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discussed below are from the boundary between
andalusite-bearing and sillimanite- bearing rocks
along the northern margin of the Mt Stuart
batholith.

Sample descriptions

Northern Coast Mountains

95GL1Ic Stikine River. This pelitic schist
sample from the Gravina belt on Kadin Island
(Fig. 2) was collected from a narrow, <10m
wide, contact metamorphic aureole that is super-
posed onto greenschist facies regional meta-
morphic rocks (Dusel-Bacon er al. 1996; Stowell
& Crawford 2000). The age of the intrusion on
Kadin Island is not known directly, but the rocks
and age are likely to correlate with the pluton at
Garnet Ledge. If so, then the intrusion age would
be 91.6 + 0.5Ma (Stowell er al. 2001). This
rock contains the assemblage garnet + biotite +
staurolite + muscovite + sillimanite (fibrolite)
+ andalusite + plagioclase + quartz 4 graphite
+ ilmenite + pyrite. No kyanite was identified
in the sample; however, kyanite after andalusite
has been described from Kadin Island (Douglass
& Brew 1985; Dusel-Bacon et al. 1996).
Elongate porphyroblasts of andalusite, up to
3 mm long, grew over the earliest foliation, have
pronounced pressure shadows, and are a
prominent textural feature in this sample
(Fig. 4). These porphyroblasts are replaced by
clusters and rims of euhedral to subhedral
poikiloblastic staurolite grains (Fig. 4). Many of
these staurolite grains have near-inclusion-free
rims around cores with wormy quartz inclusions
(Fig. 4). Subhedral garnet crystals, <0.6 mm
diameter, also grew over the foliation (Fig. 5) as
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evidenced by aligned inclusions of ilmenite and
mica, but the relationship between garnet,
andalusite and staurolite is ambiguous. The
peak mineral assemblage is inferred to be
garnet + biotite + muscovite + staurolite -+ sil-
limanite 4 plagioclase + quartz.

Garnet porphyroblasts exhibit growth zoning
(Fig. 5) with decreasing spessartine and increas-
ing pyrope and almandine content from core to
rim. Unlike garnet from Garnet Ledge (Stowell
et al. 2001), garnet from Kadin Island does not
have rims of sillimanite and biotite. Lack of
sillimanite and biotite rims and chemical zoning
indicative of growth without obvious re-equili-
bration suggest that there has been little or no
replacement of garnet and/or diffusional changes.
Plagioclase occurs in the matrix as anhedral
grains up to 0.2 mm in maximum dimension.
Anorthite content increases from 0.21 in the
centre to 0.30 at the rims (Table 3c).

95MI102d2 Mitkof Island. This sample is a
pelitic schist from a small blast pit in Gravina
belt rocks on southeastern Mitkof Island
(Fig. 2). The sample was collected from a
contact metamorphic aureole of unknown width
which presumably, like the aureole on Kadin
Island, is superposed onto greenschist facies
regional metamorphic rocks. This rock contains
the assemblage garnet + biotite + staurolite +
sillimanite (fibrolite) + muscovite + plagio-
clase + quartz + graphite. Subhedral garnet
crystals, up to c¢. 10 mm diameter, contain
sparse inclusions that show little or no
alignment (Fig. 4b). However, well developed
foliation outside the contact aureole in rocks
which experienced only lowermost greenschist
facies metamorphism indicate that garnet grew

Fig. 4. Photomicrographs of samples from the Coast mountains, southeastern Alaska. (a) Staurolite replacing
andalusite in sample 95GL11c. (b) Garnet porphyroblast in sample 95MI102d2.
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Fig. 5. Garnet chemistry in samples from the northern Coast Mountains. (a) Backscattered electron image of garnet 1,
95GL11c. Note aligned ilmenite inclusions within garnet. (b) Mn Ko X-ray intensity map of garnet 1, 95GL11c. Note
zoning from high Mn (c¢. 0.22 mole fraction Sps—light grey) in the centre to low (c. 0.15 mole fraction Sps—medium grey)
near rim. (¢) Garnet chemistry along the line A—A’ shown in (a), 95GL11c. (d) Garnet chemistry along a line across

garnet 2, MI02d2.

over a pre-existing foliation. Staurolite is found
as subhedral grains in the matrix and fibrolite
replaces mica; these minerals are interpreted to
have grown late in the metamorphic history.
The peak mineral assemblage is garnet +
biotite + muscovite + staurolite + sillimanite +
plagioclase + quartz.

Garnet porphyroblasts exhibit growth zoning
(Fig. 5¢) with decreasing spessartine, increasing
pyrope and almandine, and near-constant
grossular content from core to rim. The outer
100 pm of garnet crystals show sharp changes
in spessartine, pyrope and grossular content that
probably result from garnet resorption. Garnet
does not have rims of sillimanite and biotite;
however, garnet crystals are somewhat rounded
and locally staurolite may be replacing garnet.
These replacement textures and near-rim
chemical zoning suggest that there has been
some replacement of garnet and/or moderate

diffusional changes. Plagioclase occurs in the
matrix as anhedral to subhedral grains up to c.
0.25 mm in maximum dimension. Anorthite
content increases from 0.21 in the centre to
0.23 at the rims (Table 3c).

North Cascades

96NC67 Heather Lake area. This sample is
pelitic Chiwaukum Schist from between the
Mt Stuart batholith and the Banded Gneiss unit
near Heather Lake (Fig. 3). The rock contains
the assemblage garnet + biotite + sillimanite +
plagioclase + quartz + ilmenite with  minor
muscovite, staurolite and tourmaline. Garnet
porphyroblasts up to 15mm diameter are
euhedral and relatively inclusion-free, with
quartz, plagioclase and staurolite inclusions in
the core. Garnet porphyroblasts have weakly
developed pressure shadows compatible with
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Table 3. Garnet, mica and plagioclase analyses from the northern Coast Mountains and North Cascades

(a) Garnet
95GL11c 95MI02d 96NC67
rim
Rim Core Rim Core
Oxides
Si0, 37.36 36.65 36.69 37.25 36.77
AlL,O3 21.42 21.33 21.11 21.23 21.52
TiO, 0.09 0.13 0.00 0.00 0.01
Cr,0, - - - 0.01 0.01
FeO 28.76 26.57 34.95 33.93 31.21
MgO 2.68 2.07 3.62 4.64 3.79
MnO 7.79 9.42 2.56 0.72 4.50
CaO 2.55 2.54 1.54 1.64 1.55
Total 100.65 98.71 99.20 99.43 99.36
Cations (12 O)
Si 2.987 2.987 2.963 2.986 2.965
Al 2.018 2.049 1.994 2.005 2.045
Ti 0.001 0.002 0.000 0.000 0.001
Cr - - - 0.001 0.000
Fe 1.923 1.811 2.343 2.274 2.104
Mg 0.066 0.252 0.433 0.554 0.456
Mn 0.110 0.650 0.174 0.049 0.307
Ca 0.045 0.222 0.133 0.141 0.134
Total 7.998 7.980 8.006 8.011 8.012
Proportions
Alm 0.64 0.62 0.76 0.75 0.70
Prp 0.11 0.09 0.14 0.18 0.15
Sps 0.18 0.22 0.06 0.02 0.10
Grs 0.07 0.08 0.04 0.05 0.05
(b) Mica
95GL11c 95M102d 96NC67
biotite biotite
Biotite Muscovite
Oxides
Si0, 35.84 44.51 36.04 35.56
TiO, 1.43 0.30 1.81 1.86
Al,O4 21.14 38.73 20.72 21.05
FeO 15.28 0.76 17.56 17.89
MnO 0.08 0.01 0.03 0.02
MgO 10.80 0.45 11.11 10.27
Ca0O 0.06 0.00 0.00 0.07
Na,O 0.50 1.47 0.40 0.27
K,O 8.90 8.80 8.61 8.28
F - - - 0.16
Total 94.04 95.04 96.48 95.43
Cations (11 0)
Si 2.693 2.944 2.670 2.660
Ti 0.081 0.015 0.101 0.105
Al 1.872 3.019 1.809 1.856
Fe 0.960 0.042 1.088 1.119
Mn 0.005 0.000 0.002 0.001
Mg 1.210 0.045 1.228 1.145
Ca 0.005 0.000 0.000 0.006
Na 0.073 0.189 0.057 0.039
K 0.853 0.743 0.813 0.790
F - - - 0.038
Total 7.753 6.997 7.768 7.760
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Table 3. Continued
(¢) Plagioclase
95GL11c¢ 95GL11c¢ 95M102d 95M102d 96NC67 96NC67
rim ave. min An Tim ave. min An rim ave. min An
Oxides
Si0, 60.16 62.53 61.42 62.50 59.67 59.68
Al,O4 25.86 24.74 24.14 24.23 25.89 26.07
FeO 0.21 0.12 0.10 0.02 0.10 0.08
MgO - - 0.00 0.00 0.00 0.00
CaO 5.85 4.32 4.70 4.44 6.53 6.39
Na,O 7.68 8.98 8.68 9.00 7.72 7.79
K,O - - 0.02 0.05 0.07 0.00
Total 99.76 100.69 99.05 100.24 99.98 100.02
FeZO§ 0.23 0.13 0.12 0.02 0.11 0.09
Total 99.78 100.70 99.06 100.24 99.99 100.03
Cations 80
Si 2.676 2.742 2.741 2.756 2.653 2.651
1.355 1.278 1.270 1.259 1.357 1.365
Fe3t* 0.004 0.010 0.009 0.001 0.008 0.006
Mg - - 0.000 0.000 0.000 0.000
Ca 0.279 0.203 0.225 0.210 0.311 0.304
Na 0.662 0.763 0.751 0.770 0.665 0.671
K - - 0.001 0.003 0.004 0.671
Total 4.976 4.996 4.996 5.000 4.999 4.999
Proportions
Ab 0.70 0.79 0.77 0.78 0.68 0.69
An 0.30 0.21 0.23 0.21 0.32 0.31
Ksp - - 0.00 0.00 0.00 0.00

*Ferric iron calculated as 100% of total iron.
*Total oxides with ferric iron.

Alm, almandine; Prp, pyrope; Sps, spessartine; Grs, grossular; Ab, albite; An, anorthite; Ksp, potassium feldspar.

some deformation and foliation development
after garnet growth. These large garnets have
been dated by Sm-Nd isochron analysis
(discussed below). Rare staurolite also occurs in
the matrix as small, anhedral crystals that are
generally lobate in shape. Biotite is moderately
aligned, defining schistosity with abundant
intergrown fibrolite that is tight to isoclinally
folded. Some biotite and fibrolite mats are
oblique to the dominant foliation. Aligned
fibrolite, biotite and muscovite shells locally
wrap around garnet. Muscovite occurs as minor
anhedral grains that are generally aligned with
the dominant foliation. Based on the occurrence
as anhedral grains in the cores of large garnet
crystals and small anhedral grains in the matrix,
staurolite is interpreted to have grown prior to
most if not all garnet and then become unstable
later in the reaction history. Muscovite is inferred
to have grown late in the reaction history (see
pseudosections and P-T~t calculations below).
The peak mineral assemblage is inferred to be
garnet + biotite 4 sillimanite + plagioclase +
quartz.

Garnet porphyroblasts exhibit growth zoning
(Fig. 6) with decreasing spessartine and increas-
ing pyrope and almandine content from core to
rim. Grossular content is relatively constant.
Pyrope content decreases and almandine content
increases slightly at the rim, suggesting a minor
amount of diffusional re-equilibration. Nearby
samples contain the same mineral assemblages
and are texturally similar to 96NC67, but contain
smaller garnets (1-5 mm diameter) and larger
staurolite porphyroblasts that are heavily
embayed and corroded, suggesting staurolite
resorption. Plagioclase occurs in the matrix as
anhedral grains up to 0.15mm in maximum
dimension. No systematic zoning in plagioclase
chemistry is discernible; however, mole fraction
anorthite varies from c¢. 0.31 to 0.33 with an
average near-rim composition of 0.32 (Table 3c).

96NC22a Top Lake area. This sample is a
pelitic schist from the Banded Gneiss unit
collected 2 km east of the orthogneiss body at
Pear Lake (Fig. 3) and about 4 km north of the Mt
Stuart batholith. The sample, which contains
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Fig. 6. Garnet chemistry and zoning for sample 96NC67 from the North Cascades. (a) Ca Ko X-ray intensity map of
garnet 2. Note the lack of appreciable Ca zoning. (b) Mn K X-ray intensity map in garnet 2. Note concentric zoning from
high Mn in the centre (light grey) to low near the rim (medium grey) and staurolite inclusions near the centre. (¢) Mole
fractions of major garnet components along the line A—A’ shown in (b), garnet 2. (d) Concentrations of spessartine,
yttrium, and ytterbium in garnet 1. Significant variations in yttrium are not correlative with spessartine zoning.

numerous quartz veins, has the assemblage
garnet + biotite + sillimanite + plagioclase +
quartz + tourmaline with minor retrograde
chlorite and muscovite. Biotite defines an earlier
poorly developed schistosity and a later weakly
developed oblique fabric. Sillimanite occurs as
coarse prismatic masses and fibrolite within
biotite. Garnet occurs as subhedral porphyro-
blasts up to 9mm in diameter with coarse
sillimanite and quartz inclusions (Fig. 7). The
early biotite schistosity is deflected around garnet
and biotite and fibrolite locally rim garnet,
suggesting partial replacement. Small prismatic
tourmaline crystals are scattered throughout the
sample and constitute more than 1% of the rock.
Local retrograde muscovite and minor chlorite
have near-random orientations. The peak mineral  pjg, 7. Photomicrograph of prismatic sillimanite parily
assemblage is inferred to be garnet + biotite +  adjacent to and included within garnet porphyroblast,
sillimanite + plagioclase + quartz. sample 96NC22a, Top Lake, North Cascades.
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The abundance of tourmaline suggests that this
sample contains significant amounts of boron and
other elements not included in the MnCaNaKF-
MASH system. The abundance of tourmaline
combined with the large volume of quartz veins
may result from metasomatism. This possible
metasomatism and partial replacement of garnet
by sillimanite and biotite complicates any
estimates of peak metamorphic P—T conditions.
Therefore, no P-T path was constructed for
this rock.

Pseudosections and P-T -t calculations

Northern Coast Mountains

An  MnNaCaKFMASH pseudosection for
95GL11c is shown in Figure 8, extending from 1
to 12 kbar and 450 to 700 °C. Plagioclase is stable
over the entire pseudosection. Aluminium silicate
is predicted to be unstable at the aluminium
silicate triple point and andalusite stability is
restricted to a small triangular field above 550 °C
(Fig. 8a). Garnet is predicted to be stable at
temperatures above ¢. 540 °C at 2 to 4 kbar, and at
lower temperatures at higher pressure: 450 °C at
10.2 kbar. The inferred peak mineral assemblage
(garnet + biotite + muscovite + staurolite +
sillimanite + plagioclase + quartz) is predicted
to be stable in a narrow field between 580 and
640 °C at 4.8 to 6.5 kbar. The lowest pressure for
staurolite stability is c. 4 kbar. Temperature and
pressure for biotite stability extend up from below
those temperatures predicted for garnet stability
(Fig. 8a). The biotite mode-zero line extends
from temperatures a few degrees below the
aluminium silicate triple point to 615°C at
10.5 kbar.

X-ray maps and mineral analyses collected
from two garnets exhibit similar zoning, but
garnet 2 exhibited the highest Mn content, and
core isopleths are shown in Figure 8b for this
garnet. Compositional isopleths do not overlap in
one region; however, two closely spaced regions
are formed by overlapping grossular, almandine
and spessartine, and grossular, pyrope and
spessartine compositional isopleths (Fig. 8b).
Both overlaps are in the mineral assemblage field
garnet + chlorite 4+ muscovite + biotite + pla-
gioclase + quartz and lie at 4.1 to 5.5 kbar and
545 to 565 °C. The low temperature end of the
isopleth intersection region lies at temperatures
less than 10 °C above the predicted garnet-in line
(Fig. 8b). This result predicts that garnet would
have grown by chlorite consumption prior to
staurolite growth.

The average P-T mode of THERMOCALC
with five independent reactions produced a result

of 5.7 + 0.6 kbar at 525 + 41 °C (Fig. 8b). This
‘near-peak’ P—T plots on the garnet mode-zero
line between garnet + chlorite + muscovite +
plagioclase + quartz and chlorite + muscovite +
plagioclase 4 quartz assemblage fields on the
pseudosection. The high temperature end of
the uncertainty ellipse is c¢. 1.25 kbar above the
‘peak’ mineral assemblage field at that temperature
and only this high temperature end of the ellipse
has any overlap with the peak assemblage field
temperature range (Fig. 8b). Results for 95GL11c
are compared to thermobarometry for sample
95MI02d from southeastern Mitkof Island and
results from Gamet Ledge (Stowell er al. 2001)
(Fig. 2). Garnet rim—matrix mineral thermo-
barometry for 95MI02d provides an estimate
for the peak metamorphic conditions of 560 +

50 °C (garnet—biotite equilibrium = GABI) and
5.1 £ 1kbar (garnet—sillimanite—plagioclase—
quartz equilibrium = GASP) (Table 4). The
garnet rim-matrix mineral thermobarometry
results for MI0O2d are significantly lower than the
P-T results from Garnet Ledge (c. 6.2 kbar at
680 + 50 °C; Fig. 2).

P-T results for garnet core growth in sample
95GL1l1c plot at temperatures above the alu-
minium silicate triple point about 1 kbar above
the predicted andalusite stability, but below
predicted temperatures for sillimanite stability
(Fig. 8b). The rim pressure estimate for this
sample is higher than the core estimate and rim
temperatures are lower than likely for the peak
mineral assemblage. Assuming very limited
elemental fractionation or change in effective
bulk composition during growth of metamorphic
porphyroblasts, the pseudosection can be used to
predict pressure and temperature from the peak
mineral assemblage (garnet + biotite + musco-
vite + staurolite 4 sillimanite 4+ quartz + pla-
gioclase). Garnet and andalusite porphyroblast
growth might have modified the effective bulk
composition. The garnet mode is ¢. 1% and the
andalusite mode is c. 4%. With the likely
exception of Mn, garnet probably caused very
little elemental fractionation because the mode is
so low. The effect of andalusite growth could be
important, but replacement of andalusite by
staurolite suggests that andalusite was not
entirely removed from the effective bulk
composition. The pseudosection predicts that
the ‘peak’ mineral assemblage, which post-dates
the growth of andalusite, would occur at
temperatures in excess of ¢. 580 °C. However,
although the range of garnet rim P-T results
extend to 570 °C, they (Table 4) plot at pressures
and temperatures above the aluminium silicate
triple point (Fig. 8b) and the pseudosection does
not predict aluminium silicate stability at the low
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a 95GL11c: MnNaCaKFMASH Pseudosection
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Fig. 8. MnNaCaKFMASH pseudosections for sample 95GL11c. Rock composition is given in mole percentage oxides.
Greyscale or patterns indicate variance of the mineral assemblage: light grey, trivariant; stippled, quadravariant; dark
grey, pentavariant; hatched, hexavariant. (a) P-T pseudosection with mineral assemblage fields calculated from bulk rock
composition. (b) P-T pseudosection with garnet core compositional isopleths and ‘near-peak’ metamorphic conditions
calculated from garnet rim—matrix mineral thermobarometry.

temperatures of the rim P-T. Removal of Al
(growth of andalusite) from the effective bulk
composition would shift staurolite and alu-
minium silicate stability to higher temperature
(Tinkham et al. 2001). Therefore, sillimanite and
staurolite growth (and the observed mineral

assemblage) would be predicted at temperatures
higher than 580 °C. Kyanite has been identified
in samples from Kadin Island; however, andalu-
site and sillimanite are the only aluminium
silicate minerals in 95GL11c. The ‘near-peak’
P-T uncertainty ellipse for 95GL11c does not
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Table 4. Garnet rim (‘near-peak’) thermobarometry for the northern Coast Mountains and North Cascades

Sample
thermobarometry

Independent set of reactions for

Cor. &
SigFit*

P, T, & uncertainties

95MI02d Grs + 28il + Qtz = 3An

Phl + Alm = Ann + Prp
Grs + 2Sil + Qtz = 3An
3East + 6Qtz = Prp + Phl 4 2Ms
Phl + East + 6 Qtz = Prp + 2Cel

95GL11c

7Phl + 128il = 5Prp + 3East + 4Ms

Ann + Qtz + 2 Sil = Alm + Ms

96NC67 Grs + 2 Sil + Qtz = 3An

5.1 (1.0), 560 (50)"

0.745, 0.66 5.7 (0.6), 525 (41)

0.760, 0.99 6.0 (1.0), 668 (59)

3East + Prp + 2Grs 4 6Qtz = 6An + 3Phl
3East + Alm + 2Grs + 6Qtz = 6An +

Ann + 2Phl

*Correlation and significance of fit from THERMOCALC in average P-T mode.
Pressures and temperatures calculated from GASP (Koziol & Newton 1988) and GABI (Ferry & Spear 1978), respectively. Activity
models are the same as used for pseudosections and average PT mode in THERMOCALC (see text).

overlap garnet core P-T predictions or the
staurolite and sillimanite stability fields (Fig. 8b).
Therefore, a quantitative P-T path cannot be
inferred by combining garnet core P-T growth
conditions and garnet rim thermobarometry.
However, the predicted garnet core growth P—T
conditions are only compatible with small
(<50 °C and <2 kbar) changes in pressure and
temperature during garnet growth. The lack of
any significant increase in grossular component
in garnet is also compatible with only little or no
pressure increase during garnet growth. If the
Holland & Powell (1998) triple point is correct,
and the pseudosections accurately predict anda-
lusite stability, then there was probably a small
pressure increase because staurolite is only stable
above the andalusite field (Fig. 8). However, as
noted in Tinkham er al. (2001), there may be
problems with pseudosection predictions for
andalusite and staurolite stability.

North Cascades

An MnNaCaKFMASH pseudosection for sample
96NC67 is shown in Figure 9, extending from 1
to 12 kbar and 450 to 700 °C. Unlike 95GL11c
plagioclase is not stable over the entire pseudo-
section. At high pressure, plagioclase becomes
unstable, where it is replaced by paragonite +
zoisite. Aluminium silicate is predicted to be
unstable at the aluminium silicate triple point.
However, garnet is predicted to be stable at the
triple point and is stabilized to lower tempera-
tures with increasing pressure: less than 450 °C
at more than c. 9.5 kbar. The inferred peak mine-
ral assemblage (garnet 4 biotite + sillimanite +
plagioclase + quartz) is predicted to be stable at
temperatures above c. 615 to 630 °C at 5.3 to

7.8 kbar. The lowest pressure for staurolite
stability is 3.8 kbar. The biotite-in zero-mode
line is shifted to higher temperatures compared to
the pseudosection for 95GL11c. Biotite is only
stable above the aluminium silicate triple point
where garnet is stable.

The X-ray maps and quantitative mineral
analyses collected from two garnets indicate
similar zoning, but garnet 2 exhibited the highest
Mn content, and core isopleths are shown in
Figure 9b for this garnet. The isopleths barely
overlap at the sillimanite zero-mode line in the
mineral assemblage field garnet + biotite +
staurolite + sillimanite + plagioclase + quartz
at 4.8 kbar and 593 °C. Uncertainties in the
garnet composition isopleths yield a range from
560 to 605 °C and 3.3 to 6.3 kbar. The isopleth
intersection occurs at temperatures well above
the predicted garnet-in line. However, this result
agrees remarkably well with a staurolite
inclusion observed in the high-Mn core of
garnet 2, suggesting the predicted core P-T is
quite reasonable. These predictions suggest that
garnet grew as a result of biotite and later
staurolite consumption.

Garnet exhibits minor decreases in pyrope and
increases in spessartine near the rim (Fig. 6). This
zoning probably results from a minor
amount of garnet resorption and/or diffusional
modification. In this interpretation, the
peak garnet composition is no longer present
and garnet compositions ¢. 50 pm from the rim
of garmnet crystals were chosen as close
approximations and used for thermobarometry.
The average P—T mode of THERMOCALC with
three independent reactions produced a result of
6 + 1kbar and 668 + 59 °C (Fig. 9b). This
‘near-peak’ P—T plots in the garnet + biotite +
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a 96NC67: MnNaCaKFMASH Pseudosection
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Fig. 9. MnNaCaKFMASH pseudosections for sample 96NC67. Rock composition is given in mole percentage oxides.
Greyscale or patterns indicate variance of the mineral assemblage: light grey, trivariant; stippled, quadravariant; dark
grey, pentavariant; hatched, hexavariant. (a) P-T pseudosection with mineral assemblage fields calculated from bulk rock
composition. (b) P-T pseudosection with finite P-T path from vector between P—T estimates for garnet core growth,
calculated from intersection of garnet core composition isopleths, and ‘near-peak’ metamorphic conditions calculated

from garnet rim—matrix mineral thermobarometry.

sillimanite 4 plagioclase + quartz assemblage
field on the pseudosection, which is interpreted
as the peak metamorphic assemblage observed in
the rock.

Garnet rim-matrix mineral thermobarometry
indicates metamorphic pressuresof ¢. 5.1 + 1 kbar

near the northwestern margin of the Mt Stuart
batholith (Tinkham 2002), consistent with
previous thermobarometry studies (Brown &
Walker 1993; Paterson et al. 1994; Evans &
Davidson 1999). P—T results for sample 96NC67
plot in the sillimanite field, compatible with
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sillimanite as the stable aluminium silicate in this
sample. The peak pressure for 96NC67 is 1 to
1.5 kbar higher than that calculated for samples
adjacent to the batholith. For sample 96NC67, a
straight line from the garnet core P-T result to
the ‘near-peak’ thermobarometric result is a
vector that suggests a pressure and temperature
increase of <1.2 kbar and 75 °C, respectively.

Garnet Sm—-Nd geochronology

Northern Coast Mountains

Stowell et al. (2001) presented garnet Sm—Nd
isotope geochronology and a quantitative P—T—t
path for contact metamorphic rocks from Garnet
Ledge, Alaska (Fig. 2). The garnet growth P-T
path and Sm—Nd isochrons for core, mid-point,
and rim garnet segments from the pelitic schist
indicate that garnet growth was isobaric over c.
2.3 Ma and 70 °C. Comparison of the garnet ages
of 89.9 + 3.6 Ma (core) and 89 + 1 Ma (rim)
with a zircon U-Pb age 0of 91.6 + 0.5 Ma for the
pluton at Garmnet Ledge indicates that garnet
growth was likely a direct result of contact
metamorphism. Given the proximity of samples
from Kadin and Mitkof Islands, the possible
continuity and likely correlation of plutonic rocks
between these localities, and the narrow contact
metamorphic aureoles on Kadin and Mitkof
Island, it is inferred that garnet growth on these
islands resulted from contact metamorphism at
about the same time as garnet growth at Garnet
Ledge.

North Cascades

96NC67. The isochron for this sample was
constructed with two garnet rim, one garnet core,

0.5160
a
Grt Rim '99
- 05150
=z Grt Rim '01
<
3
~ 0.5140
o
4
[
<
T 05130
.
&icooco  86.110.6Ma
WR. '97 and '00
0.5120
0 2 4

147’Sm /144Nd

and two whole-rock fractions. All of the three
garnet fractions were obtained from a single c.
15 mm crystal. The garnet core fraction was
obtained by diamond drilling a slice through the
geometric core or centre of the crystal, and
represents approximately 25% of the crystal
volume. The concentric Mn zoning, and
occurrence of the highest Mn content in the
centre of two other large garnets from this
sample, support the interpretation that the
geometric core of the garnet dated isotopically
also represents the growth core. The sampled
garnet is relatively inclusion-free; however,
garnet fragments free of visible inclusions were
hand-picked in alcohol. A five-point isochron
(Fig. 10) yields an age of 86.1 + 0.6 Ma. The
five garnet fractions on the isochron were
analysed over a period of four years on the VG
Sector 54 mass spectrometer at the University of
North Carolina at Chapel Hill. One of the whole-
rock analyses (W.R. 97) was obtained by Chace
et al. (1998); however, all other isotope analyses
were acquired during this study. The large spread
in "¥7Sm/"*Nd and good isochron fit result in a
very small uncertainty of 0.6 Ma. In spite of the
very good isochron fit (mean square of weighted
deviations (MSWD) = 0.55), there are signifi-
cant differences in the '*’Sm/'**Nd ratio
between the two rim fractions and the core and
rim fractions (Fig. 10). All of these fractions have
Sm concentrations between 1.84 and 2.86 ppm,
and Nd concentrations between 0.22 and
2.61 ppm (Table 4). The large '*’Sm/'*Nd
variations between garnet fractions, low concen-
trations of Sm and Nd in garnet, and the very
good isochron fit may result from clean garnet
fractions with variable REE signatures or
inclusions that fortuitously have Nd isotopic
ratios that reflect a thermal history identical to

0.5148

0.5144 Multi-Grt
0.5140
0.5136
0.5132

861 Ma
0.5128

WR. & Mtx.
1 2 3 4
147Sm /144Nd

0.5124
0

Fig. 10. Garnet—rock Sm—Nd isochrons for Chiwaukum Schist and Banded Gneiss samples North Cascades,
Washington. Isotope data are presented in Table 5. (a) Five-point isochron for 96NC67 from near Heather Lake
(MSWD = 0.55). (b) Three-point isochron for 96NC22a from near Top Lake (MSWD = 1.8).
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that of the host garnet. Yttrium and Yb
concentrations across the garnet crystal (Fig. 6d)
are low and variable. These data, obtained by
electron probe analysis, range down to the
detection limits, but the complicated variability
is in agreement with laser ablation inductively
coupled mass spectrometric analyses reported in
Magloughlin & Koenig (2002) for garnets from
the Heather Lake area. Therefore, the thermal
ionization mass spectrometry (TIMS) results are
inferred to reflect variability in the REE garnet
concentrations. The core garnet REE concen-
trations are the highest and the '*’Sm/!**Nd ratio
the lowest of the garnet samples; therefore,
interpretation of its age by comparison to the rim
ages is ambiguous. However, the '*’Sm/'*Nd
values of >4.0 in the garnet rim fractions are
most compatible with clean separates that reflect
variation in garnet REE composition.

The five-point isochron age for 96NC67 is
interpreted to represent the timing of garnet
growth metamorphism. The very good isochron
fit including both garnet core and rim fractions
suggests that this garnet did not experience a
polymetamorphic growth history and probably
grew over a <2 Ma interval. The garnet age is
significantly younger than the zircon U-Pb age
of 93.5 + 1.4 Ma (Tinkham 2002) estimated for
the nearby Mt Stuart batholith. One-dimensional
thermal modelling, assuming a geometry which
would maximize heating of the adjacent
metamorphic rocks, suggests that the >5.1 Ma
difference is incompatible with delayed heating
resulting from contact metamorphism associated
with intrusion of the Mt Stuart batholith
(Tinkham 2002). Therefore, the best explanation
for 86 Ma garnet growth is later regional
metamorphism.

96NC22a. Several whole 3-5mm diameter
garnet crystals were crushed and combined prior
to hand-picking for fragments free of visible
inclusions. The whole-rock and matrix isotope
compositions are not significantly different from
one another (Table 5). Moderately high garnet
1478m/ !4Nd and low Sm and Nd concentrations
(1.20 and 0.23 ppm, respectively) and
"7Sm/'"*Nd values of >3.1 in the garnet
fraction are most compatible with clean separ-
ates, and suggest that any REE-bearing
inclusions are not significantly affecting the
measured isotopic composition. A three-point
garnet—whole rock—matrix isochron (Fig. 10)
yields an age of 86 + 1 Ma (MSWD = 1.8), and
is interpreted to represent the timing of garnet
growth metamorphism.

The garnet age is indistinguishable from the
age calculated for sample 96NC67. Garnet

Table 5. Samarium and neodymium isotope analyses and garnet growth ages for North Cascades samples

[Sm] ppm [Nd] ppm 147Sm/”"“Nd 3Nd / 144Ng 2 s.d. Age Location
(Ma) Lat./Long.

(&)

Mass

Sample

47.8862/

121.1400

86 + 1

96NC22A

0.000017
0.000015
0.000016

0.514367
0.512679
0.512663

3.162500
0.142574
0.141544

0.23
11.63
12.60

1.20
2.74
2.94

0.09878
0.17407
0.14908

Grt*
Whole rock
Matrix

86.1 + 0.6

96NC67

47.8615/

121.1050

0.000016
0.000020
0.000020
0.000015
0.000019

0.512443
0.512450
0.515324
0.514737
0.512754

0.125021
0.138141
5.221643
4.207960
0.663857

18.62
022
0.27
2.61

22.13

4.56
4.24
1.89
1.84
2.86

0.19075
0.21980
0.09265
0.05633
0.04710

Whole rock-977
Whole rock-01

Grt rim-99
Grt core-00*

Grt rim-01P

garnet crystals.

*Hand-picked multiple whole

Chace et al. (1998).

*Inner 3 mm taken from the centre of a c. 10 mm diameter garnet crystal.
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growth in this sample, 4 km from the Mt Stuart
batholith and 2km from the Pear Lake
orthogneiss, is unlikely to result from intrusion
of the batholith or Pear Lake body (Tinkham
2002). However, the sample was collected from
within the Banded Gneiss which contains
numerous intrusive sills. The age of the Pear
Lake and Banded Gneiss intrusive bodies is
unknown. Therefore, 86 Ma garnet growth in
96NC22a may have resulted from Mj; regional
metamorphism and/or heating from intrusions in
the Banded Gneiss.

Discussion

General methods

Garnet growth P—T paths, for two samples, were
derived from garnet core P-T estimates from
pseudosection analysis and garnet rim ther-
mobarometry P-T estimates. In the case of
95GL11c, the garnet core and rim P-T estimates
overlap; however, garnet core and rim P-T
estimates for 96NC67 are distinct. A P-T path
for sampie 96NC67 was approximated by a
straight line from the garnet core to the garnet rim
P-T conditions. Although this simplified path
reflects neither each increment of, nor the precise
curvature of, the rock’s P—T path, it is taken here
as the finite path. The rather consistent trends and
lack of major breaks in garnet zoning profiles
exhibited by the samples studied here suggest
that these samples are unlikely to have
experienced complex P—T paths. However, they
could have experienced a path with moderate
curvature between the two calculated points.
Garnet in sample 95GL11c from the northern
Coast Mountains grew as a result of heating from
the nearby quartz diorite pluton. The age of the
intrusive rock on Kadin Island is not known
directly, but the rocks and age are likely to
correlate with the pluton at Garnet Ledge. If so,
then the age would be 91.6 + 0.5 Ma (Stowell
et al. 2001). The less than 10 m width of the
aureole is compatible with rapid heating and
cooling for 95GL11c¢; therefore, large changes in
pressure are unlikely because of the inferred short
duration of the thermal event. Garnet in sample
96NC67 from the North Cascades is interpreted
to have grown as a result of regional heating c.
5.1 Ma after intrusion of the c. 93.5 + 1.4 Ma
Mt Stuart batholith. Although the data permit
convex up or down curvature for the metamor-
phic path, consideration of thermal relaxation
models for loading and garnet mode lines
calculated for the pseudosections suggest that
heating post-dated peak pressure. Therefore, a
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near-linear or slight to moderate clockwise cur-
vature is most likely.

Pseudosection peak metamorphic mineral
assemblage fields that include garnet provide an
alternative to rim thermobarometry for estimat-
ing the final garnet growth pressure and
temperature conditions. In some pseudosections,
the assemblage fields provide a fairly precise
estimate and in others the field covers a large
region of pressure and temperature. Peak mineral
assemblage fields in the pseudosection for
sample 96NC67 cover a wide range of P-T
space (Fig. 9). However, the peak metamorphic
mineral assemblage field in the 95GL1l1c
pseudosection is small (Fig. 8) and the lower
temperature limit of this field is ¢. 20 °C above
the core P-T estimate and 60 °C above the
rim thermobarometry estimate (Fig. 8). There-
fore, this field could provide a precise estimate
for peak P—T conditions. Unfortunately, quanti-
tative use of this field for a P-T estimate is
problematic because the pseudosection was
calculated for the bulk rock composition and
this could be significantly different from the
effective composition for rim growth (e.g. Vance
& Mahar 1998). The effective bulk composition
of 95GL11c may not have changed much as a
result of porphyroblast growth (see above).
However, quantitative use of peak mineral
assemblage fields in P-T-t paths requires
modelling the change in composition resulting
from zoned mineral growth and quantification of
P-T shifts in mineral stability.

Garnet growth temperatures and pressures
calculated for garnet core compositional iso-
pleths plot c¢. 10-25 and 80 °C above the garnet-
in (mode-zero) lines for samples 95GL11c and
96NC67, respectively. This discrepancy, noted
by others (Vance & Mahar 1998; Stowell et al.
2001; Tinkham, 2002), may result from reaction
overstepping, a reaction history that causes garnet
growth more than once, and / or inadequacies in
the pseudosection modelling. Initial garnet
growth conditions may be influenced by
heating/cooling rates or fluid compositions
(e.g. Burton & O’Nions 1991). Reaction over-
stepping would probably be pronounced in
contact metamorphic aureoles (Stowell et al.
2001) where heating would be rapid and the
duration of metamorphism limited. However, the
greatest temperature discrepancy determined in
this study is for sample 96NC67 in which garnet
is most likely to have grown as a result of
regional metamorphism. Presumably, heating
rates and duration of the thermal event would
minimize reaction overstepping and favour
complete equilibration. Therefore, these tem-
perature discrepancies may not be attributable to
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reaction overstepping, but instead may result
from other factors. Staurolite inclusions in the
core of garnet and the predicted garnet core P-T
near the high temperature limit of staurolite
stability, suggest that the analysed garnet
nucleated after the rock passed into the staurolite
stability field along a prograde P-T path.
Therefore, garnet discussed here may have
grown by consumption of staurolite late in the
prograde history.

Sm-Nd garnet ages have proved useful for
calculating metamorphic ages in a wide variety of
geological settings. However, numerous studies
have highlighted potential problems with REE-
bearing mineral inclusions in garnet. In addition,
the reactions that control incorporation of REE
into garnet and the resulting distribution of these
elements in the crystals are not well understood
(e.g. Lanzirotti 1995; Hickmott & Shimizu 1990;
Stowell et al. 1996). Absolute REE concen-
trations and '*’Sm/"**Nd ratios aid in evaluation
of the garnet isotopic data. Absolute concen-
trations of Sm and Nd in garnet, determined by
TIMS, can be compared to concentrations
determined by in-situ techniques, e.g. laser
ablation—inductively coupled plasma mass spec-
trometry (LA-ICPMS; Prince et al. 2000).
Magloughlin & Koenig (2002) presented REE
concentrations for garnet from the Heather Lake
area in the North Cascades. TIMS analyses,
presented here (Table 5), compare favourably
with those in Magloughlin & Koenig (2002) in
terms of absolute concentrations of Sm and Nd. In
addition, TIMS *’Sm/'**Nd ratios fall within
the values determined by LA-ICPMS (Table 5).
Therefore, garnet separates are inferred to be
effectively free of REE-bearing inclusions and
the results from TIMS analyses are inferred to be
reasonable approximations for garnet concen-
trations and isotopic ratios.

Sm-Nd garnet—rock ages are consistent
between the two North Cascades samples in
this study (Table 5), and between those in this
study and additional garnet ages presented in
Tinkham (2002). The garnet ages have uncer-
tainties of <1 Ma; therefore, data presented here
confirm results of other studies (e.g. Vance &
O’Nions 1990; Thoni & Miller 1996; Vance &
Harris 1999; Stowell et al. 2001) that very high
precision garnet Sm—Nd ages can be obtained
from garnets with minimal inclusions and grain
sizes greater than ¢. 5 mm.

Tectonic implications

Metamorphic rocks along the west flank of the
Coast Plutonic Complex in the Coast Mountains
and southern end of the Coast Plutonic Complex

in the North Cascades preserve a similar history
of medium- to high-pressure metamorphism
during and/or directly after ¢. 90 Ma plutonism.
This record is preserved in mineral replacement
textures of kyanite replacing and/or post-dating
earlier andalusite locally, and in the chemistry of
regional metamorphic garnet and other minerals
that indicate pressures in excess of the aluminium
silicate triple point.

Andalusite-bearing  contact  metamorphic
rocks, with complex aluminium silicate textures
(sillimanite after andalusite or kyanite after
andalusite), near the mouth of the Stikine River
experienced peak metamorphic pressures that
were likely c¢. 1 kbar above the pressure of the
aluminium silicate triple point. Any changes in
pressure during metamorphism must have
occurred quickly during pluton emplacement

“and cooling because contact metamorphic

aureoles are narrow and rocks outside the aureole
only reached prehnite—pumpellyite to lower
greenschist facies (Douglass & Brew 1985).
Similar aluminium silicate replacement textures
in the North Cascades apparently resulted from
overprinting of regional metamorphism on to
contact metamorphic rocks. Calculated meta-
morphic pressures increase from Mitkof Island
(5.1 &+ 1 kbar) to Kadin Island (5.5 + 1 kbar) to
Garnet Ledge (6.1 + 1kbar) suggesting a
gradual gradient across the western metamorphic
belt from west to east. However, all of these
metamorphic pressures are 4 to 5 kbar lower than
those calculated for samples between Garnet
Ledge and the Coast shear zone and Coast
Plutonic Complex sill plutons to the NE
(McClelland et al. 1991) (Fig. 2). This steep
‘gradient’ in pressure probably reflects the
overprint of younger M;—M, metamorphism
that occurred in response to crustal thickening
and pluton emplacement, respectively (Stowell
& Goldberg 1997; Stowell & Crawford 2000).
Significant vertical fault offsets are not likely
between the Mitkof, Kadin and Garnet Ledge
localities; however, large displacements are
permissible across faults (e.g. Coast shear zone;
Fig. 2) between Garnet Ledge and the Coast
Plutonic Complex sill (McClelland et al. 1991;
Stowell & Crawford 2000).

Quantitative metamorphic P-T—t paths for
the North Cascades indicate that regional
metamorphism post-dated emplacement of the
Mt Stuart batholith and show that garnet growth
largely or entirely post-dates loading. P-T
conditions calculated from thermobarometry
and phase equilibria modelling for garnet core
growth place constraints on the garnet growth P—
T paths adjacent to the NE margin of the Mt
Stuart batholith. Previous studies suggest a
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pressure increase of up to 4 kbar during garnet
growth on the NE side of the Mt Stuart batholith
(Brown & Walker 1993; Paterson et al. 1994).
These estimates were calculated from garnet
exhibiting chemical zoning in the grossular
component. Lack of grossular zoning in
96NC67 led Chace er al. (1998) to conclude
that this sample did not experience a pressure
increase during growth; however, P-T con-
ditions of garnet core growth were not estimated.
The magnitude of pressure increase during garnet
growth calculated in this study is c. 1.2 kbar, the
difference between calculated garnet core and
garnet rim pressures. Considering a 1 kbar
uncertainty on rim and core pressure estimates,
no loading is discernible. However, the slope of
garnet mode lines in the P-T space of interest
indicates that a minor pressure increase is
required during heating in order for the garnet
mode to remain constant during heating. There-
fore, our modelling suggests that 96NC67
experienced a minor pressure increase during
garnet growth. Staurolite in the core of garnet
from 96NC67, and staurolite and fibrolite in the
core of a nearby sample (Tinkham 2002), suggest
that garnet growth in these samples occurred at
temperatures above the lower limit of staurolite
stability. Also, similarities in the garnet zoning
profiles and mineral assemblages between
96NC67 and two nearby samples (Tinkham
2002) indicate that much of the garnet growth
occurred during a similar P-T history to that
inferred from 96NC67. The garnet Sm—Nd age
from sample 96NC67 is therefore dating post-
staurolite zone M3 metamorphism, and limits the
initiation of crustal loading to >86.1 + 0.6 Ma,
and the initiation of exhumation to
<86.1 + 0.6 Ma. The ¢. 86 Ma garnet growth
ages for samples 96NC67 and 96NC22a to the
NW in the Banded Gneiss, suggest that garnet
growth 1.9 to 4.2 km from the Mt Stuart batholith
is regional in nature and consistently 86 Ma.

Mt Stuart batholith emplacement pressures
are estimated at <3.8 kbar (Evans & Berti 1986;
Paterson et al. 1994; Ague & Brandon 1996;
Evans & Davidson 1999). Assuming that there
are no significant structural discontinuities
between the Mt Stuart batholith and sample
96NC67, there must have been a c. 1.8 kbar
pressure increase and growth of staurolite before
growth of much garnet. The absolute magnitude
of crustal loading is admittedly uncertain due to
uncertainty on emplacement depth of the Mt
Stuart batholith and the calculated garnet core
P-T conditions. Zircon U-Pb ages for the entire
batholith range from c. 93 to 96 Ma (Tabor ef al.
1987; Paterson et al. 1994); however, a recent
zircon U—Pb age indicates that the northwestern

segment of the batholith has an age of
93.5 + 1.4 (Tinkham 2002). This age, the
96NC67 garnet growth age, and their 2o
uncertainties constrain initial crustal loading at
the northern margin of the Mt Stuart batholith to
the interval 94.9 to 85.5 Ma.

Previous studies and the combined U-Pb,
Sm-Nd, thermobarometry and pseudosection
modelling results, allow construction of a detailed
thermal history for the northernmost margin of
the Mt Stuart batholith. This portion of the Mt
Stuart batholith was emplaced at low pressures
(below the aluminium silicate triple point) at
approximately 93.5 Ma. Crustal loading in this
region began sometime after the latest stages of
pluton emplacement and before 86.1 + 0.6 Ma
(garnet Sm—Nd, sample 96NC67). The majority
of garnet growth in the Heather Lake area is
interpreted to have occurred between 88 and
86 Ma (Tinkham 2002) during a small amount of
crustal loading. These ages are likely to date the
highest temperature portion of a clockwise P-T
path, although the exact shape of the pre-garnet
growth path is not constrained.

The P-T—t path determined for the Heather
Lake area is significantly different than previous
P-T-t paths inferred for the Nason terrane. Prior
researchers have utilized kyanite after andalusite
replacement textures, calcium zoning in Chiwau-
kum Schist garnet and thermobarometry, and
cryptic metamorphism to infer a >2 kbar pressure
increase prior to or during M3 metamorphism
along the northern margin of the Mt Stuart
batholith (Brown & Walker 1993; Evans &
Davidson 1999; Whitney et al. 1999). For
example, increased calcium concentrations from
the core to the rim of garnet from about 25 km SE
of Heather Lake was interpreted to result from
garnet growth during a pressure increase (Brown
& Walker 1993). In contrast, garnet from the
Heather Lake area does not have increased
calcium concentrations near the rim and the P—
T-t path requires that M; garnet grew after
pressures were above the aluminium silicate
triple point (Fig. 9). Therefore, andalusite in
the Mt Stuart batholith contact aureole must have
grown prior to garnet from the Heather Lake area
and loading must post-date contact metamorph-
ism and predate growth of large near-inclusion-
free garnet porphyroblasts. Additional data are
needed to determine if garnet growth histories are
similar to the SE along the edge of the Mt Stuart
batholith. A biotite K—Ar age of c¢. 81 Ma
(Engels et al. 1976) 7-8 km SE along strike, and
hornblende and biotite “°Ar/*’Ar ages ranging
from 78 to 85 Ma (Davidson, unpublished) from
6—8 km NE and NW indicate that cooling after
86 Ma garnet growth must have been rapid. This
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rapid cooling probably occurred during post-
86 Ma decompression (Whitney er al. 1999).
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Appendix: Mineral end-members
considered in phase equilibria modelling

Andalusite
H,0
Kyanite
Quartz
Sillimanite
Zoisite

Alkali feldspar
Albite
Sanidine

Biotite
Annite
Eastonite
Mn-biotite
Ordered-biotite
Phlogopite

Chlorite
Al-free chlorite
Amesite
Chlinochlore
Daphnite
Mn-chlorite

Chloritoid
Fe-chloritoid
Mg-chloritoid
Mn-chloritoid

Cordierite
Fe-cordierite
Hydrous-cordierite
Mg-cordierite
Mn-cordierite

H. H. STOWELL & D. K. TINKHAM

Garnet
Almandine
Grossular
Pyrope
Spessartine

K-rich white mica
Celadonite
Fe-celadonite
Muscovite
Paragonite

Na-rich white mica
Margarite
Paragonite

Plagioclase
Albite
Anorthite

Staurolite
Fe-staurolite
Mg-staurolite
Mn-staurolite
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