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THE WHITNEY COVE PLUTON 9

are characteristic in the cores of allanite compared to
lower phosphorus in the rims (table 2). Sphene occurs as
large primary grains (up to 4 mm) and as a product of
biotite breakdown. No clear and consistent trend exists
in the abundance or in the mineral chemistry of any ac-
cessory phase across the Whitney Cove pluton (table 2).

Magnetite and ilmenite form subhedral grains within
biotite, plagioclase, and allanite. Intergrowths between
biotite and magnetite are also common as are the
anhedral concentrations of magnetite along Dbiotite
lamellae. Magnetite abundances show no trend across
the pluton, and compositionally they contain less than 1
weight percent TiO, (table 3). Rounded pyrite grains are
found preferentially within magnetite grains. Granular
ilmenite forms individual grains, coexists with magne-
tite, and also forms domains (Buddington and Lindsley,
1964) within it. Reequilibration of ilmenite at low
temperature (Czamanske and Mihalik, 1972) is indi-
cated by its manganiferous compositions (3.0 to 13.0
weight percent) (table 4). A trend is evident toward
lower manganese in ilmenites of the rim facies of the
pluton.

BIOTITE

Comparison of the chemical composition of biotite
from the core and rim facies of the Whitney Cove pluton
suggests that important contrasts exist within the
granite (table 5). Biotite from the core facies is for the
most part lower in the ratio of Fe/(Fe+Mg) (0.48-0.58)
compared to the rim facies (0.52-0.71) (fig. 7; table 5).
The total Fe content of biotite from core to rim facies is
positively correlated with SiO, content of the rock (fig.
8). The core facies generally contains biotites with the
lowest manganese content (fig. 7; table 5). Results indi-
cate that despite the absence of a strong gradient in
abundance of biotite from rim to core facies, biotite
shows compositional zoning in Fe/(Fe+Mg) ratios
which readily facilitates distinguishing between the
marginal and the interior portions of the pluton (fig. 7;
table 5).

The expected enrichment of titanium in early biotite
and its correlation with higher phlogopite content
(Robert, 1976; Czamanske and Wones, 1973) is not well
developed in the Whitney Cove pluton (fig. 7). Biotites
in the core facies contain about 0.19 to 0.23 Ti (atoms
per 11 oxygens) and overlap with the range of 0.18 to
0.23 found in the rim facies (fig. 7; table 5). Corrosion
and resorption of titanium-rich biotite suggest that
early-crystallized biotites partially equilibrated with
more felsic melt. The dispersal of titanium content is
also evident in figure 8, where biotite composition is
plotted against the silica content of the rock. Despite
the clear distinction in the two facies for SiQO,, biotites

have similar titanium abundance and show no progres-
sive or systematic gradient from the margin toward the
interior rocks (table 5).
Biotite from the Whitney Cove pluton shows no direct
correlation between titanium and the silicon content
(fig. 8) or between titanium and the mole fraction of iron
in the octahedral layer (fig. 9). Similarly, no direct corre-
lation exists between titanium content and the total
abundance of the octahedral cations. However, the
value for Fe/3 increases as a function of titanium within
individual facies. Thus, biotite from the core facies has
lower values for Fe/3 than those of the rim facies. At a
given value of titanium, biotites from the core facies
tend to be lower in Fe/3. (fig. 9).
Aluminum in octahedral coordination (AlYY) is charac-
teristically widely dispersed with increasing
Fe/(Fe+Mg) ratios (fig. 7). Both the core and rim facies
display a great deal of compositional scatter for Al'! as
well as for aluminum in tetrahedral coordination (A1)
(fig. 7). A1V, however, suggests a general increase as a
function of the Fe/(Fe+Mg) ratio, so that higher Al'Y
values for the rim facies in some cases are correlated
with higher Fe/(Fe+Mg) ratios. The wide range in AlV!
content and in the Fe/(Fe+Mg) ratios in the Whitney
Cove pluton suggests that these biotites record dif-
ferent conditions during their crystallization. In figure
10, the biotites from the core facies with the lowest
Fe/(Fe+Mg) ratios tend to have higher abundance of
AI'T and coexist with the most calcic plagioclase. No
correlations are evident between total aluminum and
the alkali content of biotite in the pluton or between the
sum of AlV! and Ti with the ratio of Fe/(Fe+Mg). Total
aluminum, AP, and Al'! in these biotites also lack
meaningful correlations with the silica content of the
rock.
Results for other constituents in biotites from the
Whitney Cove pluton are summarized as follows:
¢ The iron content and the Fe/(Fe+Mg) ratio of biotite
show the only systematic changes within the
pluton. The iron content is directly related to the
silica content of the rock (fig. 8). Higher iron in
biotite is evident in rocks from the rim facies (table
5). Czamanske and others (1981) found decreasing
or constant Fe/(Fe+Mg) ratios with increasing
Si0, of the magnetite series granites in the Japan-
ese batholith. According to Czamanske and others
(1981), oxidation during magmatic differentiation
resulted in such a trend. The generally decreasing
Fe/(Fe+Mg) ratio in biotite toward the interior of
the Whitney Cove pluton is generally correlated
with decreasing SiO, of the rock (fig. 8), and thus
suggests that oxidation during differentiation can-
not account for the change in Fe/(Fe+Mg) ratios of
the biotites.

e The potassium abundance in biotite shows no gra-
dient between the core and rim facies (fig. 8).
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TABLE 2.—Representative electron microprobe analyses of allanite,

[Values are weight percent. Total iron as FeQ; for allanite, cols. 1-3 are from the Passadumkeag River pluton; cols. 4 and 5 are from the Whitney Cove pluton; for apatite, cols. 6-15 are

Column 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Mineral R Allanite | Apatite
Sample number 24C 25C 88R 49C 93R 20C 25C 29C 75C 89C 105C 10R 12R 2TR
SiO, 28.82 25,56 22.32 31.37 29.87 0.18 0.79 0.88 0.35 1.00 0.55 0.47 1.08 0.47
TiO, 3.39 3.68 5.09 2.62 2.40 .06 12 .06 .06 .00 .04 .00 .10 .07
ALO; ————————mmme - 16.98 1248 1508 1252 11.27 .00 .00 .00 .00 .00 .00 .00 .00 .01
FeO 16.21 1451 2499 18.03 16.96 .50 .75 .61 .38 97 24 .64 .66 .26
MnO0 - .33 44 .25 .43 45 .08 .09 .10 12 .20 .09 17 13 12
MgO -~ 58 .50 .25 92 1.31 11 12 14 .04 10 12 .08 11 12
Ca0 5.97 5.94 3.31 5.83 852 5416 53.18 53.58 54.17 5250 53.86 5527 54.22 54.73
Na0 - A2 24 44 07 .10 .00 .00 .00 .00 .00 .00 .00 .00 .00
K0 .04 .07 .10 .03 .06 .10 14 .08 .09 .00 07 .00 17 .05
BaO .06 13 .00 .06 .00 .00 .08 .00 .03 .00 13 .06 07 13
PO, .53 60 .00 .06 .00 40.66 40.09 4028 3958 4114 40.25 3896 4023 39.68
SrO ——— - .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
F 43 .49 .00 27 .00 4.03 4.44 3.72 441 3.70 4.42 3.63 3.45 4.21
Cl .02 .08 .00 .03 .00 .00 .01 .01 01 .04 .01 .02 .00 .00
Total --~~—~~~-~—- 7348 64.72 71.83 7226 7094 99.88 9981 9946 99.24 9965 99.78 99.30 100.22 99.85

e Manganese contents in biotites show a scattered but
broadly increasing trend toward higher Mn con-
tent with increasing Fe/(Fe+Mg) (fig. 7); however,
there is significant scatter for the felsic rim facies.

¢ Although fluorine is always present in biotite, it
shows no obvious trend when plotted against the
Fe/(Fe+Mg) ratio or the silica content of the rock
(not shown).

* Sodium, chlorine, phosphorus, barium, and stron-
tium in biotite show no gradients across the plu-
ton. Generally, these elements fall below the micro-
probe detectability limit, or they exhibit random
variations (table 5).

PLAGIOCLASE

Plagioclase was the first feldspar to crystallize in the
Whitney Cove pluton. Several petrographic types are
evident including plagioclase (1) as phenocrysts, (2) in
the groundmass, (3) in clusters with biotite, and (4) con-
centrated along the edges of other felsic minerals.

Phenocrysts have distinct textures (kind and number
of inclusions, associated contiguous mineralogy, resorp-
tion features), and optical characteristics (zoning, twin-
ning), even though they show the same range in compo-
sition. At least two groups of phenocrysts are present.
One group has a mottled appearance (‘“‘restite’” accord-
ing to White and Chappell, 1977), is characteristically
blotchy in extinction, and consists of cores enclosing
many inclusions with thin, optically continuous rims.

These phenocrysts are generally associated with clus-
ters of biotite and contrast with the other phenocryst
group which is distributed throughout the rock, has a
more regular optical and chemical zoning, has wider
rims, and tends to show more euhedral habits. A gra-
dient exists toward calcicrich plagioclase from rim
(Any) to core (Any;) facies of the Whitney Cove pluton.
The composition of plagioclase (table 6) across the plu-
ton (fig. 10) agrees with the core to rim facies zoning
suggested by the composition of biotite (table 5).

In general, phenocryst cores and mottled plagioclase
grains overlap in composition and are distinctly more
calcic than plagioclase in the matrix. Within any single
specimen, however, average core compositions of the
two textural types may differ by up to 10 mol percent
anorthite. Inclusions of plagioclase in alkali feldspar are
typically at least as calcic as the phenocryst cores, ex-
hibit similar compositional ranges, and are character-
istically rimmed by a band of sodic plagioclase. The
most calcic grains are sometimes found as inclusions in
other phases. They differ by about 3-5 mol percent
anorthite from the most calcic phenocryst cores of near-
by rocks.

Plagioclase cores are slightly zoned. Most zoning
trends are in the normal fashion with a progressive de-
crease in calcium from core to rim generally becoming
more albitic by about 5 mol percent anorthite. Stron-
tium concentrations are highest in the cores (up to 0.3
weight percent) but fall below the microprobe detec-
tability limit in the rims. Barium, phosphorous, and
other oxides were generaly undetectable. Iron was con-
sistently present (up to 0.3 weight percent) in many
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apatite, and sphene from the Bottle Lake Complex, Maine
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from the Passadumkeag River; cols. 16-26 are from the Whitney Cove; for sphene, cols. 27-31 are from the Passadumkeag River pluton; R and C represent rim and core facies, respectively]

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
80R 37C 52R 53C 92C 58R 54R 57R 85R 94R 104R 107R 13C 22C 84C 105C 35R
067 042 050 0.41 18 032 052 044 065 059 046 059 2986 30.61 31.12 3095 3018
00 00 .00 .00 00 .00 00 .00 03 .00 00 00 3435 3225 33.24 33.80 3169
.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 00 206 278 213 205 267
91 .39 82 .61 1.58 31 64 45 40 57 .68 58 205 211 200 221 188
14 43 13 15 19 .20 .16 .26 22 14 27 18 19 19 17 22 .26
11 10 12 07 .39 .06 06 .08 a1 10 .06 10 .07 13 .08 11 07
5294 53.37 5446 5481 5222 5499 5361 5406 5384 5413 53.99 5443 2825 2648 2725 2713 27.83
.04 11 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .02 05 .03 .06 .05
.01 .03 .00 .00 .00 .00 .00 .00 .06 .00 .00 .00 .01 02 .01 .02 .03
.00 .01 .03 .09 .02 07 .08 .03 .06 .00 .06 .03 .02 13 10 0 0
41.11 41.23 39.51 39.50 41.07 40.54 4024 39.06 40.42 41.87 40.71 39.81 .04 .04 .03 04 O
.04 .01 .00 .00 .00 .00 .00 .00 .00 .00 00 .00 04 .05 04 0 0
390 415 335 356 357 358 340 368 410 334 391 3.65 84 87 67 80 0
.02 .02 .02 .01 .02 .02 .01 .01 .00 01 .01 .02 .02 .01 .01 01 0
99.89 100.27 98.94 99.21 10091 10009 98.72 98.07 99.89 100.75 100.15 99.39 97.82 9572 96.88 97.49 94.66

phenocryst cores and rims. However, no compositional
trend was evident.

The composition of plagioclase in contact with large,
euhedral biotite is typically calcic, normally within the
compositional range of the phenocryst cores. In con-
trast, the composition of plagioclase touching matrix
quartz is characteristically sodic (An,;;-An,), typical of
phenocryst rims and matrix plagioclase. The composi-
tional range typical of granulated plagioclase in the
mafic mineral-poor mortar (granular) texture is An, to
An,,.

Groundmass plagioclase forms subhedral grains up to
about 0.5 cm with an average composition of An,,.
Clusters of ferromagnesian minerals and plagioclase
consist of large, stubby, mottled phenocrysts, and finer
grained plagioclase which is compositionally similar to
the groundmass. The most sodic plagioclase (An,) is
found in the fine-grained matrix of the aplites and in the
grains forming selvages (mortar texture) around other
felsic minerals.

QUARTZ

Quartz forms inclusions near the rims of plagioclase
phenocrysts and euhedral grains within alkali feldspar.
It is also present as subhedral to euhedral grains in the
matrix suggesting that it crystallized before alkali
feldspar. Within the core of the pluton, quartz forms
euhedral phenocrysts that in places coalesce to form
clusters. Undulose extinction is a characteristic feature
except near the faults where much of the quartz is com-
pletely annealed.

ALKALI FELDSPAR

Alkali feldspar encloses all other phases, indicating
that it crystallized late in the sequence. Microcline
twins are commonly developed in the pluton, and these
generally are embayed by perthite patches. Rapakivi
(viborgite) texture is usually evident in most exposures.
Alkali feldspar ranges in composition from Org, to Or,
and its structural state resembles maximum microcline
according to the scheme of Wright (1968) and Wright
and Stewart (1968). Compositional zoning was not de-
tected, although the composition of the albitic rims in
the rapakivi texture ranged from almost pure Ab to
Abg-An,,. No gradients are evident across the pluton,
probably because the consistently high orthoclase con-
tent is indicative of substantial deuteric alteration.
Alkali feldspar, however, was also out of equilibrium
prior to the deuteric stage as indicated by the corroded
and embayed alkali feldspar cores, by the intricate and
irregular intergrowths of alkali feldspar and biotite, and
by the irregular widths of the albite rims in the rapakivi
texture. Edges shared by alkali feldspar and plagioclase
show myrmekitic textures in which growth proceeded at
the expense of plagioclase. Granophyre textures are for
the most part constrained to between contiguous alkali
feldspar grains.

SEQUENCE OF CRYSTALLIZATION

In accordance with the above observations, figure 11
presents a generalized crystallization sequence of the

Whitney Cove pluton. Crystallization was initiated by
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TABLE 3.—Representative electron microprobe analyses of structural formulae of magnetite from the Bottle
[Calculated per four oxygen atoms; total iron as FeO); cols. 1-12 are from the Passadumkeag River pluton; cols. 13-20 are from the Whitney Cove pluton; R and

Column 1 2 3 4 5 6 7 8 9 10 11 12 13
Sample number 5C 13C 17C 28C 36C 78C 8R 12R 23R 74R 80R 109R 44C
Weight percent
SiO, 0.16 0.15 013 015 008 0.16 0.3 018 019 012 004 012 005
TiO, 14 11 25 .15 22 75 21 .28 07 .18 17 .25 .25
ALO, 03 .09 03 13 .08 01 03 .03 03 .06 05 05 .10
FeO -- 9147 8965 91.31 9091 91.49 89.67 91.48 90.68 89.04 90.87 90.40 90.65 91.46
MnO 17 .14 12 .18 19 .16 12 19 15 17 .15 21 25
MgO 00 01 .00 .00 .05 00 .04 06 .00 01 07 01 01
Ca0 11 .16 14 .15 .15 .16 14 12 12 13 .13 11 20
Na,0 .00 .00 .00 01 02 01 00 .00 01 00 .00 00 .00
K,0 .05 .05 .06 05 06 07 .08 04 .05 .06 .05 .06 07
BaO 11 .09 .10 12 28 05 .10 .09 06 .03 17 11 22
Total 92.24 90.45 9214 91.85 9262 91.04 9233 91.67 8962 91.63 9123 9157 9261
Number of atoms
Si 0.006 0.006 0.005 0.006 0003 0006 0.005 0007 0.004 0005 0002 0005 0.002
Ti - 004 .003 007 .004 007 022 006 .008 002 .005 .005 .007 .007
Al -- 001 004 001 006 .003 .001 .001 .001 .001 003 .002 .007 .005
Fe 2964 2961 2961 2955 2953 2928 2960 2959 2974 2962 2965 2957 2953
Mn 006 005 004 006 .007 .005 .004 006 005 006 005 .007 .008
Mg 000 000 .000 000 002 000 .002 .004 .000 .000 .004 .000 .001
Ca 005 007 006 .006 .007 .007 .006 .005 .005 005 .006 .005 .008
Na - 000 000 000 .001 000 .001 .000 .000 .001 .000 .000 000 .000
K- - -—— 003 003 .003 .003 .002 .004 004 .002 .003 003 .003 .003 .003
Ba 002 .001 002 .002 .005 .001 .002 .001 001 .001 .003 .002 .003

TABLE 4.—Representative electron microprobe analyses and structural formulae of ilmenite from the Bottle
[Structural formlae calculated for three oxygen atoms; total iron as FeO; R and C represent rim and core facies, respectively; cols. 1-15 are from the Passadumkeag

Column 1 2 3 4 5 6 i 8 9 10 11 12 13
Sample number 3C 4C 5C 17C 26C 28C 78R 111C 8R 12R 23R T4R 80R
Weight percent
SiO, 0.07 0.12 0.05 0.09 0.10 0.08 0.10 0.06 0.10 013 0.11 0.11 0.06
TiO, 51.10 49.54 5043 51.37 49.37 50.31 4974 50.07 48.68 51.27 50.44 49.43 50.88
ALO; .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
FeO 43.86 44.49 4263 43.32 4470 42775 4475 4021 4546 4194 43.45 4135 39.38
MnO 4.27 441 5.64 4.94 3.90 6.91 4.41 8.47 5.06 5.44 5.82 7.95 8.37
MgO .03 .08 .03 .03 .04 .03 .04 .02 .08 .08 .05 .02 .06
Ca0 11 .09 12 13 15 A1 .16 .10 15 .10 .18 12 12
Na,0 .00 01 .02 .00 .01 .00 .00 .01 .00 .00 .01 .01 .00
K.0 - .04 .03 .05 .07 .04 .06 .05 .05 .04 .04 .04 .05 .03
BaO .23 24 .26 27 23 21 .20 21 .15 .25 22 24 25
Total 99.71 99.01 99.23 100.22 98.54 100.46 99.45 9920 99.72 99.25 100.32 99.28 99.15
Number of atoms
Si - --- 0.002 0.003 0001 0.003 0.0038 0.002 0003 0002 0.003 0.003 0.003 0.003 0.001
Ti .980 963 974 .980 965 964 963 .969 945 985 967 .960 981
Al .000 .000 .000 .000 .000 .000 000 .000 .000 .000 .000 .000 .000
Fe 936 961 916 920 971 911 .963 .865 982 .896 926 .893 844
Mn .092 096 123 .106 .086 149 .096 185 11 118 .126 174 182
Mg 015 .003 001 002 .002 .001 .002 .001 003 .003 002 .001 .002
Ca .003 .003 .003 .004 005 .003 .004 003 .004 .003 .005 .003 .003
Na .000 .000 .001 .000 001 .000 000 .001 .000 .000 .001 .001 .000
K .001 .001 .001 .003 .001 .002 .002 .002 .001 .001 001 .001 .001

Ba 003 002 003 .003 002 002 .002 .002 .002 .003 002 002 .003




Lake Complex, Maine

C represent rim and core facies, respectively]
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14

15

52C 92C 43R 53R 57R 107R 108R
0.06 0.18 0.19 0.25 0.33 0.33 0.10
17 .62 29 12 49 .28 14
12 .01 .00 .07 21 21 .00
91.10 91.16 89.65 90.81 89.46 88.57 90.71
23 .32 15 a2 .21 .30 22
.00 .07 .00 .08 .08 .02 .02
14 13 12 .14 14 12 13
.00 .00 .01 .01 .00 .01 .00
.05 .04 .05 .05 .06 .05 .06
24 .07 .03 .06 .24 19 A1
9211 92.60 90.49 91.71 91.22 90.08 91.49
0.002  0.007 0.008 0.010 0.013 0.013 0.004
.005 .018 .009 .004 .014 .008 .004
.006 .001 .000 .004 .010 .010 .000
2959 2928 2.956 2.952 2.909 2.922 2.967
.008 .010 005 .004 .007 .010 .007
.000 .004 .000 .005 .005 .001 .001
.006 .005 .005 .006 .006 .005 .005
.000 .000 .005 .001 .000 .001 .000
.003 .002 .003 .003 .003 .003 .003
.004 .001 .001 .001 004 .003 .002
Lake Complex, Maine
River pluton; cols. 16-21 are from the Whitney Cove pluton]
14 15 16 17 18 19 20 21
109R 114R 44C 92C 43R 53R 93R 108R
0.06 0.06 0.02 0.14 0.11 0.20 0.28 .08
4998 4756 4896 4871 51.91 49.07 5212 51.28
.00 .01 .02 .00 .00 .00 .02 .00
4219 4415 4226 36.20 3532 38.38 35,51 40.83
6.14 7.11 811 13.37 1046 1092 10.15 7.61
03 .04 .03 .06 .00 .08 02 .10
.10 .26 .26 .23 .14 17 .30 14
00 .01 .00 .00 .00 .00 .02 .01
.04 .05 .05 .05 .04 .05 .04 .06
22 49 .46 .28 .26 .25 26 .24
98.76  99.74 100.17 99.04 98.24 99.12 98.72 100.35
0.002 0.002 0.001 0.004 0.003 0.005 0.017 .002
971 932 .949 950 999 954 .998 977
.000 .000 .001 .000 .000 .000 .001 .000
912 0962 0911 0.785 0.762 0.830 0.756 .865
134 132 177 .293 227 .239 219 .163
.001 .001 .001 .002 .000 .004 .001 .004
.003 .007 .007 .006 .004 .005 .009 .004
.000 .000 .000 .000 .000 .000 .001 .001
.001 .002 .002 .002 .001 .002 .001 .002
.003 .005 005 .003 .003 .003 003 .002

precipitation of the accessory phases generally in this
order: zircon plus apatite, followed by oxides plus
sulfides, and by allanite plus sphene. Biotite was the
next phase to crystallize followed by plagioclase,
quartz, and alkali feldspar.

SUMMARY OF THE BULK CHEMISTRY

The preceding sections demonstrated that the
Whitney Cove pluton was zoned mineralogically, tex-
turally, and in the composition of its constituent
minerals (Ayuso and others, 1982a). This zoning is also
evident in the bulk composition of the granites from the
rim and core facies (table 7). A summary of the
geochemical characteristics follows in this section.

The general gradient from core to rim facies occurs
with decreasing Ca0O, MgO, Fe,0,, TiO,, Al,O,, and P,0,
as SiO, increases from 67.0 to 77.0 weight percent (fig.
12). These marked differences across the pluton take
place at a uniform total alkali element abundance. Nor-
mative compositions are corundum-poor for the pluton
as a whole (table 7), but the sum of normative felsic
minerals is highest in the rim facies.

The most important observation derived from the
bulk compositional change in the Whitney Cove pluton
is that with the exception of the K,O content, there is
remarkable compositional colinearity from the margins
to the interior (fig. 12). Compared to the mafic xenolith
suite, the Whitney Cove pluton is more silicic. Rocks
from near the trace of the major fault cutting the pluton
generally also plot within the variation shown by the
granite as a whole.

Preliminary trace element determinations (U, Th, Pb,
Rb, Sr, Y, Sc, Cr, Ta, Hf, Cs, Ba, Zr, and the rare earth
elements) show irregular gradients within the pluton,
except for the strong and consistent variations in zir-
conium, strontium, and niobium (table 7). These three
elements support the distinction between each facies
and the geochemical zonation from core to rim. Higher
abundances of strontium, zirconium, and niobium are
concentrated in the interior of the Whitney Cove pluton.
Rubidium shows no definite trend from core to rim
facies. Barium and yttrium are somewhat lower in the
most siliceous rocks but do not clearly separate the two
facies.

The process of fractional crystallization was
evaluated using the least-squares computer program of
Wright and Doherty (1970) for the major elements and
the program developed by J. G. Arth (U.S. Geological
Survey) for the trace elements in order to identify and
quantify a fractionating assemblage capable of yielding
the observed petrographic and bulk compositional
variations. Ayuso (1982) suggested that crystallization
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TABLE 5.—Representative electron microprobe analyses and structural formulae of biotate from the Whitney Cove pluton
[Calculated per 11 oxygen atoms; total iron as FeQO; R and C represent rim and core facies, respectively; nd, not determined]

Column 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Sample number 37C 44C 49C 51C 52C 58C 92C 41R 53R 54R 57TR 85R 94R 104R 106R 107R
‘Weight percent
Si0, ----———- 36.66 37.05 3688 3690 37.65 3757 37.20 3551 37.98 37.15 37.23 3816 36.78 3594 36.85 3781
TiO, ----~— 3.37 332 411 3.87 3.85 3.79 407 394 3.57 3.77 312 390 3385 3.16 3.50 340
AlLO, ---—-- 1492 1492 1434 14.05 14.42 1414 14.05 1331 1401 1393 1523 1447 1328 1470 1395 13.93
FeQ ----——- 20.18 1872 21.89 20.78 21.10 21.89 21.04 2602 2094 2367 2352 2099 2442 2462 21.04 2093
MnQ ----~-- 63 .43 59 53 .60 .61 .63 .65 .63 .64 12 .55 52 a7 .55 62
MgO ~———-—- 948 1128 894 992 949 972 967 625 1029 831 761 1084 791 774 995 1040
Ca0 ------- 05 07 05 10 .13 08 04 04 09 .08 06 00 04 04 04 06
Na,0 --—--—- 18 09 10 14 09 11 11 08 .08 .17 .10 .00 A1 .21 11 .07
KO -————- 936 942 959 918 915 945 944 926 973 940 943 991 928 935 928 955
BaO -——-——- 22 .23 .29 .36 .18 .19 .33 .20 23 20 .29 .25 .23 .36 .25 17
PO, ~---—-- .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
Iy J—— 0 00 00 00 .00 nd 00 nd 00 00 00 00 00 .00 .00 .00
L 181 125 151 143 59 117 128 110 138 99 91 120 158 350 160 138
Cl - .09 04 .06 .06 .06 .05 .06 .10 .09 A1 .09 .07 .10 .08 07 .09
Total 96.95 96.82 98.35 97.32 97.31 98.77 97.92 96.46 99.02 98.42 9831 100.34 98.10 100.47 97.19 9841
Number of atoms
Si ————mm— 277 278 277 279 284 281 280 279 282 281 281 279 281 268 279 282
| J—— 19 19 238 22 22 21 238 23 .2 .21 .18 21 22 .18 .20 .19
Y\ [ 133 132 127 125 128 124 125 123 123 124 136 125 119 129 124 123
R ——— 128 117 138 131 133 137 132 171 130 150 149 128 156 154 133 131
Mn ——————— .04 .03 04 .03 .04 .04 .04 .04 .04 .04 .05 .03 .03 .05 .04 .04
Mg ———————- 107 126 100 112 107 108 108 73 114 94 86 118 90 96 112 116
Ca-————o .00 .01 .00 .01 .01 .01 .00 .00 .01 .01 .01 .00 .00 .00 .00 .01
Na -—---——- 03 01 01 02 0 02 02 0 0 03 .01 00 02 03 02 .01
K - .90 90 92 .88 .88 .90 91 93 92 91 91 93 90 .89 91 92
Ba---—--—m- 0 0 01 0 o0 o0 o 0 0 0 0 .01 01 01 01 01
P .00 .00 .00 .00 .00 .00 .00 00 .00 .00 .00 .00 .00 .00 .00 .00
S — 00 00 00 00 .00 nd 00 nd 00 00 00 00 00 .00 .00 .00
43 30 36 34 14 28 30 27 32 24 22 .28 38 8 39 .33
(o) [P 01 061 o0 01 0 0 o0 o0 0 01 01 01 01 01 01 .01
Fe/(Fe+Mg) - 54 48 .58 54 .55 .56 .55 .70 53 .61 .63 52 .63 .62 .54 53

of 19 percent of the liquid in equilibrium with 13 percent
plagioclase, 5 percent biotite, 0.5 percent apatite, and
0.5 percent magnetite-ilmenite accounted for some of
the bulk chemical variation from representative rocks
from the core and rim facies. The overall bulk chemical
and petrographic variation of the internal subdivisions
fo the Whitney Cove pluton, however, cannot be ex-
plained by fractionation. In addition, the occurrence of
more mafic granitic rocks in the interior of the pluton
may be suggested to reflect processes other than frac-
tional crystallization.

THE PASSADUMKEAG RIVER PLUTON
FIELD RELATIONS
The Passadumkeag River pluton is exposed in an area

of about 700 km? It consists of rock types ranging in
mineralogy from granite to quartz monzonite and shows

an obvious change toward darker (more mafic-mineral-
rich) rocks toward the interior. Euhedral, black horn-
blende is a distinctive feature of the pluton as is a high
abundance of mafic xenoliths. The Passadumkeag River
pluton consists of the rim and core facies (pl. 1).

THE RIM FACIES

Rocks forming the rim facies are grayish pink (5R 8/2)
to grayish-orange pink (10R 8/2). They are typically
granitic in mineralogy (IUGS classification of
Streickeisen, 1973) and show textures ranging from por-
phyritic to equidimensional. The outcrop pattern of this
facies suggests that it is variable in width. Near the area
north of Upper Sysladobsis Lake (P) (Springfield quad-
rangle), the rim facies is widest, but to the west, in the
area near No. 3 Pond (Q) (Winn quadrangle), it is absent
(pl. 1).
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FIGURE 8.—Compositions of biotite in the Whitney Cove pluton as a function of SiO, content of the whole rock. Note the higher iron con-
tent of biotite with increasing silica content.

Detailed mapping and subdivision of this facies into | Many of these lithologic types (fig. 13) are evident in the
different types is also possible using the abundance of | Springfield and Scraggly Lake quadrangles which con-
amphibole, total ferromagnesian mineral content, and | trast with the predominantly amphibole-poor, equi-
development of seriate, equidimensional and porphy- | dimensional rocks developed elsewhere in the rim facies,
ritic textures (Ayuso, 1979; Ayuso and Wones, 1980). | for example, in the Nicatous Lake quadrangle.
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TABLE 6.—Representative electron microprobe analyses and structural formulae of plagioclase
[Calculated per eight oxygen atoms; total iron as FeO; R and C represent rim and core facies, respectively;

Column 1 2 3 4 5 6 7 8 9 10 11 12 13
Sample number 37C 44C 49C 51C 52C 58C 92C 41R 43R 53R 54R 85R 93R
Weight percent
Sio, 59.65 61.46 63.04 5588 63.80 61.40 5787 6406 6507 6404 6383 6379 63.73
TiO, .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
ALO, 25.45 2447 2308 28.30 2265 2440 26.31 2266 22.09 2264 2284 23.06 22.67
FeO d1 A7 15 29 15 .14 41 .10 .06 17 13 .10 .09
MnO .01 .00 .02 03 .01 .00 .00 .01 .01 .01 .00 .02 .00
MgO .02 01 02 09 02 01 .02 01 01 02 02 .01 .00
Ca0O 7.15 5.45 4.59 9.98 4.00 5.41 8.11 3.94 2.81 4.57 4.19 3.86 3.69
Na,0 7.27 8.25 8.81 5.45 9.04 8.12 6.65 9.05 9.71 8.72 8.85 8.98 9.54
K.O .25 37 29 24 .29 14 14 .36 .28 .59 .30 .20 25
SrO nd nd nd nd nd .00 12 nd nd nd nd nd .07
Total 99.91 100.18 100.00 10028 9996 99.62 99.63 100.19 100.03 100.76 100.16 100.02 100.04
Number of atoms
Si 2.66 2.73 2.79 2,51 2.82 2.73 2.61 2.82 2.81 2.82 2.81 2.81 2.82
Ti .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
Al 1.34 1.28 1.21 1.50 1.18 1.28 1.40 1.18 1.15 1.17 1.19 1.20 1.18
Fe .00 01 01 .01 .01 .01 01 .00 .00 01 .01 .00 .00
Mn .00 .00 .00 .00 .00 .00 .00 .00 .00 00 .00 .00 .00
Mg .00 .00 .00 .01 .00 .00 .00 .00 .00 .00 .00 .00 .00
Ca 34 .26 22 .48 .19 26 .39 .19 .13 .22 .20 18 .18
Na .63 a1 76 47 a7 70 58 a7 .83 .74 .76 7 82
K 01 .02 .02 01 .02 .01 .01 .02 .02 02 .02 .01 01
Sr nd nd nd nd nd .00 00 nd nd nd nd nd .00
Felds ponents, mol p
An 35 26 22 50 19 27 40 19 14 22 20 19 17
Ab 64 72 76 49 79 72 59 79 85 76 78 80 81
Or 1 2 2 1 2 1 1 2 2 2 2 1 1

Additional petrographic heterogeneity in the rim
facies is expressed by the progressive changes in fabric
and mineralogy away from the granite-country rock
contact. Rarely, porphyritic rocks are associated with
aplites and tourmaline-bearing pegmatites at the con-
tact, but within a few meters toward the interior they
become medium-grained and equidimensional granites
(fig. 13). Many of these changes are evident in the area
of Getchell Mountain (E) and near Almanac Mountain
(A) in the Springfield quadrangle.

Forceful intrusion of the pluton is indicated by sharp
contacts exposed north of No. 3 Pond (Q). Lit-parlit
disaggregation of country rock by aplites and pegma-
tites, however, is a common contact phenomenon and is
exemplified by outcrops west of Getchell Mountain (E)
where the band of porphyritic rocks developed at the
contact is poor in mafic minerals and pinkish gray (5YR
8/1) to grayish-orange pink (10R 8/2) in color. Am-
phibole is the most important mafic mineral in the
pluton as a whole but is typically uncommon near the
contact; it increases in abundance and grain size,
however, toward the interior of the pluton. Similar in-

creases in the abundance of the accessory and varietal

minerals are also evident. Mafic xenoliths are absent at
the contact, and their change in abundance and size
parallels that of amphibole.

Although porphyritic rocks are generally massive,
some of the seriate granites are foliated parallel to the
contact. Preferred orientation of the feldspars, biotite
and quartz argues for a granitic magma already satu-
rated with respect to these phases during intrusion at
this level. Exposures of foliated granites are common to
the west of Lombard Mountain (R) and south of Bowers
Mountain (S) in the Springfield and Scraggly Lake
quadrangles, respectively.

Other typical changes occurring within the rim facies
as a function of distance from the country rock include
the general decrease in schlieren, amorphous felsic inclu-
sions, and country-rock xenoliths. All of these, except
for the felsic inclusions, are alined with their apparent
long dimensions horizontal and parallel to the contact.
Many of the felsic masses show textures and miner-
alogy similar to the porphyritic band developed at the
contact with the country rock.

The average modal composition of the rim facies is as
follows: alkali feldspar, 39.2 percent; plagioclase, 30.0
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in the Whitney Cove pluton
nd, not determined]

14 15 16 17 18
94R 104R 106R 107R 108R
62.31 65.00 63.83 62.74 63.47

.00 .00 .00 .00 .01
24,04 22.13 23.01 23.50 22.85
14 .10 .10 .14 15
.00 .01 .01 .00 .02
.01 .01 01 02 .01
4,60 3.52 4.26 4.68 4.44
8.59 9.12 9.03 8.65 9.01
46 .35 .25 .23 16
nd nd nd nd nd

100.15 100.24 100.51 99.97 100.11

2.76 2.86 2.81 2.78 2.80
.00 .00 .00 .00 .00
1.25 1.15 1.19 1.23 1.19
.01 .00 .00 .01 .01
.00 .00 .00 .00 .00
.00 .00 .00 .00 .00
22 a7 .20 22 21
74 .78 7 74 Vil
.03 02 02 .01 .01
nd nd nd nd nd
22 17 20 23 21
75 81 78 76 78
3 2 2 1 1

percent; quartz, 24.1 percent; biotite, 4.6 percent; and
amphibole, 2.1 percent. The sum of opaque minerals and
accessories accounts for significantly less than 1 per-
cent of the mode. The trend in modal abundances within
the Passadumkeag River pluton is clearly toward an in-
terior facies rich in plagioclase and mafic minerals (fig.
5; table 1).

THE CORE FACIES

Granitic rocks representative of the core facies are
coarse grained, very pale orange (10YR 8/2) to yellowish
gray (5Y 8/1) in color, and contain numerous mafic
xenoliths (fig. 14) and characteristic euhedral, black am-
phibole prisms (Ayuso, 1979). Plagioclase content at-
tains its highest value in this facies resulting in rocks
properly termed quartz monzonite. The change between
facies is in places abrupt, as in the area west of Upper
Sysladobsis Lake (P), but is commonly unexposed and
of unknown nature (pl. 1).

The rocks are predominantly porphyritic to seriate
and display euhedral alkali feldspar with rapakivi tex-
ture (fig. 15). Plagioclase and amphibole are phenocrysts
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FiGURE 10.—The normative anorthite (An) content of plagioclase
cores plotted as a functon of the AlV! content of biotite in the
Whitney Cove pluton. Higher anorthite component in plagio-
clase coexists with biotite containing the highest AIV! in the core
facies. Rim facies have elagioclase with lower anorthite contents
and biotite with lower A1

in a matrix of mafic and felsic minerals. The average
modal composition of this facies is as follows: plagio-
clase, 37.6 percent; alkali feldspar, 33.0 percent; quartz,
19.4 percent; biotite, 5.8 percent; amphibole, 4.2 per-
cent; the sum of the accessory and opaque suites is less
than 1 percent (table 1). The core contains about twice
the total mafic mineral content of the rim. Additionally,
reverse modal zonation is displayed by the antipathetic
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FIGURE 11.—Generalized order of crystallization in the Whitney Cove
pluton. Plagioclase, quartz, and alkali feldspar crystallized after
the accessory and mafic minerals.

correlation between the sum of alkali feldspar plus
quartz and that of total mafic mineral content plus
plagioclase. Typical outcrops are exposed west of
Sysladobsis Lake (M), on Moose Mountain (T), and
around the Chain Lakes (U).

The most distinctive feature of the rocks within the
core facies is their heterogeneity in the regional sense.
This heterogeneity results in the absence of smooth and
linear trends in the modal abundances across the
pluton. Typical core facies rocks consist of randomly
distributed, fine-grained quartz-dioritic clusters, rich in
mafic minerals interspersed with clusters made almost
exclusively of feldspathic minerals. Similarly, the entire
lithological diversity of mafic xenoliths is sometimes ex-
emplified in individual outcrops by a great range in size,
shape, and mineralogy. Xenoliths range in size from the

small (5-10 cm), ovoidal, fine-grained, and randomly

TABLE 7.—Representative major and trace element analyses and norm composition of the Whitney Cove pluton

R and C refer to rim and core facies, respectively; total iron as Fe,0,; LOI, loss on ignition]

Column 1 2 3 4 5 6 7 8 9 10
Sample number 38R 39R 41R 47R 37C 50C 51C 52C 58C 60C
Weight percent
Si0, ~~—-—— - 73.18 74.30 74.58 73.46 70.45 70.51 6851 67.40 69.50 71.97
Ti0; - 34 20 26 30 A7 .49 54 64 48 37
ALO, ~——— e 13.94 13.25 13.44 13.60 14.70 14.30 15.00 15.20 14.64 13.61
=Y o J 2.11 1.78 1.84 2.40 2.93 3.07 3.27 3.97 2.93 2.42
1% 5210 J S —— .05 04 04 05 .10 .07 .06 .08 .06 .06
MgO0 — - .37 34 .28 42 7 .81 92 1.02 .83 -54
(0770 P —— 1.30 1.06 1.07 1.29 191 2.10 2.24 2.32 2.16 1.60
ALY ¢ [ — 3.23 2.97 3.08 1.32 3.23 3.57 3.44 3.66 345 3.37
{0 J O —— 4.94 5.14 5.18 4.80 4.41 4.41 4.65 431 4.75 4.82
PO, ——————mmmmmm e 13 .09 .05 .08 15 15 18 22 17 15
) 0 ) (R — 48 44 .16 .49 44 .92 121 1.58 .80 .51
Total 100.07 99.61 99.98 100.21 99.56 100.40 100.02 100.58 99.73 99.57
Norm
Q 32.49 34.97 34.28 32.55 30.10 27.67 24.42 23.97 26.63 31.95
C 1.23 1.09 .94 79 151 .18 42 .82 44 87
(0 — 29.17 30.49 30.62 28.31 26.18 26.19 27.71 25.77 28.38 28.83
PN Y —— 27.31 25.23 26.07 28.03 27.45 30.45 30.70 31.42 28.84 26.72
P P 5.60 4.69 478 5.87 8.53 9.49 10.04 10.19 9.71 7.04
 F S 92 .85 70 1.04 1.93 2.03 2.32 2.57 2.09 1.36
Hm — -~ 2.11 1.79 1.84 2.40 2.94 3.09 3.30 4.02 2.96 245
1 a1 09 .09 a1 .22 15 13 17 13 13
| 200 200 .00 .00 00 .00 .00 200 00 .00
1) [ 28 .16 .22 24 .36 41 48 .56 42 31
P 31 21 12 19 .36 .36 43 .53 41 36
Trace elements in ppm
Rb ———— oo 165 160 197 148 193 158 164 171 152 186
| S — 183 158 113 148 280 236 289 276 264 237
Y 27 37 35 29 22 38 38 44 33 36
P —— 527 564 352 424 755 509 703 527 584 497
/S 195 164 162 159 177 203 227 281 195 185
1 Y 17 16 17 10 20 24 25 26 20 19
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oriented masses of biotite and plagioclase common
throughout the Passadumkeag River pluton, to banded
biotite-rich aggregates and to large (up to 1 m), disc-
shaped and prominently porphyritic quartz-diorite
rocks.

PETROGRAHY AND MINERAL COMPOSITIONS

Compositonal variation of the constituent phases
within the Passadumkeag River pluton exceeds the ana-
lytical uncertainty, supports the modal heterogeneity,
and argues for distinct chemical differences even within
each facies. The core facies of this pluton probably con-
tains more accessories than the rim facies, especially as
inclusions within mafic minerals and close to the mafic
xenoliths. Zircon and apatite were the earliest phases to
crystallize. Apatite in the Passadumkeag River pluton
shows larger variations in fluorine (from 1.6 to 4.4
weight percent) and manganese (from the limit of de-
tectability to 0.24 weight percent) than in the Whitney
Cove pluton (table 2). Allanite (table 2) tends to form
euhedral and smaller grains than in the Whitney Cove
pluton, and these are also optically and compositionally
zoned from core to rim. Primary sphene presents
euhedral sides to all phases except apatite and zircon,
while secondary sphene is generally anhedral and
replaces amphibole and biotite. Representative analyses
of sphene are given in table 1.

Magnetite and ilmenite are generally enclosed in
mafic minerals, occur as secondary reaction products in
biotite and amphibole, and are scattered in the matrix.
Rounded pyrite grains are rare and appear to concen-
trate within magnetite. Magnetite contains less than
1.0 weight percent TiO, and shows no differences be-
tween facies (table 3). Manganese in ilmenite is lower
than in the Whitney Cove pluton but ranges up to 8.5
weight percent and suggests reequilibration at low tem-
perature (table 4).

Clinopyroxene(?) is an extremely rare phase in the
Passadumkeag River pluton. It is found only in one
sample of the core facies as very fine-grained inclusions
within plagioclase phenocrysts. Although the pheno-
crysts also enclose amphibole, no reaction rims between
amphibole with the generally subhedral, monoclinic,
and optically unzoned clinopyroxenes are evident.

AMPHIBOLE

Amphibole is heterogeneously distributed in this
granite. Near the granite-country rock contact, am-
phibole is absent. In a few areas within the core facies,

amphibole and biotite are subequal in abundance, but
more commonly, amphibole is subordinate to biotite.
Two varieties of amphibole, a phenocryst and a matrix
component, are present in the Passadumkeag River
pluton. Amphibole phenocrysts (up to 0.7 cm) are black
prisms, invariably euhedral to all other silicates except
biotite. Although amphibole generally precedes biotite
in the crystallization sequence, inclusions of unalined
biotite plates within amphibole suggest a stage of
coprecipitation of these two phases. Crystallization of
biotite prior to amphibole agrees with the suggestion of
Wones and Dodge (1977) that in potassium-rich
magmas, exemplified by the Bottle Lake Complex, a
magmatic stage with low water activity promotes crys-
tallization of biotite before amphibole.

In accordance to the classification of Leake (1978), the
amphiboles belong to the calcic group and range from
edenite and edenitic hornblende to ferro-edenites and
ferro-edenitic hornblende. The Fe/(Fe+Mg) ratios range
from about 0.51 to 0.75 (table 8) without a distinct trend
in the pluton from rim to core facies (fig. 16). A gap in
the Fe/(Fe+Mg) ratio occurs at about 0.64 to 0.66, prob-
ably as an artifact of sampling. Manganese displays a
roughly increasing trend with higher Fe/(Fe+Mg) ratios
(fig. 16). The change in the total abundance in the A-site,
and of potassium in the A-site, lacks a consistent trend
in more iron-rich amphibole. Fluorine is positively cor-
related with the silica content of the rock (not shown),
and is in agreement with the change found in coexisting
biotites. This relatively systematic change in fluorine
content was not evident in biotite from the Whitney
Cove pluton (table 5). The abundances of calcium,
sodium, and titanium in amphibole are also typically
scattered and show no distinctive gradient in the
Passadumkeag River pluton (fig. 16). The total
aluminum variation in amphibole shows a broadly in-
creasing trend with Fe/(Fe+Mg) ratio. However, Al
shows no correlation with increasing Fe/(Fe+Mg) ratios
(table 8), in contrast with the scattered but positively
correlated change for AlV',

The change in Fe/(Fe+Mg) ratio of amphibole is not
clearly correlated with the silica content of the rock (fig.
17) or with silicon in tetrahedral coordination (Si") of
the amphibole (table 8). At a given Fe/(Fe+Mg) ratio,
the amphiboles in the Passadumkeag River pluton are
higher in Si'V than amphiboles from the Eagle Peak
pluton (Noyes, 1978) and the Sierra Nevada batholith
(Dodge and others, 1968). In contrast to the drastic
decrease in Fe/(Fe+Mg) ratios of progressively more
siliceous magnetite-series granitic rocks found by
Czamanske and others (1981), amphiboles from the
Passadumkeag River pluton are dispersed but do not
show a decrease in Fe/(Fe+Mg) ratios in more siliceous
rocks (table 8). This observation strongly argues against
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FIGURE 12.—Variation diagrams of the Whitney Cove pluton showing the core and rim facies. The composition of the mafic xenoliths from
the Passadumkeag River pluton and aplites are also plotted. Note the correlation of the oxides with the silica content of the rock, the
absence of significant gaps in the trend, and the more silicieous character of the rim facies. Samples from the rim facies are lower in ALQ,,
Fe,0, MgO, TiO,, and CaO than the core facies. This compositional zoning of rocks from a single pluton is opposite to the arrangement in
concentric and normally zoned plutons.
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FIGURE 16.—Compositions of amphibole in the Passadumkeag River pluton as a function of Fe/(Fe+Mg). Each
symbol represents the average obtained on at least 10 grains per sample. Note the absence of clearly defined
trends with increasing Fe/(Fe+Mg) ratio. Only manganese shows a broad positive correlation with Fe/(Fe+Mg) in
the amphibole. The content of titanium, sodium and the total in the A-site shows large scatter. The compositions
of amphibole in the core and rim facies are generally not significantly different. A gap in Fe/(Fe+Mg) ratios from
about 0.64 to 0.66 is probably an artifact of sampling. See table 8 for specific values.
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TABLE 8.—Representative electron microprobe analyses and
[Calculated for 23 oxygen atoms using the scheme of Czamanske and Wones (1973).

Colurnn 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Sample number 4C 9C 13C 17C 21C 24C 25C 26C 29C 31C 36C 75C 78C 79C 84C
Weight percent
Si0, ———----- 4456 44.46 4348 4376 41.85 42.83 4262 42774 4408 4444 4399 4391 4228 4270 4363
ALO; --———--——- 862 866 761 7.81 1010 820 848 828 778 822 828 835 7.66 845 801
TiO, ——-——————- 168 166 177 18 139 196 18 172 171 166 191 168 160 137 162
FeQ ———-mmme 22.77 2151 21.11 2046 25.63 2428 26.06 2225 21.39 2289 2204 2241 2134 2522 2359
MnO -————~==~~ 78 14 81 .69 87 92 3 .86 .70 .70 2 .79 .76 79 80
MgO ~————mnm 749 837 802 877 610 604 510 718 835 749 775 739 793 546 6.75
Ca0 ———————— 1093 11.05 1060 10.72 8.89 10.78 10.00 10.89 1058 10.85 10.73 1092 1065 1050 10.47
Na,0 ~———————~- 138 125 196 189 123 19 169 176 181 177 176 138 201 189 138
KO == 112 112 103 100 271 111 116 113 87 98 114 102 108 105 100
BaQ —————————- 05 04 01 .00 06 02 07 01 nd .00 13 05 .02 .00 05
41 37 55 48 a1 .33 58 38 .51 37 .40 31 60 61 35
(o) [ —— .16 .16 11 11 15 14 .29 .14 A1 15 .20 17 12 13 12
o O .00 .01 .02 01 01 02 01 02 .20 02 .00 02 .01 .01 01
SrQ —-——mmmem 01 .02 01 01 .00 .01 04 .00 .00 .00 .00 .00 .02 00 .01
Total 99.96 99.47 97.09 9756 9970 9854 9871 97.36 98.09 9954 99.05 9840 96.08 98.18 97.79
Number of atoms

Si ——mm— e 6.763 6.744 6.787 6.760 6.526 6.686 6.705 6.693 6.846 6.777 6.742 6.770 6.711 6.722 6.801
Al e 1237 1256 1213 1.240 1474 1314 1295 1307 1154 1.223 1258 1230 1.289 1278 1.199
(TET) -~~—- 8.000 8.000 8.000 8000 8000 8000 8000 8.000 8000 8000 8000 8000 8000 8000 8.000
Al e 304 293 188  .183 393 195 277 .221 247 254 .238 287 .143 290 .272
Fe ————— e 2811 2626 2738 2583 3.025 3.170 3.304 2902 2655 2853 2772 2813 2792 3.268 2971
Mg ———————m— - 1.694 1892 1.866 1019 1419 1405 1196 1675 1902 1703 1770 1707 1875 1.280 1568
Ti ——mmmmmmmme e 191 189 208 215 .163 .230 .223 .202 .196 .190 .220 .193 190 .162  .189
Mn -~ .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
M,-M,) ~--- 5.000 5.000 5.000 5000 5000 5000 5000 5.000 5000 5000 5000 5000 5000 5000 5.000
Ca ———————— e 1777 1796 1773 1774 1483 1802 1.685 1.827 1732 1.722 1762 1802 1812 1772 1749
Mn ——————mmemm 00 095 107 090 .115 131 097 115 .09 091 093 .102 .102 .106 .105
S —— 080 .103 018 061 318 .000 .123 013 078 .067 055 .067 040 .069 .105
Na ~—~——mmeme e 043 006 102 075 .084 067 .095 .045 .100 .120 .090 .029 046 .069 .041
M) -~ 2.000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000
) —— 364 361 492 492 459 508 419 489 435 403 434 393 572 509 374
) Q. 216 216 .206 .198 543 221 233 226 .169 .191 .222 .197 219 210 .199
Ba ——~——————— 003 .002 001 .000 .004 .001 .005 001 .000 .000 .008 .003 .001 .000 .003
(A) ————m— 583 579 699 690 1.006 730 657 716 604 594 664 593 792 719 576
Fe/(Fe+Mg) ---- 631 591 596 567 .702 693 .742 635 509 .632 615 629 602 722  .662

the sum of Al'Y and AIY! as a function of Al" is consist-
ent with the change found in the Japanese granites
studied by Czamanske and others (1981). However,
perhaps a result of the limited compositional variation
in this pluton compared to the Japanese granites, am-
phiboles from the Passadumkeag River pluton form an
array along a steeper slope.

BIOTITE

Biotite is the predominant mafic mineral in the Passa-
dumkeag River pluton. Several textural types are pres-
ent including phenocrysts, groundmass, and biotite
forming fine-grained clusters with other mafic minerals
and plagioclase. Comparison of biotite compositions
across the pluton from rim to core facies characteris-
tically shows major overlap (table 9). The Passadum-
keag River pluton is characterized by biotites with

Fe/(Fe+Mg) ratios ranging from about 0.57 to 0.80
(table 9) and lacking a distinctive trend in titanium be-
tween biotites from the core and rim facies (fig. 19).
However, in spite of the overlap, at a given Fe/(Fe+Mg)
ratio, biotites from many of the samples from the core
facies usually have higher titanium than those in the
rim facies. Plotted against the Fe/(Fe+Mg) ratio of the
biotite, the titanium content shows no progressive gra-
dient (fig. 19). Titanium content, however, is broadly
correlated with the SiO, content of the rock (fig. 20), so
that lower titanium in biotite occurs, in most cases, in
the more silicic marginal facies of the pluton. Compared
to the Whitney Cove pluton, the composition of biotite
in the Passadumkeag River pluton shows a range for
titanium from about 0.17 to 0.27 (atoms per 11 oxygens)
(table 9), broadly in agreement with the range found in
the Whitney Cove pluton. Biotite from the Passadum-
keag River pluton suggests no correlations between
titanium and the total abundance of the octahedral ca-
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structrual formulae of amphibole from the Passadumhkeag River pluton
Total iron as FeQ; R and C represent rim and core facies, respectively; nd, not determined]
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
86C 89C 91C 105C 110C 112C 113C 115C 8R 10R 12R 23R 27R 35R T6R 7R 88R
‘Weight pereent—continued
43.27 4452 42777 44.23 43.37 4292 4457 4367 44.06 43.73 4425 43.00 44.15 4228 43.69 44.00 42.89
8.49 8.10 8.29 8.24 8.44 8.50 8.03 7.26 8.07 8.27 7.04 8.69 8.15 8.62 8.12 8.66 8.92
1.41 1.42 1.81 1.50 1.69 1.75 1.89 1.43 1.52 1.61 1.11 1.39 1.50 1.10 1.54 1.46 1.49
2356 22.04 24.78 2130 23.13 2352 20.77 22.81 2193 23.66 2478 24.79 2269 2566 2243 2253 25.02
91 .69 81 75 .98 .90 65 .85 .79 14 1.00 1.23 62 1.28 .70 .10 95
6.66 7.89 6.70 8.40 6.66 6.85 8.70 7.69 7.80 6.73 6.19 546 7.49 4.75 7.44 7.70 5.89
1083 11.09 10.23 10.77 10.70 1076 10.83 10.73 11.02 1088 10.40 10,55 11.28 1060 10.68 11.33 10.68
1.86 148 1.54 1.56 1.86 1.83 1.89 1.66 1.66 1.70 1.22 1.86 1.39 1.80 1.80 1.75 149
1.05 1.00 1.17 1.06 1.16 1.15 1.10 .99 1.13 1.14 98 1.07 1.14 1.24 1.10 1.14 1.18
.01 .06 .04 .03 .14 .10 11 11 14 14 .06 .03 .02 .02 .11 .00 04
45 .31 .51 .57 A41 44 45 .51 43 .46 .66 .55 72 .63 A7 37 49
.10 11 31 A1 .20 .20 17 12 14 17 11 .20 11 07 .18 12 15
.02 .00 .01 .01 .00 .00 .00 .00 .00 .00 .01 .03 .09 .02 .00 .02 .00
.00 .00 .01 .00 .00 .00 .00 .00 .00 .00 .00 .03 .03 .01 .00 .02 00
98.62 98.71 9898 9853 98.74 9892 99.16 97.83 9869 99.23 97.81 98.88 99.38 98.08 98.35 99.80 99.19
N of Atoms:
6.722 6815 6.748 6.783 6.721 6665 6.778 6.818 6.779 6.749 6.952 6.711 6.772 6.706 6.759 6.690 6.667
1.278 1.185 1.252 1.217 1.279 1335 1.222 1.182 1.221 1.251 1.048 1.289 1.228 1.294 1241 1310 1.333
8.000 8.000 8.000 8.000 8.000 8000 8.000 8000 8000 8000 8000 8.000 8000 8000 8.000 8000 8.000
277 277 .284 273 .264 217 216 154 243 254 .256 .309 245 317 239 .243 .301
3.040 2759 3166 2637 2997 2966 2580 2.889 2791 3.012 3.164 3.236 2875 3403 2850 2.844 3.160
15619 1.800 1.336 1.920 1542 1617 1989 1.790 1.788 1547 1448 1269 1712 1123 1716 1.746 1.365
.164 .164 214 170 197 .200 215 .167 178 187 132 172 .168 131 195 .167 174
.000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 .000
5000 5.000 5.000 5.000 5000 5.000 5000 5000 5000 5.000 5000 5000 5000 5000 5.000 5.000 5.000
1.803 1.819 1.723 L770 1778 1797 1764 1795 1.817 1815 1751 1765 1.854 1.801 1.771 1845 1.778
120 .089 107 .097 129 115 .083 112 103 098 133 149 .081 145 .100 .090 126
022 .064 092 .095 .002 .051 .062 .089 .032 042 .093 .000 .037 .000 .052 .055 .093
.055 .028 078 .038 091 .037 .091 004 .048 .045 023 .086 028 .054 077 .010 .003
2.000 2.000 2.000 2000 2.000 2000 2000 2000 2000 2000 2000 2000 2000 2.000 2000 2000 2.000
505 411 .367 426 .468 519 467 529 449 465 347 478 387 498 463 .505 447
.207 195 234 .208 .228 226 213 197 222 224 196 213 222 .250 218 222 234
.000 .004 .003 .002 .009 .006 .007 .007 .009 .009 .004 .002 .001 .001 .007 .000 002
712 .610 .604 636 705 751 687 733 .680 698 547 693 610 749 .688 127 683
668 611 709 587 660 651 571 625 612 664 693 718 630 152 628 624 704

tions, with the mole fraction of iron in octahedral coor-
dination, or with the silica rontent (fig. 21).

A dispersed but positive correlation exists between
the Fe/(Fe+Mg) ratio of biotite and of the rock. Despite
this systematic change, however, biotite compositions
cannot be used reliably to distinguish between the
marginal and interior facies of the Passadumkeag River
pluton (table 9). No correlation exists between the
Fel(Fe+Mg) ratio of the biotite and the silica content of
the rock. The absence of a compositional gradient of
biotite and the composition of the rock distinguishes
biotites of the Passadumkeag River pluton from those
of the Whitney Cove pluton (tables 5, 9).

The content of Fe in biotite does not show a correla-
tion with the silica content of the rock (fig. 21), and thus
despite the tendency for higher Fe at higher silica of the
granite, biotites from the two facies cannot be properly
distinguished. Higher fluorine contents may be evident
in biotite from rocks with high silica in the Passadum-

keag River pluton, although biotite from the core facies
of the Whitney Cove pluton probably contains even
higher fluorine content (tables 5, 9).

The abundances of potassium (fig. 20), sodium,
chlorine, phosphorous, barium, and strontium are
uncorrelated with either the Fef(Fe+Mg) ratio of the
biotite or with the silica content of the rock. This obser-
vation also applies to the manganese content which
shows a wide and unsystematic range from core to rim
facies.

The distribution of AI'! in the biotite from the pluton
is not correlated with the Fef(Fe+Mg) ratio (fig. 19); it
forms, however, a band roughly correlated with the
anorthite component in coexisting plagioclase from the
rim facies (fig. 22). Overlap between the biotites of the
two facies is a characteristic feature. Increasing AIY!
with higher Fe/(Fe+Mg) ratios is the normal trend ex-
pected for biotite coexisting with felsic liquid (Nockolds,
1947; Czamanske and Wones, 1973).
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FiGure 17.—Compositions of amphibole in the Passadumkeag River pluton as a function of the SiO, content (in percent) of the rock. Note
the large range in amphibole compositions at a given value of silica. Clearly defined trends from core to fim facies are absent. The most
silicieous rocks (rim facies) may have amphiboles with lower titanium contents than those from the core facies. The Fe/(Fe+Mg) ratio in the
amphiboles shows quite a wide range and is not well correlated with the silica content of the rock. In general, however, some of the am-
phiboles in samples from the rim facies have compositions that are somewhat higher in Fe/(Fe+Mg) ratios than the majority of amphiboles
from the core facies.
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FIGURE 18.—The anorthite content (An) of plagioclase cores ex-
pressed as a function of the AIV of amphibole in the Passadum-
keag River pluton. Plagioclase in the core facies has a higher An
content than plagioclase in the rim facies for a given value of AIV!
in the coexisting amphibole. No compositional trend is evident for
coexisting plagioclase and amphibole for the entire pluton,
although samples from the rim facies suggest lower An contents
of plagioclase in amphibole with higher values of AIV',

Results of biotite analyses for Al form a wide band
ranging from about 1.12 to 1.21 (atoms per 11 oxygens)
(fig. 19). In contrast to the biotites from the core and
rim facies in the Whitney Cove pluton, the most
aluminous biotites from the rim facies of Passadumkeag
River pluton are generally correlated with the most
albitic plagioclase (fig. 22). Total aluminum shows no
correlation with the total alkali content of biotite; total
aluminum in biotite is roughly correlated positively
with Fe/(Fe+Mg) ratio of the biotite and negatively
with the silica content of the rock. The highest ratio of
Fe/(Fe+Mg) and the sum of AIV! and titanium occur in
samples from the rim facies. However, the bulk of the
pluton shows a lack of pr¢gressive variation expected
from an idealized crystallization history.

INTERRELATIONS BETWEEN BIOTITE,
AMPHIBOLE, AND ROCK

Both biotite and amphibole display similar ranges in
Fe/(Fe+Mg) ratios, suggesting equilibrium partitioning
during their crystallization (fig. 23). Samples that show
the greatest deviations occur at the rim facies. The
Fe/(Fe+Mg) ratios of biotite and amphibole show wide
scatter above the 1:1 line at values lower than 0.64. At
values higher than 0.66, amphibole tends to have slight-
ly higher ratios than coexisting biotite (fig. 23).

In a plot of AIV! for biotite and hornblende (not
shown), the most aluminous hornblende is positively

correlated with biotite. This systematic change sug-
gests that hornblende is enriched in AI'! at twice the
rate of biotite. The variation (Kj) in AI'V/(AI'V+Si) in
biotite and amphibole in relation to the sum of AlV! and
titanium is very limited and lacks a positive correlation
in the Passadumkeag River pluton.

The distribution of titanium between coexisting
biotite and hornblende is typical of granitic systems
(Czamanske and Wones, 1973; Czamanske and others,
1977), showing a slight enrichment in favor of biotite
(K, amphibole/biotite=0.9). Also, as suggested by
these authors and by Greenland and others (1968),
manganese is concentrated in amphibole by a factor of
about 4.

PLAGIOCLASE

The textural variation shown by plagioclase is signifi-
cant. Plagioclase occurs forming two petrographic
groups of phenocrysts, as groundmass grains, and in
fine-grained clusters with mafic minerals. The composi-
tion of plagioclase does not clearly relfect the modal zon-
ing from the granitic rim facies toward the core (figs. 18,
22). Although plagioclase compositons of An, occur
within the inclusion-rich phenocrysts in the core facies,
the average is An,, ,. In general, plagioclase in the
Passadumkeag River pluton shows large compositional
variability within each facies (table 10). The only
distinction is that the average compositon of
plagioclase cores in the rim facies is constrained to less
than An,, whereas plagioclase in the core facies is
generally more calcic. In some cases, plagioclase inclu-
sions within alkali feldspar are the most calcic composi-
tions within a sample. Matrix plagioclase shows a range
between An,, to An,, overlapping the composition of
the plagioclase phenocrysts.

ALKALI FELDSPAR

The composition of alkali feldspar shows insignificant
variations between facies. This general compositional
homogeneity probably resulted form deuteric alteration
and reequilibration to compositions of Org, 4. Inclu-
sions of all other phases are commonly enclosed within
subhedral alkali feldspar, arguing for late crystallizaton
of alkali feldspar. Euhedral faces are only observed
when alkali feldspar shares faces with quartz.

Rapakivi texture is uncommon in the Passadumkeag
River pluton. In contrast with the Whitney Cove
pluton, however, this texture is developed in a small
number of alkali feldspar phenocrysts in most outcrops.
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TABLE 9.—Representative electron microprobe analyses and
[Calculated per 11 oxygen atoms; total iron as FeO; R and

Column 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Sample number 3C 4C 5C 9C 13C 17C 20C 75C 78C 79C 82C 84C 91C 105C 21C 25C
‘Weight percent

§i0, —————— 36.39 36.87 35.21 36.88 36.87 36.03 36.11 36.14 3566 36,55 36.83 3596 36.21 3665 37.12 3592
TiO, —-—--———- 407 423 356 338 371 391 372 408 401 3.08 339 400 322 363 294 459
AlLO; ~—---—- 1357 14.00 13.47 14.42 1343 13.14 1400 1386 13.03 1413 13.82 13.72 13.89 13.45 14.29 1349
FeQ ———-—-—— 24.77 -25.14 2398 23.04 23.33 23.13 24.80 2465 23.69 2682 2366 2576 26.59 22.76 26.35 26.68
MnO -————-- 48 47 54 47 51 43 51 .48 42 49 49 43 36 41 65 .33
MgO ~——-mme 767 789 833 927 887 874 776 1760 679 679 865 741 675 946 722 5.70
Ca0 -——————-- 04 00 05 00 06 .04 00 08 00 00 06 00 00 00 .00 .00
Na,0 -————-——- 08 00 08 00 12 09 00 14 00 00 08 00 00 00 .00 .00
KO - 920 948 888 932 940 981 89 964 1112 976 947 933 941 983 936 948
BaQ —-—————-- A3 15 09 .18 05 09 .10 00 08 14 04 07 07 15 .08 .06
PO, - 01 00 01 00 00 01 00 .00 00 00 01 00 00 00 00 00
137 0 S — 02 00 03 00 00 01 00 .00 00 nd 02 00 00 00 00 .00
46 65 82 62 86 .91 63 00 8 72 73 49 .77 87 109 .62
(o) [ —— 08 12 06 .18 58 06 06 00 07 .05 07 .06 .41 06 32 35

Total 96.97 99.00 95.11 97.76 97.79 96.40 96.65 96.67 9576 98.563 97.32 97.23 97.68 97.27 99.42 97.22

Number of atoms

Si ————me e 281 279 277 280 281 279 280 281 282 281 282 279 280 280 281 280
| [ 24 24 21 19 21 23 22 24 24 18 20 23 .19 .21 d70.27
7.\ [P 124 125 125 129 121 120 128 127 121 128 125 1.25 1.27 121 128 1.24
Y 1.60 159 158 146 149 150 161 160 156 172 151 167 172 146 167 174
Mn - e 03 03 04 03 03 03 03 03 03 03 .03 03 02 03 .04 02
Mg —————————- 88 8 98 105 101 101 9 88 80 .78 .99 8 .78 108 .81 .66
Ca ————mmmmv 00 00 w00 00 0 00 00 01 00 00 01 00 00 00 00 .00
|\ —— 0 00 o0 00 02 01 00 062 00 00 01 00 00 00 00 00
- QP — 91 92 8 9% 91 97 89 96 112 96 92 92 93 96 90 94
Ba ~——————- 0 0 00 01 00 00 00 00 00 00 .00 00 00 01 .00 00
P o o 00 00 00 00 00 06 .00 00 00 00 00 00 00 00 00 .00
o) 0 00 00 00 00 00 00 00 00 00 00 00 00 00 00 .00
R 11 16 2 15 .21 22 15 00 22 .18 .18 12 19 .21 26 15
(o) [P —— 0 02 o0 02 07 0 0 00 0 0 01 01 .01 01 .04 05
Fe/Fe+Mg)--—- 65 64 62 58 60 60 64 65 66 69 60 66 .69 5T 67 .73

Granophyre is evident in samples close to the granite-
country rock contact. These samples are commonly
associated with other textures which include myrme-
kitic intergrowths, with development of mortar or
granulated texture, and with deeply embayed and cor-
roded rims of biotite and opaques.

QUARTZ

Quartz is concentrated in the matrix, especially
within the felsic clusters. Subhedral to anhedral grains,
typically showing undulatory extinction and sutured
borders are characteristic of this pluton. The absence of
euhedral faces of quartz in contact with all other phases
except alkali feldspars indicates that quartz is one of the
latest phases to precipitate.

SEQUENCE OF CRYSTALLIZATION

Petrographic observations support the following se-
quence of crystallization: zircon plus apatite; oxides,
sulfides, and clinopyroxene(?); and allanite plus sphene.
Hornblende, biotite, and plagioclase crystallized next,
followed by quartz plus alkali feldspar (fig. 24).

SUMMARY OF THE BULK CHEMISTRY

The Passadumkeag River pluton is mineralogically
and texturally zoned from rim to core facies, and this
zoning is also shown in its bulk chemical composition
(Ayuso and others, 1982a) (fig. 25). Some of the most im-
portant bulk chemical results are as follows: (1) The core
facies is higher in CaO, MgO, Fe,0O,, TiO,, P,O, and
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structrual formulae of biotite from the Passadumkeag River pluton.

C represent rim and core facies, respectively; nd, not determined]
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17 18 19 20 21 22 23 24 25

26 27 28 29 30 31 32 33 34

29C 31C 34C 36C 73C 110C 112C 113C 2R 8R 10R 14R 27R 35R 74R 80R 88R 90R
‘Weight percent—continued
36.51 36.09 34.60 36.36 36.52 3566 3624 36.97 36.73 36.71 36.64 36.26 36.46 36.24 3565 36.51 36.66 36.57
404 339 417 409 348 390 409 382 309 302 346 355 355 3.03 3.76 344 337 3.28
13.54 13.84 12.87 13.53 1434 13.63 13.37 1352 1468 1390 1341 1431 13.74 13.56 1292 14.16 14.10 14.66
23.09 24.12 21.72 2528 2588 25.02 2554 2299 2750 23.42 23.76 28.02 26.00 26.39 24.03 2292 26.09 2857
.34 42 .48 .50 44 51 47 44 .85 45 43 71 .40 .59 49 .60 .55 1.06
909 832 713 737 720 1744 731 883 539 886 817 437 787 643 839 838 755 4.03
02 .00 .06 07 .00 .07 13 23 .00 .08 .09 .00 .00 .07 .07 .05 .00 .00
.00 .00 12 .08 .00 15 .09 .08 .00 12 .08 .00 .00 .05 11 .06 .00 .00
944 945 900 960 1003 929 917 955 962 979 970 944 934 926 985 887 957 885
.09 .08 .18 .19 .16 21 15 18 .08 .18 17 .10 .07 .09 .04 .03 15 .06
.00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .01 .01 .01 .00 .01
.00 .00 .00 .00 .00 .00 .00 .00 .00 nd nd .00 .00 .00 .04 .05 .00 .00
67 .55 75 44 714 57 .62 .81 92 nd 87 .85 .60 .40 94 98 .53 91
.09 .06 .08 13 07 13 .08 .08 .04 11 .08 07 .10 .05 .05 .07 .06 .10
96.92 96.32 91.16 9764 9886 96,58 9726 97.50 9890 96.64 96.86 97.68 98.13 96.17 96.35 96.13 98.63 98.10
Number of atoms inued

280 280 283 281 279 278 281 282 282 284 283 283 280 28 278 281 280 283
.23 .20 26 .24 20 23 24 22 .18 18 .20 21 .20 .18 22 .20 .19 19
1.22 1.27 1.24 1.23 1.29 1.25 1.22 1.22 1.33 1.27 1.22 1.31 1.24 1.26 1.19 1.30 1.29 1.34
148 157 148 163 165 163 165 147 176 151 153 183 167 174 157 148 167 185
.02 .03 .03 .03 .03 .03 .03 .03 .06 .03 .03 .05 .03 .04 .03 .04 04 .07
1.04 .96 87 .85 .82 87 .84 1.00 62 1.02 94 51 90 .75 98 .96 .86 47
.00 .00 .01 .06 .00 .01 01 02 .00 .01 01 .00 .01 .01 .00 .00 .00 .00
.00 .00 .02 .01 .00 .02 .01 .01 .00 .02 .01 .00 .01 .02 .01 .00 .00 .00
92 94 94 95 98 93 91 93 94 97 .96 94 91 93 .98 87 93 87
.00 .00 .01 .01 .01 01 .01 01 .00 .01 .01 .00 .00 .00 .00 .00 .00 .00
.00 00 00 .00 00 00 .00 .00 .00 .00 .00 00 .00 00 .00 .00 00 .00
.00 .00 .00 .00 .00 .00 .00 .00 .00 00 nd nd .00 .00 .00 .00 .00 .00
.16 .14 .19 11 .18 14 15 .20 22 nd 21 21 .15 .10 23 24 13 22
01 .01 .01 .02 .01 02 .01 01 .01 .01 .01 .01 .01 01 .01 01 01 01
.59 .62 63 .66 .67 .65 66 .60 74 .60 .62 78 65 .70 .62 61 .66 .80

Al,0;; (2) silica increases in a regular gradient from 65
percent in the core to 77 percent in the rim; and (3) the
total alkali element content shows no significant enrich-
ment in the more felsic rocks (table 11; fig. 25).

Normative composition of this pluton shows that it is
slightly corundum normative (less than 2 percent) and
that it exhibits higher normative anorthite in the core
facies. As in the Whitney Cove pluton, normative com-
positions are not directly correlated with the abundance
of silica.

Preliminary analyses of the same suite of trace
elements analyzed in the Whitney Cove pluton confirm
the reverse zonation in the Passadumkeag River pluton.
Higher zirconium, yttrium, and strontium abundances
are characteristic of most of the interior rocks of the
Passadumkeag River pluton; niobium shows little varia-
tion in abundance from rim to core. More mafic granitic

rocks tend to have higher barium than the more felsic
rocks. With increasing silica, the variation of rubidium
in the core and rim facies of the Passadumkeag River
pluton suggests that each facies follows a slightly dif-
ferent trend. The Passadumkeag River pluton has lower
contents of strontium at a given silica value than the
Whitney Cove pluton.

The compositional diversity and field relations deter-
mined from representative analyses of wall-rock xeno-
liths argue for a minimum degree of interaction with the
granitic melt. Control of the mafic xenoliths on the
evolution of the granitic melt is uncertain, however,
partly because of the petrographic diversity evident
even within single outcrops. This diversity is indicated
in the spread of compositions of the mafic xenoliths, as
they are only broadly correlated to the trend defined by
the granites.
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FiGURE 19.—Compositions of biotite in the Passadumkeag River pluton as a function of Fe/(Fe+Mg). Note that biotite from the core and rim
facies has similar contents of titanium. Biotite from the rim facies has a wide range in Fe/(Fe+Mg) ratios. See table 9 for specific man-
ganese, titanium, and Fe/(Fe+Mg) values.
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iron show no clear correlation with the silica content of the rock.
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FIGURE 22.—The anorthite content (An) of plagioclase cores ex-
pressed as a function of the AIV! content of biotite in the Passa-
dumkeag River pluton. Higher anorthite in plagioclase generally
occurs in the core rather than in the rim facies at a given value of
AIV! in biotite. No general trend is evident for the pluton as a
whole. Lower An in plagioclase from the rim facies is broadly cor-
related with higher contents of A1V in biotite.
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FIGURE 23.—Change in the Fe/(Fe+Mg) ratios of biotite coexisting
with amphibole in the Passadumkeag River pluton. For compari-
son, the 1:1 line is also shown. Note that the compositions scatter
about the 1:1 line and that both biotite and amphibole have sim-
ilar ranges in Fe/(Fe+Mg).
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FIGURE 24.—The generalized order of crystallization in the Passa-
dumkeag River pluton. Plagioclase, quartz, and alkali feldspar
crystallized after biotite, hornblende, and the accessory suite.

Regular compositional variation in the Passadum-
keag River pluton supports the contention that the core
and rim facies are directly related. With the exception of
the K,O abundance, straight linear variations from the
margins to the interiors are the norm. Overlap in bulk
composition between the core and rim facies also sup-
ports a comagmatic origin for the entire pluton in the
same manner evident in the Whitney Cove pluton.

Granitic rocks and their mafic xenolith hosts are
strikingly different in bulk composition. Linear varia-
tions shown by the granite hosts contrast with the
dispersed spread of the =xenoliths and argue that
although a certain degree of reaction must have taken
place, the granite magma and xenoliths did not re-
equilibrate fully. Lower silica and a more mafic bulk
composition is characteristic of the mafic xenoliths,
although they also exhibit irregular variations in ALQ,,
MgO, Ca0, K0, and P,0; (fig. 25). The regression line
obtained through the composition of the granitic rocks
passes through the field defined by the mafic xenoliths.
Given the dispersion of the bulk composition of the
mafic xenoliths, it is difficult to relate them to the host
rocks.

Crystallization of about 25 percent of the liquid with
removal of 17 percent plagioclase, 8 percent biotite (and
amphibole), and 0.5 percent apatite (and zircon) may ac-
count for the major and trace element variation from
representative rocks from the core to rim facies. Results
indicated, however, that the mafic xenoliths were not
related to the host granites by any reasonable fractiona-
tion mechanism. Thus, they cannot represent autoliths,
and more logically the xenoliths may be thought of as
unrelated and accidental blocks obtained at depth by
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FIGURE 25.—Variation diagrams in the Passadumkeag River pluton showing the core and rim facies. The composition of the mafic xenoliths
and aplites are also plotted. Most of the oxides are highly correlated with the silica content of the rock. Note the absence of major compo-
sitional gaps, and especially the more siliceous nature of the rim facies. Samples from the rim facies are lower in Al,0,, Fe,0,, MgO, TiO,,
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compositions than the host granites. The generalized compositional field for the Mount Givens granodiorite (Bateman and Nokleberg, 1978)
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showing the core and rim portions of a typical normally zoned pluton is illustrated for contrast with the reversely zoned Passadumkeag

River pluton.
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TABLE 11.—Representative major and trace element analyses and norm compositions of the Passadumkeag River pluton
[R and C refer to rim and core facies, respectively; total iron as Fe, O, LOI, loss on ignition}

Column 1 2 3 4 5 6 7 8 9 10 11 12
Sample number 2R 6R 8R 10R 14R 15R 27R 13C 16C 17C 20C 21C
Weight percent
Sio, -———- 7517 7172 7025 70.79 7698 76.00 7259 6982 6852 6827 6781 7212
TiO, .19 41 .58 44 .16 14 .36 41 .52 .50 .67 .33
ALO, 13.15 1404 13.66 1453 1212 1281 1356 1469 1489 1546 1481 13.70
Fe,O, —— 1.72 2.81 3.59 2.78 1.50 1.39 2.32 2.65 361 3.21 4.66 2.57
MnO -- .06 .05 .06 .03 03 .03 .03 .05 .06 .06 11 .05
MgO 15 .46 .89 .87 .06 11 .38 62 13 70 87 .36
Ca0 - 81 1.55 2.35 1.87 .54 .69 1.17 1.75 2.02 2.10 2.47 1.28
Na,0 3.62 3.41 3.36 3.19 3.30 3.35 3.24 3.35 3.55 3.30 3.31 3.09
K0 - - 480 4.73 3.98 4.77 5.13 5.18 5.22 5.40 4.76 5.53 403 5.27
PO, - .04 .09 .16 11 .02 .01 .08 .10 .14 13 18 .08
LOI - 41 31 A7 45 44 .33 .33 47 .56 .38 1.15 27
Total 10002 9958 99.35 99.63 100.28 10004 9928 99.31 9936 99.64 100.07 99.12
Norm
Q-—--- 3447 3016 3064 2597 3686 3506 31.14 2545 2479 22.82 2703 31.20
C .79 ij! 13 .03 20 .46 .65 .40 .56 .54 94 .18
Or 2836 2807 2381 2826 3023 3060 31.07 3213 2861 3280 2380 31.42
Ab 2978 2898 27.76 3198 2785 28.34 2762 2854 30.23 2803 2799 26.38
An 3.76 713  10.75 8.58 2.54 3.36 5.32 8.08 9.17 9.60 11.07 5.88
En 37 1.15 2.24 1.67 15 27 92 1.56 1.83 1.75 2.17 91
Hm 1.72 2.82 3.64 2.79 1.50 1.39 2.34 2.67 3.63 3.22 4.66 2.59
1} 13 11 13 .06 .06 .06 .07 A1 13 13 24 d1
Tn .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
Ru -— a2 .36 .52 41 13 A1 33 .36 .46 43 .55 28
Ap - .10 21 .38 .26 .05 .02 .19 .24 .33 31 43 19
Trace clements in ppm
Rb 266 129 132 137 229 170 178 170 184 152 151 230
Sr - -- 52 150 192 163 34 46 126 178 181 218 208 146
Y -—- 26 36 34 33 32 20 24 33 44 31 44 35
Ba 160 426 541 509 62 90 524 594 497 897 477 309
Zr 159 264 296 231 157 126 182 248 300 277 313 196
Nb 27 19 22 17 18 19 13 18 24 18 23 17

the granite magmas. As in the case of the Whitney Cove
pluton, fractional crystallization cannot fully explain
the reverse zoning in the Passadumkeag River pluton.
Furthermore, the wide range in petrographic features
and the dispersal in modal and bulk chemical abun-
dances are difficult to explain simply by fractionation.

XENOLITHS IN THE BOTTLE LAKE COMPLEX

The two plutons of the Bottle Lake Complex, the
Whitney Cove and the Passadumkeag River plutons,
are geographically closely associated, but each encloses
different abundances and kinds of xenoliths (Ayuso,
1979). Two xenolith types are recognized in the Bottle
Lake Complex: metasedimentary and mafic.

METASEDIMENTARY XENOLITHS

Metasedimentary inclusions are concentrated near
the granite-country rock contact and are of limited im-
portance in affecting the evolution of the Bottle Lake
Complex. The size and abundance of these xenoliths
decreases toward the interior of the granites. Also, they
retain characteristic bedding styles, structural and
petrographic features that. match protoliths in the coun-
try rock.

MAFIC XENOLITHS

Mafic xenoliths exhibit significant petrographic
diversity among themselves as evidenced by their vari-

able grain size, maximum dimension, abundance of
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feldspar megacrysts, and wide range of biotite-to-
amphibole ratios (Ayuso and Wones, 1980). The most
abundant mafic xenoliths are porphyritic quartz-diorite
rocks, fine to medium grained with prominent feldspar
megacrysts. They are randomly distributed throughout
the core facies of both granites but are especially abun-
dant in the Passadumkeag River pluton. Mineralogic
and size variability characterizes the xenoliths, as they
range from mafic- to felsicrich and from a few centi-
meters to 1 m in length.

Preliminary studies of the mineral chemistry in the
mafic xenoliths show that the compositions of the mafic
minerals are distinguishable from those in the host
granite. This distinction is especially evident in biotite
and to a lesser degree in amphibole. In contrast, the
composition of plagioclase in the mafic xenoliths ex-
hibits similar ranges (An, to An,) as those documented
in the Passadumkeag River pluton.

Biotite in the mafic xenoliths is generally higher in
aluminum but lower in titanium and alkalies(?) com-
pared to biotite in the host rocks. Both groups of
biotite, however, show similar Fef(Fe+Mg) ratios
(0.50-0.70). Amphibole mimics the compositional
change in biotite and shows progressively higher
titanium, iron, and alkalies but lower magnesium in am-
phibole of the granite coexisting with the xenolith.

The compositions of mafic and country rock xenoliths
are plotted on the granite variation diagrams (figs. 12
and 25) for comparative purposes. Although wall-rock
xenoliths may exert control over the chemistry of a
pluton, small-scale assimilation of such xenoliths by
granitic liquids of the Bottle Lake Complex resulted
primarily in dilution of the granitic components. This
dilution is suggested by the broadly calc-alkaline nature
of the Bottle Lake Complex compared to the strongly
silicic and peraluminous compositions of most country
rocks. Also, the variation from more mafic to felsic
rocks in the plutons follows a well-defined trend despite
the wide range of lithologies representative of the coun-
try rocks. Finally, country rocks are significantly higher
in 8*0 (12.0-13.4 permil) compared to the granites
(8.3-9.9 permil) and mafic xenoliths (6.8-9.0 percent) (A.
Andrew, 1982, written commun.) arguing against major
interaction between these rock types.

COMPARISON OF GRANITES IN THE
BOTTLE LAKE COMPLEX

Because of the scatter in the abundance of the alkali
elements, the calc-alkali indices for the Bottle Lake
plutons are roughly constrained to between 53 and 57.
The range is lower than expected for calc-alkaline suites
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(60-64). Plotted on an AFM (A=Na,0+K,0; F=FeO;
M=MgO) diagram, the composition of the plutons
defines a band trending away from the FeO-MgO side-
line toward the alkalies (fig. 26). This trend suggests a
broadly calc-alkaline trend. Wallrock xenoliths are
distinct from this trend, while mafic xenoliths are
generally alined in agreement with the plutons and plot
more closely to the FeO-MgO sideline.

The composite nature of the Bottle Lake Complex, the
circular or elliptical shape of the plutons, the develop-
ment of an aureole by contact metamorphism, the range
in the lithological variety of granitic rocks, and the pres-
ence of mafic-rich inclusions in the Bottle Lake Complex
are in agreement with the field relations outlined by
Chappell and White (1974) characteristic of I-type
granites. On the basis of petrographic observations, it is
also reasonable to classify the plutons as belonging to
the magnetite-series of Ishihara (1977).

FELSIC DIKES

Aplites are relatively uncommon in the Bottle Lake
Complex. However, one of the differences between the
two plutons is that the Whitney Cove pluton is com-
paratively richer in felsic dikes (aplites, pegmatites,
granophyres) than the Passadumkeag River pluton. Ad-
ditionally, a few small miarolitic cavities (1-3 mm) are
concentrated in the Whitney Cove pluton, west of Pug
Lake (V) in the Scraggly Lake quadrangle, but appear to
be absent in the Passadumkeag River pluton (pl. 1). The
aplite dikes consist of fine-grained leucocratic rocks
ranging from a few centimeters to 0.8 m in thickness.
They often show diffuse contacts with the host granites,
extreme variation in attitude, and mineralogical band-
ing from felsic borders to thin biotite zones which
culminate in a pegmatitic core.

Muscovite is present in some of the aplites exposed
within the plutons, especially in the core of the Whitney
Cove pluton. Muscovite is best developed, however, in
pegmatitic pods near granite-country rock contacts
together with long blades (3-5 ¢m) of black tourmaline.
These areas are exposed west of Almanac Mountain (A)
and north of Bowers Mountain (S) in the Springfield and
Scraggly Lake quadrangles (pl. 1).

Within the Bottle Lake Complex, felsic dikes are com-
mon east of Sysladobsis Lake (M) and along the shores
of McLellan Cove (W), in Getchell Mountain (E) and
south of Chamberlain Ridge (X). Felsic dikes are typical-
ly low in mafic minerals, accessories, and plagioclase.
Compositonally, they represent the most felsic rocks of
each pluton and characteristically contain less stron-
tium but more rubidium than the associated granites.



42 FIELD RELATIONS, CRYSTALLIZATION, AND PETROLOGY OF THE PLUTONS IN THE BOTTLE LAKE COMPLEX

Bottle Lake Complex
FeO

K20 +

l Field of country rock xenoliths

EXPLANATION

4 Rim Passadumkeag River
A Core
O Rim .
Wh Cove
e Core tney
X Aplite

O Mafic xenolith
¢ Country rock xenolith

Field of mafic xenoliths

\/

NazO

MgO

Fi1GURE 26.—AFM (A=Na,0+K;0; F=FeO; M=MgO) diagram showing the Bottle Lake Complex, the mafic xenoliths, and aplites. The
composition of the plutons defines an array trending toward the alkalies and is broadly calc-alkaline. Mafic xenoliths of the Passadumkeag

River pluton plot closest to the FeO-Mg0 sideline.

AMPHIBOLITE UNIT

An amphibolite unit crops out in the Scraggly Lake
area, entirely confined within the cataclastic zone (pl. 1).
This unit is best exposed in Hasty Cove (Y) and on
islands near the southern shores of Mud Cove (DD).
Most amphibolite outcrops are intensely sheared,
jointed, and exhibit a strong northeast-trending foli-
ation parallel to that of the granitic rocks. The predomi-
nant rock type is a fine-grained, greenish-black (5 GY

2/1) unit with sparse plagioclase phenocrysts. Contacts
with the granitic rocks of the Whitney Cove pluton are
characterized by a hybrid zone where porphyritic
greenish-gray (5 G 6/1) rocks are abundant. Felsic dikes
cut the hybrid zone and the amphibolite.

The mineralogy of the amphibolite consists of plagio-
clase, amphibole, and biotite with minor amounts of
quartz and alkali feldspar. Apatite, allanite, sphene, il-
menite, magnetite, and zircon are also present. Apatite,
however, is the most conspicuous accessory in this rock.
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The generally massive fabric of the Bottle Lake Com-
plex cominonly persists outward to the granite-country
rock contact. In foliated rocks, however, the feldspars
are generally alined with (010) parallel to the contact.
Extensive granite outcrops are developed on Lombard
Mountain (R) and Getchell Mountain (E). Several areas
within the granites also show foliated rocks consisting
of the following: (1) zones within the core facies of the
Passadumkeag River pluton; (2) foliated rocks of the
rim facies of the Whitney Cove pluton developed in a
cataclastic zone; and (3) rocks within the core facies of
the Whitney Cove pluton.

Foliation within the core of the Passadumkeag River
pluton is alined to the northeast but is not accompanied
by the strong cataclastic deformation characteristic of
most foliated areas in the Whitney Cove pluton.
Foliated areas within the Whitney Cove pluton are com-
monly cut by bands of cataclastically deformed rocks.
The two most important cataclastic areas are the
northeast-trending fault zone of the Norumbega fault
system and the fault zone which cuts the Whitney Cove
pluton. Each of these zones is also characterized by
foliated granitic rocks preferentially alined to the north-
east in contrast with the apparent lack of regional aline-
ment in the foliated rocks of the core facies in the
Whitney Cove pluton.

At least three fault zones are exposed in the Bottle
Lake Complex: the wide band of shearing that cuts the
Whitney Cove pluton; the Norumbega fault system; and
the fault that cuts the Topsfield facies which was
mapped by Ludman (1978b). The northeast-trending
(N40-50°E) cataclastic zone that cuts the Whitney
Cove pluton terminates against the Passadumkeag
River pluton. This zone extends from Orie Lake (Z} to
Junior Lake (AA) in a wcll-exposed, 1.5-3.0-km-wide
band in the Scraggly Lak: quadrangle (pl. 1). Typical
rocks are cataclastically rieformed, sheared, and criss-
crossed by quartz and epidote veins. Most outcrops in
this zone show at least cne set of mylonitic foliation to
the northeast, although many show significant scatter
in attitude. Spindle-shaped quartz grains are cominon in
most exposures. Many outcrops also show evidence of
right-lateral motion and up to 50 cm of displacement in
east-trending fractures across individual mylonitic
zones. Granitic rocks are pervasively and massively
altered. Feldspars are crisscrossed by thin, epidoterich
veins and show extreme alteration, disintegration,
shearing, and displacement, especially within plastic
bands of recrystallized quartz and biotite.

The Norumbega fault zone is the major northeast-
trending right-lateral system in the region and locally
constitutes the southern contact of the Whitney Cove

pluton (pl. 1). According to Wones (1979) the amount of
displacement along the fault is unknown. Outcrops in
Farm Cove (BB) of West Grand Lake in the Wabassus
Lake quadrangle are good examples of intensely
sheared, silicified and mylonitized granitic rocks.

A left-lateral fault mapped by Ludmnan (1978b) along
the southern shores of East Musquash Lake (CC) near
State Route 6 separates the Topsfield facies from the
main mass of the Whitney Cove pluton (pl. 1). The fault
is oriented east-west and is characterized by epidotized
and intensely sheared red granitic rocks.

Mylonite veins are relatively cominon near the traces
of the fault zones and also as randomly distributed and
oriented features within the Whitney Cove pluton.
Many of these veins are probably related to the iden-
tified faults in the region. However, the preponderance
of mylonites_showing a pronounced east-west trend is
suggestive of a distinct and possibly later deformation
unrelated to the identified faults.

Joints and fractures are cominon in most outcrops
throughout the Bottle lake Complex. They often show
large variation in attitude even within individual out-
crops. On the basis of preliminary observations, no
regional trend is displayed within the granitic rocks.
Jointing is significantly increased with proximity to the
areas of intense cataclastic deformation.

ESTIMATE OF INTENSIVE PARAMETERS
DURING CRYSTALLIZATION

ESTIMATE OF PRESSURE

A combination of textural, chemical, and geologic
observations may be used to place constraints on
pressure, temperature, fugacity of water, and oxygen
fugacity during crystallization of the Bottle Lake Com-
plex. Total pressure is among the most difficult param-
eters to estimate. Plutons of the Bottle Lake Complex
intruded country rock in the lower greenschist facies,
almost certainly within the stability field of andalusite.
Ludinan (1978b) observed only andalusite in metamor-
phic rocks in the area to the northeast, and contiguous
to the Bottle Lake Complex. Depending on the choice of
equilibrium curves, maximum pressure estimates based
on andalusite stability range from about 3.5 kbar
(Holdaway, 1971) to about 5.5 kbar (Richardson and
others, 1969). Rast and Lutes (1979) estimated a
pressure range of 1.5 to 3 kbar at the contact of the
Pokiok-Skiff Lake granite (immediately to the northeast
of the Bottle Lake Complex) on the basis of presence of
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coexisting garnet-cordierite-andalusite-biotite assem-
blages. Similarly, the existence of garnet-cordierite-
biotite assemblages (Hess, 1969) in the country rock in-
truded by the Bottle Lake Complex suggests a pressure
interval of 1.5 to 4.5 kbar.

Rast and Lutes (1979) cite the estimate by Garland
(1953) of about 2 kbar for the maximum thickness of
cover north of the Bottle Lake Complex. This estimate
is also consistent with P=2 kbar for the emplacement of
the Center Pond pluton (Scambos, 1980) which lies im-
mediately west of the Passadumkeag River pluton.

Obvious signs of crystallization of the Bottle Lake
Complex under water-saturated conditions are absent.
It seems reasonable to suggest that because of the small
number of aplites, pegmatites, and miarolitic cavities,
only the most evolved rocks are equivalent to the syn-
thetic Q-Ab-Or-H,0 system (Tuttle and Bowen, 1958;
Luth, 1969; James and Hamilton, 1968). Each of these
units yields an estimate of pressure during emplace-
ment. On this basis, and assuming that Pyo,=P,_, a
range between 1.5 and 2.5 kbar probably existed during
emplacement of the Bottle Lake Complex (fig. 27).
Assuming that Py =P, =2 kbar and that normative
Ab/An=5.2 in the rock, a temperature of 685°C
(*50°C) is estimated from the experimental data for
granite minimum melts studied by von Platen (1965).

ESTIMATE OF WATER CONTENT

Water content in the original magmas of the Bottle
Lake Complex was estimated by comparison of the
order of crystallization with granodiorite experimental
systems obtained by Naney (1978) and in conjunction
with experimental systems documenting the paragen-
etic sequence of mafic phases in K;O-rich magmas
(Wones and Dodge, 1977). Early crystallization of
euhedral hornblende together with euhedral biotite im-
poses minimum water contents on these granitic
magmas. In the case of relatively high water activity,
amphibole precedes phlogopite in the crystallization se-
quence. Such a sequence is present in the Passadum-
keag River pluton, supporting the suggestion that
water activity was relatively high during much of the
crystallization of this granitic magma. Comparison of
the mineralogy and order of crystallization observed in
the Passadumkeag River pluton with pertinent systems
studied by Naney (1978) suggests that water saturation
occurred only in the latest stages of solidification.
Water content probaby never exceeded 4 weight
percent.

The established order of crystallization for the
Whitney Cove pluton also limits the water content of
the magma. Vapor saturation occurred relatively late

but at an earlier stage than in the Passadumkeag River
pluton. Melts in this pluton probably never exceeded a
maximum water content of 5 weight percent. Prominent
alkali feldspar megacrysts are present in the core facies
of this pluton because they grew faster than plagioclase
and quartz (Swanson, 1977; Fenn, 1973), although this
growth occurred relatively late in the sequence when
water conditions in the pluton were still under-
saturated.

ESTIMATE OF ¢, £, fi1,0

Although temperature of crystallization may be
estimated from the equilibrium distribution of the albite
molecule in coexisting plagioclase and alkali feldspar,
the approach is not useful in the case of the Bottle Lake
complex because of substantial feldspar reequilibration.
Sanidization of alkali feldspar and use of powder diffrac-
tion techniques (Wright, 1968; Wright and Stewart,
1968) suggest that the bulk composition is in the range
of Org to Ory,. Application of the feldspar geother-
mometer (Stormer, 1975) yields a large spread in tem-
perature from 450 to 800°C with most estimates clus-
tered at about 450 to 550°C. These temperatures are
lower than expected for a minimum melt at about
2 kbar (about 685°C) and result from the high ortho-
clase content of the alkali feldspar, probably caused by
secondary processes.

Examination of coexisting oxides provides a way of
simultaneously estimating fo, and ¢ (temperature in °C).
Unfortunately, such estimates also yield unrealistically
low temperatures (400-500°C) of equilibration of the
Bottle Lake Complex. The composition of ilmenite is
enriched in MnO probably making this phase untract-
able by the Buddington and Lindsley (1964) scheme
(Czamanske and Mihalik, 1972). Despite the coexistence
of magnetite and ilmenite, the use of the geothermom-
eter yields temperatures probably reflecting secondary
processes.

The modal abundance of magnetite and ilmenite
displays significant variation in the Bottle Lake Com-
plex. Either magnetite or ilmenite may be dominant in a
sample. In at least one sample in the Whitney Cove
pluton, inclusions within plagioclase were exclusively il-
menite, while magnetite predominated in the matrix.
Within the core of the Passadumkeag River pluton,
many samples were dominantly of ilmenite rather than
magnetite, but nearby rocks had subequal amounts of
both phases.

Coexistence of sphene and magnetite throughout the
Bottle Lake Complex and essentially throughout the
crystallization history marks the minimum f;, during
crystallization. Wones (1966) suggested that this
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FIGURE 27.—Normative quartz-alt ite-orthoclase-water (Q-Ab-Or-H,0) diagram for rocks of the Bottle Lake Complex. Experimentally derived
minima are from Tuttle and Bowen (1958), Luth and others (1964), Luth (1969), and James and Hamilton (1968). Data for 2 kbar and
Ab/An=5.2 are from von Pliten {1965). Rocks from the rim facies of the Passadumkeag River pluton are more restricted in composition
than the core facies and plot near the ternary minima (P o= P.qa) for 0.5 kbar and 1 kbar; they are also close to the 2 kbar minimum for
Ab/An=5.2. Rim facies rocks of the Whitney Cove pluton ate widely scattered in comparison to the core facies.

equilibrium lies at slightly higher oxygen fugacities
than the Ni-NiO buffer curve (Huebner and Sato, 1970).
An estimate of the highest f, during crystallization is
represented by the Fe,0,-Fe,0, buffer curve (Eugster
and Wones, 1962; Chou, 1978) because primary hema-
tite is absent.

Subsolidus or late changes in fo, are exemplified by
the appearance of secondary sphene rims around gran-

ular ilmenite and by the growth of alined opaque miner-
als (magnetite and ilmenite) in biotite. Both phenomena
are common in the Whitney Cove pluton, but they are
also present in the Passadumkeag River pluton. Feath-
ery intergrowths in biotite, ilmenite, and magnetite, and
extremely fine-grained felsic phases also attest to the ef-
fect of secondary changes late in the crystallization

history of the Bottle Lake Complex.
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The oxidation-dehydration reaction
annite+oxygen=sanidine+magnetite+water
KFe,AlSi,0,(0OH),+1/2 0,=KAISi,0,+Fe,0,+H,0
can be used to estimate & fyo. and fo, (Wones and

Eugster, 1965; Wones, 1972). The most recent descrip-
tion of the curve relating that assemblage is given by

log fi,0= @+6.69+3 log X, —loga—loga_
+1/2log fo,~ _—_O'OHT‘P'” :

determined by D. A. Hewitt (oral commun., 1980),
where X is the mole fraction of iron in octahedral coor-
dination in biotite; T is the temperature in °K, and P is
pressure in kilobars. The activity of sanidine in the feld-
spar solid solution (¢) is assumed to be about 0.6
(Waldbaum and Thompson, 1969), reflecting magmatic
compositions prior to the onset of secondary processes
resulting in feldspar reequilibration. The activity of
magnetite (a_) is unity because this phase is nearly pure.
Values of f,;, were taken from Burnham and others
(1969).

Although biotites in the Bottle Lake Complex
evolved under relatively high f, conditions, they did
not coexist with primary hematite. Nevertheless, the
amount of Fe** in these biotites is unknown and this
could considerably extend their calculated stabilites
(Wones, 1972). In the same manner, Czamanske and
Wones (1973) suggested that substitution of F- or O*-
for OH- lowers the activity of annite and increases the
stability of biotite. Similar results may arise from the ef-
fects of titanium (Robert, 1976) and aluminum (Ruther-
ford, 1972).

Curves relating oxygen fugacity to temperature were
generated by determining the composition of coexisting
phases and by assuming constant fugacities of H,0.
These curves constrain f,, and ¢ when plotted against
estimates of f;, derived from examination of coexisting
assemblages (sphene+magnetite+quartz) and esti-
mates of the stability curves of coexisting oxides (Bud-
dington and Lindsley, 1964). In this way, the intersec-
tion of the average biotite stability curve for each facies
and appropriate oxide or buffer curve limits the max-
imum ¢ and f;,, for that granite facies at the chosen f;, o.

Biotite stability curves in figure 28 show the range of
fo,—t variation found in the Bottle Lake Complex. The
intersection with the Ni-NiO buffer curve provides for
upper temperature limits as the Fe** content of the
biotite is unknown. Temperatures from 720 to 780°C

are indicated, although the range may be lower for oxy-
gen fugacities higher than the Ni-NiO curve and more
representative of the assemblage for magnetite and
sphene.

Typical biotite samples from the core and rim facies of
the Whitney Cove pluton are separated by almost one
log umit f,,. Higher temperature and f,, conditions ap-
parently describe the core facies of this pluton in com-
parison to the rim. The two representative samples of
the Passadumkeag River pluton show that the core and
rim facies have a similar f, —t interval of crystalliza-
tion. However, the values of f, in core samples of the
Passadumkeag River pluton indicate that oxidation dif-
ferences in the assemblages of continuous outcrops are
probably still evident.

The variation in magnetite/ilmenite ratios in outcrops
and of f,, in the Bottle Lake Complex suggests that in-
trinsic oxidation variations may still be present, prob-
ably as a reflection of the source materials. Although
the Whitney Cove pluton has a larger range in f,, than
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FiGure 28.—Stability curves of biotite from the Bottle Lake Complex
on a log f, —t graph. Curves for the assemblages Fe,0,—Fe,O,
and NiO-Ni are shown for comparison. For the Whitney Cove
pluton, biotite from the core facies shows higher f; and temper-
ature of equilibration than biotite from the rim facies. In the
Passadumkeag River pluton, biotite from the core and rim facies
shows similar values for temperature and fo,
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the Passadumkeag River pluton, the two plutons show
a large degree of overlap.

Core samples of the Whitney Cove pluton indicated
the highest temperature (780°C) while the rim facies
showed the lowest (725°C). Core facies samples of the
Passadumkeag River pluton show an interval of max-
imum temperature from 720 to 740°C, whereas biotite
from the rim facies shows a slightly higher temperature
(745°C). However, because of the range and variation in
Fe/(Fe+Mg) ratios of biotite within each facies and the
assumpticns inherent in the calculation of the biotite
stabilities, this discrepancy is probably not significant.

Estimate of the fi; ,—¢ relations may also be made
through the use of the biotite stability curves and the
granite minimum melting curve (Tuttle and Bowen,
1958). An approximate range in fy , from 760 to 1,250
bars, and in ¢ from 715 to 750°C is estimated from
figure 29. This fugacity corresponds to a pressure rang-
ing from 1 to 1.8 kbar (Burnham and others, 1969). The
lowest fi; 0 and highest temperature is present in the
core sample of the Whitney Cove pluton, while the high-
est fo and lowest temperature was obtained from the
rim of the Passadumkeag River pluton.

GENERAL CHARACTERISTICS OF THE
GRANITE SOURCE REGION

Petrologic similarities within the Bottle Lake Com-
plex suggest that the two plutons were derived gener-
ally from geochemically equivalent but different source
materials. Both plutons are basically alike in their
essential mineralogy and key index accessory phases
(primary sphene, allanite, zircon, apatite). The Passa-
dumkeag and Whitney Cove plutons also show similar
major element variations and abundances characterized
by overlap in composition and trend.

The absence of relict aluminous phases (garnet,
aluminosilicates, cordierite, or muscovite) and the pres-
ence of sphene and hornblende argue against a pera-
luminous source. Instead, source rocks of the Bottle
Lake Complex must be dominated by a protolith of ig-
neous character as suggested by field relations, acces-
sory mineralogy, major and trace element composition,
and relatively low initial ratios for lead and strontium.

A volcaniclastic source is consistent with the range in
lead and strontium isotopic compositions in the Bottle
Lake Complex (Ayuso and others, 1982b). Progressive
melting of the granite sources implies that a composi-
tional gradient be established, and this gradient is re-
flected in the isotopic makeup of the plutons. Although
the Whitney Cove and Passadumkeag River plutons
have distinctive lead and strontium isotopic composi-
tions, a gradual trend exists from the least radiogenic
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FIGURE 29.—Calculated stability curves of biotite from the Bottle
Lake Complex and the minimum melting curve in the system
Q—=Ab-Or (Tuttle and Bowen, 1958) plotted on a graph of szo
and temperature. The core facies of the Whitney Cove pluton in-
dicate lower fy o values and higher temperature than the rim
facies. Biotites Trom the rim facies of the Passadumkeag River
pluton show a wide range in minimum temperature and water
pressure values necessary for crystallization in a granitic melt.

values in the Passadumkeag River pluton to more radio-
genic values in the Whitney Cove pluton. No isotopic
distinction can be made between the marginal and in-
terior facies. The isotopic composition of lead in whole
rock and alkali feldspars (Ayuso, 1982) shows a trend in
initial ratios from the Passadumkeag River pluton

(2¢Pb/2*4Pb: 18.27-18.43; 2"Pb/**Pb: 15.62-15.68;
208Ph/204Ph:  37,55-38.42) to the mafic xenoliths
(2¢Pb/2*Ph: 18.29-18.52; 27Pb/?*‘Pb: 15.64-15.67;

28Ph/24Ph: 37.85-38.36) and the Whitney Cove pluton
(2¢Pb/**‘Pb: 18.34-18.66; 2"Pb/***Pb: 15.66-15.71;
28Ph/24Ph; 37.92-38.28). The initial Pb isotopic ratios in
the metasediments (**Pb/**Pb: 18.37-25.79; *"Pb/*Pb:
15.66-16.25; 25Pb/*‘Pb: 38.42-45.71) are significantly
more radiogenic than the plutons, implying that no ma-
jor interaction occurred between the granites and the
metasediments. The finding is in agreement with the
80 values in the Bottle Lake Complex (8.3-9.9 permil)
compared with the composition of the metasediments
(13.0-13.4 permil) (A. Andrew, written commun., 1980).
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The lead isotopic composition in the Bottle lake Com-
plex suggests a gradual change in the source of the
granites toward a volcaniclastic (graywacke} source
with increasing input from continental debris. Lead iso-
topic compositions argue against an origin directly from
mantle sources, from granulite rocks in the lower con-
tinental crust, or from the upper continental crust as
represented by sediments exposed near the Bottle Lake
Complex.

Wholerock Rb-Sr determinations in the Bottle Lake
Complex yield #Sr/*Sr initial ratios of 0.7043+0.0001
for the Passadumkeag River pluton, and 0.7055%
0.0001 for the Whitney Cove pluton (Ayuso and Arth,
1983). The higher initial strontium isotopic ratios in the
Whitney Cove pluton are in agreement with the trend
toward more radiogenic initial lead isotopic composi-
tions. Initial ratios for strontium in the range found in
the Bottle Lake Complex are compatible with a volcani-
clastic pile generally consisting of an oxidized, calcic
source.

GEOLOGIC INTERPRETATION

Field studies indicate that the plutons of the Bottle
Lake Complex are lithologically zoned (Ayuso and
others, 1982a). In contrast to the more common normal
zonation, the plutons are mineralogically and chemical-
ly reversely zoned. This reversal is suggested by a map-
pable interior facies richer in mafic minerals than nor-
mally forms during precipitation at higher
temperatures (Bateman and Chappell, 1979). More felsic
rocks are concentrated in the outer envelope and con-
tradict the commonly accepted model of progressive
crystallization toward the interior (see, for example
Vance, 1961.) This arrangement of rock types in the
Bottle Lake Complex is in marked contrast to that
found in normally zoned plutons (Compton, 1955;
Reesor, 1956; Bateman and others, 1965; Cobbing and
Pitcher, 1972; Halliday and others, 1980). Bateman and
Nokleberg (1978) demonstrated that in the Mount
Givens granodiorite, an example of normal zonation,
felsic minerals increase and mafic minerals decrease
coreward. Also, the composition of plagioclase becomes
more anorthite-poor in the Mount Givens granodiorite
toward the interior of the pluton. All of these changes
are reflected in the bulk composition of the rocks so that
the most siliceous rocks are near the core of the intru-
sion (figs. 12, 25). The Bottle Lake Complex, as indi-
cated in the previous sections, shows gradients in
mineralogy and bulk compositon that are opposite of
those found in typical normally zoned plutons. A sum-
mary of petrographic and geochemical features distin-

guishing the reversely zoned plutons in the Bottle Lake
Complex from normally zoned granites is given in table
12,

The preservation of reverse zoning in plutonic rocks,
in contrast to the more common normal zoning, implies
that the stages of plutonic evolution are far more com-
plex than usually envisioned. Thus, although the proc-
esses leading to zonation in plutonic rocks (for example,
multiple injection, fractional crystallization, and so on)
may be theoretically identifiable, it is the timing and
interaction of these processes together with the level of
erosion and depth of emplacement that may be more
critical in preservation of reverse zoning compared to
normal zoning.

PROCESSES LEADING TO REVERSE ZONING

Several mechanisms that might explain the reverse
zoning in the Bottle Lake Complex include contamina-
tion; flow differentiation; intrusion of noncon-
sanguineous magmas; late-stage crystallization fluxed
by hydrous fluids; progressive melting and sequential
emplacement; chemical stratification in magma
chambers and remobilization (resurgence); and frac-
tional crystallization.

CONTAMINATION

Detailed studies of the West Farrington pluton
(Ragland and Butler, 1972) and the White Creek
batholith (Reesor, 1956) suggest a contamination
mechanism to explain lithological zoning. In the Bottle
Lake Complex, contamination cannot be the dominant
process because country rock xenoliths are locally con-
centrated and only become abundant immediately adja-
cent to the granite-country rock contact. In addition,
country rocks are notably heterogeneous in lithology
and composition so that contamination of granitic
magmas would have disrupted the generally regular
geochemical variations observed in both plutons of the
Bottle Lake Complex. Contamination with country rock
of widely different bulk chemistry might be expected to
destroy the internal gradients in the plutons and to
establish local compositional control according to the
composition of the immediate country rock. Such
geochemical disruption is not supported by the trace
element composition, the Rb-Sr isotopic results sug-
gesting that each pluton started its evolution with the
same initial #Sr/*Sr ratio (Ayuso and Arth, 1983), or by
the large isotopic difference in oxygen (A. Andrew, writ-
ten commun., 1980) and in lead (Ayuso, 1982).
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TABLE 12.—Generalized features of normally zoned plutons compared to the reversely zoned plutons of the Bottle Lake Complex

Normal zoning

Reverse zoning

Nokleberg, 1978)

Mount Givens Granodiorite (Bateman and

Rim facies Core facies Rim facies Core facies
Rock types Most mafic (diorite, Least mafic Least mafic Most mafic (grandiorite,
grandiorite, etc.) (leucogranite) (granite) quartz monzonite)
Abundance of
minerals and
xenoliths
Plagioclase High Low Low High
Alkali
feldspar Low High High Low
Quartz Low High High Low
Biotite High Low Low High
Amphibole High Low Low High
Muscovite Low High Not found Not found
Accessories High Low Low High
Opaques ? ? Unknown Unknown
Mafic xenoliths High(?) Low Low High
Country rock
xenoliths High Low High Low
Mineral chemistry
Feldspar High An in plagioclase Lower An in plagioclase Low An in plagioclase Higher An in plagioclase
Mafic minerals Low Fe/(Fe+Mg) in Higher Fe/(Fe+Mg) in High Fe/(Fe+Mg) in Lower Fe/(Fe+Mg) in
mafic minerals mafic minerals mafic minerals mafic minerals
Bulk composition
Major elements - High CaO, FeO, MgO, Low CaO, FeO, MgO, Low CaO, FeO, MgO, High Ca0, FeO, MgO,
TiO0,, low K0, SiO;; Ti0,, high K,0, SiO,; Ti0,, high K,0, SiO,; TiO,, low K,0, SiO;;
Trace elements -- | High Sr ——-————ercemuv. Low Sr ————— - Lower Sr, Y, BA, Zr, Nb -- | Higher Sr, Y, Ba, Zr, Nb
Presence of
vapor phase No Yes Yes(?) No
Process Fractional crystallization (lateral accretion, Autointrusion by remobilization and resurgence
gravitational settling)
Examples Tuoluomne Series (Bateman and Chappel, 1979) Whitney Cove and Passadumkeag River plutons in

the Bottle Lake Complex

FLOW DIFFERENTIATION

Flow differentiation (Bhattacharji and Smith, 1964)
could explain the concentration of phenocrysts and
mafic xenoliths toward the interior of the plutons. Ex-
perimental studies by Bhattacharji (1967) and Komar
(1972) demonstrated the important control that flowage
imposes on the distribution of rock types and geochem-
ical fractionation. Flow differentiation in mafic systems
(feeder dikes of the Muskox intrusion) show progressive
segregation of crystals toward the central axis conduit,
and thus this mechanism may be expected to result in
reverse zoning. According to Barriere (1976) the diam-
eter of the intrusion undergoing flow differentiation
must be less than 100 m.

The Perth Road pluton (Ermanovics, 1970) and the
Loon Lake pluton (Dostal, 1975) in the province of On-
tario (Canada) are zoned bodies resulting from flow dif-
ferentiation. Ermanovics (1970) described the zonation
of the Perth Road pluton from gabbro at the center to
granite at the margins. He interpreted the zonation as a
result of flow differentiation in a chamber undergoing
folding. In a similar manner, Dostal (1975) explained the
reversely zoned Loon Lake pluton on the basis of flow
differentiation. To explain reverse zoning in that case,
however, the variation in bulk composition (Dostal,
1975; Shieh and others, 1976; Heaman and others, 1982)
also mandated the effects of multiple intrusions of
magma, fractional crystallization, major contamination
with the country rocks, and flowage differentiation.




50 FIELD RELATIONS, CRYSTALLIZATION, AND PETROLOGY OF THE PLUTONS IN TF £ BOTTLE LAKE COMPLEX

Flow differentiation is clearly significant in develop-
ment of the small (less than 5 km) Perth Road pluton,
but the relative importance of flow differentiation in the
Loon Lake pluton is more difficult to ascertain as a
result of the effects of the other major igneous proc-
esses. In the Bottle Lake Complex, although the pheno-
crysts and mafic xenoliths are concentrated in the in-
teriors, a progressive and gradual segregation of mafic
xenoliths and phenocrysts is not well developed.

Igneous systems showing flow differentiation tend to
be less felsic than the Bottle Lake Complex, as in the
Muskox intrusion (Bhattacharji and Smith, 1964), and
are not directly compatible with the felsic magmas of
the Bottle Lake complex. Barriere (1976), for example,
studied the relation between felsic magmas and flow dif-
ferentiation and suggested that flow differentiation
could not be involved to explain the zoning of the
granitic Ploumanac’h complex (France). In the case of
the Bottle Lake Complex, the felsic magmas are strik-
ingly different in composition from the ultramafic and
mafic sills showing flow differentiation. In addition,
component plutons of the Bottle Lake Complex have
diameters in the order of kilometers, significantly larger
than the maximum of 100 m necessary to sustain the
flow differentiation process.

INTRUSION OF NONCONSANGUINEOUS PLUTONS

Individual plutons in the Botle Lake Complex might
represent nonconsanguineous portions derived from
distinct sources. As previously noted, however, the
plutons show regular variations in bulk composition
from the margins to the interior and suggest instead
magma consanguineity across each pluton. The initial
¥Sr/*Sr isotope composition obtained on samples from
both the core and rim facies (Whitney Cove pluton) also
support magma consanguineity and strongly suggest
that this granite represents one crystallizing system.

This finding is in contrast to the conclusion reached
by Ragland and others (1968) in their study of the con-
centrically but reversely zoned Enchanted Rock
batholith. They suggested that the core facies con-
stituted a separate, younger intrusive. Furthermore, in
addition to multiple injection of unrelated magmas,
they appealed to either selective transport of mobile
elements (Li, Rb, U) by a vapor phase pervading the
marginal portions of the batholith or to mobilization by
late-stage hydrothermal solutions.

LATE-STAGE RECRYSTALLIZATION

Late-stage recrystallization fluxed by hydrous fluids
was suggested by Karner (1968) to account for the zon-

ing in the alkaline Tunk Lake pluton (Maine). In con-
trast to the Bottle Lake Complex, SiO, increases toward
the core of the Tunk Lake pluton while Al,O,, the sum of
the alkalies, and total iron decrease. In addition, the
Tunk Lake pluton does not exhibit the reversal of bulk
composition gradient found in the Bottle Lake Com-
plex, and its total mafic mineral content decreases
toward the interior. Also, while granophyric textures
and miarolitic cavities are common in the core of the
Tunk Lake pluton, they are rare in the Bottle Lake Com-
plex. Field observations also demonstrate the paucity of
aplites and pegmatites in the Bottle Lake Complex.
Together with a narrowly constrained contact meta-
morphic zone, both observations suggest a fluid-poor
nature for the magmas in the Bottle Lake Complex.
Large scale recrystallization in the interior facies of the
Whitney Cove and Passadumkeag River plutons was
negligible and cannot account for the reverse zoning.

PROGRESSIVE MELTING AND SEQUENTIAL EMPLACEMENT

Reversely zoned granites might result from progres-
sive and incremental melting of the source followed by
sequential emplacement of the magmas. Hutchinson
(1960) and Hall (1966) appeal to a process of incremental
anatexis of the source resulting in magmas of varying
composition from felsic (initial stages of melting) to
more mafic (later stages of melting) that are sequential-
ly emplaced. It is conceivable that if the more mafic
granitic magmas are emplaced in the more interior
zones of the felsic portions, the resulting geometric ar-
rangement will be a reversely zoned pluton with respect
to bulk composition and lithology.

Multiple injection in the Bottle Lake Complex is sug-
gested by the occurrence of two distinct plutons as well
as by their respective interior subdivisions. Thus, it is
possible that the reversely zoned character of each
pluton reflects progressive melting of the source and se-
quential emplacement of the granitic liquids produced.
Within each pluton, the core facies might represent
higher degrees of melting of the source (more mafic
magma) intruded after the early stages of magma gen-
eration and emplacement.

CHEMICAL STRATIFICATION IN MAGMA CHAMBERS

The reversely zoned character of the Bottle Lake
Complex may be adequately explained by a combina-
tion of processes occurring in felsic magma chambers.
Among the most important studies dealing with the
evolution of felsic magma chambers are the descriptions
of the evolution of resurgent cauldrons by Smith and
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Bailey (1968) and Smith (1979). The critical concepts il-
lustrated in these studies provide a powerful conceptual
framework for understanding the initial stages in the
evolutionary path leading to normally or reversely
zoned plutons. In a previous study, Smith and Bailey
(1966) suggested the presence of chemical and physical
gradients leading to mineralogical and bulk chemical
zonation in felsic magma chambers. This suggestion is
now supported by many other case studies (Hildreth,
1979; Mahood, 1981; Smith, 1979) so that the concept of
compositional stratigraphy in a magma chamber seems
well established.

Among the most important mechanisms suggested to
account for this chemical stratigraphy are crystal frac-
tionation and thermogravitational diffusion. In most
cases, however, crystal fractionation is inadequate to
account for the zonation (Lipman and others, 1966;
Hildreth, 1979). The most exciting new suggestion to
explain the inferred bulk compositional differences ex-
isting in the magma chamber is thermogravitational
diffusion. This process of convection-aided Soret dif-
ferentiation brings about diffusion of chemical species
in the liquid state in response to a temperature gradient
in felsic magma chambers (Shaw and others, 1976;
Hildreth, 1977). In this manner, chemical stratification
possibly leading to zoned plutons may be obtained.

Hildreth. (1981) suggested that concentrically zoned
(normal) plutons forming by inward solidification prob-
ably represent the waning stages in the evolution of a
crystallizing chamber. In contrast, thermal inputs dur-
ing the waxing stages promote the outward enrichment
of volatiles and volatile-complexed components (dif-
fusive differentiation) resulting in reversely zoned
plutonic equivalents of the pre-eruptive zoning of silicic
magma chambers (Mahood and Fridrich, 1982). The
volatile-poor nature of the Bottle Lake Complex plutons
suggests that if diffusive differentiation occurred, it
operated during a limited time span before another proc-
ess {for example, fractionation) was superimposed.

It seems reasonable, however, to emphasize that the
plutons in the Bottle Lake Complex probably passed
through a stage characterized by chemical stratifica-
tion. As previously mentioned, the interior of the
plutons is characteristically lower in SiO, and K,O but
higher in MgO, Al,O,, CaO, TiO,, Fe,O,, MnO, and P,0;;
Na,O shows little difference between the two facies.
Trace elernent abundances exhibit a range of values
within individual facies, although strontium, niobium,
yttrium, and zinc are generally higher coreward in the
plutons. Relative enrichments, however, are difficult to
determine because of the wide range in composition of
each facies. Enrichment factors for the trace element
abundances of core and rim facies rocks are a direct
function of the particular sample selected as the refer-

ence. In the high-silica rhyolites represented by the
Bishop Tuff, Hildreth (1979) demonstrated roofward
enrichment in SiO,, Na,O, and MnO among the major
oxides and in rubidium, yttrium, and niobium among
the trace elements. Given the compositional hetero-
geneity, less siliceous nature, and protracted evolution
of the Bottle Lake Complex plutons compared to the
high-silica rhyolites, it is not surprising that the plutons
and rhyolites are dissimilar in their pattern of enrich-
ment. Nevertheless, it seems reasonable to suggest that
major compositional differences inherently existed be-
tween the core and rim facies of the plutons.

From this conceptual framework, the evolution of the
Bottle Lake Complex may be considered as a variant of
the more commonly accepted plutonic evolutionary
path of normally zoned plutons. In a compositionally
layered chamber, the hotter and more mafic magmas
are at the base, becoming progressively more felsic and
volatile enriched toward the top (Smith and Bailey,
1966; Lipman, 1967; Hildreth, 1977; Lipman and others,
1966). Reversely zoned plutons in the Bottle Lake Com-
plex represent this arrested stage in the magma
chamber before fractionation, mixing, and convective
transport destroyed the vestiges of the chemical
stratification. Reverse zoning resulted from remobiliza-
tion (resurgence) of the hotter, more mafic layers into
the upper parts of the chamber; this process is discussed
at length below.

Shaw (1965) demonstrated different types of natural
convection depending on the flow conditions in the
magma chamber, and Bartlett (1969) suggested that
convection increased as a function of the size of the
chamber. Plutons in the Bottle Lake Complex are large
(>20 km in diameter) and probably sustained vigorous
convection. Shaw (1974) suggested that convection of
granitic magma resulted in efficient and systematic
elemental gradients. This suggestion is in agreement
with the results of Spera and Crisp (1981), who showed
that chemical convection produces vertical composition
gradients in magma chambers. Field and petrologic
studies have suggested, for example, that in the Criffell-
Dalbeattie pluton (Phillips and others, 1981) convection
circulation was asymmetrical and occurred toward the
end of the emplacement process.

In the Bottle Lake Complex, both plutons probably
established convective paths conducive to maintaining
regular but vertically stratified bulk compositional gra-
dients. However, mobilization of hotter, deeper granitic
magma (thermal inputs), probably best characterized as
a crystal mush, and upwelling into the higher convect-
ing and fractionating systems, resulted in disruption of
local equilibrium between liquid and crystals. Thus,
significant mineral redistribution and mixing of liquids
also occurred. Smith (1979) speculated on some of the
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compositional and mechanical effects of thermal inputs
(surges of new magma) into a crystallizing chamber and
suggested that remelting and mixing of partially solidi-
fied magma might be expected.

Volcanic equivalents of the Bottle Lake Complex
plutons are unknown. Thus, it is difficult to document
the interplay between volcanism, with its attendant
evisceration of the magma chamber, and resurgence as
suggested by Bailey (1976) to explain the mechanism of
resurgent doming. On the basis of available data, it can-
not be demonstrated that remobilization of the core
facies in the Bottle Lake Complex plutons was accom-
panied by structural resurgence or by venting of the
magma chamber. Nevertheless, it is interesting to note
that the diameters (about 20 km), general shape, and ar-
rangement of the plutons in the Bottle Lake complex
are similar to those of the Toledo and Valles calderas in
the Jemez Mountains of New Mexico. These calderas
were described in the classic study of resurgence by
Smith and Bailey (1968). According to their scheme,
resurgent cauldrons pass through a number of stages
beginning with a chemically stratified magma chamber.
The intervening stages, which consist of volcanic events
(ash-flow eruptions, caldera collapse, pyroclastic erup-
tions, and so on) leading to resurgence, may be spec-
ulated to have preceded the emplacement of the core
facies of the plutons in the Bottle Lake Complex. Here
again, however, the volcanic record of these processes
has not been recognized. The relative timing of events in
the Bottle Lake Complex is not well constrained.
Although the core facies are in each case relatively
younger than the rim, it is not possible to distinguish
which pluton is younger by the Rb-Sr method.

On the basis of field observations, however, the
Whitney Cove pluton was suggested to predate the
Passadumkeag River pluton. In comparison to the time
necessary to complete the evolution of resurgent caul-
drons in multiple calderas (for example, the Valles
caldera), the evolution of the Bottle Lake Complex
plutons may have taken at least as long as possibly
longer to develop. For example, amphibole from the core
and rim faces of the Passadumkeag River pluton differs
by a minimum of about 2 m.y. in age as suggested by
preliminary argon release studies (J. F. Sutter, 1983,
oral commun.)

FRACTIONAL CRYSTALLIZATION

Fractionation of the phenocryst assemblage in the
plutons of the Bottle Lake Complex is not the critical
mechanism accounting for the reverse zonation but was
superimposed on the original chemical zonation of the

convecting magma chamber. Fractional crystallization
may be accomplished by lateral accretion of crystals
(Bateman and Chappell, 1979) with inward displace-
ment of the melt and by gravitational settling. Rice
(1981) considers gravitational settling unimportant in
producing fractionation in felsic magmas because of the
high-viscosity barriers. Shaw (1965), however, sug-
gested that gravitational settling of mafic minerals and
plagioclase was an adequate mechanism operating in
granitic magmas. Emmeleus (1963) had previously ap-
pealed to this mechanism to explain layering in granites
from Greenland. More recently Robinson (1977) sug-
gested that crystal settling resulted in the lithological
zoning of the Tuolumne Intrusive Suite of the Sierra
Nevada. For the Bottle Lake Complex, the relative im-
portance of crystal settling compared to lateral accre-
tion cannot be adequately judged with existing data,
and it is likely that both were in operation. Neverthe-
less, it seems evident that in the Bottle Lake Complex,
the assemblage consisting of plagioclase, biotite, am-
phibole, apatite, zircon, and magnetite-ilmenite partly
controlled the change from some of the last fractionated
to the most fractionated rocks (Ayuso, 1982). The core
facies of both plutons represents a mixture of material
from the lower parts of the chamber, new additions to
the crystallizing chamber in the form of the crystal
mush obtained from the new influxes of more mafic
granitic magma, and of the accumulated fractionated
assemblage. It should be emphasized, however, that
although fractionation occurred during the evolution of
the Bottle Lake Complex, this process by itself cannot
account for the reverse zoning of the plutons.

The Whitney Cove pluton shows a better defined gra-
dient in its mineral abundances and mineral composi-
tions coreward compared to the Passadumkeag River
pluton. One dramatic result of mobilization and input of
hotter granitic liquid into the chamber may be the more
widely dispersed compositional variation of the miner-
als, the lack of systematic mineral gradients, and abun-
dance of mafic clots in the Passadumkeag River pluton.
Such influx of more mafic granitic liquid, coupled with
vigorous stirring in a convective system, may have
mixed phases that originally crystallized and settled at
the bottom or were eroded off the walls of the chamber
with phases in equilibrium with liquids at different
stages of fractionation, especially from new surges of
magma. Thus, textural and chemical heterogeneity
probably reflect processes related to the intrusion and
mechanical mixing of different parts of the same crys-
tallizing system and are not a direct result of frac-
tionation. Especially in the case of the Passadumkeag
River pluton, the abundance of mafic and felsic mineral
clusters, the relict textures and compositional diversity
of liquidus phases (biotite, plagioclase, and hornblende),
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and the abundance of a complex refractory suite sug-
gest that the granite may have inherited some of its
heterogeneity at the source. This suggestion is in agree-
ment with observations by Marsh (1982), who indicated
that diapiric movement probably involves motion of li-
quids and remains from the source region.

The presence of mafic xenoliths and mafic mineral
clots in the Passadumkeag River pluton also suggests
that some of the petrographic variation resulted from
differential reaction between granitic magma and
xenoliths. Mafic xenoliths were probably obtained at
depth from the country rock. In contrast, mafic clots
might represent aggregates of the fractionated assem-
blage during earlier stages of crystallization. Also, it
might be speculated that surges of hot, less differen-
tiated or more mafic granitic magma into the crystalliz-
ing chamber triggered the process of remobilization and
autointrusion of the lower layers and of portions of the
magma rich in mafic xenoliths, mafic clots, and mix-
tures of the fractionating assemblages into the upper
part of the chamber.

SUMMARY OF MECHANISMS LEADING TO REVERSELY
ZONED PLUTONS IN THE BOTTLE LAKE COMPLEX

Reverse zoning in the Bottle Lake Complex is a result
of remobilization (resurgence) of the deeper (hotter)
parts of the system. The Bottle Lake Complex repre-
sents a composite batholith derived from sequential
melting, but each pluton evolved as an independent
geochemical system. The initial state of the evolu-
tionary path after the individual magma chambers were
established was the development of chemical stratifica-
tion, with hotter, more mafic magma at the base of the
chamber (fig. 30). Convection in the magma chamber
promoted the chemical gradients, which were aided by
periodic influxes of more mafic granitic magma.

Crystalliquid equilibria were of secondary impor-
tance to explain the reverse zoning and were superim-
posed on the original chemical zonation of the magma
chamber (fig. 30). The stratification and division of the
chamber into domains assured that the fractionating
assemblage precipitated in these individual domains
maintained equilibrium with only part of the chamber.
Fractional crystallization by accretion and settling may
have resulted, for example, in some accumulation of the
most calcic plagioclase and the most magnesian mafic
minerals. Periodic influxes of more mafic granitic
magma at the base of the chamber would probably
result in disruption of the convective cells, mixing of
magmas at different stages of differentiation, and mix-
ing of minerals of different compositions depending on
their position in the magma chamber.

Surges of hotter granitic magma into the base of the
chamber resulted in resurgence or remobilization of the
lower, more mafic crystal mush into the upper, more
felsic layers. Alternatively, Bailey (1976) suggested that
resurgent doming might occur from partially removing
the top of the chamber as a result of volcanism. He sug-
gested that isostatic equilibrium is restored by inward
flow in the magma root zone leading to a rise in the sub-
cauldron crustal column and magma chamber. In either
case, field observations suggest that for both the
Whitney Cove and Passadumkeag River plutons, the
core facies were emplaced at this level of exposure
subsequent to the rim facies (fig. 30).

The plutons were intruded high in the crust, and this
placement may explain the preservation of their
reversely zoned features. This shallow level of emplace-
ment together with decreased replenishment of hotter
granitic magma at the base of the chamber might have
resulted in a faster rate of cooling, less efficient convec-
tion, and an increase in viscosity. As elemental diffusion
became more sluggish and less systematic, the solidus
temperature was reached. The granites consolidated
and froze the reversely zoned features that are typically
destroyed in plutons that have longer evolutionary
paths.

CONCLUSIONS

The plutons in the Bottle Lake Complex constitute
outstanding examples of reversely zoned granites.
Mineral abundances as well as bulk compositions of
each granite indicate that the interiors are enriched in
mafic minerals and that they show higher contents of
oxides typically expected to be concentrated along the
margins.

Remobilization (resurgence) and autointrusion of
deeper parts of the system into the more felsic rocks of
the margins explains the reverse zonation (fig. 30). Frac-
tional crystallization was of secondary importance and
probably accounts for the selective removal of the
cumulative phases and mafic xenoliths. Convective
transport resulted in redistribution and dispersal of the
crystallizing assemblage in a chemically stratified
system.

Calculated biotite stabilities indicate a temperature
range from 720-780°C and a total pressure from 1 to
1.8 kbar during the emplacement of the Bottle Lake
Complex. The f,, conditions are characteristically
higher than the Ni-NiO equilibrium curve as suggested
by the assemblage of magnetite and sphene.

The highly regular major oxide variations within each
pluton, together with the Rb-Sr isotopic compositions
resulting in linear isochrons, support the argument that
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THE BOTTLE LAKE COMPLEX

Present Surface

"IGURE 30.—Generalized diagram showing a model for the reversely zoned plutons of the Bottle Lake Complex. The Whitney Cove and Passa-
dumkeag River plutons evolved as independent systems.
1.—The initial stage of evolution was characterized by a chemically stratified system with more mafic granitic magma at the base (layer C)
to more felsic granitic magma toward the top (layer A).
2. —The system passed through a stage of vigorous convection that promoted the chemical gradients. Fractionation by accumulation and
lateral accretion may have been initiated at this stage.
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each pluton behaved as an individual geochemical
system. Oxygen isotopic compositions of the granites
and country rocks are in agreement with the bulk com-
positions gradients, suggesting that no significant
interaction with country rocks occurred.

The source of the plutons in the Bottle Lake Complex
progressively changed to include more continentally
derived debris. In the Passadumkeag River pluton, in-
itial strontium, lead, and oxygen isotopic compositions
are lower than in the Whitney Cove pluton indicating a
less continental character of the source. Lead isotopic
studies rule out a source similar to the upper oceanic
mantle, lower continental crust, or upper continental
crust as exemplified by metasediments intruded by the
Bottle Lake Complex.

The Bottle Lake Complex constitutes an example of
reversely zoned plutons related by remobilization of
more mafic but consanguineous magmas. Zoned gra-
nitic plutons elsewhere have been explained by assim-
ilation, late-stage reaction, multiple injection, or by frac-
tional crystallization without remobilization and
resurgence. Vigorous stirring with convective transport
and large-scale upwelling occurred in the Whitney Cove
and Passadumkeag River plutons leading to the present
arrangement of rock types. Reversely zoned granitic
plutons are unknown in east-central Maine apart from
the Bottle Lake Complex. In general, plutons intruded
near the core of the Merrimack synclinorium and ex-
emplified by the Bottle Lake Complex are rich in mafic
minerals and show a distinct geochemical composition
(Loiselle and Ayuso, 1980) characteristic of plutons in-
truded to the north of the Norumbega fault system.
Reversely zoned plutons, in general, may be more
numerous than recognized. It is conceivable that rem-
nants of the reverse zoning become more difficult to
discern as the plutonic rocks reach the latest stages of
their evolution. In this case, the Bottle Lake Complex
represents an earlier stage in the evolution of a felsic
system that is usually represented by the final stages in
normally zoned plutons.
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