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Abstract: The occurrences of natural coexisting feldspars including hyalophane and also celsian delineate two-, three- and
possibly four-phase fields in the system BaAl,;Si,03—CaAl,Si,O5—NaAlSi;O3-KAlSi;O4. Hyalophane occurs with albite and
microcline in a very low grade (anchizonal to epizonal) metasedimentary association from the Uppony Mountains, Hungary, and
in Grenville marbles from Ontario. Analyses show very little Ba in albite and only limited Na in hyalophane. One marble from the
garnet zone has albite (Abgs_gg), oligoclase (An;;S13Abg,), hyalophane (CngsS1;An, AbgOr,,) and celsian (Cng,Sl;An Ab,Or,). The
albite and oligoclase are complexly intergrown and may indicate unmixing during cooling. A marble in the sillimanite zone
contains albite (Abgs g30r,.3), oligoclase (An;;An,S13Abs30r,,), hyalophane (CngsSl3An,AbgOrs,y), and an inclusion of celsian
(Cng7An;S1,Ab,Org)) in an albite. Sanidine from the Peshtigo monzonite in Wisconsin unmixed to a symplectic perthite with
barian microcline (Cng ;;An,Abg 130175.59) and oligoclase (CnlAn;3Ab;4Or,). The former compositions of the ternary igneous
feldspars (Cn;AngAbygOryy, CnjAn gAbgyOr;,) were obtained by reintegration. '

The Na content of hyalophane equilibrated with albite is correlated with metamorphic grade. Hyalophane has 5 + 2 mol % Ab
in very low-grade associations, 10 + 3 mol % Ab in the greenschist facies, 16 + 2 mol % Ab in the low to middle amphibolite
facies, and 30 mol % Ab in the upper amphibolite to granulite facies even when not buffered with albite. The limited Na content
of celsian equilibrated with albite in the greenschist facies is in striking disagreement with the narrow solvi obtained from unre-
versed experiments on the join BaAl;Si,04~NaAlSi;Oy.

Up to 8 four-feldspar and 24 three-feldspar assemblages may be stable in the system BaAl,Si,O3—CaAl;Si,Og—
NaAlSi;O5-KAISi;0g. In contrast, the repeatedly observed and variably located discontinuities within zoned hyalophane grains
may represent changes in the environment during mineral growth rather than internal miscibility gaps. Given its miscibility gaps
with microcline and celsian, the name hyalophane is justified for intermediate feldspars near the Cn-Or join.

Key-words: hyalophane, celsian, solvus, three feldspars, four feldspars, BaAl,Si,O5NaAlSi;O3—KAlSi;Oq, BaAl;Si,Og-
CaAlzsizOg—NaAlsi308—KAlsi303

Introduction but with significant Al and Si disorder (Griffen & Ribbe,

1976). It has a polymorph, paracelsian, with a different

Most natural feldspars are well represented composi-
tionally in CaAl,Si,04—NaAlSi;Og—K AlSi;Og (An—Ab—Or).
However, barian feldspars occur sporadically in diverse
settings ranging from diagenetically altered sediments and
hydrothermal veins, to marbles and other metasediments,
to granites, pegmatites and felsic- volcanic rocks. Celsian
(Cn, BaAl,Si,03) has a structure similar to that of anorthite

space group, isostructural with danburite (CaB,Si,Og)
(Chiari et al., 1985), slawsonite (SI, SrAl,Si,03) (Griffen et
al., 1977), also meleevite (BaB,Si,0q4) and pekovite
(SrB,Si,04) (Pautov et al., 2004). Lin & Foster (1968)
reacted paracelsian to celsian at T = 500°C and 1 kbar and
concluded that paracelsian is metastable. A stability field
for paracelsian cannot however be ruled out altogether at
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Table 1. Assemblages in rocks with barian feldspars.

sample # Ba feldspar(s) other ferromag silicates other minerals (in decreasing order of abundance)
Sfeldspars quartz
S. Ontario
KA901B hyalophane* Ab X phlogopite* Cc, Mu*, Brt*, F1, Sph, Dol, Ap, C, Ru, Py, Po, Ahy, Zc,
[Wth*]
KA914A +celsian* Ab, Kfs X phlogopite* Cc, Fl, Sph, Brt*, Dol, Py, C, (Ru)
BA904A K-feldspar* - (x) phlogopite*, tremolite  Cc, Di, Dol, Sph, Ap, Cl-Ap, C, Thor, Po, (Ru), (Py)
BB9224 hyalophane*, Ab, Olig, [Kfs] x phlogopite* Cc, Mu*, Pg, Sph, Py, Ap, Ru, C, Zc, (Dol), +BC*
celsian*
Uppony Mins.
Dt-8 207.8 m hyalophane* Ab, Kfs X chlorite Cc, Py, Ry, Zc
C. Wisconsin
92-ATC K-feldspar* Ab X Fa, Hb, Hyp, Bi Ap, Fl, Zc, All, 11, Mt

*Barian phases (> 1 wt % BaO).
+Single inclusion identified in an albite porphyroblast.
Abbreviations:

Ab = albite, Ahy = anhydrite, All = allanite, Ap = (F,OH)-apatite, Brt = barite, BC = barytocalcite, Bi = biotite, C = graphite, Cc = calcite,
Cl1-Ap = chlorapatite, Dol = dolomite, Fa = fayalite, F1 = fluorite, Hb = hornblende, Hyp = hypersthene, Il = ilmenite, Kfs = K-feldspar,
Mt = magnetite, Mu = muscovite, Olig = oligoclase, Pg = paragonite, Po = pyrrhotite, Py = pyrite, Ru = rutile, Sph = sphene, Thor = thorite,

Wth = witherite, Z¢ = zircon.

Phases in parentheses were identified by Rathmell (1993) but not found in a second thin section from the same rock by EJE.
Phase in square brackets are inferred to have formed during retrograde alteration.

lower T. Slawsonite is thought to react to Sr feldspar above
600°C (Bambauer & Nager, 1981), although the reaction
has not been reversed.

Unlike anorthite, celsian forms extensive solid solution
with K-feldspar, and the intermediate phase is designated
as hyalophane (Hy). Most hyalophane compositions are in
the range from Cn;, to Cnso with the remainder represented
by major Or and minor Ab (Deer et al., 2001). The neces-
sity of a separate mineral name for hyalophane is not
obvious from a perusal of the literature and will be
reviewed in this paper. Gay & Roy (1968) found that hyalo-
phane with <30 % Cn is triclinic. However, Viswanathan
& Kielhorn (1983a) obtained the cell parameters of 20
samples of hyalophane from Otosondu, Namibia, and
found that nearly all were monoclinic. Viswanathan &
Kielhorn (1983b) determined from a crystal structure
refinement that a ternary hyalophane (CnggAb,30r1,7) was
monoclinic and partially disordered in terms of its Al and
Si distribution.

Observations of solid solutions and the compositions of
coexisting phases from metamorphic rocks provide valu-
able information on phase equilibria. This approach has
provided insights for the phase equilibria of pyroxenoids
and pyroxenes (Brown et al., 1981; Petersen et al., 1984),
rthombohedral carbonates (Essene, 1983; Anovitz &
Essene, 1987), and orthorhombic carbonates (Boundy et
al., 2002). Some experiments are available in the system
BaAl,Si,04—NaAlSi;O3—K AlSi; Oy, but they have not been
applied systematically to natural assemblages. Barian
feldspar assemblages have therefore been evaluated in this

paper.

Geological settings

Three different hyalophane associations were studied
and are described herein. Coexisting minerals for samples
from each association are listed in Table 1. A complex
hyalophane assemblage has been identified in an epizonal
metasandstone from the Tapolcsany Formation of the
Uppony Mountains (Biikkkium, NE Hungary). This Early
Paleozoic (Silurian?) sequence of sediments underwent a
regional metamorphism of a collisional type in the
Cretaceous (ca. 95-105 Ma). On the basis of illite “crys-
tallinity”, white K-mica b geobarometry and coal rank
data, metamorphism is inferred to be a low-P type witha T
maximum of ca. 300-350°C (Arkai et al., 1981, 1995,
2000; Arkai, 1983). The sediment investigated in detail was
sampled at 207.8 m depth from borehole Dt-8 in the village
of Dédestapolcsany. Younger, low-temperature hydro-
thermal fluids that caused Fe-Mn metasomatism in carbon-
ates extensively affected the rock (Polgari & Forizs, 1996).
Corrensite and randomly interstratified chlorite/smectite
observed by TEM are products of retrogression related to
post-metamorphic hydrothermal activity (Arkai et al.,
2000). The sediments contain complex intergrowths K-
feldspar, albite and hyalophane.

Barian assemblages were identified in four of the 80
Grenville marbles investigated by Rathmell (1993). The
Grenville rocks in this area of southern Ontario were meta-
morphosed around 1.17 Ga ago subsequent to deposition
on a continental shelf and followed by metamorphism
during continent-continent collision (Cosca ef al., 1992;
Mezger et al., 1993). The feldspars occur as serrated,
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Table 2. Electron microprobe analyses of feldspars from Uppony Mountain, Hungary*.

°phase Hy Hy Hy Hy Hy Hy Hy Hy Kfs  Kfs Kfs Kfs Kfs Ab Ab
*analyst EJE EJE EJE EJE EJE EIJE EJE EJE EJE EJE EJE EJE EJE EJE EJE
Si0, 5297 5287 52.99 5283 5196 53.13 5576 55.69 63.53 64.77 66.44 6552 65.01 70.27 70.63
TiO, 000 0.18 000 0.00 000 000 000 000 000 000 000 0.00 000 0.00 0.00
AL O, 2191 2191 21.90 21.87 22.14 2205 2092 2093 1880 1878 1898 18.66 18.61 19.84 19.82
Fe, 03 034 043 006 007 014 019 016 000 011 003 001 001 0.01 010 0.10
CaO 0.00 001 0.09 0.16 012 000 000 000 000 000 000 000 000 004 0.04
BaO 15.60 1558 16.10 16.17 16.64 1599 11.82 1226 120 193 195 157 148 0.00 0.01
Na,O 057 062 049 048 051 044 070 046 139 036 032 046 045 11.51 1043
K,0 922 9.06 925 929 899 918 1048 10.38 1439 1479 1350 1556 1536 0.06 0.07
sum 100.61 100.65 100.87 100.87 100.50 100.98 99.84 99.72 99.41 100.66 101.20 101.78 100.91 101.81 101.08
Si 2695 2690 2692 2688 2.666 2.694 2779 2.780 2.967 2.990 3.018 2.995 2.994 3.009 3.030
Al 1314 1314 1311 1311 1339 1.317 1229 1231 1.035 1.022 1.016 1.005 1.010 1.001 1.002
Fe 0.014 0.018 0.002 0.003 0.006 0.008 0.007 0.000 0.004 0.001 0.000 0.000 0.000 0.003 0.003
Ti 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.000 0.000 0.005 0.009 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.002
Ba 0311 0311 0321 0.322 0335 0318 0.231 0240 0.022 0.035 0.035 0.028 0.027 0.000 0.000
Na 0.056 0.061 0.048 0.047 0.051 0.043 0.068 0.045 0.126 0.032 0.029 0.040 0.040 0.956 0.867
K 0.599 0.588 0.599 0.603 0.588 0.594 0.667 0.661 0.857 0.871 0.782 0.908 0.902 0.003 0.004
sum 4989 4989 4978 4984 4990 4.974 4980 4.957 5011 4952 4880 4.977 4973 4974 4.908
Cn 322 323 330 328 341 333 239 254 2.2 37 4.1 29 2.8 00 0.0
An 0.0 0.0 05 0.9 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 02 02
Ab 5.8 6.4 49 48 5.2 4.6 7.0 47 125 3.4 3.4 4.1 41 995 994
Or 620 612 616 614 600 622 691 699 83 929 925 93.0 93.1 0.3 0.4

°Abbreviations: Ab-albite, An-anorthite, Cn-celsian, Hy-hyalophane, Kfs-Kfeldspar, Or-orthoclase, Sl-slawsonite.

*Analyst EJE = E.J. Essene.

rounded, and subhedral grains with low birefringence in a
calcite matrix. Albite is distinguished from coexisting
hyalophane and oligoclase by its positive sign in thin
section, which also indicates that it is ordered. The celsian
is too small for an optical interference figure, but it is not
macroscopically twinned, suggesting that it is celsian rather
than paracelsian (Deer et al,, 2001). The association of
fluorite, anhydrite, barite and witherite is unusual, although
thick anhydrite beds are associated underground in
Grenville marbles at Balmat, NY. The senior author has
identified accessory barite in marble outcrops on Monck
Road, 2 km E of Cardiff and 13 km W of Bancroft, Ontario,
and barite and celestite solid solutions in a marble breccia
from a large road outcrop on Rt. 35, 0.3 km N of Miners
Bay, Ontario.

Two barian marbles (KA901B, KA914A) of this study
come from a single outcrop of graphitic marble located just
N of Madoc, Ontario, on Route 62 one km N of its inter-
section with Route 7. Nearby metapelite assemblages and
P-T measurements on both marbles and metapelites indicate
that these rocks attained the garnet zone of the greenschist
facies at 480 £ 20°C and 3-4 kbar (Rathmell ez al., 1999). A
third assemblage (BA904A) was collected 5.0 km SE of
Bancroft on Rt. 62, and a fourth (BB9224) 18.5 km S of
Coe Hill on Rt. 46. The latter two assemblages occur just
upgrade from the first sillimanite isograd of the amphibolite
facies at 550-600°C and 5-6 kbar (Streepey et al., 1997).

Striking intergrowths of barian microcline and oligo-
clase that unmixed from barian sanidine and barian oligo-
clase were found in the Peshtigo monzonite from Central

Wisconsin (Claflin, 2001). These rocks are part of a mid-
Proterozoic (1.6 Ga) Rapikivi granite suite (Anderson,
1980; Anderson et al., 1980). The rocks are also enriched
in F and REE as shown by the presence of igneous fluorite
and allanite.

Analytical methods

Polished thin sections of the samples were prepared for
optical and back-scattered electron imaging using the scan-
ning electron microscope (SEM) and electron microprobe
(EMP). Identification of Ba-rich areas is made easy using
back-scattered electron (BSE) imaging by their high
atomic number compared to matrix calcite, dolomite,
albite, phlogopite, K-feldspar and quartz. The EMP anal-
yses of MAR and some of those by EJE were obtained on
the Univ. of Michigan Cameca MBX, and those of CLC
and others of EJE were conducted on the Univ. of Michigan
Cameca SX-100. Standards used with X-ray lines in paren-
theses are: Tiburon albite (Na Ko), St. Gotthard K-feldspar
(K, SiKa), Tanzania tanzanite (Ca, Al Ka), Ingamells
almandine (Fe Ka), Ohio celestite (Sr Lo), and Mariposa
Co. sanbornite (Ba La). The background interference
between Sr and Si was minimized by using a PET crystal
and wavelength scans were employed to select the position
of the long wavelength background. Cameca PAP correc-
tions were applied, with oxygen calculated by stoichiom-
etry assuming all iron as ferric. Analytical results are
provided in Tables 2-7, where the feldspars are normalized to
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Table 3. Electron microprobe analyses of feldspars from Grenville marble near Madoc, Ontario (KA901B).

sample core rim adj adj adj
°phase Hy Hy Hy Hy Hy Hy Hy Hy Hy Hy Ab Or
*analyst MAR MAR MAR MAR MAR EJE EJE EJE EJE EJE EJE EJE
Si0, 48.95 54.34 48.08 50.43 5433 4943 56.66 53.05 54.73 52.30 66.93 71.61
ALO, 21.85 20.58 21.68  21.59 20.89 22.09 21.01 21.85 21.54 22.26 20.95 17.53
Fe,04 0.00 0.00 0.06 0.00 0.02 0.04 0.13 0.07 0.10 0.15 0.03 0.00
CaO 0.74 0.27 0.40 0.38 0.41 0.54 0.48 0.35 0.42 0.35 1.49 1.10
St0 - - -~ - - - 0.10  0.18 0.18 0.14 018 012
BaO 18.18 1199 1864 1682 1240 1839 11.46 12,69 1269  15.00 0.03  0.00
Na,O 1.13 1.24 0.77 0.79 0.90 0.8 1.38 1.08 1.08 0.72 11.05 9.63
K,0 7.41 10.04 7.79 8.41 10.01 7.89 9.92 9.70 9.60 9.24 0.05 0.00
sum 98.26 98.46 97.42 9842 98.96 99.18 101.14  98.97 100.34 100.16 100.71 99.99
Si 2.606 2757 2.599  2.651 2.748 2.609 2775  2.695 2.730 2.664 2.920 2.959
Al 1.371 1.231 1.381 1.338 1.245 1.374 1.213  1.308 1.267 1.336 1.077 1.037
Fe 0.000 0.000 0.002  0.000 0.001 0.002 0.005  0.003 0.004 0.006  0.001 0.000
Ca 0.042 0.015 0.023  0.021 0.022 0.031 0.025 0.019 0.022 0.019 0.070 0.004
Sr - - - - - - 0.003  0.005 0.005  0.004 0005 -
Ba 0.379 0.238 0395 0.347 0.246  0.380 0220 0.253 0.248 0.299 0.001 0.046
Na 0.117 0.122 0.081 0.081 0.088 0.082 0.131  0.106 0.104 0.071 0.935 0.092
K 0.503 0.650 0.537 0.564 0.646 0.531 0.620 0.628 0.611 0.600 0.003  0.860
sum 5.018 5.013 5.018 5.002 4.996 5.009 4991 5.017 4.992 5.001 5.010 4.998
Cn 36.4 233 38.1 342 245 37.1 22.0 25.0 25.0 30.1 0.1 4.6
An 4.1 1.4 22 2.1 2.2 3.0 2.5 1.9 23 1.9 6.9 0.4
Si - -- - - -- -- 0.3 0.5 0.5 04 0.4 --
Ab 11.2 11.9 7.8 8.0 8.8 8.0 13.1 10.5 10.5 7.2 92.3 9.2
Or 48.3 63.4 519 55.7 64.5 51.9 62.1 62.1 61.6 60.4 0.3 85.8
0.1 indicates an individual grain, ¢ = core, r = rim.
°Abbreviations: Ab - albite, An - anorthite, Cn - celsian, Kfs - K feldspar, Or - orthoclase, Sl - slawsonite.
*Analyst: MAR = M.A. Rathmell, EJE = E.J. Essene.
Table 4. Electron microprobe analyses of feldspars from Grenville marble near Madoc, Ontario (KA914A).
°phase Cn Cn Cn enCn lateKfs r1eplCn Ab Ab Cnrim  Hyrm _ Hyrim
*analyst MAR MAR MAR EJE EJE EIE EJE EJE EJE EJE EJE
Sio, 30.79 30.88 32.00 31.77 62.87 31.08 68.16 66.86 32.85 40.65 39.42
Al;,04 25.83 25.78 25.73 26.57 19.01 26.80 20.08 21.37 27.22 24.75 25.15
Fe,0, 0.02 0.02 0.00 0.01 0.05 0.16 0.04 0.00 0.1 0.04 0.03
Ca0 1.63+ 2.55+ 1.21+ 0.40 0.35 0.40 0.37 1.50 0.19 0.24 0.26
SrO - - - 0.09 0.05 0.01 0.01 0.33 1.09 0.95 0.91
BaO 39.98 38.95 39.27 39.84 1.96  40.68 0.00 0.04 37.81 28.58 29.85
Na,0 0.18 0.20 0.35 0.23 0.09 0.16 11.72 10.86 0.22 0.83 0.74
K,0 0.14 0.20 0.27 0.20 15.71 0.22 0.03 0.03 0.26 3.17 2.74
sum 98.57 98.58 98.83 99.10 100.08 99.52 100.41 100.99 99.74 99.21 99.10
Si 1.971 1.966 2.021 2.002 2.947 1.967 2.969 2.909 2.022 2.324 2.280
Al 1.949 1.934 1.915 1.973 1.050 1.999 1.031 1.096 1.975 1.668 1.715
Fe 0.001 0.001 0.000 0.000 0.002  0.008 0.001 0.000 0.005 0.002 0.001
Ca 0.112+ 0.174+ 0.082+ 0.027 0.018 0.027 0.017 0.070 0.013 0.015 0.016
Sr 0.000 0.000 0.000 0.003 0.001  0.000 0.000 0.008 0.039 0.031 0.031
Ba 1.003 0.972 0.972 0.984 0.036 1.009 0.000 0.001 0.912 0.640 0.677
Na 0.022 0.025 0.043 0.028 0.008 0.020 0.990 0916 0.026 0.092 0.083
K 0.011 0.016 0.022 0.016 0.939 0.018 0.002 0.002 0.020 0.231 0.202
sum 5.070 5.087 5.054 5.034 5.001 5.048 5.010 5.002 5.012 5.003 5.004
Cn 87.3 81.9 86.9 93.0 3.6 94.0 0.0 0.1 90.3 634 67.1
An 9.7+ 14.7+ 7.3+ 2.6 1.8 25 1.7 7.0 1.2 1.5 1.6
Sl 0.0 0.0 0.0 0.3 0.1 0.0 0.0 0.8 3.9 3.1 3.0
Ab 1.9 2.1 3.8 2.7 0.8 1.8 98.1 91.9 2.6 9.1 8.2
Or 1.0 14 1.9 1.5 93.7 1.7 0.2 0.2 2.0 229 20.1

°Abbreviations: Ab - albite, An - anorthite, Cn - celsian, Kfs - K feldspar, Or - orthoclase, Sl - slawsonite.
*Analyst: MAR = MLA. Rathmell, EJE = E.J. Essene. *high Ca probably an artifact of matrix fluorescence.
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phase Hy Hy Hy Hy Hy Hy Hy Hy Hy  Hycore Hyrim Hycore Hyrim 1 Hyrim 2 Hy rim 3
*analyst MAR MAR MAR MAR MAR MAR MAR MAR MAR EJE EJE EJE EJE EJE EJE
Si0, 5814 62.03 62.02 58.06 60.67 6130 63.11 63.11 63.11 6383 6030 6472 6257 6098 59.19
ALO; 2048 1854 1832 1939 19.05 19.02 1877 18.77 1877 1922 20.06 1898 19.45 20.00 20.07
Fe,03 0.00 0.00 005 003 000 000 000 000 0.00 0.00 0.04 0.03 0.08 0.00 0.02
Ca0 001 0.01 0.01 0.03 002 0.03 0.07 0.07 0.07 0.00 0.09 0.05 0.06 0.05 0.04
SrO -- - -- -- -- - - - -- 0.00 0.03 0.00  0.00 0.02 0.00
BaO 676 2.68 196 678 464 410 253 253 253 223 6.36 1.34 3.49 5.59 7.35
Na,O 082 0.87 085 095 09 102 101 1.01 1.01 086 0.93 0.92 0.85 0.89 0.95
K,O 10.57 14.59 14.85 12.890 1320 13.78 1437 1437 1437 1497 1334 1504 1426 1355 1296
sum 98.05 98.72 98.06 98.13 98.54 99.25 99.86 99.86 99.86 101.10 101.14 101.08 100.76 101.08 100.58
Si 2,866 2.953 2961 2.862 2920 2.925 2959 2959 2959 2954 2869 2974 2928 2885 2.853
Al 1.128 1.040 1.031 1.127 1.081 1.070 1.037 1.037 1.037 1.048 1.125 1.028 1.073 1.115 1.140
Fe 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.003 0.000 0.001
Ca 0.001 0.001 0.001 0.002 0.001 0.002 0.004 0.004 0004 0.000 0.005 0.002 0.003 0.003 0.002
Sr -- - -~ -- -- -- - -- -~ 0.000 0.001 0.000 0.000 0.001 0.000
Ba 0.131 0.050 0.037 0.131 0.088 0.077 0.046 0.046 0.046 0.040 0.119 0.024 0.064 0.104 0.139
Na 0.078 0.080 0.079 0.091 0.090 0.094 0.092 0.092 0.092 0.077 0.086 0.082 0.077 0.082 0.089
K 0.811 0.886 0.904 0.811 0.811 0.839 0.860 0.860 0.860 0.884 0.810 0.882 0.851 0.818 0.797
sum 5.015 5.010 5.014 5.024 4990 5.006 4998 4.998 4998 5003 5015 4993 4999 5007 5.020
Cn 12.8 49 36 127 8.9 7.6 4.6 4.6 4.6 4.0 11.7 2.4 6.4 10.3 13.5
An 0.1 0.1 0.1 02 0.1 0.2 04 0.4 04 0.0 0.5 0.2 03 0.3 0.2
Si -- - -~ -~ -- - - -- -- 0.0 0.1 0.0 0.0 0.1 0.0
Ab 7.7 79 7.7 8.8 9.1 9.3 9.2 9.2 92 7.7 8.5 8.3 7.7 82 8.7
Or 795 87.1 886 784 820 8.9 858 858 858 883 792 89.1 85.6 81.1 77.6

°Abbreviations: Ab - albite, An - anorthite, Cn - celsian, Hy - hyalophane, Or - orthoclase, Sl - slawsonite.
*Analyst: MAR = M.A. Rathmell, EJE = E.J. Essene.

Table 6. Electron microprobe analyses of feldspars from Grenville marbles near Coe Hill, Ontario (BA9224).

sample BB9224.0 BB9224.1 BB9224.1 BB9224,1 BB9224.2 BB9224.2 BB9224.3 BB9224.3 BB9224.3 BB9224.4 BB92244 BB92244
phase Hy Hyincl Abhost Hyincd Hycore Hyrim Ab Ab XCnincl loZAb hiZAb Cnrim
oxide wt% *MAR  *EJE EJE EJE EJE EJE EJE EJE EJE EJE EJE EJE
Si0, 55.09 4423  66.63 46.53 54.66 48.72 67.51 67.45 3798 66.48 65.51 33.79
Al,O4 20.56 24.85 20.11 22.86 20.88 20.78 19.75 2137 2474 20.30 20.76 26.99
Fe,0,4 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10
CaO 0.05 0.13 0.61 0.20 0.02 0.14 0.25 1.10 0.14 0.80 1.26 0.19
SrO - 0.44 0.33 0.08 0.35 0.28 0.11 0.33 0.70 0.56 0.67 1.09
BaO 11.28 24.75 0.10 21.57 12.19 18.64 0.00 0.04 3128 0.03 0.02 38.81
Na,O 1.64 099 11.26 0.56 1.44 1.17 11.85 10.86 0.44 11.09 10.66 0.22
K,0 9.61 5.01 0.03 7.36 9.48 747 0.00 0.03 1.22 0.01 0.02 0.26
sum 98.23 100.43 99.08 99.15 99.02 98.41 99.47 101.18  98.04 99.26 98.90 99.48
Si 2.777 2.601 2951 2.525 2.756 2.601 2.972 2.932 2248 2.942 2915 2.031
Al 1.221 1.384 1.050 1.462 1.241 1.384 1.024 1.091 1.725 1.059 1.089 1.950
Fe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000 0.005
Ca 0.003 0.010 0.029 0.012 0.001 0.008 0.012 0.051  0.009 0.038 0.060 0.012
Sr - 0.014 0.010 0.002 0.010 0.009 0.003 0.008 0.024 0.014 0.017 0.039
Ba 0.223 0.407 0.002 0.459 0.241 0.390 0.000 0.001 0.725 0.001 0.000 0.932
Na 0.160 0.092 0.967 0.059 0.141 0.121 1.011 0912 0.229 0.951 0.920 0.026
K 0.618 0.520 0.002 0.509 0.610 0.509 0.003 0.002  0.092 0.000 0.001 0.020
sum 5.002 5.013 5.009 5.027 4.999 5.022 5.022 4.988 5.051 5.005 5.002 5.015
Cn 22.2 39.6 0.2 44.0 24.0 37.6 1.2 0.1 65.8 0.1 0.0 90.5
An 0.3 1.0 1.0 1.2 0.1 0.8 1.2 5.1 0.9 3.8 6.0 1.2

S1 - 14 1.0 0.2 1.0 0.8 0.3 0.8 24 14 1.7 3.8
Ab 16.0 8.9 97.6 5.9 14.0 11.7 97.0 94.8 20.8 94.7 92.2 2.5
Or 61.6 50.6 0.2 48.7 60.8 49.1 0.3 0.2 9.2 0.0 0.1 2.0

Number following decimal indicates individual grain in thin section.
°Abbreviations: Ab - albite, An - anorthite, Cn - celsian, Hy - hyalophane, Kfs - K feldspar, Or - orthoclase, Sl - slawsonite.
*Analyst MAR = M.A. Rathmell, EJE = E.J. Essene.
+10 pm celsian inclusion in albite.




520 E. J. Essene, C. L. Clafin, G. Giorgetti, P. M. Mata, D. R. Peacor, P. Arkai, M. A. Rathmell

Table 7. Electron microprobe analyses of feldspars from the Peshtigo monzonite near Keshena, Wisconsin

sample 14 14 14 14 14 14 15 15 15 15 15 16 16 16 16 16 16
phase  Kfs core Kfs core Kfs rim Pg core Plg rim Plg rim Kfs rim Kfs rim Pg core Pg rim Pgrim Kfs core Kfs rim Kfs rim Pg core Pg rim Pg rim

*analyst CLC  CLC CLC CLC CLC CLC CLC CLC CLC CLC CLC CLC CLC CLC CLC CLC CLC
Si0, 64.20 63.51 63.78 64.19 63.11 63.73 63.93 61.81 63.21 63.57 63.92 62.86 62.00 62.12 63.30 62.81 62.72
ALO; 19.66 1939 19.05 23.05 22.97 23.02 19.27 18.82 22.65 2345 23.23 19.12 19.32 19.00 21.80 22.68 22.30
Fe,04 0.10 007 015 015 001 010 012 185 0.04 005 006 006 002 0.11 0.04 0.07 0.12
CaO 046 0.07 006 406 440 408 012 0.10 3.11 417 392 0.07 000 0.00 3.07 429 392
SrO 0.00 000 0.16 004 0.02 010 000 0.06 0.1 0.03 004 0.02 001 0.00 000 0.00 001
BaO 230 301 139 001 002 002 254 278 033 000 0.02 260 392 347 047 0.05 0.07
Na,O 325 183 1.54 834 897 918 232 1.77 755 932 947 159 1.67 159 904 941 9.16
K,0 1093 13.07 1395 128 0.17 0.13 1256 12.63 3.56 0.08 0.07 13.67 13.15 13.32 181 0.13 092
sum 100.90 100.94 100.09 101.12 99.66 100.35 100.86 99.82 100.57 100.67 100.74 99.99 100.09 99.61 99.53 99.44 99.23

Si 2940 2943 2962 2816 2.800 2.809 2.951 2.946 2.817 2.792 2.804 2.943 2.923 2937 2.836 2.799 2.810
Al 1.061 1.059 1.043 1.192 1.201 1.196 1.048 1.057 1.190 1214 1.201 1.055 1.073 1.059 1.151 1.191 1.178
Fe 0.004 0.003 0.006 0.006 0.000 0.004 0.005 0.074 0.002 0.002 0.002 0.002 0.001 0.004 0.001 0.002 0.004
Ca 0.023 0.004 0.003 0.191 0.209 0.193 0.006 0.005 0.149 0.196 0.184 0.003 0.000 0.000 0.147 0.205 0.188
Sr 0.000 0.000 0.004 0.001 0.000 0.002 0.000 0.002 0.003 0.001 0.00t 0.001 0.000 0.000 0.000 0.000 0.000
Ba 0.041 0.055 0.025 0.000 0.000 0.000 0.046 0.052 0.006 0.000 0.000 0.048 0.072 0.064 0.008 0.00t 0.001
Na 0.288 0.164 0.138 0.709 0.771 0.784 0.208 0.164 0.652 0.793 0.806 0.145 0.153 0.146 0.786 0.813 0.796
K 0.639 0.772 0.827 0.071 0.010 0.007 0.740 0.768 0.202 0.005 0.004 0.816 0.791 0.803 0.103 0.007 0.053
sum 4996 4999 5.009 4986 4.991 4995 5.003 5.067 5.020 5.003 5.003 5.013 5.013 5.013 5.034 5.018 5.030

Cn 4.2 5.5 25 0.0 00 00 46 52 06 0.0 0.0 47 171 63 08 01 0.1
An 23 04 03 196 21.1 195 06 05 147 197 185 03 0.0 0.0 14.1 20.0 18.1
S1 0.0 0.4 03 0.1 00- 02 00 02 03 0.1 0.1 0.1 00 00 00 0.0 0.0
Ab 29.1 165 139 728 778 793 208 165 642 796 80.8 143 150 144 752 793 76.7
Or 644 772 826 73 1.0 0.7 740 773 200 05 04 805 778 792 99 07 5.1

Abbreviations: Ab - albite, An - anorthite, Hy - hyalophane, Kfs - K feldspar, Pg - plagioclase, Or - orthoclase, Sl - slawsonite, Cn - celsian
*Analyst CLC = C.L. Claflin

Fig. 1. BSE images of feldspars from the
Uppony metasandstone: (a): hyalophane
(bright): intergrown with K-feldspar
(intermediate grey) in a dark matrix of
albite and quartz. Some lamellae of albite
extend into the area of K-feldspar and
hyalophane. (b): bright "arrowheads" of
hyalophane, some with dark cores of
albite, surrounded by K-feldspar, in a dark
matrix of albite and quartz. (c): bright
hyalophane surrounded by homogeneous
K-feldspar, in a dark matrix of albite and
quartz. (d): fine patchy intergrowth of
hyalophane and K-feldspar, too small to
analyze by electron microprobe. The
textures are not indicative of exsolution
but of a complex history. In all these
images, the Ba feldspar may have been
formed by introduction of Ba-bearing
fluids, yet interlocking grains of K-
feldspar, albite and hyalophane are also
common. Ab = albite, Hy = hyalophane,
Kfs = K-feldspar, Qz = quartz, Chl = chlo-
rite.

10 ym 100 pm
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8 oxygens. Average modes of host and lamellae from homo-
geneously distributed intergrowths were obtained from BSE
images by CLC with the program NIH Image 1.62
(http://rsb.info.nih.gov/nih-image/). Volume percentages were
converted to weight percentages using densities of hyalo-
phane (Zaslivskiy ef al., 1974) and plagioclase (Carpenter et
al., 1985) for compositions similar to the analyzed minerals.

An analytical problem arises for electron microprobe
analysis of Ca in barian feldspar in a matrix of calcite,
resulting from fluorescence of Ca X-rays in matrix calcite by
BalLo X-rays potentially over scales of 10-50 pm. The EMP
analysis of Ca in small hyalophane grains or margins of large
grains is therefore suspect in marbles. Tests by EJE showed
that 1-2 wt % of CaO in hyalophane is produced by matrix
fluorescence during analysis of the center of a 10 um diam-
eter hyalophane with 23 wt % BaOQ in a calcite host at 15 kV.
Analyses of the same grain gave 0.7 wt % CaO at 10 kV and
only 0.1 wt % at 6 kV. Therefore, the analyses of EJE on
hyalophane and celsian in marble were conducted at 6 kV; the
analyses of MAR and CLC, and of EJE on the Hungarian
samples, were obtained at 15 kV. Most of the Ca in the celsian
analyses of MAR (Table 4) is probably produced by matrix
fluorescence. All analyses were conducted at 10 nA beam
current with a rastered 3x3 pum beam. Time tests by EJE
showed no elemental mobilization under these conditions.

Transmission electron microscope (TEM) studies were
undertaken by GG and PMM with samples of the rock
chips from the Uppony sandstone. They were mounted with
sticky wax and examined with an SEM to select portions
that were ion milled. The ion-milled samples were analyzed
with a JEOL 2010 TEM equipped with an energy disper-
sive microanalytical system (EDS) Link-ISIS and operated
at 200 kV. Areas of hyalophane that were thin enough to
transmit electrons were examined with the TEM and were
tilted to find favorable orientations for selected area
diffraction studies. Lattice fringe images were examined
across the boundaries between hyalophane and both K-
feldspar and albite. Analytical electron microscopy (AEM)
was undertaken on hyalophane although results are
regarded as only qualitative.

Textural observations and analytical results

BSE images reveal textures of coexisting feldspars and
show that hyalophane is often chemically heterogeneous.
The assemblage hyalophane—albite—microcline occurs in
the Uppony sample. The textures are highly variable, some
suggesting erratic replacement of an original feldspar clast
(Fig. 1a), others showing albite cores and hyalophane rims
(Fig. 1b), subhedral hyalophane and microcline in a
quartz—albite matrix (Fig. 1b, 1c), and complex textures
with interlocking hyalophane, albite and microcline
(Fig. 1d). The composition of the Uppony hyalophane
varies somewhat from CnyyAb;Orge to CnyyAbsOrg, the
a]blte is Ab99-100 and the microcline iS Cn3_4Ab3_4Or93
(Table 2).

Transmission electron microscope (TEM) observations
on the boundary between two feldspars in the Uppony
samples show coherency between adjacent K-feldspar and
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Fig. 2. High resolution image across the hyalophane (Hy)-K-
feldspar (Kfs) contact. Lattice fringes are continuous and no
spacing change can be detected across the contact. Inset: corre-
sponding selected area diffraction pattern along [101]. Although
difficult to detect in figure, reflections are split as illustrated by the
thicker arrow. The two thin arrows indicate the [010]* and [-201]*
reflections.

hyalophane, and incoherency between albite and hyalo-
phane. No submicroscopic exsolution lamellae were
observed with the TEM. Figure 2 shows a high-resolution
image of the contact between K-feldspar (lighter area) and
hyalophane (darker area). The two sets of lattice fringes are
continuous across the contact, and no significant change in
their spacing is seen at the boundary. This indicates that the
K-feldspar and hyalophane are coherently or at least semi-
coherently intergrown at the nm scale. The selected area
diffraction pattern (inset in Fig. 2) confirms that the two
crystals have the same structure. Reflections with smaller
d-values are split along a direction perpendicular to b*,
indicating that the two phases have slightly different orien-
tations. Qualitative chemical analyses on K-feldspar and
hyalophane grains show that the K-feldspar does not
contain any Ba at the ca. 0.1-0.2 wt % detection limit of
AEM analysis, the hyalophane has no detectable Na, and
that its Ba/K ratio does not change towards the contact with
K-feldspar.

Barian feldspars from the Grenville marbles are chemi-
cally variable from grain to grain and may show complex
zoning patterns in BSE images. Sample KA901B from
Madoc (Table 3) has hyalophane varying from
Cn22An3Ab130r62 to Cn38An2Ab80r52. Some of the hyalo-
phane porphyroblasts are zoned, including one varying
from CnysAn,Ab;Org, to CnsgAnyAb,Orgy. One analyzed
hyalophane (Cn3pAn,Ab,Orgp) is located nearby porphy-
roblasts of albite (An;Aby;) and microcline (CnsAbgOrgg).
The second sample KA914A from Madoc has domains of
celsian (Cng3An;Ab,0Or,) with nearby albite (Abjg)
(Table 4). Some celsian is replaced or overgrown with rims
of K-feldspar (CnyAn,Ab;Org3). Sample BA904A from
near Bancroft (Fig. 3a) has discontinuous zones of Cng g
(intermediate grey) and Cn,4 (bright rims), all with a nearly
constant albite content (Table 5). Similar zoning and patchy
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variation in the Ba content of other hyalophane grains is
seen in Fig. 3b and 3f. The textures and the small changes
in composition suggest that each zone grew at somewhat
different times. The barian feldspars have different compo-
sitional ranges in each Grenville marble: Cny_4 (KA904A),
Cn23_38 (KA901B), Cﬂ22_44 (BB9224), and Cn81_86
(KA914A). When present, the coexisting plagioclase is
usually albite: Abgg (KA901B), Abl()() (KA914B) and Abgg
(KA914A). An intergrowth of albite (Abgg) with oligoclase
(Abyg) is faintly discernable in BSE in sample (Fig. 3e).
This assemblage seems to represent the peristerite solvus,
but it is unclear whether it equilibrated at the peak of meta-
morphism or with adjacent hyalophane porphyroblasts. In
KA914A, some of the albite grains have nearby grains
(Fig. 3c) or rims (Fig. 3¢) of celsian. Obvious disequilib-
rium assemblages are also found in the same rock. Some
microcline that rims celsian has very low Na and Ba,
implying that it did not equilibrate with albite, celsian or
hyalophane. Patchy oligoclase is intergrown with some of

E. J. Essene, C. L. Clafin, G. Giorgetti, P. M. Mata, D. R. Peacor, P. Arkai, M. A. Rathmell

Fig. 3. BSE images of
Grenville feldspar porphyrob-
lasts from barian marbles: (a):
discontinuously zoned hyalo-
phane in BA901B with a core
of Cng and rim of Cn;4 with
nearby albite and quartz; (b):
equant grains of celsian and
nearby albite in KA914A; (¢):
celsian replaced by Ba-free
K-feldspar in KA914A. (d):
. grains of albite and hyalo-
phane in calcite (KA901B);
| (e): albite with inclusions of

celsian (K901B); (f) albite
with overgrowths of celsian
and nearby hyalophane in
. matrix calcite (KA914A).
Albite (darker areas) forms
| complex intergrowths with
| oligoclase (lighter areas).
| Abbreviations: Ab = albite,
Bar = barite, Cc = calcite, Cn
= celsian, Hy = hyalophane,
Kfs = K-feldspar, Og = oligo-
clase, Qz = quartz.

the albite, and some is rimmed by homogeneous celsian
with nearby hyalophane (Fig. 3e). A single grain of sodic
celsian was found as an inclusion in an albite grain in
sample BB9224. 1t is interpreted to be in local equilibrium
with the host albite only.

The Wisconsin monzonite originally contained two
ternary feldspars: alkali feldspar and sodic plagioclase. The
alkali feldspar decomposed forming spectacular
symplectic intergrowths (Fig. 4a, 4b, 4¢) of barian micro-
cline (Or75.40Cng_11Abg_3AN,) and oligoclase
(AbzAn30r,Cny), with outer rims (Fig. 4c) of microcline
(Or75Aby,CnyAny) and albite. The plagioclase unmixed to
an oligoclase host (Ab;gAn, Ory¢Cny ,) with antiperthitic
lamellae (Fig. 4d) of barian microcline (Or;9Ab;; Cn;An,).
Reintegration of the now exsolved alkali feldspar yields a
core of AbggOry,AngCny; and a rim of AbygOrssAngCn,. The
plagioclase host with sparse antiperthite lamellae unmixed
from an original composition of AbgAn;sOr,Cn;.
Although the reintegrated sanidine is too calcic to have
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Fig. 4. BSE images of exsolved hyalophane and plagioclase from t

523

he Peshtigo monzonite: (a): symplectic intergrowth of K-feldspar

(gray): and albite (dark); (b): lower magnification view of symplectic exsolution texture; (c): two symplectic grains with surrounding rim
comprised of fine, flame-like intergrowths of microcline and albite. The contrast decreases in hyalophane (gray) toward the rims of the
grains due to its gradual depletion in Ba. The dark matrix is quartz and albite, the large bright grains are fayalite overgrowing and replacing
ferrosilite, and the smaller bright grains are ilmenite and magnetite. (d): antiperthite with oligoclase (light gray) and microcline lamellae

(brighter rods and laths).

equilibrated with the reintegrated plagioclase, application
of limiting feldspar thermometry gives 820-870°C at 2
kbar with the program Solvcalc (Wen & Nekvasil, 1994)
whereas 450-520°C is obtained for the exsolved host and
lamella pairs. The original igneous anorthoclase and oligo-
clase formed above the solidus and reequilibrated by exso-
lution in the subsolidus during cooling of the monzonite
intrusion.

Discussion
Miscibility gaps with Ba-feldspars
Hyalophane—celsian assemblages
A solvus gap between celsian and hyalophane is well

documented by observations of natural assemblages.
Viswanathan (1978) identified submicroscopic inter-

growths of celsian (CnggOr,) and hyalophane (CnyOrs4) in
samples from manganese-rich rocks from Otjosondu,
Namibia. Viswanathan & Kielhorn (1983a) reported a
coarse interlocking two-phase assemblage from Otjosondu
involving hyalophane (CnsAbs,Or;s) and celsian
(Cnys0r5) that was metamorphosed in the upper amphibo-
lite facies. They also identified exsolution lamellae of
celsian (CngsOrs) in hyalophane (Cns3Aby,0r3s). The
lamellae are sufficiently small (< 1 um) that direct electron
microprobe analyses could not be obtained. Pan & Fleet
(1991) described hyalophane (Cng4;Ab;,0ry4;) rimmed by
celsian (CnggAb;Or3) in middle amphibolite facies rocks.
Kribek et al. (1996) found no large discontinuity in compo-
sitions between celsian (Cng;) and hyalophane (Cnss) from
sediments metamorphosed in the upper amphibolite facies.
Devaraju et al. (1999) found a jump from Cng, Ab,Or; to
Cn;AbsOr,s in a zoned feldspar from rocks that were
metamorphosed in the mid-amphibolite facies at
Ghattihosahalli, India (Deer et al., 2001, Fig. 579, p. 919).
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If the discontinuity is related to a solvus between celsian
and hyalophane, it suggests a narrower miscibility gap than
at Otjosondo (Viswanathan & Kielhorn, 1983a).

Hyalophane—albite and celsian—albite assemblages

Limited miscibility between albite and hyalophane is
well established in low- to medium-grade metamorphic
rocks. Nakano (1977, 1979) found hyalophane
(Cny7AbsOry7) with patchy to oriented intergrowths of
barian orthoclase (CnyAbsOrg;) and albite (AbggOr,;). He
concluded that orthoclase unmixed from hyalophane across
a solvus and that albite later replaced the feldspars.
Viswanathan & Kielhorn (1983a) described exsolved albite
in sodian hyalophane from Otjosondu, Namibia. Coats et
al. (1984) found coexisting hyalophane (CnssAb;4Or3,)
and albite (Abgyg) in calcareous schists from lower amphi-
bolite facies rocks of the Dalradian, Scotland. Zebec &
Bermanec (1985) identified oriented intergrowths between
hyalophane and albite from Bosnia that may represent
exsolution from a homogeneous feldspar. Chabu &
Boulegue (1992) observed hyalophane with an inclusion of
albite that they suggested formed by exsolution. Barian
hyalophane may contain 25-35 % Ab in high-grade meta-
morphic rocks (Bauer & Palache, 1926; de Villiers, 1951;
Lahtinen & Johanson, 1987; Viswanathan & Kielhorn,
1983a; Fortey & Beddoe-Stevens, 1982; Chabu &
Boulégue, 1992; Devaraju et al., 1999) and up to 70% Ab
in some igneous rocks (Goodfellow et al, 1995;
Langworthy & Black, 1978; Tsyganov & Vrublevskaya,
1998). The mutual solution between albite and hyalophane
is restricted at low temperatures but expands dramatically
at high temperatures.

Celsian (CnggAb,Or;) coexisting with albite (Abgg)
was found in manganese-rich metacherts from greenschist
facies rocks of eastern Taiwan (Yui ef al., 1989) and in
albitites and omphacitites from Guatemala (Harlow, 1994,
1995). Zak (1991) described celsian (CnggAb;Or;) inter-
grown with albite in veins from eastern Bohemia. The
amount of Ab in celsian coexisting with albite is compa-
rable to that seen in the Madoc black marble in the green-
schist facies. An inclusion of sodian celsian (CgcAb,Org
Sl,An)was also found included in an albite grain in the
Coe Hill marble from the sillimanite zone.

Celsian—plagioclase assemblages

Celsian has been found with significant anorthite and
also coexisting with plagioclase. Segnit (1946) reported a
calcian celsian from high-grade rocks at Broken Hill,
Australia. Mason (1987) found that Segnit’s “calciocel-
sian” was an intergrowth of armenite and celsian, although
Deer et al. (2001, p. 927) criticized that interpretation
based on density considerations. Matsubara (1985) found
calcian celsian (Cn;5An;,S1;Ab,Or)) in a low-temperature
setting from Sarusaka, Japan. On the other hand, Frank
(1979) described Ca-poor celsian (Cng;An;Ab,Or;) with
plagioclase (Abs;Ang;) and zoisite in Alpine granitic
gneisses of the Berisal Complex, Central Alps,
Switzerland, which were subjected to mid-amphibolite

E. J. Essene, C. L. Clafin, G. Giorgetti, P. M. Mata, D. R. Peacor, P. Arkai, M. A. Rathmell

facies metamorphism. The apparent decrease in the Ca
content of celsian coexisting with plagioclase with
increasing temperature is unexpected. One of four possibil-
ities may be suggested: (1) celsian coexisting with more
sodic plagioclase takes up less Ca; (2) calcian celsian
formed metastably from a greatly supersaturated solution at
Sarusaka; (3) calcian celsian is actually paracelsian; or (4)
the Berisal feldspar compositions were reset by later
exchange on cooling or during retrogression to form
Zoisite.

Hyalophane—plagioclase assemblages

Hyalophane—plagioclase pairs span a miscibility gap in
the quaternary feldspar system BaAl,Si,Og—CaAl,Si,Og—
NaAlSi;05—KAISi;05. Meier & Tomlinson (1939) found
antiperthitic hyalophane with plagioclase in an altered
gabbroic dike. Lahtinen & Johanson (1987) analyzed
perthitic hyalophane (Cn,3Ab,30r54) and exsolved plagio-
clase (Anys4) from a barian phlogopite-sillimanite—
cordierite gneiss in granulites near Pukkiharju, central
Finland. These data indicate that hyalophane has substan-
tial solution of plagioclase at high T ,and also that the
hyalophane-plagioclase solvus is wide at low T with strong
partitioning of Ca in the plagioclase. Grew et al. (1991)
described hyalophane with subordinate plagioclase and
serendibite in granulite facies rocks from near Johnsburg in
the Adirondacks, NY. Pan & Fleet (1991) reported plagio-
clase (An;;Sl;Abg,) with unanalyzed hyalophane from a
regionally metamorphosed barite unit in greenstones with
occasional kyanite and staurolite in adjacent metapelites at
Hemlo, Ontario. The authors did not show the textures of
the two feldspars, and it is unclear whether they equili-
brated. Yan et al. (1991) found barian K-feldspar
(Cn|;Ab30ry6) with  plagioclase  (AnsgAbgyOr;).
Korinevsky (2004) analyzed a barian K-feldspar
(Cn;AnyAb;Orgg) forming interlocking to intergrown
grains with laboradorite (Ansg.ssS1yAbyg460r,3) in a
gabbro from the Urals. Some of the textures are suggestive
of exsolution from an original feldspar. Unfortunately, the
analytical totals of the feldspars were miscalculated, and
those for hyalophane are unacceptable (103.9-104.6 oxide
wt. %). Collectively, available data indicate that hyalo-
phane may coexist with plagioclase in metamorphic rocks,
that Sr is strongly favored in plagioclase over hyalophane,
and vice-versa for Ba.

Celsian—slawsonite assemblages

Matsubara  (1985) described calcian celsian
(Cn76An;,S1;Ab Ory) with slawsonite (SlgsCn;) and
grossular, hydrogrossular, prehnite, vesuvianite, cymrite,
chlorite, diopside and xonotlite in a xenolith contained in
an ultramafic body from Sarusaka, Japan. It is surprising
that slawsonite (SrAl,Si,Og) and celsian (BaAl,Si,Og)
show little mutual miscibility at the presumed low temper-
atures (ca. 300-400°C) of this rodingite-like occurrence.
This result is in striking contrast with the continuous solid
solution obtained in experiments on the join
BaAlzsizog—SrAlzsi208 at 700°C and 2 kbar (Lagache,
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1999). Celsian may take up greater Sr in its structure when
it is low in Ca, and more extensive solid solution is
expected for paracelsian and slawsonite.

Fu et al. (2003) identified Ba—Ca—Sr—Na aluminosili-
cates in a decompressed eclogite from the Dabie and Sulu
terranes in China. They reported celsian with 12-14% Ab
and several intermediate compositions between celsian and
slawsonite. The latter minerals may be slawsonite-paracel-
sian solid solutions rather than feldspars. The authors stated
that their samples represent the first report of a miscibility
gap for quaternary (Ba, Ca, St, Na) feldspars in nature. It is
not clear from their BSE images, however, that two feldspars
are intergrown in their samples. Cundari (1979) had already
described coexisting sanidine (Cnj;AngSlgAbycOry3) and
plagioclase (Cn3Any,SlgAb,,Or;) in Roman volcanic rocks.
His feldspars span a miscibility gap in the quinary (Ba, Ca,
Sr, Na, K) feldspar system.

Assemblages with banalsite or stronalsite

Banalsite = (BaNa,Al;Si;04) and  stronalsite
(SrNa,Al,S14,0,6) sometimes have been described as
feldspars, but they do not lie on the feldspar composition
plane and therefore is not encountered in the phase
diagrams of this study. They mainly occur in low T veins
that cut xenoliths in serpentinites. Celsian and/or hyalo-
phane occurs with banalsite (Kato et al., 1987; Harlow,
1994), and slawsonite with stronalsite (Hori et al., 1987).

Experiments on Ba-feldspars

The available experiments on Ba-feldspar joins all
involve syntheses rather than reversals. In the system
Cn—Or, Roy (1965) obtained continuous solid solution for
feldspars synthesized hydrothermally between 500° and
700°C at 2 kbar. Gay & Roy (1968) concluded that disor-
dered hyalophane forms as a solid solution between sani-
dine and celsian, whereas ordered hyalophane has
compositional gaps between Or;gy and Cn;sOrgs and
between CngsOrss and CngyOryy. Lagache (1993) under-
took exchange experiments in BaCl, solution with starting
materials of CnysOr;5 and CnsoOrs that were initially crys-
tallized at 750°C. At 1.5 and 2.3 kbar at 600°C, and at
2.5 kbar and 750°C, she found continuous solid solution
between 54 and 94 % Cn.

In experiments on the system Cn—Ab, Viswanathan &
Harneit (1989) used synthesis experiments to infer a
narrow solvus cresting at 770°C at about Cn;sAbgs (Fig. 5,
dot-dash line). Lagache & Catel (1992) also conducted
experiments on the join at 1-2 kbar with a gel of albite
composition or a crystallized albite as a starting material
together with aqueous solutions and BaCl,. They inferred a
wider and more asymmetrical solvus (Fig. 5, solid line)
than Viswanathan & Harneit (1989). Lagache (1993)
reported additional exchange experiments on the
albite~celsian join with BaCl, in aqueous solution and
provided more experimental detail. She used both gels and
crystallized feldspar starting materials, and obtained bulk
chemical analyses for Na + Ba on some crystalline run
products. At 1.5 kbar and 600°C she converted albite to

525

900 ] T ] I I I I T I

800 |-/

700
T°C

600 | E
natural

500 f pairs

400 | ] | | | ] | | | ’
Ab 0.5 Cn

Ba/(Ba + Na)

Fig. 5. Phase equilibria in the system BaAl,Si,03—NaAlSi;Os.
Experimental solvi are the dashed (Lagache & Catel, 1992, LC92)
and solid lines (Viswnathan & Harneit, 1989, VH89). They are in
disagreement with solvus indicated by the compositions of the
natural celsian-albite pairs (Yui et al., 1989; this study). Celsian
from the upper greenschist facies at 480 + 20°C has only 2 % Ab,
and that from within the sillimanite zone at 575 + 25°C has 24 %
Ab/(Ab+Cn). The inferred solvus (shaded) based on the natural
assemblages is much flatter and wider than the experimental solvi.

hyalophane consistent with continuous solid solution
between Cns;Aby and CngyAbg. Formation of quartz and
barian feldspar in the run products of Lagache & Catel
(1992) and Lagache (1993) represents progress of the
following reaction to the right:

2NaAlSi; 04 + BaCl, (Aq) = BaAl,Si,04 + 2NaCl (Aq)

+ 4810, (Qz, Aq) (1).

A solvus was inferred when XRD data showed the

presence of two feldspars, and their compositions were
inferred from powder XRD. An asymmetrical solvus was
inferred to crest at CngAbg, and 775°C, CnzAby; coexisting
with Cn gAbg, at 750°C, expanding to CngAbg,—CnyoAbg
at 600°C and CnyAbgg—Cns3;Aby, at 450°C (Fig. 5).

Viswanathan (1992) undertook experiments in the
ternary system BaAl,;Si,05—NaAlSi;O3—KAISi;Og using
gels as starting material. He inferred a solvus at 650°C
based on various untabulated experiments between 650 and
900°C. The inferred limits of the solvus were constructed
with the XRD data on run products showing two feldspars
as well as experiments yielding one phase. All the experi-
ments with barian feldspars are facing a difficult task in
attainment of equilibrium given the very slow diffusion of
Ba in feldspars (Cherniak, 2002).

Discussion of experiments

Many of the experiments on phase equilibria relating to
barian feldspars were not well documented and no reversals
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were obtained. Roy’s (1965) experiments on Cn—Or may have
yielded continuous solutions due to formation of metastably
disordered feldspars or as a result of kinetic effects leading to
metastable compositions. In the experimental studies of
Visnawathan & Harneit (1989) and Lagache & Catel (1992),
no run tables were provided with information on the times of
experiments, the compositions of starting materials or run
products, and the P-T conditions that were used. No run
products were analyzed except in a few cases by bulk means.
Gels were used as starting materials in many of the experi-
ments, which represent synthesis runs showing only that the
crystalline materials are more stable than the starting mate-
rials. Homogeneous feldspars were not shown to unmix to
two-feldspar assemblages or vice-versa, which is required to
document an equilibrium solvus (Essene, 1982, 1989).
Reversed experiments should be initiated with wholly crys-
talline starting materials of highly ordered feldspar to
constrain stable solvi involving hyalophane and celsian at
600-800°C. Much longer run times may be required in order
to obtain compositional reversals at low P. Experiments could
be undertaken with a large volume piston-cylinder at 8-
16 kbar in the presence of H,O while avoiding the stability
field of cymrite and K-cymirite.

Celsian—albite pairs from regional metamorphic rocks
(Yui et al., 1989; this study) combined with estimates of the
estimated peak metamorphic T were plotted in Fig. 5,
assuming that the effect of 3-5 kbar on the solvus is small.
The Cn-Ab pair at 575 + 25°C is based on an inclusion of
sodian celsian (Cng;An;S1,Ab,,0rg) found as an inclusion in
alblte (Cno_lAnl_sslo_lAb95_970r0) in Sample BB9224. The
celsian is projected onto the diagram assuming that 11 %
additional components will not greatly perturb the binary
solvus. The natural data indicate a much wider and flatter
solvus (shaded area on Fig. 5). More celsian—albite pairs are
needed in medium- to high-grade rocks in order to map the
locus of the solvus more accurately at higher T. However, the
striking disagreement between the natural pairs and experi-
mental curves indicates that the experimental data on the
solvus are unreliable.

The experimental data of Lagache & Catel (1992) and
Lagache (1993) on the Cn—Ab join show that intermediate
feldspars are more stable than the starting material albite +
barium chloride solution. Unfortunately, these experiments
do not necessarily document stable solvi in the system. Albite
in the run products may represent unreacted cores rather than
spanning an equilibrium solvus. If so, regrinding and running
the sample for longer times with the same fluid should
reduce or eliminate the residual albite. The feldspars may
contain a vacancy substitution, [1SiBa_ Al representing
solid solution of [}, sBay sAlSi;Og, and equivalent to 50 %
[JSi404, which is maximized in the presence of quartz via the
reaction:

48102 (QZ, Aq) + BaAlzsizog =2 DO.SBaolsAlsi?,Og (2).

In the presence of BaCl, solution albite may directly
react to [y sBag sAl1Si,054 via:

2NaA181308 + Bac12 (Aq) =2 DO.SBaO.SAlSi:;Og +
2NaCl (Aq) 3).

Vacancies therefore may have be involved in the barian
feldspars in the experiments of Lagache & Catel (1992)
and Lagache (1993).
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Skellern et al. (2003) serendipitously synthesized single
crystals of celsian during reaction of a melt with BaO with an
aluminosilicate crucible during slow cooling from 1250°C.
They refined its structure and obtained a composition with
40 % [JysBagsAlSi;0g. Their data suggest that celsian
formed at very high temperatures may deviate widely from
stoichiometry. However, natural celsian forming at metamor-
phic temperatures (i.e., <800°C) does not appear to have
significant A site deficiencies (Deer et al., 2001).
Langworthy & Black (1978) reported analyses of barian
anorthoclase and barian sanidine from shonkinites that show
systematically low A-site occupancy (0.86-0.93) but lack
corresponding excess Si. The apparent A-site deficiency may
indicate elemental migration during the analyses or neglect
of Sr. Experiments on celsian on the join BaAl,Si,04-SiO,
show only 1.7 wt% excess SiO, (ca. 5 mol %
[lpsBag sAl1Si;Og) at 1580°C and less at lower T (Moya
Corral & Verduch, 1978). Those data suggest that the
vacancy-rich celsian of Skellern ef al. (2003) is a metastable
phase. The experimental barian feldspars (Viswanathan &
Harneit, 1989; Lagache & Catel, 1992; Lagache, 1993)
nonetheless should be analyzed with the electron microprobe
to evaluate whether they have vacancy substitution and
compositional heterogeneities. It is a major oversight to rely
solely on powder XRD or bulk analytical measurements, as
unreacted seeds often persist in subsolidus experiments (e.g.,
Hayob et al., 1993; Tropper et al., 2002). Experimental runs
should be conducted with quartz, ordered celsian and NaCl
solution, with low albite, quartz and BaCl, solution, and with
ordered intermediate feldspars on the Cn—Ab join. The run
products should also be monitored for any changes in their
ordering state, which may influence both the formation and
the locus of any solvi (Gay & Roy, 1968).

Compositional gaps in hyalophane solid solutions

Compositional discontinuities within the composition
field of hyalophane itself have been inferred repeatedly
although their locus and significance remain in dispute.
Vermaas (1953) inferred a gap in hyalophane solid solution in
the composition range Cnygss. Gay & Roy (1968) noted
discontinuities in the ranges Cnjq 39 and Cngggp, although
Chabu & Boulégue (1992) found continuous solid solution in
the latter range. Pan & Fleet (1991) placed discontinuities in
the ranges Cnys.5s, Cnsg 49 and Cngs.ge, and linked the latter
gap to the structural change between hyalophane and celsian.
Chabu & Boulégue (1992) found gaps at Cns_3g and Cngyg_sg.
McSwiggen et al. (1994) placed a gap between barian K-
feldspar (Cng) and hyalophane (Cnjq). Their illustrated
textures of barian hyalophane in potassian hyalophane are not
convincing exsolution features but appear to be irregular
veinlets of replacement origin in our opinion, even though the
inferred limb of the solvus between microcline and hyalo-
phane is reasonably placed. Biihn et al. (1995) found solid
solution between K-rich and Ba-rich feldspar up to Cn.g in
manganese-rich quartzites from granulite facies rocks from
Otjosondu, Namibia. Devaraju et al. (1999) identified gaps
at Cng_39, Cnyg_sg, and Cnyq g in zoned Ba-K feldspars.

The significance of most of the inferred gaps and their
widths in the hyalophane series remains unclear. Pan &
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Fleet (1991) suggested that the apparent discontinuity at
Cnjy9.49 18 due to limited sampling, and this may well be the
case for most or all of the internal gaps inferred in hyalo-
phane. Plots of electron microprobe analyses of hyalo-
phane show a wide range of compositions with no
discontinuities evident in the complete data set except near
the join between albite and celsian (Fig. 6). If there were
narrow compositional gaps within the composition field of
hyalophane that close or migrate laterally with P-T, plots of
analytical data from a wide range of P-T such as Fig. 6
would not reveal them. However, inconsistencies in the
locations of the internal hyalophane gaps reported at
similar metamorphic grades by different authors suggests
that they do not represent equilibrium miscibility gaps.

Inferred phase equilibria for the system
BaAleizongaAlSl_gOg*KAlSl308

The available analytical data on barian feldspars are
plotted on a composition diagram for BaAl;Si,Og—
NaAlSi;05—-KAISi;O5 (Fig. 7). Extensive solid solution
occurs in nature, although there is a lack of compositions in
the field between albite and celsian, extending into the
diagram below the dashed line. Diagrams were constructed
separately for diagenetic (Fig. 7a), blueschist and green-
schist (Fig. 7¢), low to middle amphibolite (Fig. 7d), and
upper amphibolite to granulite facies (Fig. 7e). Barian
feldspars from igneous (Fig. 8) and vein associations (Fig. 7b)
were plotted separately. The Uppony samples contain the
three-feldspar assemblage hyalophane—albite—K-feldspar
(Fig. 7a). The wide solvus between hyalophane and K-
feldspar may indicate that they are not in equilibrium, or
that the solvus rapidly expands at low T. The three-phase
assemblages from Madoc of hyalophane—microcline—albite
and celsian—hyalophane—albite were found in different
samples from the same outcrop in the upper greenschist
facies. Viswanathan (1992) did not show these three-phase
fields in his composition diagram although they are consis-
tent with his data. When found with albite, hyalophane in
low-grade rocks has only 5-10% Ab whereas it may
contain 30 % Ab (Biihn et al., 1995) in high-grade rocks.
Phase equilibria for BaAlZSizOg—NaAISi308—KAISi308
were constructed based on natural assemblages for rocks
that metamorphosed in diagenetic conditions at 100-250°C
(Fig. 7a), greenschist and blueschist facies (estimated T of
300-500°C; Fig. 7c), low to middle amphibolite facies
(estimated T of 500-650°C; Fig. 7d), and upper amphibo-
lite to granulite facies (estimated T of 650-850°C; Fig. 7e).
The assumption in applying these crude separations is that
T provides the dominant control on solvus locations and
that P can be ignored as a first approximation. To the extent
that the diagrams are internally consistent and show regular
patterns from one to the next is an indication that this
assumption is broadly valid.

Ba-feldspars in regionally metamorphosed rocks

Most works on diagenetic feldspars do not include
chemical analyses (e.g., Kastner & Siever, 1979; Walker,
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Fig. 6. Analyses of barian feldspars with <5 mol% CaAl,Si,Og,
SrAl,Si,0g, KFeSi;Og in the ternary BaAl,Si,Og—NaAlSi;Og—
KAISi;Og (Bauer & Palache, 1926; Nockolds & Zies, 1933,
Kalinin, 1939; Meier & Tomlinson, 1939; Yosimura, 1939; Larsen,
1941; Spencer, 1942; Segnit, 1946; de Villiers, 1951; Vermaas,
1953; Novak & Hoffman, 1960; Frondel et al., 1966; Hoffman &
Novak, 1966; Boettcher et al., 1967; Wilkinson, 1968; Afonina et
al., 1973; Bjerlykke & Griffin, 1973; Klyavin, 1973; Nakamura &
Yoder, 1974; Nemec, 1975; Woods, 1976; Nakano, 1977;
Langworthy & Black, 1978; Frank, 1979; Marchenko, 1980, 1998;
Shramenko et al., 1981; Larsen, 1981, 1982; Reinecke, 1982;
Viswanathan & Kielhorn, 1983a; Coats et al., 1984; Cao & Zhou,
1987; Lahtinen & Johnson, 1987; Middlemost et al., 1988; Yui et
al., 1989; Jakobsen, 1990; Pivec et al., 1990; Grew et al., 1991; Pan
& Fleet, 1991; Yan et al., 1991; Chabu & Boulégue, 1992;
Schmidicke et al., 1992; Fortey et al., 1993; Zhang et al., 1993;
Harlow, 1994; Long et al., 1994, MCnwiggen et al., 1994; Bithn et
al., 1995; Goodfellow et al., 1995; Melcher, 1995; Nkoumbou et
al., 1995; Kribek et al., 1996; Melluso et al., 1996; Gaeta, 1998;
Tsyganov & Vrublevskaya, 1998; Yanev et al., 1998; Devaraju et
al., 1999; Fulignati et al., 2000; Moro et al, 2001;
Chakhmouradian & Mitchell, 2002; Riley & Bailey, 2003; this
work).

1984; Saigal et al., 1988; Lee & Parsons, 2003). Morad et
al. (1989) analyzed diagenetic K-feldspars but did not
obtain data on Ba. Barian feldspar has been reported occa-
sionally in diagenetic environments. Milliken (1989)
described authigenic microcline overgrowths on detrital
feldspar from the Frio Formation in Texas. Her analytical
data are given only in terms of wt% Ba (0-2 wt % Ba,
corresponding to ca. 0-4 mole % Cn). Bjorlykke & Griffin
(1973) identified diagenetic barian feldspars in Ordovician
sediments near Oslo, Norway. The hyalophane was easily
damaged during analysis by the electron beam. Jakobsen
(1990) reported hyalophane (Ba;oNa,;K4;) in black organic
chert from North Greenland. The very low A-site total
(0.68) of the analysis may be due to sample damage, unan-
alyzed Sr or NH, (Beran et al., 1992), or even vacancy
substitution. Moro et al. (2001) described K-feldspar,
hyalophane, celsian and cymrite in a sedex deposit that was
estimated to have formed at 1-2 kbar and 350°C. It is not
clear whether the feldspars equilibrated during ore forma-
tion, diagenesis or low-grade metamorphism; their anal-
yses were included with the diagenetic samples in this
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study. At diagenetic conditions, only a few mole % Ba
substitutes in K-feldspar and hyalophane is nearly
restricted to the join BaAl,Si,O3—KAIlSi;Og. The gap
between hyalophane and celsian is not well constrained at
diagenetic conditions. The exsolution lamellae of hyalo-
phane (Cns3Ab;,0r35) in celsian (CngsOrs) described by
Viswanathan & Harneit (1989) suggest that the hyalo-
phane—celsian gap is wide at low T. The available data on
diagenetic feldspars are plotted in Fig. 7a.

Hyalophane extends from Cn,;sOrgs to CnsoOrsy with
very limited Na substitution in the greenschist and

Fig. 7. Hyalophane analyses from regional metamorphic rocks with
<5 mol% CaAl,Si,03 plotted in BaAl,Si,03—NaAlSi;O4—
KAISi;Oq: (a) hyalophane from diagenetic associations (black
circles: Bjerlykke & Griffin, 1973; Klyavin, 1973; Jakobsen, 1990;
Long et al., 1994; Moro et al., 2001) and hyalophane with coex-
isting albite (gray circles: this work). The shaded fields represent an
estimate of the feldspar solid solutions. The amount of Ba in hyalo-
phane is not well constrained with the available data; Uppony
compositions in open circles. (b): veins (Kalinin, 1939; Novak &
Hoffman, 1960; Hoffman & Novak, 1966; Shramenko et al., 1981;
Cao & Zhao, 1987; Zak, 1991); (c): blueschist and greenschist
facies (Spencer, 1942; Vermaas, 1953; Reinecke, 1982; Yui et al.,
1989; Chabu & Boulégue, 1992; Fortey et al., 1993; Harlow, 1994;
McSwiggen et al., 1994; Melcher, 1995; gray circles: Grenville
feldspars from this study); (d): low to middle amphibolite facies
(Coats et al., 1984; Frank, 1979; Pan & Fleet, 1991; Yan et al.,
1991; Devaraju et al., 1999; gray circles: Grenville feldspars from
this study); (e): upper amphibolite to granulite facies (Spencer,
1942; Segnit, 1946; de Villiers, 1951; Vermaas, 1953; Reinecke,
1982; Yui et al., 1989; Grew et al., 1991; Chabu & Boulegue, 1992;
Harlow, 1994; McSwiggen et al., 1994; Biihn et al., 1995; Melcher,
1995; Kribek et al., 1996). The shaded areas represent an estimate
of the amount of solid solution in the feldspars at different meta-
morphic grades.

blueschist facies (Fig. 7¢). It has somewhat more Cn and
Ab solution in the lower to middle amphibolite facies
(Fig. 7d). In the upper amphibolite facies (Fig. 7¢), some
workers reported a gap between hyalophane and celsian
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(Viswanathan & Kielhorn, 1983a; Viswanathan, 1992),
whereas others suggested that the gap is closed (Kribek ef
al., 1996). Hyalophane and celsian in this facies may both
take up more Na and Ca. Continuous solid solution is
expected from K-feldspar to celsian in the granulite facies.
Hyalophane and celsian may be found with high Ca and
often coexisting with plagioclase in higher-grade metamor-
phic rocks.

Igneous Ba-feldspars

Intrusive and extrusive alkaline igneous rocks may
contain barian feldspars. Hyalophane and barian sanidine
have been reported in analcitites and phonolites from the
Highwood Mountains, Montana (Larsen, 1941; Wilkinson,
1968; Nakamura & Yoder, 1974; Woods, 1976) and the
Rainy Creek complex (Boettcher et al, 1967). Barian K-
feldspars have also been found in pegmatites (Afonina et
al., 1973; Marchenko, 1980; Pivic et al, 1990;
Chakhmouradian & Mitchell, 2002) and granites (Nemec,
1975; Yanev et al, 1998). Barian feldspars have been
described in a monchiquite of West Greenland (Larsen,
1981), and in a nephelinite from Cameroon (Nkoumbou et
al., 1995). Barian sanidine, anorthoclase and plagioclase
occur in shonkinites and syenites from central Australia
(Langworthy & Black, 1978) and in leuctitites and related
alkaline volcanic rocks (Cundari, 1979; Zhang et al., 1993;
Gaeta, 1998; Fulignati et al., 2000). Compositional data on
barian feldspars from igneous rocks are plotted in Fig. 8.
The analyses of the exsolved alkali feldspars from the
Peshtigo monzonite of Wisconsin are projected onto two
ternary plots in Fig. 9. The Ab and An of the anorthoclase
unmixed to yield oligoclase in a microcline host.

Vein Ba-feldspars

In addition to occurrences in igneous and metamorphic
rocks, hyalophane is occasionally found in veins. As with
adularia, it is possible that vein hyalophane is metastably
and variably disordered, and compositions may form that
lie within stable solvi. However, most of the sparse compo-
sitional data on vein hyalophane (Fig. 7b) is consistent with
those in other low temperature occurrences (Fig. 7c).

Na in Ba-feldspars as a geothermometer

Once calibrated the albite content of hyalophane and
celsian buffered with albite could be useful as a ther-
mometer, The amount of Na in hyalophane progressively
increases with metamorphic grade when buffered in the
presence of albite. In diagenetic associations, hyalophane
has 3-7 % Ab (Fig. 7a). In the blueschist and greenschist
facies, hyalophane takes up 7-11 % Ab in the presence of
albite (Fig. 7¢), and 14-18 % in the low- to mid-amphibo-
lite facies (Fig. 7d). Hyalophane in the upper amphibolite
to granulite facies may have 30 % Ab (Fig. 7¢) even when
unbuffered with a separate albite phase. The amount of Na
in hyalophane and celsian increases rapidly in the T range
between 500 and 700°C. If the solvus that has been esti-
mated for celsian-albite is correct, it will also provide a
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Fig. 8. Igneous hyalophane with <5 mol% CaAl,Si,0y,
SfAleizOg, KFCSi30g plotted in BaAl;SizOg—NaAISigOg——
KAISi;04 (black triangles from Nockolds & Zies, 1933, Meier &
Tomlinson, 1939; Larsen, 1941; Boettcher et al., 1967; Wilkinson,
1968; Afonina et al., 1973; Nakamura & Yoder, 1974; Nemec,
1975; Woods, 1976; Langworthy & Black, 1978; Marchenko, 1980,
1998; Larsen, 1981; Middlemost et al., 1988; Pivec et al., 1990;
Zhang et al., 1993; Goodfellow et al., 1995; Nkoumbou ef al.,
1995; Gaeta, 1998; Tsyganov & Vrublevskaya, 1998; Yanev et al.,
1998; Fulignati et al., 2000; Chakhmouradian & Mitchell, 2002;
Riley & Bailey, 2003). Barian microcline from the Peshtigo
monzonite are gray circles (this work).

Ca
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Fig. 9. Compositions of exsolved K-feldspar and albite from the
Peshtigo monzonite projected onto CaAl,Si,Og—NaAlSi;Og—
KAISi;O3 and BaAl,Si,Og—NaAlSi;Og-KAISi;Og. The tie-lines
drawn between the two composition triangles pass through quater-
nary composition space.
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thermometer. Celsian with 12-14 % Ab in a decompressed
eclogite (Fu et al., 2003) would require a minimum T of ca.
500-550°C if formed in equilibrium at relatively low P
(3-6 kbar). The pressure effect on the solvus remains to be
evaluated.

Three- and four-feldspar assemblages

Based on direct observation, albite~hyalophane—celsian
and albite—microcline-hyalophane are stable in
BaAl,Si,03-NaAlSi;0g-KAlSi;Og at low to medium T.
Phase equilibria inferred for this system from natural
assemblages in this study contrast considerably from
experimental diagrams, showing much more restricted
substitution of albite in hyalophane and celsian. The width
of the two- and three-phase fields may depend in part on
the ordering state of the feldspars. Just as in the plagioclase
system, ordering of intermediate compositions may perturb
solvus widths and perhaps induce low temperature solvi.
Growth and persistence of disordered feldspars may affect
the development and position of solvi in these systems.
Strong evidence for solvi must reside in finding coexisting
and/or exsolved assemblages in nature. Although exsolu-
tion of hyalophane and celsian has been observed
(Viswanathan 1978; Viswanathan & Harneit, 1989), the
host and lamellae compositions were not measured directly.
Viswanathan & Harneit (1989) also described coarse, inter-
locking celsian and hyalophane, so the solvus between
hyalophane and celsian has been persuasively established.

Other assemblages with both three and four coexisting
feldspars may be stable under certain conditions. Two
feldspars spanning the peristerite gap between albite and
oligoclase occur in the upper greenschist facies (Crawford,
1966; Maruyama et al., 1982). The solvus between albite
and microcline is wide, and the assemblage
oligoclase—albite—microcline is therefore expected at these
conditions in the system CaAl,Si,O3~NaAlSi;Og—
KAISi;04. Given the solvus between microcline and hyalo-
phane, hyalophane—oligoclase—albite—microcline should
therefore also be stable. This assemblage was found in one
Madoc marble, but it is unclear whether the intergrown
albite and oligoclase both equilibrated with hyalophane and
microcline. The average composition of the unmixed
feldspars in the Peshtigo monzonite is close to that
expected for a four-feldspar assemblage, where albite was
not found with oligoclase, although it is found on the rims
with microcline (Fig. 4c). Each four-feldspar assemblage
should be bounded by four three-feldspar assemblages
(Table 8). The Boggild and Hiittenlocher solvi in plagio-
clases may extend up to medium to high T (Smith, 1983).
Wenk & Wenk (1984) and Wenk er al (1991) found
evidence for these plagioclase gaps in marbles from the
amphibolite facies in the Central Alps. They described
coexisting plagioclases and a paucity of plagioclase
compositions in the region of the gaps. In addition, Wenk
et al. (1991) also identified an unnamed narrow gap
between calcian oligoclase and andesine. Wenk et al.
(1986) reported three-phase assemblages for K-feldspar
and two plagioclases in their marbles. If these plagioclase
gaps persist up to moderate T (500-600°C), as many as 8
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four-feldspar and 24 three-feldspar assemblages may be
stable in BaAlzsi208—C3A128i208—NaA1Si308— KA]Si308
(Table 6). To the authors’ knowledge it has not been
suggested previously that four feldspars have a stability
field. The three- and four-feldspar gaps will disappear at
high T with closure of the solvi. If the phase diagram of
Smith (1983) is correct, most plagioclase gaps also disap-
pear at low T and many of the three- and four-phase assem-
blages would also then vanish.

Even more complex relationships must be anticipated
among feldspars and borosilicates. Wide miscibility gaps
have been observed for pekovite—reedmergnerite
(NaBSi;0g feldspar) and meleevite—danburite (Pautov et
al., 2004). These data suggest that many multiphase assem-
blages will occur among borosilicates and aluminosilicates
with feldspar and danburite structures. Applying
Goldschmidt’s phase rule, up to 10 phases might coexist at
low to medium T for certain compositional ranges in
BaAl2Si203—CaA12SizOg—SrA12Si208—NaAlSi308—KAISi308—
BaB2Si208—CaB2Si208—SrB2Si2Og—NaBSi308—KBSi303.

In contrast, the occurrence of low-temperature solvi
within the composition field for hyalophane in the range
Cny50rqgs to CngsOrys remains uncertain. Gaps in composi-
tional plots permit but do not require a solvus.
Compositional jumps in zoned hyalophane may register a
change in the composition of the metamorphic fluid during
growth rather than indicating a miscibility gap.
Disagreement in the position of internal hyalophane
discontinuities in different associations is to be expected if
variable environmental factors rather than solvi are control-
ling the composition of Ba-K feldspar during growth over
time. Only when interlocking grains of two compositions
are found, as well as mutual exsolution of each phase in the
other, as has been described for hyalophane—celsian, is a
solvus well established. Cherniak (2002) measured the
diffusion rate of Ba in sanidine and plagioclase, and found
that it diffused about two orders of magnitude more slowly
than Ca. He calculated at 700°C that zoning in Ba over
100 um would take 10 Ma to diffuse away, and 10 um wide
zones would be flattened in 0.5 Ma. Zoning of Ba in
feldspars forming at low to medium metamorphic grades
will be preserved nearly indefinitely unless the feldspars
are recrystallized. The diffusion of Ba in feldspar may be
accelerated in the presence of H,O fluid, especially at high
P and under more reducing conditions for which the
amount of H, is increased. Based on presently available
information, the authors conclude that no internal misci-
bility gaps exist in the hyalophane composition field
between 15 and 55% celsian.

Nomenclature of Ba-feldspars

A miscibility gap between barian microcline (Cnj_;q)
and potassian hyalophane (Cn;s_,s), and with barian hyalo-
phane (Cnss.75) and celsian (Cnys), is observed at moderate
temperatures in nature. Those gaps support the current use
of the name hyalophane for intermediate Ba-K feldspars.
The name is justified despite the expected continuous solid
solution among celsian, sanidine and albite above 700°C.
The nomenclature must also address the names of feldspars



Feldspars in BaAlzSizOg-CaAlzsizog-NaAlsi308-KAISi303 531
Table 8. Possible three- and four-feldspar assemblages in BaAl,Si,05—KAISi;05-NaAlSi;Og—CaAl,Si,Og
Four-phase assemblages bounding three-phase assemblages #
A. albite—oligoclase—K-feldspar*—hyalophane
albite—oligoclase—hyalophane €9)]
albite—oligoclase—K-feldspar 2)
albite-K-feldspar—hyalophane 3)
oligoclase—K-feldspar-hyalophane )
F. albite—oligoclase—hyalophane—celsian
albite—oligoclase-hyalophane )
albite-hyalophane—celsian )
albite—oligoclase—celsian 6)
oligoclase-hyalophane—celsian @)
IC. oligoclase—andesine-K-feldspar*—hyalophane
oligoclase—andesine—K-feldspar )
oligoclase—andesine—hyalophane 9
oligoclase—K-feldspar—hyalophane “)
andesine—K-feldspar*—hyalophane (10)
D. oligoclase—andesine-hyalophane—celsian
oligoclase—andesine—hyalophane ®)
oligoclase-andesine—celsian an
oligoclase—hyalophane—celsian )
andesine-hyalophane—celsian (12)
E. laboradorite—bytownite—K-feldspar*-hyalophane
laboradorite-K-feldspar-bytownite (13)
laboradorite—bytownite—hyalophane (14)
laboradorite—K-feldspar—hyalophane (15)
bytownite—K-feldspar—hyalophane (16)
F. laboradorite-bytownite—hyalophane—celsian
laboradorite—bytownite—hyalophane (14)
laboradorite—bytownite—celsian 7
laboradorite—hyalophane—celsian (18)
bytownite—hyalophane—celsian 19)
G. bytownite—anorthite—K.feldspar*—hyalophane
bytownite—anorthite—hyalophane (20)
bytownite—anorthite—K-feldspar (21)
bytownite—K-feldspar—hyalophane (16)
anorthite—K-feldspar—hyalophane (22)
[H. bytownite—anorthite—hyalophane—celsian
bytownite—anorthite—hyalophane (20)
bytownite—anorthite—celsian (23)
bytownite—hyalophane—celsian 19)
anorthite—hyalophane—celsian 24)

*The general term K-feldspar is used because it is not clear which KAISi;0¢ polymorph would be stable.
Observed assemblages in bold: K-feldspar + two plagioclases (Wenk et al., 1991); hyalophane and celsian-bearing assemblages (this

paper).

Eight three-phase assemblages are found under two different four-phase assemblages because they bound both of them. Duplicates are

indicated in the last column with the same number.

that lie within these miscibility gaps, as may occur espe-
cially in rapidly quenched volcanic rocks. Selecting the
midpoint between 55 and 95 mole % Cn, it is recom-
mended that any feldspar with > 15 % and <75 % Cn be
named hyalophane and that those with > 75 % Cn be desig-
nated as celsian. This recommendation is similar to that of
Deer et al. (2001), who separated hyalophane from celsian
at 80 % Cn. The occurrence of more than one distinct
species within the composition range of hyalophane itself
depends on the existence of additional miscibility gaps
and/or discontinuous changes in the crystal structure in the
hyalophane series. Until those relations are better estab-

lished it is recommended that any feldspar with dominant
Ba or K in the composition range of Cn;s.;5 be simply
described as hyalophane. Hyalophane with > 50 % Cn may
be referred to as barian, and those with < 25 % Cn as potas-
sian. The qualifier sodian may be applied to hyalophane
and celsian when Na exceeds 10 mol % of the A site.
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