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heat transfer calculations, a model has been developed for
the generation of Chilliwack granitoids ranging from
quartz diorites through leucogranites. In this model
(Fig. 10) the granitoid magmas were produced by partial
melting of amphibole-bearing mafic lower crust that form-
ed by underplating of basaltic magmas similar in composi-
tion to the exposed gabbros. Melting of this lower crust,
already close to or slightly above its solidus, was driven by
intrusion of mantle-derived basaltic magmas. The process
would be most efficient immediately following the under-
plating event(s) because ambient temperatures > 800°C
are required for large-scale melting by this mechanism.
This may explain why basaltic magmatism appears to
have been a precursor to granitoid formation in many I-
type batholiths (Pitcher 1987). Our model suggests that in
the Chilliwack batholith variations in the water contents
of these basalts exerted a strong influence on the resulting
granitoid melt compositions. Intrusion of relatively
anhydrous basalts (represented by LKS and MKS gabb-
ros) resulted in dehydration melting of the lower crust and
production of intermediate magmas (quartz diorites and
tonalites). The residuum from low-fy,, melting is plagio-
clase-rich, as reflected in the negative Eu anomalies of all
intermediate plutons. In contrast, intrusion of hydrous
basalts (represented in some Chilliwack gabbros by
tschermakitic amphibole xenocrysts) resulted in produc-
tion of leucocratic granodiorites and granites with dis-
tinctive concave upward REE patterns and slight or no Eu
anomalies. The REE patterns of these plutons reflect a
significant proportion of amphibole in the residuum. Plu-
tons with mineralogical and geochemical characteristics
transitional between those of the quartz diorites and the
leuco-granodiorites may have formed by intrusion of
basalts with intermediate water contents. Ultimately these

variations in the water contents of mantle-derived basalts
may reflect variability in the amount of water given off by
the subducted slab.

This model outlines a chemical as well as physical role
for arc basalts in the production of I-type granitoids, and
implies that thick crust is a requirement for large-scale
generation of arc granitoids. The crust acts as a barrier to
basaltic magmas ascending from the mantle wedge, caus-
ing them to pond and crystallize, and leading to develop-
ment of a zone of lower crustal melt generation. Only
during the early stages of magmatism, before development
of the lower crustal melt zones, are small batches of mafic
magma able to ascend to shallow crustal levels, forming
the observed gabbros. This model shares some features of
previous hypotheses of continental arc magmatism (e.g.,
Hildreth and Moorbath 1988), but differs in proposing
that: (1) fluids exsolved during crystallization of hydrous
basaltic magmas may play an important role in con-
trolling crustal melting reactions; (2) variation in fy,, may
exert strong influence on melt compositions; (3) exposed
mafic rocks may have crystallized from basalts similar in
composition to those that formed the lower crustal grani-
toid source.

This model attributes much of the lithologic diversity
among Chilliwack granitoids to differences in melting
reactions. Individual piutons are viewed as discrete
batches of magma that underwent limited chemical modi-
fication during ascent and emplacement. The model does
not preclude the possibility that crystal fractionation,
assimilation, and/or mixing may have modified individual
magma batches, but we suggest that such processes are of
secondary importance in determining the general lithol-
ogy of a pluton. Thus, crystal fractionation may produce
zoning from quartz diorite to granodiorite within an
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Fig. 10. Cartoon of model for generation of Chilliwack granitoids
by melting of amphibolitic lower crust with variable fy,o. In-
trusion/underplating of relatively dry basalts results in dehydration

melting and production of intermediate magmas, whereas intrusion
of more-hydrous basalts leads to melting at higher {,;,, and forma-
tion of more siliceous melts.



individual stock, but this does not change the overall
intermediate character of the pluton, which is
a function of its derivation by melting of mafic crust at
low fy,0.

Magma mixing may also have modified individual
magma batches. For example, mixing of intermediate and
leucocratic magmas could account for the transitional
granitoids, or there may have been some mixing between
the underplating basalts and the granitoid melts. How-
ever, the range of granitoid compositions within the
batholith cannot be ascribed to mixing of LKS or MKS
basalts and leucocratic magmas in different proportions.
Aside from scattered mafic inclusions in some intermedi-
ate plutons, little field evidence was found for mixing,
suggesting that any mixing that took place must have
been very efficient, probably occurring at depth between
liquids that were not widely different in composition.

Restite unmixing (Chappell et al. 1987) is unlikely to
have contributed significantly to petrologic diversity am-
ong Chilliwack granitoids. Most intermediate granitoids
do contain calcic plagioclase cores, which could be restitic.
However, separation of these plagioclases would produce
a felsic magma with a lower (Eu/Eu*),. Among Chilliwack
granitoids the opposite is observed: leucocratic plutons
have higher (Eu/Eu*), than the intermediate stocks.

The granitoids examined in this study are chemically
and mineralogically similar to I-type granitoids in other
Cordilleran batholiths, suggesting that this model for the
Chilliwack may have wider application. The most dis-
tinctive fingerprints of this model are the leucocratic
granodiorites or granites with concave upward REE pat-
terns and no Eu anomalies. Rocks with these REE traits,
as discussed above, point to melting at elevated fy,,, and
are unlikely to result from crystal fractionation. Leucocra-
tic granodiorites with concave upward REE patterns have
been described from a number of other Cordilleran batho-
liths including the Sierra Nevada (Dodge et al. 1982), the
Peninsular Ranges (Gromet and Silver 1987), the Coastal
batholith of Peru (Boily et al. 1989), and the Sierra Madre
Occidental of Mexico (Bagby et al. 1981). In the Peninsu-
lar Ranges and in Mexico the leucocratic rocks are associ-
ated with quartz diorite and tonalite plutons that have
REE patterns similar to intermediate Chilliwack grani-
toids, suggesting melting of mafic crust with variable fy o
may have been important in the generation of these
batholiths as well.
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Appendix I

Analytical methods

Major and trace element analyses. Whole rock major and trace
element abundances were determined by inductively coupled plasma
emission spectrometry (ICP-ES) on a Baird PS-1 48-channel spec-
trometer at the University of Washington. Samples were oven-dried
at 110°C for at least 24 hours prior to weighing. Major elements
were determined on 0.1 g of rock powder that was fused with lithium
metaborate at 1,050°C and then dissolved in dilute nitric acid
containing an internal standard. The spectrometer was calibrated
with synthetic and natural standards, and samples were run with a
range of natural standards including BHVO-1, ARHCO-1, AGV-1,
and GSP-1. Analytical uncertainty, based on analysis of four stand-
ards covering the compositional range of the Chilliwack samples, is
within 1% for Si and Al, about 2% for Fe, Mg, Ca, and 3-5% for Na
(K was run as a trace element). Relative precision for Ti is estimated
at 1-2%. Loss-on-ignition was determined by weighing 1g of
sample before and after firing at 1,050°C for 1 hour. Ferrous iron
was determined volumetrically on some samples by titration with
ferrous ammonium sulphate.

For determination of trace elements (K, Mn, P, Ni, Cr, Sc, V, Sr,
Ba, Zn, Cu, Zr, Be, Li) rock powders (0.5-2.0 depending upon SiO,
content) were digested in an HF-HNO,-HCIO, mixture, evapor-
ated, reevaporated with more HCIO, to remove any remaining free
F~, and then dissolved in dilute HCl. Solutions that contained
insolubie residues or precipitates were filtered, and the solid material
was fused with NaOH, dissolved in dilute HCI, and then combined
with the original filtrate. A multielement standard addition
was made to an aliquot of this solution, and both solutions
were analyzed successively along with standards. The relative
precision for this technique is within 5% for most elements except Li
(10-15%). In addition, Zr values may be low because of incomplete
zircon dissolution.

Rare earth elements were determined by ICP-ES following a
mixed HCI-HNQ, cation exchange technique modified after Crock
et al. (1986). The procedure for sample digestion and dissolution was
the same as that for other trace elements. Relative precision for REE
is 2-5%, and all samples were normalized to RGM-1 or ARHCO-1
which were analyzed during each run as standards.

In addition to the elements determined by ICP-ES, Rb was

determined by isotope dilution on a VG Sector mass spectrometer at
the University of Washington; Nb, Pb and Ga were determined by
XRF on 82-074 and R-212 at the University of Massachusetts at
Ambherst (J. Sparks, analyst); U, Th, Cs, Hf, Ta, and Sb were
determined by INAA on 82-135, 88-028, 82-074, 87-027 amphibole,
and 82-074 feldspar at JSC/NASA (D. Mittlefehldt, analyst), and Cs
was determined by ICP-MS on 87-001, 87-098, and 88-058 at Union
College.
Isotopic analyses. Isotopic analyses for Sr and Nd were performed at
the University of Washington using a VG Sector mass spectrometer.
Samples (approximately 200 mg) were digested in an HF-HCIO,
mixture and redissolved in HCl. Rubidium, Sr, and REE were
separated on cation exchange columns; Sm and Nd were separated
by means of a second exchange column using 2N methylactic acid,
and prior to loading, were cleaned with a third column containing
AG-50W X8 resin. Elemental abundances of Sr were measured by
isotope dilution only for those samples (mostly mineral separates)
for which ICP data were not available. For isotopic analysis approx-
imately 500 ng of Sr was run on a single Ta filament, and the isotopic
values were normalized to 8Sr/®8Sr = 0.1194; Nd was analyzed by
loading 500 ng and Nd onto the side filament of a Re triple filament
and then run as Nd*
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Appendix I1

Distribution coefficients used in REE modeling

Intermediate compositions

Leucocratic compositions

Element Plagioclase Clinopyroxene Orthopyroxene Magnetite Plagioclase Clinopyroxene Amphibole Magnetite
La 0.130 0.120 0.016 0.010 0.320 0.160 0.600 0.010
Ce 0.090 0.180 0.019 0.010 0.280 0.210 0.900 0.010
Nd 0.063 0.400 0.030 0.010 0.220 0.450 2.800 0.010
Sm 0.045 0.700 0.042 0.010 0.160 0.800 4.000 0.010
Eu 0.920 0.690 0.052 0.010 0.950 0.850 3.450 0.010
Gd 0.037 0.880 0.066 0.010 0.120 1.100 5.500 0.010
Dy 0.029 1.100 0.120 0.010 0.090 1.450 6.200 0.010
Ho 0.026 1.100 0.160 0.010 0.080 1.400 6.100 0.010
Yb 0.023 0.900 0.360 0.010 0.060 1.100 4.950 0.010
Lu 0.022 0.850 0.450 0.010 0.055 1.000 4.500 0.010

Sources: Fujimaki et al. (1984); Green and Pearson (1985); Arth (1976); Arth and Barker (1976)
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