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PETROLOGY OF ALUMINOUS SCHIST IN THE BOEHLS
BUTTE REGION OF NORTHERN IDAHO: PHASE
EQUILIBRIA AND P-T EVOLUTION
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ABSTRACT. Polymetamorphism in the Boehls Butte-Goat Mountain
region of northern Idaho produced complex mineral assemblages that
are incompatible with equilibrium at a single P and T. Superimposed
on kyanite-bearing assemblages (M2) are post-kinematic coronas of
cordierite, cordierite + corundum, and cordierite + hercynite on
aluminum silicate, coeval with inversion of strained kyanite to an-
dalusite (M3). Cordierite was produced through net transfer reactions
involving exchange components in biotite and aluminum silicate. A
reaction space describing this process is defined by the following
linearly independent reactions:

18 ALSiO; + 7 Al.,FeSi(Bt) + Al_,Fe,(Bt) = 5 Fe,Al,Si;Oy5
8 A12Si05 + 7 Si02 + 2 Al_gFes(Bt) =3 Fe2Al4Si5018
15 ALSiO; + 2 Al_,Fey(Bt) = 3 FeyALSi;0y5 + 7 AL,Os

Cordierite + hercynite intergrowths surrounding aluminum silicate
were produced in a similar manner by the following reaction:

20 ALSIO; + 5 Al_;Fey(Bt) = 7 FeAl,O, + 4 Fe,AlSi;O,,

These reactions proceeded during decompression which followed at-
tainment of peak pressure and temperature.

Garnet-biotite geothermometry records consistent temperatures
between 650° and 750°C and suggests that decompression occurred in a
nearly isothermal fashion. Geobarometers commonly applied to
metapelitic rocks record various parts of the decompression path.
Plagioclase-bearing equilibria (for example, GASP, GACP) record £res-
sures in the range of 8 to 11 kb—conditions reflecting those of pea
metamorphism. In contrast, equilibria involving pﬁases that formed
during M3, such as cordierite and hercynite, record pressures in the
range of 4 to 6 kb. The GRAIL and GRIPS equilibria record intermedi-
ate pressures.

In spite of the relatively high temperatures attained, large garnet
porphyroblasts retain complex zoning profiles. Textural relations in-
volving inclusions and compositional features of garnet cores suggest
an early (pre-M2) stage of garnet growth at intermediate P and T. M2
metamorphism caused significant diffusion and reequilibration to oc-
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cur within large garnet porphyroblasts, especially within the vicinity of
biotite inclusions and near the M1 core-M2 rim boundary.

The metamorphic evolution is modeled as a three-phase recrystal-
lization process along a clockwise P-T path resulting Eom thickening
of the continental crust followed by rapid unroofing/uplift associated
with extension in the Sevier Hinterland.

INTRODUCTION

Metamorphic rocks in the Boehls Butte-Goat Mountain area of
nothern Idaho provide an opportunity to observe the products of mid-to-
deep crustal processes that affected the western margin of the North
American craton throughout a significant portion of geological time.
They also provide the opportunity to examine the effects of polymetamor-
phism on both normal pelitic compositions and rare Al-Mg-rich pro-
toliths formed by partial melting of pelitic rocks. In the preceding paper,
Carey, Rice, and Grover (1992) presented our interpretation of the age,
origin, and general metamorphic history of the unusual rocks exposed in
this region. In this paper we present detailed mineralogical and chemical
data that allow us to model the petrologic evolution of these polymetamor-
phic rocks in terms of both extensive and intensive parameters.

In addition to the unusual aluminum silicate phase relations de-
scribed in our companion paper (that is, the occurrence of three alumi-
num silicate polymorphs over a widespread area), schists in the Boehls
Butte-Goat Mountain area contain diverse and often confusing or contra-
dictory mineral parageneses. Individual samples may contain any of the
following minerals: cordierite, garnet, biotite, muscovite, aluminum sili-
cate, plagioclase, quartz, corundum, hercynite, rutile, ilmenite, graphite,
tourmaline, and pyrite. In addition a few samples contain staurolite.
Some samples contain a sufficient number of phases to imply negative
degrees of freedom in model pelitic systems, and in some samples,
incompatible pairs (for example, quartz + corundum) may be present in
the same rock, although never in contact. Even though bulk-rock mineral
assemblages are indicative of disequilibrium, local domains exist where
equilibrium can reasonably be expected. The challenge is to recognize
the paragenetic sequence and relict mineral assemblages so as to place
the parageneses into the P-T-time path of metamorphism.

For convenience, the metapelitic rocks have been subdivided into
three groups representative of different bulk rock compositions, al-
though rocks with compositions intermediate between the three mem-
bers are found. These three lithologic varieties are: (1) Al-Mg-rich schist
containing modally abundant aluminum silicate minerals, either quartz
or corundum, and rarely a Ti-oxide phase; (2) Al;SiOs-saturated, quartz-
bearing schist which always contains a Ti-oxide phase; and (3) garnet-
mica schist which is quartz-bearing and rarely contains an aluminum
silicate phase. Table 1 is a list of the mineral abbreviations used through-
out the text and their respective endmember formulae. Table 2 shows the
minerals found in rocks for which analytical data are presented.
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TABLE 1

Mineral names, abbreviations, and formulae

Mineral Abbreviation Formula
Garnet Grt (Fe,Mg,Ca,Mn)3Al3Si;0)y
Almandine Alm, Fe3AlySisOyy
Pyrope Prp . Mg3;AlySisOq9
Grossular Grs CaszAlSizOpy
Spessartine Sps Mn3AlSiz;0)
Biotite Bt K(Fe,Mg);AlSi;010(OH),
Annitc Ann KFe3AlS130,0(OH),
Phlogopite Phl KMg3AlSi;00(OH),
Cordierite Crd (Fe,Mg)»AlSis0 4
Hercynite Hc FcAl,O,
Ilmenite Im FeTiO4
Rutile Rt ) TiO,
Muscovite Ms KA]gSigO]()(OH)Q
Plagioclase Pl (Na,Ca)(ALSi)404
Albite Ab | NaAlSi;Oyq4
Anorthite . An CaAl,SipOg
Aluminosilicate Als AlSiO;
Kyanite Ky AlSi0;
Sillimanite Sil AlySiOs
Andalusite And AlLSiO5
Quartz Qtz S109
Corundum Crn AlyO4

A}

Al-Mg-rich schists are spatially associated with the folded anorthosite
bodies (fig. 3, Carey, Rice, and Grover, 1992) being found either adjacent
to anorthosite or as lenses and schlieren within the anorthosite. As noted
by Carey, Rice, and Grover (1992), we believe these unusual rocks
represent the restite after partial melting during intrusion of anorthosite.
Mineral assemblages found in the aluminous metapelitic rocks include
Bt + Als + Pl £ Qtz + Crn = Crd %= Ms = Grt = Ilm + Rt = Hc (see tables
1 and 2). These rocks typically contain all three aluminum silicate
polymorphs, generally contain cordierite, and only locally contain hercy-
nite. Many of the textural relationships among coexisting minerals are
similar to those discussed by Loomis (1976, 1979), Hollister (1977), and
Schumacher and Robinson (1987).

The mineral assemblage Grt + Bt + Ms + Pl + Qtz + Als + Ilm/Rt
dominates the aluminum silicate-saturated, quartz-bearing schists. As
with the aluminous schists, all three aluminum silicate polymorphs are
commonly found in the same sample. Unlike the aluminous schists,
quartz is modally abundant, and a Ti-oxide, rutile and/or ilmenite, is
generally present. The higher Ti content of these rocks is also reflected in
the color of biotite, which is typically dark brown to red brown whereas
biotite in the Al-Mg-rich schists is green to tan. The textural relationship,
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TABLE 2

Mineral assemblages in representative samples
SAMPLE Gri | Bt | Ms | Pl |Quz|Cm{ Ky | Sil [And| Im | Rt |Crd| He
AL101 x | x| x| x| x X X | x
AL103 X | x | x| x| X X | x| x| x
ALI58 X | x | x| x|x X | x| x X
AL161 X | X X X | x X X
BB3 X | x| x| x X | x| x X
BB6 X | x | x| x X | x| x X
BB7 X | x| x| x X | x| x X
BB41 X | x| x| x|x X | X X | x
BB52 X | X X X | X X X | X
BBS7 X | x x | x X | x | x{x|x
BBSS X | x | x| x| x X | x | x [ x|x
BB67 X | x | x| x| x X | x| x| x
BB93 x | x| x| x|x X | x| x|x
BB94 X | x | x| x| x x| x ! x| x|x
BB114 X | x| x| x!|x X X
BBI128 x | x| x| x X

of ilmenite rimming rutile in the matrix is common, whereas rutile
inclusions within kyanite are pristine.

The more normal garnet-mica schists are characterized by the min-
eral assemblage Grt + Bt + Ms + Pl + Qtz + an oxide phase, either
ilmenite or magnetite. These rocks are rarely sufficiently aluminous to be
saturated with aluminum silicate; however, when they are, kyanite is the
phase commonly observed.

Analytical procedures.—Mineral analyses were obtained using the
ARL-EMX and the Cameca SX-50 electron probe microanalyzers at the
University of Oregon. Several minerals were analyzed in multiple labora-
tories to ensure consistency. Natural minerals and synthetic glasses were
used as standards. An acceleration voltage of 15 KeV was used, and
sample currents ranged from 10 to 40 nanoamps with counting times of
20 sec per element. Analyses were corrected using the factors of Bence
and Albee (1968) and Albee and Ray (1970).

MINERAL CHEMISTRY

Biotite.—Biotite is a stable phase in all samples studied. Its color
ranges from dark brown to brownish orange in normal pelites to tan and
green in Al-rich schists. Green or tan biotite does not coexist with a
Ti-oxide phase. Biotite (table 3 and fig. 1) exhibits a wide range of
composition; Mg/(Mg + Fe) ranges from 0.27 to 0.84. The most magne-



478 Timothy W. Grover, Jack M. Rice, and J. William Carey—Petrology

sapdures [[e ur HUIT] YONDIIIP WINWIUIUL MO[I] DB 1) PUE f °, ;2] S€ UOII [E10 ] ; "QFH JLIISWOI]II0NS pare[nofeD,

6960 6960 860 0860 9860 9L60 TL6O LESD  £S6°0 1960 8560 €S6°0 LS60 0960 6960 PL6O ¥ X
8610 891'0 6910 €8I'0 6120 €81'0 SSI'0 LPI'O IE€1°0 6510 6L1°0 LLI'O +91°0 L81'0 SLI'O ILI'O Wy
1100 Z50'0 8Y0'0 SE0'0 OI00 PEOD 000 #10°0 I1€0°0 00 TIO0 8000 L0O0 2000 I1S0°0 S5O0 X
0T9°0 0IZ'0 6620 $€C0 E€IT0 6950 €660 ISSO  LTh'O TLOO OL90 890 €VSO €860 910 9IT0 ny
OLI'0 89S0 €¥S'0 €40 8SS'0 OIF'D 6160 +8T0 IIp°0 SPI'0 661°C ZZ1'0 18T'0 80 €950 0950 iy
PI'T TS6'0 S96°0 €HO'L  TLTT PPO'T  S68°0 TLSO  IOL'O $T6'0 STO'l PEOT 796D 860°1 €860 9560 aav
€89'T EELT €481 TLLT  STLT TILT  SILT vOV'T LS9l THO'T KT 4991 691 0TL1  ZIST  108°1 A
SS0°0 9S0°0 I€0°0 9€0°0 PTO'O THO'0 6VO'D ELTO 800 L900 TLO0 €80°0 LLOD [L0°0 KO0 LSOO N
I8S°€ Z6I'T 1PE'T LSE'T SETT 90T  SLTT 89TE  €8v°T 6T6'C SYS'E +e0v T8I MTT  LITT 6071 N
S000 0100 OI0'0 S000 ¥00'0 TZO0 12070 0T0'0 00’0 LOO'0 LOO'0 S00'0 9Z0°0 OI00  +00°0 1100 up
€860 tCTE 60€'¢ I0L'C SETE 9KET  8THT 989'T  06E'T P98'0 66L°0 EvL0 SY9'T  HOST SOI'E IEl'E 2d
90LE EE9°E O0ESE SOL'C 000y €99°C ISKE PhP'E  £ST'E O6V'E G6LE'E LI9E L8VE  6IL'E  LLS'E 9TSE v
€90°0 96T0 9970 661°0 6S0°0 L6I'0 TLI'O €80°0 SLI'O 611'0 990°0 LbO'® OO0 100 HSZ'O 9820 i
8EP'S 6IE'S SIP'S 6EC'S  ILTS 08€'S VIS 8TH'S  60S'S TEK'S 99'S LIPS SLb'S  8E'S  90b'S  OES 15

’ ’ SNHOAXO 7T ¥ad SNOLLYD
666 P00 SOOI 666 $66 €00l 68 666 966 €86 T66 98 €66 68 166 £66 1oL
Wy 06C  16€ 06 L$'E  TOY  S6C TI'v  L6€ 9l €Y  0TY  80b  I6€  S8°E  98°€ O'H
826 €8'8 656 €06 PL'S 006 988 9SL 98 €68 80°6 bI'6 06  88'8 E1'6  OI'6 o
0T0 610 010 20 800 SI'0 L0 .60  8T0 +TD 970 060 LTO  $T0 910 610 0%N
691 0TS 8%'S TS SE'S 86 IOl ST I'Ll €8l z81 681 SPl T6'6 SIS €06 03N
Y00 800 800 00 €00 LIO 910 910 €00 SO0 900 $0°0 120 100 €00 800 OuN
78  0ST L€ T¥C  0ST 88l I'6l 8€l 061 TL L9 TO  vel L6l £vC 19T 0°d
172 00T S61  $0Z 61T 80T b6l 10C 81 907 Z0Z SIT 107 807 S6l €61 OV
650  9ST  TET ELT  L¥0  SLT IST 9.0 8T OI'l  T90  ppD  9E0 600  L1'T  SbT o1L
€86 OPE  PSE  LWE  I'vE 196 9SE  €LE  99f LLE 666  6LE ELE  HSE  LVE  0°CE “o1s
sciad v11dd peEd tedd (98 s8sdd  Lsdd csAd  ivad Lgd 989 cdd  I9TTV 8SITY €0ITY 10TV TIdAVS

amporq Jo saspoun aqosdosnpy

& ATV,



of aluminous schist in the Boehls Buite region of northern Idaho 479

14 ————+—+—+——+—+4

X
1.2 + -+
+ o
X X ®

1.0 % - 5
= X o
% 08 | < x il

06 1 +

X - Grt+Bt+Als+Ms+Pl+Qtz
O - Grt+Crn’+Als+Pl+Crd

04 1 O - Bt+Ms+Crd+Als+Pl+Qtz [

+ - Grt+Qtz+Crd+Ms+Als+Pl
02 + 4

0.0 1 1 1 1 1 1 1 L
0.0 0.2 04 0.6 0.8 1.0

Mg/(Fe+Mg)

Fig. 1. The biotite plane (after Guidotti, 1984). Samples are indexed according to
mineral assemblages coexisting with biotite.

sian biotites are found in cordierite-bearing, garnet-absent assemblages
whereas the more iron-rich biotites coexist with garnet and a Fe-Ti oxide
phase. The total Al content ranges between 3.3 and 3.9 atoms and is not
measurably higher in corundum-bearing rocks compared to quartz-
bearing rocks. The octahedral Al content is consistent with the range of
values observed in biotite from pelitic rocks (Guidotti, 1984). The distri-
bution of data in figure 1 also suggests no apparent correlation between
octahedral aluminum contents and Mg/(Mg + Fe). However, the Al
content of biotite does show important and systematic variation. F igure 2
1s a plot of the octahedrally coordinated Al versus tetrehedrally coordi-
nated Al AI'"Y values greater than 'two represent deviations from the
endmember annite-phlogopite join. Excess AllY may be incorporated
into the biotite structure through a Tschermak’s exchange mechanism
(AIVIAI'V(Fe,Mg)_,Si_,). If all AIlV is incorporated into the crystal struc-
ture via this mechanism, a plot of AIV! versus Al'Y should have a slope of
one. Figure 2 is such a plot, and, although the data are widely scattered,
there is a positive correlation between the tetrahedral and octahedral Al
contents in biotite. All points in figure 2, however, plot above a line with a
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Fig. 2. Octahedral versug tetrahedral aluminum in biotite. The symbols are the same
as in figure 1. Diagonal line represents the trend that would be followed if all aluminum in
biotite in excess of that along the annite-phlogopite join is incorporated into the biotite
through a Tschermak’s exchange.

slope of one and a y-intercept of 2—implying that there is excess
octahedral Al with respect to tetrahedral Al that can not be accounted for
by the Tschermak’s exchange vector alone: One substitution mechanism
capable of introducing excess octahedral Al without additional tetrahe-
dral Al is a dioctahedral-trioctahedral exchange vector, Aly(Fe?* Mg)_s.
Three octahedrally coordinated divalent cations are exchanged for two
octahedrally coordinated trivalent Al cations plus a vacancy, thus making
the biotite more muscovite-like. Patifio-Douce, Johnston, and Rice (ms)
have demonstrated this to be a dominant exchange mechanism in exper-
iments with pelitic compositions at high pressures and temperatures.
Other exchange vectors capable of increasing AlV! relative to Al'Y, such as
AIVISITi¥! ALY, and AL)'Ti_(Fe?*,Mg)_,, are coupled exchange vectors
that decrease the Ti and the tetrahedral Al contents of biotite. Many of
our samples (group 1) have no Ti-oxide phase, implying the bulk Ti
contents are very low, and suggest that these Ti-bearing exchange vectors
would not affect the composition of the biotites significantly. Also, plots of
the Ti contents of biotite versus the SiO; and octahedral Al contents
reveal no systematic trends.
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If the Tschermak’s and muscovite-exchange vectors are accepted as
the two principal means of incorporated AlV! into the biotite, then the
muscovite exchange (excess Al'!) accounts for between 29 to 65 percent
of the AlY!, averaging approx 40 percent. Whereas the total amount of
octahedral Al does not show any systematic variation with Mg/(Mg + Fe),
the Tschermak’s exchange does show some compostional dependency,
generally decreasing with Xy,. This trend was noted previously for
metamorphic biotites (Guidotti, 1984) and is consistent with the observa-
tions of Hewitt and Wones (1975) on synthetic biotites.

Muscovite—Microprobe analyses of muscovite (table 4) are typical of
muscovite compositions from other metapelitic rocks reported by Guidotti
(1984), showing only limited substitution toward a paragonitic or celado-
nitic mica. The K/(Na + K) in the 12-fold interlayer site varies between
0.85 and 0.93. The occupancy of this site is high with values for Na + K
ranging between 1.88 and 1.94 atoms (per 22 oxygen atoms). The total
number of Fe + Mg atoms in muscovite ranges between 0.16 and 0.41
with neither cation consistently present in any greater or lesser amount.
There is a positive correlation among Fe + Mg and Si, suggesting that the
exchange vector (FeMg)SiAl_, has operated to maintain charge balance.

Garnet.—The distribution of garnet is controlled largely by bulk rock
composition. Normal, quartz-saturated, Fe-rich, pelitic rocks typically

TABLE 4
Microprobe analyses of Muscovite

SAMPLE AL101 AL103 AL158 BB3 BB6 BB7 BB58 BB67 BB93 BB94 BBl114 BBI28

Si0, 46.8 462 46.8  46.4 46.4 46.0  46.26 46.5 46.9 46.2 455 452
TiO, 0.32  0.37 0.19  0.06 0.08 0.10 0.75 0.39 0.49  0.46 0.65  0.09
AlLO, 36.1 36.3 342 363 36.6 36.5 34.8 359 36.0 36.4 36.0  36.7
FeO 1.15 1.10 1.35 093 1.04 0.99" 098 1.27 1.24 1.21 1.12  0.49
MnO 0.06 0.01 0.06 0.05 0.04 0.04 0.04 0.01 0.01 0.01 0.04 0.04
Mgo 0.3¢4 045 1.05 092 0.86 0.64 1.04 0.55 0.64 0.51 043 0.54
Na,O 0.63  0.46 .12 072 1.08 1.06 0.86 0.40 0.41 041 0.59 0.73
K,0 10.5  10.4 9.3 10.1 9.8 9.6 9.6 102 104 102 10.1 10.0
H,0' 4.54 4.52 4.48 4.53 4.55 4.51 448 452 4.56 4.52 4.48 4.46

TOTAL 100.4  99.8 98.6 100.0 100.5 99.4 98.8 99.7 100.6 99.9 98.9 982

CATIONS PER 22 OXYGENS

Si 6.179 6.131 6.274 6.136 6.105 6.110 6.181 6.165 6.170 6.116 6.093 6.074
Ti 0.032 0.037 0.019 0.006 0.008 0.010 0.075 0.039 0.049 0.046 0.065 0.009
Al 5.607 5.673 5404 5.656 5683 5.714 5.489 5617 5584 568 5.687 5.812
Fe? 0.127 0.122 0.151 0.102 0.114 0.110 0.110 0.141 0.136 0.134 0.125 0.055
Mn 0.007 0.001 0.007 0.006 0.004 0.004 0005 0.001 0.001 0.001 0.005 0.005
Mg 0.067 0.090 0.210 0.181 0.169 0.127 0.208 0.108 0.126 0.101 0.085 0.108
Na 0.161 0.119 0.291 0.184 0.276 0.274 0.223 0.102 0.104 0.106 0.154 0.189
K 1.774 1.762 1.591 1.704 1.645 1.620 1.640 1.728 1.743 1.719 1.723 1.709
Xy 0.917 0.937 0.845 0903 0.856 0.855 0.880 0.944 0.944 0.942 0.918 0.901
Xna 0.083 0.063 0.155 0.097 0.144 0.145 0.120 0.056 0.056 0.058 0.082 0.099
Xaivn 0.942 0.938 0.905 0.928 0.928 0.938 0.902 0.929 0.923 0.931 0.931 0.957

!Calculated stoichiometric HsO. 2Total iron as Fe2*. F and Cl below detection limit in
all samples.
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contain abundant, relatively small (<1lcm), almandine-rich garnets. In
contrast, Al-Mg-rich schists typically lack garnet, except in local Fe-rich
horizons. At these localities, subidiomorphic to xenomorphic garnet
porphyroblasts up to 15 cm in diameter are found. These garnets contain
abundant inclusions of plagioclase, biotite, kyanite, and lesser amounts of
quartz. The distribution of inclusions and measured zoning profiles
suggest at least two periods of garnet growth. Garnet compositions (table
5) reflect the variation of the bulk rock chemistry of the original protolith.
The Fe/Mg ratio in garnet from the Al-Mg-rich schists is approx 2.1 to 2.6
at garnet rims, whereas in more normal pelitic schists it is observed to be
as high as'13.7 to 15.4 Values of X, along garnet rims vary between 0.56
and 0.81. The manganese content along garnet rims is generally low with
values of Xy, between 0.001 and 0.09. Calcium contents are variable with
Xca ranging between 0.037 and 0.16. Some garnet porphyroblasts are
strongly zoned as discussed in detail below.

Cordierite.—Cordierite is common in the Al-Mg-rich schists but is
absent from more normal pelitic compositions. The modal abundance of
cordierite is typically below 10 percent; it is found in rocks coexisting with
or without garnet, quartz, or muscovite. Cordierite (table 6) is very
Mg-rich and more magnesian in garnet-absent assemblages (Xre = 0.083
and 0.134) than in garnet-bearing assemblages (Xg. = 0.224-0.260 ex-
cept for one sample at 0.413). Cordierite analyses from garnet-bearing
assemblages are comparable with cordierite analyses reported in the
literature from other metapelitic rocks (Bhattacharya, Mazumdar, and
Sen, 1988; Loomis, 1979; Hollister, 1977), whereas those from the

A}

TABLE 5

Microprobe analyses of garnet

AL101 ALIO3 AL88 AL158 AL161 BB41* BB52 BB57 BB58 BB67 BB93 BB94 BBll4

Si0, 36.6 36.6 37.7 37.9 38.6 38.3 38.7 37.9 38.0 374 372 37.0 3.7
AlLO, 20.6 20.9 21.4 205 21.5 20.9 21.4 21.3 21.0 203 20.4 20.7 20.6
FeO 355 35.3 284 352 268 337 29.1 33.1 32.7 36.0 37.0 36.8 389
MnO 099 0.20 0.8 0.97 3.24 0.40 047 2.80 3.04 047 012 053 0.88
MgO 1.28 .52 6.31 3.34 6.64 4.41 7.02 3.34 3.9 1.82 206 1.66  2.24
Ca0 420 429 5.37 1.75  4.06 3.28 392 297 2.42 3.84 391 4.07 1.40
TOTAL 992 98.8 100.0 99.7 100.8 101.0. 100.6 101.4 101.1 99.8 100.7 100.8 101.7

CATIONS PER 12 OXYGENS

Si 2.997 2,995 2.958 3.049 2.992 3.023 3.004 3.999 3.007 3.031 3.004 2.985 3.019
Al 1.991 2.013 1.982 1.946 1.958 1.940 1.958 1.985 1.960 1.942 1.935 1.973 1.942
Fe 2.427 2.414 1.864 2366 1.736 2.222 1.887 2,191 2.170 2.438 2.497 2.483 2.602
Mn 0.069 0.014 0.057 0.066 0.213 0.027 0.031 0.188 0.204 0.032 0.008 0.036 0.060
Mg 0.156 0.185 0.738 0.400 0.765 0.518 0.811 0.393 0.466 0.220 0.247 0.200 0.267
Ca 0.368 0.376 0.451 0.150 0.336 0.277 0.326 0.252 0205 0.333 0.338 0352 0.120
Xaim 0.804 0.807 0.599 0.793 0.569 0.730 0.618 0.725 0.713 0.806 0.808 0.809 0.853
Xpvr 0.052 0.062 0.237 0.134 0.251 0.170 0.266 0.130 0.153 0.073 0.080 0.065 0.088
Xero 0.122 0.126 0.145 0.050 0.110 ,0.091 0.107 0.083 0.067 0.110 0.109 0.115 0.039

X 0.023 0.005 0.018 0.022 0.070 0.009 0.010 0.062 0.067 0.011 0.003 0.012 0.020
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TABLE 6

Cordierite analyses

SAMPLE AL158 AL161 BB3 BB6 BB7 BB52 BBI128
Si0, 48.4 48.2 502 506 50.3 48.7 489
T10, 0.07 0.02 0.02 002 0.02 0.02 0.02
AlLO, 32.1 33.0 33.7 33.4 33.4 33.3 339
FeO 10.1 6.13 2.09 2.33 2.30 5.7  3.19
MnO 0.12 0.49 0.09 0.12 0.14 0.36 0.08
MgO 7.3 9.5 12.9 11.3 11.2 9.90 11.5
CaO 0.01 0.09 0.06  0.05 0.05 0.10 0.10
Na,O 0.13 0.35 0.11 0.13 0.17 0.41 0.18
K,O0 0.03 0.04 0.05 0.04 0.06 0.06 0.05
TOTAL 98.3 97.8 99.2 98.0 97.6 98.6 97.9
CATIONS PER 18 OXYGENS

Si 5.032 4.964 4985 5.075 5.067 4.960 4.944
Ti 0.006 0.002 0.001 0.002 0.002 0.002 0.002
Al 3.931 3.998 3.942 3.950 3.969 4.001 4.042
Fe 0.878 0.527 0.173 0.195 0.194 0.490 0.270
Mn 0.011 0.043 0.008 0.010 0.012 0.031 0.007
Mg 1.124 1.454 1914 1.696 1.678 1.500 1.738
Ca 0.001 0.010 0.006 0.005 0.005 0.011 0.011
Na 0.026 0.069 0.021 0.025 0.033 0.080 0.035
K 0.004 0.005 0.006 "0.004 0.007 0.007 0.007
Xre 0.435 0.260 0.083 0.103 0.103 0.242 0.134
Xng 0.557 0.913 0.891 0.890 0.742 0.862

0.718

garnet-absent assemblages are more typical of those from gedrite-
bearing aluminous schists reported by Schmacher and Robinson (1987).
Figure 3 illustrates the range in composition found in our samples and
documents what we interpret to be a trend of equilibrium partitioning
between biotite and cordierite. The mean K, (Mg-Fe) is 0.60. The
relatively low degree of scatter is consistent with a small range in the

temperature of equilibration.

KFMASH PETROGENESIS

The extensive phase relations and bulk-rock control of mineral
paragenesis are illustrated in figure 4 by projecting from aluminum



