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Geochemical and Nd-Sr-Pb isotopic evidence on the origin and
geodynamic evolution of mid-Cretaceous continental arc volcanic
rocks of the Spences Bridge Group, south-central British Columbia
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The mid-Cretaceous Spences Bridge Group (SBG) comprises a series of basaltic to rhyolitic lavas and related volcaniclastic
rocks (Pimainus Formation) overlain by a succession of mainly amygdaloidal andesites (Spius Formation) related to the closure
of the Methow—Tyaughton basin and accretion of the Insular terrane in the North American Cordillera. Geochemical variation
in the SBG is related primarily to metasomatic processes in the mantle wedge. Pimainus lavas include low- to high-K, tholeiitic
and calc-alkaline types, and have isotopic compositions (eng(100Ma)= +5.2 to +7.0, e5(100Ma)= —10 to —20,
206pp204pp — 18.82 to 18.91, 27"Pb/?**Pb = 15.55 to 15.60, 2°°Pb/***Pb = 38.24 to 38.43) between the ranges for primitive arcs
and accreted terrane crust. Crustal sources are identified only for some low-medium K dacite and rhyolite compositions. The
occurrence of intermediate compositions with high MgO contents (up to 6 wt%) and the presence of adakitic trace element
features in medium-high K felsic lavas attests to metasomatism of the mantle wedge by slab melts during Pimainus volcanism.
Spius lavas have comparable K,O and Pb isotopic compositions to the Pimainus, even higher MgO (up to 9.2 wt%), and display
a mild intraplate character in having up to 0.6 wt% P,0s, 15 ppm Nb, and 240 ppm Zr. Spius Nd — Sr isotopic compositions
(ena(100Ma) = +5.3 to + 6.9, €5,(100Ma) = — 14 to — 25) define an array extending from Pimainus to alkaline seamount
compositions. The low &g, values, elevated high field strength element contents, and moderate silica contents suggest Spius
volcanism was related to the introduction of small melt fractions from the asthenosphere into the mantle wedge which had
previously generated Pimainus melts. The range of compositional types in the Pimainus Formation constrains tectonic scenarios
to include an elevated slab thermal regime, likely from approach of an ocean ridge system toward the continental margin. Spius
volcanism may have been generated by asthenospheric upwelling triggered by slab window development or slab-hinge roll-
back on closure of the Methow—Tyaughton basin. Copyright © 2002 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The Spences Bridge Group (SBG) is a succession of mid-Cretaceous continental arc volcanic and sedimentary
rocks exposed in a 215 x 25 km belt along the western edge of the Intermontane terranes of the North American
Cordillera (Figure 1). Correlation of the SBG with the Kasalka and Skeena volcanics farther north in British
Columbia suggests that the SBG belonged to part of an extensive late Mesozoic continental arc (Thorkelson
and Rouse 1989; Souther 1991). The location and timing of volcanism implies that the arc was related to closure
of a marginal basin whose remnants are preserved in terranes of the Early to Middle Mesozoic Methow—Tyaughton
trough. The middle Cretaceous strata of the Methow—Tyaughton succession appear to represent a fore-arc assem-
blage related to SBG volcanism, although facies transitions and stratigraphic linkages with the SBG have not been
clearly demonstrated. Early Late Cretaceous closure of the Methow—Tyaughton basin appears to be broadly
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Figure 1. Location of the Spences Bridge arc (SBG) in southern British Columbia relative to: 1, volcanic provinces (CA, northern Cascades; CK,

Chilcotin-Kamloops; CR, Columbia River); 2, Cretaceous granitoids; 3, accreted arc terranes of the Intermontane belt (QN, Quesnel terrane; ST,

Stikine terrane); 4, ocean floor terranes (CC, Cache Creek terrane; MTT, terranes of the Methow-Tyaughton trough), 5, Insular terrane; 6,

continental margin terranes (Kootenay, Barkerville, Monashee); 7, Purcell-Windermere sediments. Inset: sample locations within the SBG
(boundaries as suggested by Monger and Berg 1987; Thorkelson and Rouse 1989).

synchronous with open folding of the SBG into a broad synclinorium, contraction in the Coast Belt, and collision
of the Insular terrane with the previously accreted terranes of the Intermontane Belt (Duffell and McTaggart 1952;
Thorkelson and Smith 1989; Souther 1991; Journeay and Friedman 1993). The age of oceanic crust preserved in
the Methow—Tyaughton basin has been inferred from small relics to be of Jurassic or Triassic age (Ray 1986; Smith
1993), but the age of crust subducted during generation of the SBG has not been constrained. Inferences about
events during basin closure may, however, be drawn from the geochemistry of the arc volcanism, and while the
SBG displays many typical features of arc rocks, the appearance of mild intraplate signatures characterized by
elevated abundances of high field strength elements (HFSE) in andesitic compositions toward the top of the
volcanic succession (Thorkelson and Smith 1989) has considerable implications for the processes within the arc.

In modern arcs, HFSE-enriched lavas may be found toward the back-arc region, in rifting environments, and
where the subducting slab is characterized by an elevated thermal regime (Pearce 1982; Gill and Whelan
1989). The signatures found toward the back-arc region, as in the example of the Cascade arc, may result from
melting in the mantle wedge when amphibole, which concentrates HFSE, ceases to be a residual phase (Borg et al.
1997). Alternatively, declining fluid inputs from the slab toward the back-arc region, may allow melting of pre-
existing low melting point components in the mantle wedge (Leeman et al. 1990). Enrichments in HFSE during
advanced stages of rifting, as in the Fiji arc (Gill and Whelan 1989), and during the development of slab windows
(Hole et al. 1991, 1995; Johnston and Thorkelson 1997), are imparted from asthenospheric sources. Elevated ther-
mal regimes in arcs are usually associated with the subduction of young oceanic crust, and may result in either
early dehydration of the slab allowing tapping of mantle less affected by metasomatism (Harry and Green 1999), or
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melting of the subducting slab (Defant and Kepezhinskas 2001). Adakites are typically associated with slab melt-
ing (Kay 1978; Defant and Drummond 1990), although Nb-enriched arc basalts have also been suggested to be the
product of metasomatization of the mantle wedge by small melt fractions from the slab (Sajona et al. 2000; Defant
and Kepezhinskas 2001). The narrow width of the Spences Bridge arc limits the applicability of models involving
cross-strike variations in source composition; however, scenarios involving elevation of the slab thermal regime
are a consideration from the association of the SBG with basin closure and the possibility of a spreading ridge
system approaching the continental margin. The geochemical features of the SBG are thus of relevance to both
understanding arc processes and events during the last major episode of crustal growth in the Cordillera, and in this
study new data are presented to identify the source components involved in the generation of the SBG and to refine
models for the mid-Cretaceous tectonics of the region.

2. BACKGROUND AND SAMPLING

The main belt of the SBG lies south of the Fraser fault system, where the strata sit in a faulted synclinorium flanked
mainly by older arc and ocean island assemblages of the Quesnel and Cache Creek terranes (Duffell and
McTaggart 1952; Monger and McMillan 1984; Monger and Berg 1987). Rocks of the SBG have undergone little
alteration, with metamorphism having reached only zeolite grade (Thorkelson and Rouse 1989). The stratigraphy
was described by Thorkelson (1985) and Thorkelson and Rouse (1989) who divided the SBG into two units, the
Pimainus and Spius Formations. The lower unit, the Pimainus Formation, comprises approximately equal propor-
tions of basaltic to rhyolitic lavas intercalated with pyroclastic material and clastic sediments including fluvial
sandstones and conglomerates, and has been considered to represent a stratovolcano succession (Thorkelson
and Smith 1989). The upper unit, the Spius Formation, is a succession of homogeneous amygdaloidal andesites,
scoria and tuff with little associated sediment. In contrast to the Pimainus Formation, which is distributed through-
out the volcanic belt, the Spius Formation is restricted to a 50 x 20 km area in the centre of the belt, where it has
been interpreted as a shield volcano sequence (Thorkelson and Smith 1989). Maximum thicknesses are up to 2.5
km for the Pimainus and 1 km for the Spius. Late Albian ages are indicated for both formations from leaf fossils,
palynomorphs, and K-Ar and U-Pb dating (Thorkelson and Rouse 1989; Irving and Thorkelson 1990).

The mineralogy of the Pimainus lavas is dominated by a phenocryst suite of plagioclase and pyroxene, whereas
many of the more mafic Spius lavas contain pseudomorphs of serpentine-after-olivine whose euhedral outlines
imply surface equilibration with the melt (Thorkelson 1985). Some Spius acid andesites also contain olivine pseu-
domorphs, but others have been noted with Pimainus-like plagioclase and pyroxene crystals which are variably
embayed and disintegrated suggesting derivation from an earlier, Pimainus-type melt. The importance of volatiles
in controlling the mineralogy was stressed by Thorkelson (1985). Spius flows are more amygdaloidal than those of
the Pimainus and probably contained a greater proportion of volatiles. As discussed by Kushiro (1975), such a
feature could suppress the crystallization of plagioclase and pyroxenes while stabilizing olivine to shallow depth.
Pimainus compositions may also have had a high initial volatile content, but the fractionation assemblage suggests
this was lost during differentiation in shallow magma chambers. The implication of the mineralogy is that Spius
lavas were erupted more rapidly, and hence were likely of higher temperature, and deeper origin than Pimainus
types.

Samples were obtained from the central part of the SBG belt between the towns of Spences Bridge and King-
svale (Figure 1). At localities near Kingsvale, studied in detail by Thorkelson (1985), the Spius Formation con-
formably and gradationally overlies the Pimainus. Similar relations are evident within a few kilometres of Spences
Bridge, where lavas of the Spius Formation directly overlie, and possibly interfinger with those of the Pimainus.
The gradational contacts may result from interdigitation of flows from separate eruptive centres, or result from
variations in the supply of magma types to an individual volcano (Thorkelson and Smith 1989). Farther to the
southwest between Spences Bridge and Kingsvale, lacustrine strata separate the formations and indicate a local
hiatus in volcanic deposition. For the purposes of identifying the sources involved in magma genesis, the SBG
samples have been classified according to formation on the basis of lithostratigraphy mapped at scales ranging
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from 1:25 000 to 1:100 000. South of Spences Bridge, recent mapping and reinterpretations indicate the presence
of domes and short flows of felsic lava within the Spius Formation that were previously assigned to the Pimainus
Formation; hence the map pattern in Figure 1 differs somewhat from that shown on previous maps such as in
Thorkelson and Rouse (1989).

3. ANALYTICAL PROCEDURES

Major and trace element analyses were performed by X-ray fluorescence spectroscopy (Table 1). Additionally, rare
earth elements (REE) and selected trace elements were analysed by either conventional instrumental neutron acti-
vation analysis (INAA) or by the PIGS method of Smith et al. (1990) at the Ecole Polytechnique SLOWPOKE
facility (Table 2). PIGS is a pre-irradiation group concentration method involving the analysis of the REE relative
to Sm by neutron activation analysis from an aliquot removed during Sm-Nd chemical procedures. The REE con-
tent of the rock is then found by normalization to the Sm content of the rock determined by isotope dilution. As the
method uses the same reactor and detector equipment, the results are directly comparable to REE analysed by
conventional INAA. Nd and Sr isotopic analyses were performed using MM30 and MAT262 mass spectrometers
at the University of Alberta and National Cheng Kung University laboratories following the method outlined in
Smith ez al. (1990) Table 3. Nd isotopic ratios were normalized to "**Nd/'**Nd = 0.7219, Sr isotopic ratios to
86Sr/%8Sr = 0.1194. Nd and Sr analyses are reported relative to '**Nd/'**Nd = 0.511845 and ¥’Sr/*°Sr = 0.710240
for the LaJolla and SRM987 standards, respectively. Chemistry for Pb followed conventional procedures involving
HBr-extraction. Pb isotopic analyses were performed on a MM30 mass spectrometer at the University of Alberta
with precision on each analysis typically + 0.01%. Five replicate analyses of the SRM981 standard gave mean and
two sigma standard error values of 2°°Pb/*Pb=16.930+0.008, *°’Pb/***Pb=15.486+0.010,

Table 1. Major and trace element data for Spences Bridge Group volcanic rocks by X-ray fluorescence spectroscopy

101Ft 1011  101E 102C 370Bf 101C 327C 104B 102D 106 74B 102G 102E 102F

P P P P P P P P P P P P P P
SiO, 49.26 49.76 50.93 51.77 54.56 55.79 5694 58.09 5859 59.57 6220 63.43 67.53 69.81
TiO, 1.32 1.04 1.33 1.11 094 145 1.11 098 146 096 083 039 045 0.36
Al,O3 15.83 17.08 1491 1588 1723 1550 17.37 17.19 1583 16.87 16.03 1942 18.31 16.61
MnO 0.19 0.15 0.20 0.18 0.17 0.14 0.14 0.15 0.17 0.11 0.13 0.07 0.06 0.05
FeO* 10.22  9.08 8.66 928 836 9.21 8.12 7.01 7.84 6.22 6.02 200 2.68 1.90
MgO 9.29 9.99 6.27 7.65 6.06 492 400 5.02 4.68 4.11 370 175 0.58 1.32
CaO 9.47 10.04 11.33 844 955 17.60 8.39 6.76  6.33 6.81 6.00 590 4.11 3.30
Na,O 3.51 2.54 4.53 296 224 285 2.36 3.10 3.62 3.71 276  4.11 4.01 4.14
K,O 0.64 0.11 1.62 243  0.66 2.10 1.27 1.49 095 1.31 2,11 277 2.05 2.39
P,0O5 0.31 0.20 0.22 0.29 022 043 030 0.20 0.51 035 020 0.12 0.21 0.12
Rb 16 6 27 44 6 34 38 20 16 24 35 54 37 47
Ba 289 144 1135 1376 252 529 387 503 685 597 644 770 627 800
Sr 580 616 875 595 786 642 666 671 413 591 519 406 286 374
Y 15 20 17 23 23 30 23 24 36 24 21 14 19 12
Nb 6 4 7 8 4 11 5 7 10 15 6 8 7 8
Zr 91 78 97 145 76 229 118 149 218 198 136 165 152 154
Ni 79 22 90 43 33 18 15 7 4 44 18 4 9 4
Cr — — — — 78 — 17 — — — 61 — — —
FeO*/MgO 1.10 091 1.38 1.21 1.38 1.87 2.03 1.40 1.67 1.51 1.63 1.14 4.62 1.44
(Sr/P)n 1.93 3.18 410 212 368 154 2.29 346 0.84 1.74 2.68 3.49 1.40 3.22
K/Rb 332 152 499 459 914 513 278 619 493 454 501 426 460 423

Continues
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Table 1. Continued

298C 105 71C  134B! 69C 107 284C 71D 97Bf  292C 149A 70 71A
P P S S S S S S S S S S S

Si0, 73.79  75.04 5298 5385 54.10 5478 5634 57.02 5794 5970 60.54 60.80 69.79
TiO, 0.34 0.27 126  1.17 1.64 0.96 135 132 120 1.03 0.97 1.62 0.55
AlLO3 15.19 1435 1548 1781 1575 1627 17.05 17.12 18.03 16.84 16.28 1521 15.66
MnO 0.06 0.07 018 0.14 0.17 0.16 016 022 0.14 0.10 0.12  0.16 0.08
FeO* 1.95 2.07 877 834 947 790 790 7.68 7.15 640 647  1.79 2.94
MgO 0.41 027 924 528 482 9.02 490 379 586 4.53 503  4.05 2.01
CaO 1.01 1.29 842 807 720 6.41 876 7.5 479 184 6.88  3.61 1.66
Na,O 4.21 547 263 329 388 293 239 363 267 238 240 412 4.98
K,O0 2.94 1.07  0.61 1.45 2.53 126  0.61 .72 171 0.76 098  2.03 3.13
P>0s 0.10 0.10 044 059 043 0.31 054 034 051 040 0.31 0.61 0.20
Rb 66 24 10 17 37 19 7 25 27 9 20 40 65
Ba 912 415 346 341 1233 543 549 660 530 577 348 701 726
Sr 284 60 760 732 794 690 803 709 527 772 780 534 453
Y 18 30 24 29 32 24 33 29 30 25 24 35 31
Nb 7 11 13 14 12 7 11 10 12 15 6 12 13
Zr 148 202 204 218 241 132 200 231 200 178 134 235 305
Ni 3 0 87 82 11 77 69 14 102 73 63 1 7
Cr — — — 138 — — 119 — 131 142 104 — —
FeO*/MgO 4.76 7.67 095 1.58 1.96 0.88 1.61 2.03 122 141 1.29 1.92 1.46
(Sr/P)n 293 0.62 1.78  1.28 1.90 2.30 1.53 215 1.07 199 2.60  0.90 2.34
K/Rb 370 370 507 709 568 551 724 572 526 702 407 422 400

Sample affiliation: P, Pimainus Formation; S, Spius Formation

Major elements have been recalculated to 100 weight % on a volatile-free basis. Trace elements in ppm.
*FeQ total iron as FeO

fFrom Thorkelson and Smith (1989)

(Sr/P)N normalized to primitive mantle abundances of Sun and McDonough (1989) of 95 ppm P, 21.1 ppm Sr

208pp/2%4ph = 36.696 + 0.020. Blanks were typically <400 pg Pb, <250 pg Nd and < 1 ng Sr. Epsilon values
were calculated using present-day '*Nd/'**Nd = 0.512638, '*’Sm/'**Nd = 0.1967 and *’Sr/**Sr = 0.704780, Rb/
Sr=0.031 for CHUR and Bulk Earth (BE), respectively.

4. RESULTS

4.1 Pimainus Formation

The Pimainus samples cover the range of composition (48 to 75 wt% SiO,) from basalt through rhyolite. Iron
enrichment is seen only in some basaltic and rhyolitic samples. Intermediate compositions have MgO contents
up to 6 wt%, transitional between typical arc lavas and high-Mg andesites (Figure 2). FeO*/MgO ratios are
between 0.9 and 2.0, and the samples define a trend crossing from the tholeiitic to calc-alkaline field on the
FeO*/MgO versus silica diagram of Miyashiro (1974) (Figure 2). However, with Ni and Cr contents below 90
ppm and 205 ppm, respectively, the samples do not meet the criteria (FeO*/MgO < 1.0, > 200 ppm Ni, > 400
ppm Cr; Tatsumi and Eggins 1995) for primitive mantle-derived melts. Alkali contents are variable, with composi-
tions ranging from low to high K in terms of K,O-silica classification, although medium K-types predominate
(Figure 2). Both tholeiitic and calc-alkaline fractionation trends dominated by olivine—plagioclase—magnetite
and plagioclase—pyroxene, respectively, are seen in Ti—Zr variation (Figure 3). Regional variation is apparent in
that samples from the north of the study area around Spences Bridge (notably samples 101E,E]) fall within the arc
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Table 2. Rare earth and selected trace elements (in ppm) by neutron activation methods

101F 1011 101E 327C 102D 102F 298C 134B 71C 284C 71D 97B 292C 70 149A
P P P P P p P S S S S S S S S
INAA INAA INAA INAA INAA INAAT PIGS INAAT INAA PIGS INAA PIGS PIGS INAA PIGS

La 955 851 107 11.7 221 159 179 290 16.5 319 186 353 236 21.0 18.1
Ce 200 165 21.0 267 447 268 328 599 349 67.1 382 658 510 43.6 40.0
Nd 126 10.7* 11.5% 15.6  27.5% 12.3* 15.0% 25.1* 19.6 27.1* 21.5% 284* 22.1*% 24.6* 18.5%
Sm 359  2.67*¥ 3.45% 422  6.71% 225%  2.73% 559% 490 591*% 524% 582% 4.68*% 6.63% 4.12%
Eu 1.08 091 1.00 120 1.67 0.56 071 146 1.38  1.65 1.47 1.59 130 149 1.14
Gd 349 243 334 340 634 1.87 1.95 3.69 473 488 4.66 433 467 433 3.12
Tb 052 038 056 058 099 — — — 0.64 — 0.75 — — 075 —
Dy — — — — — 211 221 247 — 395 — 331 331 — —
Ho 062 053 062 086 105 041 — 0.45 097 0.72 1.06 — 066 108 —
Er — — — — — 114 148 120 — 1.71 — 1.54  1.69 — 196
Yb 125 139 135 212 291 1.02 1.71  1.01 2.09 1.64 2.49 1.38 140 256 1.75
Lu 020 022 0.19 033 041 0.14 029 0.18 032 025 039 023 027 037 0.26
Sc 26.0 — 26.1 260 194 438 — 196 22.0 — 218 — — 186 —
Co 39 297 383 205 29.0 443 — 252 39.1 — 527 — — 410 —
Cr 201 27 205 17 12 5 — 138 147 — 38 — — 4 —
Cs 138 095 620 131 044 1.10 — 0.36 042 — 0.54 — — 1.09 —
Hf 196 155 157 273 470 3.60 — 4.41 337 — 4.56 — — 48 —
Ta 0.16 — 024 027 056 0.64 — 0.66 065 — 0.75 — — 069 —
Th 124 088 090 148 269 3.81 — 2.02 .15 — 2.49 — — 326 —
8] 055 058 051 072 112 1.66 — 0.94 045 — 1.15 — — 142 —

(La/Yb), 5.0 4.0 5.2 34 50 10.3 69 19.0 52 128 5.7 169 11.1 54 638

EwEu* 093 102 094 098 079 0.84 091  0.99 091 0.97 093 094 090 093 097
Cs/Rb 0.086 0.158 0.230 0.034 0.027 0.023 — 0.021 0.042 — 0022 — — 0.027 —
Nb/La 063 047 065 043 045 050 039 048 0.79 0.34 054 034 064 057 033

Sample affiliation: P, Pimainus Formation; S, Spius Formation

Method: INAA, instrumental neutron activation analysis; PIGS, pre-irradiation group concentration method
*By mass spectrometry isotope dilution

By INAA and PIGS

tholeiite field, while samples farther south around Kingsvale follow a calc-alkaline trend. The range of TiO, (0.94
to 1.46 wt%) and P,O5 (0.20 to 0.51 wt%) contents is large, due to the presence of Spius-like compositions (e.g.
samples 101C and 102D) within the mapped extent of the Pimainus Formation, although in most Pimainus samples
TiO, and P,O5 contents are similar to typical arc compositions (Figures 3 and 4). Likewise, trace element ratios
such as Nb/La (0.43 to 0.65), and (St/P)y (0.84 to 4.1) are comparable to those of typical arc sequences, although
the ranges are extended to low values by the Spius-like compositions. Basaltic to andesitic compositions are
LREE-enriched with (La/YDb), ratios of 3.4 to 5.2, with flat to sloping HREE patterns similar to medium K arc
suites (Figure 5). Eu anomalies (Eu/Eu* =0.93 to 1.02) are slightly negative or absent. MORB-normalized trace
element profiles show enrichment in large ion lithophile elements (LILE), and display the characteristic negative
Nb anomaly of arc rocks (Figure 6). Nd-Sr isotopic compositions (eng(100Ma)= +5.2 to +7.0,
esr(100Ma) = — 10 to —20) lie on the mantle array between the ranges for oceanic arcs such as the Mariana
arc and continental arcs built on accreted terranes such as the Cascade arc (Figure 7). Measured Pb isotopic com-
positions (*°°Pb/***Pb = 18.82 to 18.86, *°’Pb/***Pb =15.55 to 15.59, 2*®Pb/***Pb = 38.24 to 38.42) likewise
follow a typical arc trend between MORB and sediment compositions, similar to the Cascade arc (Figure 8).
Pb abundances were not measured, but as arc volcanics generally have p values around 9 to 10 (e.g. basalts from
the Lassen region, Cascade arc, have p =9 to 10; Borg et al. 1997), the position of the samples relative to crust/
mantle reservoirs on age correction is not likely to change significantly.

Dacite and rhyolite compositions have low Ti contents (less than 0.45 wt%) suggesting the operation of
magnetite fractionation (Figure 3). However, their REE patterns and Sr/Y-Y systematics (Figures 5 and 9) indicate
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Table 3. Isotope data for Spences Bridge Group volcanic rocks

87Rb 87Sr 87Sr 147Sm 143Nd 143Nd 206Pb 207Pb 208Pb

—_— e S Nd
865y 868l e 9STeor Esr (ppr?n) (ppm) 144Nd XN BNdor eNd 204pp, 204pp 204Pp

Sample

Pimainus Formation

1011 0.028 0.70343+2 0.70339 —-179 2.67 10.7 0.1503 0.512895+16 0.512797 +5.6

101E  0.089 0.70360+3 0.70347 —16.8 3.45 11.5 0.1806 0.512925+21 0.512807 +5.8

102C 0.214 0.70383+4 0.70353 —159 5.01 209 0.1449 0.512963+05 0.512868 +7.0

370B 0.022 0.70334+2 0.70331 —19.1 430 17.2 0.1514 0.512962+07 0.512863 +6.9 18.826 15.555 38.239
101C 0.153 0.70357+2 0.70335 —185 6.02 26.5 0.1374 0.512863+26 0.512773 +5.2

104B  0.086 0.70341+3 0.70329 —19.3 423 18.0 0.1428 0.512955+18 0.512862 +6.9

102D 0.112 0.70342+3 0.70326 —19.8 6.71 29.5 0.1379 0.512912+21 0.512822 +6.1

106 0.117 0.70371+£2 0.70354 —15.8 3.10 17.7 0.1059 0.512847+16 0.512778 +5.2 18.864 15.585 38.426
74B  0.195 0.70361+1 0.70333 —18.7 4.08 18.1 0.1367 0.512956+15 0.512867 +7.0

102G 0.384 0.70404+2 0.70349 —164 2.61 139 0.1136 0.512875+08 0.512801 +5.9

102E  0.374 0.70413+2 0.70360 —14.9 5.13 21.3 0.1455 0.512957+11 0.512862 +6.9

102F 0.363 0.70403+3 0.70351 —16.2 225 123 0.1101 0.512871+15 0.512799 +5.7 18.853 15.577 38.373
298C 0.672 0.70443+2 0.70347 —16.8 2.73 15.0 0.1102 0.512892+08 0.512820 +6.1 18.903 15.591 38.427
105 1.156 0.70556 +2 0.70392 —-10.4

Spius Formation

134B  0.067 0.70321+2 0.70311 —-21.9 559 25.1 0.2079 0.512943+405 0.512807 +5.8 18.857 15.594 38.370
69C  0.135 0.70353+2 0.70334 —18.6 6.49 289 0.1358 0.512924+06 0.512835 +6.4

107 0.080 0.70373+£2 0.70362 —14.7 396 17.6 0.1361 0.512878+17 0.512789 +5.5 18.830 15.570 38.337
284C  0.025 0.70328 +2 0.70324 —20.0 591 27.1 0.2448 0.512942+09 0.512782 +5.3

71D  0.102 0.70330+4 0.70315 —-21.3 524 21.5 0.1472 0.512935+14 0.512839 +6.4 18.812 15.562 38.271
97B  0.148 0.70315+2 0.70294 —-243 582 284 0.1238 0.512921+15 0.512840 +6.5

292C 0.034 0.70352+3 0.70347 —16.8 4.68 22.1 0.1193 0.512885+08 0.512807 +5.8 18.905 15.567 38.284
149A 0.073 0.70352+3 0.70342 —17.5 4.12 18.5 0.1365 0.512951+21 0.512862 +6.9 18.890 15.581 38.369
70 0.216 0.70358 £3 0.70327 —19.6 6.63 24.6 0.1633 0.512908 =11 0.512801 +5.7 18.881 15.581 38.378
71A 0415 0.70394+2 0.70335 —185 590 28.5 0.1253 0.512927+05 0.512845 +6.6

Subscripts: meas = measured ratios; corr =ratios corrected to an age of 100 Ma.
esr and eng calculated at 100 Ma
Sm and Nd by mass spectrometry isotope dilution

they are not simple fractionation products of mafic—intermediate compositions. Two groups may be recognized
from their FeO*/MgO ratios. Samples 102E, 298C and 105 show iron enrichment with FeO*/MgO =4.6 to 7.7,
have low to medium K contents, Y contents greater than 18 ppm, and Sr/Y ratios similar to typical arc sequences
(Figures 2 and 9). Rhyolite 298C has slightly greater LREE enrichment (La/Yb,=6.9) than the mafic—
intermediate samples, but is depleted in the middle REE resulting in a convex curvature to the REE profile
(Figure 5). Isotopic compositions of the high FeO*/MgO dacites—rhyolites fall within the range of the less evolved
Pimainus samples (Figure 7). Felsic lavas with similar St/Y ratios and REE patterns from the Cascade arc have
been interpreted as melts of basaltic compositions within the lower continental crust (Borg and Clynne 1998). The
isotopic composition of the Pimainus samples would allow derivation from earlier Pimainus arc tholeiite
compositions in a comparable model. However, isotopic overlap with low K to shoshonitic lavas of the Triassic
Nicola Group (eng(220Ma) = +4.9 to + 7.8, €5,(220Ma) = — 3 to — 19; Smith et al. 1995) which make up the
principal volcanic assemblage on the Quesnel terrane (Figure 7), would also allow derivation of felsic Pimainus
compositions by melting of accreted terrane material. Interaction of Pimainus mafic to intermediate melts with
similar crustal material would explain the lack of isotopic variation with silica content (Figure 4) despite the range
of potential crustal contaminant compositions (enyg= — 1.0 to +7.5, es;= —20 to +90; Samson et al. 1989;
Smith et al. 1995; Patchett and Gehrels 1997) indicated from terrane sediments.

A second dacite-rhyolite suite is represented by samples 102F and 102G, which have low FeO*/MgO ratios
(1.1 to 1.4), and medium to high K,O contents (Figure 2). Rhyolite 102F shows the greatest LREE enrichment
of the Pimainus samples and is also HREE-depleted, resulting in a high La/Yb,, ratio of 10.3. Similarly, Y contents
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Figure 2. Major element variation in the SBG: (a) FeO*/MgO versus silica. The dividing line between tholeiitic and calc-alkaline compositions
is from Miyashiro (1974), with the range (dashed lines) for typical medium-K arc suites from Gill (1981). (b) MgO versus silica. Average trends
for arc suites from the northwest and southwest Pacific (dashed lines) are from Ewart (1982). Also shown are fields for Setouchi belt high-Mg
andesites (Shimoda et al. 1998) and volcanic rocks from the northern Kamchatka arc (Kepezhinskas et al. 1997) as an example of compositions
in the adakitic association. (c) K,O versus silica. The division into low-, medium- and high-K and shoshonitic suites is from Tatsumi and Eggins
(1995), with vertical lines indicating, from left to right, the division into basalt, basaltic andesite, andesite, dacite and rhyolite compositions.
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Figure 5. Chondrite-normalized rare earth element patterns of SBG volcanic rocks. Normalizing abundances are from Taylor and Gorton
(1977).

(less than 18 ppm) are low, and the samples lie within the adakite field on a graph of St/Y-Y (Figure 9), suggesting
an origin related to slab melting rather than crustal melting. Other features of adakitic melts shown by these sam-
ples include more than 15 wt% Al,O3, less than 10 ppm Sc, and Zr/Sm ratios greater than 50, such that their com-
positions have similarities with dacites from Mount St Helens in the Cascade arc described by Defant and
Drummond (1993). However, the Pimainus samples differ from the Cascade dacites in the absence of positive
Eu anomalies, and neither do they have the Sr enrichment typical of adakitic suites, although their Sr/Py ratios
of 3.2 to 3.5 are higher than those of samples in the high FeO*/MgO suite (St/Pn=0.6 to 2.9). Nd, Sr and Pb
isotopic compositions of samples 102G and 102F lie within the range for other Pimainus samples, but differ from
the high FeO*/MgO felsic suite in having eng values of less than + 6.0, whereas the latter have enq values greater
than + 6.0 (Figure 4). Isotopic overlap is observed with Mount St Helens dacites in eng, although Sr isotopic com-
positions are less radiogenic in the Pimainus samples (Figure 7).

4.2 Spius Formation

The Spius lavas are mostly basaltic andesites and andesites with silica contents from 53 to 61 wt%, although rare
dacitic compositions (e.g. sample 71A) are also present. The samples have comparable K,O contents (0.6 to 2.0
wt%) to intermediate Pimainus compositions, but display a greater range in MgO content (3.8 to 9.2 wt%) and
FeO*/MgO ratios (FeO*/MgO = 0.88 to 2.03), with the more Mg-rich compositions resembling high-Mg andesites
(Figure 2). Ni and Cr contents (up to 102 and 150 ppm, respectively) are also higher than in the Pimainus samples.
Spius lavas also have higher Nb (10 to 14 ppm), Zr (130 to 305 ppm), TiO, (0.97 to 1.64 wt%), P,Os (0.34 to
0.61 wt%), and lower (St/P)y (0.9 to 2.6) than their Pimainus counterparts (Figures 4 and 6). In Ti—Zr variation,
basaltic andesite and andesite compositions define a V-shaped array between the fields for intraplate and calc-alka-
line basalts, with the most primitive samples in terms of Ni and Cr content (samples 97B, 134B, 71C) lying at the
apex of the array (Figure 3). The presence of hybrid and Pimainus-like compositions (e.g. samples 107 and 149A)
is indicated by the extension of the Ti—Zr into the calc-alkaline basalt field. The steeper segment of the Ti—Zr array
follows the olivine—plagioclase fractionation vector, with compositional control by fractionation of olivine sup-
ported by a decrease in MgO and Ni with increasing Ti and Zr. Differences between the formations are also seen
in LILE, with Spius lavas generally having K/Rb ratios greater than 500 while Pimainus lavas mostly have K/Rb
ratios of less than 500. Similarly, Cs/Rb ratios are lower and more mantle-like in the Spius lavas.

The Spius samples also show greater LREE enrichment and HREE depletion than their Pimainus counterparts,
although as for the Pimainus, regional variation is apparent as samples from the north of the Spius outcrop area
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Figure 6. N-MORB normalized trace element profiles for SBG volcanic rocks. Normalizing abundances are from Sun and McDonough (1989).
The range for Pimainus basalt—andesite compositions is shaded in (b) to (d) as a reference.

have (La/Yb),=>5 to 6 and flat HREE with abundances 10 x chondritic, whereas Spius samples from the south
near Kingsvale have (La/Yb), =11 to 19 and concave HREE patterns with abundances as low as 5 x chondritic
(Figure 5). Eu anomalies are absent or slightly negative as in the Pimainus samples. Spius lavas have less well-
developed Nb anomalies in trace element profile (Figure 6), but ratios such as Nb/La (0.33 to 0.79) are comparable
to those in the Pimainus samples and indicate a correlation between LREE and HFSE. Spius Nd-Sr isotopic
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Figure 7. Nd-Srisotopic variation in SBG volcanic rocks (data corrected to an age of 100 Ma) relative to MORB and seamount basalts from the
Juan de Fuca Ridge and East Pacific Rise (EPR) (Zindler et al. 1984; Graham et al. 1988), arc assemblages related to slab dehydration (Cascade
arc: Leeman et al. 1990; Borg et al. 1997. Mariana arc: DePaolo and Wasserburg 1977; White and Patchett 1984), adakitic assemblages
(Setouchi high-Mg andesites: Shimoda et al. 1998. Northern Kamchatka arc: Kepezhinskas et al. 1997), and basalts erupted in slab window
environments (Antarctic peninsula: Hole et al. 1995). The range of isotopic compositions of Mount St Helens dacites (MSH) (Halliday et al.
1983) with adakite-like high Sr/Y and low Y abundances is also shown, although these samples were not specifically identified as products of
slab melting by the authors in their study. Crustal compositions are represented by accreted terrane sediments (Samson et al. 1985; Patchett and
Gebhrels 1997) and volcanic rocks of the Nicola Group (Smith ef al. 1995).

compositions (eng(100Ma) = + 5.3 to + 6.9, 5, (100Ma) = — 14 to — 25) show some overlap with Pimainus sam-
ples at high eg, values. However, the low &g, values overlap the range for East Pacific Rise alkaline seamount
basalts, such that the Spius samples define a trend lying at an angle to the mantle array, somewhat comparable
to that shown by volcanic rocks from the Cascade arc (Figure 7). The range of measured Pb isotopic compositions
for the Spius samples is similar to that of the Pimainus (Figure 8). The low eg, values and enrichments in HFSE
give the Spius lavas a mild intraplate character, although Spius compositions are more evolved and arc-like than
the basaltic compositions which display HFSE enrichment in other arcs. Nonetheless, the occurrence of the lowest
gy values in the samples (97B and 134B) with highest Ni and Cr contents suggests the existence of a distinct Spius
magma type.

5. DISCUSSION
Models for the SBG must explain: (1) the presence of adakitic signatures in the Pimainus Formation compared to
mild intraplate signatures in the Spius Formation; (2) the transition between Pimainus and Spius types whereby

Spius-like compositions are found in the Pimainus Formation and reciprocally, Pimainus-like compositions in the
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Figure 8. Measured Pb—Pb isotopic compositions of Spences Bridge volcanic rocks. Data sources are as for Figure 7; additionally, Juan de Fuca
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Spius; (3) the range of compositional variation as the low grade of metamorphism suggests it is not the result of
alteration; and (4) the regional variation within the arc whereby Pimainus compositions are more tholeiitic in the
north and predominantly calc-alkaline in the south of the study area. In consideration of the wide range of models
that have been proposed for arc volcanism, the roles of metasomatism and source region heterogeneity are first
examined with reference to a Nd-Sr isotopic mixing model in order to identify the nature of the source components
involved before considering possible tectonic settings in which such components could be found.

5.1 Slab dehydration and lithospheric heterogeneity

In modern subduction zones, slab dehydration is generally thought to predominate over slab melting (e.g. Gill
1981; Tatsumi and Eggins 1995). As the slab dehydrates, LILE and LREE are partitioned into the fluid phase
which then reacts with the hanging wall mantle to form amphibole-bearing peridotites. Corner flow in the mantle
wedge then downdrags the hanging-wall assemblages which subsequently begin to melt as the amphibole solidus is
exceeded. Alkali elements are fractionated in slab fluids (Tatsumi et al. 1986), such that high Cs/Rb (and corre-
spondingly low K/Rb) ratios in mafic tholeiitic compositions of the Pimainus Formation where Cs/Rb ranges from

Copyright © 2002 John Wiley & Sons, Ltd. Geol. J. 37: 167-186 (2002)



180 A. D. SMITH AND D. THORKELSON

70 L) ] ) ) ) ) L)
ADAKITES Pimainufl Fm.
® high FeO*/MgO | dacite-
Mount St.Helens @ low FeO*/MgO ] rhyolite
60 b dacites ® basaltic andesite-andesite 4
- V¥ basalt
Spius Fm.
A (undivided)
50 | o
Antarctic
peninsula
40 |- -
Northern
Sr Kamchatka
Y
30 -
- Setouchi
20 HMA \‘.
10k ISLAND ARC
ANDESITES, DACITES,
RHYOLITES
\\‘:!\1
0 1 L 1 i L 1 1
0 5 10 15 20 25 30 35 40

Y ppm

Figure 9. Sr-Y variation in the SBG and other volcanic suites (Antarctic peninsula slab window basalts: Hole et al. 1995. Mount St Helens
dacites: Defant and Drummond 1993. Northern Kamchatka arc volcanics: Kepezhinskas ez al. 1997. Setouchi high-Mg andesites: Shimoda et al.
1998) on the discrimination diagram of Defant and Drummond (1993) for recognition of intermediate to felsic arc suites related to slab
dehydration and slab melting. Dashed lines illustrate the principal compositional suites in the SBG. Bold arrow indicates the fractionation path
calculated by Defant and Drummond (1993) for melts crystallizing an assemblage of clinopyroxene, orthopyroxene and plagioclase.

0.08 to 0.23, are consistent with this type of metasomatism. The isotopic composition of the slab-derived fluid
depends on the contributions from the basalt and sediment portions of the slab (curve 1, Figure 10a). The mixing
curve between mantle wedge and fluid compositions is convex because of the high Sr/Nd ratio expected in the fluid
phase (curve 2, Figure 10a). However, if the volume of fluid is large, the metasomatized composition lies close to
that of the basalt-sediment mixing line. Using average MORB and terrane sediment compositions, a fluid-
metasomatized mantle wedge composition can be calculated which lies within, or to the right of the high eg,, high
€ng compositions seen in the Pimainus Formation. Alternative sediment compositions, such as the Gorda ridge
sediment (eng= — 3.8, €5, = + 70) used by Borg et al. (1997) in modelling the Cascade arc, would not produce
any significant changes to the shape of the mixing curves. It is therefore difficult to explain the low eng—low eg;
compositions of Pimainus samples which lie below the mantle array, by fluid metasomatism alone. Similarly, the
fluid metasomatism model fails to explain the isotopic compositions of the Spius samples, which as for HFSE-
enriched compositions in other arcs, must be explained by a reduction of metasomatic input and tapping of
pre-existing source components.

As noted by Leeman er al. (1990), mantle beneath accreted terranes is likely to comprise slivers of oceanic man-
tle formerly associated with the overlying crustal assemblages, and might therefore include residual source assem-
blages, or have been veined by melts similar to those found in the crustal assemblages during the previous episodes
of volcanism. The isotopic overlap of Pimainus compositions with Nicola Group volcanic rocks of the Quesnel
terrane, noted in section 4.1, indicates that remnants of the earlier Nicola source regions in the mantle wedge could
be a potential contaminant for SBG lavas in the southern part of the study area. In contrast, lithospheric mantle
beneath the SBG exposures in the northern part of the study area may have formerly been associated with the
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Figure 10. Mixing models for generation of Nd—Sr isotopic compositions in (a) Pimainus Formation (b) Spius Formation samples. Numbers in
square boxes indicate the sequence of mixing line calculations: 1, calculation of slab fluid composition from slab basalt and slab sediment
compositions; 2, fluid (derived from 80:20 basalt:sediment mix as illustrated) metasomatism of the mantle wedge; 3, calculation of slab melt
compositions where, for simplicity, it is assumed that the sediment component undergoes complete melting; 4,5,6, metasomatism of a mantle
wedge previously metasomatized with slab fluids by a slab melt derived from basalt-sediment mixtures, slab sediment, and slab basalt,
respectively; 7, infiltration of melts derived from slab basalt into a mantle wedge which had previously undergone metasomatism by fluids and
melts derived from slab basalt-sediment mixtures; 8, metasomatism of a fluid-metasomatized mantle wedge by small melt fractions derived
from the asthenosphere; 9, metasomatism of a fluid and melt-metasomatized mantle wedge by small melt fractions derived from the
asthenosphere. Points X and Y are for reference and represent fluid- and melt- and fluid-metasomatized mantle wedge compositions,
respectively. Tick marks on mixing curves indicate 10% increments unless otherwise indicated. Components: slab basalt: 7.3 ppm Nd, 90 ppm
Sr (Sun and McDonough 1989), eng= + 9.5, €5, = — 27 (median of East Pacific Rise basalt compositions); slab sediment: 34.5 ppm Nd, 254
ppm Sr (Pacific sediment of Borg et al. 1997), ena = + 2.0, €5, = + 10 (average accreted terrane sediment); mantle wedge peridotite: 0.654 ppm
Nd, 5.77 ppm Sr (MORB-source of Borg et al. 1997), eng= + 9.5, €5, = — 27 (assumed to be the same as slab basalt); adakite melt: 15 ppm Nd,
706 ppm Sr (average adakite of Martin 1999), eng = + 9.5, €5, = — 27 (assumed to be the same as slab basalt); sediment melt 34.5 ppm Nd, 254
ppm St, eng = + 2.0, €5, = + 10 (as for slab sediment assuming 100% melting); asthenospheric small melt fraction: 31.5 ppm Nd, 420 ppm Sr,
ena= + 6.4, es; = — 25.7 (average of four alkaline seamount basalts from Graham et al. 1988).
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Cache Creek terrane, which includes ocean island basalt types and would therefore be suitable for imparting ele-
vated HFSE abundances. However, basalts in the Cache Creek terrane show a wide range of Pb compositions
(Smith and Lambert 1995), and therefore would be unsuitable as a contaminant in consideration of the limited
range of Pb isotopic variation seen in the Spius Formation. Mild intraplate signatures have also been ascribed
to generation of melts from sediments in the mantle wedge (Leeman et al. 1990; Borg et al. 1997). However,
as sediments have higher Cs/Rb than mantle compositions, the ratios in the SBG are the reverse of what would
be expected if the HFSE abundances in the Spius Formation were derived from sediment, notwithstanding that the
low ®’Sr/%Sr ratios in the Spius Formation would also be unrealistic for a sediment source. Models involving slab
dehydration or lithospheric heterogeneity cannot therefore explain the progression from Pimainus to Spius com-
positions.

5.2 Slab melting processes

The presence of adakitic signatures in dacite and rhyolite compositions in the Pimainus Formation requires eva-
luation of the role of slab melts in the generation of the SBG. As noted by Defant and Kepezhinskas (2001),
strongly developed adakitic signatures are not likely to be observed until there has been extensive melt infiltration
into the mantle wedge. Generation of calc-alkaline melts as the result of melt metasomatism (e.g. Bau and Kanittel
1993) may represent the earliest stage of adakitic metasomatism, while production of high Mg-andesites as silicic
melts react with the mantle wedge peridotite (Kay 1978; Kelemen 1995; Martin 1999) may constitute an inter-
mediate stage. Melt metasomatism could therefore account for the high MgO contents of Pimainus andesites,
and the potential would also exist for a range of K,O and HFSE contents to be imparted from interaction of melts
with amphibole stabilized in the mantle wedge during any earlier stage of fluid metasomatism. Models for the
generation of adakite suites have generally invoked melting of the basaltic part of the slab as most adakites have
MORB-like isotopic compositions (e.g. Yogodzinski et al. 1994; Kepezhinskas et al. 1997; Sajona et al. 2000).
However, high-Mg andesites in the Setouchi belt of southwest Japan display high g, and low eng (Figure 7) and
have been interpreted as melts of the sediment layer of the subducting slab (Shimoda et al. 1998). The Setouchi
andesites lack positive Eu anomalies and have low Sr abundances, similar to the felsic Pimainus compositions with
low FeO*/MgO, the features having been interpreted to result from residual plagioclase during the melting of sedi-
ment (Shimoda et al. 1998). However, the limited isotopic overlap of Pimainus dacite-rhyolite compositions with
terrane sediments renders a pure sediment source unlikely. Rather, as slab melt compositions would lie on a con-
cave Nd-Sr isotopic mixing curve passing to the left of the Pimainus field (curve 3, Figure 10a), Pimainus com-
positions, including those of the felsic rocks, can be fitted by the addition of up to 10% melt derived from a slab
with 20% to 50% sediment component, into a previously fluid-metasomatized mantle wedge (curve 4, Figure 10a).

The question then arises as to whether Spius volcanism might be related to a more advanced stage of melt meta-
somatism. Spius Nd-Sr isotopic compositions also lie along mixing lines between slab basalt—sediment melts and
fluid-metasomatized mantle wedge compositions, particularly if a composition (e.g. Y, Figure 10) with lower eng
and ¢, than invoked in the generation of Pimainus compositions is chosen for the mantle wedge. However, gen-
eration of the lowest g, values would require virtually a pure slab melt composition which would be unrealistic as
Spius lavas show few features of adakite melts. A more feasible method of generating low &g, values would be to
invoke metasomatism by an adakitic melt from the basaltic part of the subducting slab, as the high Sr/Nd ratios
found in adakites (e.g. Martin 1999) could impart a curvature towards low g, in isotopic mixing calculations.
However, as shown in Figure 10 (curves 6 and 7), introduction of an adakite melt with an isotopic composition
corresponding to that of average East Pacific Rise MORB into either a fluid- or fluid-melt-metasomatised perido-
tite only reproduces part of the Sr isotopic range seen in the Spius Formation. Generation of the lowest e, values
would be possible with a slab melt having the isotopic composition of Juan de Fuca ridge MORB (e5, = — 32.5,
ena= + 8.5), but unradiogenic Sr isotopic compositions are unlikely in consideration of probable hydrothermal
alteration of oceanic crust. Melting of a MORB composition would also be expected to produce a sinuous REE
pattern, with HREE depletion from residual garnet, and relatively low La/Sm inherited from the original LREE-
depleted character of the basalt (Saunders ez al. 1987). Spius lavas have the requisite HREE depletion, but they are
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enriched in LREE, such that an adakite metasomatism model would have to involve small enough degrees of melt-
ing to offset the LREE depletion of the source basalt. But even invoking metasomatism by small melt fractions as
in models for the origin of Nb-enriched arc basalts (e.g. Defant and Kepezhinskas 2001), it is doubtful if a melt
composition would have the necessary Sr/Nd ratio (in excess of 100 using the compositions in Figure 10) to
produce the curvature of the mixing lines required to generate the Spius array. Small melt fractions derived from
subducted oceanic crust would also be expected to have high St/Y ratios (Defant and Drummond 1993), and should
therefore produce a trend toward adakitic compositions, whereas Spius compositions lie within the field for arc
lavas and asthenospheric melts in Figure 9.

5.3 Asthenospheric sources

Difficulties with the melt metasomatism model for the generation of Spius isotopic composition could perhaps be
avoided by invoking melting of a feature such as an alkaline seamount, where basalts have similar isotopic com-
position to the low eg, Spius compositions and are LREE enriched. While such a scenario cannot be precluded,
alkaline seamount basalts are comparatively rare on the ocean floor, whereas the source heterogeneities that impart
their geochemical signature are a ubiquitous part of the asthenosphere (Zindler et al. 1984; Graham et al. 1988).
Tapping of the low-melting-point amphibole- or pyroxene-bearing components in the asthenosphere which other-
wise get diluted in the generation of tholeiitic basalts, provides a more likely source for the low e, component in
the SBG. Infiltration of asthenospheric melts having the same composition as alkaline seamount basalts into either
a fluid- or fluid-and melt-metasomatized mantle wedge readily reproduces the Spius isotopic array as shown by
curves 8 and 9 in Figure 10b. The latter is considered the more viable host as it would be more suitable for gen-
eration of the high silica and MgO contents of the Spius samples compared to the basaltic nature of HFSE-enriched
types in other arcs. The calculation is relatively insensitive to the amount of previous metasomatism as any
decrease in Nd, Sr content in the mantle wedge as the slab metasomatic component decreases, is offset by a shift
to higher eg,. The mixing lines are most sensitive to the parameters chosen for the asthenospheric melt component,
and substituting an average slab window basalt composition of Hole et al. (1995) (Figure 7) would alter the pro-
portions of asthenospheric melt to slab melt required to generate the lowest €g, of the Spius lavas from 30:70 to
15:85. Asthenospheric melts also have low Cs/Rb and similar St/Y to the Spius compositions; hence the model
accounts for the trace element features of the Spius lavas, and as seamounts and arcs may have similar Pb isotopic
composition, also explains the overlap between Spius and Pimainus lavas in Pb isotopic composition.

5.4 Tectonic scenarios

The evidence for slab melting in the generation of the Pimainus lavas points towards an elevated thermal regime in
the subducting slab. In modern arcs, such regimes are mostly related to subduction of young oceanic crust (e.g.
Defant and Kepezhinskas 2001), thereby implying the approach of an ocean ridge system toward the continental
margin in the mid-Cretaceous. Adakitic dacites and basalts with mild intraplate signatures are found in arcs such as
the Cascades where young oceanic crust is being subducted (Leeman et al. 1990; Defant and Drummond 1993;
Borg et al. 1997). However, cross-strike geochemical variation predominates in the Cascade arc, and although
adakitic dacites and basaltic compositions with intraplate signatures have been described from Mount St Helens
in the fore-arc (Halliday er al. 1983; Defant and Drummond 1993), the HFSE-enriched compositions are found
mainly toward the back-arc region (Leeman et al. 1990; Borg et al. 1997). The along-strike distribution of com-
positional types in the SBG is more like that in the Garibaldi arc which forms the northernmost extension of the
Cascade arc. The age of the oceanic crust subducting beneath the Garibaldi arc shows a progressive decrease north-
wards to where the Explorer ridge intersects the continental margin, and is accompanied by a progression to tho-
leiitic and alkalic volcanism (Harry and Green 1999). The correlation of increasing intraplate character with
decreasing age of the subducting crust was interpreted by Harry and Green (1999) to reflect early dehydration
of the slab allowing melting of less-metasomatized components in the mantle wedge. A comparable setting for
the SBG might explain the spatial and temporal variations between the Pimainus and Spius Formations as the
dehydration front would migrate as progressively younger crust was subducted. However, the model would have

Copyright © 2002 John Wiley & Sons, Ltd. Geol. J. 37: 167-186 (2002)



184 A. D. SMITH AND D. THORKELSON

to be combined with the competing concept of slab melting to account for the signatures in the Pimainus Forma-
tion, and would therefore encounter difficulties in explaining the proximity of adakitic compositions in the Pimai-
nus Formation to mildly intraplate types in the Spius Formation around Spences Bridge.

Ridge—continent interaction may also lead to ridge subduction and the development of slab window environ-
ments (Thorkelson and Taylor 1989; Hole et al. 1991; Thorkelson 1996). Volcanism within the slab window results
from adiabatic decompression of the asthenosphere as it fills the region where lithosphere was previously sub-
ducted, and includes tholeiitic and alkalic basalts, the latter having isotopic signatures similar to alkaline seamount
basalts (Hole et al. 1995) (Figure 7). Adakitic melts may also be generated along the margins of the slabs bounding
the window (Johnston and Thorkelson 1997; Defant and Kepezhinskas 2001), which makes the model attractive to
explain the proximity of adakitic and HFSE-enriched types in the SBG. Difficulties with the slab window model
are the restricted extent of the Spius Formation relative to the size of slab windows that have been developed in
other arcs, and the narrow timespan of SBG eruptions, as alkalic volcanism in slab window environments may
post-date development of the window by up to 50 million years (Hole et al. 1991, 1995). However, it is possible
that strata between Spences Bridge and Kingsvale may be related to only the southern margin of a window devel-
oped along a segment of the Spences Bridge arc toward central British Columbia. Volcanism with HFSE-enriched
signatures concurrent with arc activity may also be found above the slab, near the margins of the window, as in the
example of Turriabla volcano (Reagan and Gill 1989) relative to the Cocos—Nazca slab window proposed by John-
ston and Thorkelson (1997).

Asthenospheric upwelling could also have been triggered by roll-back of the subducting slab, as suggested by
Hole et al. (1995) for the generation of alkalic basalts of the James Ross Volcanic Group in Antarctica. Melting of
the asthenosphere in such a scenario takes place by adiabatic upwelling as for the slab window model; however, the
length of the melting section is less as mantle flow is largely horizontal with upwelling only into the region of
lithospheric extension caused by retreat of the slab (Hole ef al. 1995). The time period between arc volcanism
and invasion of the mantle wedge by asthenospheric melts is therefore reduced. As the former arc source will also
be subject to adiabatic melting, the resulting melts would be expected to show features of both high MgO andesites
generated from the mantle wedge and alkalic basalts generated from the asthenosphere, as observed in the com-
positions in the Spius Formation. In the case of the SBG, roll-back may have accompanied termination of ridge
spreading as the Methow—Tyaughton basin closed. Slab-hinge roll-back would be expected to have affected much
of the length of the volcanic arc; however, the eruption of Spius melts may have been confined by lithospheric
thickening on accretion of the Insular terrane to a restricted segment around the suture between the Cache Creek
and Quesnel terranes.

6. CONCLUSIONS

The Pimainus Formation of the SBG constitutes an evolved continental arc sequence related to mid-Cretaceous
subduction beneath accreted terranes of the North American Cordillera. Lack of evidence for crustal contamina-
tion likely reflects compositional similarities between arc magmas and the young crustal section, but while com-
positions may have been influenced by interaction with the lithosphere, the principal geochemical features of the
SBG result from the evolving tectonic conditions which introduced different metasomatic components into the
mantle wedge. Arc tholeiites within the Pimainus Formation may be accounted for by slab dehydration models.
However, the involvement of slab melts in metasomatism of the mantle wedge is inferred from the high MgO
contents of intermediate SBG lavas and the trace element systematics of dacite-rhyolite compositions in the
Pimainus Formation. Modelling of Nd-Sr isotopic compositions indicates derivation of the metasomatizing melt
from both basaltic and sediment layers of the slab. Subsequent volcanism in the Spius Formation involved a
progression to andesitic compositions characterized by low e, and HFSE enrichment, with varying degrees of
Pimainus-like features being inherited from both the source of the earlier volcanism and from contamination
with Pimainus melts at higher levels in the lithosphere. Slab melting models can only account for the low &g, values
of the more primitive Spius compositions with difficulty, and the isotopic composition and evolved silica
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contents of the Spius Formation are most readily explained by the invasion of small melt fractions from the
asthenosphere into a mantle wedge which had already undergone metasomatism by slab melts during generation
of the Pimainus Formation. The association of arc tholeiites, calc-alkaline melts, adakitic dacite-rhyolite
compositions, and HFSE-enriched andesites in the SBG could have arisen in a range of tectonic scenarios
involving the approach of an ocean ridge system to the continental margin during the final stages of closure
of the Methow—Tyaughton basin, although the slab-hinge roll-back model offers the best explanation of the
geochemical features of the Spius lavas.
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