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Abstract Garnet-sillimanite-biotite gneiss near Port
Leyden, in the western Adirondack Highlands, New
York, contains mineral assemblages and textures that
formed during high temperature metamorphism and ana-
texis at mid-crustal pressures. Evidence for melting in-
cludes thin, plagioclase-rich veins, sieve textures in bi-
otite, and the presence of small, euhedral garnet
neoblasts. Hercynite-silicate equilibria in combination
with the solidus for biotite dehydration melting indicate
metamorphic pressure was between 4 and 6.4 kbar at the
temperature of melting (ca. 735° C). The gneiss is intrud-
ed by a small, discordant Fe-Ti oxide-apatite (nelsonite)
dike. Reported field occurrences of nelsonite demon-
strate its common association with anorthosite plutons.
Although no anorthosite bodies are exposed in the Port
Leyden region, the presence of nelsonite is evidence of
anorthositic magmatism in the western Adirondacks.
Post-intrusion metamorphism has caused partial apatite
recrystallization and produced a weak foliated texture in
the dike. U-Pb ages from zircon and monazite from both
the gneiss and the nelsonite dike indicate that these rocks
experienced a complex, polymetamorphic history that
we interpret to reflect two thermal episodes. An older
event is recorded by discordant zircons in the gneiss,
which indicate a minimum age of 1129%6 Ma. A linear
best fit to the data yields an upper intercept at
116653 Ma. This range of ages coincides with
anorthosite-suite magmatism in the Adirondacks. A
minimum zircon age of 11043 Ma was obtained from
the nelsonite dike. Lead-loss or late zircon crystalliza-
tion at about 1020 Ma affected the U-Pb systematics of
zircon in the dike. Monazite ages from both rocks also
indicate high temperature metamorphism (>700° C) be-
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tween 1040 and 960 Ma. The older zircon ages and tex-
tural relations in the metapelite are viewed as evidence
for anatexis at ca. 1 150 Ma, and the presence of nelsonite
suggests that the intrusion of anorthosite was coincident
with partial melting in the gneiss. P-T estimates of meta-
morphism, therefore, imply that anorthosite was em-
placed to about 15 km depth in the western Adirondack
Highlands.

Introduction

The Adirondack Highlands, New York, form the south-
ernmost exposed portion of the Central Granulite Ter-
rane of the Precambrian Grenville Province (Wynne-Ed-
wards 1972). Within this region of complexly folded or-
thogneiss and paragneiss are the large Marcy anorthosite
massif and a number of smaller anorthosite bodies. Oxy-
gen isotope study supports the emplacement of the Mar-
cy anorthosite at shallow crustal depths. Valley and
O’Neil (1982) measured low 6'*O in wollastonite skarns
adjacent to the Marcy anorthosite and argued that this
was the result of isotopic exchange with meteoric water.
implying that contact metamorphism occurred in the up-
per 10 km of the crust. However, geobarometry estimates
from Adirondack anorthosites and related orthogneiss
indicate equilibration at crustal depths in excess of
23 km (Bohlen et al. 1985). These baromeltry estimates
are based on mineral assemblages that commonly in-
clude garnet. As discussed by Bohlen etal. (1985), garnet
growth in the orthogneisses likely represents metamor-
phism that post-dates anorthosite magmatism by more
than 100 Ma. More precise estimation of the emplace-
ment depths of these rocks has been hampered by the
lack of suitable phase equilibria that can be shown to have
developed synchronously with anorthosite intrusion.
We report here on the P-T conditions of mineral equi-
libria preserved in a high grade metapelitic gneiss in the
western Highlands. This unit hosts a small Fe-Ti oxide +
apatite dike that was comagmatic with the anorthosite
intrusions in the Adirondack Highlands (Darling and



Florence 1995). U-Pb age data were obtained from zir-
con and monazite from the dike and the host gneiss in
order (a) to determine the intrusion age of the dike and
(b) to test the hypothesis that high grade metamorphism
and partial melting in the Port Leyden region was the
result of anorthosite suite magmatism associated with
the intrusion of the nelsonite dike. Although we found
complex U-Pb systematics in these minerals that resulted
from a metamorphic episode post-dating the established
ages for anorthosite magmatism, both rocks contain old-
er zircons with similar minimum ages. Based on the
presence of the nelsonite dike, the similarity in older
zircon ages in the dike and the gneiss, and the coinci-
dence of zircon fraction upper intercepts with the timing
of anorthosite magmatism, we suggest that silicate and
oxide mineral assemblages, formed in the gneiss during
anatexis, provide useful geobarometry estimates for de-
termining the emplacement depths of anorthosite suite
rocks.

Thermotectonic setting

Recent geochronologic studies of intrusive and metamorphic rocks
in the Adirondack Highlands (McLelland et al. 1988a; Mezger
etal. 1991; Chiarenzelli and McLelland 1991) make it clear that
multiple episodes of igneous activity and tectonism impacted this
region during the Proterozoic. A profound episode of bimodal
anorogenic plutonism occurred between 1157 and 1125 Ma. Dur-
ing this time, large anorthosite massifs and related mangerite,
charnockite, and granite plutons, referred to as the AMCG suite
(Emslie 1978; McLelland et al. 1988a), were intruded into calc-
silicate and pelitic sedimentary rocks in the Highlands. The forma-
tion of wollastonite skarns in metasediments adjacent to AMCG
plutons indicates that, at least locally, the intrusive episode was
accompanied by high temperature metamorphism (Valley et al.
1990). Following cessation of AMCG magmatism, the Adirondack
Highlands experienced metamorphism that coincided with the Ot-
tawan phase of the Grenville orogeny (Moore and Thompson
1980). This metamorphic event produced U-Pb ages of between
about 1050 and 1000 Ma in a suite of minerals, including zircon,
~garnet, monazite, and titanite (Mezger et al. 1991; Chiarenzelli
and McLelland 1993). Bohlen et al. (1985) reported estimates of
the pressures and temperatures of metamorphism based on miner-
al compositions that likely reflect conditions from this 1050-
1000 Ma period. Their results indicate that pressures of 7 to 8 kbar
were reached throughout the Highlands during granulite facies
metamorphism.

The metamorphic grade and deformation that accompanied Ot-
tawan metamorphism caused extensive recrystallization and com-
positional modification of minerals throughout much of the
Adirondacks. AMCG intrusions commonly contain garnet, gener-
ally have metamorphic fabrics, and locally are folded (McLelland
et al. 1988b). Chiarenzelli and McLelland (1993) described a pat-
tern of increased lead loss and alteration of zircons from AMCG
rocks that is correlated with a concentric trend of higher tempera-
ture geothermometry estimates in the central Highlands (Bohlen
et al. 1985). Ottawan metamorphism was followed by a protracted
period of cooling through mineral closure temperatures (Mezger
etal. 1991), and retrograde exchange reactions plus diffusion
can be expected to have eradicated much of the evidence of
earlier thermal conditions (Spear and Florence 1992). Consequent-
ly, there have so far been no thermobarometric data from the
Adirondacks that unambiguously fix the depths of anorthosite in-
trusion.
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Mineral assemblages and textures

A 3 km-wide band of pelitic gneiss bounded by NE trending leuco-
cratic gneiss, calc-silicate, and amphibolite is exposed in the
vicinity of the town of Port Leyden in the western Adirondack
Highlands (Fig. 1). The metapelite gneiss has an overall coarse-
grained texture and typically contains the assemblage K-feldspar
+ biotite + plagioclase + sillimanite + garnet + quartz + il-
menite * hercynite (Fe-spinel). For the most part it is a gray,
granoblastic gneiss with foliation defined by aligned biotite and
discontinuous mm to cm wide quartz-sillimanite-oxide segrega-
tions. There is sometimes a weak secondary foliation of biotite that
intersects the dominant foliation at a high angle. However, within
0.5 km of the SE contact of the metapelitic zone, horizons within
the gneiss display distinctive veining and mineral textures that we
interpret to be the products of partial melting. Fine-grained gra-
noblastic plagioclase, quartz, and prismatic sillimanite form thin
(mm wide) leucocratic veins that cut across a coarse-grained ma-
trix of perthitic K-feldspar. In these veins biotite, ilmenite, and
garnet are surrounded by rims of plagioclase, quartz, and silliman-
ite. Rimmed biotite grains commonly have embayed and curved
margins suggestive of resorption (Fig. 2A). These veined rocks
also have sieve textured biotites scattered throughout the matrix.

Two textural varieties of garnet are recognized in samples with
leucocratic veining. The most common garnets are porphyroblasts
distributed throughout the matrix that range in size to 2 mm in
diameter. Garnet porphyroblasts generally have irregular margins
suggestive of resorption, although portions of grain margins com-
monly show a number of textural features indicating late growth.
Sillimanite needles are present as inclusions in core regions of
many of the garnets, but are absent from grain margins. Some
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Fig. 1 Simplified geologic map of a portion of the Port Leyden
quadrangle, New York, showing metamorphic lithologies, sample
sites, and the location of the nelsonite intrusion. Regional foliation
tends to parallel lithologic boundaries. Melt-related textures were
observed in metapelitic gneiss within 0.5 km of the intrusion and
in exposures of gneiss extending about 6 km to the northeast. Qal
indicates Quaternary alluvium
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Fig.2 A Photomicrograph showing sharp hercynite-quartz con-
tact in sample BD-03b. The right side of the hercynite grain is
adjacent to chlorite alteration. Width of photo 0.3 mm. B Electron
micrograph showing meli textures around biotite in sample 92-
2C2. Melt zone is now composed of quartz, plagioclase, and silli-
manite. Note curved grain boundaries on biotite that parallel the
contact of the melt zone with K-feldspar. Scale bar (left side)
1000 pwm

garnets have one or more well-formed crystal faces and, less com-
monly, distinctly faceted inclusions of feldspar and quartz. Other
textural features suggesting late growth include faceted garnet
rims with embayments of quartz surrounded by K-feldspar and
abundant inclusions of oxides in the outermost portions of the
grains. The second garnet morphology is exhibited by relatively
less abundant, small (ca. 200 wm diameter) inclusion-free garnets
that are characteristically euhedral and commonly found in contact
with biotite.

Dark green hercynite, although nowhere abundant, is present in
many of the samples. It most commonly occurs adjacent to il-
menite, but also forms isolated grains. Ilmenite is present as dis-
seminated grains in the matrix and is locally abundant in plagio-
clase-rich veins. Reaction textures are common in the oxides: il-
menite variably contains inclusions of hercynite and corundum, is
partly replaced by rutile, and has hercynite, sillimanite, and garnet
overgrowths on grain margins. Hercynite contains inclusions of
corundum and a few of the hercynite grains are thinly rimmed with
rutile. In a few samples hercynite is in direct contact with quartz
(Fig. 2B) but more commonly there is a thin zone of sillimanite
separating the two phases.

The mineral suite and mineral textures of the metapelites re-
flect two episodes of metamorphism. One involved biotite dehy-
dration and garnet crystallization during partial melting. The dis-
tinctive textures of resorbed and sieve-textured biotite, plagio-
clase-quartz-sillimanite veining, and growth of euhedral garnet
grains and crystal faces, are viewed as strong evidence for anatexis
of these rocks (discussed in the following sections). Hercynite,
corundum, and ilmenite are all present as inclusions in garnet
rims, so their crystallization must have either preceded melting or
was approximately coeval with it. These rocks have not undergone
strong deformation since partial melting, but a few mineral tex-
tures indicate later metamorphism. Randomly oriented, idioblastic
biotite grains and clots of biotite are scattered throughout the ma-
trix. Rutile, which is nowhere found as an inclusion in garnet, is
commonly associated with these biotites. Rutile also forms thin
overgrowths on some hercynite grains and is sometimes observed
partially replacing ilmenite.

Mineral chemistry

Compositional data for solid solution phases from the gneiss were
obtained with a JEOL electron microprobe, and representative
analyses are presented in Table 1. Operating conditions for the
beam were 15 kV and 10-50 nA. Beam size was kept at a mini-
mum (ca. -2 pwm) for most analyses, but the diameter was expand-
ed up to 25 pm for analysis of biotite and to assess the composi-
tional homogeneity of spinel and plagioclase. Point analyses, line
traverses, and two dimensional X-ray maps were used to measure
compositions and compositional variations within individual
grains of all minerals.

Garnets are almandine-rich, and in most samples contain only
minor amounts of manganese and calcium. Sample BD-03b is dis-
tinctly richer in X, and contains slightly lower X, .. None of the
garnets appear to preserve growth zoning, but all of them have
zoning profiles in the outermost 50 and 80 wm with outwardly
increasing Fe and decreasing Mg (Fig. 3C). We interpret this com-
positional zoning as evidence of diffusion of Fe and Mg accompa-
nying reequilibration during cooling. The presence of this zoning
on the small euhedral grains and large grains with euhedral facets
demonstrates that this cooling episode post-dates crystallization
related to anatexis. Retrograde exchange of Fe and Mg between
biotite and garnet is most pronounced where these minerals are in
contact, but the presence of diffusionally induced zoning in all
garnets implies that biotite compositions throughout the samples
were likely modified by retrograde reaction.

Plagioclase composition is between An,, to Ans, in most sam-
ples. Plagioclase in one sample (BD-03b) has albite rims on grain
boundaries in contact with K-feldspar and patchy albitic domains
surrounded by regions that were measured as An,, to An,, using a
tightly focused microprobe beam. These compositional features
suggest that peristeritic exsolution may have produced albite
lamellae that are finer than can be resolved by the microprobe.
Abundance of plagioclase increases sharply over a 10 cm wide
zone in the contact zone adjacent to the dike, and plagioclase
composition in individual grains within this zone varies from An,,
to An,,. The relatively higher anorthite contents in this zone may
have been the result of an increased local availability of calcium
that was released during dissolution of apatite within the dike.
Plagioclase composition from the thin veins outside of the contact
zone varied substantially less. Plagioclase inclusions in K-feldspar
and hercynite in sample 92-2C2 had slightly lower X, , relative to
matrix grains (0.34 vs 0.36). Individual grains were homogeneous
at the detection level of the electron microprobe.

Biotite compositions show variability over the scale of a thin
section. Individual grains are homogeneous, but Fe/(Fe+Mg) val-
ues for any sample lie in a range between 0.45 and 0.52. TiO, for
almost all biotites examined is between 4 and 5 wt%. The highest
TiO, and Fe/(Fe+Mg) were measured in grains rimmed by plagio-
clase or K-feldspar, and lowest Fe/(Fe+Mg) is present in grains
adjacent to garnet. Fluorine abundances in biotite more than 10 cm
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Table 1

Mineral compositions in cations per mineral formula

Garnet

Cations per |2 oxygens

Sample 92-2C2 92-2C4 92-2C6 92-3A 92-8A BD-03b

Si 2S00 6] D002 T PR RS 0060 G

Al 1.999 2.024 1.979 2.008 2.018 2.045

Mg 0.500 (0.596 (1L569 (0.558 0.499  (1.336

5= st e SRl - BTN S e Sl Al 6

Mn 0.062 0.020 (0.028 0.165 0.160  (0.440
Ca 0.111 (0909 HIGR0 iU 6" 0SS
Oxide

sum 100.67 100,57 10074 101.39 10117 10047

3.6 358 325 295 337 Vb

Spinel  Cations per 4 oxygens

Sample 92-2C2 92-2C4 92-2C6 92-3A 92-8A BD-03b

Al 1.905 1.918 1.903 1.885 1.856 1.973

Ti 0.000 0.005 0.000 0.002 0.000  0.005

Mg 0.100  0.161 0.188 0.179 0.106 0.102

fies 1.008 0.894 0920 0.680 0879 0.725

Mn 00025 00008 0i002- 0005 0009 - ~0H{P2

Zn Of2ER 0SS 0SS - 0 29 =G5S ). 1i82

Oxide

sum 100.26 100.28 100,40 100,89 100.99 100.52

Plagioclase  Cations per 8 oxygens

Sample 92-2C2 92-2C4 92-2C6 92-3 92-8A  BD-03b

Si 2610 2.689 Zee0P8 IS 2570 = DRSS

Al 1.366 1.298 5325 |l Rl e B [ )

Hes 0.005  0.001 0.007  0.120 0.002  0.000

Ca (F3055 0828 0.351 0.262 0.404 0.150

K 0.008  0.011 0.007  0.007 0.009 0.01]

Na 0.656  0.680 DipSe - 057 - (016335 0826

Oxide

sum 99.97  99.08 100.02  100.36 99.45 99.40

2.5 328 P

Biotite Cations per |1 oxygens l q

Sample 92-2C2 92-2C4 92-2C6 92-3A 92—8‘}-’_\ BD-03b

Si Zanne = 2000 2Bl SR () DR D

Al 1.340 1E852 15325 1413 1.426  1.466

Ti UEZESEE LR (IR0 ()50 SRElGL = OISO ORI

Mg [5pra 2 1.327 1352 e 2157 [5269° A 281

Fe! 1527 1.126 1.079 1.156 1.221 1.098

Mn 0.000 0.000 0.000 0.005 (.007 0.004

Ca 0.000 0.000 0,000 0.000 0.006  0.000

Na OHI09E (OSSO 0018 - 0PI 00T

K 0.910  0.884  0.890 0968 0.946 0.826

Ba 0.002  0.000  0.001 0.005  0.007  0.006

H 0.107 0.115 0.120 NA" NA W2 " . : :
% 2 Fig. 3 A Photomicrograph of a small garnet neoblast with euhe-

y y b ] [/ : :

f)lxitlc 0044 0049 0012 - Na N (0o dral morphology and well defined dodecahedron faces in sample
.x'u.m O5t55 4 (Eaae - g oy 94 64 92-2C2. Width of photo 0.5 mm. B Photomicrograph of another

94.79

94.97

Al measured Fe caleulated as ferrous iron.
" Not analyzed.

away from the dike are uniformly about 0.4 wi%. Grains in the
contact zone with the dike have somewhat more variable F contents
in the range 0.4 to 1.0 wt%.

Spinel is iron rich. with mole fraction ol hercynite component
(Fe? " /Fe? " +Mg+Zn) between 0.70 and 0.84. Zinc content.
expressed as mole fraction of gahnite component (Zn/Fe™"

garnet in sample 9Y2-2C2 with faceted margin on right side. The
grain contains a large inclusion of ilmenite and a number of
smaller inclusions of quartz and biotite. Width of photo 1.5 mm. C
X-ray map of garnet (in B) showing the variation in Fe/(Fe+Mg).
Bright regions along grain margins show increased Fe relative o
the core. which 15 most pronounced on the right side where the
garnet is adjacent to biotite. There is also a region of higher Fe
around a small biotite inclusion i the garnet. The bright zone in
the central portion of the garnet is the included grain of ilmenite



428

+Mg+Zn), ranges between 0.03 and 0.36. Consistently low Zn-
contents were measured from hercynite grains in assemblages
with low Mn concentrations in garnet (Xg,, = 0.01-0.03), whereas
the highest gahnite values were measured from samples with rela-
tively spessartine-rich garnets (Xs,, = 0.15). No zoning in Zn, Fe,
or Mg was recognized in the spinels. Visible 1-3 pwm exsolution
lamellae of magnetite were present in some grains, particularly in
regions with late chlorite alteration. The presence of a component
of Fe’™ is stoichiometrically indicated in virtually all hercynite
analyses.

Corundum and sillimanite analyses also show detectable abun-
dances of ferric iron. Corundum inclusions in garnet had trace
amounts of Fe**, and up to 0.5 wt% was measured in inclusions in
hercynite and ilmenite. Sillimanite associated with the melt-tex-
ture veins also had between trace amounts and 0.5 wi% Fe*.
There is no measurable ZnO in either corundum or sillimanite.

Crystallization history during anatexis

We have used the textural information described above to
infer a sequence of mineral crystallization associated
with the partial melting of the gneiss. The earliest
formed mineral paragenesis preserved in these rocks ap-
pears to have included K-feldspar, sillimanite, biotite,
garnet, plagioclase, quartz, and ilmenite. Corundum in-
clusions are present in both garnet and hercynite, al-
though it is never seen in the matrix. Since there is abun-
dant quartz in the gneiss, it is not likely that corundum
was a stable matrix phase. Corundum inclusions in gar-
net and ilmenite may have formed during breakdown of
biotite or as these phases crystallized directly from a
highly aluminous melt. Corundum is often seen partly
altered to or surrounded by hercynite. These textures
suggests that the reaction

corundum + garnet = hercynite + sillimanite

(1)

formed some of the hercynite now present as inclusions
in garnet. Hercynite in the matrix was likely produced by
the reaction

garnet + sillimanite = hercynite + quartz

(2)

which lies to the high-temperature side of the corundum-
out reaction (Bohlen et al. 1986). The thin rims of either
sillimanite or garnet presently separating hercynite and
quartz in most samples were likely formed by retrograde
reaction.

Mineral textures suggest that the high temperature
event that stabilized the hercynite + quartz assemblage
also initiated melting. The feldspar-sillimanite-quartz
veins that surround partly reacted biotite also mantle il-
menite and hercynite, which may indicate that melting
occurred at temperatures above the first appearance of
hercynite. The crystallization of faceted garnets and K-
feldspar surrounding grains of quartz demonstrate that
biotite-dehydration melting operated under vapor-absent
conditions for at least a portion of the melting interval.

P-T conditions of partial melting

Despite evidence for a polymetamorphic history, it is
possible to estimate conditions at the onset of anatexis in
the metapelitic gneiss by considering the mineral suite
that texturally defines the melting episode. The melt
composition was strongly peraluminous, as indicated by
the coexistence of abundant sillimanite and plagioclase
in the melt-texture veins. Experimental studies have
demonstrated that peraluminous melt compositions are
formed by solidus reactions that involve the breakdown
of muscovite and biotite (e.g., Clemens and Wall 1981;
Vielzeuf and Holloway 1988; LeBreton and Thompson
1988; Patino Douce and Johnson 1991). All the pelitic
gneiss samples in the vicinity of Port Leyden contain
abundant biotite, but none have muscovite. In rocks
where melt-texture veining is observed, it cuts across a
matrix of coarse-grained K-feldspar, which indicates
that sillimanite and K-feldspar were already stable rela-
tive to quartz and muscovite at the time of melting. Con-
sequently, we do not feel that an initial melting reaction
involving muscovite was likely. A more probable melting
reaction involved the dehydration of biotite, either under
vapor-present or vapor-absent conditions, according to

biotite + sillimanite + vapor = garnet + melt (3)
or

biotite + sillimanite + quartz =

garnet * K-feldspar + melt 4).

Experimental studies of these equilibria give tempera-
ture estimates of between 700 and 770° C for initial melt
generation by vapor-absent biotite dehydration for pres-
sures up to about 7 kbar (Clemens and Wall 1981, LeBre-
ton and Thompson 1988). We therefore propose that the
temperature range 700-770° C is a reasonable estimate
of the temperatures of metamorphism for these rocks at
the time of initial melting. Temperatures in this range
account for the melt-related textures in the reactant and
product phases, but do not imply advanced melting reac-
tions involving additional ferromagnesian phases, such
as orthopyroxene, which have not been recognized in
these rocks.

Coexistence of quartz and Fe-spinel in the metapelites
provides a useful constraint on the pressure conditions of
metamorphism through consideration of the reaction

almandine + 2 sillimanite = 3 hercynite + 5 quartz

(30

This reaction has been experimentally examined by
Bohlen et al. (1986) in the FAS system and by Nichols
etal. (1992) for Fe-Mg-Zn solid solution. Results of
these studies show that the assemblage defines a posi-
tively sloping reaction surface in P-T space that is
strongly dependent on pressure and is therefore suitable
as a geobarometer if temperature is known to within
+50° C. Hercynite and almandine contents were mea-



sured from nearby but non-touching grains. The solution
model for the activity of hercynite was taken from
Nichols et al. (1992). In order to calculate the hercynite
component, Fe>* was estimated by distributing the total
measured iron between octahedral and tetrahedral sites
assuming charge balance. The magnetite component cal-
culated in this way amounts to between 4 and 6 mol%.
The presence of a small amount of Fe** in hercynite has
the effect of increasing its stability field relative to gar-
net + aluminum silicate. However, this displacement to
the equilibrium is partially canceled by the Fe** in silli-
manite. Core compositions from garnet were selected for
thermobarometry in order to minimize the effects of ret-
rograde modification to Fe and Mg concentrations. Non-
ideal corrections for mixing in garnet were determined
using the model of Berman (1990). Calculations made
using the experimental results and thermodynamic data
from these studies yielded the range of P-T estimates
shown in Fig. 4. For an assumed range of temperatures
between 700 and 770° C, calculated pressures are be-
tween 3.7 and 6.4 kbar.

Because Fe and Mg gradients in garnet point to the
reequilibration of Fe/Mg partitioning throughout the
sample, it is appropriate to consider the significance of
our pressure estimates in the light of possible composi-
tional modifications. For example, if chemical diffusion
during slow cooling led to an increase of almandine con-
centration in garnet cores as well as garnet rims, esti-
mates based on reaction (5) using core compositions
would give overestimated pressures at any given temper-
ature. Specifically, if the garnet composition in equilibri-
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Fig.4 P-T diagram with phase equilibria constraints for condi-
tions of anatexis in the metapelitic gneiss at Port Leyden. A range
of temperatures between about 700 and 770° C is shown for vapor-
absent biotite dehydration melting (Clemens and Wall 1981;
LeBreton and Thompson 1988). Dot-dash patterned lines delimit
the reaction garnet + corundum = hercynite + sillimanite.
Dashed lines show the range for the equilibrium garnet + silli-
manite + quartz = plagioclase. The pressure of metamorphism
and anatexis is defined by the coexistence of hercynite spinel and
quartz and the temperature range of partial melting. Mineral sym-
bols after Kretz (1983)
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um with hercynite at the time of melting had an X,
0.05 lower than presently measured in core regions, the
pressure range we estimated would be decreased by
about 0.3 kbar. However, garnet porphyroblasts with
0.75 mm and greater radius have uniform of core compo-
sitions, suggesting that diffusion-induced changes are
restricted to rim regions. Hercynite grains show no com-
positional zoning, but their small size suggests that
reequilibration effects could be homogeneous. Again, we
can speculate on the possible effect of such changes. If
hercynite became enriched in Fe relative to its composi-
tion at the time of melt production, pressures would be
underestimated. Specifically, an increase of 0.05 in X,
will introduce 0.8 kbar error into our calculations.
Metamorphic pressures can also be estimated through
compositional relations governed by the equilibrium

3 anorthite = grossular + sillimanite + quartz (6).

Anorthite content was obtained from homogeneous, gra-
noblastic grains of plagioclase in the melt veins, and
grossular activity was determined from garnet composi-
tions of the small euhedral grains assumed to have grown
in equilibrium with the melt. Although all garnets have
retrograde compositional zoning in Fe and Mg, grossular
concentration is essentially constant from center to rim
in each crystal and uniform from grain to grain. Further-
more, the absence of embayments or irregularities on the
faceted surfaces argues against any significant involve-
ment of garnet in subsolidus net transfer retrograde reac-
tions. Consequently, we are reasonably confident that the
grossular content in the interior of the euhedral garnet
grains has been unmodified since crystallization. Pres-
sure estimates between 4.5 and 7.7 kbar for assumed
temperatures of 700 to 770° C were obtained by applying
the Koziol and Newton (1988) calibration of reaction (6).
Alternative calibrations of the GASP geobarometer lead
to some variation in calculated absolute pressures. For
example, estimates determined with the calibration of
Ganguly and Saxena (1984) gave a slightly expanded
range of pressures and the calibration of Newton and
Haselton (1981) yielded pressures 0.5 to 1.5 kbar less.
The generally good agreement between hercynite-quartz
barometry and GASP geobarometry is consistent with
the assumption that equilibrium was simultaneously
achieved between components in garnet, plagioclase, and
spinel.

The significance of the GASP barometry estimates
must also be evaluated in light of the later metamorphic
episode that these rocks experienced, which could have
altered the compositions of both plagioclase and garnet.
Because both these phases have very slow diffusivities of
calcium components (Grove et al. 1984; Chakraborty
and Ganguly 1992), it is not likely that volume diffusion
produced significant modification to the Ca distribution
in mineral grains that crystallized at the time of anatexis.
A more substantial concern arises over whether later op-
eration of net transfer reaction (6) caused compositional
changes (Spear and Florence 1992). It this is the case,
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mass balance requirements (for an assumed closed sys-
tem) lead to the prediction that the greatest changes
would occur in the grossular zoning in garnet if plagio-
clase throughout the samples was highly reactive during
later metamorphism. At the same time, this would mini-
mize the compositional changes in plagioclase. Con-
versely, if only a small percentage of the plagioclase in
these rocks reacted during later metamorphism, newly
formed plagioclase could have a significantly different
composition, but changes to garnet zoning would be
slight. At Port Leyden, we have observed nearly flat zon-

ing profiles in grossular and nearly constant An values in
plagioclase (outside of the contact zone), which indi-
cates that there has not been extensive progress of the
GASP reaction since the partial melting event. Patchy
zoning and albite rims on plagioclase in sample BD-03b
may be evidence for a limited amount of reaction accom-
panying late metamorphism. However, for our present
purposes we are concerned with the earlier compositions
of plagioclase and garnet, which appear to have essen-
tially unmodified contents of calcium components.

The results of thermobarometry calculations are sum-
marized in Fig. 5, along with stability fields for the ob-
served coexisting assemblages. Based on the agreement
between mineral equilibria, we conclude that melting
took place between 4.0 and 6.4 kbar.

P—T conditions of later metamorphism

There is only limited evidence for late metamorphic net
transfer reactions involving silicate and oxide minerals.
The presence of idioblastic biotite grains indicates some
progress of the hydration reaction

garnet + K-feldspar + H,O = biotite and sillimanite
(7).

However, garnet neoblasts do not show resorption tex-
tures, and there is no evidence for breakdown of K-
feldspar, which suggests that the abundance of biotite
formed by this reaction may not have been great. The few
rutile overgrowths observed on hercynite may have
formed from TiO, liberated during biotite recrystalliza-
tion, or conceivably according to the vapor-absent reac-
tion

ilmenite + aluminum silicate + quartz = garnet + rutile

(8).

This reaction is the basis of the GRAIL geobarometer
(Bohlen et al. 1983), suggesting that this assemblage can
be used to obtain pressure information related to later
metamorphism. However, Fe-Mg exchange during cool-
ing has modified components in garnet rims and biotite
and, presumably, ilmenite. The absence of preserved Fe/
Mg equilibria related to the high grade conditions of later
metamorphism argues against applying GRAIL geo-
barometry in these rocks.

Similarly, the thermal maximum of the later meta-
morphic event is not constrained by equilibrium mineral
partitioning. Temperatures calculated from garnet-bi-
otite thermometry range between 550 and 600° C using
garnet core compositions and 500-550° C using garnet
rims. If we are correct in assuming that in the larger
grains garnet core compositions were not significantly
modified from the time of anatexis, then the tempera-
tures obtained through exchange thermometry imply a
substantial shift in Fe/(Fe+Mg) in biotite.

In order to shed some light on the thermal conditions
of later metamorphism, we constructed numerical mod-



els of cooling rates based on Fe/Mg diffusional zoning
in euhedral garnet neoblasts (Lasaga 1983). Our logic
was to see if we could recognize a temperature-time (7-7)
history for these rocks that compared with the 7-f evolu-
tion of the Adirondack highlands formulated by Mezger
et al. (1991) on the basis of U-Pb geochronology. Start-
ing temperatures of between 625 and 775° C were as-
sumed in different cooling simulations. Starting condi-
tions included assumed core compositions equal to that
found in >2 mm diameter garnet (X,,,, = 0.77) and a
volume ratio of garnet to biotite = 0.10. Intergranular
diffusion, and diffusion in biotite, were assumed fast rel-
ative to intragranular diffusion in garnet. Temperature-
composition dependent interdiffusion coefficients were
calculated from the tracer diffusion data of Chakraborty
and Ganguly (1992). No cooling rates yielded good
matches to the garnet Fe/(Fe+Mg) profile at starting
temperatures of 700° C or less. A best match was ob-
tained assuming initial conditions of 750° C and a con-
stant cooling rate of 1.5° C/Ma. Despite the lack of de-
finable precision to this approach, the model T-¢ evolu-
tion is in excellent agreement with the post-Ottawan
cooling history determined from geochronology in the
central Highlands, and suggests that comparable thermal
conditions of metamorphism were achieved in the west-
ern Adirondacks.

Nelsonite intrusion

The metapelitic unit is host to a distinctive dike com-
posed of 32-50% magnetite, 8—15% ilmenite, 30-45%
apatite, and 5-11% pyrite (Darling and Florence 1995).
This uncommon rock type, designated nelsonite, is
known to originate as an immiscible liquid from
anorthosite-ferrodiorite melts (Philpotts 1967; Epler
1987). Field relations and mineral textures confirm the
intrusive character of the Port Leyden nelsonite. The in-
trusion forms a sharp-walled dike 4 m wide that can be
traced for approximately 30 m as a discordant body in-
truding nearly vertically into the surrounding, moderate-
ly dipping metapelitic gneiss (LaForce et al. 1994). At
the contact between the host gneiss and the dike there is
a 0.5 to 1.0 cm wide reaction zone of very coarse, red-
brown biotite. Similar coronas surround small xenoliths
entrained in the dike rock. Xenoliths contain symplec-
tites of plagioclase and quartz, garnet, rutile, monazite,
and chlorite alteration, especially around plagioclase.
There is a sharp increase in the model abundance of pla-
gioclase in the pelitic gneiss within about 2 cm of the
contact. Plagioclase abundance increases over a distance
of 10 cm from less than 5% to more than 50 to 90% of the
wall rock and plagioclase-quartz symplectites formed
immediately adjacent to sieve-textured biotite in the con-
tact zone.

The nelsonite dike is fine-grained (0.1 to 0.5 mm) and
has an overall mosaic texture. Magnetite and apatite form
equant grains, whereas ilmenite occurs as coarser, inter-
stitial, optically continuous grains. These textures are
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considered to be primary and igneous. The rock also
shows a weak foliation defined by flattened stringers of
pyrite crystals, which we interpret to be the result of
partial metamorphic recrystallization. Electron mi-
croprobe analysis disclosed that some apatite grains con-
tain sharp compositional discontinuities, especially
where in contact with pyrite. These grains have thin (ca.
20 pm) rims with distinctly lower REE abundances rela-
tive to cores. In the light of the very slow diffusivities of
REE in apatite (Watson et al. 1985) it is likely that the
apatite rims recrystallized during post-intrusion meta-
morphism.

Ages of metamorphism

In order to clarify the timing of dike intrusion, anatexis,
and younger metamorphism, U-Pb age determinations
were made at the isotope geochemistry laboratory at
Syracuse University using zircon and monazite from the
nelsonite dike and the pelitic gneiss (see Appendix for
analytical procedures). Mineral populations from each
rock selected for geochronology were separated into dis-
tinct fractions on the basis of morphological characteris-
tics.

Zircons separated from the nelsonite included pris-
matic crystals less than 0.3 mm long, subhedral, cylin-
drical grains up to 0.75 mm long, and irregular shaped
and rounded grains. Thin, discontinuous overgrowth
rims were recognized on zircons in thin sections of nel-
sonite when viewed with backscattered electron imag-
ing. Isotopic measurements were taken on air abraded
single grains and multiple grain fractions separated by
size and magnetic susceptibility. U-Pb ratios from the
zircon population of the nelsonite produce a non-linear
array with a nearly concordant inflection at about
1020 Ma (Fig. 5, Table 2). A °"Pb/?°Pb age from an air
abraded single prism provides a minimum age constraint
of 1104+3 Ma. While it is possible to force a regression
through points above the inflection, the large uncertainty
associated with the upper intercept makes the deter-
mined age highly questionable. However, the signifi-
cance of the nearly concordant inflection is supported by
the very close coincidence of the results from five frac-
tions. The ca. 1020 Ma age appears to date an episode of
radiogenic lead loss from earlier formed zircons, as well
as the timing of recrystallization and resorption that pro-
duced overgrowth textures on zircon prisms and the ir-
regular morphology seen in many grains. We believe that
formation of these textures coincided with the develop-
ment of the metamorphic fabric in the dike and the par-
tial recrystallization textures recognized in apatite. It ap-
pears likely that the 1020 Ma zircon date from the nel-
sonite corresponds with the age of Ottawan metamor-
phism in the Highlands established by Mezger et al.
(1991).

The significance of the older zircon ages is less cer-
tain. It is possible that they reflect some inheritance in
older cores that pre-dates the timing of dike intrusion.
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However, relict core regions were not observed in any
grains viewed with backscattered imaging electron. Fur-
thermore, if relict cores were present in the analyzed
grains, one might expect air abrasion to produce system-
atically older ages, reflecting greater concentrations of
core material. As can be seen from the data (Table 2),
such systematic behavior was not found. Alternatively,
the almost universal association of Fe-Ti oxide-apatite
nelsonite with anorthosite suite rocks implies that the
dike was intruded during anorthosite magmatism. Thus,
we feel it is more likely that the zircon population giving
older ages represents grains that crystallized at the time
of anorthosite magmatism, then experienced subsequent
modification to their U-Pb systematics. In support of this
hypothesis we point to (a) the lack of any minimum age
determinations older than the time of anorthosite suite
magmatism, and (b) the strong similarity in the results
from the nelsonite with the characteristics reported for
‘disturbed’ zircon populations by Chiarenzelli and
McLelland (1993) from other AMCG rocks in the High-
lands. These workers postulated that radiogenic lead loss
during granulite facies metamorphism creates a short,
discordant array of zircon dates between the age of crys-
tallization and the timing of granulite facies metamor-
phism. Subsequent lead loss shifts the discordant posi-
tion of individual analyses, forming a complex, “dog-
leg” pattern.

Zircons from the pelitic gneiss included prisms with
subhedral grain shapes and overgrowth textures and
small (0.05-0.20 mm), multifaceted grains with low as-
pect ratios. Discordant U-Pb data were obtained from
analyses of different size fractions and single grains of
prisms and multifaceted zircons (Table 2). The 2*’Pb/
206p ratio from an air abraded single grain with a stubby,
multifaceted morphology gives a minimum age of
11296 Ma. A linear regression through all frac-
tions gives an upper intercept age of 1166*=53 Ma. An
upper intercept at 1165 Ma is obtained by regression
through the single grain analyses only. We interpret these
results as minimum and maximum constraints, respec-
tively, on the age of older metamorphism in the gneiss.
The interval 1166—1129 Ma is essentially contemporane-
ous with the widespread AMGC magmatism in the
Adirondacks and suggests that heating accompanying
this magmatic event was responsible for metamorphism
in the gneiss.

This interpretation is predicated on the assumption
that zircon grains in the gneiss do not contain U-Pb in-
heritance from detrital components. A number of obser-
vations support this conclusion. The high aluminum con-
tent of the gneiss suggests that the protolith was a clay
shale. Presumably, then, any zircon deposited with the
clay fraction would have been micron-scale, far smaller
than the grains we separated. When examined with a
binocular microscope, the grains appear to be clear, col-
orless, and inclusion-free. Their small, stubby to equidi-
mensional, multifaceted morphology is similar to zircon
grains from intrusions of the AMCG suite that Chiaren-
zelli and McLelland (1993) interpreted as metamorphic
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in origin. All of the grains we analyzed contained rela-
tively low abundances of uranium, which also compares
with the metamorphic grains studied by Chiarenzelli and
McLelland (1993). Finally, petrographic study of the
gneiss indicates that most zircon crystals are present in
and adjacent to melt textured veins. We suggest, there-
fore, that either these grains crystallized contemporane-
ously with partial melting or experienced nearly com-
plete radiogenic lead loss at this time, so that their age
coincides with the timing of anatexis.

Ottawan metamorphism does not appear to have af-
fected zircons from the gneiss in the same way as in the
nelsonite. For example, zircons from the gneiss do not
show the resorption and recrystallization textures found
in the nelsonite population. Also, the linear array of ages
from the gneiss zircons contains no evidence for new
zircon growth or substantial radiogenic lead loss associ-
ated with a 1020 Ma metamorphic episode. Partial lead
loss during younger metamorphism may be reflected in
the lower intercept age of 80879 Ma.

Monazite U-Pb ages constrain the timing of younger
metamorphism in the gneiss. Six fractions of monazite
were obtained from gneiss sampled about 0.5 km from
the dike (location BD-03b). These yield a linear regres-
sion with an upper intercept of 1041+9 Ma (Fig. 6). This
age is slightly older than the zircon U-Pb age for Ottawan
metamorphism obtained from the nelsonite. The closure
temperature for monazite has been estimated to be be-
tween 650 and 700° C (Parrish 1988) or up to 750° C
(Copeland et al. 1988). Chiarenzelli and McLelland
(1993) suggest that closure temperatures for zircon in
slowly cooled terranes may be as low as 750° C. Assum-
ing that both the nelsonite zircon and pelite monazite
ages reflect closure temperatures, these results indicate
that temperatures following Ottawan metamorphism in
the western Adirondacks reached between 650 and
750° C at approximately the same time as in the central
Highlands (1033*1 Ma; Mezger et al. 1991).

A younger monazite age was obtained from three
grains separated from the dike. All monazites from the
nelsonite have low uranium abundances and two are
strongly discordant in a normal sense, while one grain is
reversely discordant (Fig. 6). A linear fit to the data
points gives an upper intercept age of 957+8 Ma. We
consider this to be a minimum age, and suggest that if
reverse discordance indicates the presence of excess tho-
rium, the °’Pb/?*°U age of 995 Ma may also be a mini-
mum age.

The close proximity of the nelsonite and gneiss sam-
ple sites, and the absence of any known structural dis-
continuity between them, argues against there having
been markedly different thermal histories for the two
rocks. Monazite grain sizes in each rock were similar
(<0.5 mm), so there is no reason for inferring different
closure temperatures for the two monazite populations
based on surface area/volume considerations. Monazite
grains in the dike tend to be anhedral and irregularly
shaped and they occur interstitially to apatite and Fe-Ti
oxides. These textures, as well as the compositional vari-
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uncertainty. Ellipses for all other grains exceed 2 o error, but are
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ations between LREE-rich cores and thin LREE-deplet-
ed rims in apatite, indicate that post-emplacement reac-
tion of apatite formed monazite in the nelsonite. It is
therefore possible that the discrepancy between the
gneiss and dike monazite ages reflects late crystallization
of monazite in the nelsonite dike.

Discussion

Reported occurrences of nelsonite establish that this
rock type is intimately associated with or proximal to
anorthositic and ferrodioritic intrusives (Philpotts 1967;
Kolker 1982). Experimental evidence supports a model
of differentiation of anorthosite magma that yields a fer-
rodiorite melt enriched in titanium and phosphorus,
from which the immiscible Fe-Ti oxide-apatite liquid
eventually separates (Philpotts 1967; Epler 1987). The
REE chemistry and the mineralogy of the nelsonite at
Port Leyden are indistinguishable from those in nel-
sonites that are part of anorthosite suites elsewhere
(Darling and Florence 1995). What appears to be the
exceptional characteristic of the Port Leyden dike is the
absence of a closely situated anorthosite or ferrodiorite
pluton.

In fact, we believe that the presence of the nelsonite
dike within the Port Leyden metapelites is strong evi-
dence that an anorthosite pluton was intruded into the
metasedimentary sequence close to the level of the rocks
now exposed. Furthermore, the agreement of the age de-
terminations from metamorphic zircon in the pelitic
gneiss, and the timing of anorthosite magmatism else-

where in the Adirondacks, suggest to us that igneous
activity at about 1150 Ma was responsible for heating
and anatexis of the metasediments. Simple conductive
heat flow calculations show that the dike itself was inca-
pable of melting rocks more than tens of cm to a few m
from its contacts, and it is therefore not reasonable that
the nelsonite intrusion produced the melt textures ob-
served over tens of km” of outcrop around Port Leyden.
However, the distribution of anatectic veining may be
adequately explained by postulating the nearby intrusion
of a significant volume of anorthosite and related mag-
mas. The absence of even small outcrops of anorthosite
or ferrodiorite within about 50 km of the Port Leyden
nelsonite suggests to us that the parent magma was em-
placed above the stratigraphic level of currently exposed
rocks and then subsequently removed by erosion or tec-
tonism. (Considering that the average density of the dike
is approximately 4300 kg/m?®, we envision that the nel-
sonite was intruded downward from its parent magma.)
If this hypothesis is correct, the pressure estimates devel-
oped here give a range of about 13 to 19 km for the max-
imum depth of intrusion of anorthosite suite rocks in the
western Adirondack Highlands. These geobarometric
results broadly corroborate isotopic evidence presented
by Valley and O’Neil (1982) for upper crustal depths of
emplacement for anorthosite plutons in the Adirondack
Highlands.

The discovery of moderate pressure metamorphism in
the Port Leyden region also helps clarify the relative
crustal depths of the Highland and Lowland terranes dur-
ing the Grenville Orogeny. The Adirondack Lowland
portion of the Frontenac Terrane lies to the west of the
Adirondack Highlands, separated from it by the
Carthage-Colton Mylonite Zone. Upper amphibolite to
granulite facies metamorphism characterizes the Low-
lands, and pressures of between 5.4 kbar to the south and
8.0 kbar to the north have been estimated from several
silicate and oxide thermobarometers (Bohlen et al. 1985;
Powers and Bohlen 1985; Edwards and Essene 1988).
Geochemical and geochronological studies of granitic
and syenitic plutons in the Lowlands (Chiarenzelli and
McLelland 1991; Carl and Sinha 1992; McLelland et al.
1993) have demonstrated that they are temporally and
compositionally equivalent to the AMCG suite in the
Highlands. Thus, the Highland and Lowland regions ap-
pear to have been part of a common terrane during AM-
CG magmatism. Subsequent thermotectonic events af-
fected these regions differently, as indicated by the sharp
geochronologic discontinuity that has been recognized
across the Carthage-Colton Mylonite Zone (Mezger
et al. 1991, 1992). Mezger et al. (1991) determined that
closure ages for garnet, monazite, and titanite extended
from 1170 to 1100 Ma across the Lowlands, but, in con-
trast to the Highlands, found no geochronologic record of
the younger Ottawan Orogeny in this region. It is there-
fore probable that the metamorphic P-T estimates for the
Lowlands reflect conditions that prevailed there at about
the same time as the emplacement of the AMCG rocks in
the Highlands.



Metamorphic pressures at Port Leyden and in the
southern and southeastern Lowlands from the time of
AMCG magmatism are, within uncertainty, equivalent,
indicating that these regions were positioned at similar
crustal depth of about 1150 Ma. However, there has been
no identified trend of northward increasing pressure in
the Highlands as appears to exist in the Lowlands. The
wollastonite skarns in the northeast, central, and western
Highlands are all interpreted to have formed from contact
metamorphism at this time (Valley etal. 1990), pre-
sumably at moderate to low pressure conditions. It is pos-
sible, then, that portions of the Highlands were situated
at shallower crustal depths than at least the northern
Lowlands when the AMCG plutons were intruded. By
about 1040 Ma the relative depths of these terranes were
either reversed, or the terranes were separated in some
way that prevented the Lowlands from experiencing the
high temperature conditions that prevailed in the High-
lands. Much of the Highlands appears to have experi-
enced granulite facies metamorphism at 7 kbar pressure.
The Lowlands, in contrast, occupied a higher crustal po-
sition where Ottawan metamorphism did not reset U-Pb
systematics in titanite (Mezger et al. 1991, 1992), that is,
where temperatures remained less than about 500-
I

Conclusion

Mineral compositions and melt textures in pelitic rocks
that are host to a nelsonite dike demonstrate that pressure
conditions of about 4 to 6 kbar existed in the western
Adirondack Highlands during intrusion of AMCG suite
rocks. This pressure estimate is considerably less than
the 7 to 8 kbar pressures reported by Bohlen et al. (1985)
elsewhere in the Highlands for granulite facies metamor-
phism. However, those higher pressures are likely related
to ca. 1050-1000 Ma Ottawan age metamorphism,
whereas the pressure estimates described here derive
from localized preservation of mineral assemblages
formed during ca. 1150 Ma thermal metamorphism.
The general lack of clear petrologic evidence through-
out much of the Highlands of the thermobaric conditions
at the time of AMCG magmatism suggests that excep-
tional conditions prevailed around Port Leyden in order
to preserve the textures and mineral chemistry of these
samples. Buddington (1939) first recognized that
igneous rocks in the western Adirondacks were distin-
guished by their relatively undeformed textures, and
our observation that extensive recrystallization did not
affect minerals and textures in the pelitic gneiss since the
time of AMCG magmatism is consistent with this obser-
vation.

Although extensive Ottawan age deformation is not
indicated in these rocks, metamorphic temperatures of at
least 700° C at 1040 Ma are indicated by the closure age
for monazite in the pelitic gneiss. Also, garnets in these
rocks show pronounced compositional zoning formed by
diffusional modification during slow cooling. These re-
sults, combined with the absence of significant strain-re-
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lated textures in either the nelsonite dike or the anatectic
veins in the pelitic gneiss, demonstrates that Ottawan
metamorphism in this region of the Adirondacks was
dominantly a thermal, not a dynamic, event.

Even under such high grade conditions, the kinetics of
mineral recrystallization were slow, contributing to the
preservation of older assemblages. Recrystallization may
have been inhibited by the dehydrated conditions that
were the consequence of melt formation. This could ex-
plain the lack of younger generation, ca. 1020-1040 Ma
zircon grains in the metapelites, although grains of this
age are present in the nelsonite dike. Clarification of the
conditions of Ottawan metamorphism in this region
awaits further investigation.
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Appendix

Analytical techniques

Samples selected for U/Pb mineral geochronology were crushed
by jaw mill and disc mill, then density separated with a Wilfly
table. Further density separation was done using methylene iodide
flotation. Heavy fractions obtained this way were then passed over
a Frantz magnetic separator. Inclusion-free zircon and monazite
fractions intended for analysis were hand picked. Selected grains
were placed in screw-cap Teflon beakers and washed in warm
distilled 7 M nitric acid for 20 minutes to several hours, followed
by repeated cold nitric washes. Mineral grains were then pipetted
into microcapsules, spiked with ca. 5° ug of mixed °*Pb and **°U
tracer solution, and dissolved in HF at 240° C. This process was not
uniformly effective for dissolving monazite grains, which in some
cases required extra treatment with HCI or nitric acid.

After 35 to 40 hours, samples were decanted and dried. Sam-
ples were redissolved in 0.55 M column-cleaned HBr, then passed
over Teflon microcolumns loaded with approximately 30 pl of
cleaned Bio-Rad AG 1X8 anion resin. Uranium fractions were
collected in the HBr washes and the lead fractions were then eluted
in 6 M HCI. The same columns were rewashed and reequilibrated
to 6 M HCl so that uranium fractions could be further purified after
drying. Purified uranium was eluted with water. 2 ul of 0.25 N
H,PO, was added to both uranium and lead. Lead was loaded onto
degassed Re filaments with 2 pl of silica gel. Uranium was loaded
with an additional 2 pl of H,PO, and approximately 0.5 pl of
graphite so that they could be run as metal.

For every 13 samples, 2 total procedural blanks were created in
parallel. Blanks were spiked after column chemistry and before
drying down with approximately 1 ng of NBS983. Blanks ranged
from 15 to 150 pg total lead.

All samples were run on a VG Sector multicollector mass spec-
trometer fitted with a Daly photomultiplier in the axial position.
Correction for in-run fractionation using the Daly tube in multicol-
lector mode was 0.1%/amu for all ratios except for ***Pb/?°¢Pb,
which was 0.15%/amu.

The decay constants of Steiger and Jaeger (1977) were used in
calculations. Isotopic data were reduced and upper intercept age
determinations made using the reduction programs Pb-DAT and
ISOPLOT (Ludwig 1980, 1989). Data are reported at the 2¢ confi-
dence level.
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