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Dome in the Yukon-Tanana Upland

By Cynthia Dusel-Bacon, Joseph L. Wooden, and Paul W. Layer

Abstract

We report a new ion-microprobe U-Pb zircon age of
11142 Ma for the Orthogneiss unit of the West Point Complex
(informally referred to as the West Point orthogneiss), which
we interpret as the time of its igneous crystallization. Our age
was determined by spot analyses of clear euhedral rims on
individual zircon crystals whose faceted habit and, in some
crystals, oscillatory zoning are consistent with a magmatic
origin. Spot analyses of darker cores within individual zircons
yielded a large population with ages of approximately 37518
Ma and smaller populations with ages of approximately 1.1,
1.4, 1.8, and 2.6 Ga. We interpret these older cores as zircons
entrained in melt derived from typical Paleozoic basement of
the Yukon-Tanana Upland, which contains middle Paleozoic
metaigneous rocks and abundant Precambrian inheritance in
both the metaigneous and metasedimentary rocks. Our data
indicate that a previously determined conventional U-Pb zir-
con analysis of a sample from the West Point orthogneiss that
gave an upper-intercept age of 671134 Ma actually averaged
several distinct isotopic populations and thus gave a geologi-
cally meaningless age. We also determined an ion-microprobe
U-Pb zircon age of 355+4 Ma for augen gneiss from the
margin of the West Point Complex; this sample represents
an intrusive event that probably is the source of some of the
middle Paleozoic inherited zircon cores in the sample of West
Point orthogneiss.

An undeformed granitic rock that crosscuts the meta-
morphic fabric of the sillimanite gneiss dome of the Salcha
River, 30 km to the southwest, gives a preferred ion-micro-
probe U-Pb zircon age of 11312 Ma. Similarities between
this dome and the West Point Complex, in terms of protoliths,
map scale, and proposed structural contact of the high-grade
rocks with overlying greenschist-facies rocks, suggest that
the West Point area is also a gneiss dome. Our new U-Pb
zircon ages, together with other U-Pb and “°Ar/*Ar studies
in the Yukon-Tanana Upland, indicate that mid-Cretaceous
(synmetamorphic?) intrusion, metamorphism, and posttec-
tonic intrusion all occurred within a narrow timespan. If our
interpretations of mid-Cretaceous samples and their U-Pb
zircon ages are correct, the maximum igneous-crystallization

age of the West Point orthogneiss and the minimum igneous-
crystallization age of the posttectonic Salcha River intrusion

together imply that the mid-Cretaceous metamorphic episode
occurred between 113 and 111 Ma.

Introduction

Amphibolite-facies metasedimentary and metaigne-
ous rocks of continental affinity compose much of the
Yukon-Tanana terrane in east-central Alaska (fig. 1). In the
northern part of the Big Delta quadrangle, a 600-km? circu-
lar area of sillimanite gneiss, with subordinate felsic dikes,
quartzite, marble, and amphibolite, forms the sillimanite
gneiss dome of the Salcha River (figs. 1, 2; Dusel-Bacon
and Foster, 1983). This gneissic body was subsequently
referred to as the Salcha River Dome by Pavlis and oth-
ers (1993) and as the Salcha River gneiss dome by Dusel-
Bacon and others (2002), whose terminology we hereinafter
adopt. Pavlis and others postulated that the Salcha River
gneiss dome was exhumed during late Early Cretaceous
regional extension. Another nearly circular, ~150-km? area
of high-grade gneiss and metasedimentary rocks, the main
subject of this chapter, crops out approximately 75 km
northeast of the center of the Salcha River gneiss dome, in
a topographically high area that includes 5,865-ft-high West
Point peak (figs. 1, 2). This complex, referred to as the
West Point Complex by Smith and others (1994), consists
of peraluminous granitic orthogneiss, sillimanite gneiss,
quartzite, and marble. The peraluminous orthogneiss
(Orthogneiss unit of the West Point Complex of Smith
and others, 1994; hereinafter referred to as the West Point
orthogneiss) lies in the core of a metaigneous and high-
grade metamorphic complex in the northeastern part of the
Big Delta quadrangle that forms the core of an east-west-
trending antiform (Smith and others, 1994).

Medium-grained biotite-muscovite granitic orthogneiss
from the core of the West Point Complex was previously sam-
pled for U-Pb zircon dating in 1983 during an Alaska Division
of Geological and Geophysical Surveys mapping project in
the upper Chena River area (Smith and others, 1994). Ther-
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Figure 1. Simplified terrane and tectonic assemblage map of northern Canadian and the Alaskan Cordillera (modified from Hansen and
others, 1991, and Dusel-Bacon and Cooper, 1999). Towns (circles): Ds, Dawson; Fb, Fairbanks; Rr, Ross River; Sk, Skagway; Wh, Whitehorse.
Terranes: Ca, Cassiar; Cc, Cache Creek; Do, Dorsey; Ns, Nisling; Qs, Quenellia; St, Stikinia. Unlabeled area surrounding Fairbanks is alluvium
of the Tanana River Valley; unlabeled area adjacent to north side of the Denali Fault in Alaska comprises various terranes not discussed in
this chapter. Tertiary granitoids not shown. The Yukon-Tanana Upland physiographic province in Alaska includes all the area north of the
Tanana River Valley; units above that are included in the broadly defined “Yukon-Tanana terrane” are the Chatinika assemblage of Hansen
and Dusel-Bacon (1998; equivalent to unit ec of Foster and others, 1994), the Fortymile River assemblage of Dusel-Bacon and others (2002),
the Nisutlin assemblage of Hansen and Dusel-Bacon (1998), and the orthogneiss assemblage of Hansen and Dusel-Bacon (1998).
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Figure 2. Geologic map of the northern part
of the Big Delta quadrangle (south of lat 65° N.)
and the southern Circle quadrangle (north of lat
65° N.) (modified from Weber and others, 1978,
and Foster, 1992, respectively), showing loca-
tions of sample sites discussed in text.
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mal-ionization mass-spectrometric (TIMS) analyses of five
multigrain zircon fractions yielded a highly discordant array.
A discordia chord plotted through the array gave an upper-
intercept age of 671134 Ma (Late Proterozoic) that Smith
and others interpreted as the time of igneous crystallization
of the orthogneiss; they concluded that the metapelitic and
metapsammitic wallrocks, which they correlated with the Fair-
banks schist unit of Robinson and others (1990), had a Late
Proterozoic minimum depositional age. Monazite separated
from the orthogneiss that yielded the Late Proterozoic upper-
intercept age gave a concordant U-Pb age of 115 Ma (Smith
and others, 1994).

Owing to the importance of the Late Proterozoic
crystallization age proposed for the granitic orthogneiss
(which led Smith and others, 1994, to designate the entire
West Point Complex and adjacent quartzite-dominant base-
ment rocks as Precambrian) and the high degree of Pb loss
reflected in the extreme discordance of the U-Pb zircon
data, we resampled the orthogneiss at the same locality as
the previously collected sample. Because of the possible
presence of inherited, xenocrystic cores within igneous zir-
cons, this second collection of zircons was dated by using
the sensitive high-resolution ion microprobe (SHRIMP) that
analyzes ~30-um-diameter areas, resulting in ages for both
inherited cores and magmatic rims. In addition to redating
the orthogneiss, we carried out SHRIMP U-Pb geochronol-
ogy on a sample of augen gneiss that intrudes the pelitic
schist unit flanking the orthogneiss core of the West Point
Complex, as well as on a granitic sample from a postkine-
matic granitoid body that intrudes the Salcha River gneiss
dome to the southwest. To address the cooling history of
the West Point orthogneiss, we also determined “°Ar/*Ar
ages for biotite and white mica from the same sample as
that used for U-Pb geochronology.

Regional Tectonic Framework

The Yukon-Tanana Upland of east-central Alaska and
the Yukon Territory, Canada (fig. 1), consists of thrust sheets
of ductilely deformed metasedimentary and metaigneous
assemblages of uncertain age and origin that are overlain by
klippen of weakly metamorphosed oceanic rocks of the Sev-
entymile-Slide Mountain terrane and are intruded by post-
kinematic Early Jurassic, Cretaceous, and Tertiary granitoids
(Foster and others, 1994). The ductilely deformed metamor-
phic assemblages have commonly been referred to as the
Yukon-Tanana terrane (for example, Coney and others, 1980;
Mortensen, 1992), a term used to collectively describe the
broad band of heterogeneous metamorphic assemblages that
lies between the right-lateral Denali and Tintina Fault zones
in east-central Alaska and the Yukon Territory (fig. 1). A flap
of this heterogeneous province has been dextrally offset by
approximately 450 km along the Tintina Fault and now lies
northeast of the fault. Several studies (for example, Churkin
and others, 1982; Foster and others, 1985; Aleinikoff and

others, 1987; Hansen, 1990) have shown that these assem-
blages have different geologic histories.

On the basis of protolith assemblages and pluton
distribution, structural and kinematic data, metamorphic
pressure-temperature data, and metamorphic-cooling ages,
the following tectonic history has been proposed (Hansen
and others, 1991; Dusel-Bacon and others, 1995, 2002;
Hansen and Dusel-Bacon, 1998). Upper-plate assem-
blages—peridotite, greenstone, and Mississippian to Tri-
assic metasedimentary rocks of the Seventymile terrane;
eclogitic rocks of the Chatinika assemblage (terminology
of Hansen and Dusel-Bacon, 1998; equivalent to unit ec of
Foster and others, 1994) of the Yukon-Tanana terrane; and
amphibolite-facies gneiss, amphibolite, marble, and meta-
chert of the Fortymile River assemblage of Dusel-Bacon and
others (2002)—were affected by pre-Jurassic, northeast-
ward-directed, apparent margin-normal crustal contraction,
interpreted to have occurred during west-dipping subduction
before their emplacement onto lower-plate continental-mar-
gin rocks (including Paleozoic protoliths of the West Point
Complex). Greenschist-facies siliciclastic and volcanic rocks
(Nisutlin terrane, fig. 1) occur at intermediate structural
levels. The association of rocks of the Nisutlin terrane with
oceanic rocks of the Seventymile terrane, and the fact that
Late Triassic and Early Jurassic granitoids intrude both the
Fortymile River assemblage and the Nisutlin terrane in the
eastern Yukon-Tanana Upland but are absent in lower-plate
assemblages, suggest an allochthonous origin for the Nisutlin
terrane as well. Amphibolite-facies marginal-basin schist,
gneiss, and quartzite of continental affinity and peraluminous
to metaluminous Devonian and Mississippian orthogneiss,
commonly augen gneiss, that occur at the lowest structural
level—the Lake George assemblage of Dusel-Bacon and
Cooper (1999), the Chena River sequence of Smith and oth-
ers (1994), and the Fairbanks schist unit—are interpreted
to be parautochthonous to the early to middle Paleozoic
continental margin of North America. Early and Middle
Jurassic (>188-185 Ma) northwestward-directed, apparent
margin-parallel crustal contraction and imbrication resulted
in crustal thickening and tectonic burial of lower-plate
assemblages and a northwestward-vergent penetrative fabric
shared by both upper- and lower-plate assemblages. Subse-
quent Early Cretaceous (135—-110 Ma) tectonism was wide-
spread throughout the Yukon-Tanana Upland. In some areas,
particularly in the eastern part of the upland and bordering the
Salcha River gneiss dome, Early Cretaceous cooling appears
to have accompanied southeastward-directed crustal extension
that resulted in exposure of the structurally deepest parau-
tochthonous continental rocks (Hansen and others, 1991;
Pavlis and others, 1993; Hansen and Dusel-Bacon, 1998). In
other areas, however, such as in the southeastern part of the
Big Delta quadrangle, Early Cretaceous metamorphic cooling
ages are not associated with southeastward-vergent deforma-
tion, and so the Early Cretaceous tectonism in those areas
may have resulted from crustal contraction rather than exten-
sion (Day and others, 2002; Dusel-Bacon and others, 2002).
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Local Geology

The gneiss, quartzite, and marble in the core of the West
Point Complex are successively overlain by (1) a unit of amphib-
olite-facies pelitic schist, quartzite, marble, amphibolite, and
small bodies and sills (3-m-thick concordant layers) of augen
gneiss; (2) calcareous phyllite and marble; and (3) varyingly
carbonaceous, siliceous, and calcareous quartzite and phyllite
and minor felsic and mafic greenschist-facies metavolcanic
rocks (fig. 2; Weber and others, 1978; Smith and others, 1994).
Metamorphic grade in the amphibolite-facies rocks ranges from
the staurolite zone to the sillimanite zone (Dusel-Bacon and
others, 1989, 1993). In the southeastern part of the Circle quad-
rangle, the maximum metamorphic grade appears to be close to
the muscovite+quartz=sillimanite+K-feldspar+water isograd
(Foster and others, 1983), indicating peak temperatures of
about 600-650°C (Chatterjee and Johannes, 1974). A sample
of augen gneiss from a small body that intrudes the northern
margin of the pelitic schist unit north of the headwaters of the
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Figure 3. Photomicrograph of sample 96ADb10A of West Point
orthogneiss (tables 1-4) taken with transmitted light (A) and
crossed polars (B). Note alignment of thin biotite and muscovite
grains; in figure 3B, muscovite is yellow, green, and pink, biotite
is brown, K-feldspar is light gray, and quartz is black or white,
depending on orientation of quartz grains.

Salcha River along the north flank of the West Point Complex
yielded a conventional (TIMS) U-Pb zircon age of approxi-
mately 340 Ma (Foster and others, 1987). This age, interpreted as
the approximate igneous-crystallization age of the augen gneiss,
is the upper-intercept age of a discordia line drawn through two
fine-grained zircon fractions and slightly above a third fine-
grained fraction. This stratigraphic sequence in the greater West
Point area is nearly the same as that overlying the sillimanite
gneiss unit of the Salcha River gneiss dome. A greenschist-facies
semischist unit (noncarbonaceous part of the Nisutlin assem-
blage of Hansen and Dusel-Bacon, 1998; referred to as the Butte
subterrane of the Yukon-Tanana terrane by Pavlis and others,
1993, and hereinafter as the Butte assemblage) overlies both
high-grade areas along a poorly exposed contact interpreted as

a low-angle fault, but the sense of motion along the fault is open
to speculation (Dusel-Bacon and others, 1993; Pavlis and others,
1993; Foster and others, 1994; Smith and others, 1994).

Geochronology
Description of Geochronology Samples

Sample 96ADb10A (tables 1-4) is a quartz—K-feld-
spar—plagioclase—muscovite-biotite orthogneiss. The moder-
ately well developed foliation is defined by aligned micas and
elongate feldspar grains (fig. 3). Quartz grains are primarily
annealed, with only weak undulatory extinction and lattice
preferred orientation, suggesting that recrystallization of
quartz outlasted most of the deformation. No evidence of ret-
rograde metamorphism was observed. Trace amounts of apa-
tite, chlorite, zircon, titanite, and Fe-Ti oxides are present. The
sample was collected from one of the large blocks of homoge-
neous orthogneiss rubble that make up one of the steep peaks,
along a glaciated ridge west of West Point (fig. 2). To ensure
that we sampled the same rock which had previously yielded
the highly discordant TIMS U-Pb zircon upper-intercept age
of 671134 Ma, the first author obtained a hand specimen from
the exact site of the previously sampled rock.

Sample 98ADDS5B (tables 1, 4) is a quartz-biotite-micro-
cline-plagioclase augen gneiss. Although the gneiss has a well-
developed foliation, petrographic examination reveals that the
quartz forms sub-millimeter-thick layers (parallel to foliation)
and exhibits straight grain boundaries and uniform extinction,
indicating annealing. The sample was collected from a large
block below an outcrop of augen gneiss within the pelitic schist
unit (fig. 2; Chena River sequence of Smith and others, 1994).

Sample 98ADD66B (tables 1, 4) is a hypidiomorphic-
granular, medium-grained granite. K-feldspar is approximately
equal in abundance to plagioclase; the rock contains minor
biotite, some of which has been altered to chlorite, and trace
amounts of Fe-Ti oxides. No alignment of mica or feldspars was
observed to suggest foliation. The only evidence of deformation
is quartz straining, manifested as patchy to undulose extinction.
The sample was collected from an ~70-cm-thick granitic dike
that crosscuts the foliation of sillimanite gneiss at the northern
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margin of the Salcha River gneiss dome (fig. 2); we interpret
this dike to be part of an undeformed stock that intrudes the
dome. A conventional U-Pb zircon age of 1163 Ma was previ-
ously determined for a granitoid sample from that stock (fig. 2;
Aleinikoff and others, 1984a).

U-Pb Zircon Data
Analytical Techniques

U-Pb zircon analyses were conducted on the SHRIMP-RG
(reverse geometry) ion microprobe co-operated by the U.S.
Geological Survey (USGS) and Stanford University. Zircons,
concentrated by standard heavy-mineral-separation processes,
were mounted in epoxy, polished, and imaged with transmit-
ted light, reflected light, and cathodoluminescence to identify
internal structures and defects. The mounted zircons were
washed with 1 N HCI and distilled water, dried, and coated with
approximately 10 nm of Au. The primary O, ion beam (~8-15
nA) typically produces a spot with a diameter of 30 to 40 um
and a depth of 1 to 2 um for an analysis time of 9-12 minutes.
Concentration data were standardized against zircon standard
SL-13 (238 ppm U) and are accurate to about 10 to 20 percent,
and age data were standardized against zircons AS3 and AS57
(1,098 Ma from the anorthositic gabbro, Duluth Complex; Paces
and Miller, 1993), which were analyzed repeatedly throughout
the duration of the session. Data reduction followed the method
of Williams (1998), using the PRAWN and LEAD program
of T.R. Ireland (unpub. program routine) and the Squid and
Isoplot/Ex program of Ludwig (2001).

U-Pb data are generally plotted on either a Tera-Was-
serburg or a Wetherill concordia diagram. Tera-Wasserburg
concordia diagrams are plotted with data uncorrected for com-
mon Pb because only these data allow the determination of age
trends that may result from mixing of zircons of different ages
or from loss of radiogenic Pb, whereas a Wetherill concordia
diagram is plotted with data corrected for the measured ***Pb
content in each spot. Because most Phanerozoic zircons con-
tain only traces of *’Pb and ion-microprobe analyses consume
only 1 to 2 ng of material, counting statistics for 2’Pb are poor,
and atomic ratios involving 2’Pb, especially the 2’Pb/?**U ratio
needed for Wetherill concordia diagrams, have relatively high
analytical uncertainties. 2’Pb/*®Pb ratios, however, can be
measured much more precisely than 2*Pb/?Pb ratios, and so
206pb/28U ages corrected by using measured 2’Pb/?%Pb ratios
are most reliable for ion-microprobe data from Phanerozoic
samples, whereas a Tera-Wasserburg concordia diagram is
preferred for evaluating and displaying these data.

Results

Sample 96ADh10A

Ton-microprobe spot analyses of sample 96ADb10A (table
1) were made for 33 zircon grains separated from the West Point
orthogneiss. In transmitted light, the zircons are mostly subhe-

dral, elongate, doubly terminated prisms, with lesser amounts
of anhedral crystals and broken grains (fig. 4). In scanning-
electron-microscope cathodoluminescence (SEM—CL) images
(fig. 4C, 4D, and 4E), grain interiors are generally dark (that is,
U rich) and exhibit euhedral oscillatory zoning, commonly sur-
rounded by a light (that is, U poor) outer margin that, in turn, is
overgrown by a medium-gray rim, which in some zircons con-
tains concentrically arranged oscillatory zoning. Ion-microprobe
spot analyses of zircon cores, homogeneous grains, and rims
clearly indicate that the previous multigrain TIMS age for this
sample (671134 Ma; Smith and others, 1994), which Smith and
others interpreted as the time of igneous crystallization of the
granitic orthogneiss, actually averaged several distinct isotopic
populations. U-Pb ion-microprobe spot analyses within most
cores, such as in grains 1 and 2 (figs. 4C, 4D), yield Devonian
ages, but several other cores yielded Archean or Proterozoic
ages of ~2.6, 1.8, 1.4, and 1.1 Ga (fig. 5A; table 1). In contrast,
zircon rims on 13 out of 15 grains (such as those shown for
grains 1 and 2) and one partial fragment of what might be a
complete grain (grain 26, fig. 4F) yielded Early Cretaceous ages
(table 1). A plot of 2Pb/?*¥U age versus Th/U ratio for individ-
ual zircon spot analyses (fig. 6A) shows that the Th/U ratios are
very low (<0.2) for the spots that yielded Early Cretaceous ages.
These very low Th/U ratios generally indicate zircons grown
under fluid-rich, oxidizing conditions—either in a metamorphic
or a fluid-rich magmatic environment. In contrast, the variation
in the Th/U ratio of Devonian (~375 Ma) zircon cores is typical
of that of magmatic zircons.

The Tera-Wasserburg concordia diagram for this sample
(fig. 5A) illustrates the systematics of the spots that yielded
Phanerozoic ages. Four discordia lines (dashed lines, fig. 5A)
are drawn through the data points to indicate possible inter-
pretations of these data. Two of the chords (red ovals on left,
fig. 5A) connect a large population of Devonian (~375+8 Ma)
cores with older data for other zircon cores from this sample.
The upper-intercept ages of these two discordia should not be
taken specifically but only as an indication of Late Archean
and Protoproterozoic ages that we interpret as the general
inheritance ages from crustal materials. These ages (~2.6 and
1.8 Ga, respectively) are commonly observed as inheritance
ages in felsic magmatic rocks (Aleinikoff and others, 1986;
Heslop and others, 1995; Dusel-Bacon and Aleinikoff, 1996)
and as detrital ages in metasedimentary rocks of the Yukon-
Tanana Upland (Aleinikoff and others, 1984b, 1995; Foster
and others, 1987). The other two discordia lines pass through
the Early Cretaceous zircon population, one of which (green
ovals, fig. 5A) connects the Early Cretaceous zircon population
with the Devonian core ages, illustrating a possible mixing
trend between the two populations and (or) an episodic Pb-loss
trend for Devonian grains affected by Cretaceous events. A
mixing trend would most likely result from placement of the
ion-microprobe spot on the boundary between two ages of
zircons. The ages for this discordia, particularly the younger
age, are not meant to indicate the actual ages of specific geo-
logic events. The other discordia line is defined by the seven
grains (red ovals on right, fig. 5A) with the youngest Early
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Cretaceous ages. The steep trend of this discordia line and its
rightward slant indicate that these grains have undergone Pb
loss. The lower-intercept age of this discordia line is the same,
within error, as the weighted-mean-average age of 112+2

Ma for seven of the most concordant spots from zircon rims
(spots 10-1.1 through 10-26.1, table 1). Eliminating from this
group two grains with very high U contents, which may cause
calibration problems (Williams and Hergt, 2000), gives an age

ay
2

e

a

96ADb10
_—

96ADDb10

96ADb10

of 11112 Ma. Four spots (10-33.1 through 10-6.1, table 1)
on rims with very high U contents (5,000-8,000 ppm) yielded
ages of 121 to 129 Ma, which also may be unreliable because
of calibration problems. The U-Pb systematics in this sample
are clearly complex. Although the effects of the metamorphic
event on this rock have not been accounted for in this inter-
pretation, this event must have occurred 111 Ma or later if the
crystallization age has been correctly identified.

96ADb10

Figure 4. Photomicrographs of selected zircons sepa-
rated from sample 96ADb10A of West Point orthogneiss
(table 1). Numbers, analyzed grains; circles in figures 4A,
4B, locations of ion-microprobe spot analyses. Figures
4A and 4B were taken in transmitted light; figures 4C
through 4E are scanning-electron-microscope cathodo-
luminescence images, in which ellipses show outlines of
ion-microprobe analytical spots, approximately 20 um in
diameter and 2 um deep.
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Sample 98ADb55B

Zircons from sample 98ADDb55B (tables 1, 4) are
blocky, 100 to 200 um long, with regular to irregular compo-
sitional zoning. Rim and core structures are not as obvious as
in samples 96ADb10A (fig. 4; table 1) and 98ADb66B (table
1), although cores may be present. We made no attempt to
find cores with the ion microprobe, because our primary
objective was to determine the crystallization age. However,
augen gneiss samples containing zircons without obvious
inheritance is unusual for the Lake George assemblage.

The 20 analyses on this sample concentrated on the edges

of grains and provided an age range from 173 to 370 Ma
(fig. 5B; table 1). Although most of the older ages plot on or
near concordia, a clear trend away from concordia defines a
discordia line with an upper-intercept age of 36013 Ma and
a lower-intercept age of 44169 Ma. U contents range from
200 to almost 5,000 ppm in these spots, and the younger ages
are approximately associated with higher U contents. This
correlation supports the interpretation of this discordia line
as reflecting Pb loss. Although the lower-intercept age is too
imprecise to be meaningful, the upper-intercept age provides
a general estimate of the crystallization age. Six spots (55B—
7.1 through 55B—4.1, table 1), all with lower U contents,
yielded a weighted-mean-average age of 355t4 Ma, which
is probably the best estimate of the crystallization age of this
sample. We interpret these data to indicate a crystallization
age of about 355 Ma for the protolith of the augen gneiss and
to suggest an episodic event(s) during the mid-Cretaceous
and (or) Tertiary that disturbed the U-Pb systematics of these
zircons. Possible causes of Pb loss include mid-Cretaceous
plutonism (that we interpret to have formed the West Point
orthogneiss), mid-Cretaceous crustal extension (Pavlis and
others, 1993), latest Cretaceous and early Tertiary pluto-
nism (Wilson and others, 1985; Smith and others, 1994),

and Eocene uplift, as suggested by apatite fission-track ages
(Dusel-Bacon and Murphy, 2001).

Sample 98ADb66B

Sample 98 ADb66B (tables 1, 4) is an undeformed
granitoid that we interpret to be a dike. The zircons gener-
ally range in length from 100 to 200 wm, are subhedral to
euhedral with double terminations, and many grains have
conspicuous high-U rims and lower-U cores. U-Pb ages
range from 79 to 2,600 Ma; all ages older than 300 Ma were
found in cores (fig. 5C; table 1). Older core ages are mostly
Precambrian, but even these ages range from about 827 to
2,700 Ma, with no age grouping. Zircons with ages of 96 to
126 Ma dominate the analyzed population. These ages were
measured on both zircon rims and cores that have U contents
ranging from 300 to almost 7,000 ppm. Th/U ratios for these
younger zircons are all less than 0.2 and, as discussed for
sample 96ADb10A (table 1), indicate a fluid-rich, oxidiz-
ing system. Unlike the West Point orthogneiss, however, this
granitoid has no planar fabric and is clearly postkinematic;
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Figure 5. Tera-Wasserburg concordia plot for ion-micro-
probe U-Pb zircon samples 96ADb10A (A), 98ADb55B (B), and
98ADb66B (C) (table 1). See text for explanation of colored
error ellipses. In figure 5C, black error ellipses and squares
(substituted for error ellipses that are too small to be easily
distinguished on plot) show data points that were omitted from
interpretation of Cretaceous crystallization age for this sample.
MSWD, mean standard of weighted deviates.
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thus, its Early Cretaceous crystallization was magmatic, not
metamorphic. Although the sample must have an Early Cre-
taceous age of 100 to 120 Ma, the U-Pb systematics of these
younger spot analyses are highly complex, and an unambigu-
ous age cannot easily be determined for the igneous-crystal-
lization event. In the following discussion, we ignore any
possible calibration problems that might have resulted from
high U contents because no obvious pattern of U contents is
apparent in this data set.

Three discordia lines are used to illustrate possible age
trends in the Cretaceous grains. Nine spots (66B—7.1 through
66B-3.1, table 1) on seven rims and two cores (red ellipses,
fig. 5C) define a discordia line with a lower-intercept age of
12012 Ma and an upper-intercept age of 4,976+77 Ma. This
age trend clearly results from some grains (four with strongly
discordant data) incorporating significant amounts of common
Pb during their formation. Although the upper-intercept age of
this trend is not geologically significant, the lower-intercept
age provides a good estimate of the maximum crystallization
age. The second discordia line, with lower- and upper-inter-
cept ages of 11242 and 2,014450 Ma, respectively, is provided
only as an example of a mixing trend between Cretaceous and
older inherited cores and (or) of Cretaceous episodic Pb loss
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Figure 6. 2Pb/?*U age versus Th/U ratio for spot analyses of indi-

vidual zircons in samples 96ADb10A (A) and 98ADb66B (B) (table 1).

from older cores. The mixing and (or) episodic Pb loss do not
seem to have been important factors in our interpretation of
the Cretaceous U-Pb data. The third discordia line, defined by
five spots (66B—12.2 through 66B-16.1, table 1) on four rims
and one core (green ellipses, fig. 5C), intersects the concordia
at 100.2+1.6 Ma, suggesting a recent Pb-loss trend nearly
identical to that observed in sample 96ADb10A. This inter-
cept, which is clearly a minimum crystallization age, more
likely represents a group of grains strongly affected by Pb
loss. Some analyses (yellow ellipses, fig. 5C) were excluded
from age calculations because they probably represent partial
Pb loss. Seven concordant spots (66B—17.1 through 66B-51,
table 1) on three cores and five rims (pink ellipses, fig. 5C)
provide a weighted-mean-average age of 11312 Ma that could
represent the crystallization age, because these grains appear
to be unaffected by Pb loss. Although the weighted-mean-
average age of 14 spots with ages ranging from 107 to 122 Ma
is 11413 Ma, this suite clearly seems to include spots from at
least two groups with average ages of about 113 and 120 Ma.
We are unable to decide whether 113 or 120 Ma is the best
estimate of the crystallization age, but we prefer the 113+2-Ma
age because it is not complicated by any significant common-
Pb component or by evidence of Pb loss.

Interpretation of U-Pb data

As mentioned above, the Early Cretaceous (11112 Ma)
U-Pb ages for zircon rims from the West Point orthogneiss
could represent either magmatic or metamorphic crystalliza-
tion of new zircon. In magmatic crystallization, Early Creta-
ceous zircon rims (and one newly formed zircon) would have
formed during a Cretaceous magmatic event in which wall-
rocks that included quartzite, pelitic schist, and Devonian
augen gneiss were remobilized (anatectically melting); meta-
morphism of the gneiss would have followed shortly thereaf-
ter but not have resulted in the formation of new zircon rims.
In metamorphic crystallization, the Early Cretaceous zircon
rims would have formed during amphibolite-facies metamor-
phism of a Devonian intrusion. The morphology of zircons
in the West Point orthogneiss and the conditions necessary to
form metamorphic zircon are important factors that bear on
our evaluation of these two possible events.

Accessory zircon typically forms as a liquidus phase
in magmas of granitic to tonalitic composition (Poldervaart,
1956). Bipyramidal prisms with euhedral internal zoning and
long needlelike inclusions are characteristic of unimpeded
growth in a liquid (Silver, 1969). Metamorphic zircons grown
in mafic igneous rocks under amphibolite-, granulite-, and
eclogite-facies conditions are generally rounded to elongate,
with small crystal faces, rounded edges, and patchy and irregu-
lar growth zones (see Creaser and others, 1997). Metamorphic
mantles and rims around igneous zircons have been observed
in pyroxene-bearing intrusions metamorphosed under both
granulite-facies (van Breemen and others, 1986, 1987) and
upper-amphibolite-facies (Barr and others, 1987) conditions.
Metamorphic reactions involving breakdown of the high-Zr
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phases orthopyroxene, clinopyroxene, and amphibole are the
most likely sources for the zirconium in the metamorphic rims.
The metamorphic zircon mantles observed by van Breemen
and others (1986, 1987) and Barr and others (1987) gener-

ally do not conform to the inner morphology of the magmatic
zircon cores.

The formation of metamorphic zircons and metamorphic
rims on preexisting igneous zircon cores in granitic rocks
devoid of pyroxene or amphibole is not so well established. A
phenomenon called Ostwald ripening, in which large crys-
tals tend to grow at the expense of smaller crystals so as to
minimize their surface energy, appears to be a factor in the
coarsening of grain size in high-grade, granulite-facies rocks
(Spear, 1993). This same principle could apply to the forma-
tion of zircon rims derived from the redistribution of zircon
from smaller crystals during high-grade metamorphism.
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Figure 7. Ar-release spectra for biotite (A) and white mica (B)

from sample 96ADb10A of West Point orthogneiss (tables 2, 3).
Box heights of each rectangle are +1c.

Given the paucity of definitive studies involving the
interpretation of mantles and rims on igneous zircons in
granitic rocks that are devoid of pyroxene or amphibole, we
conclude that it is impossible to unequivocally determine
whether the zircon rims in the West Point orthogneiss formed
under magmatic or metamorphic conditions. Nevertheless, we
favor a magmatic origin for the zircon rims in the West Point
orthogneiss for the following reasons. (1) Many zircon rims
show features indicative of magmatic crystallization, including
oscillatory growth zoning (clearly displayed at the margin of
grain 1, fig. 4C, which yielded a 109.8-Ma age), the presence
of needlelike inclusions (observed in the outer rims of a few
zircon grains), and elongate and well-faceted terminations. (2)
A previous U-Pb SHRIMP study of zircons from four differ-
ent samples of augen gneiss from the Lake George assemblage
in the eastern Yukon-Tanana Upland revealed no evidence for
metamorphic rims on Devonian (~360 Ma) zircons (Hes-
lop and others, 1995), in spite of the fact that wallrocks to
the augen gneiss underwent high-pressure (7—12 kbars) and
moderate- to high-temperature (500-700°C) metamorphism
(Dusel-Bacon and others, 1995). We consider it unlikely
that the metamorphic grade in the vicinity of the West Point
orthogneiss (believed to be <650°C, as stated above) was high
enough to cause any precipitation of new zircon. The min-
eralogy of the samples of granitoid orthogneiss in these two
studies is similar.
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Figure 8. Rb-Y+Nb tectonic discrimination diagram (Pearce
and others, 1984) for granitic samples from areas of West

Point orthogneiss and Salcha River gneiss dome. Samples: 1,
98ADb55B, Devonian augen gneiss sample; 2, 98ADb53B, undated
granitic orthogneiss from the West Point Complex; 3, 96ADb10A,
Cretaceous granitic orthogneiss from the West Point Complex;

4, 98ADb66B, Cretaceous granitic dike that intrudes the Salcha
River gneiss dome. See table 4 for complete geochemical analy-
ses. ORG, orogenic granite; syn-COLG, syncollisional granite;
VAG, volcanic-arc granite; WPG, within-plate granite.
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Table 3. Summary of ®Ar/*Ar ages for biotite and white mica from sample 96ADb10A of West Point orthogneiss.

[Samples were run against standard Mmhb—1 (513.9 Ma) and processed by using the constants of Steiger and Jager (1977). Bold ages, inter-

preted; error limits, 16. MSWD, mean standard of weighted deviates]

Integrated age Plateau age

Mineral (Ma) (Ma) Comments
Biotite-------- 89.0+0.4 89.1+0.4 10-fraction plateau, 94-percent gas release; MSWD=1.0.
White mica--- 96.0+0.6 95.5+1.5 7-fraction pseudoplateau, 71-percent gas release; MSWD=6.5.

In spite of our preferred crystallization age of 111+2 Ma
for the West Point orthogneiss, we recognize that this inter-
pretation is equivocal and still leaves open the exact temporal
relation between intrusion of the gneiss protolith and subse-
quent metamorphism. A TIMS U-Pb age on monazite from the
previously dated sample of West Point orthogneiss is 11614
Ma (J.N. Aleinikoff, written commun., 2002). Thus, the mona-
zite age and the zircon age agree within analytical uncertainty.
The monazite could have crystallized either during intrusion
of the granitoid or during subsequent regional metamorphism.
Independent geologic evidence, discussed in the section below
entitled “Tectonic Implications,” indicates the near-contem-
poraneity of mid-Cretaceous metamorphism and posttectonic
plutonism, and so ascribing either a metamorphic or an igne-
ous origin to the zircon rims in the West Point orthogneiss is a
somewhat academic question.

“Ar/Ar Data

Analytical Techniques

A sample of West Point orthogneiss (96ADb10A, tables
1-4) from the same locality at which the U-Pb sample was
collected was submitted to the Geochronology Labora-
tory of the University of Alaska, Fairbanks, for “°Ar/*Ar
analysis of the biotite and white mica. The mica separates
were wrapped in aluminum foil and arranged in one of two
levels, labeled top or bottom, within aluminum cans, 2.5
cm in diameter and 4.5 cm high. Samples were run against
standard MMhb-1 (Samson and Alexander, 1987), dated
at 513.9 Ma (Lanphere and others, 1990). The samples
were irradiated at 35 MW-h in position 5C of the uranium-
enriched research reactor of McMaster University in Hamil-
ton, Ontario, Canada.

Upon their return from the reactor, the sample and moni-
tors were loaded into 2-mm-diameter holes in a copper tray,
which was then loaded in an ultra-high-vacuum extraction
line. The monitors were fused, and the sample was step-
heated, using a 6-W Ar-ion laser, according to the method of
York and others (1981) and Layer and others (1987). Ar was
purified by using a liquid nitrogen cold trap and an SAES
Zr-Al getter at 400°C. The samples were then analyzed on a
VG-3600 mass spectrometer at the Geophysical Institute of

the University of Alaska, Fairbanks. The measured Ar isotopes
were corrected for system blank and mass discrimination, as
well as for Ca-, K-, and Cl-interference reactions, according to
the method of McDougall and Harrison (1988).

YAr/SAr Results

Detailed analyses are listed in table 2, and the “Ar/*Ar
results are summarized in table 3. The biotite analysis yields
a flat age spectrum, with a plateau age of 89.0+0.4 Ma and an
indication of a slight Ar loss at ~54 Ma. The spectra steps up
to an older age of 101.4+4.4 Ma in the last 10 percent of gas
release. This sample may have been originally older than the
plateau age.

The sample of white mica was irradiated separately from
the biotite above, and two splits of the separate were run. In
the first run, the raw data were lost because of a hard-drive
failure. Both spectra from this sample show a shallow U-
shaped plateau and some Ar loss, with hints of excess Ar. The
white mica is significantly older than the biotite. In the second
run, the white mica yielded a pseudoplateau age of 95.5+1.5
Ma, consistent with visual inspection of the data from the first
run and a calculated plateau age of 95.6+0.6 Ma based on the
summary output data.

Interpretation of “Ar/*Ar Data

The *Ar/*°Ar plateau age of 89 Ma for biotite from our
sample of West Point orthogneiss overlaps a K-Ar age of
89.8+2.7 Ma that was determined for biotite from the previ-
ously dated U-Pb zircon sample whose upper-intercept age
was interpreted by Smith and others (1994) to indicate a Late
Proterozoic crystallization age for the orthogneiss. K-Ar ages
for biotite and hornblende pairs from three different unde-
formed plutons in the study area to the southeast of West
Point (fig. 1) fall in the range 92-96 Ma. In the study area
north of West Point, a K-Ar age of 85 Ma was determined
for biotite from the southernmost small pluton, and biotite
and muscovite pairs gave K-Ar ages in the range 6877 Ma
for plutons farther to the north (Smith and others, 1994). In
agreement with Smith and others, we interpret our biotite age
as a thermal overprint from the numerous unmetamorphosed
Cretaceous and Tertiary age plutons in the study area.
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Table 4. Geochemical analyses of samples of granite and orthogneiss discussed in text.

[Quadrangles: BD, Big Delta; CI, Circle. Major- and minor-element-oxide contents in weight percent; trace-element
contents in parts per million. Analyzed at the GeoAnalytical laboratory, Washington State University, Pullman. Trace-
element contents of V, Cr, Ni, Cu, Zn, Ga, and Zr determined by wavelength-dispersive X-ray-fluorescence analysis and
of other elements by inductively coupled plasma mass-spectrometric analysis. LOI, weight loss on ignition]

Sample--------------- 98ADbL55B 98ADbL53B 96ADb10A 98ADb66B
No. (fig. 8)---------- 1 2 3 4
Rock type----------- Augen gneiss  Granite orthogneiss ~ Granite orthogneiss  Granitic dike intruding
sillimanite gneiss
Lat, long------------ 65°00°47” N., 64°58’45” N., 64°55’30” N., 64°37°50” N.,
144°56"15” W. 144°53'38” W. 144°49'30” W. 145°40722” W.
Quadrangle---------- CIA-2 BD D2 BD D2 BD C+4
Major- and minor-element oxides
73.51 73.51 74.49 72.67
13.80 14.21 14.06 14.91
1.53 1.76 1.36 .59
32 36 34 .19
.94 1.82 1.29 1.36
3.01 2.88 2.40 2.40
6.14 4.17 5.50 7.14
22 .14 .18 .07
.06 11 .07 .10
.03 .05 .02 .02
99.56 99.00 99.71 99.44
49 91 .53 40
Trace elements
6.20 9.20 4.20 3.90
19 19 12 5
4 2 9 0
7 6 9 3
7 3 13 2
50 34 37 15
20 14 17 18
341 135 187 200
5.13 2.90 2.69 6.43
101 190 180 171
735 796 642 487
26.00 19.40 41.30 57.50
44.85 33.68 39.05 10.10
81.07 65.37 73.42 21.23
8.75 7.39 7.93 2.56
30.76 28.23 29.46 9.66
7.10 6.00 7.25 2.71
57 1.22 1.02 73
6.44 3.93 5.70 2.58
1.22 .58 .76 49
7.52 3.42 3.49 2.81
1.49 73 .56 49
4.06 2.10 1.22 1.20
.61 33 .16 17
3.83 2.12 91 1.00
.54 33 .14 .14
41.69 20.23 15.74 13.54
142 105 103 46
4.41 3.09 3.59 1.73
22.54 9.93 10.76 10.36
2.48 .60 73 1.92
29.68 13.42 22.54 7.51
3.33 1.50 4.38 3.38
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Geochemistry of (Meta)Granitic Rocks
of the West Point Complex and Salcha
River Gneiss Dome Areas

Major-, minor-, and trace-element data for the three U-
Pb samples and for an undated sample of granitic orthogneiss
from the core of the West Point Complex are listed in table 4.
The undated sample (98ADb53B, fig. 2) is a weakly foliated,
strongly altered, medium-grained, biotite-bearing granitic
rock composed of approximately 80 volume percent perthitic
K-feldspar with microcline twinning, subordinate plagio-
clase, quartz, biotite, white mica, and trace amounts of scat-
tered, tiny (approx 0.1 mm diam) garnets, titanite, and Fe-Ti
oxides. The rock has a weakly developed fabric defined by a
preferred orientation of K-feldspar grains, quartz aggregates,
and interstitial, scattered, medium-brown biotite crystals.
Much of the biotite is altered to chlorite, and some of the
smaller K-feldspar grains are altered to white mica. Quartz
in the rock has been annealed, as evidenced by its uniform
extinction and straight grain boundaries. Texturally, this rock
is similar to the dated granitic orthogneiss, but the abundance
of microcline twinning in sample 98 ADb53B is similar to
that of the dated sample of Devonian augen gneiss (sample
98 ADbS55B, tables 1, 4).

All four granitic samples have evolved, aluminous
and potassic major-element compositions. Unlike the other
samples, however, the sample of the granitic dike that intrudes
the Salcha River gneiss dome is depleted in all rare-earth
elements (La through Lu), as well as in Th, Zr, and Hf (table
4). This relative depletion is likely due to partitioning into
accessory minerals, such as allanite and zircon, that remained
in the crystal mush from which the melt was segregated. On an
Rb-versus-Y+Nb discrimination diagram based on the empiri-
cal assignment of granitoids to various tectonic settings, the
two samples of West Point orthogneiss and the granitic dike
from the Salcha River gneiss dome plot close to one another
at the margin of the volcanic-arc field where it adjoins the
syncollisional field. The sample of augen gneiss plots along
the syncollisional/within-plate boundary but near the apex
between these two fields and the volcanic-arc field. All other
samples of augen gneiss of known or likely Devonian age in
the Lake George assemblage of the Yukon-Tanana Upland
similarly plot near the apex of all three fields.

Sample 79AFr2010 of Aleinikoff and others (1984a),
from an undeformed granitic stock that intrudes the Salcha
River gneiss dome, was previously dated by them at 116+3
Ma. The sample has a major-element composition similar
to that of sample 98ADb66B (table 4) but a higher Y con-
tent (26 versus 13.54 ppm) and a slightly higher Rb content
(216 versus 200 ppm) (Aleinikoff and others, 2000). The Nb
content of sample 79AFr2010 is known to be only <10 ppm
but probably is similar to that of sample 98 ADb66B (10.36
ppm). On this basis, the granitic stock would also plot along
the boundary of the syncollisional and volcanic-arc fields,

close to sample 98ADb66B. More valuable information, in
terms of magma genesis, for the undeformed granitoid is
provided by the Pb-, Sr-, O-, and Nd-isotopic data on sample
79AFr2010 determined by Aleinikoff and others (2000, who
reported a high 2°’Pb/?* Pb ratio (15.72 in K-feldspar), initial
87Sr/%Sr ratio (0.74132+0.00009), 680 value (11.1 permil),
and X, value (-21.4). These isotopic compositions overlap
those expected for intermediate-composition to felsic Paleo-
zoic crust and are consistent with derivation of the granitoid
by anatexis of preexisting Yukon-Tanana crust (Aleinikoff
and others, 2000), as well as with the abundance of Early
Proterozoic inheritance in the igneous zircons, including
sample 79AFr2010 and the samples of granitoid orthogneiss
and granitic dikes in our study.

Tectonic Implications

The SHRIMP U-Pb zircon data and whole-rock com-
positional data indicate that the samples of mid-Cretaceous
orthogneiss and undeformed granite from the West Point
and Salcha River gneiss dome areas, respectively, were
largely derived from preexisting continental basement,
although the exact tectonic setting in which this magmatism
occurred remains uncertain. Blum (1985) proposed that
the mid-Cretaceous granitoids in the Fairbanks area were
derived from subduction beneath the Yukon-Tanana terrane,
whereas Newberry (2000) proposed that the mid-Cretaceous
(116-110 Ma) intrusions in interior Alaska represent col-
lisional magmatism. Hansen and Dusel-Bacon (1998) and
Dusel-Bacon and others (2002) suggested that the oldest
(~115 Ma) mid-Cretaceous plutons may have been emplaced
during regional exhumation of higher-grade, lower-plate
assemblages after burial by obducted thrust sheets. Evidence
that the Salcha River gneiss dome was exposed during this
postulated decompression event consists of the presence
of andalusite-bearing quartz veins and partial melts within
the core of the dome and the permissible closeness of the
113+2-Ma SHRIMP zircon crystallization ages for our
granitoid dike sample, the 116x3-Ma TIMS U-Pb zircon
age for the adjacent small undeformed intrusion within the
dome, and a 113.612.8-Ma hornblende **Ar/*Ar cooling
age of hornblende-biotite-plagioclase schist from near the
proposed detachment between the amphibolite-facies rocks
and the overlying greenschist-facies Butte assemblage (see
Dusel-Bacon and others, 2002). This geochronologic data
set provides a narrow range of Early Cretaceous time during
which the metamorphic rocks cooled and, in regard to the
West Point orthogneiss, were emplaced and metamorphosed,
before intrusion by crosscutting, undeformed granitoids.
Ascribing either a metamorphic or igneous origin to the
zircon rims in the West Point orthogneiss is compatible with
this model because independent evidence suggests a near-
contemporaneity for the two events. If our interpretations
of the mid-Cretaceous samples and their U-Pb zircon ages
are correct, the maximum igneous-crystallization age of the
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West Point orthogneiss and the minimum igneous-crystal-
lization age of the posttectonic Salcha intrusion imply that
the mid-Cretaceous metamorphic episode occurred between
113 and 111 Ma.

Additional constraints on the timing of metamorphism
and posttectonic plutonism in the southeastern part of the
Big Delta quadrangle, which may be applicable to the tim-
ing of events in the study area (fig. 1), are currently being
generated by a comparable SHRIMP U-Pb zircon analysis
of amphibolite-grade rocks 75 km to the south, in the
Central Creek area, where Day and others (2002) have
reported U-Pb ages of 116+4 and 11612 Ma for what they
interpret as metamorphic overgrowths on zircons from a
biotite quartzofeldspathic gneiss and a biotite-sillimanite
paragneiss, respectively. If correctly interpreted, these ages
would appear to date the timing of Cretaceous metamor-
phism in that area. Day and others have also proposed that
this metamorphic event closely preceded the emplacement
of undeformed granitic dikes which yielded a SHRIMP U-
Pb zircon age of 111+4 Ma.

Whereas the timing of metamorphism and postkine-
matic plutonism in the West Point and Salcha River gneiss
dome areas appears to be similar to that in the Central Creek
area in the southeastern part of the Big Delta quadrangle, the
sense of shear and the deformational history during the mid-
Cretaceous event appear to have differed in these two areas.
Day and others (2002) equated this mid-Cretaceous meta-
morphic episode in their study area with westward-vergent
thrusting and observed no evidence of top-to-the-southeast
extension. Dusel-Bacon and others’ (2002) kinematic study
in the Central Creek area also indicated top-to-the-west and
top-to-the-northwest structural vergence, with no evidence
of the top-to-the-southeast deformation that was equated
with crustal extension in the Salcha River gneiss dome area
(Pavlis and others, 1993) and in the northeastern Tanacross
area, near the Alaska-Yukon Territory border (Hansen
and Dusel-Bacon, 1998). Kinematic measurements in the
vicinity of the West Point Complex, though sparse, locally
indicate top-to-the-southeast vergence (see Oliver and
Dusel-Bacon, this volume), which is permissive evidence for
the regional extensional event proposed for other parts of the
Yukon-Tanana Upland.
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