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ABSTRACT

Petrological and geochronological studies of Tertiary granite and gabbro plutons in southeastern Alaska provide information
about the Mid-Miocene post-accretionary magmatic history of the region. The Burnett Inlet Igneous Complex is a 20 Ma bimodal
granite—gabbro complex located on Etolin Island and adjacent areas in central southeastern Alaska. It consists of three main
members: granite, alkali granite, and a gabbro—diorite unit consisting of intermingled mafic, hybrid and granitic rocks. Mafic
magmatic enclaves are ubiquitous in the complex. They occur as isolated inclusions in the silicic plutons and as packed masses
in the intermingled zones of the gabbro—diorite unit. The mafic enclaves typically display round and pillow-like shapss, igneou
textures, and chilled margins, and thus denote the mingling of mafic and felsic magmas. Petrographic and geochemical features
indicate that the complex developeid a combination of fractional crystallization, crystal accumulation and magma mixing.
Systematic changes in mineralogy and coherent, curvilinear trends on geochemical diagrams indicate that the mafic and felsic
magmas each evolved separately, mainly by crystal accumulation and fractionation. Magma-mixing textures, such as micro-
inclusions and quartz xenocrysts in some mafic rocks, suggest mafic—felsic magma mixing and hybridization. However, the
compositional and viscosity differences precluded bulk mixing between end-member granite and basalt magmas. Mixing prob-
ably involved intermediate magmas, whose smaller differences in composition and viscosity would have permitted hybridization.
Both the mafic and felsic units have within-plate geochemical characteristics, indicating that post-accretionary magmatism oc-
curred within an overall extensional tectonic setting. Distributions of apatite fission-track lengths and mineral-cooling curve
imply that the magmatic rocks cooled to less tharf@ARithin 5 million years of emplacement. The complex is interpreted to
have initially evolved as a shallow-level silicic magma chamber heated by underplated basaltic magma derived from partial
melting of enriched upper mantle. Subsequent invasion of the silicic magma chamber by basaltic intrusions induced an explosive
eruption phase, followed by rapid crystallization and cooling of the entire complex.

Keywords Kuiu—-Etolin Igneous Belt, enclave, fractional crystallization, within-plate basalt, magma mixing, A-type granite,
Alaska.

SOMMAIRE

Les études pétrologiques et géochronologiques de plutons de granite et de gabbro d’age tertiaire dans le sud-est de I'Alaska
fournissent des indices a propos de I'évolution magmatique suite a I'accrétion dans la région au miocene moyen. Le complexe
igné bimodal (granite—gabbro) de Burnett Inlet, mis en place il y a 20 million d’années, est situé sur I'lle d’Etoline=t dans |
régions avoisinantes de la partie centrale du sud-est de I'’Alaska. Nous distinguons trois membres principaux: granite, granite
alcalin, et une unité mixte de gabbro—diorite contenant un mélange de roches mafiques, hybrides et granitiques. Les enclaves
mafiques sont tres répandues dans ce complexe. Elles se trouvent en isolation dans les plutons siliceux et en empilements com-
pacts dans les zones mixtes de I'unité de gabbro—diorite. Les enclaves mafiques font preuve de formes rondes ou en coussin, des
textures ignées et des bordures figées, démontrant ainsi I'importance d’'un mélange de magmas mafique et felsique. Les
caractéristiques pétrographiques et géochimiques indiquent que le complexe se développa grace a une combinaison de
cristallisation fractionnée, d’'une accumulation de cristaux, et d'un mélange de magmas. Des changements systématiques en
minéralogie et des tracés cohérents et courbes sur des diagrammes de données géochimiques indiquent que les magmas mafique
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et felsique ont évolué séparément, surtout par accumulation de cristaux et par fractionnement. Des textures typiques de mélange
de magmas, par exemple des micro-inclusions et des xénocristaux de quartz dans certaines roches mafiques, témoignent d'un
mélange de magmas et d'une hybridisation. Toutefois, les différences en composition et en viscosité excluent la possibilité d'u
mélange complet entre deux magmas, I'un granitique et 'autre basaltique. Le processus de mélange aurait plutot impliqué des
magmas intermédiaires, dont les différences moins grandes en composition et en viscosité auraient favorisé I'hybridisation. Les
roches des unités felsiques et mafiques possedent des caractéristiques d’un magmatisme intra-plagues, témoignant d’une activité
post-accrétion dans un milieu extensionnel. La distribution de tracés de fission de I'apatite et les courbes de refrailissement
minéraux montrent que ces roches magmatiques ont refroidi a moins°@edEd I'espace de cing million d’années apres leur

mise en place. Le complexe aurait d'abord été réchauffé par dessous par la venue de magma basaltique dérivé par &usion partiell
du manteau supérieur enrichi. Par la suite, I'introduction de venues basaltiques dans la chambre magmatique occupée par le
magma siliceux aurait provogué une phase explosive d’éruption, et ensuite une cristallisation rapide et un refroidisséghent comp

du complexe.

(Traduit par la Rédaction)

Mots-clés ceinture ignée de Kuiu—Etolin, enclave, cristallisation fractionnée, basalte intra-plaques, mélange de magmas, granite
de type A, Alaska.

INTRODUCTION (Fig. 1). The complex, unlike other plutons of the Kuiu—
Etolin igneous belt, is a bimodal suite comprising alkali
Granitic rocks are found in nearly all plate tectonifeldspar granite, granite and gabbro. Field relationships,
environments, yet the vast majority are located in thopetrographic features, and geochemical characteristics
orogenic regions (ocean—continent and continent—candicate that the complex is composed of physically and
tinent collision zones) where the ponding of subductiorthemically distinct but contemporaneous granite and
related basalt or thickening of the crust has increasgdbbro bodies. This conclusion differs from previous
the temperature of crustal rocks to that of meltingnterpretations (basalt differentiation series, Hunt 1984;
Anorogenic granites, less abundant than orogenic granigmatite complex, Brewt al. 1984).
ites, are typically associated with rifting of the conti- Mafic magmatic enclaves are common features of
nental crust€.g, Bockelie 1978, Gilbert 1983, Gilbertthe granitic plutons and granitic dikes within the com-
& Donovan 1982), aborted rifting events (Lameyre &lex. The enclaves demonstrate a mingling relationship
Bowden 1982, Black & Girod 1970) and possibly hotbetween mafic and felsic magmas and possibly repre-
spot activity (Maniar & Piccoli 1989). They commonlysent the vestiges of mafic igneous activity that initiated
are explained by underplating of the crust by mantlenorogenic granite magmatism in this area. We con-
derived basalt generategh extensional tectonics or asclude that the complex evolved from the combined
a result of a mantle plume. effects of fractional crystallization, crystal accumulation
A northwesterly trending field approximately 170and mixing of mafic and felsic magmas. Fractional crys-
km long of silicic volcanic and plutonic rocks of Mi-tallization and crystal accumulation processes in both
ocene age outcrops along the coast of southeastéra mafic and felsic suites are shown by the systematic
Alaska. This belt, named the Kuiu-Etolin igneous betthange in major mineral phases and coherent, curvilin-
by Brewet al (1979, 1981), consists of post-terranear trends on most major- and trace-element diagrams.
accretion granitic plutons, many of which have the mirtMagma mixing and hybridization are indicated by dis-
eralogical and geochemical features of anorogenic graguilibrium textures, incongruous trends of some ele-
ite described by Clemerst al. (1986). Numerous ments (Ba, Zr, Y), and the elevated initial strontium ratio
granites of the Kuiu—Etolin igneous belt have relativelgf mafic magmatic rocks (on average, 0.7046). Our geo-
alkaline and metaluminous compositions, are typicallghronological evidence, including apatite fission-track
Ca-poor, and contain high amounts of Zr, Nb, Y, thage data and horizontal patterns of confined track-length
rare-earth element®EE) and Zn, and low amounts of distribution, documents the rapid cooling of the com-
Ni and Cr. Previous geological and petrological studigdex. Finally, we suggest that continued injection of
of these Miocene igneous rocks have focused on theiafic magma triggered eruption of the shallow crustal
distribution, mineral content, and economic potentiahagma chamber that contained these igneous units.
(Brew et al. 1979, Hunt 1984, Douglast al. 1989,
Lindline 1993), but their origin and evolution have re- GEOLOGY OF THE STUDY AREA
mained poorly understood. To address these issues and
to help interpret the Middle Tertiary magmatic history The geological history of southeastern Alaska from
of southeastern Alaska, we studied the collection of plthe middle Jurassic through the Eocene was marked by
tons that make up the Burnett Inlet Igneous Compléke accretion of tectonostratigraphic terranes to western
located in the southern part of the Kuiu—Etolin Igneousorth America (Conet al. 1980, Jonest al. 1981,
Belt, approximately 80 kilometers north of KetchikarMongeret al. 1982, Coney & Jones 1985). Numerous
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Fic. 1. Map of lithotectonic units in southeastern Alaska after Wheekr (1991) and
location of the Kuiu—Etolin magmatic belt (Brew 1994, Brew & Morrell 1983, Bsew
al. 1984). A box encloses the Burnett Inlet Igneous Complex. Larger towns and features
are noted (K: Ketchikan, W: Wrangell, P: Petersburg, S: Sitka, J: Juneau, Q: Quartz
Hill).

100-90 Ma calc- alkaline bodies of foliated garnet- andiocene Kuiu—Etolin Igneous Belt is a discontinuous
epidote-bearing plagioclase porphyritic quartz dioritdract of predominantly silicic volcanic and plutonic
tonalite and granodiorite occur throughout the regiormcks that cross-cuts the tectonostratigraphic terrane
and represent the deeply eroded remnants of a mimbundaries established during the Mesozoic accretion-
Cretaceous magmatic arc. Significant melting evengsy events (Fig. 1). Numerous smaller igneous bodies,
continued to affect the region and resulted in the enmcluding molybdenite-bearing rocks at Quartz Hill
placement of the Coast Mountains Batholith from late$115 km east of Ketchikan), also were emplaced at this
Cretaceous to Eocene (75-55 Ma; Geleeldl. 1991). time.

The batholith contains a variety of intrusive rocks, many The 20 Ma Burnett Inlet Igneous Complex (Fig. 2)
of which resulted from subduction-related magmatisiis a member of the Kuiu—Etolin Igneous Belt and the
(Barker & Arth 1990). Following approximately 35 mil- focus of this study. The complex intruded fine-grained
lion years of igneous inactivity, post-accretionarylack biotite-grade schist correlated with the marine
magmatism and subsequent metamorphism of the cotigsch sediments and interlayered volcanic rocks of the
try rocks affected a large part of the region. The Middi&ravina—Nutzotin belt of Jurassic—Cretaceous age, more
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Fic. 2. Simplified geological map of the study area after Beewal. (1984). Map shows
all sample and data-collecting localities (¢); numbers refer to samples listed in Tables 1
and 2 and in Figure 5. Large numbers are radiogenic ages in million years from the
indicated geochronometers.

specifically the Seymour Canal Formation (Betaal. The Burnett Inlet Igneous Complex consists of three
1972, Brewet al. 1984). Contacts with the metamor-main plutonic units: granite, alkali feldspar granite, and
phic rocks are straight, sharp and discordant. Metamagabbro—diorite. The granite and alkali granite are mas-
phic pendants and xenoliths are common throughosive and homogeneous in both texture and composition.
Minor occurrences of alluvium, colluvium and tidalThese medium- to coarse-grained euhedral equigranular
mudflats and some glaciofluvial deposits overlie theo seriate-textured felsic rocks are characterized by
major geological units. Brecciated rocks along the eastbundant miarolitic cavities and graphic intergrowths.
ern side of Canoe Passage (Fig. 2) mark the trace offae heterogeneous gabbro—diorite unit can be subdi-
Miocene (or younger) high-angle strike-slip fault (Koclvided into three lithological types: mafic plutonic rock,
et al. 1977). Northeast- and north-northwest-trendingnafic magmatic enclaves, and hybrid rocks. The uni-
nearly vertical mafic dikes cross-cut the complex anfdrm gabbro—diorite displays a generally massive me-
neighboring rocks. These dikes are likely related to tlttum- to coarse-grained subhedral equigranular texture.
regional swarm of mafic dikes that have been mappéu some places, variations in the proportions of mafic
throughout southeastern Alaska and coastal British Cavinerals and plagioclase on the scale of 1 to 2 cm de-
lumbia (Smith 1973, Lull & Plafker 1988). Althoughfine a weak, west—northwest-trending moderately dip-
radiometric ages are not available for these mafic dikggng layering. The composite zones range from
they are relatively younger than the 20 Ma granitemeter-wide dikes to several meter-wide areas of inter-
gabbro complex they intrude as they were emplacedngled mafic and felsic igneous rock (Fig. 3). In the
after the intrusions cooled sufficiently to support fraceomposite zones, the mafic rocks, herein termed en-
turing. claves, commonly are rounded and lobate, and appear
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Fic. 3. A. Outcrop view of abundant mafic magmatic enclaves in granite, southwestern
Burnett Inlet. Note various sizes and shapes of enclaves and the serrated edge of lower
enclave. B. Pillow-like mafic magmatic enclaves with intervening leucocratic material
from within gabbro unit, southeast Deer Island.

similar to submarine pillow basalt. These plutonic “pilfelsic rocks of the composite zones range from granite
lows” vary greatly in size and dimension, from smallo granodiorite and have higher amounts of biotite and
and nearly equant (1 cm by 1 cm) to large and elongdternblende than the enclave-free granitic rocks. Hybrid
(up to 2 m by 4 m). Enclave margins are typically sharpocks contain highly disaggregated enclaves and micro-
fine-grained, and scalloped or serrated. These enclamelusions set in a dioritic to granodioritic matrix. The

characteristics have been described in many plutons dnrid rocks show a range of grain sizes and concentra-
indicate the commingling of mafic and felsic magmasons of mafic minerals 0.1 to 2.0 cm across. Centime-
(e.g, Didier 1973, Vernon 1984, Barbarin 1988). Theer-scale heterogeneities in mineralogy and grain size
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suggest that the hybrid rocks are the products of physiingled zones. The felsic portions of host—enclave pairs

cal mixing of mafic and felsic magmas. were sampled at least 10 cm from analyzed enclaves.
Approximately 1 kg samples were collected from sur-
ANALYTICAL TECHNIQUES face outcrops. Samples were slabbed, cleared of weath-

ered pieces, reduced to fine grains in a jaw crusher, and
One hundred samples were chosen for thin-sectipulverized to a powder in a ceramic puck mill. Concen-
study. Rock names are based on both modal and vistrations of most major elements were determined by
estimations of mineral abundances and follow IUGERAL Laboratories using X-ray fluorescence spectros-
recommendations (Streckeisen 1978). Enclave-freepy. The compositions of underscored samples in
rocks were sampled approximately 5 m from comFable 1 were determined by direct current plasma —

TABLE 1. WHOLE-ROCK GEOCHEMISTRY AND MODAL DATA FOR REPRESENTATIVE SAMPLES
OF THE BURNETT INLET IGNEOUS COMPLEX, SOUTHEASTERN ALASKA

87145 9219 9222 92341 9216 9230 9239 9244 9245 927h 9215h92352h92351 927e 9215¢92352e9244e 9271
gd gd gd pd g a g a g f f f hy < [ e [ g

Plvol% 46 61 61 55 38 8 38 28 40 37 4 12 17 41 42 19 3 clasts
Qtz ir 1 tr 6 38 27 34 36 13 35 32 23 29 3 10 30 30 clasts
Or nd nd nd nd 12 63 18 33 12 27 6 62 39 4 7 3 58 clasts
Bt 2 2 3 1 10 tr 7 tr 8 2 16 2 4 19 16 16 tr tr
Hbl 3 tr 13 8 2 1 2 2 22 tr tr 1 8 28 16 2 8 nd
Cpx 19 2 8 8 nd nd nd nd 2 nd nd nd 4 3 10 5 nd nd
Opx tr 15 12 5 nd nd nd nd 0nd nd =ad nd tr ir tr 25 nd nd
[0} 5 1 nd nd nd nd nd nd nd nd nd nd tr nd nd nod nd nd
Mgt-Ilm 2 2 tr 1 tr tr ir tr 3 tr 1 ir 1 2 tr tr tr 2
Chl 6 2 1 5 tr tr tr i3 nd tr 1 nd nd tr nd nd nd tr
Ap tr tr 2 tr tr tr ir tr tr tr tr r tr tr ir ir tr nd
Zm nd nd nd nd tr tr tr tr nd tr tr tr nd nd nd nd nd nd
Tin tr tr tr tr tr nd nd 1 nd nod nd nd tr nd nd nd nod nd
** 18 15 nd 2 tr tr 1 i g tr ir tr tr ir tr tr tr tr

Si0, wt.% "48.80 49.90 48.70 53.80 72.60 72.45 68.47 7445 63.25 7430 7542 70.35 64.90 49.80 56.79 58.44 68.80 41.00
Ti0, 0.56 108 0.87 107 021 0.19 044 020 079 009 024 032 065 122 117 112 032 094
ALO, 15.40 15.90 16.90 16.20 13.30 13.85 1636 12.92 16.24 13.10 14.26 14.10 14.20 16.30 16.32 16.30 13.50 16.40
Fe,0x 10.00 9.15 909 858 189 207 305 270 525 108 179 328 530 920 762 736 379 12.70

MgO 9.59 736 806 435 039 020 121 010 174 0.11 061 058 182 642 498 280 050 334
MnO 016 0.14 013 0.13 004 002 007 004 011 001 001 006 007 0.14 016 012 008 199
Ca0 933 843 9355 755 119 0.82 299 066 3.62 067 284 159 322 833 864 552 146 957
Na,0 2.05 299 249 322 344 396 398 408 463 354 352 3.87 359 324 345 451 459 218
K,0 040 087 077 140 484 520 348 458 3.08 522 258 494 371 130 160 285 478 107
P05 0.14 031 0.2 024 005 003 nd nd nd 001 nd nd 013 037 nd nd 007 143
LOI 090 150 1.10 165 040 028 020 031 086 005 051 048 050 135 090 041 050 880

SUM 97.33 97.63 97.78 98.19 98.35 99.07100.25100.04 99.57 98.18101.78 99.57 98.09 97.67101.63 99.43 98.39 99.42

Crppm 343.7 2234 3370 585 65 219 88 94 104 207 153 129 358 i80.1 4251 390 105 273

Co 302 267 427 245 18 10 59 09 13 11 42 34 108 275 283 154 24 341
Ni 928 977 832 108 131 254 157 175 1035 595 69 140 1163 408 143 289 145 299
Rb 44 131 249 408 1488 149.1 984 1434 1057 130.9 46.8 120.6 1064 285 395 423 1526 219
Sr 533.3 599.0 430.8 446.6 116.2 78.6 4268 453 8L.8 34.8 2394 957 1882 507.0 292.8 403.0 27.2 547.4
Y 108 17.7 154 259 248 30.1 149 620 364 410 65 464 561 276 278 308 659 403
Zr 427 1241 793 113.8 122.0 207.5 109.9 455.1 2584 108.4 144.0 324.4 366.3 135.6 139.6 309.8 168.5 72.8
Nb 31 119 112 100 133 13.1 156 460 139 156 41 217 213 1583 70 190 499 57
Ba 200.9 373.6 309.5 488.8 627.01087 7974 37531246 132.81008 442.6 311.2 462.9 4887 9882 188.3 494.0
La 7.1 180 96 195 299 419 355 579 467 421 176 455 344 243 164 337 247 286
Ce 150 373 180 351 500 682 548 997 767 739 229 776 705 452 306 590 515 380
Pr 19 46 27 43 S6 77 57 113 85 84 22 87 66 57 39 72 70 66
Nd 88 204 103 176 203 276 202 428 312 303 73 324 250 236 17.1 288 2935 316
Sm 19 36 24 45 44 58 35 91 79 71 14 79 57 55 44 64 102 61
Eu i1 12 10 13 05 06 08 04 06 02 10 06 07 16 13 16 06 19
Gd 21 41 26 41 37 50 30 88 58 63 12 65 51 51 43 56 89 75
Tb 03 06 05 06 06 08 04 14 09 10 02 10 08 08 07 08 16 L1
Dy 19 37 31 40 37 49 25 91 60 66 0Y 65 55 48 47 52 106 62
Ho 04 07 07 09 08 10 05 19 13 14 02 14 12 10 10 LI 23 12
Er 11 18 13 24 24 30 14 56 37 38 06 41 34 27 28 30 63 36
Tm 02 03 02 04 04 05 02 09 06 06 01 06 06 04 04 04 1.0 05
Yb 10 17 13 24 29 31 15 61 41 41 08 44 39 25 27 30 68 32
Lu 02 03 02 04 05 05 02 10 07 06 01 07 06 04 04 05 11 05
Hf 09 30 16 35 46 64 33 132 82 47 42 92 94 40 39 77 59 1.2
Ta 02 05 03 06 15 12 11 30 12 16 05 16 09 08 04 08 30 04
Th 09 17 10 49 169 152 140 208 163 163 128 159 90 32 29 77 121 20

Columms: gd: gabbro-diorite, g: granite, a: alkali granite, I: felsic part of composite dike, hy: hybrid, e: enclave, gr: graywacke. Modal data
based on 600 points. Tr: volume less than 1%, nd: not detected, n.d.: not determined. **: alteration minerals.
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atomic emission spectrometry (DCP—AES) at Brymeasurements on apatite mounts were carried out using
Mawr College using the methods of Feigenson & Cathe methods of Omait al.(1987). Uncertainties of ages
(1985). Trace-element concentrations were determinegre determined by calculations described by Green
by inductively coupled plasma — mass spectromet({981).

(ICP-MS) at Union College, Schenectady, N.Y. Repli-

cate analyses of USGS standard samples indicate a pre- GEOCHRONOLOGY
cision of +2% for major elements antb% for trace
elements. The distribution of radiogenic ages in the Burnett

Rock powders were prepared for determination dflet Igneous Complex is shown on Figure 2. The K/Ar
the®7SrPeSr isotopic ratio by standard acid wash and $rornblende and biotite dates are from granitic rocks re-
elution techniques. Each unspiked whole-rock sampf®rted by Douglasst al. (1989). Our Sr isotope and
was dissolved in an HF-HNOnixture using Savillex apatite FT data add to the geochronological history of
dissolution bombs at ~100 for seven days. The entirethe area. Table 2 lists the whole-rock Sr and Rb isotopic
solution was centrifuged and processed to separateaBundances for selected gabbro and granite samples.
using ion-exchange techniqué$srfSSr values were The 8’Rbf8Sr values were calculated using measured
determined on an automated VG-54 mass spectromederounts of elemental Rb and Sr. The ini8rf8Sr
at Virginia Polytechnic Institute and State Universityratio (SIR) was calculated using an age of 20 Ma from
Blacksburg, Virginia. The values were corrected fathe K/Ar hornblende and biotite ages of Dougletsal.
fractionation using®’Srf8Sr equal to 0.1194. York's (1989). The calculated SIR of the mafic rocks ranges
(1969) approach in the least-squares regression trefabm 0.70411 to 0.70482:0.00035). The felsic rocks
ment of data assumed an experimental error of 1% show a range of Rb—Sr isotopic abundances; they form
87RbA8Sr and 0.05% if’SrFeSr. an isochron with a slope of 3.19210* andy intercept

Five fission-track (FT) ages and FT length-distribu¢SIR) of 0.70465+ 0.00028 (Fig. 4). Calculation of a
tion patterns were obtained for selected rocks. Apatiteystallization age from the slope of the isochron yields
fractions were separated using conventional heavy-lig= 22.47+ 2.1 m.y.
uid and magnetic techniques. Sample preparation and Combined apatite FT ages and horizontal confined
analyses were conducted at the University of Pennsyfack-length distribution patterns are presented in Fig-
vania, Philadelphia, Pennsylvania. Samples were irrare 5. Apatite FT ages range from 1%.2.3 to 25.6=
diated at the U.S. Geological Survey facility, Denve.8 Ma. All length distributions are unimodal and fairly
Colorado. Apatite FT ages were measured using tharrow, with mean track-lengths ranging from 1192
external detector method (Naeser 1976). Preparatitr® to 14.64t 1.14 um. The average track-length for
procedures, neutron-dose calibration, and track-lengtie fourteen analyzed samples is 13T895um. Note

TABLE 2. Rb-Sr ISOTOPOIC DATA FOR SELECTED BURNETT INLET
IGNEOUS COMPLEX ROCKS, SOUTHEASTERN ALASKA

Sample  Rock Rb*  SP RbSt  PRb™Sr  USroSr°  OSHStm

Type calculated  measured  calculated
9219 gd 13 599 0.02 0.0627 0.70484 0.70482
9222 gd 25 431 0.06 0.1677 0.70465 0.70460
92341 gd 41 447 0.09 0.2652 0.70466 0.70459
9236 gd 22 619 0.04 0.1028 0.70414 0.70411

92492 gd 33 586 0.06 0.1628 0.70478 0.70473

9216 g 149 116 1.28 3.7136 0.70610 0.70505*

9230 a 149 79 189 5.4529 0.70647 0.70492*

9244 a 143 45 318 9.1874 0.70726 0.70465*

9248 a 170 32 531 15.3592 0.70985 0.70549*

927H f 131 35 374 10.8211 0.70785 0.70478*

9231H f 68 370 0.18 0.5313 0.70497 0.70482*
f

92503H 76 174 043 1.2628 0.70485 0.70449*

Rock abbreviations as in Table 1.

®Rb and Sr concentrations by ICP-MS analyses.

® Measured 5Sr/*Sr given at 95% confidence level.

¢ Initial ¥'Sr/*Sr isotopic ratio calculated from 20 Ma age based on K-Ar
determination on hornblende and biotite from the same locality reported by
Douglass et al. (1989).

" Initial ¥'Sr/*Sr isotopic ratio from whole rock isochron = 0.70465.
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0.7100 m Subhedral to rare euhedral plagioclase tablets display
normal zoning (Ar-19 and simple and polysynthetic
twinning, and may be enclosed by alkali feldspar. These
features suggest that plagioclase preceded alkali feld-
spar in the crystallization sequence, and that alkali feld-
spar precipitation outlasted that of plagioclase.
Hornblende is commonly euhedral and occurs
intergrown with plagioclase, alkali feldspar and quartz,
whereas biotite is an anhedral interstitial phase. Both
hornblende and biotite exhibit minor and partial alter-
ation to chlorite. llmenite, magnetite, apatite, zircon and
titanite form euhedral phases.
The alkali feldspar granite occurs as a massive ho-
y =0.003x + .70465 mogeneous unit to the west of the granite on Etolin Is-
R =0.9947 land (Fig. 2). It consists primarily of interlocking
subhedral perthitic alkali feldspar (54%) and anhedral
0 ) 4 6 s 10 12 14 46 Quartz (37%), with interstitial plagioclase (2%), horn-
87 86 blende (3%), biotite (1%) and opaque phases (3%)
Calculated “'Rb/™Sr (numbers in parentheses are averages of seven modal
analyses). Accessory euhedral apatite, titanite, and zir-
Fie. 4. Whole-rock Rb-Sr isotope data for selected gabbroign are common within the unit. Breaval. (1984) re-
(BSO“d tstciufrtels) and grca‘”'t'cl((’peD” tsq?arfhs) rOCk.St_from IEg%r’[ed an unusual mafic mineral assemblage in the alkali
urnett Inlet Igneous Complex. Data for the granitic roc : " ) ; . -
form an isochgron indicating a crystallization%ge of 22.4 _ranlte unit: sodic hornt_)lende, rlebec_klte_, biotite, _Fe-
million years and g-intercept (SIR) of 0.7047. rich pyroxene and fayalite. Our examinations of eight
alkali feldspar granites found only one sample (9256)
containing fayalite and pyroxene; we did not observe
sodic hornblende nor riebeckite.
that all radiogenic ages (apatite FT, whole-rock Rb/Sr, The leucocratic matrix phase surrounding mafic
hornblende and biotite K/Ar) are concordant within ananagmatic enclaves in the composite zones exhibits a
lytical uncertainty (Fig. 5F). The concordance of agesange of compositions including monzodiorite, grano-
despite the fact that the radiometric systems examindibrite, granite, quartz monzonite, and monzonite.
have markedly different closure temperatures, is coBubhedral interstitial hornblende and biotite are more
sistent with very rapid cooling. Rapid cooling also isbundant in the leucocratic enclave matrix than in the
suggested by the narrow apatite track-length pattergsanite and alkali feldspar granite plutons.
(standard deviation 1.47, median length 13.8% av- On the basis of grain form and relationships, the fol-
erage 13.53um). The concave-up temperatwrersus lowing sequence of crystallization is proposed for the
time curve indicates that the cooling history of the plugranitic rocks: early plagioclase, hornblende, ilmenite,
ton was dominated by the rapid decay of any initial difnagnetite, apatite, zircon and titanite; continued plagio-
ference in temperature between pluton and host roallase crystallization with alkali feldspar, quartz and bi-
(Harrisonet al. 1979, Harrison &Clarke 1979, Zeitler otite; latest alkali feldspar, quartz and biotite.
1985).

0.7090

0.7080

0.7070

0.7060

Measured ¥’sr/*®sr

0.7050

Mafic rocks
PETROGRAPHY
The medium- to coarse-grained gabbro—diorite con-
Granitic rocks sists primarily of tablets (1 by 3 mm) of albite-twinned
normally zoned (Ags_s9 euhedral plagioclase, anhedral
Granitic rocks occur as outcrops of massive, uniforilinopyroxene, orthopyroxene, hornblende and biotite.
granite and alkali feldspar granite, as well as thelagioclase and clinopyroxene commonly exhibit a
leucocratic matrix surrounding enclaves in compositubophitic texture. A few samples contain abundant and
zones. The granite unit consists primarily of granite butowded cumulate calcic plagioclase tablets with minor
includes granodiorite, quartz monzonite and quartmafic intergranular and interstitial phases. Rare olivine
syenite. On average, the granite contains major alkédirms anhedral equant crystals. Reddish brown pleoch-
feldspar (36%), quartz, (32%), plagioclase (26%), hormeic hornblende is ubiquitous and occurs as a mantle on
blende (5%), and biotite (1%), with accessory ilmenit@livine, clinopyroxene and orthopyroxene, as anhedral
magnetite, apatite, zircon, and titanite (numbers in paikocrysts, and as prismatic crystals. Magnetite and il-
rentheses are averages of seven modal analyses). Moshite occur as euhedral to subhedral primary phases
samples have an anhedral granular to seriate textuss.well as products of decomposition of olivine and
Graphic and granophyric intergrowths are commorrthopyroxene. Euhedral apatite forms inclusions in the
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Fic. 5. A through E. Frequency distribution of the lengths of confined spontaneous fission tracks in apatite. Ages and fre-
guency-distribution data are shown in upper left-hand corner of histograms. AGE: fission track age determined by external
detector method, X: mean fission-track length, SD: standard deviation, SE: standard error for average, N: number of grains.
F. Apparent cooling history for the Burnett Inlet Igneous Complex. Closure temperature — age curve is best fit to available
data. Uncertainties in ages and closure temperatures are shown by error bars through symbols. Sources of age data: K/Ar ages:
Douglasset al. (1989); Rb/Sr whole-rock age: this study; apatite FT ages: this study. Closure temperatures: biotite K/Ar:
280°C * 40; hornblende K/Ar: 53 + 40; whole-rock Rb/Sr: 70C + 75; apatite fission-track: 106 + 10 (Gleadow &

Brooks 1979, Harrisoat al. 1979, Harrison & McDougall 1980). Closure temperature values are considered broadly appli-
cable to relatively high rates of cooling.

primary mafic phases and discrete grains. Alteratiaslivine were noted in only a few enclaves, and in some
products include fibrous amphibole, chlorite, talc andases olivine had recrystallized to an aggregate of very
white mica. The gabbro—diorite unit also includeine-grained talc and lizardite. In the porphyritic
monzodiorite and quartz monzodiorite. These rocks lasiamples, plagioclase occurs as euhedral to swallow-tail
olivine and orthopyroxene, but they contain clinosingle crystals and as glomerocrysts (Fig. 6A). Clino-
pyroxene as discrete grains and as cores surroundedgyoxene phenocrysts are subhedral and commonly
hornblende. They consist primarily of subhedral granumantled by green pleochroic hornblende. In the anhedral
lar plagioclase (Agy.7_253, hornblende, biotite, alkali granular enclaves, brown pleochroic hornblende and
feldspar and interstitial quartz. orange-brown pleochroic biotite are commonly
In the composite zones, mafic enclaves displgyoikilitic and in some cases acicular in form. Apatite
random, uniform, igneous microtextures. Two typealways occurs as acicular grains. A few enclaves con-
dominate: very fine-grained plagioclase — biotite — horriain 1-2 mm anhedral quartz crystals mantled by green
blende assemblages with an anhedral granular textunernblende (Fig. 6B). Enclave matrices contain spotty
and porphyritic rocks containing plagioclaseclino- concentrations of dendritic opaque minerals (Fig. 6C).
pyroxene phenocrysts. Other major phases include The mineralogy of the hybrid rocks includes plagio-
orthopyroxene, quartz, and alkali feldspar. llmenite ardase, hornblende, biotite, alkali feldspar, quattz
apatite are common accessory phases. Phenocrystslimfopyroxenet orthopyroxene and accessory ilmenite
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and apatite. Some of the textures are similar to those The porphyritic enclaves experienced a two-stage
noted in the enclaves, such as plagioclase and clirfastory of crystallization. Initial slow crystallization pro-
pyroxene phenocrysts, hornblende mantles on clinduced euhedral plagioclase and clinopyroxene pheno-
pyroxene phenocrysts (Fig. 6D), poikilitic hornblenderysts following by rapid nucleation and formation of
and biotite, and acicular apatite. Micro-inclusions ithe fine-grained matrix. The fine-grained rock textures
these rocks consist of centimetric round aggregatesretulted from a rapid drop in magma temperature, as
fine-grained anhedral biotite, hornblende, plagiocladarther demonstrated by the quench textures of dendritic
and quartz. ilmenite and acicular apatite (Lofgren 1980, Wy#ie
Textural relationships indicate that the mafic plutongl. 1962). On the basis of the occurrence of the fine-
mafic enclaves, and hybrid rocks share a similar sgrained mafic rocks, we infer that rapid cooling and
quence of crystallization: early-crystallizing olivine,crystallization of enclave and hybrid magmas occurred
magnetite, ilmenite, apatite, and plagioclage, when mafic magma came into contact with much cooler
orthopyroxenet clinopyroxene; continued crystalliza- granitic magma (a temperature difference of 2002@p0
tion of plagioclase and clinopyroxene, with the forma- A number of the textures observed in the hybrid
tion of hornblende, and latest-crystallizing hornblendeocks and in some enclaves are common to and charac-
biotite, quartz and alkali feldspar. The variable grairteristic of mixed magma-hybrid systems (Hibbard
sizes and textures of members of the mafic suite are tt@95). In the context of magma mixing, crystallization
results of different histories of crystallization. Theof abundant quench-generated plagioclase and apatite
coarse to medium size and common subophitic textuneas followed by late-stage poikilitic hornblende and
of the gabbro—diorite suggest slamvsitu cooling and biotite. The relatively large rounded quartz grains with
crystallization. The weak outcrop-scale layering witka thin rim rich in fine-grained earlier-crystallizing ma-
cumulate plagioclase zones suggests some plagiocléiseninerals are interpreted as xenocrysts from the crys-
accumulation, although the extent of accumulation tallizing granitic liquid. As the magmas mixed, quartz
unknown. crystals from the felsic component liquid became un-
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Fic. 6. A. Photomicrograph of plagioclase-phyric enclave (92524e). Plagioclase phenocryst exhibits swallow-tail form (plane-
polarized light, long dimension: 1.07 mm). B. Photomicrograph of enclave (9256) containing a quartz xenocryst mantled by
green hornblende in a very fine-grained anhedral granular matrix (plane-polarized light, long dimension: 3 mm). C. Photomi-
crograph of very fine-grained anhedral granular enclave (92503e) containing dendritic acicular grains of ilmenite (plane-
polarized light, long dimension: 1.07 mm.). D. Photomicrograph of hybrid rock (92351) containing clinopyroxene phenocrysts
in an anhedral granular matrix of plagioclase, quartz, alkali feldspar and biotite. Clinopyroxene is mantled by green horn-
blende (cross-polarized light, long dimension: 3 mm).

stable (Hibbard 1981, Vernon 1983, 1984, 1990). The GEOCHEMISTRYAND PETROGENESIS

quartz grains, now xenocrysts in the hybrid magma,

were partially dissolved and served as substrates for theRepresentative bulk compositions are presented in
nucleation of precipitating mafic minerals. Mafic mi-Table 1 and Figure 7. Complete results are available
cro-inclusions probably represent droplets of mafiopon request. The granite suite rocks show many of the
magma that were incorporated into and dispersedmpositional attributes of A-type, anorogenic granites
throughout the relatively more silicic magma. The horr(e.g, White & Chappell 1983, Whalegt al.1987). They
blende mantles on anhedral clinopyroxene observedane subalkaline and metaluminous to marginally
both enclave and hybrid rocks could have resulted froperaluminous, with enrichment of incompatible ele-
the discontinuous reaction of clinopyroxene to hormments (K, Zr, Nb) and depletion of compatible elements
blende during the slow cooling stage of enclave crystdcr, Ni, Ba, Sr) relative to other granite types with com-
lization (Vernon 1983), facilitated by the addition ofparable silica contents. The rocks of the granite suite
H,0 during magma mixing. also correspond to the I-type classification of Chappell
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& White (1974). They have relatively high sodium (>3.2 Chondrite-normalized rare-earth-elemdREE) pat-
wt.% NgQ), < 1% normative corundum, SIR betweerterns for the felsic and mafic rocks have common fea-
0.704 and 0.706, an absence of modal aluminous minres (Fig. 8). All are enriched in the ligREEand have
erals, and contain mafic magmatic inclusions. The m#at middle to heavyREE patterns. For the mafic rocks,
fic rocks are subalkaline and show a moderatREEpatterns from Sm to Gd are generally flat, but with
Fe-enrichment from low-silica to high-silica membersthree exceptions: two gabbro samples (87145 and
Compositions of Burnett Inlet Igneous Complex@2341) have a positive Eu anomaly, and enclave sample
rocks vary widely between 48 and 78 wt.% S#@d 11 9244e has a large negative Eu anomaly. Granitic
to 0.12 wt.% MgO. Although there are a few intermedisamples display a negative Eu anomaly that generally
ate-composition samples that bridge the gap between thereases with increasing silica.
relatively mafic (48—60 wt.% Sifpand relatively felsic
(65—-78 wt.% SiQ) suites, many elemental trends aréagma generation: felsic rocks
continuous between the two groups. As Sit@reases,
levels of MgO, CaO, F©sr and Sr decrease. Concen- The miarolitic cavities, graphic intergrowths, and
trations of Cr, Ni, and Co decrease regularly within thgost-crystallization alteration indicate that the granitic
mafic suite. Concentrations of p@, Ba, and Zr increase rocks crystallized from an hydrous felsic magma. Late-
with increasing Si@ content in the mafic rocks andcrystallizing biotite indicates that the granite magma
decrease in the felsic rocks. The proportion of4l initially had 2.5 to 5.0% kD (Maalge &Wyllie 1975,
and TiGQ are relatively constant or are somewhat scadaney 1983). Assuming that the low-silica members
tered for the mafic rocks and decrease in the felsic rool’0 wt.% SiQ) represent undifferentiated liquids, their
with increasing Si@ The concentration of large-ion high concentrations of K and Ba (>5 wt.%@X and
lithophile elements K and Rb increases regularly withO00 ppm Ba, respectively) suggest the involvement of
increasing SiQ biotite or alkali feldspar (or both) during partial melting
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Fic. 7. Element-variation diagrams for Burnett Inlet Igneous Complex rocks. On facing
page, weight % major-element oxidessusveight % SiQ. Above, concentrations of
trace elements (ppnversusweight % SiQ. Solid squares: gabbro—diorite, solid cir-
cles: enclaves, open squares, granite and alkali granite, open circles: felsic phase in
composite zones.

of the crust. These rocks are also characterized byamphibole (or both) leaving a weakly peraluminous
small negative Eu anomaly and moderate concentratiagr®nulite mineral assemblage (biotite + amphibole +
of Sr, which suggests residual plagioclase in the sourcgiartz = orthopyroxen# garnet + Fe—Ti oxide + gra-
The Sr isotopic data (granite SIR = 0.7046) imply thatitic melt). Melting temperatures ranged from 900 to
the source is relatively young or moderately radiogenit00CC, depending on the fluorine content of biotite.
The Gravina belt that hosts the complex is composé&the temperatures necessary for melting could be achieved
largely of continental-margin arc-derived metagraythrough extensive underplating of crust by basaltic
wacke that contains a significant proportion of volcananagma (Wyllie 1977, 1984). In dry melting experiments
genic material. The juvenile and nonradiogeni¢Rutter & Wyllie 1988), alkali feldspar, biotite, quartz
composition of rocks of the Gravina terrane makes theamd hornblende were progressively consumed so that
a likely candidate to yield calcic peraluminous low-SRbénly plagioclase, pyroxene and a trace of magnetite re-
silicic melts. Fluid-absent melting experiments on rock®ained.
of intermediate composition [metagraywacke: Vielzeuf The quantitative equilibrium batch-melting equation
& Montel (1994), tonalite: Rutter & Wyllie (1988), of Shaw (1970) was applied to test whether or not it is
tonalitic gneiss: Skjerlie & Johnston (1992)] generategossible to generate tfEE concentrations in grano-
granitic melts through dehydration melting of biotite odiorite 9239 from an unmetamorphosed and relatively
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Fic. 8. Chondrite-normalized rare-earth-element diagrams for Burnett Inlet Igneous Complex rocks. Chondrite-normalization
values from Nakamura (1974).

unaltered Gravina belt graywacke sample (927 1ferred and simplest model involves derivation by 5 to
Sample 9239 was chosen to represent the undiffereritd% partial melting of enriched mantle, leaving a resi-
ated granitic magma because of its relatively low silicdue of olivine + clinopyroxene + orthopyroxene
content and lack of cumulate texture and alteration g$-ig. 9B).
semblages. Figure 9A compares the model melt com-
position with the composition of sample 9239. Thénteractions between mafic and felsic magma
results indicate that it is possible to generate the
peraluminous granite of the Burnett Inlet Igneous Com- The field and petrographic data demonstrate that the
plex through 10-30% partial melting of Gravina belmafic and felsic rocks interacted extensively to produce
crust, leaving a pyroxene- and plagioclase-rich residute composite and hybrid zones of the gabbro—diorite
suite. In the composite zones, the fine-grained margins,
Magma generation: mafic rocks crenulate rims, round and pillow-like shapes and igne-
ous textures of the enclaves clearly are evidence for an
The mafic rocks all have simil®&EEpatterns, sug- origin as droplets of mafic magma emplaced within a
gesting that despite the different modes of emplacemepértially or mostly liquid granitic magma. The evidence
they evolved from similar sources. The most primitivéor mingling between coeval magmas rules out a direct
mafic member of the suite, based on high proportion parent—daughter relationship between the mafic compo-
MgO and transition-metal contents, is a two-pyroxengent and the granite. For the same reason, the enclaves
olivine gabbro (87145, 9219). The source of the mafannot represent an earlier-formed sidewall crystallized
magma was modeled on the assumption thatREE cumulate phase, subsequently incorporated into the
enrichment of the sampled mafic rocks is characteristiganite. Given that the complex evolved from at least
of a liquid in equilibrium with the source rock. The pretwo magmas (a mafic magma and a felsic magma), we
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1000 lar groupings on variation diagrams and simiREE
E patterns suggest that the various granitic rocks appear
Residue = 0.50 Cpx + 0.40 P +0.10 Qtz +0.001 Ap to be the products of similar batches of magma. The
A-F=1 inverse variation of MgO, E8st, CaO, AOzand TiG
with silica suggests that the primary minerals observed
~O-F=10 in thin section (plagioclase, biotite, hornblende, magne-
tite and ilmenite) accumulated or fractionated to pro-
Granodiorite (9239)*4 =30 duce th_e observed_che_mical variatiqn. Several samples
show high values in highly compatible elements (Ba,
Sr, Zr), and presumably record crystal accumulation.
The large albeit scattered decrease in Sr and Ba concen-
trations with silica may be attributed to fractionation of
plagioclase (Sr) and alkali feldspar (Sr and Ba). The
Gravina Metagraywacke increase in the size of the negative Eu anomaly with
increasing silica also is consistent with fractionation of
plagioclase.
1 T —— The felsic suite rocks show wide variation in several
La Ce Nd Sm Eu Gd Dy Er ve v compatible elements (Ba, Sr, Eu). We modeled trace and
REE variations within the felsic suite using simple
1000 Rayleigh fractional crystallization models. Again, we
used 9239 to represent the undifferentiated parental
Residue = 0.50 Of + 0.28 Cpx + 0.20 Opx magma. Trends displayed by Ba and La on diagrams
showing these compatible elemevessusncompatible
m-F=1 elements (Rb and Ce) are compared to theoretical trends
AF=5 for fractional crystallization. Figures 10A and B show
the calculated direction and magnitude of the change of
*-F=10 magma composition (arrows) that would result from
removal of the major phases determined by petrographic
considerations above. Trends displayed by Ba and Rb
are approximately parallel to trends predicted by removing
an assemblage having the bulk distribution-coefficient
corresponding to 50% plagioclase, 10% hornblende,
10% alkali feldspar, 4% magnetite, and 2% ilmenite.
Enriched Mantle REEvariations among the felsic rocks are also consis-
tent with differentiation dominated by fractional crys-
1 — tallization of these rock-forming minerals. Figure 10C
La Ce Nd Sm Eu Gd Dy Er vb v highlights the calculated effect of plagioclase fraction-
ation onREE abundances and demonstrates the agree-
Fic. 9. ModelREE source solutions for primitive membersmem between the r_n_odeled compositions and the
of the (A) felsic suite and (B) mafic suite. F: percent partid0ServedREE compositions.
melting. Observed, model and source compositions are
designated. Enriched mantle values assigned on the bdsfactional crystallization of the mafic rocks
of protracted history of oceanic crust subduction in south-
eastern Alaska and the theoretical considerations of Pearce Petrographic evidence described earlier suggests that
(1983). members of the mafic suite evolved through fraction-
ation involving olivine, orthopyroxene, clinopyroxene
and plagioclase. The linear inverse variation of MgO,
FeOst, CaO and trace elements Ni, Cr, and Co with
now examine the geochemistry of the mafic and felsgilica is consistent with fractionation of these major
rocks and assess the relative roles of fractional crystahases. We examined the variations of Ni and Cr spe-
lization and magma mixing in influencing the overaltifically by taking the abundances of these elements
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geochemical variation. found in the most primitive rock sample (9219) as start-
ing material, and removing an assemblage having a bulk
Fractional crystallization of the felsic rocks distribution-coefficient corresponding to 20% clino-

pyroxene, 10% olivine, 10% orthopyroxene, and acces-

The granitic and alkali feldspar granitic rocks andory ilmenite. The trends displayed by Ni and Cr in
the leucocratic matrix of composite zones are very sinfrigures 11A and B are in agreement with the calculated
lar to each other petrographically and chemically. Sim@irection and magnitude of the change in liquid compo-
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Fic. 10. Model solutions for fractional crystallization of the felsic suite. A— B. Trace-
element variation diagrams, with arrows showing the direction and magnitude of Ba
and La variation that would result from subtraction of the assemblage 0.50 Pl + 0.10
Hbl + 0.10 Or + 0.04 Mgt + 0.02 llm from a granodioritic liquid (9239) with the indi-
cated initial compositions (& C. Chondrite-normalizeREEvariations resulting from
fractional crystallization of the same assemblage used in A. Mineral/liquid distribution
coefficients used in calculation are those for rhyolite, taken from the compilation of
Rollinson (1993).

sition that would arise from removing the mafic minermixing of felsic and mafic magmas. Crawfoedl al.

als noted. LikewiseREEabundances are consistent wit{1995) studied a suite of Recent volcanic rocks that in-

differentiation dominated by fractional crystallization otruded several lithostratigraphic units in the area (the

these rock-forming phases plus plagioclase. The devAlexander terrane, Gravina terrane, and the Coast Plu-
opment of a slight negative Eu anomaly in samples tdnic Complex). They used Sr isotopic data to demon-

differentiated gabbro and enclaves suggests minor fratrate that the mantle underlying southeastern Alaska
tionation of plagioclase (Fig. 11C). The positive Ewuring the Neogene was homogeneous and had an ini-
anomaly in cumulate gabbro reflects the accumulatidial 8’Srf8Sr ratio of 0.7023. Considering this, the

of plagioclase. 0.7046 value for the 20 Ma gabbro is relatively high
and suggests contamination from the comagmatic gran-
Magma mixing ite. The association of crust-derived granite and mantle-

derived gabbro at the present level of exposure, as well

Whereas we have demonstrated above that fractioral the commingled relationship between enclave and
crystallization and accumulation were important pragranitic rocks, make it highly likely that mafic and felsic
cesses affecting the geochemical evolution of the coitiguids interacted during their ascent. Although the ad-
plex, the Sr isotopic data suggest the involvement dition of mafic material into the granitic magma would
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Fic. 11. Model solutions for fractional crystallization of the mafic suite. A—B. Trace-
element variation diagrams, with arrows showing the direction and magnitude of Ni and
Cr variation that would result from subtraction of the assemblage 0.30 Cpx + 0.10 Opx
+0.10 Ol + 0.01 IIm from a basalt liquid (9219) with the indicated initial compositions
(Co). C. Chondrite-normalizeREE variations resulting from fractional crystallization
of the same assemblage used in A. Mineral/liquid distribution coefficients used in cal-
culation are those for basalt, taken from the compilation of Rollinson (1993).

have little effect in lowering the SIR of the granite, thenagmas inhibit mixing, whereas smaller differences
addition of felsic material, having a higher amount gbermit hybridization. Rheologic modeling by Frost &
radiogenic Rb, would have a major effect on the Sr isdMahood (1987) indicates that homogenization of two
topic composition of the magma responsible for theagmas is unlikely if the compositional difference be-
gabbro—diorite. tween them exceeds 10 wt.% $iOn the basis of these
The textures suggest that magma mixing may hacensiderations, the observed compositional contrast in
occurred locally; however, the chemical evidence do@sost enclave—host pairs is too large to have allowed
not support a bulk-mixing model between granitic ankhrge-scale mixing and precludes a mixing model in-
basaltic end-members. In particularly, variations ofolving end-member granitic and basaltic magmas.
TiO,, N&O, Ba, Y, and Zr with silica show distinctly However, the efficacy of magma mixing would have
different trends in the mafic and felsic rocks, suggesncreased if episodes of magma mixing within the com-
ing that each suite evolved independently, from a sepgalex involved intermediate composition magmas (gra-
rate magma. nodiorite into basalt; diorite into granite). It is possible
Mixing of two magmas is controlled primarily by that basaltic magma mixed with a granodioritic magma
their bulk compositional and thermal differencedefore extensive crystallization of the felsic magma. It
(McBirney 1980, Furman & Spera 1985). Large comis also possible that an evolved mafic magma (dioritic,
positional and thermal differences between the twgranodioritic) mixed with the granitic magma some time
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in its history. In either of these cases, the relativelyoastal British Columbia region, from oblique conver-
smaller compositional and thermal contrast between tgence to mainly dextral transcurrent motion (Engebretson
participating magmas could allow magma mixing andt al. 1985, Stock & Molnar 1988, Lonsdale 1988,
hybridization. Engebretson 1989). In the overall strike-slip tectonic
Figure 12 shows the results of modeling of magmeetting that characterized post-Eocene plate motions in
mixing for MgO and Ba. The trends modeled by mixinghe study area, either transtension or transpression may
of end-member basaltic and granitic magmas clearly #have occurred (Conwast al. 1995). Post-Eocene ex-
not match the observed trends in the data on mafic atethsion-related sedimentation, volcanism, and plutonism
felsic rocks. There is a better fit to the observed dateve been well documented in the Queen Charlotte
when mixing models include intermediate magma conBasin about 250 km south of the study area (Lewis
positions (diorite, granodiorite). Although these latteal. 1991, Rohr & Furlong 1995). Our chemical evidence
models do not reproduce the actual trends in the mafiapports an interpretation that the bimodal Burnett Inlet
and felsic rocks, they better approximate the geochenhiineous Complex originated within this extensional tec-
cal variation within the Burnett Inlet Igneous Complextonic regime. Tectonic discriminant diagrams (Fig. 13)
show that the mafic rocks have characteristics of within-
ConNDITIONS OF PLUTON EMPLACEMENT plate basalt consistent with an extensional setting. On
the trace-element discriminant diagram of Shervais
During the Eocene (about 43 Ma), changes in rel§t982) (Fig. 13B), the mafic rocks plot in the mid-ocean
tive motion of plates resulted in a shift in Pacific — North
America plate interactions in the southeastern Alaska —
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Fic. 12. Magma-mixing models. Dashed lines show th&ic. 13. A. MORB-normalized distribution of elements in
trends expected for mixing basaltic and granitic magmas. selected mafic rocks. Dashed envelope shows area of
Solid lines show the trends expected for mixing magma of known within-plate basalts from Antarctica (Kyle 1981)
intermediate silica content (granodioritic) into basaltic and Ethiopia (Brotziet al. 1981). B. V-Ti discriminant
magma on the left and an evolved basalt (diorite) into gran- diagram for mafic rocks, after Shervais 1982. Symbols used
ite on the right. Symbols used are the same as in Figure 7. are the same as in Figure 7.
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ridge basalt (MORB) and within-plate basalt (WPBjrations may have been inherited from source rocks that
fields. The granites also show within-plate attributeswere generated in a volcanic arc environment. In sum,
(Fig. 14). All are high in Rb and Th, and moderately tthe Burnett Inlet Igneous Complex comprises magmatic
largely depleted in Ba compared to ocean-ridge granitecks that originated during transtension.

(Pearceet al. 1984). Except for Ba, the granites show a Our interpretation of the generation and emplace-
general decrease in the trace-element concentrationant of the Burnett Inlet Igneous Complex is shown in
from Rb to Yb, a feature of “crust-dominated” processdsigure 15. The numbers in the discussion below are
(Pearceet al.1984). On trace-element tectonic discrimikeyed to this figure. Tectonic extension resulted in de-
nant diagrams (Peare¢ al. 1984), the studied granitescompression-induced mantle melting and generation of
overlap the fields of volcanic arc granite (VAG) andasalt (1). Mafic magma ponding at the base of the crust
within-plate granite (WPG) (Fig. 14B). The position oftriggered partial melting and the formation of granite
some of the samples in the VAG field may reflect th€). The basaltic magma served as the heat source nec-
process of plagioclase accumulation, since plagioclagssary for vapor-absent melting reactions. Some of these
is compatible with the elements used in the discrimimelts rose through the crust along extensional zones of
nant diagrams. Alternatively, the trace-element concecrustal weakness (3) and were emplaced at shallow lev-
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Fic. 14. A. Trace-element patterns for selected granites normalized to concentrations in
average ocean-ridge granite (ORG). Patterns for granites from within-plate settings
(Mull and Skaergaard) are plotted for comparison; data from Pearake (1984).

B. Tectonic discriminant diagrams for granites after Peatred (1984).



970 THE CANADIAN MINERALOGIST

zones of magma
mingling and mixing

SIR 0.7046 d
)

CRUST
SIR 0.7047 3

bimodal volcanism

a4

-

~ > ' zané of partial crustal

-, 572 < ¥, “melting and felsic

2720 F - “magma generation

zone of partial mantie
melting and mafic
magma generation

MANTLE
SIR 0.7023

. basaltic magma granitic magma

Fic. 15. Schematic illustration of the formation and emplacement of the Burnett Inlet
Igneous Complex. Numbers are discussed in text.

els in the crust (4). The plutons imparted a low-preshe geochronological evidence for rapid cooling, it is
sure, high-temperature cordierite-bearing thermal aungessible that the hydrous nature of the granitic magma
ole to the country rocks (Duggan 1987, Gerdes 1988acilitated the development of a coarse grain-size.
Geobarometers in the contact-metamorphic aureoles Heat-conduction models (Carslaw & Jaeger 1959,
suggest emplacement at 0.75-1.5 kbar (Cook 1991 arsen 1945) indicate that once the initial difference in
Assuming an average density of crust of 2800 Rg/mtemperature between pluton and host rocks decays, con-
these pressure estimates correspond to an emplacendeictive loss of heat to the walls of the intrusion has little
depth of 3 to 6 km. The abundant miarolitic cavitiesfluence on cooling time, except in the immediate vi-
observed in the granite are consistent with a shallosinity of the igneous complex. Likewise, a sedimentary
level of emplacement. On the basis of an estimatedver has little effect on cooling times for any point
paleogeothermal gradient of ZWkm for the Coast within the intrusion, except where the cover is very thick
Mountains of British Columbia (24%_¢°C/km at 35 or near the pluton contact. We suggest that the most
Ma, and 17%/_¢°C/km at 20 Ma; Parrish 1983) and arlikely cause for rapid cooling of the plutonic complex is
average surface temperature of@Qa depth of em- explosive volcanism (5, Fig. 15). The mafic magmatic
placement 3 to 6 km coincides with temperatures of #nclaves common throughout the complex document
to 13C°C. The radiogenic ages and apatite FT lengtlihat mafic dikes intersected the granitic magma cham-
distribution profiles (Figs. 2, 5) provide additional in-ber. This scenario allows for the possibility that the ba-
formation for a reconstruction of the geological historgaltic intrusion that resulted in magma mixing may also
of the complex. The concordant results from all gedrave had a role in causing the explosive eruption of the
chronological systems (apatite fission tracks, biotite Khagma chamber of the Burnett Inlet Igneous Complex.
Ar, hornblende K/Ar, and whole-rock Rb/Sr) lead us t&parkset al. (1977) proposed magma mixing as a pos-
favor emplacement in host rocks less than’@3his  sible mechanism for triggering eruptions of silicic vol-
temperature is below the thermal stability of apatite fig¢anos. In their model, intrusion of basalt into a silicic
sion tracks (10%C) and would correspond to burialmagma chamber causes superheating and convection of
depths of <4.5 km given the assumed geothermal gratlie silicic magma, resulting in entrainment and physi-
ent cited above. Although it is difficult to reconcile thecal mixing of some of the basalt. Superheating and
medium to coarse texture throughout the complex wittecompression of parts of the silicic magma due to con-
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