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of Wallowa terrane crust, as the Blue Mountains terrane assemblageThe Cornucopia stock, in the Blue Mountains of northeastern
collided with the continental margin during Early Cretaceous time.Oregon, is a small composite intrusion comprising five distinct
Results of this study suggest that deformation and crustal meltingintrusive units: a hornblende biotite tonalite, a biotite trondhjemite,
associated with this accretion event were not strictly limited to theand three cordierite-bearing two-mica trondhjemites. The stock
suture zone.was emplaced at shallow levels (<2 kbar) in island arc-related

metasedimentary and metavolcanic rocks of the Wallowa terrane.
The age of the intrusion is 116·8±1·2 Ma determined by 40Ar/
39Ar incremental heating of biotite. These ages and volume constraints
imply coeval emplacement of the tonalitic and trondhjemitic magmas.

KEY WORDS: Blue Mountains; crustal melting; magma; tonalite;Tonalitic and trondhjemitic compositions span a narrow range of
trondhjemiteSiO2 content (65–74 wt %) and exhibit characteristics of a high-

Al tonalite–trondhjemite–granitoid (TTG) suite, including light
rare earth element (LREE) enrichment, low Y, Nb and Rb/Sr,
and high Al2O3 and Sr. These compositions are consistent with an

INTRODUCTIONorigin by 10–40% partial melting of a low-K tholeiitic source
(with a relatively flat REE pattern), similar to metaigneous basement Late Jurassic to Middle Cretaceous magmatism in the
rocks of the Wallowa terrane, in equilibrium with a garnet pyroxene Blue Mountains province was characterized by the em-
hornblendite residue. High Sr in the TTG rocks, lack of calculated placement of several calc-alkaline plutons, some of bath-
residual plagioclase, and abundant calculated residual amphibole olithic proportions. These plutons can be placed into
suggest that H2O in excess of that produced by amphibole dehydration two broad categories, based upon composition and age
was present at the site of melting. Conditions of partial melting are ( Johnson, 1995; Johnson et al., in preparation). Late
loosely constrained to pressures[10 kbar (residual garnet implied Jurassic to Early Cretaceous plutons are compositionally
by REE abundances) and temperatures exceeding 900–950°C extended, ranging from gabbro to granite (predominantly
(magmatic temperatures based on apatite solubility). We suggest tonalite and granodiorite), whereas Middle Cretaceous
the Cornucopia tonalitic and trondhjemitic magmas formed by ones are predominantly metaluminous tonalite. The ap-
hydrous partial melting of lower island arc crust, probably as a parently abrupt transition from one group to another
result of underplating by, or intrusion of, mantle-derived basaltic may have been in response to accretion of oceanic and

island arc terranes to the continental margin during thatmagmas. Mantle melting may have been triggered by rapid uplift
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time. A subset of the Middle Cretaceous tonalitic group it overlies the tectonic boundary between the Baker and
Olds Ferry terranes.comprises unusual high-alumina (high-Al) tonalitic and

trondhjemitic plutons. Boundaries between the terranes in this province are
typically marked by high-angle faults. The Baker–OldsHigh-Al tonalite and trondhjemite share distinct chem-

ical signatures, which suggests similar physicochemical Ferry boundary is overlain by the Middle Jurassic Izee
terrane, and the Baker–Izee boundary is cross-cut byconditions of formation. However, no consensus exists

as to their origin. They have been explained either as Early Cretaceous plutons (Walker, 1989), indicating that
by this time the terranes had been juxtaposed. Structuralproducts of fractional crystallization of a hydrous tholeiitic

magma (Arth et al., 1978; Hunter et al., 1978; Hunter, evidence suggests that final amalgamation occurred when
the Wallowa terrane docked with the Baker–Izee–Olds1979) or as partial melts of metabasaltic rocks (Arth &

Hanson, 1972). Furthermore, the metabasaltic melting Ferry terranes during Late Jurassic time (Avé Lallemant,
1995).model can invoke either subducted slab material or deep

crustal rocks (Drummond & Defant, 1990; Atherton & After amalgamation, the Blue Mountains ‘super-
terrane’ was accreted to the continental margin, probablyPetford, 1993). The likelihood that a unique solution can

be applied to the origin of all high-Al tonalite and during Late Jurassic to Middle Cretaceous time. Struc-
tural studies (Avé Lallemant & Oldow, 1988; Snee et al.,trondhjemite is remote, which means that each suite

must be evaluated on an individual basis. 1995) and paleomagnetic evidence (e.g. Hillhouse et al.,
1982) suggest that these terranes originated near theIn the Blue Mountains province, high-Al tonalite–

trondhjemite plutons include, but are not necessarily continental margin, and that the final stage of accretion
was by strike-slip-dominated transpression (~130–110limited to, the Hazard Creek Complex (Manduca et al.,

1992, 1993) and Cornucopia stock. Rocks of the Hazard Ma; Snee et al., 1995), along the suture zone (Lund &
Snee, 1988). Garnet amphibolite along the suture zoneCreek Complex intrude high-grade metamorphic rocks

adjacent to the suture between Blue Mountains accreted records an episode of rapid uplift following overthickening
of the leading edge of the terrane package (Selverstoneterranes and the continental margin, and its formation

was apparently closely related to the accretion event. In et al., 1992). An Sm–Nd isotopic study of zoned garnet
from these amphibolites suggested that peak meta-contrast, the coeval Cornucopia stock was emplaced into
morphism associated with accretion was at 128±3 Malow-grade metavolcanic and metasedimentary rocks ~70
(Getty et al., 1993).km west of the suture zone, and is unusual in that

The suture zone marks an abrupt change in initialit contains magmatic cordierite. However, similarities
87Sr/86Sr and d18O values of intrusive rocks (Armstrongbetween these two bodies suggest a petrogenetic link.
et al., 1977; Manduca et al., 1992). Jurassic and CretaceousIn this contribution, we describe the petrological and
intrusive rocks to the west of the suture zone (i.e. withingeochemical nature of the Cornucopia stock, and present
the accreted terranes) generally have low initial 87Sr/86Srdata that suggest the stock originated by melting of
values, whereas those to the east have higher values.underlying arc crust. We use this information to suggest

a tectonic setting for Cornucopia magmatism that is
consistent with that of the Blue Mountains province.

STRUCTURE AND LITHOLOGIES OF
THE CORNUCOPIA STOCK

GEOLOGIC SETTING The Cornucopia stock intruded greenschist facies meta-
The Blue Mountains province of northeastern Oregon volcanic and metasedimentary rocks of the Wallowa
represents a collage of four lithotectonic terranes that terrane (Fig. 1). The stock consists of five distinct plutonic
were amalgamated and then accreted as a ‘superterrane’ units which are, in order of intrusion: Cornucopia horn-
to the North American continental margin. The terranes blende biotite tonalite, Tramway biotite trondhjemite,
are, from north to south, the Wallowa, Baker, Izee, and Big Kettle cordierite two-mica trondhjemite, Pine Lakes
Olds Ferry terranes (Fig. 1; terminology of Silberling et cordierite two-mica trondhjemite, and Crater Lake cor-
al., 1984). The Permo-Triassic Wallowa terrane and the dierite two-mica trondhjemite (Fig. 2; Taubeneck, 1964).
Triassic–Jurassic Olds Ferry terrane represent volcanic The last three units are mineralogically very similar
arcs, whereas the structurally complex Baker terrane and will be referred to collectively as the ‘cordierite
exhibits characteristics of a forearc region, probably of trondhjemites’ unless otherwise indicated.
the Olds Ferry arc (e.g. Avé Lallemant, 1995). The Izee Contacts between the tonalite and trondhjemites of
terrane, which is not a lithotectonic terrane sensu stricto, the pluton and the surrounding wallrocks are generally
was interpreted as a forearc or intra-arc basin that consists sharp and nearly vertical (Taubeneck, 1964). To the
of clastic sedimentary rocks derived from the erosion of south, plutonic contacts with Permo-Triassic wallrocks

are covered by Tertiary basaltic lavas. Intraplutonicthe Olds Ferry terrane (Brooks, 1979; Dickinson, 1979);
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Fig. 1. Generalized geologic map of the Blue Mountains province in northeastern Oregon, showing plutons and boundaries between terranes.
Plutons are: Wallowa batholith (WB), Cornucopia stock (CS), Fish Lake complex (FLC), Bald Mountain batholith (BMB), North Fork pluton
(NF), Sunrise Butte pluton (SB), Lookout Mountain pluton (LM), Pedro Mountain pluton (PM), and Tureman Ranch pluton (TR). Modified
from Vallier (1995).

contacts are characterized by locally intense brecciation Dacitic dikes occur only in the Cornucopia tonalite
and Tramway trondhjemite; none were found in theand veining, wallrock xenoliths, schlieren, pegmatitic to

aplitic dikes, and shear zones with thin, locally developed three cordierite trondhjemites (Fig. 2). In most localities,
dacitic dikes cross-cut foliation, but in some areas withinmylonite. Intrusion breccias in the Cornucopia tonalite,

and abundant pegmatite and aplite throughout the stock, the Tramway unit dacitic dikes are disrupted to form
rounded enclaves. Dacites range from nearly aphyric toindicate that the magmas were volatile rich when they

were emplaced. very phenocryst rich; the latter look similar to the plutonic
host. These relations suggest that injection of daciticFoliation is generally weakly to moderately developed,

except near pluton–wallrock contacts or intraplutonic magma was synchronous with emplacement of the Cor-
nucopia tonalite and Tramway trondhjemite, and oc-contacts, where it can be very strongly developed, locally

imparting a gneissic texture to the rock (Taubeneck, curred before emplacement of the cordierite
trondhjemites.1964). Foliation is best displayed in the Cornucopia

tonalite and Tramway trondhjemite, where it is roughly Tonalitic and trondhjemitic dikes occur throughout
the pluton, as well as in the surrounding wallrocks. Theyconcentric and generally concordant with wallrock con-

tacts. Foliation is most commonly defined by biotite, but are similar in mineralogy to the tonalite and trondhjemites
of the pluton, and are probably offshoots of the mainin some localities hornblende lineation and alignment of

cordierite phenocrysts are present. plutonic bodies. Tonalitic and trondhjemitic dikes are
generally coarse grained relative to the dacitic dikes. ForSchlieren consist of alternating biotite-rich and biotite-

poor bands and occur in many areas of the pluton, most example, trondhjemitic dikes that intruded meta-
sedimentary wallrocks north of the Crater Lake unit arenotably near intraplutonic contacts. However, in well-

exposed areas within the Pine Lakes and Crater Lake very coarse grained and do not exhibit a reduction in
grain size near their contacts, which suggests that thetrondhjemites, development of schlieren was associated

with injection of trondhjemitic dikes. dikes were injected as crystal-rich mushes.
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compositional layers are commonly preserved. Wallrock
xenoliths comprise phyllite, schist, hornfels, and quartzite.

AGE OF THE CORNUCOPIA STOCK
Determination of the age of Cornucopia magmatism has
been problematic. Armstrong et al. (1977) presented K–Ar
ages on biotite and hornblende separates from the Cor-
nucopia tonalite, Tramway trondhjemite, and Crater
Lake trondhjemite. These ages range from 136 to 118
Ma, but are not consistent with the cross-cutting relations
established by Taubeneck (1964). For example, biotite
from the Crater Lake trondhjemite, the youngest of the
five plutonic units, yielded the oldest age of 136 Ma.

New incremental heating 40Ar/39Ar age determinations
on biotite separates are presented in Table 1a. Biotite
from the Cornucopia tonalite and Crater Lake tron-
dhjemite, the first and last units emplaced, yielded con-
cordant age plateaux at 116·8±0·3 and 116·7±0·3
Ma, respectively. The 40Ar/39Ar ages agree with K–Ar
(hornblende) ages of 120±5 Ma (Cornucopia tonalite)
and 115±5 Ma (dacitic dike within the tonalite; Table
1b).

The shapes of the release spectra (Fig. 3) and the
similarities between plateau and total gas ages are not
compatible with loss of Ar by partial resetting. The

Fig. 2. Locations of analyzed samples and distribution of late-stage
anomalously low ages for the low-temperature fractionsdikes in the Cornucopia stock. Simplified from Taubeneck (1964).
probably instead reflect the degassing of chlorite within
the biotite, which is consistent with the high 37Ar/39Ar

Fine- to medium-grained biotite granodiorite dikes also values for these fractions (Lo & Onstott, 1989). Therefore,
intrude the Cornucopia and Tramway units, and are the flat spectra either reflect rapid cooling through the
absent in the younger cordierite-bearing units. Con- closure temperature of biotite or complete, rapid re-
versely, cordierite two-mica granite dikes only intrude setting.
the cordierite trondhjemites and, with few exceptions, If the dates indicate complete resetting, a necessarily
are absent in the older Cornucopia and Tramway units regional event, then the similarity between the K–Ar and
(Fig. 2). Granodioritic and granitic dikes are narrow 40Ar/39Ar ages would suggest that hornblende was reset
(typically <15 cm wide) and are similar in mineralogy to also. However, hornblende from andesitic dikes in the
their host rock, the only obvious difference being the nearby Fish Lake intrusion yielded K–Ar ages of 154–158
greater modal abundance of K-feldspar and the presence Ma ( Johnson et al., 1995). Therefore, we interpret the
of garnet in some granitic dikes. Foliation in the dikes 40Ar/39Ar data to indicate an igneous age of 116·8±1·2

Ma.is not evident, nor are grain-size variations near host
rock–dike contacts.

Metavolcanic wallrocks comprise submarine basalt and
andesite of the Permo-Triassic Clover Creek greenstone,

ANALYTICAL METHODSand are restricted to areas east and southwest of the
stock. They are massive or slightly foliated, and display Modal compositions of stained thin sections were de-
a wide range of plagioclase phenocryst abundance, from termined by standard point counting techniques (1000
nearly aphyric to very porphyritic. The predominant points per thin section). Mineral compositions were de-
rock types surrounding the stock are a metamorphosed termined using a Cameca SX-50 electron probe mi-
sequence of Late Triassic conglomerate, graywacke, tuff, croanalyzer at the Ohio State University. Electron probe
siltstone, shale, limestone, and chert called the Lower operating conditions were 15 kV accelerating potential,
Sedimentary Series (Smith & Allen, 1941; Taubeneck, 20 nA beam current, and a 1 lm beam diameter for
1964). They are generally phyllitic, except directly ad- cordierite and Fe–Ti oxides, defocused to 5 lm for

feldspars, hornblende, and biotite. On-line correctionsjacent to the pluton where they are schistose. Original
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Table 1a: 40Ar/39Ar analytical results for biotite samples from the Cornucopia stock

Ta 40Ar1/ 38Ar2/ 37Ar2/ 36Ar2/ F3 39Ar4 40Ar∗5 K6/ K7/ Apparent
39Ar 39Ar 39Ar 39Ar (%) (%) Ca Cl age8 (Ma)

(×100) (×100) (×100)

CS-71 biotite, Run 47J3 (J=0·008122, 0·1193 g) (apparent total K=7·5%)
500 34·71 5·524 79· 10·69 3·164 0·10 9·12 0·66 216· 45·8±5·2
600 12·57 3·104 24· 2·061 6·480 0·40 51·56 2·2 323· 92·6±1·7
650 10·38 2·959 3·5 0·7869 8·045 3·66 77·48 15· 304· 114·2±0.7
700 8·664 2·872 1·8 0·1529 8·196 10·84 94·62 28· 299· 116·3±0·3
725 8·372 2·857 0·53 0·0532 8·198 13·29 97·94 98· 298· 116·3±0·3
750 8·333 2·862 0·27 0·0367 8·207 12·32 98·51 200· 297· 116·4±0·3
775 8·313 2·869 1·5 0·0247 8·223 12·04 98·95 35· 295· 116·6±00·3
825 8·313 2·836 2·0 0·0275 8·216 7·33 98·85 26· 301· 116·5±0·3
900 8·332 2·747 3·4 0·0275 8·235 4·53 98·87 15· 317· 116·8±0·2
975 8·345 2·820 2·3 0·0231 8·261 13·44 99·01 23· 304· 117·2±0·2

1050 8·353 2·801 1·6 0·0286 8·252 11·23 98·81 32· 307· 117·0±0·3
1125 8·341 2·824 1·4 0·0267 8·246 6·66 98·88 37· 303· 117·0±0·4
Fuse 8·407 3·026 4·9 0·0350 8·290 4·15 98·63 10· 271· 117·6±0·3
Sum 8·497 2·855 1·8 0·0919 8·209 100 96·64 28· 300· 116·5
39Ar age spectrum:
Plateau, 700°C–1125°C (92% of 39Ar) 116·7±0·3

CS-83 biotite, Run 47I4 (J=0·008162, 0·2661 g) (apparent total K=7·9%)
475 61·56 8·533 179· 20·13 2·187 0·01 3·55 0·29 143· 31·9±8·8
550 36·45 6·572 1·7 10·70 4·811 0·28 13·20 31· 150· 69·5±4·6
625 11·32 3·144 1·7 1·697 6·295 1·01 55·60 30· 302· 90·4±2·6
675 9·560 2·838 2·1 0·6017 7·765 4·14 81·25 25· 321· 110·9±0·7
725 8·511 2·763 1·1 0·1280 8·116 11·03 95·38 46· 318· 115·7±0·5
750 8·358 2·741 1·2 0·0462 8·205 14·07 98·19 43· 319· 117·0±0·3
775 8·354 2·764 0·95 0·0577 8·167 7·54 97·78 55· 315· 116·4±0·3
800 8·390 2·741 2·2 0·0751 8·152 5·29 97·18 24· 320· 116·2±0·3
850 8·431 2·766 1·7 0·0810 8·175 5·56 96·99 31· 316· 116·5±0·3
900 8·552 2·755 3·6 0·1178 8·189 3·22 95·78 15· 319· 116·7±0·5
950 8·505 2·808 3·6 0·0938 8·213 8·35 96·59 15· 308· 117·1±0·4

1000 8·416 2·798 1·0 0·0648 8·208 11·52 97·55 52· 309· 117·0±0·4
1050 8·386 2·788 1·0 0·0736 8·152 10·17 97·23 50· 311· 116·2±0·4
1100 8·367 2·771 1·6 0·0450 8·217 13·52 98·24 32· 313· 117·1±0·3
1150 8·570 2·816 3·3 0·0925 8·281 3·61 96·66 16· 307· 118·0±0·5
Fuse 9·088 4·733 83· 0·2978 8·262 0·67 90·88 0·63 146· 117·7±0·7
Sum 8·587 2·803 2·2 0·1461 8·140 100 94·81 23· 311· 116·1
39Ar age spectrum:
Plateau, 750°C–1100°C (79% of 39Ar) 116·8±0·3

1Temperature in °C measured with a thermocouple on the outside of the Ta crucible.
2The isotope ratios given are not corrected for Ca, K, or Cl derived Ar isotopic interferences, but 37Ar is corrected for decay
using a half-life of 35·1 days. The ratios are corrected for line blanks of atmospheric Ar composition. The line blanks are
approximately: 1×10–14 mol 40Ar for T<1200°C and 2×10–14 mol 40Ar for [1200°C.
3F is the ratio of radiogenic 40Ar to K-derived 39Ar. It is corrected for atmospheric argon and interference using the following
factors: (40Ar/36Ar)air=295·5; (38Ar/39Ar)K=0·0110; (38Ar/37Ar)Ca=1·40×10–4; ( 36Ar/38Ar)Cl=2·0175×10–6 per day after irradiation;
(39Ar/37Ar)Ca=7·757×10–4; ( 40Ar/39Ar)K=0·0329.
4Relative percent of the total 39Ar that is released in fraction.
5Percent of the total 40Ar in the fraction that is radiogenic.
6Weight ratio calculated using the relationship: K/Ca=0·523(39ArM/37ArCa).
7Weight ratio calculated using the relationship: K/Cl=5·220(39ArK/38ArCl).
8Ages calculated with a total decay constant of 5·543×10–10 yr–1. Uncertainties are quoted at the 1r level. For increments of
a step-heating analysis, the uncertainties do not include J value uncertainty. For total-fusion, plateau and other ages,
uncertainties reflect a relative uncertainty of ±0·25% in J value. An overall systematic uncertainty of ±1% is assigned to
all ages. The monitor used was an intralaboratory muscovite with a 40Ar/39Ar age of 164·6 Ma and an assigned uncertainty
of ±1%.
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Table 1b: K–Ar age determinations

Sample Lithology % K 40Ar∗ (p.p.m.) Age (Ma)

CS-20 Tonalite 0·231 0·001980 120±5

CS-49 Dacite 0·219 0·001804 115±5

40Ar∗ refers to radiogenic argon; 40K/K=1·193×10–4. Decay constants: 40K to 40Ar=0·58×10–10/yr; 40K to 40Ca=4·962×10–10/yr.

Fig. 3. Biotite 40Ar/39Ar release spectra for samples from (a) the Cornucopia tonalite and (b) the Crater Lake trondhjemite. Abbreviations:
tp, plateau age; ttg, total gas age. See Table 1 for details of incremental heating measurements.

were made with a ZAF procedure, and a suite of natural were determined by instrumental neutron activation ana-
lysis on powders prepared in the alumina shatterbox.and synthetic minerals and glasses was used as standards.

Ferrous iron in biotite was determined by titration. Rep-
resentative mineral compositions are presented in Tables
A1–A5.

Samples used for whole-rock chemical analyses were
crushed and powdered in alumina and tungsten carbide PETROGRAPHY AND MINERAL
shatterboxes. Major elements, Sc, V, Cr, Cu, Zn, Nb,

CHEMISTRYY, Ba, Zr, and Sr were determined by inductively coupled
Tonalite and trondhjemiteplasma-atomic emission spectrometry; Rb was analyzed

by flame emission spectrometry. Rare earth elements Tonalitic and trondhjemitic rocks are hypidiomorphic
granular, and exhibit seriate grain-size distribution. Many(REE), Ni, Co, Th, Ta, Hf, Sb, and Cs for some samples
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samples are porphyritic, with euhedral phenocrysts of volatile-rich or vapor-saturated magma by Boudreau et
al. (1986).plagioclase, biotite, hornblende, or cordierite. The Cor-

nucopia tonalite contains the assemblage plagioclase+
quartz + biotite + Fe–Ti oxides ± hornblende ± K-
feldspar; the Tramway trondhjemite is similar but lacks Dacitic dikes
hornblende. The Big Kettle, Pine Lakes, and Crater Lake Dikes of biotite dacite and hornblende biotite dacite in
trondhjemites consist of plagioclase + quartz + biotite the Cornucopia tonalite and Tramway trondhjemite are
+ muscovite+ cordierite+Fe–Ti oxides± K-feldspar generally porphyritic, with phenocryst assemblages of
(Table 2). Accessory minerals are apatite, zircon, sphene, plagioclase+ biotite+ quartz± hornblende in a fine-
and rare allanite. Minor interstitial K-feldspar is present grained groundmass of plagioclase + quartz + biotite
in most rocks. Secondary minerals include epidote and + Fe–Ti oxides ± hornblende. The groundmass in
chlorite. Fresh cordierite is present in only a few samples; some samples exhibits a granoblastic-polygonal texture.
typically it is altered to pinite. Plagioclase is the most abundant phenocryst phase, and

Mean core and rim compositions of plagioclase in the occurs as zoned euhedral to subhedral crystals. Plagioclase
in hornblende biotite dacite has mean core and rimCornucopia tonalite are An37 and An29, respectively.
contents of An53 and An40, respectively, whereas pla-Plagioclase from the other units is less calcic, with mean
gioclase in biotite dacite is slightly more sodic, with meancore and rim compositions of An27 and An20, respectively.
core and rim compositions of An45 and An41, respectively.Considerable compositional overlap exists among pla-
Biotite (mg-number 0·55–0·62) is ubiquitous as both agioclase in all the plutonic units, as well as in plagioclase
phenocryst and a groundmass phase; some phenocrystscore and rim compositions within individual samples.
appear to be pseudomorphs after amphibole. Biotite inBroad overlap in biotite compositions is also apparent
dacite is lower in Ti (Ζ3·0 atoms p.f.u.) than biotite inamong the trondhjemitic units; however, biotite from the
tonalite. Amphibole (tschermakite, tschermakitic horn-trondhjemites generally has higher concentrations of Fe
blende, and magnesio-hornblende) occurs as a ground-and Al, and lower mg-number [mg-number=Mg/
mass phase and as small phenocrysts in a few samples.(Mg+Fetot)] values than biotite from the Cornucopia
Altotal in amphibole ranges from 1·3 to 2·5 atoms p.f.u.,tonalite. BaO contents for biotite are highly variable, but
and compositions are consistent with tschermakitic sub-

are typically <0·70 wt %. Cl and F contents are low for stitution. Quartz occurs as a groundmass phase and as
all samples (<0·04 wt % and <0·40 wt %, respectively). large, rounded, polycrystalline phenocrysts. Rounded and
Fe2+/(Fe2++Fe3+) values for biotite range from 0·74 to embayed quartz phenocrysts are consistent with iso-
0·85. thermal decompression (i.e. rapid ascent) of an H2O-

Amphibole is generally unzoned and is predominantly undersaturated magma (Whitney, 1988). Apatite and
magnesio-hornblende, with a few actinolitic hornblende small, equant Fe–Ti oxides are accessory minerals. Fe–Ti
compositions, and exhibits a wide range of Al content, oxides are nearly pure magnetite (X usp<0·010) with titan-
from 0·8 to 1·9 atoms per formula unit (p.f.u.). Com- iferous magnetite (X usp=0·297–0·761) and ilmenite la-
positional variation in the amphiboles was controlled by mellae.
tschermakitic substitution ( Johnson, 1995).

Unaltered cordierite phenocrysts are unzoned, exhibit
a narrow range in Si content from 4·85 to 4·97 atoms Granitic and granodioritic dikes
p.f.u., are high in Al (Altot from 4·04 to 4·18 atoms p.f.u.),

Dikes of biotite granodiorite and cordierite two-micaand are fairly magnesian, with mg-number of 0·73–0·77.
granite have hypidiomorphic granular textures, some

Cordierite contains inclusions of zircon and Fe–Ti oxides. with a seriate grain-size distribution. Granodiorite
Fe–Ti oxides are magnetite, titaniferous magnetite, consists of plagioclase+quartz+K-feldspar+biotite+

and ilmenite. Magnetite commonly contains lamellae of Fe–Ti oxides, whereas granites have the assemblage
titaniferous magnetite and ilmenite, and contains <1 plagioclase+quartz+K-feldspar+muscovite (common-
mole fraction of the ulvöspinel component (X usp), which ly poikilitic)+cordierite+Fe–Ti oxides±biotite. Biotite
is indicative of subsolidus reequilibration (Czamanske & is rare in granitic dikes, but is the principal fer-
Mihálik, 1972). Titaniferous magnetite exhibits a range romagnesian phase in the granodioritic ones. Chlorite is
in X usp from 0·304 to 0·395. Ilmenite compositions (X ilm) a common secondary mineral. Apatite and zircon are
range from 0·809 to 0·980. MnO contents of ilmenite accessory minerals and garnet is present in one cordierite-
are variable and generally high, from 6·49 to 18·65 wt %. bearing granite (CS-107).

DeRosa (1992) analyzed apatite from all the plutonic Plagioclase phenocrysts are euhedral to subhedral,
units. Chlorine contents in apatite are low (Ζ0·05 mole unzoned, and sodic (<An20). Fe–Ti oxides occur as small,

equant groundmass minerals. MnO in ilmenite (~22–24fraction), which was attributed to crystallization from a
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Table 2: Representative modal analyses

plag qtz bio hbl opq crd∗ msc ksp acc alt

Cornucopia tonalite

CS-19A 65·3 24·8 4·1 3·5 0·9 0·6 0·5 0·3

CS-47 60·5 30·4 8·4 0·4 0·1 0·2

CS-80 60·7 25·7 11·3 0·7 1·1 0·1 0·4

CS-83 61·0 30·3 6·2 0·8 1·5 0·2

Tramway trondhjemite

CS-98 63·1 26·1 9·6 0·3 0·3 0·3 0·3

OR-11 69·7 20·9 6·7 1·5 0·8 0·2 0·2

Big Kettle trondhjemite

CS-75 65·0 24·3 3·4 0·5 1·0 2·2 2·3 0·2 1·1

CS-76 60·6 27·6 2·7 1·5 1·3 4·8 0·5 0·3 0·7

CS-77 60·0 30·7 2·6 0·1 0·6 2·7 1·9 0·1 0·3

CS-78 60·7 28·1 3·8 1·3 0·1 2·8 2·7 0·5

CS-79 67·8 23·7 4·7 0·6 0·5 1·3 0·4 0·9

Pine Lakes trondhjemite

CS-10 57·6 31·8 4·2 0·5 0·5 1·6 3·5 0·3

CS-8 66·6 20·1 6·8 0·2 tr 0·6 5·1 0·1 0·5

CS-27 68·0 24·8 3·1 0·2 1·8 1·7 0·1

CS-34 55·1 37·0 5·4 tr 1·5 0·1 0·9

CS-38S 65·0 22·8 5·0 0·6 0·6 2·7 2·9 0·1 0·3

CS-95 58·9 32·8 2·1 0·4 tr 0·8 4·7 0·3

Crater Lake trondhjemite

CS-58 54·2 36·6 2·6 0·4 0·2 1·0 4·3 0·2 0·5

CS-65 53·8 38·9 2·4 0·7 0·7 0·1 3·0 0·1 0·3

CS-67 49·0 41·9 2·9 0·1 0·1 1·9 3·9 0·2

CS-70 66·3 27·7 2·3 0·2 0·5 2·6 0·4

CS-84 58·8 35·0 1·5 0·1 0·6 1·5 2·3 0·2

Granodioritic dikes

CS-50 52·4 35·2 3·0 0·2 9·0 0·2

OR-15 52·2 22·2 1·0 0·4 22·4 1·8

CS-14 47·8 32·6 0·6 0·1 0·3 16·6 0·2 1·8

Granitic dikes

CS-33 36·8 27·2 0·2 tr 1·5 32·2 tr 2·1

CS-35 38·0 31·4 0·1 2·6 0·9 25·8 tr 0·7

CS-60 30·1 36·0 0·2 0·1 0·2 3·2 30·0 0·2

CS-107 36·0 31·5 2·5 4·1 25·6 tr 0·1

∗Cordierite abundances include pinite pseudomorphs (see Taubeneck, 1964).
Abbreviations: plag, plagioclase; qtz, quartz; bio, biotite; hbl, hornblende; opq, opaque oxides; crd, cordierite; msc, muscovite;
ksp, K-feldspar; acc, accessories; alt, alteration minerals; tr, trace abundances. Accessory minerals include apatite, zircon,
allanite, sphene, and garnet. Alteration minerals include sericite, chlorite, and epidote.

wt %) is higher than in the tonalitic, trondhjemitic, or conglomerate. Metamorphosed siltstone typically consists
of the assemblage biotite+quartz+Fe–Ti oxides±dacitic rocks. Pyrophanite with 0·723 Mn atoms p.f.u.
plagioclase±amphibole±garnet. Metagraywacke com-was found in one sample (CS-33).
monly contains relict plagioclase±relict amphibole±
relict biotite in a fine- to medium-grained matrix of

Wallrocks and xenoliths plagioclase+amphibole+Fe–Ti oxides±biotite. Meta-
Wallrocks and xenoliths adjacent to the Cornucopia volcanic wallrocks and xenoliths consist of fine-grained

foliated plagioclase+ amphibole+ Fe–Ti oxides. Relictstock comprise metamorphosed siltstone, graywacke, and
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plagioclase phenocrysts and accumulations of fine- easily distinguishes the cordierite-bearing rocks from the
cordierite-free ones. A value for A∗ of ~6·4 separatesgrained amphibole are also present. Metavolcanic rocks

to the east of the stock are porphyritic greenstones, with biotite±hornblende-bearing samples from muscovite+
cordierite-bearing ones (Fig. 6).glomeroporphyritic plagioclase ‘rosettes’.

In general, tonalite and trondhjemite exhibit similar
chondrite-normalized REE patterns (Fig. 7), which are
characterized by light rare earth element (LREE) en-

GEOCHEMISTRY richment [(La/Yb)N=7·6–11·8], low heavy REE
(HREE), and small or no Eu anomalies (Eu/Eu∗=Tonalite and trondhjemite
1·01–1·24). REE patterns display either a straight neg-Elemental analyses are presented in Table 3. Tonalite
ative slope or an inflection in slope at Tb. Rocks of theand trondhjemite span a narrow range of SiO2 content,
Crater Lake unit are slightly depleted in MREE andfrom 65 to 74 wt %; the greatest variation within the
HREE relative to the other units.stock is displayed by the Cornucopia tonalite (65–70 wt

% SiO2; Fig. 4). Among the tonalitic rocks, hornblende-
bearing samples have lower SiO2 contents. The cor-
dierite-bearing trondhjemitic samples display con-

Dikessiderable overlap with respect to most elements. An
Dacitic dikes are similar to rocks of the Cornucopiaexception is the Crater Lake unit, in which SiO2 is
tonalite, with respect to most elements (Fig. 4). Exceptionsgenerally higher. In all units, TiO2, Al2O3, total Fe
are Ba, whose abundance is typically lower in the dacitic(reported as Fe2O3), MgO, CaO, Sc, V, Sr, and Co
dikes, and Cs, which is generally higher. Hornblende-decrease linearly with increasing SiO2. Other elements,
bearing dacitic samples are lower in SiO2 than aresuch as MnO, P2O5 and Y, show broadly decreasing
hornblende-free dacites. Dacitic dikes have REE patternstrends. Na2O, K2O, Ba, Rb, and Ta increase with SiO2.
indistinguishable from those of the Cornucopia tonaliteAt similar SiO2 contents, each trondhjemitic unit exhibits
(Fig. 7).roughly parallel, but not overlapping, trends with respect

In general, late-stage granodioritic and granitic dikesto several elements (Fig. 4). For example, rocks of the
are characterized by higher SiO2 (>73 wt %), K2O, Ta,Big Kettle trondhjemite have higher concentrations of
K/Rb, Ba/Sr, A∗, and normative Or content, and lowerTiO2, CaO, and V than rocks of the Crater Lake tron-
Hf, Zr, Sr, and Sr/Y (Fig. 4 and Table 3), relative todhjemite with similar SiO2 contents. Likewise, rocks of
tonalitic and trondhjemitic rocks. Granodioritic rocks arethe Tramway trondhjemite have higher CaO, MgO, Sc
higher in Y than other quartz-rich rocks (>10 p.p.m.).and V, and lower Al2O3 contents, than rocks of the Big
In comparison with the granodioritic dikes, granitic dikesKettle and Crater Lake trondhjemites. At a given Al2O3
have higher P2O5 (>0·20 wt %), K2O, Ba, and A∗, andcontent, FeO is highest in the Cornucopia tonalite and
lower concentrations of TiO2, Zr, and Y. Granitic dikeslowest in the cordierite trondhjemites, whereas the Tram-
are characterized by relatively flat REE patterns [(La/way trondhjemite has intermediate FeO abundances (Fig.
Yb)N=1·9–2·7], low RREE abundances (LaN≈6·5), and5). Among the cordierite trondhjemites, FeO is lowest in
negative Eu anomalies (Eu/Eu∗=0·59–0·70; Fig. 7).the Crater Lake unit.
Compared with granitic dikes, granodioritic ones areTonalitic and trondhjemitic rocks of the Cornucopia
slightly LREE enriched [(La/Yb)N=2·5–5·0], havestock are high-Al, according to the criteria of Barker
greater RREE abundances, and display slightly less pro-(1979) and Drummond & Defant (1990), with Al2O3>15
nounced negative Eu anomalies (Eu/Eu∗=0·46–0·53;wt % at the 70 wt % SiO2 level, high Sr (>300 p.p.m.),
Fig. 7).and low Rb/Sr (<0·15), K/Rb (typically <550), Y (<15

p.p.m.), and Nb (<10 p.p.m.). Cornucopia rocks are also
characterized by low MgO (<1·40 wt %), Cr (<30 p.p.m.),
and Ni (below detection limits).

Wallrocks and xenolithsThe assemblage cordierite+muscovite in the cordierite
Wallrocks and xenoliths are characterized by low totrondhjemites is characteristic of strongly peraluminous
intermediate SiO2 contents (50–67 wt %; Table 3). Com-rocks. However, nearly all portions of the Cornucopia
pared with rocks of the Cornucopia stock, they are richerstock are mildly peraluminous with respect to the alumina
in Zn, Y, Cr, Ni, Cu, Sc, and V, and lower in K/Rbsaturation index (A/CNK=1·0–1·1), where A/CNK=
and Ba/Rb. Two quartz biotite schist xenoliths containmolar Al2O3/(CaO+Na2O+K2O), suggesting that this
very high Rb contents (87 and 95 p.p.m.). Three me-index is not a sensitive indicator of peraluminosity for
tavolcanic samples (CS-108A, CS-18D, and OR-1390)these rocks (see also Miller, 1985; Patiño Douce, 1992).
are poorer in K2O, Ba, and Rb than the other xenolithThe modified alumina saturation index of Patiño Douce

(1992), defined as A∗=(A/CNK)×mol %(Na2O+K2O), and wallrock samples, which reflects their lower modal
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Fig. 4. Major and trace element compositional variations of tonalitic and trondhjemitic rocks and late-stage dikes from the Cornucopia stock.
Filled triangles denoted by ‘m’ are muscovite+cordierite-bearing granitic dikes, whereas those labeled ‘b’ are biotite-bearing granodioritic dikes.
All other dikes are dacitic, tonalitic, or trondhjemitic.

1596



JOHNSON et al. HIGH-Al TONALITE AND TRONDHJEMITE OF THE CORNUCOPIA STOCK

Fig. 5. Variation of Cornucopia tonalitic and trondhjemitic rocks in terms of FeO and Al2O3, compared with compositional fields representing
low-K silicic glasses produced in amphibolite partial melting experiments [see Beard (1995) for a compilation of experimental data]. Inset shows
trends of the tonalitic and trondhjemitic rocks. Symbols as in Fig. 4. Cordierite two-mica trondhjemites follow trends parallel to those of
cordierite-free rocks, but at lower FeO.

abundance of biotite. One quartz biotite schist xenolith
(CS-63) has a P2O5 content of >1·00 wt %.

ESTIMATES OF INTENSIVE
VARIABLES
Pressure
Experimental work on peraluminous granites by Clemens
& Wall (1981) demonstrated that cordierite occurs as a
liquidus phase at pressures of 2 kbar or less, but does
not occur above the solidus at pressures in excess of 5
kbar. The presence of cordierite as a euhedral phenocryst
phase and as euhedral inclusions in early minerals such
as plagioclase suggests that cordierite was a liquidus or
near-liquidus phase and thus implies a shallow level of
crystallization. This is consistent with the shallow depths
implied by intrusion breccias in several localities within
the stock (Taubeneck, 1964).

Emplacement pressures were estimated using the Al-Fig. 6. Plot of A∗ vs A/CNK, where A/CNK=molar [Al2O3/
(CaO+Na2O+K2O)] and A∗=(A/CNK)×mol % (Na2O+K2O). in-hornblende barometers of Schmidt (1992) and Ander-
Horizontal line at A∗=6·4 separates muscovite+cordierite-bearing son & Smith (1995). Tonalitic rocks contain the required
from biotite±hornblende-bearing lithologies. Modified alumina sat-

near-solidus assemblage of biotite + plagioclase +uration index (A∗) from Patiño Douce (1992). Labeled dikes are the
same as in Fig. 4. orthoclase + quartz + sphene + Fe–Ti oxide +
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melt. Hornblende rim compositions from the Cornucopia
tonalite yielded identical pressure estimates of 1·6±0·6
kbar, using both barometers, in good agreement with
the regional geologic setting and with the low pressures
implied by the presence of liquidus cordierite in the
trondhjemitic units.

Temperature
The presence of euhedral apatite as inclusions in early-
crystallizing minerals such as plagioclase, biotite, and
hornblende suggests that the magmas were saturated
with respect to apatite at or near the onset of crys-
tallization. The presence of apatite as robust crystals,
rather than as acicular needles, further suggests that the
magmas were apatite saturated (Bacon, 1989). If this
assumption is correct, then the apatite solubility ther-
mometer (Harrison & Watson, 1984) can be utilized to
estimate near-liquidus magmatic temperatures. Pichavant
et al. (1992) and Wolf & London (1994) showed that apatite
solubility increases dramatically with higher degrees of
peraluminosity (i.e. A/CNK) such that a large increase
in melt P2O5 content can occur at A/CNK values ex-
ceeding 1·1. Use of the apatite solubility thermometer of
Harrison & Watson (1984) is appropriate in the Cor-
nucopia stock because, even though the melts were
peraluminous, A/CNK values for most tonalitic and
trondhjemitic samples do not exceed 1·1.

Calculated apatite saturation temperatures for tonalite
and trondhjemite of the Cornucopia stock range from
895 to 950°C. These values are comparable with tem-
peratures at which tonalitic melts are produced from
amphibolite in dehydration melting experiments (e.g.
Beard & Lofgren, 1991; Wolf & Wyllie, 1991, 1994;
Rapp et al., 1991; Rushmer, 1993; Sen & Dunn, 1994).

Solidus temperature estimates (Blundy & Holland,
1990), using amphibole and plagioclase rim compositions
from two tonalite samples (CS-19A and CS-48), yielded
solidus temperatures of 658±29°C at 1·6 kbar.

Oxygen fugacity and H2O contents
The equilibrium assemblage hornblende+magnetite+
ilmenite+sphene+quartz was identified as an oxygen
buffer by Wones (1989), and is suggestive of relatively
oxidizing conditions between the fayalite–
magnetite–quartz (FMQ) and hematite–magnetite (HM)
buffers. In addition, Fe2+/Fe3+ values of biotite from all
five plutonic units are characteristic of f (O2) conditions

Fig. 7. Chondrite-normalized REE patterns for rocks of the Cor- between the Ni–NiO and HM buffers (Dodge et al., 1969).
nucopia stock. Chondrite normalization factors are those of Haskin et

Because sphene in the Cornucopia stock is interstitial (i.e.al. (1968). (a) Cordierite-free tonalitic and trondhjemitic rocks. (b)
near-solidus), this implies a range of f (O2) between ~10–13Cordierite two-mica trondhjemites. Shaded region represents cordierite-

free compositions from (a) for comparison. (c) Late-stage dikes. and 10–17 bar at a solidus temperature of 660°C. High
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f (O2) conditions are consistent with the high MnO con- Crystal fractionation and partial melting calculations
were applied to the Cornucopia rocks to test these twotents of titaniferous magnetite and ilmenite (Czamanske

& Mihálik, 1972). hypotheses. The mafic source compositions used in these
models are literature values that display a wide range ofThe low solidus temperatures indicated by the am-

phibole–plagioclase geothermometer suggest that at least normalized REE signatures (Balcer, 1980; Vallier, 1995).
The mineral–liquid partition coefficients (K d) compiledthe tonalitic magmas were H2O rich. Likewise, high H2O

contents ([5 wt %) are indicated by the presence of by Martin (1987) were used to maintain consistency with
previous work (e.g. Drummond & Defant, 1990; Luaisliquidus amphibole (Naney, 1983). Cordierite-bearing

trondhjemites of the Cornucopia stock are similar to & Hawkesworth, 1994; Feeley & Hacker, 1995; Barnes
et al., 1996; Petford & Atherton, 1996).experimental melt compositions at P(H2O)[2 kbar (Fig.

5), which requires melt water contents of ~6–8 wt % The assumption was made that the tonalitic and tron-
dhjemitic rocks represent liquid compositions. This as-( J. S. Beard, 1995, personal communication, 1996).

An abundance of pegmatites and quartz veins and the sumption is appropriate because the tonalitic and
trondhjemitic rocks are similar in composition to glassespresence of intrusion breccias (e.g. Taubeneck, 1964)

also suggests that the tonalitic and trondhjemitic magmas produced in dehydration and H2O-saturated melting
experiments (e.g. Rapp et al., 1991; Winther & Newton,were H2O rich and were saturated at temperatures above

the solidus. 1991; Wolf & Wyllie, 1994). Furthermore, coarse-grained
tonalitic rocks of the Cornucopia unit are nearly identical
in composition to fine-grained synmagmatic dacitic dikes,
which probably represent true liquid compositions (e.g.

ORIGIN OF THE TONALITIC AND Barnes et al., 1986).
TRONDHJEMITIC MAGMAS
Tonalitic and trondhjemitic rocks of the Cornucopia
stock possess characteristics consistent with derivation Fractional crystallization
from a mafic, mantle-derived source, such as low K2O Two fractional crystallization scenarios were tested: (1)and Rb abundances and relatively primitive initial 87Sr/

the origin of the least siliceous tonalite by fractional86Sr and eNd (0·7033–0·7035 and +5·8 to +6·1, re-
crystallization of a tholeiitic parental magma, and (2) thespectively; Johnson et al., in preparation). These rocks
origin of the more siliceous trondhjemitic magmas byalso have high Sr and low Y abundances, and display
fractional crystallization from the tonalite. When possible,strongly fractionated chondrite-normalized REE patterns
major element mass balance models (Bryan et al., 1969)with low HREE contents and small positive Eu anomalies
were performed first, and if successful, they were thenwhich, taken collectively, are suggestive of the presence
tested with trace elements. Perfect Rayleigh fractionationof garnet (or some other HREE-rich mineral) and the
was assumed. Details of the modeling have been givenabsence of plagioclase as either residual or fractionating
by Johnson (1995).phases. Although the presence of cordierite makes the

two-mica trondhjemites unusual, they are similar in com-
Fractional crystallization from tholeiite to tonaliteposition to the cordierite-free tonalitic and trondhjemitic

rocks. Major element mass balance calculations predicted that
the tonalite could be produced from a tholeiitic magmaThe Cornucopia rocks share compositional features

with those of Archean gray gneisses, as well as high- by removal of an assemblage consisting of ~60%
hornblende+36% plagioclase+3% sphene+1% ap-Al tonalite–trondhjemite suites of Phanerozoic age [see

Drummond & Defant (1990) and references therein]. atite. Although the sum of the squares of the residuals
(ssr) was acceptable (0·996), the abundance of spheneArth et al. (1978) invoked fractional crystallization to

explain compositional variations within a continuous and apatite in the assemblage is unrealistic. REE patterns,
calculated on the basis of this assemblage, did not matchgabbro–diorite–tonalite–trondhjemite suite in southwest

Finland. More recently, Drummond & Defant (1990) and the observed pattern of the tonalite.
The model that best fitted REE required a fractionatingDefant & Drummond (1990) suggested that Phanerozoic

high-Al tonalite–trondhjemite suites form where geo- assemblage of ~94% hornblende, ~5% plagioclase, plus
zircon and sphene. The fraction of liquid remaining (F)thermal conditions locally mimic those found in the

Archean, namely where young, relatively hot oceanic was unusually high (0·60). When a more reasonable value
of F was used (0·30; e.g. Arth et al., 1978), the models failedlithosphere is subducted. However, studies by Barnes et

al. (1996) and Petford & Atherton (1996) suggested that to match REE patterns of the tonalitic and trondhjemitic
rocks. These models also required unrealistically highPhanerozoic high-Al tonalite–trondhjemite can be gen-

erated by partial melting of lower-crust and volcanic-arc proportions of fractionating zircon (0·6–1·0%). The back-
calculated Sr content of the parental magma exceededbasement rocks, respectively.
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1100 p.p.m., which is much higher than typical island partial melting calculations. For reasons discussed below,
we did not rigorously test sources in a subducting slab.arc or MORB tholeiite. The model results, plus the fact

(3) All REE models assume Cornucopia tonalite (CS-that no coeval tholeiites occur anywhere in the Blue
19A) as the liquid composition. The chondrite-nor-Mountains, strongly suggest that the Cornucopia rocks
malized REE patterns of all the tonalitic and tron-are not the result of fractional crystallization from a
dhjemitic rocks are nearly identical, which suggests similartholeiitic parental magma.
sources, residual mineralogy, and/or degrees of melting.
Therefore, conclusions reached for tonalitic melts on the
basis of REE data are applicable to trondhjemitic melts.Fractional crystallization from tonalite to trondhjemite

(4) Zircon saturation temperatures (Watson & Har-
The nearly identical Sr and Nd isotopic ratios among rison, 1983) are low (<750°C; Johnson, 1995), which
the tonalitic and trondhjemitic rocks would suggest that suggests that zircon can be discounted as a possible
they represent a cogenetic suite. In fact, major element residual phase. This geothermometer records the tem-
calculations suggest that the least siliceous tonalitic perature at which the tonalitic and trondhjemitic rocks
samples could be related to the most siliceous tron- became saturated with respect to zircon, and the results
dhjemitic samples by removal of an assemblage consisting are consistent with the presence of zircon inclusions in
of ~64% plagioclase + 13% quartz + 12% horn- the mantles and rims of other minerals.
blende+8% biotite+3% Fe–Ti oxides+0·5% apatite. Figure 8 shows the results of REE models. REE patterns
However, REE models predict a negative Eu anomaly of calculated partial melts closely match the patterns of
and LREE enrichment in the residual liquid. Fur- Cornucopia rocks for melt fractions of between 5 and
thermore, the observation that the compositional trends 40%. In general, models in which an LREE-depleted
of the trondhjemitic units are parallel but not collinear source was used (Fig. 8c) resulted in lower calculated
(Fig. 5) indicates that they are not related by a simple melt fractions (<20%) than those in which a source with
crystal fractionation mechanism. However, compositional a flat REE pattern was used. Models in Fig. 8a and c
variation within individual units is compatible with frac- predict residual assemblages of amphibole +
tional crystallization ( Johnson, 1995; see also Taubeneck, garnet+clinopyroxene. Very low abundances of residual
1967). apatite are permissible in some REE models (Fig. 8a),

which may suggest that the melts were saturated with
respect to apatite at the time of formation. None of the
models indicate the presence of residual plagioclase,
which is consistent with the high Sr abundances and
small positive Eu anomalies in the Cornucopia rocks.Partial melting

In spite of the uncertainties in mineral–liquid partitionTo facilitate use of the partial melting calculations, some
coefficients and the fact that REE contents can be con-simplifying assumptions were made:
trolled by accessory minerals, the model results provide(1) Partial melting models were calculated using the
useful information regarding the genesis of the tonaliticequation for equilibrium batch melting. Much attention
and trondhjemitic rocks. The results suggest melting inhas focused recently on the possibility of elemental and
equilibrium with a garnet clinopyroxene hornblendite

isotopic disequilibrium during partial melting and rapid residue. The LREE and HREE K d values for hornblende
melt extraction at relatively low temperatures (generally and pyroxene are similar, but the MREE K d values
<800°C; Sawyer, 1991; Barbero et al., 1995; Nabelek & are sufficiently different to dictate that the residue be
Glascock, 1995), the product of which is commonly amphibole rich (amphqcpx; Fig. 8a and c). In addition,
migmatitic. We maintain that the temperatures of the models in which a garnet-rich eclogite residue was used
Cornucopia melts were high enough (>900–950°C) to (e.g. Martin, 1987) predicted melt REE patterns that
permit equilibrium between melt and source rocks (e.g. were depleted in HREE and enriched in LREE relative
Sawyer, 1991; Rushmer, 1995). to the Cornucopia rocks (Fig. 8b).

(2) Although the subsurface configuration of the Blue Partial melting calculations used Sr and Y data to test
Mountains terranes is not known, we have assumed a the REE models. Distribution coefficients for Sr and Y
metabasaltic source in the Wallowa terrane. The base- were calculated on the basis of the REE model results.
ment complex of the Wallowa terrane, as exposed in the The effects of residual garnet on the Sr and Y com-
Snake River canyon (Balcer, 1980; Walker, 1982; Vallier, positions of partial melts are shown in Fig. 9. Also
1995), consists of variably deformed metaigneous rocks shown are melting curves for eclogitic (~40% garnet)
of low-K tholeiite affinity with flat REE to LREE-depleted and amphibolitic (garnet-free) sources (Martin, 1987).
patterns. Mafic compositions from Balcer (1980) and Low-fraction melts derived from an eclogitic source have

extremely high Sr/Y and low Y values, because ofVallier (1995) were chosen as likely source rocks in the
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partitioning of Y into residual garnet. In contrast, melts
derived from garnet-free amphibolitic sources have low
Sr/Y values because of residual plagioclase. The curve
for the garnet clinopyroxene hornblendite residue passes
through the field representing the Cornucopia rocks at
melt fractions between 20 and 45%, in good agreement
with the REE models.

Results of the geochemical models are consistent with
an origin for the tonalitic and trondhjemitic rocks of the
Cornucopia stock by partial melting of an island arc
tholeiitic source, similar to meta-igneous basement rocks
of the Wallowa terrane. The melts were apparently in
equilibrium with an amphibole+garnet+clinopyroxene
residue. The relative proportions of residual minerals
predicted by the models are similar to those of garnet
amphibole schists found elsewhere in the Blue Mountains
province (Hooper et al., 1995; K. Johnson, unpublished
data). Although these schists are not related to Cor-
nucopia magmatism (they are probably Permo-Triassic
in age), they show that the assemblages predicted by
geochemical models are not unrealistic.

DISCUSSION
Estimated P–T conditions of the magma
source region
Water-saturated and dehydration melting of basaltic
rocks at low pressures (Ζ8 kbar; Beard & Lofgren, 1991;
Rushmer, 1991) do not produce liquids in equilibrium
with garnet, whereas garnet is generally present as a
residual phase in melting experiments at pressures of 10
kbar or more (Rapp et al., 1991; Winther & Newton,
1991; Wolf & Wyllie, 1991, 1994; Rushmer, 1993; Sen
& Dunn, 1994). Wyllie & Wolf (1993) suggested that
garnet-in reactions may occur at pressures slightly less
than 10 kbar, depending on the bulk composition of the
source rock. Furthermore, experiments at 10 kbar showed
that garnet appears at ~850°C (e.g. Wolf & Wyllie, 1994)
and may coexist with amphibole and clinopyroxene to
temperatures in excess of 1000°C (Rapp et al., 1991).

Fig. 8. Rare earth element results of partial melting models. Φ,
metabasaltic source composition; + and Β, calculated melt com-
positions for lower and upper limits of melting (F), respectively, as
indicated in the figure;Μ, modeled rock composition (CS-19A). Residue
refers to the normalized calculated residual mineralogy. (a) Results
using a metabasaltic source with flat REE pattern (~12× chondrite;
Balcer, 1980). (b) Calculated melt compositions in equilibrium with
eclogitic residue of Martin (1987), using the same source composition
as in (a). (Note the mismatch of the calculated patterns with that of
the modeled tonalite.) (c) Results using LREE-depleted metabasaltic
source (Balcer, 1980). Calculated liquid compositions in (a) and (c)
match well with the modeled rock composition, although (c) predicts
slightly lower melt fractions.
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Fig. 9. Sr/Y vs Y. Partial melting curves calculated from results of REE models. Numbers beside curves denote melt fractions. Curve labeled
‘eclogite’ represents melting trend for liquids in equilibrium with an eclogitic residue (Martin, 1987). Curve representing a residual mineralogy
of amphibole+garnet (12%)+clinopyroxene was determined from REE model shown in Fig. 8a (see text). Shaded field labeled ‘tonalite &
trondhjemite’ denotes compositions of Cornucopia rocks, whereas the shaded field labeled ‘Wallowa metabasalts’ represents the range of
compositions used for partial melting models (Vallier, 1995). The star within the shaded field of Cornucopia rocks represents the modeled rock
composition (CS-19A) from Fig. 8. Inset shows melting curve expected for a garnet-free amphibolitic residue (Martin, 1987). Melt fractions
indicated by the curve passing through the field of Cornucopia rock compositions (amph+gt+cpx residue) agree with F values predicted by
the REE model in Fig. 8a.

Under dehydration melting conditions, plagioclase is amphibole+garnet+clinopyroxene. Pressures [10
kbar, and probably less than ~20–22 kbar, and tem-stable as a residual phase at pressures as high as 27 kbar
peratures exceeding 900°C are necessary. The high Sr(Rapp et al., 1991; Rushmer, 1993), and solid residua
contents, the lack of Eu anomalies, plus the abundantare typically granulitic at high temperatures (plagioclase
amphibole and lack of plagioclase in the calculated res-+ clinopyroxene± orthopyroxene± garnet). However,
idue suggest that melting occurred where H2O was inWinther & Newton (1991) found that plagioclase becomes
excess of that produced by the dehydration of amphibole.unstable, or has a restricted stability field, at H2O contents
This additional H2O may have been derived from the>3·0 wt %. Moreover, under dehydration conditions at
exsolution of basaltic magmas emplaced at the base ofhigh temperatures (>900°C) where amphibole, garnet,
the crust (Tepper et al., 1993) or by dehydration ofand clinopyroxene are stable, amphibole generally occurs
hydrous phases other than amphibole (Drummond &in relatively low abundances (Rapp et al., 1991; Wolf &
Defant, 1990). However, it is important to stress thatWyllie, 1993, 1994; Rapp & Watson, 1995); it disappears
melting did not occur under H2O-saturated conditionsat pressures greater than ~17 kbar (Rushmer, 1993;
because the compositions and estimated temperatures ofWyllie & Wolf, 1993; Rapp & Watson, 1995). Even in
the tonalitic and trondhjemitic magmas are inconsistentthe presence of excess H2O, residual amphibole is stable
with such melting.only to ~20–22 kbar (Winther & Newton, 1991).

The Al-rich compositions of the Cornucopia rocks,
the high magmatic temperatures indicated by apatite

Comparison with slab-meltssaturation thermometry, and results of geochemical
models, are consistent with partial melting experiments Liquids generated by slab-melting (‘adakites’; Defant &
of metabasaltic rocks that yield tonalitic–trondhjemitic Drummond, 1990) are generally andesitic to dacitic, and

have high Sr/Y values (commonly >100), high Ni, Cr,liquids in equilibrium with a residual assemblage of
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MgO, and Al2O3 contents, and steep, nearly linear REE Alumina saturation index (A∗) values suggest that the
presence of cordierite is a measure of the activity ofpatterns suggestive of an eclogitic residue

(garnet+clinopyroxene) and of low (generally Ζ5%) Al2O3 in the melt (e.g. Fig. 6), and abundant experimental
evidence indicates that high Al2O3 contents in tonaliticdegrees of melting (Kay, 1978; Kay et al., 1993). The

high Ni, Cr, and MgO contents are thought to be an and trondhjemitic melts are directly related to H2O
content, because H2O destabilizes plagioclase in me-indication of interaction with the overlying mantle wedge

(Kay et al., 1993; Kepezhinskas et al., 1996). Slab-melts tabasaltic compositions (Ellis & Thompson, 1986; Beard
& Lofgren, 1991; Winther & Newton, 1991; Ryabchikovare typical of tectonic settings in which young, relatively

hot oceanic crust is subducted, such as instances where et al., 1996). An additional effect of high H2O content is
a decreasing melt Fe content, owing to the enhanceda spreading center is subducted or is present near the

trench. This setting is distinct from ‘normal’ subduction stability of residual amphibole (Beard & Lofgren, 1991;
Beard, 1995). In view of these relationships (Fig. 5), itsettings in that the already-warm crust begins to melt

before it undergoes substantial loss of volatiles (Drum- seems likely that the lower Fe contents and strongly
peraluminous nature of the cordierite-bearing trond-mond & Defant, 1990).

Defant & Drummond (1990) and Drummond & Defant hjemites reflect higher H2O abundances at the site of
partial melting, compared with the cordierite-free rocks,(1990) noted that high-Al TTG rocks share many of the

geochemical characteristics of slab-melts, namely the and more H2O than is typical in most sites of trond-
hjemitic magmatism. The incremental decrease in FeOhigh Al2O3 and Sr/Y values and the fractionated REE

patterns. They suggested that Phanerozoic high-Al TTG (Fig. 5) corresponds to the sequence of intrusion in the
Cornucopia stock. If FeO is related to the abundance ofrocks represent slab-melts. Furthermore, Drummond &

Defant (1990) suggested that adakites are probably gen- H2O, then this suggests either that the locus of melting
migrated to progressively more H2O-rich source regions,erated at the amphibolite–eclogite transition (the ‘fertile

zone of melting’), corresponding to temperatures of or that the influx of aqueous fluids to the source region
increased with time, thus raising the activity of H2O as700–775°C and pressures of 23–26 kbar, equal to depths

of 75–85 km. melting progressed.
Tonalitic and trondhjemitic rocks of the Cornucopia

stock are similar in many respects to adakites. However,
no evidence exists for subduction of oceanic lithosphere

Tectonic model for the generation ofin the Blue Mountains during Late Jurassic to Early
Cornucopia TTG magmasCretaceous time. In addition, low MgO, Cr, and Ni
Initial impingement of the Blue Mountains ‘superterrane’abundances in the Cornucopia rocks are unlike those of
to the North American continental margin began as earlytypical adakites. Furthermore, the REE models suggest
as 140–145 Ma (Getty et al., 1993; Snee et al., 1995).P–T conditions during partial melting that were both too
Fragments of intervening crust probably moved north-shallow and too hot to be consistent with slab-melting.
ward by strike-slip movement in response to the ad-Estimated P–T conditions are more compatible with
vancing superterrane (Wernicke & Klepacki, 1988).melting at the base of island arc crust (see below).
Subduction and down-warping of the leading edge of
the superterrane (‘intracontinental subduction’) led to
thickening of the terrane package. Given that the current

Significance of cordierite in the two-mica thickness of the Wallowa terrane crust is between 25 and
trondhjemites 30 km [Mohl & Thiessen (1995) and references therein],

the basement of the terrane probably reached greaterOne of the puzzling aspects of the Cornucopia stock is
the presence of magmatic cordierite in the two-mica depths during collision; near the suture zone depths

greater than 60 km may have been reached (Selverstonetrondhjemites. Cordierite is considered by many to in-
dicate a pelitic sedimentary source (i.e. S-type granites; et al., 1992).

Down-warping of the Wallowa terrane was followedGreen, 1976; Miller, 1985); however, mg-number values
of cordierite from the trondhjemitic rocks are higher by rapid uplift, possibly in response to detachment of the

terrane’s mantle lithosphere (Selverstone et al., 1992),than is typical of cordierite from S-type granites (mg-
number typically <0·6), and the low K2O abundances with resultant exhumation of garnet amphibolite slivers

along regional scale reverse faults adjacent to the suture.of the trondhjemites argue against a pelitic source.
Cordierite in the trondhjemites lacks resorption textures, These garnet amphibolites represent supracrustal me-

tavolcanic schists and gneisses that record burial pressuresand is much larger than the rare cordierite present in
metasedimentary wallrocks. These observations argue as high as 9–10 kbar and temperatures of 600–625°C

(Selverstone et al., 1992), implying that basement rocksagainst a xenocrystic origin for the cordierite in the
trondhjemitic rocks (see also Taubeneck, 1964). were thrust even deeper. An Sm–Nd isotopic study of
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garnet zonation preserved in the amphibolites suggested Partial melting of island arc lower crust produced the
that peak metamorphism in the suture zone probably tonalitic and trondhjemitic magmas at moderately high
occurred at ~128±3 Ma (Getty et al., 1993). The fact f (O2) (between NNO and HM), and at P–T conditions
that compositional zoning in the garnets is preserved sufficient for equilibrium between the tonalitic–
implies that initial uplift rates exceeded 3 km/my (Sel- trondhjemitic magmas and a garnet pyroxene hornblen-
verstone et al., 1992). dite residue. The magmas were H2O rich, and became

Coeval high-Al tonalitic and trondhjemitic rocks similar saturated at temperatures above the solidus. The presence
to those of the Cornucopia stock were emplaced into the of cordierite in some of the trondhjemitic units reflects
arc terrane crust adjacent to the suture zone at 118±5 a greater abundance of H2O at the site of melting, rather
Ma (Hazard Creek Complex; Manduca et al., 1992, 1993). than a pelitic sedimentary contribution.
The Hazard Creek magmas were apparently generated Cornucopia magmatism was coeval with emplacement
shortly after peak metamorphism by partial crustal melt- of other high-Al tonalitic and trondhjemitic magmas into
ing, in which garnet and amphibole were stable residual the island arc–continental margin suture zone at ~117
phases, but plagioclase was not (Manduca, 1988). The Ma, during the final stages of terrane accretion. Gen-
similarities between the Hazard Creek Complex and the eration of high-Al tonalite and trondhjemite in the Blue
Cornucopia stock suggest that Cornucopia magmatism Mountains is therefore considered to be a direct result
was also a product of terrane accretion. of the terrane accretion process.

Burial of terrane crust was probably not sufficient to
produce the temperatures estimated for the Cornucopia
stock (>900°C). Therefore, an additional heat source was
required. Partial melting of the lower crust is commonly
thought to occur where mantle-derived basaltic magmas ACKNOWLEDGEMENTS
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Table A2: Average biotite compositions

Cornucopia Tramway Big Kettle Pine Lakes Crater Lake Dacitic dikes

Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD

Compositions in wt %

SiO2 36·40 0·72 35·41 0·49 35·32 0·45 35·47 0·38 35·48 0·43 36·91 0·53

TiO2 3·23 0·31 2·73 0·25 2·95 0·24 2·72 0·22 2·91 0·20 2·31 0·16

Al2O3 15·38 1·03 17·41 0·31 17·43 0·50 17·27 0·43 17·35 0·40 16·22 0·59

FeO 16·87 0·53 17·57 0·43 18·82 1·00 19·21 0·92 18·78 0·84 15·86 0·72

MgO 12·65 0·75 10·94 0·26 10·07 0·59 10·02 0·39 10·29 0·36 13·23 0·49

BaO 0·25 0·13 0·26 0·05 0·42 0·20 0·38 0·22 0·22 0·21 0·40 0·07

K2O 9·74 0·39 9·94 0·17 9·66 0·45 9·86 0·23 9·99 0·24 9·31 0·30

Cl 0·05 0·02 0·09 0·02 0·03 0·01 0·02 0·01 0·03 0·01 0·08 0·04

F 0·21 0·11 0·28 0·12 0·25 0·14 0·35 0·18 0·39 0·19 0·16 0·12

Total 94·78 0·81 94·63 0·74 94·93 0·95 95·31 0·86 95·43 0·78 94·48 0·63

less O −0·10 0·05 −0·14 0·05 −0·11 0·06 −0·15 0·07 −0·17 0·08 −0·09 0·05

TOTAL 94·68 0·81 94·49 0·77 94·82 0·97 95·16 0·82 95·26 0·78 94·40 0·65

Cations per 22 oxygens

Si 5·541 0·083 5·422 0·027 5·420 0·039 5·435 0·049 5·414 0·050 5·585 0·066

Al(iv) 2·459 0·083 2·578 0·027 2·580 0·039 2·565 0·049 2·586 0·050 2·415 0·066

Al(vi) 0·303 0·123 0·565 0·050 0·572 0·071 0·554 0·067 0·536 0·047 0·479 0·062

Ti 0·370 0·036 0·314 0·030 0·340 0·028 0·313 0·025 0·334 0·022 0·263 0·018

Fe 2·148 0·070 2·251 0·056 2·416 0·138 2·462 0·115 2·397 0·113 2·007 0·092

Mg 2·870 0·169 2·497 0·056 2·302 0·129 2·289 0·095 2·340 0·080 2·984 0·108

Ba 0·015 0·008 0·016 0·003 0·025 0·012 0·023 0·013 0·013 0·012 0·024 0·004

K 1·892 0·078 1·942 0·038 1·892 0·087 1·928 0·044 1·944 0·045 1·798 0·056

Cl 0·012 0·006 0·023 0·006 0·007 0·004 0·006 0·003 0·008 0·003 0·020 0·010

F 0·100 0·052 0·135 0·058 0·120 0·070 0·169 0·085 0·189 0·090 0·078 0·055

Total 15·710 0·074 15·742 0·066 15·673 0·075 15·743 0·091 15·762 0·089 15·652 0·060
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Table A3: Representative amphibole analyses

CS-19A CS-48 CS-48

core rim core rim

Compositions in wt %

SiO2 48·21 49·20 45·13 54·31 43·34

Al2O3 7·60 5·48 9·54 8·30 12·81

FeO 14·68 13·65 16·88 11·59 15·34

MgO 14·19 15·06 11·90 9·66 11·74

TiO2 1·00 0·73 0·98 0·27 1·62

Cr2O3 0·02 0·01 0·10 0·01 0·01

MnO 1·07 0·97 0·91 1·09 0·51

CaO 11·14 11·29 11·35 9·88 11·32

Na2O 1·09 0·83 1·19 1·53 1·69

K2O 0·31 0·29 0·24 0·34 0·22

H2O 2·07 2·05 2·02 2·10 2·04

Total 99·32 97·52 98·22 96·98 98·61

Cations per 23 oxygens

Si 6·977 7·209 6·705 7·758 6·372

Al 1·297 0·947 1·670 1·398 2·219

Fe 1·776 1·673 2·097 1·384 1·887

Mg 3·061 3·288 2·635 2·057 2·572

Ti 0·109 0·081 0·110 0·029 0·179

Cr 0·003 0·002 0·012 0·001 0·001

Mn 0·131 0·120 0·114 0·132 0·064

Ca 1·727 1·772 1·807 1·512 1·784

Na 0·306 0·237 0·343 0·425 0·481

K 0·057 0·054 0·045 0·062 0·041

Total 15·445 15·382 15·538 14·758 15·600

mg-no. 0·633 0·663 0·557 0·598 0·577

Amphiboles recalculated according to methods of Hammarstrom (1984) and Robinson et al.
(1982).
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Table A4: Representative cordierite analyses

CS-101 CS-104 CS-104B CS-101 CS-104 CS-104B

Oxide wt %
SiO2 47·24 47·96 47·31
Al2O3 33·27 34·05 33·57
FeO 5·27 5·36 5·69
MnO 0·63 0·67 0·75
MgO 9·22 9·57 9·17
CaO 0·01 0·01 0·01
Na2O 0·89 0·72 0·66
K2O 0·01 0·01 0·01
Total 96·54 98·35 97·17

Cations per 18 oxygens
Si 4·919 4·901 4·903
Al(iv) 1·081 1·099 1·097
Al(vi) 3·002 3·002 3·003
Fe 0·459 0·458 0·493
Mn 0·056 0·058 0·066
Mg 1·431 1·458 1·417
Ca 0·001 0·001 0·001
Na 0·180 0·143 0·133
K 0·001 0·001 0·001
Total 11·130 11·121 11·114

Table A5: Representative Fe–Ti oxide analyses

Sample: CS-80 CS-40A CS-48 CS-8 CS-48 CS-48 CS-33

Mineral: mag. Ti-mag. Ti-mag. ilm. ilm. ilm. ilm.

Compositions in wt %
SiO2 0·04 0·05 0·02 0·06 0·02 0·02 0·09
TiO2 0·04 10·36 23·70 51·06 43·27 36·15 52·14
Al2O3 0·07 0·01 0·00 0·00 0·00 0·00 0·00
V2O3 0·26 0·43 0·33 0·16 0·14 0·16 0·15
Cr2O3 0·05 0·03 0·00 0·00 0·00 0·05 0·00
Fe2O3 68·19 47·98 22·43 2·31 16·98 30·67 0·88
FeO 30·66 39·21 48·72 34·96 30·78 24·88 22·65
MnO 0·26 1·17 3·86 10·81 7·70 7·22 23·76
MgO 0·04 0·02 0·08 0·00 0·16 0·12 0·07
CaO 0·00 0·03 0·03 0·05 0·05 0·05 0·06
ZnO 0·00 0·00 0·08 0·00 0·00 0·07 0·08
NiO 0·02 0·04 0·03 0·02 0·00 0·00 0·01
Total 99·63 99·33 99·28 99·43 99·10 99·39 99·89

Cations per 4 oxygens Cations per 3 oxygens
Si 0·001 0·002 0·001 0·002 0·001 0·001 0·002
Ti 0·001 0·299 0·675 0·975 0·834 0·700 0·988
Al 0·003 0·000 0·000 0·000 0·000 0·000 0·000
V 0·008 0·013 0·010 0·003 0·003 0·003 0·003
Cr 0·002 0·001 0·000 0·000 0·000 0·001 0·000
Fe3+ 1·983 1·385 0·639 0·044 0·327 0·594 0·017
Fe2+ 0·991 1·258 1·543 0·742 0·660 0·536 0·477
Mn 0·008 0·038 0·124 0·232 0·167 0·158 0·507
Mg 0·002 0·001 0·004 0·000 0·006 0·005 0·002
Ca 0·000 0·001 0·001 0·001 0·002 0·002 0·002
Zn 0·000 0·000 0·002 0·000 0·000 0·001 0·002
Ni 0·001 0·001 0·001 0·000 0·000 0·000 0·000
Total 3·000 2·999 3·000 1·999 2·000 2·001 2·000

Oxides recalculated from method of Stormer (1983).
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