaline
series. This difference is commonly shown on an AFM
diagram (Irvine and Baragar, 1971), or on the FeO*/Mg0
vs. SiO, diagram of Miyashiro (1974) (Figs. 2.2 and
2.3). The latter diagram is more appropriate for suites
of differentiated rocks, as trends are more important
than individual positions. In addition to lower Fe/Mg
ratios Irvine and Baragar noted that calcalkaline
basalts and andesites generally contain 16% to 20%
Al,0,;, whereas similar tholeiitic rocks have only 12% to
16% Al,0;. This was illustrated on a plot of Al,0; vs.
normative plagioclase composition, considered by them to
be better than the AFM diagram for discriminating
tholeiitic from calcalkaline rocks in the

basalt-andesite range.
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Figs. 2.2 and 2.3. AFM diagram (above) and FeO*/MgO vs. SiO,
diagram (below) separating calcalkaline from tholeiitic
volcanic rocks. On the AFM diagram the dotted line is from
Irvine and Baragar (1971) and the differentiation trends for
Hawaiian basalts are from MacDonald and Katsura (1964). The
solid line on FeO*/Mg0 vs. SiO, is from Miyashiro (1974) and
the dashed lines are differentiation trends for volcanic
suites from Japan (Kuno, 1968).



2.1.3 OCEANIC VS. NON-OCEANIC

2.1.3.1 Ti0,-K,0-P,05

Subalkaline basalts may be separated into oceanic
or non-oceanic (continental) environments using a plot
of Ti0,-K,0-P,0; (Figure 2.4) (Pearce et al., 1975).
These three oxides effectively discriminated 93% of the
oceanic (MORB and WPB) and greater than 80% of the
continental basalt data plotted by the above authors.
Important exceptions were the Scoresby Sund basalts of
East Greenland and the Deccan Plateau basalts of India,
both of which plotted in the oceanic field. This
supported the suggestion that these exeptions were
produced by initial rifting of a continent which

generated new sea floor, hence their oceanic character.

2.1.3.2 MnO-TiO,-P,05

Mullen (1983) replaced the K,0 component of the
above diagram with MnO and plotted alkaline and
subalkaline volcanic rocks which had SiO, abundances
between 45%-54% (Fig. 2.5). This distinguished five
oceanic plate tectonic and petrogenetic environments:
MORB, island arc tholeiite (IAT), island arc
calcalkaline (CAB), ocean island tholeiite (OIT), and
ocean island alkaline (OIA) basalt. Continental
tholeiitic WPB's scatter across all of these fields and
cannot be resolved from the oceanic basalts as there is

no component in this diagram which is more enriched in
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Figs. 2.4 and 2.5. Ti0,-K,0-P,0; (above) separating oceanic
basalts from non-oceanic basalts (Pearce et al., 1975).

MnO-TiO,-P,05 (below) with fields for MORB, IAT (island arc
tholeiite), CAB (island arc calcalkaline), OIT (ocean island
tholeiite) and OIA (ocean island alkaline) (Mullen, 1983).
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basalts erupted through or associated with continents.
Basalts from back-arc basins and rifts generally plot in
the ocean island tholeiite field if they are
subalkaline, or in the ocean island alkaline field if

they are alkaline (Mullen, 1983).

2.1.3.3 MgO-FeO*-Al,0,

Pearce et al. (1977) distinguished five different
tectonic environments on a MgO-FeO*-Al,0, diagram by
plotting analyses of 8400 subalkaline volcanic rocks
with silica contents between 51 and 56 wt$ (Fig. 2.6).
Fields described were:

1. orogenic basalts (ARC)

2. continental basalts (CB)

3. ocean island basalts (OI)

4. ocean ridge/floor basalts (N-MORB), and

5. oceanic islands which are adjacent to or straddling
a mid-ocean ridge ( E-MORB).

However, none of the tectonic fields had sharp

boundaries, especially the orogenic field, which

enclosed only 55% of the orogenic data points.

2.2 TRACE ELEMENT GEOCHEMISTRY

Magmas from specific tectonic environments can be
distinguished by their characteristic trace and rare earth
element concentrations.

In general, abundances of incompatible trace elements

are lower in tholeiitic than in alkaline series rocks from
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FeO*

Al,O,

Fig. 2.6. Mg0O-FeO*-Al1,0, diagram distinguishing fields for ARC
(convergent margin basalts), CB (continental basalts), OI (ocean
island basalts), N-MORB and E-MORB (ocean islands which are

adjacent to or straddling a mid-ocean ridge (Pearce et al.,
1977).. '
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the same tectonic environment, but relative interelement
enrichments and depletions are similar, providing the source
regions were homogeneous and crystal fractionation before
eruption was minimal.

In cohtrast, the compatible (transition) elements Co,
Cr, Ni, Sc and V generally have large abundance ranges even
within a single suite, and therefore are not very diagnostic
of source environments. They are however, important
indicators of fractionation. Fractionation of olivine and
pyroxene controls Ni and Co content whereas, fractionation
of pyroxene * Cr-spinel controls Cr abundances (Gast, 1968;
Miyashiro and Shido, 1975; Hakli and Wright, 1970). Sc is
preferentially incorporated into clinopyroxene and low Sc
abundances may indicate high pressure pyroxene fractionation
(Basltic Volcanism Study Project, 1981). Abundancés of V are
primarily controlled by clinopyroxene fractionation, but
under conditions of high fO, magnetite is precipitated and

this rapidly fractionates V.

2.2.1 OCEAN FLOOR BASALTS (MORB)

N-MORB are depleted in LIL (Ba, Rb, K, Sr and U)
relative to all other volcanic rocks, with Ba and Rb
being more depleted than K and Sr. Thus, K/Rb and Sr/Rb
ratios are generally higher in basalts frcm N-MORB than
ratios from WPB but the N-MORB ratios can be similar to
ratios in basalts from convergent margin settings. This

is possible because of the enrichment in K and Sr in the
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latter basalts. However, N-MORB generally have
distinctly higher relative abundances of Nb, Ta, Zr and
Hf than the convergent margin basalts (Basaltic
Volcanism Study Project, 1981; Sun, 1980).

E-MORB have higher abundances of LIL than N-MORB
but they are still depleted relative to basalts from
other tectonic environments (Sun et al., 1979; Sun,
1980; Pearce, 1982).

N- and E-MORB abundances for Th and U generally
range from 0.1 to 0.7 ppm and 0.05 and 0.3 ppm,
respectively, the higher abundances occurring in E-MORB.
Th/U ratios range from 2 to 5.

Erlank and Kable (1976) used Zr/Nb ratios from MORB
as a measure of source depletion, a low ratio indicating
an undepleted source. Most N-MORB have Zr/Nb ratios
between 25 and 110, averaging 40 to 50, whereas most

E-MORB have Zr/Nb ratios of 15 or less.

2.2.2 OCEAN ISLAND BASALTS (WPB)

WPB have a large range of trace element abundances,
nevertheless all trace elements are enriched relative to
N- and E-MORB (Thompson et al., 1983; Pearce, 1982).

It is more difficult to chemically distinguish
within-plate and subduction-related basalts because
abundance ranges completely overlap. Relative to
convergent margin basalts oceanic WPB basalts are

generally less enriched in Ba, K and Sr, but they are
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strongly enriched in Nb relative to Rb and K so that
Rb/Nb and K/Nb ratios in WPB are lower.

Tholeiitic oceanic WPB have a Th abundance range
between 0.3 and 1.2 ppm and U contents between 0.1 and
0.3 ppm. Alkaline series basalts generally have higher
Th abundances (1 to 6 ppm) but U abundances are similar
(0.2 to 0.3 ppm). Th/U ratios range from 2 to 5.

Oceanic WPB characteristics are also seen in most
continental WPB, but a few continental tholeiites are
depleted in Nb relative to Rb and K, and are thus
similar to basalts from convergent margins (Dupuy and
Dostal, 1984; Thompson et al., 1984; Sun, 1980).

Th and U are enriched in the crust relative to
mantle source regions and consequently incorporation of
crustal material will increase abundances of both Th and
U (Gill, 1981). Thus, very high Th and U contents and
high Th/U ratios suggest interaction with continental

crust.

2.2.3 CONVERGENT MARGIN BASALTS (ARC)

Relative to both N- and E-MORB convergent margin
basalts have higher ébundances of LIL (Ba, Rb, K and Sr)
but lower abundances of Nb, Ta, Zr and Hf, especially Nb
and Ta. Lower Nb and Ta relative abundances also
distinguish them from most WPB. Consequently, their
Rb/Nb and K/Nb ratios are much higher than ratios from

either MORB or WPB (Cullers and Graf, 1984; Kay, 1980;
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Pearce, 1882; Kay, 1978 and 1980; White and Patchett,
1984; Hawkesworth et al., 1977; Saunders et al., 1980).
Th and U abundances in oceanic convergent margin
basalts correlate positively with K,0 content and
magmatic series, from tholeiitic through calcalkaline to

shoshonitic, and range from 0.1 to greater than 5 ppm

-and 0.07 to 1.5 ppm, respectively. Abundances are

have
rare
and

64-7

slightly higher in continental convergent margin
basalts. Th/U ratios range from 2 to 5.

Eruption of convergent margin basalts‘through
continental crust further increases abundances of Ba,
Rb, K and Sr (Dostal et al., 1977; Jackes and White,

1972).

RARE FARTH ELEMENT GEOCHEMISTRY

The group of elements with atomic numbers 57 to 71 all
very similar chemical and physical properties. Light
earth elements (LREE) have atomic numbers 57-63 (La-Eu)
heavy rare earth elements (HREE) have atomic numbers

1 (GAd-Lu). Yttrium (Y) has an atomic number of 39 but is

chemically very similar to HREE, therefore it is often

incl

but
liqu
et a

frac

uded when REE are being discussed.

In general REE are considered to be very incompatible,
clinopyroxene and garnet can fractionate HREE from the
id, so that only LREE are truly incompatible (Langmuir
1., 1977). (La/Yb)CH ratios indicate the degree of HREE

tionation.
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Unlike most other REE.Eu+3 may be reduced to Eu*?, in
which state it can enter plagoiclase. Abundance of Eu is
therefore controlled by plagioclase fractionation (Cullers
and Graf, 1984; Gill, 1981).

N-MORB have low abundances of total REE relative to
chondrites and are depleted in LREE relative to HREE.
(La/Yb)CH and (La/Ce)CH ratios are generally less than 1.0.
E-MORB have higher total REE abundances and in most samples
(La/Yb)CH and (La/Ce)CH ratios are greater than 1.0
(Henderson, 1984).

Basalts from convergent margin and within-plate
settings have higher abundances of REE than N-MORB, and are
usually enriched in LREE relative to HREE, but in most cases
REE abundances from these two environments are
indistinguishable. A few oceanic island arcs have negative
Ce anomalies and can thus be separated from WPB, but as the
Ce anomaly is attributed to the subduction of pelagic
sediments, convergent margin basalts which have a large
proportion of continental detritus entering the trench, i.e.
convergent margin basalts sited on continental crust, do not
have these distinguishing Ce anomalies (Hole et al., 1984;
White and Patchett, 1984). (La/Yb)CH ratios in within-plate
and convergent margin basalts are generally greater than
1.0, but less than 10.0.

Alkaline series basalts have higher abundances of REE
and LREE than subalkaline series basalts and generally have

(La/Yb)CH ratios greater than 5.0 (Cullers and Graf, 1984).
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2.4 TRACE ELEMENT DIAGRAMS

2.4.1 TI-ZR-Y AND TI-ZR-SR

Pearce and Cann (1973) plotted data from 300
unalterea basaltic samples and discriminated four
different tectonic environments using the elements Ti,
Zr, Y and Sr. A Ti-Zr-Y diagram distinguishes WPB from
calkalkaline basalts (CAB), low-K tholeiitic basalts
(LKT) and ocean floor basalts (OFB). After excluding WPB
samples from the data set the latter three tectonic
environments are then separated much more effectively
using a Ti-Zr-Sr diagram (Figs. 2.7 and 2.8). Note that
altered basalts cannot be plotted on the Ti-Zr-Sr
diagram and a Ti vs. Zr plot must be used instead
(Pearce and Cann, 1973). Holme (1982) argues that some
tholeiitic WPB cannot be distinguished from OFB and CAB
on the Ti-Zr-Y diagram suggesting this diagram should be
used with caution.

2.4.2 V.VS. TI1/1000

Plotting V vs. Ti/1000 distinguishes suites of
tholeiitic and alkaline basaltic rocks from mid-ocean
ridges, ocean islands and convergent margins (Fig. 2.9)
(Shervais, 1982). Calcalkaline basalts cannot be
distinguished because their Ti/V ratios are extrememly
variable. This plot is based on the crystal/liquid

partition coefficient for V which is a function of the
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Figs. 2.7 and 2.8. Ti-Zr-Y (above) and Ti-Zr-Sr (below) showing
fields for WPB (within-plate basalt), LKT (low-K tholeiite), OFB
(ocean floor basalt) and CAB (calcalkaline basalt) (Pearce and
Cann, 1973).
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fO, of the magma and its source, the degree of partial
melting and subsequent fractional crystallization. Arc
tholeiites have the smallest Ti/V ratios, 10-20, MORB
have Ti/V ratios between 20-50 and most WPB's, whether
tholeiitic or alkaline have ratios of 50-100. Basaltic
rocks from back-arc basins plot in a field that overlaps
both the MORB and arc tholeiite fields, although MORB

like abundances and ratios are more common.

2.4.3 TI/Y VS. NB/Y

The Ti/Y vs. Nb/Y diagram distinguishes WPB from
MORB and convergent margin basalts but the latter two
environments cannot be separated (Fig. 2.10) (Pearce,

1982).

2.4.4 TI/CR VS. NI

Island arc tholeiite and tholeiitic MORB samples
with silica contents between 40 and 56 wt% were plotted
on a Ti/Cr vs. Ni diagram and an empirical boundary was
placed between the two data sets (Fig. 2.11) (Beccaluva
et al., 1979). Data from ocean islands were excluded.
Although this diagram was designed to distinguish IAT
from tholeiitic MORB, it can also be used to distinguish
unfractionated WPB samples. These latter samples
generally lie within the TH MORB field, whereas most of
the more fractionated samples lie within the IAT field.

Fractional crystallization of olivine parallels the
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Figs. 2.9 and 2.10. V vs. Ti/1000 (above) distinguishing fields
for MORB, WPB and tholeiitic convergent margin basalts (Shervais,
1982). Ti/Y vs. Nb/Y (below) with fields for WPB, MORB and
convergent margin (ARC) basalts (Pearce, 1982).
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Fig. 2.11, Ti/Cr vs. Ni diagram with fields for tholeiitic
convergent margin basalts and tholeiitic MORB (Beccaluva et al.,
1979). :
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boundary, so that more differentiated rocks have

increased Ti/Cr ratios and decreased Ni abundances.

TRACE AND REE DIAGRAMS

2.5.1 SM/CE VS. SR/CE AND CR VS. CE/SR

The Sm/Ce vs. Sr/Ce and Cr vs. Ce/Sr diagrams both
separate convergent margin basalts from MORB + WPB
(Figs. 2.12 and 2.13) (Hawkesworth and Powell, 1980;
Pearce, 1982). These diagrams are effective for
separating convergent margin basalts for two reasons:
1. Basalts from a convergent margin setting are

enriched in Sr relative to MORB.
2. Some convergent margin basalts have negative Ce
anomlies.
These two factors contribute to higher Sr/Ce or lower
Ce/Sr ratios in convergent margin basalts relative to
MORB or WPB, However, extensive plagioclase
fractionation can lower the Sr content in a convergent
margin basalt, so that points plotting close to the
convergent margin- MORB/WPB field boundary line cannot
be distinguished with confidence. In addition the Cr vs.
Ce/Sr diagram is also affected by olivine and

clinopyroxene fractionation.
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Figs. 2.12 and 2.13. Sm/Ce vs. Sr/Ce (above) distinguishing
convergent margin rocks from oceanic volcanic rocks (Hawkesworth
and Powell, 1980). Cr vs. Ce/Sr (below) with a field for

convergent margin basalts separated from overlapping MORB and WPB
fields (Pearce, 1982). '
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2.5.2 CR VS. Y

The Cr vs. Y diagram separates convergent margin
basalts from MORB and WPB, but both of these latter
fields overlap the high Y edge of the convergent margin
field (Fig. 2.14) (Pearce, 1982) Therefore, this diagram
appears to be useful only as an indicator of olivine
and/or pyroxene fractionation, especially in rocks with

Y abundances between 28 and 48 ppm.

2.5.3 (BA/LA)ﬁH VS. (LA/SM)ﬁH

A plot of (Ba/La)CH vSs. (La/Sm)CH can also be used
to distinguish basalts from convergent margin and ocean
floor environments (Fig. 2.15) (Kay, 1980). Primitive
mid-ocean ridge basalts have (Ba/La)CH ratios less than
1, but as the LREE fractionation ((La/Sm)CH ratio)
increases, the (Ba/La)CH ratio also increases, to
slightly less than 2. In contrast the (Ba/La)CH ratios
of convergent margin basalts are generally higher at low
(La/Sm)CH ratios (less than 1.5) and as the (La/Sm)CH
ratio increases the (Ba/La)CH ratio decreases.
Convergeﬁt margin and ocean floor basalts are well
separated when the samples are unfractionated, (samples
with low (La/Sm)CH ratios), but as fractionation
increases (higher (La/Sm)CH ratios) data from the two
environments overlap (Basaltic Volcanism Study Project,
1981). Back arc basin basalts were also plotted on this

diagram but could not be distinguished from convergent
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margin and/or ocean floor basalts.

2.5.4 LA VS, BA LA VS. TH LA VS. NB

Plots of La vs. Ba, Th, or Nb separate orogenic
andesites from N-MORB or from E-MORB, this latter group
including WPB as well (Gill, 1981).

On La vs. Ba, N-MORB have Ba/La ratios between 4
and 11, E-MORB have ratios between 11 and 15 and Ba/La
ratios in orogenic andesites range from 15 to 80 (Fig.
2.16) However, when this plot is compared with the
(Ba/La)CH vs. (La/Sm)CH plot (Figure 2.15) it appears
Gill's orogenic field is too rigidly constrained,
especially for the more fractionated samples, and there
is probably a great deal of overlap between the orogenic
and E-MORB fields.

The La vs. Th diagram is very similar to the La vs.
Ba plot: N-MORB have La/Th ratios between 25 and 15,
E-MORB ratios lie between 15 and 7 and orogenic
andesites primarily plot between La/Th ratios of 7 and 2
(Fig. 2.17). At Th contents less than 3 ppm the E-MORB
and orogenic fields overlap.

On La vs. Nb orogenic andesites have La/Nb ratios
between 2 and 5, N-MORB have ratios between 2 and 1 and
La/Nb ratios in E-MORB are less than t (Fig 2.18).
Histograms of La/Nb ratios in unambiguous examples of
convergent margin basalts, oceanic WPB, and continental

WPB placed convergent margin basalts between ratios of 1
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Figs. 2.17 and 2.18. La vs. Th (above) and La vs. Nb (below) with
fields for N-MORB, E-MORB and orogenic andesites (Gill, 1981).

Ocean islands and continental basalts typically lie in the E-MORB
‘field.
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and 5 and continental tholeiitic WPB between 0.5 and 2.
Oceanic WPB plus continental alkaline WPB had ratios
less than 1.3, but the majority of ratios were less than

1.0 (Thompson et al., 1983).

2.5.5 K,0/YB VS. TA/YB

Pearce (1982) plotted K,0/Yb vs. Ta/¥Yb to
distinguish convergent margin basalts from MORB and WPB
(Fig. 2.19). The convergent margin field is further
divided into areas for tholeiitic, calcalkaline and
shoshonitic basalts. MORB and WPB fields are slightly

overlapping.

2.5.6 TH/YB VS. TA/YB

The Th/Yb vs. Ta/Yb diagram is similar to the
K,0/Yb vs. Ta/Yb diagram but because Th is much less
mobile in aqueous fluids this diagram is useful when
altered rocks are being analyzed (Fig. 2.20) (Pearce,
1982). It has also been suggested that this diagram can
distinguish WPB which have been contaminated with
continental crust because consequent enrichment in Th
displaces WPB into the volcanic arc field (Pearce,

1983).

2.5.7 TH VS, TA LA VS, TA TH VS. HF

Wood et al. (1979) plotted three biaxial diagrams

using incompatible elements Th, Ta, Hf and La to
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Figs. 2.19 and 2.20. K,0/Yb vs. Ta/Yb (above) and Th/Tb vs.
Ta/Yb (below) distinguishing convergent margin basalts (ARC)
from slightly overlapping MORB and WPB fields (Pearce,
1982). The convergent margin field is subdivided into TH
(tholeiitic), CA (calcalkaline) and SHO (shoshonitic) areas.
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distinguish basalt series erupted in different tectonic
environments.

Plotting Th vs. Ta Japanese tholeiitic and
calcalkaline lavas were separated from WPB and N- and
E-MORB's at a Th/Ta ratio equal to 2 (Fig. 2.21).

Separation of N-MORB from the above grouping is
aided by using a plot of La vs. Ta (Fig 2;22). In this
plot the Japanese convergent margin samples have La/Ta
ratios greater than 30, and WPB and E-MORB have La/Ta
ratios less than 14, N-MORB data points plot with La/Ta
ratios between 14 and 30.

The Th vs. Hf plot is not used for discriminating
Japanese tholeiitic and calcalkaline samples but but it
effectively separates WPB from N-MORB from E-MORB (Fig.
2.23). WPB have Hf/Th ratios less than 2.5, N-MORB have
Hf /Th ratios greater than 12.5 and E-MORB samples plot

in the area between these other two (12.5 > Hf/Th > 2.5)

2.5.8 TH-HF/3-TA

Based on information from the three plots just
discussed Wood et al. (1979) and Wood (1980) proposed a
triangular discriminant diagram with Th-Hf/3-Ta at the
apices (Fig. 2.24). This diagram is not restricted to
basalts but can be used for more siliceous rocks as
well, and therefore in the remainder of this study the
three previous diagrams will not be plotted. Fields

distinguished are:



37

10

Th

0.1 —

0.01 )
0.01 .01 1 10

Ta

0.01 0.1

Figs. 2.21 and 2.22. Th vs. Ta (above) and La vs. Ta (below) with
fields for Japanese tholeiitic and calcalkaline lavas (convergent
margin), WPB plus E-MORB and N-MORB (Wood et al., 1979).
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Fig. 2.23. Th vs. Hf diagram distinguishing fields for WPB,
N-MORB and E-MORB (Wood et al., 1979).
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Hf/3

Fig. 2.24. Th-Hf/3-Ta with fields for N-MORB, E-MORB plus
tholeiitic WPB, alkaline WPB and convergent margin (Wood, 1980).
The convergent margin field is further divided into primitive arc
tholeiites (TH) and calcalkaline lavas (CAB).
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A. N-MORB

B. E-MORB plus tholeiitic WPB

C. Alkaline WPB

D. Convergent margins

In addition field D is further divided into a
calcalkaline field and a primitive arc tholeiite field
by an Hf/Th ratio equal to 3. Possible overlaps exist
between field A and B and between fields B and C .
Therefore, any analyzed volcanics which plot close to
the boundary lines between these fields cannot be
classified with certainty. To discriminate tholeiitic
WPB from E-MORB Wood (1980) suggests re-plotting data
from field B on a Zr-Ti-Y discriminant diagram (Pearce

and Cann, 1973).

2.6 BULK EARTH NORMALIZED TRACE AND REE DIAGRAMS (BEND)

Chondrite normalized REE diagrams allow comparisons to
be made between numerous samples which have diverse
elemental data, and give information about magma sources and
petrogenesis. To increase this information Sun (1980) added
selected bulk earth normalized trace element data. The order
of the elements is based on their degree of mobility in an
aqueous fluid as well as their degree of incompatibility at
a small degree of partial melting (Sun, 1980; Pearce, 1983;
Thompson et al., 1983).

Following Thompson et al. (1983) the data were

normalized to bulk earth abundances, chondritic except for K
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and Rb (see Table I for normalization factors). The bulk
earth normalized data were then recalculated to make
(Yb)N=10.Q. This latter normalization decreases the effects
of fractional crystallization of essentially Yb-free phases
and makes comparisons of patterns more convenient by
spreading them apart without changing their shape (Thompson
et al., 1983). For the purposes of discussion these diagrams
will be called BEN diagrams or BEND.

Although MORB, WPB and convergent margin basalts have
characteristic pattern shapes on BEN diagrams, minor
irregularities do occur as a result of variable partial

melting and fractional crystallization.

2.6.1 MORB

Ordering from most to least incompatible elements
causes the BEND pattern for N-MORB to slope positively
from Ba to Y with a shallow concave-up trough from Sm to
Ti, and a flat to negative slope from Y to Lu (Fig.
2.25) (Sun, 1980). E-MORB patterns are relatively
enriched in LIL. They slope positively from Ba to Nb,
slope negatively from Nb to Zr and are similar to N-MORB

patterns from Zr to Lu (Fig. 2.25).

2.6.2 WPB
BEND patterns from oceanic WPB and continental
alkaline WPB are essentially indistinguishable, with

irregular convex-up shapes which 'peak' at Nb (Figqg.



TABLE I

NORMALI ZATION VALUES FOR BEND

Ba? 6.9
Rb' 0.35
Th? 0.042
u! 0.013
K! 120.0
Nb'! 0.35
La? 0.328
Ce? 0.865
Sr? 11.8
Nd? 0.63
Sm? 0.203
Zr? 6.84
HE? 0.2
Ti'! 620.0
Eu? 0.0735
Tbh?2 0.052
y! 2.0
Yb? 0.22
Lu?3 0.0322

Sun (1980)
2  Thompson et al.(1983)
3 Henderson (1984)
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2.26). However, BEND patterns from continental
tholeiites are highly irregular (Fig. 2.26). Some are
similar to patterns from oceanic WPB but others have
well defined 'troughs' at Nb similar to convergent
margin basalts (see below) (Norry and Fitton, 1983;

Weaver and Tarney, 1983; Thompson et al., 1983).

2.6.3 CONVERGENT MARGIN BASALTS

In contrast to MORB and WPB most BEND patterns from
tholeiitic and calcalkaline convergent margin basalts
have 'peaks' at Ba, K, Sr + Rb, a 'trough' at Nb, and
are concave-up from Sm to Eu (Fig. 2.27). Six out of
seven convergent margin basalts studied by White and
Patchett (1984) had 'troughs' at Ce, and mixing models
for parental oceanic island arc lavas constructed bj
Hole et al. (1984) also produced negative Ce anomalies.
BEND patterns from alkaline series convergent margin
basalts grossly resemble patterns from some WPB (Fig.

2.27).
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3. GARIBALDI AND PEMBERTON BELTS

Thirteen samples from two magmatic belts were used to
study the convergent margin volcanic rocks in British
Columbia. Eight of the samples are from the Quaternary
Garibaldi Volcanic Belt east of 125°, two are from
Quaternary Mt. Silverthrone, and three are from the Miocene
Pemberton Volcanic Belt (Fig. 3.1).

For the purposes of this discussion the two samples
from Mt. Silverthrone will be included with the samples from
the Garibaldi Volcanic Belt as these two volcanic areas are
coeval. At the present time they result from the subduction
of different plates, but prior to 3 m.y. ago these plates
were joined as one. Therefore any contribution to the
erupted magma from the subducting slab should be similar,
resulting in comparable geochemical patterns.

Available K-Ar dates from Garibaldi Belt basalts and
andesites range from 0.09 Ma to 0.97 Ma (Table II). The
three samples from the Coguihalla area had not been dated
but Rb-Sr isochron and K-Ar dates from other Coquihalla

samples give an age of approximately 22 Ma (Berman, 1979).

3.1 MAJOR ELEMENT CHEMISTRY

Abundances of TiO,, Al,0; and P,0s in calcalkaline
samples COQ251, COQ632, COQ61, CAYLEY and SILVERA resemble
abundances in the average calcalkaline basalt of Jakes and
White (1972) or Gill (1981), but K,0 abundances are slightly

higher (Table II). Mg' numbers range from 38 to 52.

47
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Garibaldi Belt basalts ELAHO, GARIBALD and CHEAK are
enriched in TiO, and depleted in Al,0; and K,0 relative to
an average arc basalt (Basaltic Volcanism Study Project,
1981) or the Coquihalla basalts (Table II) but P,0;
abundances are similar. Mg' numbers lie between 54 and 59.

Sample MEAGER has a TiO, content of 1.55 wt.%, similar
to TiO, abundance in the other three Garibaldi Belt basalt
samples, but its abundances of Al1,0,;, K,0 and P;OS are
similar to abundances in the alkaline samples (see below).

Alkaline samples SALAL1, SALAL2, SALAL3 and SILVERH
have abundances of TiO,, Al,0, and P,0; which are similar to
abundances in an average alkaline WPB but K,0 abundances are
marginally higher (Thompson et al., 1984} Basaltic Volcanism

Study Project, 1981). Mg' numbers range from 41 to 61.

3.2 DISCRIMINATION DIAGRAMS

3.2.1 MAJOR ELEMENT CLASSIFICATIONS

On the total alkalis vs. silica diagram three of
the samples are clearly alkaline (SALAL1, SALAL3 and
SILVERH), five are clearly subalkaline (CAYLEY, SILVERA,
COQ251, COQ632, and COQ61) and the remaining five sit
astride MacDonald's (1968) subalkaline and alkaline
field boundary (Fig. 3.2).

On Ol’-Ne’-Qz’ (not shown) the three alkaline
samples are in agreement with the alkalis vs. silica

classification, and all remaining samples are classified
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as subalkaline. However, SALAL2 will be plotted with the
alkaline samples rather than the subalkaline ones
because overall it has alkaline trace element chemical
characteristics (documented in a later section).

Subalkaline samples plotted on AFM and FeQO*/Mg0 vs.
S10, diagrams straddle the boundary line between
tholeiitic and calcalkaline fields (Figs. 3.3 and 3.4),
but the lack of a pronounced iron-enrichment trend
during differentiation classifies them as calcalkaline.

On Al,0; vs. normative plagioclase composition (not
shown) all samples were classified as calcalkaline,
except sample MEAGER which was barely tholeiitic.

On TiO,-K,0-P,05 all subalkaline basaltic samples
lie within the non-oceanic field (Fig. 3.5).

On MnO-TiO,-P,05 COQ251 and COQ632 lie within the
CAB field, and COQ61 and SALAL2 lie within the IAT field
(Fig. 3.6). The remainder lie just within the the OIA
field, along the boundary line separating OIA from IAT.

Subalkaline basaltic samples plotted on an
MgO-FeO*-Al1,0, diagram lie in two separate groups (Fig.
3.7). COQ251, COQ632 and COQ61 lie within the orogenic
field and ELAHO, MEAGER, GARIBALD and CHEAK plot around
the triple point between ocean island, continental and

ocean ridge/floor fields.
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3.2.2 TRACE ELEMENT CLASSIFICATIONS

| On Ti-2r-Y all Garibaldi Belt samples, except
SILVERH, lie within the WPB field along the boundary
line separating WPB from LKT-OFB-CAB (Fig. 3.8). Samples
CO0Q251, COQ632 and COQ61 lie within the CAB field on
Ti-2r-Sr, and SILVERH plots just within the LKT field
(Fig. 3.9)

Although calcalkaline basaltic samples cannot be
distinguished on V vs. Ti/1000 all samples were plotted
and two groups are clearly seen (Fig. 3.10). Samples
from the Coguihalla Complex lie within the MORB field,
toward the convergent margin field boundary, whereas the
eight remaining samples lie within or close to the WPB
field.

COQ251, COQ632 and COQ61 lie within or adjacent to
the overlapping convergent margin-MORB fields on Ti/Y
vs. Nb/Y (Fig. 3.11). The eight remaining basaltic
samples lie within the WPB field.

Coguihalla samples COQ251, COQ632 and COQ61 lie
within the IAT field on Ti/Cr vs. Ni (Fig. 3.12). The

remaining basaltic samples lie within the TH MORB field.

3.2.3 TRACE AND REE CLASSIFICATIONS

On Sm/Ce vs. Sr/Ce basaltic samples lie within the
convergent margin field (Fig. 3.13).
Most basaltic samples lie within or close to the

convergent margin field on Cr vs. Ce/Sr, but SALAL1
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plots in the overlapping MORB-WPB fields (Fig. 3.14).

On Cr vs. Y all eleven basaltic samples lie within
the convergent margin field, or overlapping
WPB-convergent margin fields despite a wide range of Cr
abundances (Fig. 3.15).

Both basalts and andesites were plotted on La vs.
Ba, La vs. Th and La vs. Nb diagrams.

On La vs. Ba most samples lie within or close to
the orogenic andesite field, with Ba/La ratios greater
than 15 (Fig. 3.16). SALAL! and GARIBALD lie within the
field for E-MORB. However, on (Ba/La)CH vs. (La/Sm)CH
only basaltic samples C0Q251, COQ632 and COQ61 are
clearly classified as convergent margin (Fig. 3.17). The
eight remaining basaltic samples lie within the oceanic
field. Sample MEAGER and the four alkaline samples have
the highest (La/Sm)CH ratios.

On La vs. Th samples COQ251, C0Q632 and COQ61 lie
within the orogenic andesite field with La/Th ratios
less than 3.3 (Fig. 3.18). Samples MEAGER and SILVERH
lie within the N-MORB field, and the eight remaining
samples lie within the field for E-MORB. Of these eight,
three have Th contents less than 1.5 ppm (ELAHO,
GARIBALD and CHEAK) and lie within the area which
overlaps with the orogenic andesite field.

C0Q251, COQ632, COQ61, CAYLEY and MEAGER lie within
the orogenic andesite field on La vs. Nb, with La/Nb

ratios between 2 and 5 (Fig. 3.19). Samples SILVERH and
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SILVERA clearly lie within the N-MORB field (La/Nb
ratios between 1 and 2) and the remainder lie astride
the N-MORB/E-MORB field boundary with La/Nb ratios
approximately equal to 1.

Most basalt data plotted on KZO/Yb vs. Ta*/Yb lie
within the space between the WPB and convergent margin
fields (Fig. 3.20). Exceptions are C0OQ251, COQ632 and
COQ61 which lie within the convergent margin field.
Samples SALAL1, SALAL2 and SALAL3 have the highest
Ta*/Yb ratios.

On Th/Yb vs. Ta*/Yb samples COQ251, COQ632 and
COQ61 lie within the convergent margin field (Fig.
3.21). All remaining basaltic samples lie within the
overlapping MORB-WPB fields.

To plot Th-Hf/3-Ta* abundances of Hf in samples

COQ251, COQ632 and COQ61 were estimated using the ratio

it

Zr /Hf 39. According to Gill (1982) this ratio remains
quite constant in basalts from all tectonic
environments. On this diagram samples COQ251, COQ632,
COQ61 and CAYLEY lie within the convergent margin field
(Fig. 3.22). Alkaline samples SALAL1, SALAL2, SALAL3 and
SILVERH lie within the alkaline WPB field and the

remaining four basalt samples, plus SILVERA, lie within

the E-MORB-tholeiitic WPB field.
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3.2.4 BULK EARTH NORMALIZED DIAGRAMS (BEND)

BEND patterns on Fig. 3.23 are from COQ251, COQ632
and COQ61. Patterns are enriched in Ba, Rb, Th and K
relative to LREE, have a pronounced 'trough' at Nb and a
less distinct 'trough' at Ti. Eu anomalies are not
evident. From Eu to Lu the pattern is fairly flat.

Fig. 3.24 shows BEND patterns for subalkaline
Garibaldi Belt basalts, ELAHO, GARIBALD, CHEAK and
MEAGER. The first three samples have nearly identical
patterns and the latter sample's pattern is grossly
similar. All patterns have an irregular, slightly
convex-up shape with 'peaks' at Ba, K and Sr and
"troughs' at Nb and Hf. In addition, all patterns have a
small 'peak' at Eu so that they have a concave-up 'dip'
from Sm to Eu.

BEND patterns on Fig. 3.25 are from Garibaldi Belt
hawaiites, SALAL1, SALAL2, SALAL3 and SILVERH. From Ba
to Rb the patterns are flat, or have slightly negative
slopes, but from Rb to Lu they are irregularly
convex-up, with a 'trough' at Hf, so that they have a
concave-up dip from Sm to Eu. In addition, SALAL2 has a
'peak' at Sr and SILVERH has a 'trough' at Th. All
patterns suggest a positive Eu anomaly, although Tb was
not analyzed.

BEND patterns on Fig. 3.26 are from andesitic
samples CAYLEY and SILVERA. Both patterns are enriched

in LIL relative to HREE, with 'peaks' at Sr, K, Eu + Rb
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and 'troughs' at Nb and Ti. The magnitude of 'peaks' and
'troughs' are much greater in the pattern for CAYLEY.

None of the patterns display negative Ce anomalies.

3.3 TRACE ELEMENT CHEMISTRY

Samples from the Coguihalla Volcanic Complex and
andesitic samples CAYLEY and SILVERA from the Garibaldi Belt
have abundances of trace and REE and BEND patterns similar
to an average calcalkaline convergent margin basalt erupted
through continental crust (Thompson et al., 1984; Wilson and
Davidson, 1984; Pearce, 1983). La abundances range from 45
to 84 times chondritic, ¥Yb abundances lie between 6 and 13
times chondritic and (La/Yb)CH ratios range from
approximately 4 to 14 (Yb abundances estimated for
Coquihalla samples). La/Nb ratios are greater than 1.3 and
Rb/Nb ratios range from 1.6 to 9, characteristic of
convergent margins.

Relative to an 'average' convergent margin basalt
basaltic samples ELAHO, GARIBALD and CHEAK are slightly to
very depleted in LIL and are enriched in Nb (Basaltic
Volcanism Study Project, 1981; Thompson et al., 1984). These
three samples have BEND patterns similar to patterns from
WPB. La abundances range from 31 to 37 times chondritic, ¥b
abundances range from 7 to 8 times chondritic and (La/Yb)CH
ratios lie between 4.1 and 4.6. La/Nb ratios range from 0.94
to 1.08 and Rb/Nb ratios range from 0.55 to 0.75, more

typical of WPB than basalts from convergent margins. Cascade
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basaltic lavas also have atypically low Rb/Nb ratios ( 0.6)
and are inferred to have originated within the the mantle
wedge (i.e. within-plate) (Leeman and Smith, in
preparation).

Basaltic sample MEAGER is slightly to greatly enriched
in all trace and REE relative to the other subalkaline
Garibaldi Belt basalts. It has an Rb/Nb ratio of 0.66,
similar to Rb/Nb from WPB, but its La/Nb ratio of 2.08 is
typical of a convergent margin basalt.

Alkaline samples SALAL1, SALAL2, SALAL3 and SILVERH
have trace and REE abundances and BEND patterns grossly
similar to an average alkaline WPB but Ba abundances are
slightly higher (Table II). La abundances range from 65 to
84 times chondritic. Yb abundaﬁces lie between 8 and 12
times chondritic and (La/Yb)CH ratios range from 6.6 to 8.6.
La/Nb ratios range from 0.9 to 1.2 and Rb/Nb ratios lie

between 0.55 and (0.68.

3.3.1 TH AND U

Th abundances in Garibaldi Belt samples lie between
1.0 and 2.5 ppm and U abundances lie between 0.3 and 1.0
ppm (Table I1I). Th/U ratios are highly variable, range
from 1.9 to 3.5 and average 2.6.

Samples from the Coquihalla Volcanic Complex have
Th abundances greater than 4 ppm. These samples were not

analyzed for U.



3.3.2 TRANSITION ELEMENTS

Cr and Ni abundances and variations in Mg' numbers
are presumably controlled by fractionation of olivine %
clinopyroxene and Cr-spinel. Samples with Mg' numbers
greater than 56 (GARIBALD, CHEAK, SALAL1 and SALAL2)
also have felatively high abundances of Cr and Ni
indicating they are less fractionated than the rest of
the:samples. Lower Mg' numbers and lowef Cr and Ni
abundances point to more extensive fractionation.

With the exception of samples CAYLEY and SILVERA,
Sc contents range from 17 to 29 ppm and average 22 ppm.
Samples CAYLEY AND SILVERA have Sc abundances of 11.2
ppm and 11.6 ppm respectively. They also have the lowest
Yb contents and highest (La/Yb)CH ratios. Low Sc
abundance suggests high pressure pyroxene fractionation,
whereas low contents of Yb suggest a garnet rich

residue, perhaps an eclogite.

3.4 SR ISOTOPES

All samples in this study have 87Sr/8fSr ratios between
0.7030 + 0.00007 to 0.7036 + 0.00008 (Table II). Average
879r/86Sr ratios of basalts erupted at subduction zones lie

between 0.7030 and 0.7040 (Faure, 1977).
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3.5 DISCUSSION OF DISCRIMINATION DIAGRAMS

On elemental discrimination diagrams the three
calcalkaline samples from the Coquihalla Volcanic Complex
always lie within the convergent margin field and on a BEND
their patterns have a 'typical' convergent margin shape
(Thompson et al., 1984).

Caléalkine andesites CAYLEY and SILVERA could be
plotted on only a few diagrams and classifications were not
as consistent. On La vs. Th (Fig. 3.18) both CAYLEY and
SILVERA lie in the E-MORB field, whereas on the La vs. Nb
and Th-Hf/3-Ta* diagrams (Figs. 3.19 and 3.22) CAYLEY lies
within the convergent margin field but SILVERA lies within
N-MORB and E-MORB (tholeiitic WPB) fields respectively. BEND
patterns for both of these samples indicate they are
slightly enriched in La relative to a 'typical' convergent
margin andesite thereby explaining the La vs. Th
classification. The BEND pattern from SILVERA also indicates
it is slightly enriched in Nb, relative to a convergent
margin basalt, hence the MORB classification on La vs. Nb
and Th-Hf/3-Ta*.

In contrast, basalt samples ELAHO, GARIBALD, CHEAK and
MEAGER lie within the WPB or E-MORB fields on several of the
discrimination diagrams and have BEND patterns with
characteristics of both WPB and convergent margin basalt.
Relative to a 'typical' convergent margin basalt their
higher Ti abundances classifies them as WPB on

Ti0,-MnO-P,0;, Ti-Zr-Y and Ti/Y vs. Nb/Y diagrams and their
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undepleted Nb content produces the same élassifcations on
Ti/Y vs. Nb/Y, La vs. Nb, K,0 vs. Ta*/Yb, Th/Yb vs. Ta*/Yb
and Th-Hf/3-Ta* diagrams. Atypically low Al,0; abundance is
evident on the MgO-FeO*-Al,0; diagram, low Ba content moves
them towards or within the WPB fields on La vs. Ba and

(Ba/La)CH vs. (La/Sm) diagrams and low abundances of Th

CH
classify them as WPB on La vs. Th, Th/Yb vs. Ta*/Yb and
Th-Hf/3-Ta*. On Sm/Ce vs. Sr/Ce. Cr vs. Ce/Sr and Cr vs. Y
the samples lie within the convergent margin field because
of their Sr and Y abundances. Sr enrichment is caused by
either: |
- a subduction component (Armstrong, 1971; Kay, 1980; Hole
et al., 1984), or
- plagioclase accumulation,
whereas Y depletion is most likely related to a garnet rich
source residuum, perhaps an eclogite. This type of arc
basalt has been called 'mildly alkaline' or 'transitional'
by Best and Brimhall (1974) and 'anomalous' by Pearce
(1982). Green (1981) classifies the Garibaldi Belt basalts
as 'mildly alkaline'.

Hawaiite samples SALAL', SALAL2, SALAL3 and SILVERH
most 6ften lie within the WPB or E-MORB fields. An'exception
is the La vs. Ba plot (Fig. 3.16) which classifies them all
as convergent margin because of their slight enrichment in
Ba. However this enrichment cannot be very significant as it
is not evident on (Ba/La)CH \Z- (La/Sm)CH (Fig. 3.17). The

increased abundance of K,0 results in an ambiguous position
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on K,0/Yb vs. Ta*/Yb (Fig. 3.20) but on Th/Yb vs. Ta*/Yb
(Fig. 3.21) these four samples are clearly classified as
WPB. Data ploted on Cr vs. Ce/Sr (Fig. 3.14) is probably
affected by plagioclase, olivine + pyoxene and Cr-spinel
fractionation. The fractionation of pyroxene * Cr-spinel
almost certainly controls the position of SALAL3 and
SILVERH, whereas plagioclase fractionation (accumulation ?)
may be the reason SALAL2 lies within the convergent margin
field. However, the lack of a corresponding positive Eu
anomaly in this latter sample casts some doubt on this
interpretation.

The clearly distinguished alkaline-WPB Garibaldi Belt
samples are unusual because members of the alkaline rock
series are present only rarely in an arc setting (Delong et
al.,‘1975). In a recent study of the Salal Creek Volcanics
Lawrence et al. (1984) relate their alkaline geochemistry to
their position at the end of the Garibaldi Volcanic arc and
postulate they may be either the consequence of a change
from arc to back-arc volcanism, or smaller degrees of
melting as volcanic arc magma generation ceases (Jakes$ and
White, 1969), or a descending plate edge effect (Arculus et

al., 1977).

3.6 SUMMARY
The three samples from the Coquihalla Complex (part of
the Pemberton Volcanic Arc) belong to the calcalkaline

series, lie within the ARC field in all of the tectonic
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discrimination diagraﬁs studied and have BEND patterns and
La/Nb ratios which are 'typical' of a volcanic arc.

In contrast, basaltic samples from the Garibaldi Belt
are transitional (mildly alkaline) in nature and are
classifed as WPB on many of the studied diagrams.lBEND
patterns have characteristic convex-up (WPB) shapes and
La/Nb and Rb/Nb ratios also suggest a within-plate tectonic
setting. Basaltic lavas from the Cascades also display these
within-plate geochemical characteristics. This has been
interpreted by Leeman and Smith (in prep.) as evidence for a
source origin within the mantle wedge overlying the
subduction zone.

Andesitic sample CAYLEY is classified as convergent
margin on the few diagrams on which it could be plotted and
has a BEND pattern and an La/Nb ratio characteristic of a
volcanic arc. Andesitic samples SILVERA is more alkaline in
nature but still has some convergent margin
characyteristics.

Basaltic samples from the Salal Creek area of the
Garibaldi Belt and one from Mt. Silverthrone belong to the
alkaline series, lie within the WPB field on almost all of
the tectonic discrimination diagrams and have BEND pattrens
and La/Nb ratios 'typical' of a WPB. Alkaline series rocks
are unusual in a convergent margin setting and these are
probably related to their position at the end of the

Garibaldi Belt (Lawrence et al., 1984).
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Both transitional and alkaline Garibaldi Belt samples
are enriched in Sr and depleted in Y relative to a 'normal'’
WPB. Consequently they lie within the ARC field on Sm/Ce vs.
Sr/Ce, Ce vs. Ce/Sr and Cr vs., Y. Sr enrichment is either
from plagiocalse accumulation or related to a subduction

component, whereas Y depletion suggests residual garnet in

the source.
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TABLE II Garibaldi and Pemberton Belts

Major, trace and rare earth element abundances, Sr isotope ratios and K/Ar dates.

EU\HCI1 GAR[BAL02 CHEAK3 MEAGER1 CAYLEY SALAL‘4 'SALAL24 SALALE)4
Series CA/Trans CA/Trans CA/Trans CA/Trans Calcalk. Alkaline Alkal ine Alkaline
Name Basatt Basailt Basalt Basalt Andesite Hawai ite Hawaitte Hawai ite
LAT. 50 26.97 49 58.3 50 03.0 50 40.2 50 12.1 50 47.0 50 47.S S0 47.9
LONG. 123 34.88 123 09 123 08.0.. 123 34.95 123 8. ¢ 123-22.6 123 21 123 23.5
$10, 51.24 49.30 51.82 49 .50 - 60.34 47 .27 49.00 50.92
Ti0, 1.56 1.52 1.44 1.55 0.89 .97 1.71 2.28
Al,04 15.77 15.55 15.94 16.30 16.64 14 .37 15.99 16.96
F8203 1.91 11.78 1.45 4.04 5.60 1.7% 1.64 1.64
fFeO 9.46 0.0 8.77 8.11 Q.0 9.94 9.29 9.29
MnO 0. 15 0.14 0.14 0.1 0.09 0.19 0.19 0.17
Mgo 7.28 8.56 7.43 6.59 3.10 8.92 7.79 4.28
Cca0 8.42 8.90 8.5¢ 8.85 7.27 8.62 9.48 7.61
Na,0 3.18 3.46 3.73 3.1 4.44 4.43 3.34 4.76
K,0 0.75 0.50 0.54 1.29 1.36 1.09 1.13 1.33
P20s 0.26 0.29 0.23 0.50 0.27 Q.46 0.43 0.75
H,0 N/A 0.22 0.49 N/A N/A 0.07 0.27 0.13
Ba 247.0 t43.0 179.0 647.0 407.0 317.0 362.0 400.0
Rb 9.0 5.0 6.0 10.0 15.0 17.0 14.0 15.0
Th t.4 0.9 1.0 1.6 2.4 2.4 2.2 2.3
U 0.6 0.4 0.3 0.7 0.8 0.7 1.0 1.0
Nb 12.0 9.0 10.0 15.0 6.0 25.0 21.0 27.0
La " 12.0 10.3 10.5 31.3 26.8 23.9 21.3 27.5
Ce 24.7 22.3 21.2 59.0 48 .2 54.8 36.3 52.8
sr 554.0 437.0 489 .0 1695 .0 1944.0 634.0 749.0 613.0
Nd 17.8 12.2 13.2 35.3 30.0 27.S 23.6 34.3
Sm . 4.2 3.9 3.6 7.5 5.5 5.9 5.5 7.3
2r : 116.0 95.0 94.0 137.0 134.0 152.0 145.0 212.0
Hf 2.1 1.5 2.3 2.3 3.6 2.1 2.1 3.1
Eu 1.0 1.2 1.1 1.6 1.4 1.4 1.3 2.0
Tb N/A 0.6 0.5 N/A 0.3 N/A N/A N/A
Y 21.0 20.0 18.0 23.0 14.0 20.0 24.0 30.0
Yb 1.8 1.7 1.6 2.3 1.3 2.0 1.7 2.3
Lu 0.3 0.2 0.3 0.2 0.1 0.3 0.3 0.3
Co i 36.0 54.0 56.0 30.0 27.0 51.0 42.0 30.0
Cr . 221.0 108 .4 219.0 65.5 16.3 174.3 143 .1 34.6
Cu 39.0 56.0 37.0 67.0 66.0 60.0 60.0 38.0
Ni 95.0 152.0 112.0 $3.0 25.0 277.0 107.0 40.0
Sc 22.1 21.4 18.0 23.7 11.2 22.4 24.9 18.6
\ a7 173.0 177.0 160.0 196 .0 104.0 188 .0 207.0 181.0
Srae 0.7031 N/A N/A 0.7036 N/A 0.7033 N/A 0.7030
K/Rb €691.75 830. 10 747.09 1070.83 752.62 532.24 670.01 736.02
(La/\!b)cH 4.54 4.10 4.40 9.04 14.18 - 7.90 8.61 8.20
La/Nb 1.00 1.14 1.0% 2.09 4.47 0.96 1.01 1.02
Mg’ 54 59 57 S0 52 61 56 41
K/Ar DATE ©.14%0.1 <9 < 1 0.0910.06 <1 0.59%0.05 <1 0.97+0.05

(Ma)

continued......
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4., CHILCOTIN BASALTS

Eleven samples of the Miocene to Pliocene Chilcotin
Group basalts were selected for analysis (Fig. 4.1). The
basalts were generated in a back-arc tectonic setting due to
asthenospheric upwelling evidently related to the Pemberton
and Garibaldi arcs. In addition the upwelling may have been
influenced by the proximity of the Anahim hot-spot (Bevier,
1982) . |

According to Bevier (1982), the bulk of the Chilcotin
basalts are 6 to 10 Ma old with an earlier episode of
basaltic volcanism at 19 to 25 Ma and a later episode at 2
to 3 Ma. Samples selected for this study range in age from

2.2 to 18.1 Ma (Table III).

4,1 MAJOR ELEMENT CHEMISTRY

Abundances of majof element oxides in Chilcotin Group
basalts (Table III) resemble abundances from oceanic WPB
(Basaltic Volcanism Study Project, 19815. Total alkalis
range from 3.23 to 5.06 wt. %, the highest abundance in
sample WOOD LK. P,05 abundances in samples DOG CK, BULL CAN
and CAMEL are similar to P,05 abundances in MORB from the
Nazca Plate, East Pacific Rise or mid-Indian Ocean Ridge,
whereas P,05 abundances in the eight remaining samples are
higher, within the range of oceanic WPB (Rhodes et al.,
'1976; Sun et al., 1979; Mullen, 1983). Mg' numbers range
from 40 to 60 and average 53, suggesting the basalts are not

primary and have fractionated on their way to the surface.

78



t’ﬁ NAZKOR

79

. | \Co
o
QUESW

I\
o é \\
; Wells
®
e
D
BULL CAN |2 \
REDSTONEWVY A b o
- vt‘\\s\\‘
B EDMUND
®poaG ck
CARD O gDEADMAN
V.
CAMEL
vvoae Lk
60
500 S
_ 100 Km ,
E§§\ BLIZZARD 4
SN (A :
(-4
=

125°

Fig. 4.1. Sample location map for the Chilcotin

Basalt Suite. All subsequent diagrams in this
chapter use identical symbols.



80

4.2 DISCRIMINATION DIAGRAMS

4.2.1 MAJOR ELEMENT CLASSIFICATIONS

On total alkalis vs. silica one sample, WOOD LK, is
distinctly alkaline and the remainder lie straddling
MacDonald's (1968) boundary between alkaline and
-subalkaline fields (Fig. 4.2). The 0!’-Ne’-Qz’ diagram
identifies three samples as alkaline (CAMEL, EDMUND and
~WOOD LK) and the rest as subalkaline (REDSTONE, BULL
‘CAN, NAZKO, QUESW, CARD, DOG CK, DEADMAN and BLIZZARD).

AFM and FeO*/MgO vs. Si0O, diagrams show all
subalkaline samples from the alkalis vs. silica diagram
to be tholeiitic (Figs. 4.3 and 4.4).

On Al,0; vs. normative plagioclase sample BULL CAN
is sufficiently aluminous to be classified as
calcalkaline.

Petrography of the Chilcotin Basalts, described by
Bevier (1982), indicates they contain only one pyroxene,
a clinopyroxene. This is characteristic of an alkaline
basalt, but normative mineralogy classifies most of them
as olivine tholeiites (Yoder and Tilley, 1962; Irvine
and Baragar, 1971), therefore, Bevier prefers to call
these basalts transitional. In this study all basalts
are transitional except WOOD LK which is classified as a
nepheline normative alkaline basalt.

On TiO,~-K,0-P,05 three of the ten transitional

samples clearly lie within the non-oceanic field, three
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lie within the oceanic field and the remaining four
straddle the boundary line dividing these two fields
(Fig. 4.5).

On MnO-Ti0O,-P,0; samples CARD, QUESW and WOOD LK
clearly lie within the OIA field and CAMEL and DOG CK
are classified as MORB (Fig. 4.6). BULL CAN lies on the
MORB-IAT field boundary and the five remaining samples
lie within the OIA field, along the OIA-IAT field
boundary.

On FeO*-MgO-Al,0, eight_transitional samples lie
around the triple point between continental, ocean
island and N-MORB fields (Fig. 4.7). CARD straddles the
boundary separating ocean island and N-MORB and DEADMAN

lies within the ocean island field.

4,2.2 TRACE ELEMENT CLASSIFICATIONS

Except for BULL CAN, all samples lie within or
close to the WPB field on Ti-Zr-Y (Fig. 4.8). BULL CAN
clearly lies within the field containing OFB, LKT and
CAB. On Ti-Zr-Sr it lies within the LKT field (not
shown) .

On V vs. Ti/1000 all samples have Ti/V ratios
between nearly 50 and 100 and lie within the WPB field
(Fig. 4.9). REDSTONE, BULL CAN and EDMUND lie close to
the boundary between the MORB and WPB fields.

Ten of the eleven samples lie within the WPB field

on Ti/Y vs. Nb/Y (Fig. 4.10). Sample BULL CAN has
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slightly lower Ti/Y and Nb/Y ratios and lies just within
the field of overlapping MORB and convergent margin
basalts.

On Ti/Cr vs. Ni most samples have approximately the
same Ti/Cr ratio and lie within the TH MORB field, but
BLIZZARD has a slightly lower abundance of Ni and lies
just within the IAT field (Fig. 4.11). WOOD LK has a
much higher Ti/Cr ratio and lies far from the other

samples, adjacent to the IAT-TH MORB field boundary.

4.2.3 TRACE AND REE CLASSIFICATIONS

Sm/Ce vs. Sr/Ce was not plotted because this
diagram does not have a WPB field.

On Cr vs. Ce/Sr ten of the eleven samples lie in é
broad band near the top of the diagram (Fig. 4.12). Of
these ten, six lie within the overlapping MORB-WPB or
ARC-MORB fields and four clearly lie within the
convergent margin field. WOOD LK has a much lower Cr
content and lies within the convergent margin field, far
from the other ten samples.

On Cr vs. Y ten samples lie within or close to the
overlapping cohvergent margin-wPB fields (Fig. 4.13). As
on Fig 4.12 WOOD LK lies far from the other ten samples.

On La vs. Ba eight samples have Ba/La ratios
greater than 15 and lie within the orogenic andesite
field (Fig. 4.14). BLIZZARD lies straddling the boundary

between the orogenic andesite and WPB fields, and
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REDSTONE and WOOD LK lie within the WPB field.

Oon (Ba/La)CH vS. (La/Sm)CH all samples lie within
the ocean field (Fig. 4.15). Two of these, CARD and
CAMEL, lie within the area which overlaps with the
convergent margin field.

On La vs. Th, WOOD LK .lies within the WPB fieldvbut
the remaining ten samples lie within or close to the
orogenic andesite field (Fig. 4.16). However, eight of
these ten have La/Th ratios between nearly seven and ten
and lie within the overlapping orogenic andesite-WPB
fields.

On La vs. Nb ten samples lie within the WPB field,
with La/Nb ratios less than 1 (Fig. 4.17). CARD lies
astride the N-MORB-WPB field boundary.

On K,0/Yb vs. Ta*/Yb most samples lie within or
close to the area between the convergent margin and
MORB-WPB fields (Fig. 4.18). A few samples lie just
within the overlapping MORB-WPB field, along that
field's upper boundary line.

All samples except CARD lie within the WPB field on
Th/Yb vs. Ta*/Yb (Fig. 4.19). CARD has a slightly higher
Th/Yb ratio and lies on the lower boundary line of the
convergent margin field.

On Th-Hf/3-Ta* all samples except CARD lie within
the fields for tholeiitic and alkaline WPB (Fig. 4.20).
CARD plots away from the other samples, towards Th and

lies on the convergent margin field boundary.
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Fig. 4.18. K,0/Yb vs.
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4.2.4 BULK EARTH NORMALIZED DIAGRAMS (BEND)

Element data plotted on BEND distinguishes three
groups of samples (Figs. 4.21, 4.22 and 4.23).

The BEND patterns on Fig. 4.21 are from alkaline
sample WOOD LK, and transitional samples QUESW and
BLIZZARD. These patterns have convex-up shapes which
peak at Nb or K, and have fairly regular negative slopes
from La to Lu, with a concave-up dip from Sm to Eu. WOOD
LK has a moderate 'trough' at Nd and QUESW is slightly
enriched in Ba relative to Rb. All samples have small
positive Eu anomalies.

BEND patterns on Fig. 4.22 are from samples
REDSTOﬁE, NAZKO, CAMEL, DOG CK, EDMUND, and DEADMAN, All
patterns ﬁave convex-up shapes which 'peak' at K (NAZKO,
CAMEL, DOG CK, EDMUND and DEADMAN) or Nb (REDSTONE). The
patterns are nearly flat from La to Sm, are flat to
shallow concave-up from Sm to Eu and have negative
slopes from Eu to Lu. All patterns have a small to largé
'peak' at Sr (Sr enrichment), but they do not have a
corresponding 'peak' at Eu. NAZKO and EDMUND are
slightly enriched in Ba relative to Rb and CAMEL is
enriched in LIL relative to Zr, Hf, Ti and REE.

BEND patterns on Fig. 4.23 are from samples CARD
and BULL CAN. Both patterns show enrichment in Ba
relative to Rb, enrichment in Sr (Sr 'peak') and have
convex-up 'humps' from Rb to Nb, indicating relative

enrichment in Th, U and K. CARD has a 'peak' at Eu but
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BULL CAN does not. Fig. 4.22.

4.3 TRACE ELEMENT CHEMISTRY

Transitional samples QUESW and BLIZZARD have abundances
of trace and REE similar to abundances in an alkaline
oceanic WPB and have BEND patterns similar to the pattern
from alkaline sample WOOD LK (Fig. 4.21), but major element
chemistry and normative mineralogy classifies them as
tholeiites. Thus their trace element chemistry is consistent
with their transitional nature. The eight remaining
transitional samples have lower trace element abundances,
similar to a tholeiitic oceanic WPB but relative to a
tholeiitic oceanic WPB their LREE abundances are lower
(Thompson et al., 1984).

The ten transitional samples have La abundances ranging
from 16 to 69 times chondritic, ¥Yb abundances from 5 to 13
times chondritic and (La/Yb)CH ratios between 3.09 and 6.5.
Nine of the ten samples have La/Nb ratios ranging from 0.44
to 0.85, resembling La/Nb ratios in oceanic WPB, but CARD
has a ratio of 0.99, within the range of either oceanic WPB
or convergent margin basalt (Thompson et al., 1983).

In general alkaline sample WOOD LK has the highest
abundances of trace and rare earth elements in this suite
(CARD has higher abundances of Ba, Th, U and Sr). Its La
content is 96 times chondritic, ¥Yb content is 11 times

chondritic and (La/Yb)CH ratio is 8.93. La/Nb equals 0.85.
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4.3.1 TH AND U

Th abundances range from 0.7 ppm to 1.9 ppm in
samples REDSTONE, BULL CAN, NAZKO, QUESW, CAMEL, DOG CK,
EDMUND and DEADMAN, and from 3.0 to 4.3 ppm in CARD,
WOOD LK and BLIZZARD (Table III). U abundances are less
than or equal to 0.5 ppm in the first eight samples
listed above, and greater than or equal to 1.1 ppm in
the latter three samples. Both Th and U abundances are
higher than abundances in an average oceanic WPB but
Th/U ratios which range from 1.75 to 3.95 and average
2,9, are similar to ratios in many oceanic WPB (Basaltic

Volcanism Study Project, 1981).

4.3.2 TRANSITION ELEMENTS

Abundances of Cr and Ni in most Chilcotin Group
lavas range from 175 to 296 ppm and 50 to 271 ppm
respectively. As Ni abundance negatively correlates with
Mg' number, Bevier (1982) concludes that none of the
Chilcotin basalts are primary magmas, but were derived
by partial melting of a spinel peridotite with 10 - 15 %
of subsequent olivine fractionation. Sample WOOD LK,
which has an Mg' number of 40, has the lowest Cr and Ni
abundances in this suite (Cr = 15.7 ppm, Ni = 30 ppm).
These values presumably indicate loss of olivine which
included Cr-spinel.

Sc abundances range from 19.4 to 26.8 ppm and

average 23.5 ppm.
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4.4 SR ISOTOPES

878r/8¢Sr ratios were not available from samples
REDSTONE, NAZKO, EDMUND and WOOD LK. Excluding CARD
(87Sr/86Sr = 0.7042), the remaining five samples have Sr
isotope ratios between 0.70316 + 8 and 0.70346 + 6 (Table
III). These ratios are within the range of 87Sr/®€Sr ratios

from oceanic WPB (Faure, 1977).

4.5 DISCUSSION OF DISCRIMINATION DIAGRAMS

On K,0/Yb vs. Ta*/Yb (Fig. 4.18) all samples lie within
or close to the area between convergent margin and MORB-WPB,
but on Th/Yb vs. Ta*/Yb (Fig. 4.19) all samples, excluding
CARD lie within the MORB-WPB field. This implies the
Chilcotin basalts are slightly enriched in K relative to Nb
and suggests interaction with a K-rich metasomatic fluid. K
enrichment is also evident from BEND patterns. As well, all
samples except REDSTONE and WOOD LK lie within the
convergent margin field on La vs. Ba (Fig. 4.14) but on
(Ba/La)oy vs. (La/Sm), (Fig. 4.15) these 'convergent
margin'.samples lie within the ocean(wPB) field. Therefore,
although some samples are enriched in Ba relative to Rb
(metasomatism?, analytical error?) Ba enrichment relative to
La is not great enough to affect the (Ba/La)CH vVS. (La/Sm)CH
diagram.

Samples CAMEL, BULL CAN and DOG CK are classified as
oceanic or MORB on Ti0O,-K,0-P,0; (Fig. 4.5) and

MnO-Ti0,-P,0; (Fig. 4.6), and as convergent margin basalts



99

on Cr vs. Ce/Sr (Fig. 4.12). These classifications reflect

their relative depletion in P,0s and enrichment in Sr.

Enrichment in Sr suggests either:

- metasomatism,

- plagioclase accumulation,

- low pressure fractionation of phases other than
plagioclase (eg. olivine, pyroxene), or

- interaction with continental crust (contamination).

Lack of positive Eu anomalies and 'average' WPB Sr isotope

ratios support neither of these latter two suggestions.

BULL CAN also lies within or close to the MORB field on
many of the other diagrams because of its low elemental
abundances. This suggests a depleted source region, perhaps
depleted during a previous melting event.

Both CAMEL and DOG CK lie within the convergent margin
field on Cr vs. Y (Fig. 4.13) because of their depletion in
Y relative to the rest of the sample suite. This suggests a
garnet rich source residuum. W.H. Mathews (oral comm., 1985)
tﬁinks these two samples are likely to have had a common
source, at or north of DOG CK.

CARD also lies withih the convergént margin field on
(Ba/La)CH vS. (La/Sm)CH and La vs. Th, as well as on Cr vs.
Ce/Sr (Fig. 4.12), and lies astride the convergent margin
field boundary on La vs. Nb (Fig. 4.17), Th/Yb vs. Ta*/Yb
(Fig. 4.19) and Th-Hf/3-Ta* (Fig. 4.20). The convergent
margin classification is caused by this samples relative

enrichment in Ba, Th, K and Sr and slight depletion in Nb.
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CARD, the most 'orogenic', is nearest to the coeval
Pemberton arc and may have inherited an LIL rich component
form the subducting slab. In recent years slab components in
back-arc basins and even ocean islands have been suggested
by McKenzie and O'Nions (1983), Cohen and O'Nions (1982) and
Thompson et al. (1983, 1984). Additional evidence arguing
for a slab component in CARD is suggested by its relatively
high 87Sr/é‘Sr ratio of 0.7042. Alternatively these
characteristics may be caused by crustal contamination

(Dupuy and Dostal, 1984).

4.6 SUMMARY

The Chilcotin Group basalt samples have
tholeiitic/transitional chémistry, except sample WOOD LK
which is classified as a nepheline normative alkaline
basalt. Major, trace and rare earth element abundances are
generally similar to abundances in a tholeiitic oceanic WPB,
and on most tectonic discrimination diagrams these samples
lie within the WPB field. Some of the diagrams imply an
enrichment in Ba, K * Sr and Th, suggesting interaction with
an alkali rich metasomatic fluid. ﬁULL CAN comes from a
depleted source with some of the chemical characteristics of
a MORB.

Excluding CARD, Sr isotope ratios imply no interaction
with the continental crust. CARD has both an Sr isotope
ratio and some geochemical characteristics of either;

- crustally contaminated WPB, or
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the presence of a subduction - related component.



TABLE T1II. Chilcotin Basalts

Major, trace and rare earth element abundances, Sr isotope ratios and K/Ar dates.

REDSTONE BULL CAN NAZKO QUESW CARD CAMEL 0D0G CK EOMUND DEADMAN woOD LK BLIZZARD

Series Thol/Trans Thol/Trans Thol/Trans Alk/Trans Thol/Trans Alk/Trans Thol/Trans Alk/Trans Thol/Trans Alkaline Alk/Trans
Name Basalt Basalt Basalt 8asalt Basatt Basalt Basalt Basalt Basalt Hawaliite Basalt
LAT. 52 07.2 - 52 05.5 53 03.67 52 56.6 51 05.47 50 68.2 51 35.0 51 36.8 50 58.0 50 03.6 49 37.5
LONG. 123 40.0 123 23.3 123 34.67 122 33.5 122 57.53 121 55.4 122 15.0 121 22.7 120 58.0 119 21.0 118 55.0
Si0, ’ 51.77 43. 71 51.24 50.54 49.50 51.89 51.25 50.55 48 .41 48 .19 48 .19
Ti0, 1.62 1.35 1.84 2.30 2.57 1.93 .93 1.53 .90 2.66 1.96
Ale:' 15.08 15.58 15.07 14.44 14 .84 15.29 14.69 15.64 14 .62 16.01 15.31
Fe,05 11.02 13.20 t2.12 12 .43 11.84 11.04 12.82 11.78 13.84 13.65 12.70
FeD 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MNnD ' 0.15 . 0.17 0.16 0.17 0.14 0.14 0. 16 0.16 0.18 0.18 0.18
Mg0 7.10 7.42 6.82 7.04 8.95 6.02 6.70 6.28 9.81 4.60 7.99
Ca0 8.96 8.56 8.46 8.59 7.72 8.51 8.47 8.95 7.54 7.60 9.21
Na,0 3.34 3.42 3.38 3.09 2.82 . - 4.25 3.27 4.03 2.19 4.93 2.89
KZO . 0.66 0.41 0.62 1.02 1.15 0.81 0.57 0.67 1.04 1.38 1.07
P20g 0.30 0.7 0.30 0.37 0.46 Q.15 0.14 0.42 Q.45 0.80 0.48
H,0 ‘ N/A N/ N/A 0.55 N/A N/A N/A N/A N/A N/A N/A
8a 183.0 108 .0 206.0 340.0 541.0 235.0 170.0 222.0 264.0 440.0 336.0
Rb , 11.0 4.0 8.0 15.0 14.0 12.0 9.0 8.0 13.0 24.0 18.0
Th 1.5 0.7 1.3 1.9 4.3 1.4 0.8 1.6 1.8 3.0 3.1
u 0.4 0.4 0.5 0.8 1.3 0.4 0.3 0.4 -0.5 1.1 1.1
Nb 18.0 6.0 13.0 23.0 18.0 13.0 12.0 16.0 22.0 37.0 29.0
La 15.2 5.2 11.3 18.4 18.8 7.8 5.3 11.4 15.2 31.6 22.5
Ce 7.1 13.4 27.3 43.2 44.3 20.2 14.1 25.3 36.7 53.2 48 .8
Sr 496 .0 300.0 387.0 508.0 1086 .0 491.0 375.0 421.0 601.0 664 .0 589.0
Nd 22.8 ‘9.5 17.2 16.4 28.6 12.6 10.1 17.2 17.3 33.6 27 .2
Sm 5.0 3.2 4.4 6.0 7.4 3.1 3.2 4.5 4.7 8.2 7.0
2r 120.0 68.0 104.0 157.0 142.0 127.0 114.0 106 .0 132.0 256.0 157.0
Hf 2.4 2.3 3.0 2.7 3.8 2.8 3.2 2.8 3.1 5.5 3.6
Eu 1.3 1.1 1.5 1.9 2.2 1.3 1.2 1.4 ‘1.6 2.8 2.0
Tb 0.7 0.5 0.4 N/A 0.6 0.5 0.5 0.9 0.4 1.0 N/A
Y 20.0 23.0 22.0 25.0 25.0 18.0 18.0 23.0 21.0 32.0 25.0
Yb 1.6 1.3 1.3 2.0 2.1 1.2 1.1 1.8 1.6 2.4 2.7
Lu 0.2 0.2 0.2 0.3 0.2 Q.1 0.2 0.2 0.1 0.3 0.3
Co 60.0 50.0 56.0 45.0 51.0 41.0 48 .0 49.0 -61.0 45.0 40.0
cr 245.9 207.8 250.0 175 .4 278.9 189 .6 217.9 245 .9 232.8 15.7 . 296 .3
Cu 61.0 59.0 101.0 77.0 170.0 26.0 43.0 35.0 69.0 30.0 38.0
N# 64 .0 211.0 181.0 176.0 182.0 96.0 183.0 111.0 271.0 30.0 50.0
Sc 20.6 23.0 22.3 21.2 211 22.4 2214 24.4 18.2 17.9 24.7
v 87 185.0 165.0 154.0 172.0 234.0 185.0 161.0 176.0 168.0 181.0 217.0
Srge N/A 0.70346 N/A 0.7034 0.7042 0.70320 0.70316 N/A 0.703t6 N/A 0.7033
K/Rb 498 .06 850.85 643.33 564 .47 681.87 560.32 525.73 695.21 664 .08 477.31 493 .45
(La/Yb)e 6.23 2.62 5.85 6.17 6.12 12.29 3.09 . 4.24 6.48 8.93 5.61
t.a/Nb 0.85 0.86 0.87 0.80 0.99 1.69 0.44 0.71 0.69 Q.85 Q.78
Mg’ 56 53 53 53 60 52 51 51 58 40 55
K/Al.' date N/A 6.1t0.2 6.3x0.3 8.7+0.6 18.1x 0.6 2.2%20.3 2.9%0.2 7.81+0.3 8.2%0.3 14.8+1.5 5.0+0.5

(Ma)
N/A = not analyzed

20!



5. ANAHIM VOLCANIC BELT

Nine samples from the Anahim Volcanic Belt west of the
Fraser River were selected for analysis (Fig. 5.1). Two of
these nine are from the Masset Formation on the Queen
Charlotte Islands to determine if they are chemically
similar to basalts from the Anahim Belt in central British
Columbia because Bevier et al. (1979) suggest the Masset
volcanics may form the western end of the Anahim hotspot
trace. An additional five samples from volcanic centers east
of the Fraser River were included in this suite, as .these
locations are often placed on figures which define the
Anahim Belt (Bevier, 1978). However, recent work by C.
Hickson (oral comm., 1984) suggests eruptions from the
Anahim hotspot source end in the vicinity of the Nazko
Cones, west of Quesnel, and J.E. Souther (in press)
speculates that a second hotspot trace forms this eastward
continuation.

" Samples from this suite range in age from 23.8 Ma to
0.28 Ma (Table IV). The oldest dates are from the Masset
Formation and the youngest age is from a sample located in

Wells Gray Park.

5.1 MAJOR ELEMENT CHEMISTRY

Major element oxide abundances (Table IV) generally lie
within the range of major element abundances in oceanic
tholeiitic and alkaline WPB (Basaltic Volcanism Study

Project, 1981; Carmichael et al., 1974). Mg' numbers divide
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thé samples into two groups. The nine samples west of the
Fraser River plus ALEX have Mg' numbers between 30 and 56,
whereas the four remaining samples, in and near Wells Gray
Park, have Mg' numbers between 56 and 62. Thus, these latter

four samples are less fractionated (more primitive).

5.2 DISCRIMINATION DIAGRAMS

5.2.1 MAJOR ELEMENT CLASSIFICATIONS

On the total alkalis vs. silica diagram eight of
the fourteen samples clearly lie within the alkaline
field, five plot astride MacDonalds (1968)
subalkaline/alkaline field boundary and one (ALEX) is
clearly subalkaliné (Fig. 5.2). 0Ol’-Ne’-Qz’ (not shown)
classifies nine samples as alkaline (ARIS IS, KITASU,
LAKE IS, RAINBOW, ANAHIM, ITCHA1, ITCHA2, SPAN CK and
TROPHY) and the remaining five as subalkaline. A
petrographic study of TROPHY by Fiesinger (1975)
suggests it should be classified as transitional.

On AFM and FeO*/Mg0 vs. SiO, diagrams, subalkaline
and transitional basaltic samples lie within the
tholeiitic fields (Figs. 5.3 and 5.4).

Al,0; vs. normative plagioclase (not shown)
confirms the AFM discrimination except for sampleé
MASSET1 and MASSET2 which were sufficiently aluminous to

be classified as calcalkaline.
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Because TiO,-K,0-P,05 can only be used for
subalkaline samples with total alkalis less than or
equal to 20% on an AFM diagram samples MASSET1 and
MASSET2 were excluded. The four remaining samples lie
close to the boundafy line between the oceanic and
non-oceanic fields (Fig. 5.5). ALEX and WGRAYN lie
within the oceanic field, TROPHY lieé within the
non-oceanic field and QUES LK lies on the boundary line.

Most samples plotted on MnO-TiO,-P,0¢ lie within
the OIA field (Fig. 5.6). Exceptions are:

- ANAHIM which lies within the OIT field.

-  QUES LK which lies within the MORB field.

- TROPHY which lies on the boundary line between the
MORB and IAT fields, and

- MASSET1 which lies on the boundary betwen the IAT
and CAB fields.

On MgO-FeO*-Al,0, four subalkaline and transitional
samples straddle the boundary between the ocean island
(01) and MORB fields, MASSET2 lies within the orogenic
(ARC) field and ALEX lies at the approximate center of
the continental field (Fig. 5.7). Thus this diagram is

inconclusive,.

5.2.2 TRACE ELEMENT CLASSIFICATIONS

Eleven of the fourteen samples plot within the WPB
field on Ti—Zf-Y (Fig. 5.8). The three remaining samples

were replotted on Ti-Zr-Sr (Fig. 5.9). On this latter
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diagram calcalkaline samples MASSET1 and MASSET2 lie
within the CAB field and sample LAKE IS lies within the
OFB field, adjacent to the OFB-CAB field boundary.

V vs. Ti/1000 cannot discriminate samples belonging
to the calcalkaline series, therefore MASSET1 and
MASSET2 were excluded from this plot. Eleven of the
remaining twelve samples have Ti/V ratios greater than
50 and plot within the WPB field (Fig. 5.10). ARIS IS
lies within the MORB field with a Ti/V ratio of 48.

On Ti/Y vs. Nb/Y samples MASSET! and MASSET2 plot
within the field for MORB, adjacent to the
MORB-convergent margin field boundary (Fig. 5.11). Three
of the remaining twelve samples (ARIS IS, KITASU and
LAKE IS) have relatively low Ti/Y ratios and plot
astride the lower boundary of the WPB field. The other
nine samples(are clearly classified as WPB.

Samples MASSET1, LAKE IS, RAINBOW, ITCHA1 and ALEX
plot within the IAT field on the Ti/Cr vs. Ni diagram
(Fig. 5.12). MASSET2 and KITASU lie on the field
boundary and the remaining seven samples plot within the
TH MORB field. This diagram does not have a field for

WPB.

5.2.3 TRACE AND REE CLASSIFICATIONS

Only the two samples from the Masset Formation were
plotted on Sm/Ce vs. Sr/Ce because this diagram was

designed to classify convergent margin basalts, and does
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not have a WPB field (Fig. 5.13). MASSET 1 and MASSET2
lie within the convergent margin field.

On Cr vs. Ce/Sr six samples lie within the
overlapping MORB-WPB fields (Fig. 5.14). Four of these
six from east of the Fraser River and lie removed from
all of the remaining samples. The other eight samples
lie within or close to the convergent margin field.
Seven of these eight samples have Ce/Sr ratios which are
similar to ratios from the samples which plot in the
MORB-WPB fields, but they are depleted in Cr, thus their
convergent margin classification. The eighth sample,
ARIS IS, has a much lower Ce/Sr ratio than the other
thirteen samples and lies at the center of the
convergent margin field.

On Cr vs. Y all samples lie within the field for
WPB (Fig. 5.15). MASSET1, MASSETZ2, ITCHA1, RAINBOW and
ALEX lie within the area which overlaps with the
convergent margin field, ARIS IS, ANAHIM, ITCHA2, QUES
LK, SPAN CK and TROPHY lie within the overlapping
WPB-MORB- convergent margin fields and WGRAYN lies
within the overlapping WPB-MORB fields.

On La vs. Ba eight samples lie within the orogenic
andesite field with Ba/La ratios greater than 15 (Fig.
5.16). KITASU and ITCHA2 have Ba/La ratios less than 11
and lie within the N-MORB field and tﬂe remaining four
(RAINBow; ITCHA1, QUES LK and WGRAYN) lie within the

E-MORB (WPB) field.
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On (Ba/La)., vs. (La/Sm)., nine of the'ﬁourteen
samples clearly lie within the ocean field (Fig. 5.17).
MASSET1 and MASSET2 lie within the ocean field adjacent
to the ocean-ARC field boundary, ARIS IS and SPAN CK lie
just within the overlapping ocean-ARC fields and RAINBOW
lies far from the other thirteen samples, clearly within
the ARC field.

On La vs. Th eleven samples lie within the E-MORB
(wpB) field wifh La/Th ratios greater than 7 (Fig.
5.18). The remaining three (MASSET2, QUES LK and WGRAYN)
have La/Th ratios less than 7. MASSET!, QUES LK and
WGRAYN lie just within the orogenic andesite field
boundary.

On La vs. Nb nine samples have La/Nb ratios less
than 1 and lie within the E-MORB (WPB) field (Fig.
5.18). The remaining five samples (MASSET1, MASSET2,
ARIS IS, RAINBOW and ITCHA2) have La/Nb ratios between 1
and 2 and lie within the N-MORB field.

On K,0 vs. Ta*/Yb samples lie within: (a) the
overlapping MORB-WPB fields,.and (b) the area between
the overlapping MORB-WPB fields and the convergent
margin field (Fig. 5.20). Samples which lie within this
latter area are MASSET1, MASSET2, ARIS IS, RAINBOW,
ANAHIM and TROPHY. They have the same range of Ta*/Yb
ratios as the other eight samples but their K,0/Yb

ratios are higher.
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On Th/Yb vs. Ta*/Yb MASSET1, MASSET2 and ARIS IS
have the highest Th/Yb ratios and lie 'above' the WPB
field (Fig. 5.21). MASSET2 has a sufficiently high Th/Yb
ratio to lie within the convergent margin field. The
remaining twelve samples lie within the overlapping
MORB-WPB fields.

On Th-Hf/3-Ta* eleven of the thirteen samples lie
within the alkaline WPB and E-MORB- tholeiitic WPB
fields (Fig. 5.22) The remaining three samples, MASSETI1,
MASSET2 and ARIS IS, lie towards and within the CAB

field.

5.2.4 BULK EARTH NORMALIZED DIAGRAMS (BEND)

Trace and rare earth elément data plotted on BEN
diagrams divides the samples into three groups (Figures
5.23, 5.24 and 5.25).

Samples KITASU, LAKE IS, RAINBOW, ANAHIM, ITCHA1
and ITCHA2 are plotted on Fig. 5.23. Their BEND patterns
are grossly similar with convex-up shapes peaking at Nb
(KITASU, ITCHA1), K (RAINBOW, ANAHIM) or La (LAKE IS,
ITCHA2). A large 'peak' at La is unusual. Both LAKE IS
and RAINBOW are enriched in Ba relative to Rb. All
patterns have large positive Eu anomalies, but none of
them have correlative positive Sr anomalies. In fact,
KITASU and LAKE IS display negative Sr anomalies! The
pattern for LAKE IS is fairly flat from Ba to La in

contrast to the other five patterns which have a
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Fig. 5.20. K,0/Yb vs.

Ta*/¥b.
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distinctly positive slope.

BEND patterns on Fig. 5.24 are from the five
locations east of the Fraser River; ALEX, QUES LK,
WGRAYN, SPAN CK and TROPHY. Patterns are similar to
those on Fig. 5.23, but Fig. 5.24 patterns are more
irreqular from Ba to La, and they all have a concave-up
dip from Sm to Ti. All samples, excluding QUES LK, are
enriched in Ba relative to Rb and WGRAYN is enriched in
Th and U. All patterns have small positive Eu anomalies
and ALEX has a 'trough' at Sr. The patterns from TROPHY
and ALEX are almost identical and are grossly similar to
the pattern from LAKE IS on Fig., 5.23,

BEND patterns on Figure 5.25 are from samples
MASSET1, MASSET2 and ARIS IS. This latter sample has
'peaks' at Ba and Sr, but barring these two exceptions
the three patterns are nearly identical. They are all
slightly enriched in LIL relative to La, have a 'trough'
at Nb and are slightly depleted in Hf and Ti relative to

Y. All patterns have small positive Eu anomalies.

5.3 TRACE ELEMENT CHEMISTRY

All samples from Figs. 5.23 and 5.24 have abundances of
trace and REE and BEND patterns which are similar to those
from oceanic and some continental WPB (Thompson et al.,
1983; Kay, 1984) (Table 1V). Samples belonging to the
alkaline series generally have higher abundances of LIL and

LREE than the tholeiitic and transitional samples. Most La
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abundances lie between 48 and 59 times chondritic in the
tholeiitic/transitional samples and 72 to 126 times
chondritic in the alkaline samples. Sample ITCHA2 is an
exception with an La content of 211 times chondritic which
results in this samples unusually shaped BEND pattern. In
the tholeiitic/transitional samples Yb abundances range from
7 to 12.5 times chondritic and are within the range of Yb
abundances in the alkaline samples; Yb = 6 to 18 times
chondritic. Excluding ITCHAZ2, (La/Yb)CH ratios lie between
4.41 and 14.38 in the alkaline samples, and 4.36 to 8.23 in
the tholeiitic/transitional samples. Alkaline samples KITASU
and LAKE IS are enriched in HREE relative to the remaining
five alkaline samples, explaining their lower (La/Yb)CH
ratios, which are more like those from the
tholeiitic/trans&tional samples. ITCHA2 has a (La/Yb)CH
ratio of 31.30 because of its enrichment in La. La/Nb ratios
range from 0.75 to 1.10, within the range of ratios from OIB
(Thompson et al, 1983).

The three samples from Fig. 5.25 have trace and REE
abundances and BEND patterns which are grossly similar to
either continental WPB contaminated with continental crust,
or convergent margin basalts (Dupuy and Dostal, 1984;
Thompson et al., 1983). La abundances range from 59 to 86
times chondritic, Yb contents lie between 11 and 12 times
chondritic and (La/Yb)CH ratios from 5.43 to 7.44. These
samples have La/Nb ratios which lie between 1.3 and 1.6,

providing additional evidence for either of the above
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alternatives.

5.3.1 TH AND U

Abundances of Th range from 1.4 to 4.8 ppm and U
abundances lie between 0.6 and 1.6 ppm. Th/U ratios
range from 1.87 to 4.92 and average 2.77. There is no
correlation between Th and U abundances or ratios and a

samples age or geographic location.

5.3.2 TRANSITION ELEMENTS

Abundances of Cr and Ni in samples QUES LK, WGRAYN,
SPAN CK and TROPHY are higher than Cr and Ni abundances
in the remaining ten basalts, suggesting fractionation
of olivine, clinopyroxene + Cr-Spinel was mdre important
in the petrogenesis of the latter basalts than in the
former. ANAHIM, which has an Ni content of 56 ppm, and
Cr content of 108 ppm, presumably fractionated more
olivine than either clinopyroxene or Cr-spinel.

Sc contents divide the samples into two groups:(A)
Sc greater than 20 ppm, and (B) Sc less than 16.5 ppm.
Samples ANAHIM, ITCHA1 and ITCHA2 belong to the latter
group. Low Sc contents suggest a history involving high
pressure pyroxene fractionation (Basaltic Volcanism

Study Project, 1981).
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5.4 SR ISOTOPES

Excluding MASSET1, MASSET2 and ARIS IS, available Sr
isotopic data does not distinguish samples west of the
Fraser from those to the east. Both western and eastern
samples have ®7Sr/86Sr ratios ranging from 0.7030 to 0.7035
(Table IV). Average ratios of oceanic WPB range from 0.7028
to 0.706 (Faure, 1977).

Sr isotopic ratios for MASSET1, MASSET2 AND ARIS IS are
0.7039, 0.7040 and 0.7042 respectively. These ratios are
distinctly higher than ratios from the other eleven samples,
and are similar to ratios from convergent margin settings,

but they are still within the range of oceanic WPB.

5.5 DISCUSSION OF DISCRIMINATION DIAGRAMS

On most elemental discrimination diag;ams, the eleven
tholeiitic, alkaline and transitional samples from Figs.
5.23 and 5.24 plot as WPB or E-MORB, and their BEND patterns
have convex-up WPB-like shapes. However on some of the
diagrams a few of these samples lie within N-MORB or
convergent margin fields. These latter classifications
generally occur only sporadically and therefore they do not
seem significant for discrimination purposés. For example,
ITCHA2 lies within the N-MORB field on La vs. Ba (Fig. 5.16)
because of its very high abundance of La, RAINBOW appears to
be from a convergent margin setting on (Ba/La)CH vs.
(La/Sm)CH (Fig. 5.17) because it is enriched in Ba, QUES LK

and WGRAYN lie within the orogenic field on La vs. Th (Fig.
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5.18) because of their relative enrichment iﬁ Th and
RAINBOW, ANAHIM and TROPHY lie 'above' the WPB field on
K,0/Yb vs. Ta*/Y¥b (Fig. 5.20) because they are slightly
enriched in K,0. Olivine and pyroxene * Cr-spinel
fractionation lower Cr abundance in LAKE IS, ANAHIM,
RAINBOW, ITCHA!, ITCHA2 and ALEX so that they lie within or
close to the convergent margin field on Cr vs. Ce/Sr (Figqg.
5.14) even though their Ce/Sr ratios are within the range of
ratios from the samples classified as WPB.

The biggest exception to the WPB (E-MORB)
classification comes from the La vs. Ba diagram (Fig. 5.16).
On this diagram six of the eleven samples discussed above
lie within the orogenic andesite field. However on the

(Ba/La)CH vVS. (La/Sm)C diagram (Fig. 5.17) only RAINBOW is

H
unequivocally classified as convergent margin because of its
high abundance of Ba. This discrepancy casts some doubt on
the validity of the La vs. Ba field boundaries, especially
when this diagram is applied to basalts.

Alkaline samples KITASU and LAKE IS do not always plot
with the four other alkaline Anahim Belt samples from west
of the Fraser River. This suggests that if the source for
KITASU and LAKE IS was the Anahim hotspot, it must have been
heterogeneous and changing with time.

The three tholeiitic and transitional samples in and
near Wells Gray Park generally plot in a group separate from

the four alkaline samples west of the Fraser River (RAINBOW,

ANAHIM, ITCHA1 and ITCHA2), and alkaline sample SPAN CK,



128

also from Wells Gray Park, plots near the other "Wells Gray"

samples on many of the diagrams. Tholeiitic sample ALEX,

from east of the Fraser River, generally plots with the four
samples just discussed, except on diagrams affected by
olivine and pyroxene fractionation (i.e. diagrams using Cr
or Ni). In an attemt to explain why samples east of the

Fraser River plot separately from samples west of the Fraser

River the following three suggestions are offered:

o= tholeiitic basalts characteristically have lower
abundances of most elements relative to alkaline
basalts;

- the source was heterogeneous;

- the source for the five samples east of the Fraser River
was not the Anahim hotspot (C.J. Hickson, oral comm.,
1985; J.E. Souther, in press).

Calcalkaline samples MASSET1 and MASSET2 and alkaline
sample ARIS IS plot within or towards the convergent margin
field on many of the diagrams, have BEND patterns with some
of the characteristics of subduction related basaits'(high
LIL with respect to La and Nb and Ti depletion), La/Nb
ratios greater than 1.3 and ®7Sr/86Sr ratios greater than
0.7039. On some diagrams ARIS IS plots separately from
MASSET1 and MASSET2 and close to KITASU and/or LAKE IS, This
latter grouping of samples is seen on MnO-TiO,-P,0;,
Ti-Zr-Y, V vs, Ti/1000, Ti/Y vs. Nb/Y, Ti/Cr vs. Ni and La
vs. Ba diagrams. This suggests that ARIS IS may have

originated in a source chemically similar to the KITASU and
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LAKE IS source, but there were slight modifications towards

a 'convergent margin' chemistry;

The convergent margin affinity observed in MASSETI1,
MASSET2 and ARIS IS decreases from west to east and with
time, suggesting this chemistry is perhaps related to:

- possible oblique subduction of the Pacific plate along
the Queen Charlotte fault which may have been occurfing
at that time, or

- volcanism in the Pemberton Arc (J. Souther, oral comm.,
1985).

Alternatively, Dupuy and Dostal (1984) suggest WPB BEND

patterns similar to convergent margin patterns may be

produced by varying degrees of crustal contamination. This
alternative might be tested with additional O, Nd, and Pb

isotopic data.

5.6 SUMMARY

Basalt samples from the Anahim Volcanic Belt west of
the Fraser River belong to the alkaline series and are
classified as WPB. Basalt samples from east of the Fraser
River belong primarily to the tholeiitic series, although
one sample is alkaline, and they too are classified as WPB.
These latter samples, excluding ALEX, are more 'primitive'
than the 'western' samples.

Chemistry and Sr isotope ratios lend no support to the
suggestion that 'westefn' (Anahim Belt) and 'eastern'

samples came from different sources. The observed chemical



130

differences may easily be related to abundance differences
in tholeiitic vs. alkaline series rocks.

Chemical differences which on a few diagrams separate
alkaline samples KITASU and LAKE IS from the remaining
alkaline samples suggest a heterogeneous hotspot which
changed with time.

Two basaltic samples from the Masset Formation on the
Queen Charlotte Islands belong to the calcalkaline series
and have chemical characteristics and Sr isotope ratios
grossly similar to a convergent margin basalt. Alkaline
sample, ARIS IS, from the mainland also has some convergent
margin characteristics. '

Chemistry of the Masset Formation samples suggest their
source was not the Anahim hotspot, however crustal
contamination of the hotspot magma could have caused the
convergent margin-like chemistry. Alternatively, Masset
basalts may be related to the Pemberton Arc or they may have
been produced by the possible oblique subduction of the
Pacific plate along the Queen Charlotte Fault. However, as
oblique subduction is only established from recent plate
movements ( < 6 Ma) this latter possibility is only

speculatively applied here.
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TABLE IV ANAHIM VOLCANIC BELT

Major, trace and rare earth element abundances, Sr isotope ratios, K/Ar dates and ages.

MASSET{ MASSET2 ARIS IS KITASU LAKE IS RAINBOVI ANAHIMI
Series Calcatk. Calcalk. Alkaline Atkaline Alkaline Alkaline Alkaline
Name Basalt Bas/And Hawai ite Hawatite Hawat ite Hawai i te Hawaiite
LAT. 53 30.6 53 24.6 52 42.0 52 29.5 52 21.3 52 44.6 52 45.15
LONG. 132 20.0 131 55.5 129 15.5 128 43.5 128 21.0 125 44 .6 125 37.10
S10, 50.38 53.3¢ 50.38 50.15 . . 47 .24 »+ 50.30 " - 50.33
T104 1.54 1.68 1.85 2.35 2.51¢ 1.98 2.29
Alzca 15.28 16.13 16.53 15.18 13.91 16.54 16 .17
Fe,04 11.95 11.03, 9.90 13.07 16.20 12.89 12.84
Fe0 . N/A N/A N/A N/A N/A N/A N/A
MNO 0.22 0.17 0.15 0. 19 0.20 0.19 0.14
MgO ’ 7.39 4.30 6.46 3.66 6.31 3.18 4.32
Ca0 8.08 7.78 8.64 7.62 8.00 8.52 8.01
Na,0 3.58 4.18 4.33 5.27 3.85 4.43 4.16
K,0 1.10 0.89 1.07 1.55 0.96 1.46 1.7
P,0s 0.47 0.53" 0.69 0.96 . 0.81 0.51 0.17
H,0 N/A N/A N/A N/A N/A N/A 0.74
Ba 370.0 463.0 579.0 404.0 457 .0 1113.0 434 .0
Rb 30.0 21.0 12.0 28.0 18.0 19.0 24.0
Th, 2.6 4.0 2.8 3.5 2.3 2.6 3.4
v 1.1 1.5 0.9 1.5 0.7 1.1 0.9
Nb 14.0 15.0 17.0 54.0 23.0 25.0 33.0
La 18.5 25.5 28.1 41.4 23.9 29.2 30.3
Ce 40.6 60.7 43.8 66.8 44 .2 60.6 56.9
sr 355.0 601.0 898.0 420.0 449.0 714.0° 659.0
Nd 22.3 22.3 22.5 37.4 29.4 33.2 33.7
Sm 5.3 6.2 6.8 10.7 8.3 7.5 8.8
2r . 176.0 182.0 161.0 ' 246.0 188.0 181.0 250.0
Hf 2.9 3.9 3.2 5.2 3.4 4.1 6.5
Eu 1.5 1.7 1.7 2.7 2.2 3.9 2.6
To N/A N/A 0.9 1.0 0.8 N/A N/A
Y 35.0 31.0 29.0 39.0 41.0 28.0 29.0
Yb 2.4 2.5 2.5 3.9 3.6 1.4 1.8
LU 0.3 0.4 0.3 0.4 0.3 0.2 0.2
Co 26.0 31.0 21.0 28.0 25.0 26.0 32.0
cr 44.0 54.0 84.0 63.4 60.3 36.2 107.7
Cu 78.0 102.0 86.0 43.0 46.0 65.0 70.0
Ni 16.0 42.0 44.0 42.0 29.0 24.0 56.0
Sc 24.0 20.0 22.0 21.4 33.2 21.8 16.2
v 250.0 169.0 242.0 174 .0 266.0 133.0 172.0
s.-gz 0.7039 0.7040 0.7042 0.7026 0.7035% 0.7032 0.7032
K/Rb 304 .37 351.80 740.17 459.52 442 .72 637.87 543.02
(La/Yb)c“ 5.43 6.77 7.44 7.16 4. .41 14.38 11.49
La/Nb 1.39 1.70 t.65 0.77 1.04 .17 0.92
Mg’ 55 44 56 36 44 33 40
Dates and 23.8t0.8 19.8%0.7 ~14 ~14 ~14 7.9%0.3 6.7+0.3
Ages (Ma).

conti [P
N/A = not analyzed ontinued



ITCHA1
Sertes Alkaline
Name Mugearite
LAT. 52 42.0
LONG. 124 45.0
S10, 49 .84
Tio, ' 2.65
A1,0 16.57
Fe,0, 11.53
FeD N/A
MNnO 0.15
MgO 3.60
ca0o 7.28
Na,0 6.06
K,0 1.63
P,0g 0.69
H,0 N/A
Ba 416.0
Rb 26.0
Th 3.0
u 1.2
Nb 45.0
La 35.7
Ce 71.4
sr 835.0
Nd 37.6
Sm 8.1
zr 263.0
Hf 6.2
Eu 2.5
T 0.7
Yy o 29.0
Yb 2.3
Ltu 0.2
co 29.0
cr 17.6
Cu 33.0
N1 14.0
Sc 13.6
Voar 152.0
Srge 0.7030
K/Rb 520.41
(La/¥b), 10.58
La/Nb 0.79
Mg’ 38

Dates and 0.78 + 0.07

Ages (Ma).

N/A = not analyzed
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6. STIKINE VOLCANIC BELT

The Stikine Volcanic Belt is believed to be zone of
incipient late Cenozoic extension related to transcurrent
motion along the adjacent continental margin (Souther,
1977). Large volumes of alkaline basalts to peralkaline
rhyolites form the basaltic shields, composite domes, flows
and central volcanoes of the Mount Edziza Volcanic Complex,
Level Mountain and Hart Peaks (Souther et al., 1984;
Hamilton, 1981). Hoodoo Mountain, a differeﬁtiated volcanic
complex to the south, is not as voluminous. The remainder of
the Stikine Volcanic Belt is comprised of small monogenetic
cones and lava flows (Souther et al., 1984; R.L. Armstrong,
pers. comm., 1985).

Twenty-two samples from the Stikine Volcanic Belt were
selected for analysis (Fig. 6.1) Four are from the Mt.
Edziza Volcanic Complex and another four are from residual
basalt caps and valley flows north and northeast of Mt.
Edziza at approximately 58° N. Three samples are from the
Level Mountain volcano, west of Dease Lake and two are from
near Atlin. One sample comes from an isolated cone in the
northwest part of the Bowser Basin, two were collected from
the recent Aiyansh River flow in the southwest Bowser Basin
and one is from a dyke located just to the north of Prince
Rupert. Four of the five remaining samples are from
monogenetic volcanic centers in the Sikine region northwest

of Stewart and the fifth is from Hoodoo Mountain.
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K-Ar dates from samples in the Mount Edziza Volcanic
Complex and locations just to the north range from 0.507 #+
0.070 to 7.8 + 0.3 Ma (Table V), BOWSER has a K-Ar date of
1.6 £ 0.3 Ma and samples PRINCER and SATLIN have been dated
at 7.2 + 0.8 and 16.5 + 3.1 Ma respectively (U.B.C. K-Ar
lab). C'% dates obtained from the Aiyansh lava flow give an
age of 220 years (Sutherland-Brown, 1969). Samples from near
the Iskut River (BORDERLK, ISKUTW, MT DUNN and ISKUT) are
approximately 0.04 Ma old and HOODOO has been dated at 0.02
+ 0.013 Ma (U.B.C. K-Ar lab). The three samples from Level
Mountain have not been dated but other samples from Level

Mountain have K-Ar dates of 5.8 to 14.9 Ma.

6.1 MAJOR ELEMENT CHEMISTRY

Abundances of major elements in most of the basaltic
samples are very similar to abundances in an average
Hawaiian alkali olivine basalt (MacDonald, 1968), or the
alkaline Anahim Belt volcanics (this study) (Table V). Mg’
numbers range from 32 to 58, the lowest numbers from AYNSHI1
and AYNSH2.

Samples PRINCER and SATLIN are distinguished from the
remainder of the suite by lower total alkalis at a given
Si0O, content, as well as lower abundances of TiO,. PRINCER
has an Mg' number of 61, indicating it is the least
fractionated sample in this suite.

Abundances of most major elements in LEVELD are

generally similar to abundances in PRINCER and SATLIN, but
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its TiO, content is higher.

HOODOO has a higher abundance of Si0O, (59 wt%), very
low abundances of TiO,, Mg0O, and CaO and a molecular excess
of (Na,0+K,0) over Al,0;. Both acmite and sodium
metasilicate appear in its list of normative minerals,
distinguishing it as peralkaline (MacDonald, 1974;
Carmichael et al.,1974), and its differentiation index of 80
identifies it as a trachyte (Thompson et al., 1972; Thornton
and Tuttle, 1960). Trace element abundances are also
characteristic of a highly fractionated peralkaline lava
(Ferrara and Treuil, 1974). Its'Ba and Sr abundances are
less than 1 ppm, the transition elements (Co, Cr, Cu, Ni,
Sc, and V) occur.in very low abundances and it is greatly
enriched in Rb, Th, U, K, Nb, Zr, Hf and all REE's, except
Eu. These peralkaline chemical characteristics preclude
comparisons with the Stikine basalt suite, therefore it will
not be plotted on any of the tectonic discrimination

diagrams.

6.2 DISCRIMINATION DIAGRAMS

6.2.1 MAJOR ELEMENT CLASSIFICATIONS

On total alkalis vs. silica one sample (PRINCER)
lies on MacDonalds (1968) dividing line between the
subalkaline and alkaline fields, two (LEVELD and SATLIN)
lie just within the alkaline field close to the dividing

line and the remaining eightteen samples lie within the
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alkaline field (Fig. 6.2). On O!l’-Ne’-Qz’ (not shown)
PRINCER, SPEC1, NEDZ1 and SATLIN are classified as
subalkaline and the remainder are classifed as alkaline.

Samples SPECt1 and NEDZ1, classified as subalkaline
on O!/’-Ne’-Qz°, but not on alkalis vs. silica, have
major element abundances which are indistinguishable
from alkaline samples ISKUT and BORDERLK. In contrast,
sample LEVELD, which is alkaline on 0O/’ -Ne’-Qz’, and
barely alkaline on alkalis vs. silica, has abundances of
K,0 and P,05; which are similar to abundances in
tholeiitic samples PRINCER and SATLIN. Because of these
contrasting elemental and normative mineral
classifications these three samples will be called
transitional and plotted with the subalkaline samples
from O/’ -Ne’ -Qz’ .

All five subalkaline and transitional samples
belong to the tholeiitic series on AFM and FeO*/Mg0O vs.
Si0, (Figs. 6.3 and 6.4).

On the AFM diagram, all five samples have total
alkalis less than 20% so all of them can be plotted on
TiO,-K,0-P,05 (Fig. 6.5). Four of the five lie within
the non-oceanic field, but LEVELD clearly lies within
the oceanic field.

On MnO-TiO,-P,0; ISKUTW lies just within the OIT
field, but the remaining twenty sampleg lie within the

OIA field (Fig. 6.6).
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Four of the five subalkaline and transitional
samples lie within the OI field on MgO-FeO*-Al1,0,
(Fig.6.7). LEVELD lies within the continental basalt

field.

6.2.2 TRACE ELEMENT CLASSIFICATIONS

All twenty-one samples clearly lie within the WPB
field on Ti-2r-Y (Fig. 6.8), therefore Ti-Zr-Sr is not
needed.

On V vs., Ti/1000 all samples analyzed for V have
Ti/V ratios greater than 50 and lie within the WPB field
(Fig. 6.9). Tholeiitic samples PRINCER and SATLIN have
the lowest Ti/V ratios and are slightly separated from
the remaining nineteen samples.

All samples clearly lie within the WPB field on
Ti/Y vs. Nb/Y (Fig. 6.10). Samples from the locations
just to the north of the Mount Edziza Complex (the NEDZ
samples) have the highest Ti/Y and Nb/Y ratios.

On Ti/Cr vs. Ni all samples plot within the TH MORB
field or along the boundary between the IAT and TH MORB
fields (Fig. 6.11). AYNSH1 and AYNSH2 lie far from the
remainder of the suite because of their high Ti/Cr

ratios.

6.2.3 TRACE AND REE CLASSIFICATIONS

On Cr vs. Ce/Sr approximately two-thirds of the

samples lie within or close to the overlapping MORB-WPB
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fields (Fig. 6.12). AYNSH!1 and AYNSH2 have very low
abundances of Cr and lie beloﬁ the WPB field although
their Ce/Sr ratios are within the range of MORB-WPB
samples. The five remaining samples lie within the ARC
field. ‘

On Cr vs. Y all samples, except NEDZ3, lie within
or close to the overlapping ARC-MORB-WPB or ARC-WPB
fields (Fig. 6.13). Relative to the other samples NEDZ3
is slightly depleted in both Cr and Y and clearly lies
within the ARC field.

Twelve of the twenty-one samples have Ba/La ratios
greater than 15 and lie within or close to the orogenic
andesite field on La vs. Ba (Fig. 6.14). Seven samples
lie within the field for WPB (E-MORB) and two lie within
" the N-MORB field, with Ba/La ratios less than 11,

In contrast, on (Ba/La)CH vSs. (La/Sm)CH nineteen of
the twenty-one samples lie within or close to the ocean
basalt field and only two (AYNSH1 and AYNSH2) are
sufficiently enriched in Ba to clearly lie within the
overlapping ocean and ARC fields (Fig. 6.15).

All twenty-one samples are classified as WPB
(E-MORB) on La vs. Th (Fig. 6.16). Out of these, only
two (NEDZ4 and SATLIN) lie within the overlapping WPB
and ARC fields.

On La vs. Nb all samples lie within or on the
border of the WPB (E-MORB) field (Fig. 6.17). Excluding

NEDZ1, subalkaline and transitional samples have the
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lowest La and Nb abundances, although their La/Nb ratios
are similar to ratios from the alkaline samples.

All samples lie within or just outside of the
overlapping WPB - MORB fields on K,0/Yb vs. Ta*/Yb (Fig.
6.18). Three samples (NEDZ1, NEDZ3 and NATLIN) have
relatively high K,0/Yb and Ta*/Yb ratios and lie towards
the non-overlapping WPB field, whereas LEVELD has much
lower K,0/Yb and Ta*/Yb ratios and lies toward the
non—q?erlapping MORB field.

On Th/Yb vs. Ta*/Yb all samples clearly lie within
the overlapping WPB-MORB fields (Fig. 6.19) and on
Th-Hf/3-Ta* all samples lie within the feilds for

alkaline and tholeiitic WPB (E-MORB) (Fig. 6.20)

6.2.4 BULK EARTH NRMALIZED DIAGRAMS (BEND)

To clarify BEND patterns samples were divided into
six groups (Figs. 6.21, 6.22, 6.23, 6.24, 6.25 and
6.26). In general all patterns have convex-up WPB-like
shapes, most of them display positive Eu anomalies and
all of them show slight enrichment in K relative to an
oceanic WPB (Thompson et al., 1983 and 1984).

Tholeiitic samples PRINCER and SATLIN are plotted
on Fig. 6.21. These patterns are fairly flat from Ba to
La and then slope negatively towards Lu, with a
concave-up dip from Sm to Eu. The pattern from
transitional sample LEVELD also appears on Fig. 6.21. It

is markedly enriched in Ba relative to Rb, has 'peaks'
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at Sr and Ti and 'troughs' at Ce and Hf. Excluding Ba
enrichment, this latter pattern grossly resembles the
BEND pattern from an E-MORB (Fig. 2.25).

Fig. 6.22 has patterns from AYNSH1, AYNSH2 and
BOWSER. The former two samples are enriched in Ba
relative to Rb and have 'troughs' at Sr. This is unusual
because both of them have large positive Eu anomalies.
The pattern from BOWSER has a slight 'trough' at Nd and
no Eu anomaly.

Samples on Fig. 6.23 are from the Iskut River area.
All four patterns are remarkably similar with 'typical'
WPB shapes (Thompson et al., 1983). ISKUT is enriched in
Ba relative to Rb and MT DUNN has 'troughs' at Ce and
Hf.

Patterns displayed on Fig. 6.24 are from the Mount
Edziza Volcanic Complex. SPEC1 and EDZ2 are enriched in
Ba relative to Rb, but otherwise the patterns are almost
identical and similar to those on Fig. 6.23.

Fig. 6.25 has patterns from the samples just to the
north of the Mount Edziza Complex. The oldest samples,
NEDZ1 and NEDZ3, are separated from the younger samples,
NEDZ2 and NEDZ4, because of the formers slightly higher
abundances of LIL elements and lower abundances of Yb.
NEDZ1 and NEDZ3 have the most fractionated patterns but
pattern shapes for all four samples are similar., NED2Z2
and NEDZ4 are slightly enriched in Ba relative to Rb,

NEDZ2 has a small 'trough' at Sm and NEDZ1 has small
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'peaks’' at Sr and Zr.

The two alkaline samples from Level Mountain and
the basanite from north of Atlin are plotted on Figq.
6.26. All three patterns have large positive Eu
anomalies without a corresponding 'peak' at Sr and
LEVEL1 and LEVEL2 are slightly enriched in Ba relative
to Rb. Relative to the other 20 BEND patterns, NATLIN's

pattern is the most fractionated.

6.3 TRACE ELEMENT CHEMISTRY

As a group the Stikine Belt basalts have abundances of
trace and REE and BEND patterns grossly similar to oceanic
WPB, but the suite showé considerable internal variation.
‘This is most evident in abundances of Ba, Th, U and Sr. In
general the alkaline and transitional samples, excluding
LEVELD, have higher abundances of trace and rare earth
elements than the two tholeiitic samples (PRINCER and
SATLIN), although there is a small amount of overlap.

La abundances in the nineteen alkaline and transitional
samples range from 46 to 144 times chondritic, Yb contents
lie between 4 and 14 times chondritic and (La/Yb)CH ratios
range from 5.9 to 24.5. The highest (La/Yb)., ratios are
from NEDZ1, NEDZ3 and NATLIN, correspnding to their
fractionated BEND patterns. Similar abundances and ratios in
the two tholeiitic samples are: La = 47 and 54 times
chondritic, Yb = 6.8 and 7.7 times chondritic and (La/Yb)CH

= 5.9 and 8.
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All samples have La/Nb ratios less than or barely
greater than 1.0. These ratios are characteristic of ratios
in oceanic WPB (Thompson et al., 1983).

Relative to the other twenty samples LEVELD has very
low abundances of all LIL elements except Ba. It has an La
content of 34.2 times chondritic, a Y¥Yb abundance of 9.1
times chondritic and an (La/Yb)CH ratio of 3.83. These
geochemical characteristics suggest it came from a source
region depleted in LIL by a previous extraction of melt, an
interpretation consistent with the E-MORB shape of its BEND

pattern (Thirwall and Jones, 1983).

6.3.1 TH AND U

Abundances of Th in samples from the Stikine suite
lie between 0.8 and 4.4 ppm and U abundances range from
0.3 to 1.5 ppm (Table V). Th/U ratios are highly
variable, range from 1.5 to 4.6 and average 3.0, similar
to Th/U ratios from many oceanic WPB (Basaltic Volcanism'

Study Project, 1981).

6.3.2 TRANSITION ELEMENTS

Samples with low abundances of Cr and Ni, and low
Mg' numbers (AYNSH1, AYNSH2, IKUTW, MT DUNN, ISKUT,
EDZ1, NEDZ2 and LEVEL1) have been more extensively
fractionated than the remaining fourteen samples,
excluding SPEC2 and NEDZ3, which have higher Cr and Ni

abundances and higher Mg' numbers. SPEC2 and NEDZ3,
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which are depleted in Ni relative to Cr, probably had a
fractionation history which was dominated by the
crystallization of olivine rather than clinopyroxene
and/or Cr-spinel.

Excluding NEDZ1, NEDZ3 and NATLIN, Sc contents
range from 18.1 to 27.1 ppm and average 23 ppm. NEDZ1,
NEDZ3 and NATLIN have Sc abundances of 15.7, 11.8 and 17
ppm respectively. These latter three samples also have
very low abundances of ¥Yb and Lu, with (La/Yb)CH ratios
greater than 24. Low abundances of Sc suggest
fractionation of pyroxene at high pressures, whereas low
Yb and Lu abundances‘and fractionated (La/Yb)CH ratios
suggest small degrees of partial melting of a garnet
peridotite (Gast, 1968; Kay and Gast, 1973; Basaltic

Volcanism Study Project, 1981; Cullers and Graf, 1984).

6.4 SR ISOTOPES

Available 87Sr/®6Sr ratios from the Stikine Belt
samples range from 0.7030 to 0.7039, except sample BOWSER
which has an ®7Sr/%6Sr ratio of 0.7023 (Table V) (Hamilton,
1981; UBC geochronology lab). These ratios are mostly within
the range for ocean islands (0.7028 to 0.706), are the same
as those observed in the Anahim Volcanic Belt and Chilcotin
Group Basalts and indicate an uncontaminated mantle source
for these basalts. The low Sr isotopic ratio in sample
BOWSER is typical of a MORB rather than a WPB, and suggests

this sample came from an iSotopically depleted source.
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6.5 DISCUSSION OF DISCRIMINATION DIAGRAMS

Stikine Volcanic Belt samples are classified as WPB on
almost all major, trace and rare earth element tectonic
discrimination diagrams. Major exceptions to this
classification are seen on Cr vs. Ce/Sr (Fig. 6.12), Cr vs.
Y (Fig. 6.13) and La vs. Ba (Fig. 6.14) On these diagrams
some of the samples lie within the ARC field because of
their low Ce/Sr ratios, low Y abundances or high Ba
abundances.

Low Ce/Sr ratios, observed on Cr vs. Ce/Sr, are
generally caused by an increase in the Sr content, or more
unusually as in LEVELD and ISKUTW, by a decrease in the
abundance of Ce, both of which are evident on BEND.
Increased Sr abundances probably result from an accumulation
of plagiocalse in the analyzed samples (note also the
positive Eu anomalies) but Ce depletion is less easily
explained as there are no minerals which preferentially
incorporate Ce (Cullers and Graf, 1984). Slightly higher
Ce/Sr ratios in samples from the Aiyanish flow reflect their
negative Sr anomalies on BEND. These anomalies suggest
plagioclase fractionation and removal in the source, but
large positive Eu anomalies in these same samples suggests
the analyzed rocks may have contained cumulate plagioclase.

Variations in the Y content, affecting classifications
on Cr vs. Y, reflect either a heterogeneous source, variable
degree of partial melting, and/or the presence/absence of a

residual phase which contains ¥, such as garnet, zircon,
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sphene or apatite (Pearce, 1982; Clague and Frey, 1982).

Ba enrichment which shows up on La vs. Ba and BEND is
atypical for oceanic or continental WPB and suggests
interaction with an alkali rich volatile phase (Clague and
Frey, 1982). Intefaction with such a phase could also
produce the slight enrichment in K relative to Nb, seen on
BEND and K,0/Yb vs. Ta*/Yb. An alkali-rich volatile phase
may also provide an éxplanation for the increased abundances
of Sr.

LEVELD lies towards the MORB (oceanic) field on many of
the tectonic discrimination diagrams because of its
depletion in LIL elements relative to an 'average' WPB. The
towards-MORB classification provides additional evidence of
its MORB-like depleted source.

The only tholeiitic samples in this suite are located
at the western edge of the Stikine Belt. PRINCER is also the
southernmost sample and SATLIN, nearly the northernmost, is
older than all of the rest. From these observations it is
possible that these tholeiites do not strictly represent the
Stikine Belt. Because SATLIN is markedly older than all of
the other samples and lies near the Miocene Wrangell Belt in
the Yukon, it may be an outlier of the Wrangell Arc whose
activity is now restricted to Alaska, whereas PRINCER may be
the result of the small component of Pacific Plate
subduction along the Queen Charlotte fault. However, all
tectonic discrimination diagrams classify these two samples

. as WPB with no evidence for an ARC-like component.
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‘6.6 SUMMARY

Sixteen of the twenty-cne basaltic samples from the
Stikine Volcanic Belt were classified as alkaline WPB on all
chemical and tectonic discrimination diagrams studied. Three
of the remaining samples were classifed as
alkaline/transitional WPB, and the last two were classified
as tholeiitic WPB. HOODOO was classifed as peralkaline and
was not plotted on any of the tectonic discrimination
diagrams. Most major, trace and rare earth element
abundances and Sr isotope ratios in the basaltic samples are
similar to abundances in WPB from the Anahim Volcanic Belt,
the Chilcotin Group Basalts and Hawaii.

Enriched contents of Ba, K t Sr which produce anomalous
classifications on Cr vs. Ce/Sr, Cr vs. Y and La vs. Ba are
attributed to interactioﬁ with an alkali-rich volatile
phase. Sr enrichment may also be caused by cumulate
plagioclase in the sample, a more likely explanation when
there is a corresponding enrichment in Eu (positive Eu
anomaly). AYNSH!1 and AYNSH2 are depleted in Sr but enriched
in Eu, suggesting a complex history involving both
plagioclase fractionation and accumulation.

LEVELD is depleted in LIL, has a low (La/Yb)CH ratio,
lies towards the MORB field on many of the tectonic
discrimination diagrams and has a BEND pattern with an
E-MORB shape. These characteristics imply a source region

depleted in LIL by a previous extraction of melt.



162

The two tholeiitic series basalts are unusual in this
predominantly alkaline-peralkaline volcanic belt and since
they lie nearest to the continental margin may be related to
Pacific Plate subduction, although discrimination diagrams

do not support this suggestion.
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TABLE V. STIKINE VOLCANIC BELT

Major, trace and rare earth element abundances, Sr isotope ratios, K/Ar dates and ages.

PRINCER AYNSH { AYNSH2 HOODOO BORDERLK ISKUTW MT DUNN ISKUT -
Series Tholeiite Alkaline Alkaline Peralk.  Alkaline Alkaline Alkaline Alkaline
Name Basalt Hawai ite Hawatite Trachyte Alk. Bas. Alk. Bas. Alk. Bas. Hawaiite
LAT. 54 26.0 55 06.5 55 11.0 56 46.5 56 21.5 - 56 24.0 56 29.5 56 43.0
LONG. 130 29.5 128 54.0 129 12.0 131 19.5 130 43.0 130 53.0 130 39 130 37.0
510, . 48.26 47.38 48 .13 $9.18 46.13 46 .48 46 .46 48 .01
Ti0, 1.86 3.35 3.26 0.33 2.56 2.72 2.82 2.32
Alzoa ) 13.38 . 14.54 14.73 15.28 14.69 16.53 15.24 16 .61
Fe,04 13.08 15.55 14 .80 10.24 13.55 13.93 14.49 13.24
FeOD 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MNO 0.19 0.22 0.21 0.27 0.18" 0.18 0.18 Q.19
Mg0 10.56 4.24 3.58 ©0.03 8.72 6.01 7.58 5.71
Ca0 8.90 7.58 7.55 1.58 9.84 9.03 8.46 9.30
Na,0 2.67 4.71 5.09 7.79 3.15 3.86 3.35 3.43
KZO 0.74 1.60 1.70 5.28 0.78 0.94 1.0t 0.86 .
P205 0.35 0.83 0.94 0.03 0.40 0.33 0.41 0.34
Ba 232.0 815.0 876.0 0.0 279.0 312.0 297.0 453.0
Rb 14.0 23.0 23.0 107.0 i1.0 16.0 15.0 14.0
Th 1.8 2.9 2.4 15.4 1.6 2.1 2.4 2.2
u 0.6 1.1 0.8 1.0 0.5 0.8 0.9 0.8
Nb 17.0 36.0 38.0 171.0 25.0 30.0 30.0 24.0
La 17.8 30.9 32.6 128.5 23.5 28.5 30.5 24.0
Ce 38.9 68.5 67.3 294 .2 52.0 57.8 44 .3 54.5
Sr 406.0 437.0 435.0 0.1 581.0 689.0 687.0 641.0
Nd 13.8 35.1 33.9 117.5 23.9 31.3 28.3 26.1
Sm 4.6 9.4 9.5 27.0 7.0 7.7 7.9 6.6
Zr 112.0 215.0 200.0 1139.0 189.0 205.0 211.0 195.0
Hf 2.9 4.6 4.7 22.8 5.3 4.9 3.6 4.4
Eu 1.4 3.7 4.0 3.0 2.1 2.4 2.0 2.2
To 0.5 1.2 1.0 N/A N/A N/A 0.8 N/A
A 26.0 36.0 39.0 116.0 29.0 30.0 29.0 29.0
Yb 1.5 2.4 2.4 8.9 2.4 2.3 1.8 2.3
Lu 0.3 0.3 0.3 1.2 0.2 0.3 0.3 0.3
Co 49.0 40.0 34.0 2.0 53.0 50.0 236.0 46 .0
cr 260.4 15.3 8.7 0.0 201.2 56.4 50.0 54 .6
Cu $9.0 44.0 44.0 t1.0 34.0 22.0 37.0 23.0
Nt 109.0 25.0 20.0 27.0 115.0 39.0 40.0 33.0
Sc 23.5 23.1 22.5 0.1 24 .8 21.7 19.5 24.0
\ 87 196.0 . 185.0 180.0 3.0 242.0 212.0 225.0 213.0
Srge 0.7037 0.7033 0.703t 0.7070 0.7034 0.7035 N/A 0.7038
K/Rb 438.77 577.46 613.55 409.62 588 .62 487 .68 558.93 509.92
(La/‘(b)cN 7.96 B .66 9.20 '9.73 6.46 8.46 11.56 6.87
La/Nb 1.05 0.86 0.86 0.75 0.94 0.95%5 1.02 1.00
Mg’ 62 35 32 1 56 46 51 46
Dates and 7.2+ 0.8 220 yrs 220 yrs 0.02+0.013 ~. 04 ~.04 ~, 04 ~. 04
Ages (Ma).

continued......
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BOWSER SPECH SPEC2 EDZ1 ED22 . NEDZ1 NEDZ2 NEDZ3
Series Alkaline Alk/Trans Alkaline- Alkaline Alkaline AlKR/Trans Alkaline Alkaline
Name Hawatite Basalt Hawafitite - Hawaiite Hawatiite Basalt Hawatite Hawaliite
LAT. 56 54 57 17.5 'S87 25.5 57 45.5 57 56.1 57 58.15 58 00.0 57 59.18
LONG. 129 22 130 32.6 130 47.2 130 42.0 130 37.2 130 01.47 130 42.4 129 55.13
Si0, 46 .94 47.11 48.07 49.32 47.99 47.29 48.35 48 .97
Ti0, 2.65 2.33 2.55 2.35 2.88 2.88 3.1 2.30
A1,04 14.85 14.93 15.78 15,23 15.75 14.44 14.90 15. 18
Fe,03 13.94 13.95% 13.00 12.72 "13.19 13.59 13.00 13.05
Fe0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MRO 0.19 0.18 0.21 0.18 0.20 0.15 0.18 0.13
Mgo 6.92 7.65 4.72 5.54 4.17 9.04 4.61 5.73
cao 8.53 9.37 10.22 8.75 9.94 7.66 9.51 6.93
Na,0 3.80 3.01 3.89 3.88 3.69 3.16 4.42 5. 19
K,0 1.59 0.88 1.01 1.50 1.30 1.33 1.25 1.78
P,0g 0.61 0.61 0.56 0.54 0.91 0.45% 0.67 0.72
Ba 474.0 415.0 241.0 434.0 541.0 436.0 474.0 511.0
Rb 35.0 11.0 14.0 26.0 13.0 20.0 15.0 26.0
Th 4.3 1.7 1.8 3.5 2.4 3.0 2.3 3.4
u N/A 0.4 1.2 1.1 0.8 0.8 0.8 1.1
Nb 55.0 20.0 27.0 37.0 30.0 38.0 30.0 45.0
La 38.2 17.8 24.0 29.8 29.8 24.7 21.9 36.2
Ce 90.0 35.4 62.4 57.3 48.0 43.5 50.4 90.6
Sr 882.0 495.0 489.0 507.0 642.0 694.0 506.0 863.0
Nd 30.0 18.4 30. 1 28.8 30.1 28.0 20.6 38.6
Sm 11.0 6.0 7.3 6.9 8.2 4.8 6.2 8.1
Zr 302.0 140.0 204.0 208.0 181.0 235.0 186.0 262.0
HF N/A 2.9 a.8 5.0 3.2 5.3 3.9 5.7
Eu 2.0 2.1 2.1 2.1 2.9 2.2 2.5 2.4
Tb N/A 0.9 0.8 0.8 1.2 0.7 0.6 0.7
Y 34.0 25.0 34.0 29.0 31.0 21.0 25.0 19.0
Yb 3.1 1.6 2.2 2.0 2.0 0.9 2.2 1.0
Lu 0.4 0.3 0.3 0.2 0.2 0.2 0.2 0.2
Co 46.0 44.0 36.0 44.0 33.0 53.0 39.0 42.0
cr 198.0 202.0 105.3 186.6 54.0 203. 1 66.4 119.7
cu 49.0 48.0 45.0 50.0 50.0 46.0 37.0 43.0
N1 156.0 148.0 51.0 139.0 36.0 186.0 36.0 98.0
Sc 20.2 24.7 25.9 21.2 22.1 15.7 26.3 11.8
Vs 166.0 206.0 223.0 168.0 170.0 167.0 275.0 113.0
Srae 0.7023 N/A N/A N/A N/A N/A N/A N/A
K/Rb 377.10 664.08 598.86 478.90 830. 10 552.02 691.75 568 .30
(La/Yb) 8.21 7.46 7.39 9.84 9.83 17. 41 6.71 23.80
La/Nb SV 0.69 0.89 0.89 0.81 0.99 0.65 0.73 0.80
Mg’ 50 52 42 46 39 57 a1 47
Dates and t.6+0.3 7.8+0.3 ~3 5.9 +0.9 0.6210.4 5.740.2 0.43 £0.15 4.9%+0.2
Ages (Ma).

continued.........
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* Major element and
some trace element
data from Hamilton
(1981).

N/A = not analyzed



7. ALERT BAY VOLCANIC BELT

Three samples representing the Alert Bay Volcanic Belt
were selected for analysis (Fig. 7.1). Two of the samples
(ALERT1 and ALERT2) are basaltic in composition (Si0O, less
than 50 wt. %), and the remaining sample (ALERT3) is
andesitic (Si0, = 61.15 wt. %).

Most of the Alert Bay volcanic rocks were erupted
approximately 3.5 # 1 Ma ago (Table VI). They are a product
of volcanism in the arc-trench gap, generated along the

descending plate edge (Armstrong et al., in press).

7.1 MAJOR ELEMENT CHEMISTRY

Most major element abundances in basaltic samples
ALERT1 and ALERT2 (Table VI) are typical of the range of
abundances from tholeiitic and and alkaline oceanic WPB
(Basaltic Volcanism Study Project, 1981). Al,0; abundances
are slightly higher than 'average'. The Mg' number for
ALERT1 is 45, but for ALERT2 it is 62 indicating that this
latter sample is more primitive. In contrast the major
element abundances in andesitic sample ALERT3 are more
characteristic of a calcalkaline convergent margin andesite,
low TiO, and Fe,0; with high Al1,0,;. This sample has a Mg'

number of 49,
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Fig. 7.1. Sémple location map for the Alert Bay
Volcanic Belt. All subsequent diagrams in this
chapter use identical symbols.
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7.2 DISCRIMINANT DIAGRAMS

7.2.1 MAJOR ELEMENT CLASSIFICATIONS

On total alkalis vs. silica ALERT! lies just within
the alkaline field, ALERT2 lies on MacDonald's (1968)
subalkaline-alkaline field boundary and ALERT3 lies
within the subalkaline field (Fig. 7.2). Ol’-Ne’~Qz (not
shown) classifies all three samples as subalkaline.

On AFM and FeO*/Mg0O vs. SiO, diagrams ALERT1 lies
within the tholeiitic field, ALERT3 lies within the
calcalkaline field and ALERT2 lies on the boundaries
between tholeiitic and calcalkaline fields (Figs. 7.3
and 7.4). Additional Alert Bay Group
basalts-andesites-dacites and rhyolites plotted on an
AFM diagram indicate that ALERT1 belongs to the
tholeiitic/transitional Mull trend, whereas ALERT2 and
ALERT3 belong to the calcalkaline Cascade trend
(Armstrong et al., in press). Al,0; vs. normative
plagioclase (not shown) classifies ALERT1 and ALERT2 as
tholeiitic and ALERT3 as calcalkaline.

On TiO,-K,0-P,0; ALERT1 lies within the oceanic
field and ALERT2 lies on the boundary between the
oceanic and non-oceanic fields (Fig. 7.5).

On MnO-Ti0,-P,0s both basaltic samples lie within
‘the OIA field (Fig. 7.6).
ALERT! is classified as convergent margin and

ALERT2 as N-MORB on FeO*-MgO-Al,0; (Fig. 7.7).



Fig. 7.3. AFM diagram.
Tholeiitic/calcalkaline
boundary from Irvine and
Baragar (1971).
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Fig. 7.2. Total alkalis
vs, silica.
Subalkaline/alkaline
boundary fom MacDonald
(1968).
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(1974).
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7.2.2 TRACE ELEMENT CLASSIFICATIONS

On Ti-Zr-Y¥, V vs. Ti/100 and Ti/Y vs. Nb/Y both
basaltic samples are classified as WPB (Figs. 7.8, 7.9
and 7.10 respectively).

On Ti/Cr vs. Ni ALERT3 lies within the IAT field
and ALERT! and ALERT2 lie within the TH MORB field (Fig.

7.11),

7.2.3 TRACE AND REE CLASSIFICATIONS

All three samples lie within the convergent margin
field on Sm/Ce vs. Sr/Ce (Fig. 7.12), but on Cr vs.
Ce/Sr only ALERT3 is unequivocally classified as
convergent margin (Fig. 7.13). On the latter diagram
ALERT!1 lies within the overlapping ARC-MORB fields and
ALERT2 lies within the overlapping MORB-WPB fields.

On Cr vs. Y ALERT3 lies within the convergent
margin field and ALERT1 and ALERT2 lie within the
overlapping ARC-MORB-WPB fields (Fig. 7.14).

All samples lie within the orogenic andesite field
on La vs. Ba, close to the boundary with the E-MORB
(wpB) field (Fig. 7.15), but on (Ba/La)CH Vs, (La/Sm)CH
all samples lie within the oceanic (WPB) field (Fig.
7.16). ALERT3 lies just within the overlapping ARC
field.

On La vs. Th ALERT! and ALERT2 lie within the

E-MORB (WPB) field with La/Th ratios between 7 and 15

(Fig. 7.17). ALERT3 has an La/Th ratio of 4.6 and
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‘clearly lies within the orogenic andesite field.

On La vs. Nb ALERT! and ALERT2 have La/Nb ratios of
less than 1 and consequently lie within the E-MORB (WPB)
field (Fig. 7.18). ALERT3 has an La/Nb ratio of>1.64 and
lies within the N-MORB field.

On K,0/Yb vs. Ta*/Yb and Th/Yb vs. Ta*/Yb both
basalt samples lie within the overlapping MORB-WPB
fields and ALERT3 lies within the ARC field (Figs. 7.19
and 7.20).

ALERT3 lies within the convergent margin (CAB)
field on Th-Hf/3-Ta* and ALERT1 and ALERT2 lie within

the E-MORB- tholeiitic WPB field (Fig. 7.21).

7.2.4 BULK EARTH NORMALIZED DIAGRAMS (BEND)

Bend patterns from the three Alert Bay samples are
shown on Fig. 7.22. ALERT!1 and ALERT2 have virtually
identically shaped patterns. They are shallowly
convex-up, 'peaking' at Nb, with a concave-up dip from
Sm to Eu. Both samples have a 'trough' at U, indicating
relative U depletion.

When compared to the two patterns described above
the pattern from ALERT3 is noticeably different,
especially from Ba to Ti. It is enriched in LIL relative
to LREE, has a 'trough' at Nb and Sm and has a convex-up
hump from Sm to Ti. From Eu to Yb the pattern from
ALERT3 is identical to the patterns from ALERT! and

ALERTZ.
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All patterns display a slight positive Eu anomaly.

7.3 TRACE ELEMENT CHEMISTRY

Trace and rare earth element abundances for ALERT1 and
ALERT2 (Table VI) lie within the range of abundances from
WPB erupted at other locations in British Columbia (egq.
Stikine Volcanic Belt, Chilcotin Group Basalts ahd Anahim
Volcanic Belt (this study)). BEND patterns also have
convex-up WPB-like shapes. La abundances are 76.5 and 50.6
times chondritic, ¥Yb abundances are 10.9 and 8.6 times
chondritic and (La/Yb)CH ratios are 7.1 and 5.96 for ALERT1
and ALERT2 respectively. La/Nb ratios of 0.86 and 0.83 and
Rb/Nb ratios of 0.69 and 0.75 are within the range of ratios
characteristic of oceanic WPB (Thompson et al., 1983).

Relative to ALERT! and ALERT2, ALERT3 has higher
abundances of Rb lower abundances of Nb and REE and similar
to lower abundances of Sr, Zr and Hf., Its La content is 44.8
times chondritic, ¥Yb content is 5 times chondritic and
(La/Yb)CH ratio is 8.99. It has an La/Nb ratio of 1.64 and
an Rb/Nb ratio of 2.67. These ratios are typical of a
convergent margin basalt or a within plate basalt which has
assimilated continental crust, but it must be remembered
that ALERT3 is an andesite, and therefore these ratio

discriminants may not apply.
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7.3.1 TH AND U

Th abundances in ALERT! and ALERT2 are 2.7 and 1.6
ppm respectively, U abundances are 0.6 and 0.4 ppm and
Th/U ratios are 4.5 and 4.0. These are within the range
of abundances and ratios from oceanic WPB. ALERT3 has
higher abundances of both Th and U; Th = 3.2 ppm and U =
1.2 ppm, and a lower Th/U ratio; Th/U = 2.7. High
abundances of Th and U in a subalkaline rock are more

"typical' in samples from a convergent margin setting.

7.3.2 TRANSITION ELEMENTS

Abundances of Cr and Ni in ALERT1 are lower than
equivalent abundances in ALERT2. This reflects ALERT2's
more primitive (less fractionated) nature. Sc contents
are 24.9 and 22.3 ppm for ALERT1 and ALERT2
respectively. ALERT3 has much lower abundances of both
Cr and Ni, indicating a greater amount of both olivine
and pyroxene fractionation during its petrogenesis. Its
Sc content of 11 ppm provides additional evidence for

the fractionation of pyroxene.

7.4 ISOTOPIC DATA

Sr isotpe ratios range from 0.7031 to 0.7035, the
lowest ratio belcnging to ALERT3 (Table VI). These ratios
are lower than ratios from most volcanic arcs, but they are
like those from the Garibaldi Volcanic Belt and are typical

of ratios from WPB magmas (Zhou and Armstrong, 1982; Faure,
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1977).

Oxygen isotoe analysis done at the University of
Alberta and reported by Armstrong et al. (in press) indicate
rocks from the Alert Bay Volcanic Belt are enriched in O'®
compared to typical mantle values (Alert Bay average.o18 =
7.1%; mantle O0'® = 5 to 6 %). This isotopic enrichment is

cited as evidence for the assimilation of crustal material.

7.5 DISCUSSION OF DISCRIMINATION DIAGRAMS

On almost all of the major, trace and rare earth
element discrimination diagrams basaltic samples ALERT! and
ALERT2 are classified as WPB (E-MORB) and andesitic sample
ALERT3 is qlassified as convergent margin.'Discrepancies
occur on MgO-FeO*-Al,0, (?ig. 7.7), Sm/Ce vs. Sr/Ce (Fig.
7.12), La vs. Ba (Fig. 7.15), (Ba/La)CH Vs, (La/Sm)CH (Fig.
7.16) and La vs. Nb (Fig. 7.18).

On MgO-FeO*-Al,0,; neither of the basalts are classified
as WPB because their abundances of Al,0; are higher than
"typical' Al,0; abundances in oceanic WPB (OI).

Both basalt samples lie within the ARC field on Sm/Ce
vs. Sr/Ce. This disagrees with the WPB classification of
most of the other diagrams, but as this diagram does not
have a separate field for WPB, the ARC classification should
probably be disregarded.

On La vs. Ba all samples are classified as orogenic
andesites, but on (Ba/La)CH vSs. (La/Sm)CH all samples lie

within the oceanic (WPB) field. This indicates Ba abundance
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has not been sufficiently enriched to classify anf of these
samples as 'typical' convergent margin basalt or andesite.
La vs. Nb also suggests the convergent margin-like
chemis£ry of ALERT3 is not really 'typical' of an andesite
erupted at a convergent margin setting. Although ALERT3
exhibits an Nb 'trough' on a BEND, which is characteristic
of convergent margin basalts and andesites its Nb depletion
is not great enough for an orogenic andesite classification
on the diagram cited above. This implies either:
- ALERT3 magma came from a within-plate basalt source
which was contaminated with continental crust (Thompson
et al., 1983), or

- ALERT3 magma is a product of mixing WPB and ARC magmas.

7.6 SUMMARY

The Alert Bay basalt samples are classified as
within-plate basalts, whereas the andesitic sample is
classified as a convergent margin andesite. Thus, the
limited data presented here confirm the observations and
conclusions of Armstrong et al. (in press). The above
authors recognized two different fractionation trends:

- one following an almost alkaline, tholeiitic trend;
explainable by shallow fractionation of an anhydrous
aluminous WPB (represented here by ALERT1), and

- the other following a convergent margin Cascade-type
trend; explainable by either fractionation of a hydrous

aluminous basalt, assimilation of crustal material or
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mixing of crustal melt and primary basalt magma
(represented here by ALERT2 (low silica end member) and

ALERT3 (more siliceous member)).
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TABLE VI. Alert Bay Volcanic Belt

Major, trace and rare earth element abundances, Sr isotope ratios and K-Ar dates.

ALERT1 ALERT2 ALERT3
Series Th/Trans ‘Calcalk Catcalk
Name Basalt Basalt Andes i te
LAT. 50 35.2 50 30.8 50 31
LONG. 127 11.6 127 12.3 127 15.0
$10, 49 .11 49.86 61.15
T10, 2.89 2.15 1.14
A1,0, 16.40 15.47 16.34
Fe,0, 11.92 10.90 6.21 N/A = not analyzed
Fel N/A N/A N/A
MNO 0.18 0.14 0.08
Mgo 4.82 8.87 3.06
Ca0 9.82 8.27 6.40
Na,0 3.38 3.06 4.14
K,0 0.98 0.87 1.32
P,04 0.50 0.41 0.17
Ba 453.0 257.0 255.0
Rb 20.0 15.0 24.0
Th 2.7 1.6 3.2
u 0.6 0.4 1.2
Nb 29.0 20.0 9.0
La 25 .1 16.6 14.7
Ce 44.5 42.7 27.1
sr 514.0 441.0 431.0
Nd 25.3 22.6 17.5
Sm 6.7 5.8 3.4
r 213.0 173.0 156.0 .
HF 4.8 3.4 3.5
Eu 2.1 1.6 1.1
0 1.1 N/A N/A
Y 34.0 29.0 18.0
Yo 2.4 t.9 1.1
Lu 0.3 0.3 0.2
Co 42.0 43.0 15.0
cr 90.2 155.0 24.0
Cu 36.0 33.0 22.0
Nt 58.0 85.0 26.0
Sc 24.9 22.3 1.3
Va7 222.0 193.0 105.0
Sree 0.703% 0.7034 0.7031
®/Rb 406.75 481.46 456 .55
(La/vb),, 7.10 5.96 8.99
La/Nb 0.86 0.83 1.64
Mg’ a5 62 49
K/Ar DATE 7+3 4.3+0.4 3.0+0.4

- 0a)



8. OFFSHORE BASALTS

Eleven samples from the Pacific Ocean seafloor were
selected for analysis (Fig. 8.1). Pacific plate basalts are
from Brown Bear and Cobb seamounts (2 samples from each) and
Explorer seamount (3 samples). The remaining four samples
are from southern Explorer Ridge (1 sample), Explorer Rift
and Explorer Deep (1 sample each) and Paul Revere Ridge
(Fracture Zone) (1 sample).

Most of the samples are probably less than 1 Ma old,
except the Paul Revere Ridge sample which may be as o0ld as
4.5 Ma (Riddihough, 1980) and the Explorer seamount samples
which are approximately 4 Ma old (R.L. Chase, pers. comm.,

1985).

8.1 MAJOR ELEMENT CHEMISTRY

Basalts from Explorer seamount and EXRIFTVhave
characteristic N-MORB major element chemistry (Table VII),
i.e. low Si0,, K,0 and P,0; and high Mg0 and Ca0O (Melson et
al., 1976). TiO, abundénces lie within the TiO, abundance
range from N-MORB (Christie and Sinton, 1981; Pearce, 1982;
Sun et al., 1979). Mg' numbers for Explorer seamount samples
range from 60 and 62 but EXRIFT has an Mg' number of 66.
This latter basalt is a picrite according to the
classification of Irvine and Baragar (1971).

Basalts from the Brown Bear and Cobb seamounts have
higher abundances of TiO,, FeO*, K,0, Na,0 and P,0s and a

slightly lower MgO content than N-MORB (Table VII). These

186



187

Fig. 8.1. Sample
location map for the
Ocean Floor Basalt
Suite. Key to symbols
below.

EXMOUNT!1 O COBB1 Vv
EXMOUNTZ2 B COBB2 V¥
EXMOUNT3 @ SEXRIDGE +
BRBEAR1 A PREVRDG X
BRBEAR2 A EXRIFT ¢
EXDEEP ¢
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abundances are similar to abundances from E—MORB (Sun et
al., 1979). Mg' numbers range from 47 to 54 indicating these
basalts are more evolved than the Explorer Seamount and
Explorer Rift samples.

Basalts SEXRIDGE and EXDEEP have major element
characteristics of both N- and E-MORB; i.e. low total
alkalis and high MgO and CaO, but also high K,0, TiO, and
P,05; (Table VII). Mg' numbers are 58 and 57 respectively.
Following the classification of Melson et al. (1976),
Cousens et al. (1984) classify these basalts as low titanigm
members of the FETI group, or MORB bordering on ferrobasalt.

Relative to N- or E-MORB PREVRDG has higher abundances
of TiO,, Fe,0;3;, MnO, K,0 and P,05;, and lower abundances of
Al,0;, MgO and Ca0O (Table VII). Mg' equals 36. These
chemical characteristics are typical of extreme FETI basalts
(Christie and Sinton, 1981), and are suggested by Cousens et
al. (1984) to be evidence for a once active, northeasterly

propagating rift.

8.2 DISCRIMINATION DIAGRAMS

8.2.1 MAJOR ELEMENT CLASSIFICATIONS

On total alkalis vs., silica three samples are
clearly subalkaline (SEXRIDGE, EXRIFT and EXDEEP) and
the remaining eight sit astride MacDonalds (1968)

subalkaline/alkaline field boundary (Fig. 8.2).
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The 0!’ -Ne’-Qz’ diagram classifies five samples as
alkaline (EXMOUNT2, EXMOUNT3, BRBEAR2, COBB1 and COBB2)
and the remaining six as subalkaline.

On an AFM diagram all basalts except PREVRDG lie
within the field of abyssal tholeiites outlined by
Miyashiro et al. (1970) (Fig. 8.3) and on FeO*/Mg0O vs.
Si0, (Fig. 8.4) and Al,0, vs. normative plagioclase, all
samples excluding EXMOUNT1, are classified as
tholeiites. Thus, the five samples classified as
alkaline on 0O/’-Ne’-Qz are designated transitional and
will be plotted with the subalkaline samples.

EXMOUNT1 is sufficiently aluminous to lie just
within the calcalkaline field on Al,0; vs. normative
plagioclase. A calcalkaline claséification for an
Explorer seamount sample has also been obtained by
Armstrong and Nixon (1980).

On TiO,-K,0-P,05, all samples lie within the
oceanic field (Fig. 8.5).

On MnO-TiO,-P,0s; COBB1, COBB2, BRBEAR2 and PREVRDG
lie astride the MORB-OIT field boundary, BRBEAR1 and
EXDEEP lie within the MORB field and samples from the
Explorer seamount (EXMOUNT1, EXMOUNT2 and EXMOUNT3) lie'
astride the MORB-IAT field boundary. (Fig. 8.6).
SEXRIDGE and EXRIFT lie within the IAT field.

Samples from Explorer seamount plus sample EXRIFT
clearly lie within the MORB field on MgO-FeO*-Al,0,

(Fig. 8.7). COBB1 and COBB2 lie within the continental
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field, EXDEEP and BEBEAR! plot around the triple point,
BRBEAR2 lies just within the orogenic field and SEXRIDGE
lies just within the OI field, near to the MORB field.
PREVRDG lies far from the other samples, towards FeO%,

within the ocean island field.

8.2.2 TRACE ELEMENT CLASSIFICATIONS

All samples lie within the OFB-LKT-CAB field on
Ti-2Zr-Y (Fig. 8.8). and on Ti-Zr-Sr all samples except
PREVRDG lie within the OFB field (Fig. 8.9). PREVDG
plots away from Sr, just outside of the OFB field.

On V vs. Ti/1000 ten samples have ratios between 33
and 41 and plot within the MORB field (Fig. 8.10). The
exception is PREVRDG which has a Ti/V ratio of 53 and
lies just within the WPB field. Samples from Explorer
seamount plus EXRIFT have the lowest Ti and V abundances
and are therefore separated froﬁ the other seven
samples,

All samples lie within the overlapping convergent
margin—MORB fields on Ti/Y vs. Nb/Y (Fig. 8.11).
Explorer seamount samples have the lowest Ti/Y and Nb/Y
ratios and plot away from the other samples. SEXRIDGE
sits astride the boundary with the WPB field.

On Ti/Cr vs. Ni all samples except COBB2 clearly
lie within the TH MORB field (Fig. 8.12). COBB2 has
slightly lower Ni and lies astride the TH MORB-IAT field

boundary.



r

Ti/100

Fig. 8.8. Ti-zr-v.

Ti/100

193

600
S00 '
Fig. 8.10. V vs,.
Ti/1000.
400 —
300
200 - EXMOUNT! O COBB1 V
EXMOUNT2 B COBB2 V¥
EXMOUNT3 @ SEXRIDGE +
BRBEAR1 A PREVRDG X
100 — BRBEAR2 A EXRIFT ¢
EXDEEP ¢
0 — T T T T 7T T T T T 7
1} B ) 8 12 16 20 24

Ti/1000




194

1 1
1000
EXMOUNT! O  COBB1 ¥
EXMOUNT2 @  COBB2 V¥
> EXMOUNT3 @  SEXRIDGE +
~ BRBEAR! A PREVRDG X
- BRBEAR2 A EXRIFT ¢
= EXDEEP ¢
100 r .
0.01 0.1 1 10
Nb/Y
1 i
1000 =
TH MORB
100 |
[ 9
(&)
< AT
-
10 - =
! T
1 10 1000

Figs. 8.11 and 8.12. Ti/Y vs. Nb/Y (above) and Ti/Cr

vs. Ni (below).
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8.2.3 TRACE AND REE CLASSIFICATIONS

All samples plot within the oceanic field on Sm/Ce
vs. Sr/Ce (Fig 8.13).

On Cr vs. Ce/Sr BRBEAR and COBB samples plus
SEXRIDGE and EXRIFT plot within the overlapping MORB-WPB
fields, and Exmount samples plus EXDEEP plot adjacent to
the MORB-convergent margin field boundary (Fig. 8.14).
PREVRDG has an unusually high Ce/Sr ratio and plots
outside of all fields.

On Cr vs. Y all samples lie within the MORB field
(Fig. 8.15). PREVRDG has a much higher Y abundance and
plots away from the other samples.

On La vs. Ba all samples except PREVRDG haQe Ba/La
ratios between nearly 4 and 11 and plot within or close
to the N-MORB field (Fig. 8.16). PREVRDG has a Ba/La
ratio of 1.2 and lies outside of all field boundaries.

On (Ba/La)CH VS, (La/Sm)CH all samples lie within
or close to the ocean field, with (La/Sm)CH less than

1.5 and (Ba/La)C less than 0.5 (Fig. 8.17). BRBEARI,

H
BRBEAR2, COBB1, COBB2 and EXDEEP have the.highest
(Ba/La)CH ratios and PREVRDG has the lowest (Ba/La)CH
ratio. These six samples have the highest (La/Sm)CH
ratios.

On La vs. Th EXMOUNT! and EXMOUNT2 have La/Th
ratios greater than 15 and lie within the N-MORB field
(Fig. 8.18). The nine remaining samples have La/Th

ratios between 7 and 13 and lie within the E-MORB field.
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Five of these nine lie within the part which overlaps
the orogenic andesite field.

On La vs. Nb all samples except EXMOUNTZ2 and
EXMOUNT3 have La/Nb ratios less than 1 and lie within
the E-MORB field (Fig. 8.19). EXMOUNT2 and EXMOUNT3 have
La/Nb ratios of 1.2 and 1.3 respectively and lie just
within the N-MORB field.

On K,0/Yb vs. Ta*/Yb.all samples lie within the
MORB field (Fig. 8.20).

On Th/Yb vs. Ta*/Yb samples BRBEAR2, COBB1 and
EXDEEP lie within the overlapping MORB-WPB fields (Fig.
8.21). The remaining eight samples lie within the MORB
field.

Samples lie within both the N- and E-MORB fields on
Th-Hf/3-Ta* (Fig. 8.22). Explorer seamount samples and
EXRIFT lie within the N-MORB field and BRBEAR(s),
COBB(s) and EXDEEP lie within the E-MORB field. SEXRIDGE
plots on the boundary line between the N- and E-MORB
fields, and PREVRDG lies close to the boundary line,

therefore their classifications are not certain.

8.2.4 BULK EARTH NORMALIZED DIAGRAMS (BEND)

Three BEND were plotted for ocean floor data (Fig.
8.23, 8.24 and 8.25).

BEND patterns on Fig. 8.23 are from Explorer
Seamount. In general patterns from these samples slope

positively from Ba to Sm, slope negatively from Sm to Hf
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and have é convex-up hump fom Hf to Lu. EXMOUNT1 has a
'peak' at Rb. None of these patterns have Eu anomalies.
BEND patterns on Fig. 8.24 are from Brown Bear and
Cobb seamounts. Patterns have grossly convex-up shapes
which 'peak' at Nb and have 'troughs' at Sr and Hf. From
Ti to Lu the patterns are relatively unfractionated and
have no Eu anomalies, despite their Sr anomalies. In
addition, Cobb patterns have a 'trough' at K énd BRBEAR
and COBB2 are slightly enriched in Ba relative to Rb.
BEND patterns from Fig. 8.25 are from Southern
Explorer Ridge, Paul Revere Ridge, Explorer Rift and
Explorer Deep. The BEND patterns from SEXRIDGE and
PREVRDG are grossly similar. Both are relatively
unfractionated and both have 'troughs' at Sr, the
'trough' being especially noticeable in the pattern from
PREVRDG. PREVRDG has a slight 'trough' at K and a 'peak'
at Th whereas SEXRIDGE has a 'peak' at Nb. EXRIFT has
'peaks' at Rb and Nb, but otherwise slopes positively
from Ba to Nd and is relatively flat from Sm to Yb.
EXDEEP has a pattern with a convex-up shape 'peaking' at
Nb, and a 'trough' at Sr. This latter pattern is grossly
similar to patterns from Fig. 8.24. None of these

patterns have Eu anomalies.
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8.3 TRACE ELEMENT CHEMISTRY

In general the overall abundances of trace and rare
earth elements are lower than abundances in samples from any
of the other suites in this study.

Trace element abundances and BEND patterns for Explorer
seamount samples and EXRIFT grossly resemble abundances in
N-MORB, but they have higher concentrations of Ba, Rb and
Sr, average to higher abundances of Nb and Zr and lower
abundances of Hf (Sun, 1980; Sun et al., 1979; Pearce, 1982;
Pearce and Cann, 1973). Zr/Nb ratios between 17.5 and 33 are
lower than the average N-MORB ratio of 40 to 50 calculated
by Erlank and Kable (1976) suggesting the mantle source
region for these basalts is less depleted than the source
for most N-MORB. La abundances range from 6.1 to 11.9 times
chondritic, ¥Yb abundances are 10.4 to 14.5 times chondritic,
(La/Yb)CH = 0.58 to 0.81 and (La/Ce)CH = 0.72 to 0.99. These
ratios are within the range of ratios from N-MORB
(Henderson, 1984).

Samples from Brown Bear and Cobb seamounts and Explorer
Deep have similar to slightly enriched trace and REE
abundances relative to abundances in an 'average' E-MORB,
and their BEND patterns resemble E-MORB patterns (Sun, 1980;
Thompson et al., 1983; Sun et al., 1979; Pearce, 1982). La
abundances lie between 19.2 and 34.7 times chondritic, Yb
ranges from 12.7 to 17.3 times chondritic, (La/Yb)CH ratios
range from 1.53 to 2.40, (La/Ce)CH ratios lie between 0.95

to 1.16 and Zr/Nb ratios lie between 9.6 and 13.2. These
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ratios also suggest an E-MORB source (Henderson, 1984;
Pearce, 1982; Erlank and Kable, 1976).

Rather than a plume augmented N-MORB source (i.e.
E-MORB) for EXDEEP, Cousens et al. (1984) suggest small
degrees of>partia1 melting of the mantle source as the cause
of high LIL and LREE abundances in this sample. The
87Sr/®6Sr ratios from this area support this explanation.

Relative to N-MORB, SEXRIDGE has higher abundances of
all trace elements except Sr. Abundances of LIL are lower
than abundances in E-MORB but Zr, Hf and HREE contents are
higher (Pearce, 1982; Sun et al., 1979; Sun, 1980). The BEND
pattern from this sample does not resemble either an N- or
E—MORB pattern but has characteristics of both. Cousens
(1982) suggests its shape may be produced by mixing N- and
E-MORB magmas, i.e. mixing of EXRIFT and EXDEEP magmas.
SEXRIDGE has an La content of 14 times chondritic, Yb equal
to 14.1 times chondritic, an (La/Yb)CH ratio of 0.9 and an
(La/Ce)CH ratio of 0.93. Its Zr/Nb ratio equals 14.3 These
ratios lie between ratios from EXRIFT and EXDEEP, further
support for magma mixing.

Except for Ba and Sr (Ba = 21 ppm, Sr = 133 ppm)
PREVRDG has the highest trace and REE concentrations of all
samples in this suite. La equals 55.2 times chondritic, Yb
is 35 times chondritic, (La/Yb)CH equals 1.59 and (La/Ce)CH
is 1.06. Zr/Nb equals 14.7, similar to Zr/Nb ratios in
BRBEAR1 and SEXRIDGE. Schilling et al. (1976) suggest higher

trace and rare earth element abundances in propogating rift
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segments are evidence for hotspot activity.

8.3.1 TH AND U

Th abundances are 0.3 ppm or less in Explorer
seamount samples and EXRIFT and between 0.6 and 1.0 ppm
in Brown Bear and Cobb seamount samples and SEXRIDGE
(Table VII). These abundances are within the range of N-
and E-MORB respectively (Basaltic Volcanism Study
Project, 1981). Abundance of Th is 1.5 ppm in EXDEEP and
2.3 ppm in PREVRDG.

U was not analyzed in samples SEXRIDGE, PREVRDG,
EXRIFT and EXDEEP but estimated abundances from BEND are
0.2, 0.6, less than 0.1 and 0.4 ppm respectively. U
abundance in the remaining seven samples ranges from
less than 0.1 to 0.4 ppm. These abundances are within
the range of N- and E-MORB from the Pacific Ocean
(Jochum et al., 1983).

Th/U ratios range from 2 to 4 and average 3.

8.3.2 TRANSITION ELEMENTS

Cr abundances in Explorer seamount samples, BRBEAR2
and PREVRDG are slightly lower than an 'average' N-MORB,
and Ni abundances are marginally higher (Engel et al.,
1965) . Abundances of Cr and Ni in BRBEAR!1 and SEXRIDGE
lie within the range from 'average' N-MORB.

COBB1, COBB2 and EXDEEP are depleted in Cr and Ni

relative to both N and E-MORB.
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EXRIFT has the highest Cr and Ni abundances (Cr =
390 ppm, Ni = 270 ppm) reflecting its (unfractionated)
Mg' number of 66.

Sc abundances range from 27.1 to 43.6 ppm and
average 37 ppm. This is within the range of MORB (Erlank
and Kable, 1976; Pearce, 1982).

Petrography bj Cousens (1982) established olivine
and plagioclase as the dominant phenocryst phases in
Explorer basalts. Pyroxene phenocrysts occurred only
rarely. Therefore Ni concentrations are primarily
controlled by olivine fractionation and Cr contents are
presumably controlled by fractionation of associated

Cr-spinel.

8.4 SR _ISOTOPES

Sr isotope ratios were not available for samples from
Explorer, Brown Bear or Cobb seamounts but Armstrong and
Nixon (1980) report an 87Sr/86Sr ratio of 0.70250 for an
Explorer seamount sample located at 49° 03 N and 130° 54 W,
and Eaby et al. (1984) report 87Sr/®6Sr ratios of 0.70251
and 0.7023 for Brown Bear and Cobb seamounts respectively.
Sr isotope ratios from SEXRIDGE, PREVRDG and EXRIFT lie
between 0.70232 and 0.70254 (Table VII) and a sample from
Explorer Deep analyzed by Cousens (1982) has an 87Sr/86Sr
ratio of 0.70252. These tightly clustered ratios all lie
within the range of ratios from MORB (Hart, 1976) despite

the fact that Explorer, Brown Bear and Cobb are seamounts.
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8.5 DISCUSSION OF DISCRIMINATION DIAGRAMS

Explorer seamount samplés plot within or close to the
N-MORB field on all diagrams and do not have the chemical or
isotopic characteristics of WPB. This is consistent with
their BEND pattern shapes. Although a N-MORB seamount may
seem unusual, Batiza (1980) suggests that most small
volcanoes on young oceanic crust are chemically similar to
MORB.

EXRIFT is classified as N-MORB on all diagrams except
MnO-Ti0,-P,0; (IAT) (Fig. 8.6), La vs. Th (E-MORB) (Figq.
8.18) and La vs. Nb (E-MORB) (Fig. 8.19). Relative depletion
in P,O0s (P,05 = 0.8 wt. %) causes the IAT classification on
the first diagram, whereas relative eﬁrichment in Th and Nb
respectively classify EXRIFT as E-MORB on the latter two
diagrams. However, its BEND pattern is more characteristic
of N-MORB than of E-MORB.

On most diagrams Brown Bear and Cobb seamount samples
plot far from Explorer seamount samples and sample EXRIFT.
They are classified as ocean floor basalts or E-MORB on all
diagrams except MgO-FeO*-Al,0; (Fig. 8.7) and La vs. Ba
(Fig. 8.16). Higher FeO* and lower Al,0; and MgO abundances
result in OI and ARC classifications on the former diagram,
whereas relatively low Ba abundances (relative to E-MORB)
result in an N-MORB classification on the latter diagram.
These low Ba abundances are close to or below detection
limits and classifications based on Ba should be judged

accordingly. BEND patterns classify these samples as E-MORB
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(Fig. 8.24). Brown Bear and Cobb seamounts have low Sr
isotope ratios, more characteristic of N-MORB, suuggesting
that the seamounts are constructed of lavas from depleted
sources, rather than from an enriched mantle plume (Eaby et
al., 1984).

EXDEEP plots near the Brown Bear and Cobb samples on
all of the diagrams, and is thus classified as E-MORB. Its
BEND pattern (Fig. 8.25) confirms this classification.

SEXRIDGE lies within the IAT field on MnO-Ti0O,-P,0;
(Fig. 8.6) because of a relatively high MnO abundance (MnO =
0.21 wt. %). Relative to N-MORB it is slightly depleted in
Al,0; and enriched in FeO*, hence its 0OI classification on
MgO-FeO*-A1,0; (Fig. 8.7). On all other diagrams SEXRIDGE
plots within the MORB field; as N-MORB on La vs. Ba (Fig.
8.16) and as E-MORB on La vs. Th and La vs. Nb (Figs. 8.18
and 8.19). On Th-Hf/3-Ta* (Fig. 8.22) it lies on the N- and
E-MORB field boundary. These chemical characteristics
support the mixing hypothesis suggested by this samples BEND
pattern and incompatible element ratios.

Sample PREVRDG plots outside of MORB field boundaries
on many of the diagrams (MgO-FeO*-Al,0,; (Fig. 8.7), Ti-Zr-Sr
(Fig. 8.9), Cr vs. Ce/Sr (Fig. 8.14) and La vs. Ba (Fig.
8.16)). On Th-Hf/3-Ta* (Fig. 8.22) it plots close to the
boundary between N-MORB and E-MORB. Its BEND pattern and
location on all diagrams except Ti-Zr-Sr, Cr vs. Ce/Sr and
La vs. Ba suggest mixing of N- and E-MORB sources. The very

low Sr content, evident on Ti-Zr-Sr , Cr vs. Ce/Sr and BEND



212

may be a product of extreme plagioclase fractionation and
low Ba abundance may be produced by seawater alteration
(Korringa and Noble, 1971; Philpotts et al.,1969). However
Sr depletion by plagioclase fractionation usually has an
associated negative Eu anomaly and seawater depletion of Ba
should supply an accompanying increase in K and Rb. As
neither of these accompanying geochemical characteristics
are observed both of these suggestions appear unlikely,
implying this anomalous chemistry is inherited from the

source.,

8.6 SUMMARY

In general offshore basalt samples are distinct from all
other samples in this study because of their low overall
abundances of trace and rare earth elements, and low
87gr/86g5r isotope ratios.

On all tectonic discrimination diagrams the samples lie
within the MORB field. Diagrams which are able to separate
N- from E-MORB (La vs. Ba, La vs. Th, La vs. Nb and
Th-Hf/3-Ta*) distinguish three groups of samples. Explorer
seamount and Explorer Rift samples are classified as N-MORB,
Cobb and Brown Bear Seamount and Explorer Deep samples are
classified as E-MORB and Southern Explorer Ridge and Paul
Revere Ridge samples are classified as a mixture of N- and
E-MORB magmas. BEND pattern shapes confirm these

classifications.
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Relative to the remainder of the suite PREVRDG has
higher abundances of TiO,, Fe,0;, MnO and P,0; and lower
abundances of Al,0;, MgO and CaO. It also has much higher .
abundances of all trace and rare earth elements, excluding
Ba and Sr. The trace and REE abundénces grossly resemble
those from an oceanic WPB, but Sr isotope ratios and BEND
pattern shape imply a.MORB-like source. Extremely high Fe,0,
content and lower than 'average' abundance of Mg0O have been
suggested by Cousens et al. (1984) to be evidence for a once

active northeasterly directed propogating rift.
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TABLE VII, OFFSHORE- BASALTS

Major, trace and rare earth element abundances, Sr isotope ratios and estimated ages.

EXMOUNT 4 1 EXMOUNT2] EXMOUNTBI BRBEARt 1 BF«'BEARZ1 coes 11 coes2 1
Series Tholeiite Alk/Trans Alk/Trans Tholetite Alk/Trans Alk/Trans Alk/Trans
Name Basatlt Basalt Basalt Basalt Basalt Basalt Basatt
LAT. 49 04.0 49 04.0 49 04.0 46 05.7 46 05.7 46 45.0 46 45.0
LONG. - 130 56.0 130 56.0 130 56.0 130 27.8 130 27.78 130 S50.0 130 50.0
S10, 47 .99 47 .84 47 .87 47.72 50.09 48.57 48.72
Ti0, 1.25 . 1.25 1.34 1.72 . 1.94 2.04 2.12
A1,0,4 17.18 ! t7.18 17.08 15.77 15.72 15.33 14.75
Fe,0,4 . 10.70 10.39 10.41 11.91 10.46 12.66 13.48
FeO N/A N/a N/A N/A N/A T N/A N/A
Mn0 0.17 0.17 0.17 0.19 0. 16 0.18 0.18
MgOo 8.04 8.56 8.41 7.05 5.74 6.54 5.96
Ccao 11.62 11.62 11.58 11.77 11.51 10.50 10.80
Na,0 2.80 2.81 2.91 2.78 3.71 3.54 3.51%
K,0 0.16 0.08 0.12 0.26 Q.47 0.35 0.27
P,0g 0.10 0.10 0. 11 0.19 0.20 0.25 0.20
H,0 N/A N/A N/A 0.80 0.84 0.30 1.34
Ba 24.0 24.0 13.0 64.0 92.0 84.0 84.0
Rb 3.6 1.5 2.0 3.0 5.0 5.0 4.0
Th 0.2 0.2 0.3 0.6 o9 1.0 0.8
U 0.1 < 0. 1* 0.1 0.2 0.4 0.4 0.3
Nb 4.0 3.0 3.0 9.0 12.0 13.0 12.0
La 3.6 3.5 3.9 6.3 g1 t1.4 9.2
Ce 9.8 11.6 10.3 17.4 2t.4 271 '22.9
Sr 155.0 t77.0 189.0 214.0 227 .0 248.0 232.0
Nd 10.5 9.7 8.6 12.4 15.7 19. 1 16 .8
Sm 3.1 3.2 3.4 4.1 5.0 5.2 5.3
Zr 92.0 89.0 99.0 1198.0 134.0 154.0 144 .0
Hf 2.1 1.9 2.0 2.0 2.6 3.6 2.7
Eu 1.1 1.0 1.1 1.3 1.5 1.5 1.5
Tb 0.7 - 0.8 0.8 0.9 0.9 0.9 0.9
\ 29.0 29.0 30.0 36.0 33.0 38.0 38.0
Yb 3.0 3.0 3.2 2.8 3.1 3.2 3.8
Lu 0.3 0.3 0.4 0.3 0.5 0.4 0.5
Co 90.0 t26.0 99.0 59.0 61.0 69.0 54 .0
Ccr 223.7 211.0 210.7 225.0 175.7 120.8 95.8
Cu 80.0 85.0 91.0 47.0 61.0 50.0 70.0
N1 160.0 153.0 142.0 80.0 134.0 59.0 47 .0
Sc 38.2 36.6 35.5 39.5 43 .6 41.8 42.7
v 87 213.0 216.0 219.0 283.0 330.0 300.0 328.0
Srae N/A N/A N/A N/A N/A N/A N/A
K/Rb 368.93 442 .72 498 .06 719.42 780.29 484 .22 560.32
(La/vo)., 0.80 0.77 0.81 1.53 1.93 2.40 1.64
La/Nb 0.90 1..15 1.30 Q.70 0.75 0.88 0.77
Mg’ 60 62 62 54 52 S1 47
Age (Ma) 4 4 4 <t <1 < 9 < A

* Estimated from BEND Continued.....



Sertes
Name

LAT.
LONG.

510,
Ti0,
Alzo
Fe, 0
Feg 8
MO
MgOo
Ca0o
Na,0
K,0
P,0g
H,0

Ba
Rb
Th
U
Nb
ta
Ce
Sr
Nd
Sm
Zr
Hf
Eu
Tb
Y
Yb
Lu
Co
Cr
Cu
Ni-
Sc

Srae
K/Rb

(La/yb),
La/Nb
Mg’

Age (Ma)

SEXRIDGEZ PREVRDGZ  EXRIFTZ
Tholeiite Tholeitte Tholeiite
Basalt Basalt Basalt
49 55.2 50 00.42 50 13.9
130 10.8 129 31.5 130 15.1
48 .41 48.24 ..46.03,
1.61 3.%3 .1.09
13.48 10.69 15.19
12.63 19.33 12.27
N/A N/A N/A
0.21 0.30 0.19
8.81 5.44 12.20
12.04 ‘8.38 12.00
2.24 2.79 1.87
0.19 0.53 0.06
0. 14 0.39 0.08
0.22 1.10 0.25
30.0 ‘21.0 8.0
5.0 10.0 3.0
0.6 2.3 0.2

0.2+ 0.6* < 0. t*
7.0 19.0 4.0
4.6 18. 1 2.0
13.0 44.8 7.3
122.0 133.0 144.0
9.9 30.7 6.0
3.5 10.0 2.2
100.0 280.0 70.0
3.1 7.6 2.0
1.1 2.9 0.8
0.8 2.1 0.6
26.0 65.0 20.0
3.1 7.7 2.3
0.4 1.1 0.3
42.0 42 .0 52.0
278.0 108.9 390.2
N/A N/A N/A
78.0 147.0 270.0
36.7 34.7 27.1
290.0 400.0 183.0
0.70254 0.70254 0.70232
315.44 439.95 166.02
1.00 1.59 0.58
0.66 0.96 0.50
58 36 66
<1 4.5 < 1

EXDEEP2

Tholeifite
Basalt
50 05.5
129 44.5
49.32

1.76
45.10

106 .

-
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Major and some trace element
abundances from:

L. Chase (pers. comm., 1984)
L.

R.
B. Cousens (1982)

* Estimated from BEND

N/A = not analvzed



9. SUMMARY OF DISCRIMINATION DIAGRAM DISCUSSIONS

Major, trace and rare earth element tectonic
discrimination diagrams applied to data from Neogene and
Quaternary basalts in British Columbia and the adjacent
Pacific Ocean floor correctly identify the tectonic settings
of all suites except the Garibaldi Volcanic Belt (Table
VIII). However the different WPB tectonic settings (i.e.
hotspot, rift, back-arc, plate-edge) cannot be distinguished
from each other as data from these WPB suites completely
overlap. Garibaldi Belt basalts erupted in a convergent
margin setting plot as WPB. This implies that geochemistry
alone is not always a valid method for distinguishing
ancient tectonic settings.

Analysis for Ta was unsuccesful, but Nb/16 substituted
for Ta produced acceptable results on all of the diagrams
incorporating Ta.

The alkaline series basalts from all tectonic settings
can be distinguished from the tholeiitic series by their
higher overall abundances of trace and rare earth elements.

Both N- and E-MORB are distinguished from WPB and
convergent margin basalts by their lower overall abundances
of trace and rare earth elements. This chemical
characteristic clearly separates them from other possible
tectonic settings on almost all of the discrimination
diagrams plotted. In addition, N-MORB are more depleted in
the large low valency cations (Ba, Rb, K and Sr) and Th and

U than E-MORB so that tectonic discrimination diagrams using

216



217

TABLE VITI.

CLASSIFICATION OF SAMPLE SUITES USING DISCRIMINATION DIAGRAMS

Abbreviations used on the following data pages are listed
below:

N/A = not applicable

OFB* = OFB plus CAB plus LKT

and = overlap of data points onto two fields

or = one field for two possible tectonic settings

ARC
CAB convergent margin setting
IAT

MORB
OFB ocean floor setting
TH MORB

WPB
01 within plate setting
CB

Continued......c0s0e



TABLE VIIT (cont.)

o
o 7 o /¢ 3 o L& /& o/ v L& \d’o
o REPE ) S g EF ) S TS
& &S r & e ,g?, D & S &) L e e
&5 TS ES NS N ¢ e
S e /FE [ § )T/ eS8
e ——————
LIMITATIONS not for rocks |not for|not for N/A |not for|not for | N/A |Unfract.{not for
TECTONIC with alk. >20%{ cont. |alkaline WPB CAR samples WPB
SUITE SETTING on AFM thol, series :
GARIBALDI BELT ARC - Non-oceanic WPB N--MORB WPB N/A WPB WPB TH MORB ARC
and and and and
i ARC CB OFB* MORB
COQUIHALLA ARC N/A ARC ARC CAB CAB N/A ARC. IAT ARC
COMPLEX or
MORB
CHILCOTIN WPB Non-oceanic WPB N-MORB WPB N/A WPB WPB TH MORB N/A
BASALTS (Back-arc?) and and and and and and
: Oceanic MORB CB OFB* MORB IAT
: and and or
ARC 01 ARC
ANAHIM wPB Non-oceanic WPB CB WPB N/A WPB WPB TH MORB N/A
VOLCANIC (Hotspot?) and and and and and and
BELT Oceanic MORB o1 ors* MORB IAT
MASSET ARC? N/A WPB N-~-MORB CAB CAB N/A MORB IAT ARC
FORMATION WPB? and and
(Hotspot?) ARC ARC .
STIKINE WPB Non-oceanic WPB CB WPB N/A WPB WPB TH MORB N/A
VOLCANIC (Incipient and and and and
BELT Rift) Oceanic MORB oI TIAT
ALERT BAY WPB Non-Oceanic WPB N-MORB WPB NJA WeB WPB TH MORB ARC
VOLCANIC (Arc-trench and and : and
BELT gap) Oceanic ARC IAT
OFFSHORE MORB Oceanic MORB N-MORB OFB* OFB MORB MORB | TH MORB MORB
BASALTS and and CB or
ARC and 0OI ARC
, and ARC
Continued.......
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TABLE VIII (cont).

TECTONIC
SUITE SETTING
GARIBALDI BELT ARC WPB WPB ARC Oceanic E-MORB E-MORB WPB? WPB WPB
and and and (WPB) or or WPB and
ARC ARC N-MORB WPB and ARC
and N-MORB
N-MORB and
ARC .
COQUIHALLA ARC ARC ARC ARC ARC ARC ARC ARC ARC ARC
COMPLEX N
CHILCOTIN WPB WPB WPB ARC Oceanic E-MORB WPB WPB? WPB WPB
BASALTS (Back-arc?) or and/or and (WPB) or or WPB and
MORB ARC WPB ARC and ARC ARC
and/or or
ARC E-MORB
ANAHIM WPB WPB WPB ARC Oceanic E-MORB E-MORB WPB? WPB WPB
VOLCANIC or or and (WPB) or or WPB or WPB
BELT (Hotspot?) MORB ARC N-MORB ARC and ARC and
and/or | or and N~MORB
ARC MORB E-MORB
or WPB
MASSET ARC? ARC WPB ARC Oceanic E-MORB N-MORB WPB? ARC ARC?
FORMATION WPB? or (WPB) or WPB N
(Hotspot?) ARC and ARC
STIKINE WPB WPB WPB ARC Oceanic E-MORB E-MORB WPB WPB WPB
VOLCANIC and and/or and (WPB) or| or WPB or WPB
BELT (I“igi?z; ARC ARC | N-MORB ARC and and
and ARC N-MORB
E-MORB
or WPB
ALERT BAY WPB WPB or | WPB or ARC Oceanic E-MORB E-MORB WPB WPB WPB
VOLCANIC (Arc-trench MORB MORB (WPB) or WPB or WPB and and and
BELT gap) and/or | and/or and and ARC ARC ARC
| ARC ARC N-MORB N-MORB )
OFFSHORE MORB WPB ARC N-MORB Oceanic E-MORB N-MORB MORB MORB | N-MORB
PASALTS or or (MORB) or WPB and and
ARC MORB and E-MORB E-MORB
or N-MORB or WPB

MORB

%4



220

these elements are especially effective in separating these
two MORB environments, e.g. La vs. Ba, La vs. Th, La vs. Nb
and Th-Hf/3-Ta* (Sun et al., 1979; Wood, 1980; Gill, 1981).

WPB have higher abundances of all trace and rare earth
elements than either N- or E-MORB and generally have lower
abundances of Ba, Th, K and Sr and higher Nb and Ti
abundances than basalts from a convergent margin. These
geochemical characteristics readily distinguish WPB from
N-MORB and convergent mérgin basalts on V vs. Ti/1000, Ti/Y
vs., Nb/Y, La vs. Ba, La vs. Th, La vs. Nb, K,0/Yb vs.
Ta*/¥b, Th/Yb vs. Ta*/Yb and Th-Hf/3-Ta* (Gill, 1981;
Shervais, 1982; Pearce 1982; Wood, 1980; Thompson et al.,
1983 and 1984). Distinction of WPB from E-MORB is possible
using V vs., Ti/1000, Ti/Y vs. Nb/Y, K,0/Yb vs. Ta*/Yb, Th/Yb
vs. Ta*/¥Yb and Th-Hf/3-Ta*. Some continental tholeiitic WPB
have elemental abundances resembling those in a convergent
margin basalt and lie within the convergent margin field on
most tectonic discrimination diagrams. Therefore samples in
the geologic record which are geochemically identified as
convergent margin tholeiites should be judged with this in
mind.

Convergent margin basalts are identified by an
enrichment in large low valency cations relative to WPB, N-
and E-MORB and a depletion in Nb and Ti relative to WPB
(Pearce, 1982; Thompson et al., 1983 and 1984; Jakes and
White, 1972; Kay, 1980; Shervais, 1982; Hawkesworth and

Powell, 1980). Most basalts from convergent margin settings
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have La/Nb greater than 2.0, whereas WPB have La/Nb ratios
which are less than or equal to 1.0. Using tectonic
discrimination diagrams, separation of convergent margin
basalts from WPB is best accomplished using V vs. Ti/1000, .

La vs. Ba, (Ba/La)CH vs. (La/Sm) La vs. Th, La vs. Nb,

CH’
K,0/Y¥b vs. Ta*/Yb, Th/Yb vs. Ta*/¥Yb and Th-Hf/3-Ta¥*.
Convergent margin basalts are distinguished from both N- and
E-MORB on most of the same diagrams, excluding Ti/Y vs.
Nb/Y, and including Sm/Ce vs. Sr/Ce and Cr vs. Ce/Sr.

Table IX presents the studied tectonic discrimination
diagrams in order of their overall success at classifying
tectonic settings. Suites of basaltic samples are classified
with greater certainty than individual samples and
rélatively unfractionated and unaltered samples are
obviously preferred. Characteristic BEND pattern shapes help
identify tectonic settings, and are also useful for
determining anomalous enrichments and/or depletions in
individual.samples relative to the remainder of the suite.

The first 8 diagrams listed in Table IX were very to
fairly successful at separating convergent margin, ocean‘
floor and within plate basalts and require no further
explanations. However, the remaining 10 diagrams were not as
successful, because of the various reasons listed below.

Nb depletions and enrichments which result in the
misidentification of samples on La vs. Nb are small and
within analytical error of 'typical' Nb abundance. By

placing the N- and E-MORB field boundary at a La/Nb ratio of



TABLE IX

EFFICIENCY OF TECTONIC DISCRIMINATION DIAGRAMS *

wPB

CONVERGENT MARGIN

(N-)

MORB

(E-)

DISCRIMINANT % of suite correctly|% of other % of suite correctly|% of other % of suite correctly|% of other

DIAGRAM USED identif ied misidentified identified misidentified identif ied mistdentified

Th-Hf/3-Ta* 8% 5% 88% 2% 100% G% 100% 0%
CfTi-2Zr-Y 94% 0% 100% 0% 100% 6%

T1-Zr-Sr --- --- t00% 0% 100% 0%

Ti1/Y vs. Nb/Y 98% 0% 100% 2% 100% o%

Th/Yb vs. Ta*/Yb 98% 0% 80% 2% 100% 0%

(Ba/La)cy vs. (La/Sm)y, 91% 0% 100% 8% 100% 0%

V vs. Ti/1000 94% 0% 0% 0% 100% 11%

La vs. Th 89% 6% 83% 9% 100% 3% 100% 0%

La vs. Nb 83% 0% 80% 2% 100% 12% 100% 0%

MNO-T40,-P, 0y 85% 0% 100% 8% 73% 10%

Ti/Cr vs. Ni 83% 0% 100% 14% 100% 0%

Sm/Ce vs. Sr/Ce --- --- 100% 0% 100% 0%

Cr vs. Y 74% 0% 100% 22% 100% 0%

K,0/Yb vs. Ta*/Yb 46% o% 100% O% 100% 0%

Cr vs. Ce/Sr 50% 0% 100% 44% 100% 8%

Fe0*-Mg0-A1,0, B6% 23% 100% 3% 45% 12%

La vs. Ba 13% 0% 100% 57% 100% 29% 0% 0%

OCEANIC NON-OCEANIC

. of suite correctly
identified

% of other
misidentified

% of suite correctly
identified

% of other
misidentified

K,0-T10, -P,0g

100%

27%

72%

0%

* Diagrams are listed in order of overall success

Z2ze



223

1.2 instead of 1, the percentage of misidentified N-MORB
samples would decrease from greater than 70% to less than
20% and the percentage of correctly identified WPB samples
.would increase from 83% to 93%.

| MnO-Ti0,-P,0;, which uses major element oxides, is the
most successful major element diagram for distinguishing
MORB, WPB and convergent margin tectonic settings.
Anomalously low P,0s abundances in a few Stikine, Anahim and
offshore samples are the primary cause of misidentification
and may be a result of apatite removal.

Ti/Cr vs. Ni was successful at separating
unfractionated convergent margin basalts from MORB plus WPB.
If fractionated samples were included this diagram was less
successful, as many WPB plotted within the convergent margin
field because of low Ni abundance (almost certainly caused
by olivine fractionation).

Sm/Ce vs. Sr/Ce does not contain a field for WPB, but
most WPB from this study would have plotted within the MORB
field, suggesting this diagram may be even more successful
than Ti/Cr vs. Ni for separating convergent margin basalts
from WPB plus MORB because Sm/Ce vs. Sr/Ce is unaffected by
olivine and/or clinopyroxene fractionation.

Low abundances of Y which affect classifications using
Cr vs. Y are probably caused by the presence of one or more
minor residual source or magma chamber phases which retain
this element (garnet?) (Pearce, 1982). Fractionation of

pyroxene * Cr-spinel also influences a samples position on
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this diagram, but most unfractionated samples are correctly
identified.

K,0/Yb vs. Ta*/Yb correctly identifies only 46% of WPB
samples because over 50% lie between the WPB and convergent
margin field boundaries. This is caused by an enrichment in
K,O0. |

Similarily, the low success of Cr vs. Ce/Sr was caused
by Sr enrichment, as well as Cr depletion by pyroxene
Cr-spinel fractionation.

Eruption through continental crust has been used by
Dostal et al. (1977), Jakes and White (1977) and Gill (1981)
to explain the increased abundances of Ba, Rb, Th, U, K and
Sr in continental convergent margin magmas. Results from
this study suggest that similar increases occur in WPB
magmas erupted through continental crust. This is evident on
K,0/Yb vs. Ta*/Yb, Ce vs. Ce/Sr and La vs. Ba.

FeO*-Mg0O-Al,0,, intended for use in classifying
subalkaline basalts proved to be of little value. (This
study also plotted the 'transitional' samples). Samples
which on other diagrams were classified as WPB plotted in
both the CB (continental basalt) and OI (ocean island)
fields, with 74% of the studied samples lying within the OI
"field, and none of the ocean floor samples plotted within
the E-MORB field despite their E-MORB classification on La
vs. Th, La vs. Nb and Th-Hf/3-Ta*. When all subalkaline
samples were plotted together most of them clustered around

the CB, OI, N-MORB triple junction so that identification of
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tectonic setting was impossible. Overall this diagram was
not successful for classifying the basalts studied and
should only be used if these are the only major element
oxides which have been analyzed, and if large numbers of
samples are being compared.

La vs. Ba was the least successful trace and rare earth
element tectonic discrimination diagram because most of the
WPB samples plotted within the convergent margin field. This
was caused by their anomalous enrichments in Ba (mentioned
above).

TiO,~-K,0-P,05, which also uses major element oxides,
was 72% effective in separating non-oceanic from oceanic
subalkaline basalts but as WPB, convergent margin basalts
and MORB cannot be separated, this diagram was not a
successful discriminator.

Ti/Y vs. Nb/Y, (Ba/La)CH vs. (La/Sm) Ti/Cr vs. Ni,

CH’
Cr vs. Y and Cr vs. Ce/Sr appear to be successful for
distinguishing MORB, WPB and convergent margin basalt
tectonic environments (Table IX). However, they all contain
overlapping fields, and consequently are only useful if
combined with some other indication of tectonic setting.
Positive Eu anomalies occur in BEND patterns from all
of the suites, and although Eu anomalies are important in
fractionation studies of evolved magmas they are of little
use for distinguishing tectonic origins. Eu anomalies are

absent in many BEND patterns which have positive Sr

anomalies; a further suggestion that eruption through
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continental crust, rather than plagioclase accumulation,

causes the Sr enrichment observed in some of the samples.



10. CONCLUSIONS

Eight suites of basaltic rocks from British Columbia
and its offshore ocean floor were distinguished one from the
other using eighteen tectonic discrimination diagrams and
bulk earth normalized diagrams (BEND). Basalts from the
ocean floor were classified as N- and E-MORB, those from the
Coquihalla Complex and the Masset Formation as ARC and the
remainder were classified as WPB (Garibaldi Belt, Chilcotin
Basalts, Anahim Volcanic Belt, Stikine Volcanic Belt, Alert
Bay Volcanic Belt). Of all tectonic discrimination diagram
studied, none was able to separate the various within plate
environments (i.e. hotspot (Anahim Belt), incipient rift
(Stikine Belt), back-arc (Chilcotin Group), plate-edge
(Alert Bay Belt)).

The Garibaldi Belt basalts, in a convergent margin
setting, were consistently classified as WPB, suggesting
that geochemical tectonic classifications of ancient basalts
be applied with caution and supporting evidence, such as
chemistry of associated more-fractionated rocks, should be
included.

Some within plate basalts erupted through continental
crust have higher than 'average' abundances of Ba, Th, U, K
and Sr. In most cases these 'continental' enrichments are
not large enough to affect the overall classification of a
suite on tectonic discrimination diagrams.

Although REE abundances from INAA are important for

quantitative models of within-suite fractionation paths
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(e.g. Eu anomalies, Yb abundances and and (La/Yb)CH ratios)
most are not important for establishing tectonic setting.
The only exception is La, used in the ratio La/Nb. La/Nb
ratios less than 1.2 correctly separate 93% of WPB,
including E-MORB, from N-MORB (La/Nb of 1.2 to 2) and
convergent margin (La/Nb > 2) basalts.

Major and trace element abundances from XRF analysis
are generally sufficient for distinguishing the tectonic
environment.

If only major element oxide abundances are available,
tectonic settings can be determined fairly successfully
using MnO-TiO,-P,05.

Better discriminatién is obtainéd using the paired
Ti-2r-Y and Ti-Zr-Sr diagrams. This pair of diagrams is very
successful for separating within plate from convergent
margin from oceanic basalts, but N- and E-MORB are not
separated one from the other.

The most effective diagram for distinguishing basalts
and more fractionated magmas of within plate, convergent
margin, N-MORB and E-MORB is Th-Hf/3-Ta. These trace
elements are from INAA, but acceptable results were produced
using the XRF element ratios Nb/16 and Zr/39, substituted
for Ta and Hf respectively. No XRF substitution was found
for Th but it may conveniently be determined via vy counting.

The least effective tectonic discriminant diagrams are
FeO*-Mg0-Al,0,; and La vs. Ba. Those using Cr and Ni (Ti/Cr

vs. Ni, Cr vs, Ce/Sr and Cr vs. Y) are very sensitive to
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fractionation, but if properly applied they are able to

distinguish convergent margin from MORB plus WPB basalts.
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APPENDIX I

SAMPLE SOURCES AND PREVIOUS ANALYSES

On the following pages samples are listed in the order they appear
in the text.

SAMPLE - sample name used in this study.
ORIGINAL NUMBER - sample name used by the original collector.

FORM - form the sample was in when selected for this study.
Whole rock - small rock fragments.
Powder - powdered rock sample, no rock fragments.
Pellet - pressed powder pellet used in previous XRF
analysis.

PREPARATION - method used to powder the rock samples for analysis:
N/A - not known.
W-Carb. - tungsten carbide ring mill.
BICO - steel disc mill.
Agate - Motor driven agate mortar.
BCDM ~ Prepared by the B.C. Department of Mines.
GSC - Prepared by the Geological Survey of Canada.

COLLECTOR - individual who collected the sample in the field.

PREVIOUS ANALYSES - previous analytical work.
N/A - not known, or no previous analyses.
Major Elements - all major element oxides
in weight Z.

REFERENCE - reference (s) which include this sample.
N/A - no published reference.
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GARIBALDI AND PEMBERTON BELTS

SAMPLE ORIGINAL NUMBER | FORM PREPARATION | COLLECTOR PREVIOUS ANALYSIS REFERENCE
ELAHO RD-44084-VI Powder W-Carb. R. Anderson Major Elements, K-Ar Anderson, 1975
date, Sr isotope ratio
GARIBALD | MG-74-36-4 Powder N/A N. Green Major Elements, Ba, Cr,| Green, 1981
Cu, Nb, Ni, Rb, Sr, V,
Y, Zn, Z2r
CHEAK GvV-7 Powder N/A D. Fiesinger | Major Elements Fiesinger, 1975
Nicholls et al., 1982
MEAGER RD-4B1 Powder W-Carb. R. Anderson | Major Elements, K-Ar Anderson, 1975
date, Sr isotope ratio
CAYLEY SE1501-79 Powder [BLICO, Agate J.G. Souther | N/A N/A
SALAL1L C5-5 Pellet BICO, R. Lawrence | Major Elements, Ba, Cr,]| Lawrence, 1979
SALAL2 M1-12 Agate Nb, Ni, Rb, Sr, V, Y, Lawrence et al., 1984
SALAL3 M5-14 Zr, Sr isotope ratio
SILVERA | SE77-1-1 Powder EICO, . | J.G. Souther | K-Ar date, Sr isotope N/A
SILVERH | SE77-1-7B Agate ratio
C0Q251 251 Pellet N/A R. Berman Major Elements, Ba, Ce,| Berman, 1979
€0Q632 632 Cr, Nb, Nd, Ni, Rb, Sr,| Berman and Arm-
CoQ61 61 V, Y, Zr, Sr isotope strong, 1980

ratio

AX4




CHILCOTIN BASALTS

SAMPLE ORIGINAL NUMBER| FORM PREPARATION | COLLECTOR PREVIOQUS ANALYSES REFERENCE
REDSTONE | 93B Powder N/A T. Hamilton N/A N/A
BULL CAN | BC-6 Powder N/A M.L. Bevier | Major Elements, Nb, Ni, | Bevier, 1982
Rb, Sr, ¥, Zr, K-Ar Parrish, 1982
date, Sr 1isotope ratio
NAZKO Nazko Whole rock W~Carb. | W.H. Mathews| Major Elements, K-Ar N/A
date -
QUESW WHM-76-1 Powder B1CO, W.H. Mathews| Major Elements, K-Ar N/A
Agate date, Sr isotope ratio
CARD CTM-76TD Powder GSC J.G. Souther| K-Ar date, Sr isotope N/A
ratio
CAMEL CA-1 Powder N/A M.L. Bevier | Major Elements, Nb, Ni,| Bevier, 1982
DOG CK | DC-1 Rb, Sr, Y, Zr, K-Ar
date, Sr isotope ratio
EDMUND Edmund Whole rock W-Carb., | W.H, Mathews| Major Elements, K-Ar N/A
date
DEADMAN | DR-11 Powder N/A M.L. Bevier | Major Elements, Nb, Ni,| Bevier, 1982
Rb, Sr, Y, Zr, K-Ar
date, Sr 1isotope ratio
WOOD LK | Wood Lk Whole rock W-Carb. | W.H. Mathews| Major Elements, K-Ar N/A
date
BLIZZARD | Blizzard Powder HILCO, R.L. Armstrong| K-Ar date, Sr isotope N/A

Agate

ratio

S¥c



ANAHIM VOLCANIC BELT

SAMPLE ORIGINAL NUMBER FORM PREPARATION| COLLECTOR PREVIOUS ANALYSES REFERENCE
MASSET1 | MR3 Pellet BICO, I. Young K-Ar date, Sr isotope Young, 1981
MASSET2 | MR8 Agate ratio
ARIS IS SE090265 Pellet GSC J.G. Souther| Sr isotope ratio N/A
KITASU SE050365
LAKE IS SE030865
RAINBOW | R25 Pellet BICO, M.L. Bevier | Major Elements, Ba, Nb,| Bevier, 1978
ANAHIM | AP15 Agate Ni, Rb, Sr, K-Ar date,
Sr isotope ratio

ITCHAL IMV 76-11 Powder BICO, J. Nicholls | K-Ar date, Sr isotope Proffet,

Agate B. Proffet ratio unfinished thesis
ITCHA2 Itcha 11b Powder N/A T. Hamilton | N/A N/A
ALEX TD58CA6 Pellet GSC H.W. Tipper Sr isotope ratio N/A
QUESLK JSG 80-37 Whole rock W-Carb. | J. Getsinger| N/A N/A
SPAN CK| 118cAcB-1 Powder GSC J.G. Souther| Sr isotope ratio N/A
WGRAYN BCV-12 Powder N/A D. Filesinger| Major Elements, Sr Flesinger, 1975
TROPHY BCV-2 isotope ratio

9%
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STIKINE VOLCANIC BELT

SAMPLE ORIGINAL NUMBER | FORM PREPARATION | COLLECTOR PREVIOUS ANALYSES REFERENCE
PRINCER | CD575 Powder BICO, C. Dingee K-Ar date, Sr isotope N/A
‘ . Agate ratio
AYNSH1 NR-6 Powder N/A J. Nicholls | Sr isotope ratio N/A
AYNSH2 | NR-2B ‘
HOODOO SE1701-76 { Pellet BICO, J.G. Souther | K-Ar date, Sr isotope N/A
) Agate R.L.Armstrong| ratio
BORDERIXK | 11285M Powder BCDM E.W. Grove Sr isotope ratio Grove, 1974
ISKUT 11297M
ISKUTW 11288M
MI DUNN | Mt. Dunn Powder N/A T. Hamilton | N/A N/A
BOWSER GEl Pellet BICO, G. Eisbacher | K-Ar date, Sr isotope N/A
Agate ratio
SPECI SE1603-73 . Powder BICO, J.G. Souther| K-Ar date Souther et al.,
SPEC2 SE1504a-72 Agate 1984
EDZ1 SE04076-76
EDZ2 MLO614-66
NEDZ1 H81-4KAr Powder BICO, P.B. Read K-Ar date N/A
NEDZ2 H81-169 Agate
NEDZ3 H81-8KAr
NEDZ4 H80-87F
LEVEL1 8/28-68/5815 Powder N/A T. Hamilton | Major Elements Hamilton, 1981
LEVELD KD-1 Powder N/A T. Hamilton | Major Elements, Ba, Cr, | Hamilton, 1981
LEVEL2 8/25-50/ 6397 Cu, Nb, Ni, Rb, Sr, Th,
U, Y
'NATLIN A-1 Powder N/A J. Nicholls | Major Elements, Sr Nicholls et al.,
isotope ratio 1982
SATLIN T75 215-1 Powder N/A T. Bultman N/A N/A

L9z



ALERT BAY VOLCANIC BELT

SAMPLE ORIGINAL NUMBER| FORM PREPARATION | COLLECTOR PREVIOUS ANALYSES REFERENCE
ALERT1 69-7A1 Powder BICO, J. Muller Major Elements, B, Cr, Armstrong et al.,
ALERT2 69-31-D ~ Agate Nb, Ni, Rb, Sr, V, Y, (in press)
ALERT3 69-31-F1 Zr, K-Ar date, Sr
isotope ratio

OFFSHORE BASALTS
SAMPLE ORIGINAL NUMBER| FORM PREPARATION | COLLECTOR PREVIOUS ANALYSES REFERENCE
EXMOUNT1 | RLC-1 " Whole rock W-Carb. R.L. Chase Major Elements, Ce, Cr, N/A
EXMOUNT2 | RLC-2 Nb, Nd, Ni, Rb, Sr, Th,
EXMOUNT3 | RLC-4 Y, Zr
BRBEAR]l | RLC-1155-1 Whole rock W-Carb. R.L. Chase Major Elements, B, Cr, N/A
FRBEAR2 | RLC-1155-2 Cu, Nb, Ni, Rb, Sr, V,
COBB1 RLC-1152-360 _ Y, Zr ’
COBB2 RLC-1152-500 Powder N/A R.L. Chase
SEXRIDGE | 77-14-36-X Powder Cr-steel R.L. Chase Major Elements, Ba, Ce, Cousens, 1982

' ring mill Co, Cr, Nb, Nd, Ni, Rb, Cousens et al.,
PREVRDG | 72-22-7-1 Powder Cr-steel | A.C. se, 5r, T X, Zry L2 1984
EXRIFT 70-25-4-62G ring mill Thoml inson Sm,i u; e,ratio ’
EXDEEP | 70-25-17-1 r tsotop

892




APPENDIX II - NEUTRON ACTIVATION ANALYSIS

Each sample was analyzed by instrumental neutron
activation analysis (INAA) to determine the content of
selected rare earth (La, Sm, Eu, Tb, ¥b, Lu) and trace (Th,
Ta, Hf, Sc) elements. |

When an element is bombarded by neutrons, whose flux is
expressed as the number of neutrons passing through an area of
1 cm? during one second, the neutrons are absorbed by a
fréction of the target nuclei, the efficiency of capture being

expressed as a capture cross section for the atom of the

element. This is expessed as: a* = a® * B * F, where

- a° = number of atoms
- a* = number of atoms absorbing neutrons
- B = the capture cross section and
- F = the integrated neutron flux (flux * time).

The absorbed neutrons are held by a binding energy which has a
value from aboﬁt 7.5 to 8.8 MeV and this extra energy leaves
the resulting isotopes in an excited state. De-excitation is
accomplished by an almost instantaneous emission of é gamma
ray. The above process can be written as. the following

equation:

249
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where A (the mass number) = number of protons plus neutrons, n
is the absorbed neutron and 4 is the emitted gamma ray.
Isotopes produced in this manner may be stable or unstable. In
some cases the first daughter product of a radiocactive isotope
is also unstable and will undergo a further decay forming
another daughter product and so on, until a stable nuclide is
produced. The final stable nuclide is initially in an excited
state and subsequently emits gamma rays with characteristic
energies until its ground state is reached.

Radioactive decay involves emission of one or more
particles. Each particle is associated with a complimentary
gamma ray with specific mean energy. This means that each
radiocactive isotope has its own characteristic gamma energy
spectrum making it possible to uniquely detect the presence of
that particular isotope. The amount of an element present in a
sample is directly proportional to gamma energy emitted. To
determine the concentration of elements in an irradiated
unknown sample a standard with known concentration of elements
is similarily irradiated and analyzed. The ratio of unknown to
standard radioactivity, after any necessary corrections for
radioactive decay decay between counting times, is used to
calculate the concentration (Henderson and Pankhurst, 1984).
Table X contains the list of isotopes used, their
corresponding half-lives and the energies of the photopeaks

used for determining abundances of elements.
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TABLE X
ELEMENT ISOTOPE DATA (Lederer and Shirley, 1978)

ACTIVATION  HALF-LIFE ENERGY OF y-RAY PEAKS

REACTION (hrs.) (keV)
'$1Eu» '32Eu 122736 122, 344, 1408
180Hf-» '8JHE 1017.6 133, 482

" 1'3%La» '¢9La 40.2 487, 1596
"7¢Lus '17Lu 158.88 208, 113

33Sc» 3%sc 2011.68 889
"825m> 'I3Sm 46.7 o 103, 69
t81Tas» '82Ta 2760 | o121, 1221
153Tbs 1€2Th 1728 | 879, 298
232Thy 233Pa 648 ,312; 300

178¥b> '723Yb 100.56 396, 282
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SAMPLE IRRAD;ATION AND CQOUNTING TECHNIQUES

1.000 gm of accurately weighed <80 mesh whole rock sample
was placed in a small plastic irradiation vial and heat-sealed
to prevent leakage. The sample vials were then packed in four
layers in a larger Nalgene bottle, each layer containing
twelve to fourteen unknown samples and five to six standards.
Additional standards as unknowns were included in tﬁe first
bottle in order to check analytical precision and systematic
errors.

Each layer contained at least:

1. a standard prepared by Chemex called LIQUID 1 which was
used to determine the concentrations of La, Eu, Sm, Tb, Yb
and Lu.
2. Standard NIML for Th and Hf abundances (Abbey, 1983).
3. Chemex standard SC50 for Sc abundances.
4. Chemex standards TA2 or TA10 for concentrations of Ta.
5. SY2 (Abbey, 1983).
Abundances of selected trace ahd rare earth elements in these
standards are listed in Table XI.

The bottles were sent to Washington State University at
Pullman, Washington where they were subjected to a neutron
flux of 6.7 X 10'? neutrons/cm?/sec (*15%) for 20 minutes.
Although there is no measureable fluk gradient at the
irradiation location the sample bottles were also rotated
during irradiation to insure flux homogeneity.

After irradiation the bottle was returned to NOVATRAK (a

subsidiary of Chemex Labs Ltd.) at TRIUMF, U.B.C. and allowed



253

TABLE XI

ABUNDANCES OF SELECTED TRACE AND RARE EARTH ELEMENTS IN STANDARDS USED
FOR INAA

Abundances in ppm

LIQl! NIMLZ sy23 sc50!  TA2l TAlO!

Th 65 3807

Ta 245 122
La 200 85

Sm 50 15

Hf 190? 87

Eu 10 2.2

Tb 50 2.7

Yb 50 17

Lu 50 3?

Sc 77 50

lChemex prepared standard
2NIML a lujavrite from South African Committee for Certified
Reference Materials (Abbey, 1983).
35Y2 a syenite from Canadian Certified Reference Materials
Project (Abbey, 1976; Abbey, 1983).

? = questionable value
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to cool for five to seven days. The samples and standards were
then unpacked fromlthe large irradiation bottles and their
gamma ray emissions were measured using a coaxial Ge(Li)
detector (Ortec® 7040 series). Pulses from the detector went
via an amplification stage to a 4000 channel multichannél
analyzer (Ortec® 7000 series)

It would have been advantageous to have a planar Ge(Li)
or pure Ge detector rather than a coaxial one to analyze for
the elements Ta, Eu, Lu, Yb, Hf and Ce, as a planar detector
allows better resolution in the energy range 50-350 keV (Potts
et al., 1981; Henderson and Pankhurst, 1984). Most peaks in
this energy range analyzed by the coaxial detector had to be
corrected for interference. With a planar detéctor the
interferences would have been smaller and the final results
more accurate.

Each sample was counted for 1000 seconds.' The rare earth
elements La, Sm, Yb, and Lu which have half-lives ranging from
40 to 159 hours were counted immediately after the initial
cooling period. Analyses of the remaining elements (Th, Ta,
Hf, Eu, Tb and Sc) were done after a further 4 to 5 week
cooling period.

An attempt was made to determine Cs content in each
sample, but it appeared‘tﬁat abundances of Cs were below the

detection limit, as no Cs gamma ray emissions were recorded.

' Samples BOWSER, COQ61, COQ632 and COQ251 were counted by

NOVATRAK staff. All others were counted by the author.
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Gamma rays emitted by samples are displayed and.recorded
as photopeaks on an energy spectrum, the net area under the
photopeag being proportional to the flux of gamma rays emitted
per unit time, which in turn is proportional to the
concentration of the parent nuclide. Net area of photopeaks
(the area of the peak above the background, NOT the total
count above the baseline) (Covell, 1959) was calculated using
an EGG Ortec® multichannel analyzer. Whenever possible the net
areas for two photopeaks of the same isotope were recorded and
concentrations were calculated separately for each photopeak.
Differences in concentration between peak pairs ranged from 0%
to 10%. Only one useable photopeak was found for the elements
Th, Ta, Tb, and Sc.

Each photopeak net area in the standards and samples was
corrected for decay back to an arbitrary initial time t,. The
correction is:

ek(t_to)Na - Nao

where:A=1n2/half-1life
- t = time that counting of the sample began

- to chosen initial time

- Na

measured net peak area

- Na, = calculated net peak area at t,

When the net peak area for all of the photopeaks in the
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samples and standards have been calculated back to an initial
time, t,, the concentration of elements in the samples can be

determined by the following equation:

(Net Area)sam (Conc. of element)Sam

(Net Area) (Conc. of element)

stand stand

U abundances were determined by delayed neutron
activation at the reactor site in Pullman, Washington. This

analysis was performed by NOVATRAK staff.

INTERFERENCE OF PHOTOPEAKS

Interference of the Ta, Sm, Yb and Lu photopeaks by
coincident photopeaks of Sc; Pa plus Np, Pa and Np
respectively must be corrected before abundances of Ta, Sm, Yb
and Lu can be calculated. Chemical separation to remove the
interferring element will of course'give the best results, but
this is not always efficient. A gquicker method ‘involves
irradiating a pure form of the interferring element and
determining a ratio of the coincident photopeak to another
photopeak. This ratio can then be applied to all samples. As
no pure forms of U and Th_(hence Np and Pa) were available, an
estimate of the correction ratio was calculated from Lederer
and Shirley (1978) and Kennedy and Fowler (1983). These were
.used for the duration of-the analyses.

A Ta-free Sc standard was included in each of the
irradiated layers so that a correction ratio to apply to the

Sc peak at 889 keV could be uniquely determined for each layer
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TABLE XI1

*
TABLE OF INTERFERENCES

ISOTOPE ENERGY OF INTERFERRING PEAK MEASURED RATIO'
y-RAY (keV) PHOTOPEAKS FOR CORRECTIONS
AT ENERGY OF
77 Lu 208 235Np @ 210 278 - keV 0.345
123 Sm 103 233pa @ 104 312 kev 0.021
235Np @ 106 106 keV 0.854
182 T3 1121 46Sc @ 1121 889 keV 0.802
0.805
0.797
0.795
0.795
0.794
0.798
0.794
0.781
0.791
0.793
0.789
178 Yb 396 233pa @ 398 312 kev 0.032

' A different ratio for Sc was determined for each layer with
an approximate error of + 0.04. In the table the Sc ratios are
given in order of bottles and layers, starting with bottle 1 -
layer 1 and continuing to bottle 4 - layer 3.

Interferring photopeaks and corresponding peak(s) to measure
for corrections compiled from Kennedy and Fowler (1983),
Lederer and Shirley (1983) and NOVATRAK data sheets.
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of samples. This ratio ranged from 0.781 to 0.805 = 0.04. The

above information is given in Table XII.

ACCURACY and PRECISION

According to Henderson and Pankhurst (1984) analytical
precision of INAA at the level of REE concentrations found in
basalts will be about 2-4% for the elements La, Ce, Nd, Sm,
Eu, and Yb and 3-6% for Tb and and Lu, all at an accuracy of
about 5%.

Analytical precision in this study was based on replicate
analyses of standards NIML and SY2 as well as intralab geology
standards P-1 and WP1, all of which were included in all of
the irradiations. Precision of analyses is % 5% for Th, La, Hf
and Sc; = 7% for Sm; + 10% for Ta, Eu, Tb and Yb; and = 15%
for Lu (Table XIV). Table XIII lists the data used to
calculate the above precisions. As only one calculated
abundance was recorded for each of the other standards and
unknowns (no replicate analyses were done) the above
precisions are assumed to apply to all of the samples
analyzed.

Analytical accuracy is dependent on calibration of the
single or multi-element standards used in calculating the
concentrations of elements in the unknodns. To confirm the
calibrations numercus interlaboratory rock standards of known
concentration were analyzed as unknowns (Abbey, 1983;
Flanagan, 1974; Flanagan, 1976; Kramar and Puchelt, 1982;

Rozenberg and Zilliacus, 1980; Steele et al., 1978; Gladney
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and Goode, 1981; Govindaraju, 1984; Alibert et al., 1983).
Calculated concentrations vs. reference concentrations were
tabulated (Table XV) and systematic errors in analyses were
calculated for each element, (Table XVI). Systematic errors
were less than the brecision for Th, Sm, Eu, Tb and Lu but
were greater than the precision for Ta, La, Hf, Yb and Sc.
Conseqﬁently, calculated abundances of the latter elements
were revised by an amount equal to the sytematic error; -16%
for Ta, +14.5% for La, +8% for Hf, +12% for ¥Yb and 419.5% for

Sc.



TABLE XIII (cont.)

PRECISION OF INAA BASED ON REPLICATE ANALYSES

Abundances in ppm

SAMPLE Th Ta La Sm Hf Eu Tb Yb Lu Sc Run Layer
WP1 1.79 1.06 11.4 3.2 1.5 0.7 N/A 1.4 0.2 7.6 1 2
WP1 2.68 1,44 11.9 3.2 2.1 0.7 N/A 1.3 0.2 7.8 1 2
WP1 2.39 1.31 | 11.6 3.1 2.2 0.6 N/A 1.3 0.2 7.6 1 2
WP1 2.04 0.98 11.1 3.1 2.1 0.6 N/A 1.5 0.2 7.8 1 2
WPl 2.34 N/D 11.2 3.0 1.8 0.6 N/A 1.2 0.2 7.8 1 2
WPl 2.46 N/D 11,4 3.2 1.9 0.6 N/A 1.3 0.2 8.0 1 2
Wwpl 2,18 0.12 11.3 3.3 2.6 0.7 N/A 1.4 0.2 7.6 1 3
WP1 1.73 N/D 10.7 3.1 2.1 0.8 N/A 1.2 0.2 7.5 1 3
WPl 2.16 N/D 11.5 3.1 2.6 0.6 0.3 1.4 0.2 7.5 2 1
WPL 2.38 0.56 11.6 3.1 2.8 0.7 0.3 1.3 0.2 7.3 2 2
WPl 2,22 N/D 11.3 3.0 2.8 0.7 0.4 1.2 0.2 1.7 2 3
WP1 2,25 1.59 10.3 3.1 2.5 1.0 1.0 1.0 0.2 7.9 3 1

Mean 2,22 0.59 11,2 3.1 2.3 0.7 0.5 1.3 0.2 7.7
lo 0.27 0.64 0.43 0.09 0.42 0.12 0.34 0.13 0.0 0.20
N/D = not detected
N/A = not analyzed

continue..........
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TABLE XIII (cont.)

PRECISION OF INAA BASED ON REPLICATE ANALYSES

Abundances in ppm

SAMPLE Th Ta La Sm Hf Eu Tb Yb Lu Sc Run Layer
P-1 3.3 4.3 10.7 2.6 2.2 0.5 N/A 1.8 0.3 9.1 1 2
P-1 3.9 1.1 10.4 2.8 2.8 0.6 N/A 1.8 0.3 8.3 2 1
P-1 3.6 1.2 10.7 2.7 2.8 0.7 N/A 2.0 0.3 8.1 2 1
P-1 3.7 2.1 10.6 2.7 3.0 0.6 N/A 2.1 0.3 8.5 2 2
P-1 3.8 0.4 10.3 2.6 3.0 0.6 N/A 1.9 0.3 8.4 2 2
P-1 3.7 0.1 10.0 2.9 2.9 0.6 N/A 1.8 0.3 9.1 2 3
P-1 3.8 N/D 10.9 2.9 3.0 0.7 N/A 2.0 0.3 9.1 2 3
P-1 3.7 N/D 10.4 2.5 3.3 0.6 N/A 1.8 0.3 8.9 2 3

Mean 3.7 1.15 10.5 2.7 2.9 0.6 1.9 0.3 8.7
lo ' 0.18 1.47 0.28 0.15 0.32 0.06 0.12 0.0 0.41
N/D = not detected
N/A = not analyzed
continue..........
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TABLE XIII (cont.)

PRECISION OF INAA BASED ON REPLICATE ANALYSES

Abundances in ppm

SAMPLE Th Ta La Sm Hf Eu Tb Yb Lu Sc Run Layer
SY2 362.6 N/D 65 15.0 N/A 1.6 N/A N/A N/A 5.4 1 1
SY2 365.8 N/D 65 16.3 6.6 2.2 N/A  19.3 N/A 5.1 1 2
SY2 366 N/D 72.1 16.6 6.9 2.0 N/A  13.6 3.0 5.3 1 3
SY2 380 N/D 73.2 15,4 7.2 2.3 2.5 16.9 2.1 5.4 2 1
SY2 385 N/D 70.3 15.3 7.3 2.3 3.0 15.1 1.9 5.2 2 2
SY2 386 N/D 73.9 18.1 7.6 2.5 2.5 14.2 3.1 5.6 2 3
SY2 374 N/D 76.4 17.5 6.9 2.1 3.0 13.5 3.0 5.7 2 4
SY2 399 N/D 64.2 15.6 7.3 2.3 2.8 15.3 2.2 5.8 3 1
SY2 364 N/D 68.1 15.4 7.2 2.4 3,0 15.2 3.0 5.8 4 1
SY2 373 N/D 65.7 15.0 7.9 2.1 3.3 16.1 2.7 7.5 4 2
SY2 366.5 N/D 73.0 16.8 8.3 2.6 3.4 17.1 2.3 7.6 4 3

Mean 374.7 69.7 16.1 7.3 2.2 2.9 15.6 2.6 5.8
lo 11.6 4.3 1.1 0.5 0.27 0.33 1.79 0.46 0.87
N/D = not detected
N/A = not analyzed
continue..........
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TABLE XIII

PRECISION OF INAA BASED ON REPLICATE ANALYSES

Abundances in ppm

SAMPLE Th Ta La Sm Hf Eu Tb Yb Lu Sc Run Layer
NIML STD 27.6 202 4.8 STD 1.2 N/D 3.6 0.4 0.2 1 1
NIML STD 25.0 201 5.3 STD 0.8 N/D 3.5 0.4 0.2 1 2
NIML STD 26.5 189 4.8 STD 1.0 N/D 2.5 0.5 0.2 1 3
NIML STD 26.1 201 4.6 STD 1.1 N/D 2.8 0.4 0.2 2 1
NIML STD 26.3 187 4.7 STD 0.9 N/D 3.6 0.4 0.1 2 2
NIML STD 26.3 192 4.5 STD 1.0 N/D 2.6 0.5 0.2 2 3
NIML STD 24.7 197 5.1 STD 0.9 N/D 2.2 0.5 0.2 2 4
NIML STD 27.7 177 5.6 STD 1.1 N/D 2.0 0.5 0.1 3 1
NIML STD 26.7 209 4.2 STD 1.0 N/D 2.7 0.4 0.3 1 1
NIML STD 21.9 206 4.8 STD 0.9 N/D 2.7 0.6 0.2 4 1
NIML STD 22.5 190 4.1 STD 1.0 N/D 3.2 0.4 0.3 4 2
NIML STD 21.3 210 4.8 STD 1.2 N/D 3.1 0.4 0.3 4 3
Mean 25.2 197 4.8 1.0 2.9 0.45 0.22

lo 2.2 9.9 0.42 0.12 0.5 0.07 0.06

N/D = not detected
STD = sample used as a standard
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TABLE XIV

RELATIVE PRECISIONS BASED
ON REPLICATE ANALYSES

Concentration and lo in ppm
Precisions? in %

" Th Ta La ’ Sm Hf
Conc. lo Prec. | Conc. lo Prec. Conc.| lo Precd Conc.] lo |Prec.| Conc| lo Prec.
NIML STD 25.2 2.2 8.7 197 9.9 |5 4.8 0.4| 8.7 | STD
SY2 374.7 |11.6 3.1 N/D 69.71 4.3 16 16.1| 1.1| 6.8 7.3 | 0.5 6.8
WPl 2.2 0.3 13.6 |(0.59)* | (0.64)*] (108)*| 12.8| 0.4 | 3.1 3.1 0.1 2.9 2.5({0.4 {16
P-1 3.7 0.18 4.9 |(1.15)* | (1.47)*| (128)*%| 12.0| 0.3 | 2.5 2.7 0.2 5.5/ 3.1[0.3¢(10
Relative . 5% or 0.3 ppm +10% or 0.6 ppm +5% or 0.4 ppm | #7% or O.2ppm| +5%-or 0.4 ppm
Precision
Eu , Tb Yb Lu Sc
Conc. lo Prec. | Conc. lo Prec. Conc | lo Prec. Conc.] 1o |Prec.| Conc lo Prec.
NIML 1.0 0.1 12 N/D 2.9 0.5 |17 0.45/0.07(15.5(0.22 [0.06 | 27
SY2 2.2 0.3 12.3 2.9 0.3 11.4 15.6 | 1.8 {11.5| 2.6} 0.5(/17.7] 5.8 0.9 15
WP1 0.7 0.1 17 0.5 0.3 68 1.5]| 0.1 6.6/ 0.2 0.0{=25( 9.2 0.2 2.2
P-1 0.6 0.1 |10 N/D 2.110.1 4.,8| 0.3} 0.0/=17/10.4 ] 0.4 3.8
Relative *10% or 0.2 ppm $10% or 0.3 ppm | +10% or O.4ppm [*15% or O.lppm| 5% or 0.1 ppm
Precision
N/A = not analyzed
STD = Sample used as a standard
N/D = below detection limit

*

contaminated sample

IThese precisions are calculated from data contained in the previous Tables, (g/mean) X 100.
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TABLE XV

TEST OF ANALYTICAL ACCURACY FOR INAA

Abundances in ppm

SAMPLE Th Ta La Sm Hf Eu Tb Yb Lu Sc Run-layer
NIMG 51.4%2.6 5.1+0.6  104%5 15t1 10.9#0.5 0.4¥0.2 N/A 14.5%1.5 1.8+0.1 0.4%0.1 1-1
Ref. 523 4.6412 10712 15.45 1273 0.473 143 273 0.5!2

NIMS 1.240.3 N/D 4.6+0.6 1.3+0.2 0.4+0.3 N/D  N/A N/D N/D 2.9+0.1 1-1
Ref. 0.973 472 1.212 0.312 3.812

SY3 985449 N/D 1226+61 82.7+6 8.3+0.4 16.2+1.6 N/A N/D N/D 5.1+0.3 1-1
Ref. 9903 13503 95! 973 1473 773

RGM-1 13.620.7 1.0%0.6 19,1%1 4,0+0,3 5.5+0.4 0.5%0.2 N/A 1.5%0.4 N/D 3.3%0.2 1-3
Ref. 1573 1.03 2373 4,373 6.073 0.773 2.37 4,73

QLO-1 5.4+0.3  0.7+0.6 24.2+1.2 5.2+0.4 4&.7+0.4 1.3%¥0.2 N/A 1.9*0.4 0.4%¥0.1 7.00.4 1-3
Ref. 4,873 0.637 2773 5,173 4.673 1.573 2.27 0.48 973

BHVO-1 1.1:0,3 1.0:0,6 13.9+0.7 6.7+0.5 4.2+0.4 2.0:0.2 N/A 1.7¢0.4 0.3+0,1 26.3*1.3 '1-3
Ref. 1.03 1.123 1773 6.13 4,33 2.03 1.93 0.3% 316

GSP-1 109+5 1.6£0.6 15518 2842  13.620.7 2.2%0.2 N/A 1.6%0.4 0.2%0.1 4.9%0.2 1-3
Ref. 1053 173 19110 26,872 1473 2,210 1.93 0.223 6.63

STM-1 29.3£1.5 21.6%0.6 145%7 1341  23.6%1.2 3.0:0.3 N/A 3.7+0.4 0.5%0.1 0.4%0,1 1-3
Ref. 3173 1873 14611 133 27173 3.73 4,33 0.78 0.5!1

N/D = not detected

N/A = not analyzed
? = questionable value

continued........
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TABLE XV (cont.)
TEST OF ANALYTICAL ACCURACY FOR INAA

Abundances in ppm

SAMPLE Th Ta La Sm Hf Eu Tb Yb Lu Sc R-L

BCR-1 6.9+ o 3 1.3%0.6 24+1  7.3+0.5 3.8%#0.4 2.1+0.2 0.7+0.3 3.4%0.3 0.5%0.1 29.4¢1.5  4-2

Ref. 6.13 0.873 273 6.53 53 2.03 1.03 3.43 0.573 333

ARCHO-1 7.620.4 2.620.6 38.5%2 9.9+0.7 9.7+0.5 4.4%0.4 1.5%0.4 3.9%0.4 0.6%0.1 31.9+1.6 4-3

Ref. 7.3+0.1% 1.18% 45.8+0.6% 9.83% 11.1* 4.31%  1.477% 4.2+0.1% 0.637% 28,934

NIML STD 25.2+0.6 19743 4.8 STD 1.0 N/D .9+0.1 0.45+0.02 0.2240.02 n=12
Ref. 22173 20073 4.812 173 3.512 0.4?'2  0,27212

SY2 374.7%3.5 N/D 69.7+1.3 16.1+0.3 7.3%0.2 2.2 2.9%0,1 15.620.6 2.6%0.1 5.8%0.3 n=11
Ref. 38073 85! 1523 823 2,2} 2.7} 173 393 723

R-L = Run-layer Abbey, 1976

N/D = not detected Abbey, 1980

N/A = not analyzed Abbey, 1983

STD = sample used as a standard Additon and Seil, 1979

Alibert et al., 1983
Flanagan, 1974

Flanagan, 1976

Gladney and Goode, 1981
Govindaraju, 1984

Kramar and Puchelt, 1982
Rozenberg and Zilliacus, 1980
Steele et al., 1978

? = questionable value

XN EFE w N

—
N = O W
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SEXRIDGE

PREVRDG

EXRIFT

EXDEEP

ABUNDANCES FROM DUPLICATE ANALYSES

(INAA)
Abundances in ppm
La Sm Eu Tb Yb Lu
U. B.C. 4.6 3.5 1.1 0.8 3.1 0.4
Schilling 4.6 3.7 1.30 0.79 3.1 0.43
U. B.C. 18.1 10.0 2.9 2.1 7.7 1.1
Schilling 15.2 9.9 3.02 2.09 7.8 1.08
U. B.C. 2.0 2.2 0.8 0.6 2.3 3
Schilling 1.9 2.5 1.01 0.61 2.4 0.34
U.B.C. 11.4 4.8 1.4 0.8 3.2 0.4
Schilling 9.7 4.8 1.68 0.93 3.7 0.54

U.B.C. = INAA by the author.
Schilling = INAA by J.G. Schilling, presented in Cousens et al., 1984.

Sc

36.7
43

34.7
36

27.1
31

34.4
39
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SAMPLE

NIMG
NIMS
SY3

RGM-1
QLO-1
BHVO-1
GSP-1
STM-1
BCR-1

ARCHO-1
NIML
SY2

MEAN

WGTD. MEAN
lo UNCERTAINTY

Th

-1%+5%
+33%+25%
~-0.5%+5%
-9%+5%
+13%+5%
+10%+277
+47%+5%
-5%+57%
+137%+57%
+47%+5%
STD
-0.2%*1%

+2.8%

+1.4%
+3.87%

OF WGTD. MEAN

N/D =

N/A
STD

Ta

+9.9%+5%
N/D
N/D
+0%+3%
+117+20%
~9%+5%
+60%+20%
+20%+10%
+62%+15%
+54%+20%
+14%+2%
N/D

+337%

+16.37%
15.9%

not determined
not analyzed
sample used as a standard

TABLE XVI

SYSTEMATIC ERROR IN INAA ANALYSES

La

-3%15%
-15%+137%

-9%+5%
-17%+5%
-10%+5%
-18%+57%
-23%+5%
-0.77%%5%
-11%+5%
~-1.9%+5%
-18%+1.5%
-18%+1.87%

-137%

-14.4%
+3.6%

Sm

-3%+7%
+8%+15%
-13%+7%

=17%+7%

+2%+77%
+107%+77%
+47x77
0%+7%
+12%+77%
+0,7%x77%
0%+7%
+7%+27,

+1.7%

+2.4%
16.07%

Hf

-97%%5%
N/D
-87+8%
-8%+7%
+2%+77%
=2%*7%
-3%+5%
-13%%5%
-247+15%
-14%+5%
STD
-9%+3%

-9%

-8.3%
*5.7%

Eu

0%+15%
N/D

+15%+10%
-28%+12%
-13%+10%
0%+15%
0%+10%
-19%+15%
+5%+12%
+2%+10%
0%+10%
0%+10%

-47

-1.5%
+11.4%

Tb

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
~-30%+20%
+2%+15%
N/D
+7%+3%

+6%

+3%
+15.0%

Yb

+47+10%
N/D
N/D
-35%+13%
-147+10%
-10%+10%
-16%+10%
~147%+10%
0%+107
-7%+10%
~17%+3%
-8%+47%

-12%

-12.2%
*7.4%

Lu

-10%+15%
N/D
N/D
N/D

0%+10%
0%+10%
0%+20%

-28%+5%

0%+20%
=5%+16%
+13%+4%

—13%+4%

-6%

-6.2%
+7.8%

Sc

-20%+10%
-24%%147%
-27%+8%
-427%%12%
-227%%67%
-15%%5%

- =26%18%

-257%%10%
~11%%5%
-10%5%
-197+9%
-177%+5%

-21.5%

-19.4%
+7.1%
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NOVATRAK ANALYSES

Samples BOWSER, COQ251, COQ632 and COQ61 were analyzed by
NOVATRAK. All four samples have two to three times the Yb
content of other samples and samples BOWSER and COQ61 exhibit
a similar enrichment in Th. None of the samples analyzed by
the author are enriched to the same extent, suggesting the
enrichment is a product of NOVATRAK analysis. Therefore these
abundances were not recorded. To plot BEND patterns for these
samples an estimated Yb content was calculated using the ratio

Y/Y¥b = 13, the average ratio from all other samples.

ELEMENT ABUNDANCES IN STANDARDS WP1 AND P-1

Intralab standards P-1 and WP1 were analyzed numerous
times throughout the study period to establish them as
secondary standards. Although major element oxide abundances
had been previously determined no prior analyses had
determined abundances of Th, Ta, La, Sm, Hf, Eu, Tb, Yb, Lu
and Sc. Calculated abundances from this study are recorded in

Table 4 and revised abundances are listed in Table XVII.
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TAELE XVII

ELEMENT ABUNDANCES IN INTRALAB STANDARDS WPl and P-1

STANDARDS

P-1
0.6+ 0.1

WPl

0.7+ 0.1

ELEMENT

Eu

3.1+ 0.1
12.0+ 0.1

2.5+ 0.1
12,8+ 0.1

Hf

La
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APPENDIX III - MAJOR AND TRACE ELEMENT ANALYSIS BY XRF

PREPARATION FOR ANALYSIS

Nearly all of the samples selected for analysis had been
crushed and powdered during previous studies. The remainder
were small whole rock fragments ﬁhich were powdered to
approximately 200 mesh by grinding them first in a tungsten
carbide ring mill and then in an agate mortar. All powdered
samples were subsequently made into pellets as described in
the U.B.C. XRF lab instruction sheets. Pellet preparation was

done by the author.

MAJOR ELEMENT ANALYSIS

Major element oxide concentrations were determined by
X-ray flouresence spectroscopy on an automated Phiilips®
spectrometer, using the pressed powder method of van der
Heyden (1982). This analysis was performed by B. Cousens in
the department of Oceanography at the University of British
Columbia. Analyses for H,0 and CO, were not performed. The
method and operating conditions as wéll as a complete
description of the computer program used in data reduction are
contained in van der Heyden (1982).

Included in the sample set were four standards analyzed
as unknowns and fourteen samples for which major element
abundances had previously been determined. Estimated

precisions were calculated from these duplicate analyses by
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finding the mean range (w) and dividing this number by a
constant (dn) (Davies, 1961). These estimated precisions are
listed in Table XVIII, along with % mean deviations from the
recommended values for standards used in constructing the

working curves (Abbey, 1983).

TRACE ELEMENT ANALYSIS

Concentrations of Ba, Rb, Nb, Ce, Sr, Nd, Zr, Y, Co, Cr,
Cu, Ni and V were determined by XRF analyses of pressed powder
pellets. These pellets were the same as those used for major
element oxide determinations. All of the above elements,
except Ce and Nd, were analyzed by B. Cousens of U.B.C. Ce and
Nd analyses were done by the author at the department of
Geological Sciences, U.B.C. Raw data was reduced using a
computer program written by Berman (1979) and modified by B.
Cousens (pers. comm.).

Included with the unknown samples were five standards and
sixteen samples in which abundances of all or some of the
trace elements had been previously determined.

Table XIX lists 10 errors on the analyses of standards
used to create the working curves, as well as analytical
precision estimates based on duplicate analyses. Precision for

Ba is poor due to low counting intensities.
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TABLE XVIII

PRECISION OF MAJOR ELEMENT ANALYSES

MAJOR ELEMENTS: % mean deviation from working curves
constructed using the recommended values for the same
standards (Abbey, 1983). Estimated precisions are from
duplicate analyses of unknown samples.

% MEAN ESTIMATED PRECISION
DEVIATION

Sio, 1% 1.7%
TiO, 2.5% 2.5%
Al,04 3.7% 3.5%
Fe,04 2% 2.8%
MnO 1% 10%

MgO 1.3% 9.5%
Ca0 2.8% 2.7%
Na,O 4.0% - B8.7%
K,0 4.1% %
P,0s 10.4% 10.0%

On the following pages are:

1. Computed major element abundances in the analyzed
standards which were used to calculate % mean deviation,
and

2. Abundances from duplicate analyses.



IDENT

BHVO- 1

BCR-1

MRG- 1

JB-1

AGV-1

S1

10.
10.
11.
-0.

OO NN

osuwm

ONNN O N

Caasn

Z
>

0000 Qwww ONNN

6000 S---

5000

OC000 O==-=

oONNN

1

STANDARDS
T1 MN

2.61 0.16
2.58 0.16
2.70 0.17
0.12 -0.01
2.23 0.18
2.23 0.18
2.26 0.18
0.03 0.00
3.73 0.17
3.70 0.17
3.69 0.17
0.01 0.00
1.37 0.15
1.36 0.15
1.34 0.15
0.02 0.00
1.08 0.17
1.07 0.17
1.07 0.%7
0.00 -0.00
1.14 0.10
1.14 0.10
1.06 0.10
0.08 -0.00

0000 0000 0000 0000 0000 0000

P.

I

0000 0000 0000

©000 0000 O===

-FINAL DATA FOR STANDARDS USED IN CONSTRUCTION
OF WORKING CURVES FOR MAJOR ELEMENT ANALYSIS

co2

0000 0000

9000 0000 0000 Q===

TOTAL

101.

100.

100.

100.

100.

100.

100.

10t.

101.

99

o1

52

23

63

.17

72

70

53

219

83

.81

FINAL VALUE
NORM. VALUE
RECCOM. VALUE
NORM. -RECC.

FINAL VALUE
NORM. VALUE
RECCOM. VALUE
NORM. -RECC.

FINAL VALUE
NORM. VALUE
RECCOM. VALUE
NORM. -RECC.

FINAL VALUE
NORM. VALUE
RECCOM. VALUE
NORM. -RECC.

FINAL VALUE
NORM. VALUE
RECCOM. VALUE
NORM. -RECC.

FINAL VALUE
NORM. VALUE
RECCOM. VALUE
NORM. -RECC.
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ABUNDANCES FROM DUPLICATE ANALYSES
ESTIMATE OF ANALYTICAL PRECISION
XRF MAJOR ELEMENTS

Major element oxides in wt. %.

NBS688 47.79 1.19 17.99 10.61 0.17 7.54  12.35 2.02 0.19 0.15
Ref.! 48.4 1.17 17.36 10.35 0.167 8.4 12.17 2.15 0.187 0.134
NIML 53.82 0.49 14.72 10,02  (1.03) 0.43 3.35 (10.80) 5.31 0.04
Ref.! 52.4 0.48 13.64 9,75 (0.77) 0.28 3.22  (8.37) 5.51 0.06
NIMG 73.79 0.12 13.28 2.46 0.02 0.07 1.05 3.63 5.58 0.01
Ref.! 75.70 0.09 12.08 1.74 0.02 0.06 0.78 3.36 4.99 0.01
SY3 59.16 0.13 12.28 6.67 0.37 3.38 8.63 4,48 4,30 0.60
Ref ! 59,68 0.15 11.80 5.66 0.32 2.67 8.26 4.15 4.20 0.54
c0oQ61 57.75 0.83 15.38 8.05 0.14 6.11 6.42 2.96 2.16 0.21
Ref .2 58, 51 0.82  16.22 7.91 0.15 4.30 6.51 3.08 2.27 0.22
€0Q251 53.53 1.02 16.38 8.89 0.19 6.75 9.70 2.26 0.96 0.31
Ref .2 53.98 1.01 17.74 8.87 0.18 4.40 9,60 2.89 1.04 0.28
€0Q632 55.40 1.02 16.34 8.38 0.15 5.47 8.12 3.08 1.67 0.37
Ref . 2 54,58 1.03 16.98 9.63 0.15 4,58 8.02 3.17 1.61 0.28

( ) These numbers were not used in the calculation of estimated precisions.

continue..........
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MAJOR cont.

WOOD 1K.
Ref."

EDMUND
Ref."

NAZKO
Ref."

V8M
Ref.3

12-2
Ref.3

27-22
Ref.3

35-19b
Ref.3

DOG CK
Ref. S

BULL CAN
Ref. 5

CAMEL
Ref. 5

DEADMAN
Ref. >

510,

48,

46

50.
.79

48

51.
49.

50.
50.

(43,
(37.

45
45

44
42.

51
50

49,
49,

51

48.
49.

1Abbey,1983; 2Berman, 1979; 3Isachsen, 1984;I’W. H. Mathews (pers. comm.);
Bevier, '

19

.40

55
24
50

59
86

27)
55)

.92
.05

41
81

.25
.65

71
67

.89
51.

94

41
11

T10,

2.66
2.67

1.90
1.98

1982

A1,0,
16.01
15.13

15.64
14.94

15.07
14,27

15.22
15.38

12.62
12.05

15.20
15.57

15.11
15.39

14.69
14.67

15.58
15.58

15.25
16.13

14.62
14,98

Fe,04

13.65
13.95

11.78
12.10

12.12
12.26

12.50
12.58

(14.45)
(12.74)

11.99
12,01

14 .64
14.73

12.82
12.77

13.20
13.00

11.04
11.06

(13.84)
(12.14)

MnO

(0.
(0.

0.
0.

0.
0.16

.18
.16

.16
.17

.16
.17

25)
09)

23
14

.21
.16

.23
.15

.16
.16

.17
.17

.14
.14

18

MgO

7.
6.

(18.
(23.

11,
11,

10.
10.

[=,}

~

.60
.21

.28
.34

.82
.14

66
99

Ca0  Na,0 K,0 P,05

8.95 4.03 0.67 0.42
8.61 3.97 0.55 0.24

8.46 3.38 0.62 0.30
. . 0.21

8.61 2.69 1.26 0.33
7.95 3.16 1.17 0.25

76) (10.15) 0.27 0.10 0.11

67)

64
99

83
95

.70
.28

.42
.32

.02
.38

.81
.34

(8.41) 0.56 0.11 0.03

12.92 0.9 0.34 0.05
12.62 1.60 0.35 0.05

12.46 1.11 0.20 0.05
12.00 1.79 0.21 0.06

8.47 3.27 0.57 0.14
8.58 3.15 0.65 . 0.22

8.56 3.42 0.41 0.17
8.88 3.46 0.38 0.14

8.51 (4.25) 0.81 0.15
9.50 (2.69) 0.82 0.30

(7.54) 2.19 1.04 0.34
(9.48) 2.40 1.05 0.34

9L2
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TABLE XIX
PRECISION OF TRACE ELEMENT ANALYSES

TRACE ELEMENTS: Approximate 10 scatter of standards about
working curves as generated by Berman (1979) program.
Abundances in standards are from Abbey (1983). Estimated
precisions are from duplicate analyses of samples.

APPROX. 1o ESTIMATED PRECISION
ERRORS

Ba 50 ppm 26.1 ppm
Rb 1 ppm 2.3 ppm
Nb 3 ppm 1.9 ppm
Ce 10 ppm N/D*

Sr 4 ppm 6.6 ppm
Nd 5 ppm N/D*

Zr 2 ppm 8.5 ppm
Y 2 ppm 2.2 ppm
Co' 4 ppm 5.7 ppm
Cr! 9 ppm 10.2 ppm
Cu' 6 ppm 11.3 ppm
Ni 5 ppm 4.8 ppm
\Y 4 ppm 8.4 ppm

' Estimated precisions for Co, Cr, and Cu are based on
relatively few duplicate analyses.
* N/D=not determined

On the following pages are:

1. Computed trace element abundance in the analyzed standards
which were used to calculate 10, and

2. Abundances from duplicate analyses.



TRACE ELEMENT REGRESSION ANALYSIS - MINOR BASALT DATA BATCH 1t

NUMBER OF STANDARDS= 13

R A A R A E R R R AR R S ]

BA SLOPE= 5.8234 INTERCEPT=-45,2678 R= 0.99929 AVG. DEVIATION= 38.01 STAN. DEV.= 49.646
STANDARD ERROR IN SLOPE= 0.0827 STANDARD ERROR IN INTERCEPT= 1.0189
STANDARD PPM CALCULATED DIFFERENCE
BHVO 135.00 191.10 56 .10
BCR-1 680.00 713.73 33.73
JB-1 490.00 553.08 63.08
wW- 1 160.00 175.85 15.85
AGV- 1 1200.00 1157 .21 -42.79
SY-3 430.00 358.99 -71.01
NIM-L 450.00 431.61 -18.39
DTS- 5.00 -33.84 -38.84
MGMICA 4000.00 4002 .29 2.29
REJVECTED STANDARDS ARE: ( 0.0 )

LR AR R R R R e AR R R R A R R A S R R R

co SLOPE= 0.2970 INTERCEPT= 0.2420 R= 0.99535 AVG. DEVIATION= 3.52 STAN. DEV.= 4.374
STANDARD ERROR IN SLOPE= 0.0096 STANDARD ERROR IN INTERCEPT= 0.1215
STANDARD PPM CALCULATED DIFFERENCE
BCR-1 36.00 38.06 2.06
MRG- 1 86.00 88 .31 2.31
JB-1 39.00 37.33 -1.67
W-1t 47.00 41.16 -5.84
AGV-1 16.00 20.91 4.91
SY-3 12.00 10.91 ~1.09
NIM-L 8 .00 9.34 1.34
DTS-t 135.00 129.48 -5.52
PCC- 1 110.00 115.49 5.49
FEMICA 20.00 14.77 -5.23
MGMICA 20.00 23.23 3.23
REJVECTED STANDARDS ARE: QLO-1 ( 15.75)
BHVO ( -8.78)

IR A AR R E R e R R s e R e N R R A R A S A R R RS L

8LC



CR SLOPE= 0.2729 INTERCEPT=-25.7192 R= 0.99996 AVG. DEVIATION= 6.53 STAN. DEV.= 9.183

STANDARD ERROR IN SLOPE= 0.0010 STANDARD ERROR IN INTERCEPT= 0.0396
STANDARD PPM CALCULATED DIFFERENCE
BHVO 300.00 289.98 -10.02
BCR-1 15.00 20.72 5.72
w-1 115.00 124 .46 9.46
AGV-1 10.00 -3.62 ~13.62
NIM-L 10.00 18.04 8.04
QLO-1 4.00 1.54 -2.46
PCC-1 2800.00 2800.41 0.41
MGMICA 100.00 102 .47 2.47
REJECTED STANDARDS ARE: SvY-3 ( -33.62)
JB-1 ( 19.49)

LR R R A L A A R R R R R AR R S A A AR R

cu SLOPE= 1.1973 INTERCEPT= -1.0425 R= 0.99529 AVG. DEVIATION= 3.67 STAN. DEV.= 5.698
STANDARD ERROR IN SLOPE= 0.0521 STANDARD ERROR IN INTERCEPT= 0.3456
STANDARD PPM CALCULATED DIFFERENCE
BHVO 140.00 132.32 -7.68
JB-1 56.00 64.41 8.4
w-1 110.00 114.30 4.30
SY-3 16 .00 15.99 -0.01
QLO-1 27.00 27.12 0.12
PCC-1 8.00 4.79 -3.21
FEMICA 4.00 2.07 -1.93
REJECTED STANDARDS ARE: AGV-1 ( 13.64)
BCR-1  11.27)

LR A e R R A S A S AR A R A N

continue..........
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NB SLOPE= 2.3422 INTERCEPT= 3.3
STANDARD ERROR IN SLOPE= 0.0286
STANDARD PPM

BHVO 19.00

BCR-1 19.00

MRG- 1 20.00

AGV-1 16 .00

QLO-t 10.00

FEMICA 270.00

MGMICA 120.00

REJECTED STANDARDS ARE: W-1

493 R= 0.99963

STANDARD ERROR IN INTERCEPT=

CALCULATED
- 20.
14.

21.

16.

13.
271.
117,

( 6.68)

26
67

AVG. DEVIATION=

1.
-4.
1.
0.
3.
1.
-2.

DIFFERENCE

2.00 STAN. DEV.= 2.908

0. 1500

AR AR X A R R R R S A R E R X R R e R A e A A A R A R A e A R R A R R R A R

NI SLOPE= 0.5439 INTERCEPT=-11.9338
STANDARD ERROR IN SLOPE= 0.0013
STANDARD PPM CALCULATED
BHVO 120.00 114 .65
BCR-1 10.00 t7.99
MRG- 1 195.00 189.91
JB-1 135.00 128.39
w-1 - 76.00 76.00
AGV-1 15.00 13.99
NIM-L 1t.00 17.07
QLO-1 6.00 9.11
pPCC-1 2400.00 2400.91
REJECTED STANDARDS ARE: DTS- ( 46.20)

STANDARD ERROR IN INTERCEPT=

R= 0.99998

AVG. DEVIATION=

OIFFERENCE

4.02 STAN. DEV.= 5.428

0.0336

LA R AR R AR R R R R S R A R R R A Al A R R A R A AR R R R e A R A A R R A R R A A A R R A R R A R R R R R A R R RS A AR

continue.,.........
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RB SLOPE= 5.7249 INTERCEPT= 0.3191% R= 0.99961 AVG. DEVIATION= 0.58 STAN. DEV.= 0.810

STANDARD ERROR IN SLOPE= 0.0716 : STANDARD ERROR IN INTERCEPT= 0. 1844

STANDARD PPM CALCULATED DIFFERENCE

BHVO 10.00 9.04 -0.96

BCR-1 47 .00 48 .04 1.04

MRG- 1 8.00 7.85 -0. 1%

JB-1 41.00 41.21 0.21

w-1 21.00 21.78 0.78

AGV-1 67.00 66.85 0.15°

QLO-1{ 74.00 73.24 -0.76

REJECTED STANDARDS ARE: DTS-t ( 9.41)

R R R R A A R R R A e R R A A R R A R R A R R A R R S R

SR SLOPE= 69.5064 INTERCEPT= 1.3856 R= 0.99991 AVG. DEVIATION= 2.60 STAN. DEV.= 3.787
STANDARD ERROR IN SLOPE= 0.4240 STANDARD ERROR IN INTERCEPT= 0.7788
STANDARD PPM CALCULATED DIFFERENCE
BCR-1 330.00 327 .60 -2.40
JB-1 440.00 446 .23 6.23
w-1 190.00 188.95 -1.05 -
AGV-1 660.00 657 .16 -2.84
PCC-1 1.00 1.13 0.13
FEMICA $.00 2.19 -2.81
MGMICA 25.00 27.74 2.74
REJECTED STANDARDS ARE: BHVO ( -29.09)
MRG- 1 ( 9.84)

(A AR E R R AR R S 2 R R 2 R R R A e R e A A AR R A A e R A R R A A A A AR A R A A AL R R AR R

continue....ccce..
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v

SLOPE= 2.6309 INTERCEPT=-142. 1511 R= 0.99966 AVG. DEVIATION= 3.43 STAN. DEV.= 4.252

STANDARD ERROR IN SLOPE= 0.0307 STANDARD ERROR IN INTERCEPT= 0.2472
STANDARD PPM CALCULATED OIFFERENCE

R BCR-1 420.00 421.77 1.77

uB-1 210.00 214 .52 4.52

w-1 260.00 255.57 -4.43

AGV-1 125.00 120.27 -4.73

SY-3 51.00 48. 17 -2.83

DTS-1 11.00 14.36 3.36

PCC-1 29.00 31.34 2.34
REJECTED STANDARDS ARE: MRG-1 ( 33.70)
BHVO ( 18.50)

QLO-1 ( 9.57)

L S R e R R Ty RN

SLOPE= 3.2198 INTERCEPT= 3.7667 R= 0.99997 AVG. DEVIATION= 1.39 STAN. DEV.= 2.171
STANDARD ERROR IN SLOPE= 0.0106 STANDARD ERROR IN INTERCEPT= 0.0655
STANDARD PPM CALCULATED DIFFERENCE
BHVO 27.00 29 .46 2.46
BCR-1 40.00 37.07 -2.93
MRG- 1§ 16.00 15.59 -0.41
JB-1 26 .00 24 .46 -1.54
AGV-1 18.00 21.20 2.20
SYy-3 740.00 740.04 0.04
QLO-1 24.00- - 24 17 o.17
REJECTED STANDARDS ARE: ( 0.0 )

LR R R L e R R R R e A R R A R A R A A R R R A R A S R A R R A

continue..........
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SLOPE= 21.3804

STANDARD ERROR IN SLOPE=

STANDARD
BCR-1
MRG-1
AGV-{
DTs-1
PCC-1
FEMICA
MGMICA

REJECTED STANDARDS ARE:

7.4686
0.0600
PPM CALCULATED
185.00 185.38
105.00 105.52
230.00 231714
10.00 6.39
6.00 6.86
800.00 799.35
20.00 20.79
QLO- 1 ( 47.79)
Ja-1 ( -13.06)
BHVO ( -10.42)
w-t ( -11.70)

INTERCEPT =

STANDARD ERROR IN INTERCEPT=

R= 0.99998

AVG. DEVIATION=

1
-3

DIFFERENCE
0.
0.
.71
.61

[0
-0.

0O.

i}
52

a6
65
79

.22

0.1770

STAN. DEV.=

1.935

€82



Abundances in ppm

SAMPLE

NIMELS
Ref.

NIMD5
Ref.

NIMG5
Ref.

SY3 )
Ref.

NBS688
Ref.?

coQ6
Ref.}

€0Q251
Ref.g

€0Q632
Ref.

V8M
Ref.

12-2
Ref.h

Ba

355
450

0
10?

82
1207

388
430

180
200

842

- 873

576
589

646
668

525
534

1
13

Rb

195
190

0
N/R

340
325

(127)
(208)

2
1.9

54
53

21
21

42
44

41
36

3
1.72

ABUNDANCES FROM DUPLICATE ANALYSES

ESTIMATE OF ANALYTICAL PRECISION
XRF TRACE ELEMENTS

Nb Sr Y Co Cr Cu Ni
(767) (4419) 20 2 (0) (76) 6
(960) (4600) 25?7 87  (10?) (13) 11
3 3 4 194  (3209) 2 (2701)
N/R 37 N/R 208 (2900) 10  (2040)
59 11 144 5 0 3 6
53 10 147 47 (12) 12 87
136 (141) 748 13 0 (3) (88)
130 (306) 740 12 10 (16) (11)
6 170 22 42 (85) 81 145
N/R 169 N/R 50  (330) 96 150
6 479 28  * 65 * 12

7 480 28 64 9

5 605 23 % 39 * 27

5 578 26 50 23

6 500 28  * 4 * 12

7 512 30 22 13

6 447 27 % * * 50
4.1 420 25 54
2 49 10  * * *  (316)
3.4 46.2 4.6 (281)

85 (10
81 (11

45
40

2
27

49 (
51 (

(216)
(250)

191
197

241
241

213
225

276
267

144
143

continue

Zr

557)
000)

20
207

287
300

252)
320)

60
N/R

149
156

95
107

120
132

54
65

12
22.2

¥8¢



TRACE cont.
SAMPLE

27-2
Ref.

35-19b
Ref."

35-17a
Ref.!

34-3b
Ref. !

EXMOUNT1
Ref.3

EXMOUNT2
Ref,3

EXMOUNT3
Ref. 3

BRBEAR1
Ref.3

BRBEAR2
Ref.3

COBB1
Ref.3

COBB2
Ref,3

N/R = standard has no referenced value
* = sample was not analyzed previously

Ba

92
86

106
72

(26).
(75)

290
294

*

*

*

64
50

92
51

94
40

84
29

Rb

5.1

3
4.9

36

35

3.6

1.9

1.7

4
2

? = questionable value

Nb

1.

9

.1

2.4

7.

1.

8

8

Sr

374
353

216
211

(541)
(665)

39
403

(155)
(181)

177
177

189
189

214
208

227
235

248
248

232
226

Y

15
13

24
22

4
2.7

16
15

29
26.9

29
26.5

30
26.2

36
32

33
34

38
32

38
38

Cr

262
275.7

261
275.6

263
280.9

(176)
(238)

(118)
(271)

105
110

1Abbey, 1983
2german, 1979

Cu

*

47
59

61
70

50
64

70
82

Ni

65
56

221
211

23
26

98
101

160

150.9

153

143.9

142

134.5

90
80

55
49

59
57

(47)
(28)

300
324

295
307

(80)
(130)

276
272

*

*

283
256

(330)
(269)

300
274

(328)
(276)

3R.L. Chase (pers. comm.)
qIsachsen, 1984
5Steele et al., 1978

Zr

17
30

25
38

57
73

92

87.

89

85.

99

97.

119
111

134
128

154
140

144
133

s8¢



APPENDIX IV - TA CONTAMINATION

New INAA Ta data plotted on discrimination diagrams
showed both enormous enrichment and great scatter in Ta
relative to abundances in the samples which were used to
define tectonic fields. (Wood, 1980; Wood et al., 1979;
Pearce, 1979). This suggested either:

- the mantle source region beneath B.C. is enriched in Ta
and heterogeneous,

- analysis for Ta was done incorrectly, or

- the samples had been contaminated with Ta during
preparation.

Mantle enrichment in Ta would likely be accompanied by
enrichments in other incompatible elements, but as these
'other' enrichments are not observed it is presumed that the
mantle beneath B.C. is not enriched in Ta. Precision of the Ta
analysis for reference standards is + 10%, implying that the
analytical technique was not at fault, but in intralab
standards P-1 and WP1 the analytical scatter is larger than %
100%. This hinted that sample contamination during preparation
was the ﬁost probable cause of the enrichment and variation.

Most of the samples had been powdered for analysis in
previous studies and incomplete records were kept concerning
the equipment used in their preparation (whether BICO disc
mill and/or agate mortar, or steel ring mill, or tungsten

carbide ring mill). The samples prepared specifically for this

286
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study were all crushed in a tungsten-carbide ring mill and
they all have anomalously high Ta abundances (see Table XX),
suggesting it was the tungsten-carbide which contaminated the
sample. In addition, Wood et al. have (1979) have stressed
that preparation in a tUngsteﬁ carbide shatter box was a major
source of Ta contamination and should be avoided. To confirm
this suggested source of contamination, silica sand was acid
washed and crushed in the same tungsten-carbide ring mill and
the resulting powder was analyzed by XRF. As suspected a peak
corresponding to tens of ppm of Ta was present, which could
only be there as a result of contamination (C.J. Hickson and
S.J. Juras, in preparation). Therefore in order to use Ta
discrimination diaérams a substitution or correction must be
made.

Sienko and Plane (1957) and Parker and Fleischer (1968)
note that Nb and Ta are a pair of elements which have similar
ionic radii (Nb=0.69 A; Ta=0.68 A), identical valence states,
are very incompatible, and always occur together in minerals.
They substitute for Ti in clinopyroxene, hornblende, Mg-Fe
mica, titanomagnetite and sphene.

Abundances and ratios of Nb and Ta occurring in various
rock types were compiled by Parker and Fleischer (1968).
Average abundances of Nb:Ta in subalkaline continental gabbros
and basalts were reported as 17 ppm and 1 ppm respectively
whereas granites, quartz monzonites and granodiorites averaged
12 ppm Nb and 1.3 ppm Ta. In the alkaline equivalents of the

above rock types the Nb and Ta abundances increased by
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approximately five times, ﬁowever the Nb/Ta ratios ranged from
10 to 15 independent of the rock series. More recently Wood
(1980) and Gill (1981) report the average Nb/Ta ratio equal to
16.

A compilation of recent analyses of Nb and Ta in some
igneous rock standards is presented in Table XXI. Nb
concentrations range from a low of 9.4 ppm in RGM-1, a
rhyolite, to 380 ppm in SG-1A, an albitized granite , and Ta
concentrations range from 0.50 ppm in W-1, a diabase, to 26
ppm in SG-1A, the albitized granite standard. However Nb/Ta
ratios show a much closer agreement ranging from 9.4 to 23.75
and averaging 15.1.

Table XXII records similar data for average Lewisian
gneisses, granulite xenoliths and basalts from the Isle of
Skye, Iceland and the Emporer seamount (Wood, 1980). Although
the contents of Nb and Ta are generally much less in the
Lewisian rocks than in the basalts the Nb/Ta ratios are
similar, averaging 15.6, with a range from 11.3 to 20.

The average Nb/Ta ratio for all basaltic samples listed
in Tables XXI and XXII is 15.8.

Approximately 50% of the Nb/Ta ratios in the analyzed
rocks from this study do not lie within the range of ratios
defined by the standards but abundances of Nb are similar to
reported Nb abundances in basalts, confirming the probable
contamination with Ta. With Nb/16 substituted for calculated
Ta in the Ta-bearing discriminant diagrams, all of the data

points plotted within the appropriate tectonic fields. (This
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substitution for Ta is denoted by Ta* elsewhere in the
thesis). The use of Nb in discriminant diagrams which involve
Ta is acceptable provided that the concentrations of Nb are 1

ppm or greater (Wood et al., 1979).



TABLE XX

290

CALCULATED Nb AND Ta ABUNDANCES IN ANALYZED BASALTIC SAMPLES *

SAMPLE

ARIS IS
KITASU
LAKE IS
RAINBOW
ANAHIM
ITCHA1?
ITCHAZ2
ALEX
QUES LK
SPAN CK
WGRAYN
TROPHY
MASSET1
MASSET?2
SATLIN
PRINCER
AYNSH1
AYNSH2
ISKUTW
BORDERLK
MT. DUNN
ISKUT
HOODOO?
BOWSER
SPEC1
SPEC2
EDZ1
EDZ2
NEDZ1
NEDZ2
NEDZ3
NEDZ4
LEVEL1
LEVELD
LEVEL2
NATLIN

Nb (ppm)

15
57
23
25
33
45
61
20
21
42
22
16
14
15
12
17
41
38
30
25
30
24
171
55
20
27
37
30
38
30
45
31
28
12
32
51

Ta (ppm)

N/D
5
82

4

Z
w)

zZ Z
oo

z
BN =IO W = NN N~

o

* = Methods of preparation in Appendix 1

N/D

not detected

2 Mugearite
3 Peralkaline

Nb/Ta

12.8
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TABLE XX (cont.)

SAMPLE Nb (ppm) Ta (ppm) Nb/Ta
CHEAK 10 1 10
GARIBALD 9 7 1.3
CAYLEY ' 6 1 6
ELAHO 12 N/D > 12
MEAGER 15 13 1.2
SALAL1 25 2 12.5
SALAL?Z2 21 1 21
SALAL3 27 2 13.5
SILVERA' 20 3 6.7
SILVERH 23 4 5.8
C0Q251 5 8 0.6
COQ61 6 1 6
C0Q632 6 3 2
BLIZZARD 29 5 5.8
CARD 19 2 9.5
WOOD LK. 37 7 5.3
DEADMAN 22 5 4.4
REDSTONE 18 6 3
BULLCAN 6 6 1
DOGCK 12 1 12
CAMEL 9 5 1.8
EDMUND _ 3 5 0.6
NAZKO 13 2 6.5
QUESW 23 2 11.5
ALERT1'! 9 5 1.8
ALERT2 - 20 1 20
ALERT3 29 N/D > 29
BRBEAR1 9 5 1.8
BRBEAR2 12 N/D > 12
COBB1 13 4 3.3
COBB2 12 N/D > 12
EXMOUNT1 4 1 4
EXMOUNT?2 3 2 1.5
EXMOUNT3 3 4 0.75
SEXRIDGE 7 13 0.5
PREVRDG 19 9 2.1
EXDEEP 15 15 1
EXRIFT 4 7 0.6

N/D = not detected
' Andesite
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TABLE XX (cont.) (VANCOUVER ISLAND)
SAMPLE Nb (ppm) Ta (ppm) Nb/Ta
M598 10 3.3
M600 4 1 0.3
M605 8 0 0.8
M606 4.4 2 2.2
K609 12 17 0.7
K613 10 6 1.7
K614 11 8 1.4
K615 11 3 3.7
B618 5 N/D > 5
B619' 7 4 1.8
B620 7 N/D > 7
B621 7 N/D > 7
S630 7 4 1.8
S631" 5 4 1.3
$632 13 18 0.7
79-H-39 29 12 2.4
79H-10A" 10 1.38 7.25
SICKER! 25 2 12.5
SICKER3 6 3 2
10-1265 4 N/D > 4
R-136 5 1 5
683422° 7 N/D > 7
6832415 8 N/D > 8
682132 9 1 9
GMIC#4° 7 1 7
34-3b 7.8 6 1.3
WCT-3 7.6 4 1.9
15-12a 3.4 4 0.8
35-19b 3.1 9 0.3
12-2 3.4 2 1.7
27-22"% 1.9 N/D > 1.9
v8M 4 7 0.6
V8F! 4 N/D > 4
I1IPS o1 6 1.2

~J

N/D = not detected
Andesite
Ankaramite
Diorite
Granodiorite

O N B -
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TABLE XXI

ABUNDANCES OF Nb AND Ta IN STANDARDS (Abbey, 1983)

SAMPLE ROCK TYPE Nb (ppm) Ta (ppm) Nb/Ta .
BHVO-1 Basalt 19 1.17? 17.3
BCR-1 Basalt 19? 0.8? 23.8
BE-N Basalt 100 5.5? 18.2
W-1 Diabase 9.5 0.50 19
AGV-1 Andesite i6? 1.47 11.4
G-1 Granite 24 1.5 16.0
G-2 Granite 13?7 0.87? 16.3
NIM-G Granite 53 4,57 11.8
SG-1A Albitized Granite 380 26 14.6
QLO-1 Quartz Latite 10.57 0.9? 11.7
STM-1 Syenite 2707 182 15.0
RGM-1 Rhyolite 9.47? 1.0? 9.4

guestionable value



294
TABLE XXII
ABUNDANCES OF Nb AND Ta IN TERRESTRIAL ROCKS (Wood, 1980)

SAMPLE ROCK TYPE Nb (ppm) Ta(ppm) Nb/Ta

LEWISIAN 2 4 Basic Gneisses 2 0.1 20
LEWISIAN 3 Basic Gneiss 2 0.12 16.7
LESOTHO Granulite Xenoliths 5 0.3 16.7
SKYE 1 Alkali Basalt 9 0.80 11.3
SKYE2 Hawaiite 30 2.04 14.7
EMPORER Hawaiite 29 2.01 14.4
ICELAND 1 Th. Basalt 11 0.76 14.5
ICELAND 2 Shield tholeiite 2 .12 16.7



