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ABSTRACT

Enthalpies of solution of the NH;-bearing minerals buddingtonite (NH,AlSi;0; feldspar) and
tobelite [NH,AL(AlSi;0,0)(OH), mica] have been measured in 20.1 wt% hydrofluoric acid (HF) at
50 °C. Utilizing additional HF solution calorimetric data from this laboratory for sanidine, albite,
muscovite, paragonite, halite, sylvite, salammoniac, gibbsite, and water, along with enthalpies of
formation from Robie and Hemingway (1995) for the same phases, the heats of formation at 298.15
K of buddingtonite and tobelite have been determined to be —3883.9 and —5881.3 kJ/mol, respectively.
Entropies of ~247 and ~319 J/(mol-K) for these minerals (298.15 K) have been approximated from
various ion-exchange equilibria involving feldspars, micas, and chlorides. Collectively, these data
result in 298.15 K Gibbs free energies of formation from the elements of —3579 and —5422 kJ/mol,
respectively, for buddingtonite and tobelite, values that differ by 40 to 50 kJ/mol from those given
previously by Mader et al. (1996). The calculated phase equilibria that result from the data of this
investigation are reasonable relative to the conditions required to synthesize both buddingtonite and

tobelite (Harlov et al. 2001b, 2001c¢).

INTRODUCTION

Nitrogen, as NH{, can substitute for K* in several K-bearing
silicate minerals such as biotite and phlogopite (Eugster and
Munoz 1966; Levinson and Day 1968; Shirogova 1982; Duit
et al. 1987; Bos et al. 1988; Harlov et al. 2001a), K-feldspar
(end-member = buddingtonite; Erd et al. 1964; Voncken et al.
1989; Harlov et al. 2001b), leucite (Hori et al. 1986; Andrut et
al. 2004), alunite (Altaner et al. 1988; Brown 1988), muscovite
(end-member = tobelite; Higashi 1982; Voncken et al. 1987;
Harlov et al. 2001c¢), and illite (Sterne et al. 1984; Juster et al.
1987; Sucha et al. 1998). End-member varieties of these NH;-
bearing silicates form and are stable only in relatively reducing
environments such as coal-seam deposits, black shales, and am-
monia-rich hot springs. In common rocks, however, this does
not preclude K*-bearing counterparts, most commonly illite,
muscovite, biotite-phlogopite, and feldspar, from containing
relatively high amounts of NH} in the 100s to 1000s of ppm,
dependent in part on the oxidation state and metamorphic grade
of the rock (e.g., Itihara and Honma 1979; Honma and Itihara
1981; Solomon and Rossman 1988; Bottrell et al. 1988; Visser
1992; Moine et al. 1994; Honma 1996; Boyd and Philipott 1998;
Sadofsky and Bebout 2000; Mingram and Brauer 2001; Nieto
2002). During dehydration reactions in moderately oxidized
rocks (Ni-NiO), e.g., in the transition from amphibolite grade
to granulite grade, breakdown of NHj-containing sheet silicates
to pyroxenes and garnet results in the release of NHj, which is
subsequently oxidized to N, and H,O. The N, from this oxidation
reaction manifests itself in what are generally considered to be the
earliest generation of fluid inclusions, which can range anywhere
in composition from near-pure N, to mixtures of N,, CH,, CO,,

*E-mail: hovisguy @lafayette.edu

0003-004X/04/0001-85$05.00 85

H,0, and salts such as NaCl and KClI (cf., De Negri and Touret
1979; Althaus and Istrate 1989; Istrate and Althaus 1989; Herms
and Schenk 1992; Elevold and Andersen 1993; Andersen et al.
1989, 1993; van den Kerkhof et al. 1994; Knudsen and Lidwin
1996). Of the NHj-silicate minerals presently known to occur
in nature, by far the two most common are buddingtonite and
tobelite.

Natural occurrences of buddingtonite were first described by
Erd et al. (1964) and Barker (1964) in samples from ammonia-
rich hot springs, where natural exchange between the feldspars
in andesitic rocks and the ammonia-rich H,O has resulted in
near-end-member buddingtonite. Subsequently, buddingtonite
has been found in other ammonium-rich hot springs (cf., Krohn
and Altaner 1987; Krohn et al. 1993). It also has been observed
in a variety of diagenetic environments (cf., Ramseyer et al. 1993;
Gulbrandsen 1974; Loughnan et al. 1983; Hori et al. 1986). Like
orthoclase and sanidine, buddingtonite is monoclinic with a C2/m
space group symmetry (Kimball and Megaw 1974; Harlov et al.
2001b). Although buddingtonite was initially believed to contain
zeolitic H,O (cf., Barker 1964), this has since been shown to
be incorrect via both infrared and thermal gravimetric studies
(Voncken et al. 1993; Harlov et al. 2001b).

Natural tobelite was first discovered in a hydrothermally
altered biotite andesite dike located in Tobe, Japan (Higashi
1982). It has since been found in hydrothermally deposited
veins in black shales (Wilson et al. 1992). In higher-grade rocks,
muscovite typically contains NH; in the 100s to 1000s of ppm.
Duit et al. (1987) found muscovite containing amounts of NH;
up to 1140 ppm in gneiss from the Dome de I’ Agout, France.
Similarly, in a series of amphibolite-facies metasediments from
the Moine Succession, Scotland, muscovite has been found to
have ammonium concentrations ranging from 365 to 633 ppm
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(Boyd and Philipott 1998).

In the present study, enthalpies of solution have been measured
for synthetic end-member buddingtonite and tobelite in 20.1% HF
at 50 °C utilizing solution calorimetric techniques outlined in Ho-
vis and Roux (1993). These data, plus heats of solution for NH,Cl,
KCl, NaCl (the present study), low albite and sanidine (Hovis
1988), muscovite and paragonite (Roux and Hovis 1996), gibbsite
(Hovis 1982 plus unpublished data), water (unpublished), and
heats of formation of the same phases from Robie and Hemingway
(1995), have allowed calculation of the enthalpies of formation
from the elements for buddingtonite and tobelite.

EXPERIMENTAL PROCEDURES

Sample synthesis and characterization

Specimens of synthetic buddingtonite (Budd23) and synthetic tobelite (Tob22)
were used in the HF solution calorimetric measurements. Techniques involved in
their synthesis and characterization were described in Harlov et al. (2001b, 2001c¢).
Rietveld refinement of Tob22 indicated it to be >99% pure with no minor phases
detected (see discussion in Harlov et al. 2001b). However, Rietveld refinement
of Budd23 indicated both a minor tobelite and quartz component on the order of
approximately 3 mol% each.

To estimate the Al-Si distribution of the synthetic buddingtonite specimen, a
portion of the sample was ion-exchanged in molten KCI. A “double exchange™ was
performed, first at 803 °C (1 atm) for 17.0 h (after which the resulting sample was
separated from the chloride), second at 803 °C for 23.0 h. The resulting sample
(0204) has the unit-cell dimensions of a disordered monoclinic K-feldspar (Table
1), but the b unit-cell dimension is larger than normal for sanidine. The reason for
this is not clear. Solution calorimetric experiments were conducted on this sample
To compare its enthalpy of solution with those of previously studied sanidine
specimens (Hovis 1988). Results are discussed later.

To determine the enthalpies of formation of buddingtonite and tobelite, it was
necessary also to measure the heats of solution of NH,CI, NaCl (halite), and KCI1
(sylvite). Alfa Aesar high-purity reagents 10632 (99.999% “puratronic” NH,CI),
13609A (“dry” NaCl), and 13682 (“dry” KCI) were used for this purpose. An
X-ray scan of the ammonium chloride matched the spectrum of salammoniac, the
mineralogical form of NH,CI.

Unit-cell dimensions and volumes

Unit-cell dimensions and volumes of buddingtonite, K-exchanged budding-
tonite, and tobelite were measured at Lafayette College utilizing a Scintag DMS
2000 automated diffractometer. Scans were made over a 20 range of 15-70° for
buddingtonite and 3—80° for tobelite at 0.25°/min utilizing filtered Cu radiation and a
monochromator. CuKo, peaks were stripped mathematically using Scintag software.
Diffraction maxima were determined by Scintag’s Peakfinder program. Unit-cell
refinements were carried out utilizing the software of Holland and Redfern (1997)
from manually corrected Ko, data based on a silicon internal standard (NBS standard
reference material 640a having a stated unit-cell dimension of 5.430825 A).

Solution calorimetry

The calorimetric system used to measure the enthalpies of solution has been
described by Hovis and Roux (1993; also see Robie and Hemingway 1972); this
system is capable of obtaining highly precise data on very small samples (Hovis
et al. 1998). Owing to limited sample availability for buddingtonite and tobelite,
sample weights for individual calorimetric experiments on the latter ranged from 14
to 39 mg. Sample weights for the chlorides, however, were greater (160-600 mg).
All samples were dissolved in 910.1 g (about one liter) of 20.1 wt% HF at 50 °C
under isoperibolic conditions (i.e., the temperature of the medium surrounding the
calorimeter was held constant) utilizing an internal sample container (Waldbaum
and Robie 1970). Either one or two dissolution experiments were performed in each

TABLE 1. Results of unit-cell refinements

liter of acid. Multiple experiments in the same solution had no detectable effect on
the data, the result of the high dilution of dissolved ions in the acid. For the silicate
compounds, experiments were conducted on unground, yet relatively fine-grained,
material that resulted from the sample synthesis. With ultrafine material there is the
possibility of energetic effects related to grain size (Nitkiewicz et al. 1983).

RESULTS

Unit-cell dimensions

Unit-cell dimensions for buddingtonite (Budd23), K-ex-
changed buddingtonite (0204), and tobelite (Tob22) are reported
in Table 1. Dimensions for buddingtonite and tobelite are typical
of the materials synthesized previously as described by Harlov
and coworkers (2001b, 2001c).

The a unit-cell dimension for K-exchanged buddingtonite
(0204) indicates complete ion exchange to the K-end member.
The b and c unit-cell dimensions together indicate that the result-
ing feldspar has a disordered Al-Si distribution similar to sanidine
(Hovis 1986). This finding is consistent with previous analysis of
buddingtonite as a disordered mineral in space group P2,/m or
P2, with C2/m topochemical symmetry (see Table 1.1 in Smith
and Brown 1988). However, the b dimension of the K-exchanged
sample is about 0.03 A greater than normal for even the most
disordered possible sanidine, a value well beyond the standard
error of the data. The reason for this difference is unknown but is
an area for concern, as it is indicative of a specimen that differs
in some meaningful way from natural sanidine. This result could
in turn imply an energetic difference between the buddingtonite
synthesized for this investigation and its natural analog, an is-
sue discussed below in conjunction with the calculated heats
of formation.

Enthalpies of solution

Calorimetric data for silicate and chloride specimens are
reported in Table 2. To gain a sense of calorimetric precision,
twice the standard deviation of the enthalpies of solution for all
experiments on each sample was computed and then divided
by the average heat of solution for the sample. Calculated in
this way, the spread in calorimetric data for the silicate samples
ranged from about 0.23 to 0.43% of the mean heat-of-solution
values. This constitutes a high degree of precision, especially
in view of the relatively slow dissolution times of the silicate
materials and the small calorimetric AT values associated with
the dissolution of small sample sizes. Standard errors of the
enthalpies of solution for the chlorides are smaller in magnitude
than those of the silicates, but greater than those of the silicates
when calculated as a percentage of the heats of solution, the
result of the very small magnitudes of the latter.

Enthalpies of formation

The enthalpy of formation of buddingtonite can be computed
using the following reaction schemes involving phases studied
during the present investigation and during previous research at

Sample a (A b(A) c(A) B() Unit-cell volume (A%) Molar volume (cm?3/mol)
Buddingtonite (Budd23) 8.8251(16) 13.0661(18)  7.1990(12) 116.129(20) 745.29(17) 112.23(5)
K-exchanged buddingtonite (0204) 8.6045(36) 13.0615(28) 7.1691(17) 115.961(33) 724.41(30) 109.08(7)
Tobelite (Tob22) 5.2147(17)  9.0022(28) 10.5414(28) 101.438(38) 485.03(17) 146.07(5)

Note: All minerals were refined as monoclinic. Numbers in brackets are standard errors in the final decimal places.
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TABLE 2. Solution calorimetric data (50 °C)

Sample Cal. expt. no. Gram sample AT(°C)  Calorimeteric heat capacity (J/°) Enthalpy of solution from
formula wt. weight heat capacity (kJ/mol)
(g/mol) (9) before dissol.  after dissol.  before dissol.  after dissol.
Buddingtonite (Budd23) 995* 243.2666 0.02614 0.015763 3867.44 3865.43 -566.19 -565.89
Buddingtonite (Budd23) 997 243.2666 0.02521 0.015244 3869.87 3866.18 -568.13 -567.59
Buddingtonite (Budd23) 1000 243.2666 0.02286 0.013693 3868.57 3868.69 -562.57 -562.58
AVERAGE: -565.49 + 2.41 kJ/mol
K-exchanged buddingtonite (0204) 1005 278.3367 0.01453 0.008219 3870.79 3867.23 -608.24 -607.67
K-exchanged buddingtonite (0204) 1006* 278.3367 0.01451 0.008247 3866.69 3865.01 -610.50 -610.24
AVERAGE: -609.16 + 1.42 kJ/mol
Tobelite (Tob22) 1009 363.2431 0.03948 0.025247 3868.19 3868.36 -896.74 -896.78
Tobelite (Tob22) 1010 363.2431 0.03813 0.024591 3870.58 3867.73 -904.91 -904.25
Tobelite (Tob22) 1011 363.2431 0.02535 0.016255 3870.87 3868.61 -899.83 -899.30
AVERAGE: -900.30 + 3.55 kJ/mol
Halite (NaCl, Alfa Aesar 13609A) 711% 58.4428 0.27234 0.004189 3872.54 3873.30 -3.20 -3.20
Halite (NaCl, Alfa Aesar 13609A) 713% 58.4428 0.60662 0.009015 3873.67 3874.47 -3.28 -3.28
Halite (NaCl, Alfa Aesar 13609A) 726 58.4428 0.49976 0.007174 3872.12 3872.84 -3.24 -3.24
AVERAGE: -3.24 + 0.04 kJ/mol
Sylvite (KCl, Alfa Aesar 13682) 986* 74.5550 0.37987 -0.006827 3867.69 3868.61 517 5.17
Sylvite (KCl, Alfa Aesar 13682) 993* 74.5550 0.16265 -0.003007 3868.07 3864.76 532 532
AVERAGE: +5.25 + 0.09 kJ/mol
Salammoniac (NH4CI, Alfa Aesar 10632)  998* 39.4849 0.35420 -0.019205 3869.32 3865.64 8.27 8.26
Salammoniac (NH4CI, Alfa Aesar 10632)  1001* 39.4849 0.20322 -0.011078 3867.52 3865.60 831 831

AVERAGE: +8.29 + 0.03 kJ/mol

Notes: Cal. expt. no. = Calorimetic experiment number; AT during dissolution; dissol. = dissolution.

* Dissolution performed in acid of preceding calorimetric experiment.

the Lafayette College HF solution-calorimetry laboratory:

sanidine (KAISi;Oy) + salammoniac (NH,CI) > sylvite (KCI)
+ buddingtonite (NH,AlSi;05) (1)

K-exchanged buddingtonite 0204 (K A1Si;Oy) + salammoniac
(NH,C1) = sylvite (KCl) + buddingtonite (NH,AlISi;O0g)  (2)

low albite (NaAlSi;O;) + salammoniac (NH,C1) >
halite (NaCl) + buddingtonite (NH,AISi;05) 3)

The enthalpy of formation of tobelite can be computed using:

muscovite [ordered or disordered KAI,(AlSi;0,y)(OH),]
+ salammoniac (NH,Cl) = sylvite (KCI) + tobelite
NH,AIL(AISi;0,0)(OH), 4

paragonite [ordered or disordered NaAl,(AlSi;0,,)(OH),]
+ salammoniac (NH,Cl) = halite (NaCl) + tobelite
[NH,AL(AISi;0,0)(OH),] S

The enthalpies of formation for buddingtonite derived from
Reactions 1 and 3 also can be used to compute the enthalpy of
formation of tobelite via:

buddingtonite (NH,Al1Si;0;) + 2 gibbsite [AI(OH);] = 2
water (H,0) + tobelite [NH,Al,(AlSi;0,,)(OH),] (6)

Recalling that enthalpies of solution (H,,,) and enthalpies of
formation (H;) for reactants (left side of a reaction) and products
(right side of a reaction), at a given temperature, are related to
one another as:

X H,, (reactants) — X Hy,, (products) =

X H;(products) — X H;(reactants) (7)

the enthalpy of formation of either buddingtonite or tobelite
is the only unknown quantity in reaction schemes 1 through 6
above. The heat of formation of buddingtonite in Equation 1, for
example, is computed as:

Hf,buddingtonite = reaction (reactants minus products from calorimetry)

+ H; ganidgine + Hi satammoniac — Hisylvite (8)

When making such calculations using calorimetric data, it is
proper to use a thermochemical cycle for the calorimetric experi-
ments, for example, in Reaction 1 dissolving salammoniac of a
given molar proportion in an HF solution in which the same molar
proportion of sanidine already had been dissolved, and in separate
experiments, dissolving the corresponding molar proportion of
sylvite in an HF solution in which the proper amount of bud-
dingtonite already had been dissolved. This procedure assures
that the final compositions of both HF solutions are identical.
Given the very small magnitudes of the heats of solution of the
chlorides, it was impractical to follow this procedure, as dissolu-
tion of such small quantities of chlorides would have produced
virtually immeasurable calorimetric temperature changes (see
Hovis et al. 1998). Even with the larger chloride sample sizes
utilized (tenths of grams), however, concentrations of ions in the
HF solutions were small. It has been noted in previous publica-
tions (e.g., Hovis 1988; Roux and Hovis 1996; Hovis and Roux
1999) that ions existing in HF solution have had no measurable
effect on the heats of solution of materials such as feldspars and
micas, reflected in the current study by statistically indistinguish-
able calorimetric data for dissolutions done in pure 20.1 wt%
HF vs. those done in solutions of the “preceding experiment”
(Table 2). One can be confident that the inability to use proper
thermochemical cycles in the present measurements has had no
detectable effect on the results.
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The enthalpies of formation of sanidine, low albite, musco-
vite (ordered or disordered), paragonite (ordered or disordered),
gibbsite, water, salammoniac, sylvite, and halite from Robie and
Hemingway (1995) have been used in conjunction with the en-
thalpies of solution of sanidine (—612.94 kJ/mol) and low albite
(—=627.34 kJ/mol; Hovis 1988), muscovite (-929.31 kJ/mol) and
paragonite (—959.33 kJ/mol; Roux and Hovis 1996), gibbsite
(-316.39; Hovis 1982 plus unpublished data), water (-0.19 kJ/
mol, unpublished data), and results of the present investigation
(buddingtonite, K-exchanged buddingtonite, tobelite, salammo-
niac, sylvite, halite) to determine the enthalpies of formation of
buddingtonite and tobelite. Note that heats of formation at 298.15
K in Robie and Hemingway (1995) were corrected to values for
323.15 K, the temperature of the solution calorimetric experi-
ments. These adjustments, which generally amounted to < 1.0 kJ/
mol for each substance, were made using heat capacity equations
from Kubaschewski et al. (1993) for sylvite, halite, and water,
and from Robie and Hemingway (1995) for the elements (in their
standard states) and the remaining minerals. The enthalpies of
formation at 323.15 K follow for sanidine (-3966.22 kJ/mol), low
albite (-3935.55 kJ/mol), muscovite (ordered —5990.96 kJ/mol,
disordered —5975.76 kJ/mol), paragonite (ordered —5950.31 kJ/
mol, disordered —5934.01 kJ/mol), gibbsite (—1293.63 kJ/mol),
water (—285.00 kJ/mol), salammoniac (-314.53 kJ/mol), sylvite
(—436.40 kJ/mol), and halite (-411.17 kJ/mol).

One additional correction was made in these calculations. The
calorimetric data for K-exchanged buddingtonite (sample 0204,
—609.16 kJ/mol) differs from previous results for pure-K end-
member sanidine (—612.94 kJ/mol; Hovis 1988) by 3.78 kJ/mol, a
margin beyond the combined standard deviations of the data. This
difference in part could be related to the earlier noted tobelite and
quartz impurities in the Budd23 sample, even though the weight-
based enthalpies of solution for tobelite and quartz [-2478.5 J/g
(the present study) and —2290.6 J/g (Hovis 1982), respectively]
are not very different from the result for buddingtonite (-2324.6
J/g). The raw enthalpy of solution for buddingtonite (-565.49
kJ/mol), therefore, was corrected by —3.78 to —569.27 kJ/mol.
This correction assumes that the cause of the difference in the
heats of solution of the K-exchanged material applies equally to
the original NH,-bearing Budd23 sample. There is no certainty
that this is the case, but the resulting agreement with data based
on muscovite and paragonite (Table 3) gives one confidence that
such a correction was reasonable.

The resulting heat of formation for buddingtonite (—3883.3
+ 0.4 kJ/mol) is the average of ion-exchange Reactions 1 and 3
above, one involving sanidine and sylvite, the other low albite
and halite, which produce similar values for H;,; 5. From the six
reaction schemes used to calculate the enthalpy of formation of

HOVIS ET AL.: THERMODYNAMIC PROPERTIES OF BUDDINGTONITE AND TOBELITE

tobelite (Table 3), it is clear that ordered versions of muscovite
and paragonite produce poor agreement with the other results.
This result suggests that the synthetic muscovite and paragonite
specimens dissolved by Roux and Hovis (1996) may actually
have been disordered (which from previous experience is com-
mon for synthetic materials), producing data that would be
incompatible with heats of formation from Robie and Heming-
way (1995) for ordered material. The remaining four heats of
formation in Table 3 agree well and yield an average H; 335 for
tobelite of —-5883.0 + 2.2 kJ/mol.

DISCUSSION

Entropies and Gibbs free energies of formation

Miader et al. (1996) have given Gibbs free energies of for-
mation (Gy,os,5) for buddingtonite (-3525 kJ/mol) and tobelite
(-=5383.0 kJ/mol) based on polyhedral summation and also high-
temperature ion-exchange data. These data can be combined
with the enthalpies of formation from the present investigation
to derive entropies at 298.15 K utilizing the standard thermo-
dynamic relationship:

Gi0s.15 = Heaos.15 — 298.15 ASyo55 )

For this equation, buddingtonite and tobelite form from the
chemical elements in their standard states, where all such ele-
ments have defined heats of formation at 298.15 K of zero:

N, + 2 H, + Al + 3 Si + 4 O, > NH,AISi;0; (buddingtonite) (10)

N, + 3 H, + 3 Al + 3 Si + 6 O, 2 NH,Al,(AlSi;0,,)(OH),
(tobelite) (11)

Entropies of the elements at 298.15 K (Robie and Heming-
way 1995), however, are non-zero. The AS, 5 term (where A
indicates quantities for “mineral” minus “elements”), therefore,
involves entropies for both the elements and the respective min-
eral. Moreover, the enthalpies of formation for buddingtonite and
tobelite determined during the present investigation at 323.15
K must be corrected to values at 298.15 K so that all quantities
apply to the same temperature. Adjustments for temperature can-
not be robust, owing to the lack of heat capacity data for bud-
dingtonite and tobelite, but Robie and Hemingway (1995) give
enthalpies of formation for disordered feldspars (e.g., sanidine)
and micas (e.g., disordered muscovite) that are only about 1.4
and 1.7 kJ/mol less negative, respectively, at 298.15 K than at
323.15 K. Application of these small corrections to the data for
buddingtonite and tobelite produces heats of formation at 298.15

TaBLE 3. Calculated enthalpies of formation at 323.15 K for buddingtonite and tobelite

Reaction Reactants Products Hebuddingtonite
A Sanidine + Salammoniac Sylvite + Buddingtonite* -3885.0
B Low albite + Salammoniac Halite + Buddingtonite* -3885.5
Hf,wbelne
C Muscovite (ordered) + Salammoniac Sylvite + Tobelite -5895.1
D Paragonite (ordered) + Salammoniac Halite + Tobelite -5901.2
E Muscovite (disordered) + Salammoniac Sylvite + Tobelite -5879.9
F Paragonite (disordered) + Salammoniac Halite + Tobelite -5884.9
G Buddingtonite (A above) + 2 Gibbsite 2 Water + Tobelite -5883.4
H Buddingtonite (B above) + 2 Gibbsite 2 Water + Tobelite -5883.9

Buddingtonite enthalpy of solution adjusted by —3.78 kJ/mol by comparison of data for sample 0204 with those of sanidine (Hovis 1988).
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K of —3883.9 and —5881.3 kJ/mol, respectively.

From Equation 9, the Gibbs free energies of formation from
Mader et al. (1996) and the enthalpies of formation from this
investigation lead to entropies at 298.15 K for buddingtonite and
tobelite of 59.1 and 188.8 J/(mol-K), respectively. Compared
with the entropies for other disordered feldspars [analbite 225.6,
sanidine 232.8 J/(mol-K)] and micas [disordered paragonite
295.8, disordered muscovite 306.4 J/(mol-K)], these values are
quite low. Nor can the orientational disorder of NH, in tobelite
described by Mookherjee et al. (2002), a reversible thermal effect
occurring at 140 K, account for the entropy values calculated
from the data of Mader et al. (1996). Indeed, any configurational
effect would be included in entropy values calculated for tem-
peratures above 140 K. Moreover, this would only affect the
balance between configurational and vibrational components of
entropy, not the total value for entropy.

A perusal of entropy data for Na-, K-, and NH,-bearing com-
pounds in other chemical systems (Kubaschewski et al. 1993)
show entropy values that generally increase from the Na-bearing
to the K-bearing to the NH,-bearing analog in each system. This
trend is true of isostructural compounds in nitrate and halide (F,
CL, I) systems, as well as multistructural compounds in sulfate and
chlorate systems. In the context of entropies for feldspars and micas,
minimum values at 298.15 K for buddingtonite and tobelite should
be in the 240-250 and 315-325 J/(mol-K) ranges, respectively.

An alternative approach to estimating the entropies of bud-
dingtonite and tobelite makes use of the observation that the
entropy changes for ion-exchange reactions such as muscovite +
halite - paragonite + sylvite and sanidine + halite = analbite +
sylvite typically are within a few J/(mol-K) of zero. The entropies
for buddingtonite and tobelite, therefore, can be approximated
utilizing known entropies for salammoniac, sylvite, halite, sani-
dine, analbite, muscovite, and paragonite (Robie and Hemingway
1995) in conjunction with exchange reactions such as:

sanidine/analbite + salammoniac = buddingtonite + sylvite/halite
(12)

disordered muscovite/paragonite + salammoniac =
disordered tobelite + sylvite/halite (13)
Assuming a AS...ion Of zero for these reactions results in
298.15 K entropies of ~247 and ~319 J/(mol-K), for budding-
tonite and tobelite, respectively. Although approximations, these
values fit well with the minimum expected entropy values for
NH,-bearing feldspars and micas relative to Na- and K-bear-
ing analogues. These values plus entropy data for the elements
from Robie and Hemingway (1995) produce 298.15 K Gibbs
free energies of formation from the elements for buddingtonite
and tobelite of —3579 and —5422 kJ/mol, respectively. Because
these numbers differ by 40 to 50 kJ/mol from the data given by
Mider et al. (1996), it is instructive to test the effects of the two
data sets on calculated phase equilibria.

Phase equilibria involving buddingtonite and tobelite in
the ALO3-Si0,-N,-O,-H,O system

In the A1203-Si02-N2-02-H20 system there are four possible
reactions that involve buddingtonite, tobelite, sillimanite, and

quartz (cf., Hallam and Eugster 1977). When buffered at a par-
ticular fo, (e.g., Ni-NiO or magnetite-hematite), these reactions
take the form:

6 NH,AISi;0; + 3 O, = 2 NH,AL(AlSi;0,0)(OH), + 12 SiO, + 2 N, + 6 H,0
buddingtonite tobelite quartz (14)

4 NH,AIS1;05 + 3 O, =2 ALLSiO;s + 10 SiO, + 2 N, + 8 H,0
buddingtonite sillimanite quartz (15)

4 NH,AlL,(AlSi;0,0)(OH), + 3 O, = 6 ALLSiOs + 6 SiO, + 2 N, + 12 H,0O
tobelite sillimanite quartz (16)

10 NH,AL(AlSi;0,0)(OH), + 3 0, = 6 NH,AISi;04 + 12 AL,SiOs + 2 N, + 18 H,0
tobelite buddingtonite  sillimanite (17)

Somewhat stylized locations of Equilibria 14-17 in 7-Xy,0-
XN2 space at constant pressure and f02 are shown as a Schreinem-
achers diagram in Figure 1. The position of this invariant point is
shown schematically in Figure 1. Calculated values for Equilibria
14-17 utilizing the calorimetric data obtained in the present study
indicate that the invariant point will occur at a very low value
for Xy,, (i.e., XNz < 0.01), for all temperatures considered (cf.,
Figs. 2, 3, and 4).

Experimental calibration of these equilibria is problematic
over the P-T range represented by most metamorphic rocks,
starting at the lowest metamorphic grades and continuing through
greenschist up to and including amphibolite facies, i.e., at tem-
peratures and pressures up to 700 °C and 700 MPa. This difficulty
is due primarily to the low reactivity of the relevant Al,SiOs
phase over reasonable experimental periods of time (weeks
to months, cf., Harlov and Newton 1993; Harlov and Milke
2002). At temperatures and pressures =700 °C and 700 MPa,
i.e., granulite-facies conditions, sillimanite would be sufficiently
reactive over reasonable time frames for experimental calibration
of Equilibria 14-17. However, such experimental calibrations
would also require that equilibrium fugacities for O,, H,, N,,
NHj;, and H,O be obtained at a fixed pressure and temperature.
This constraint would require measuring fy, and N,/H,O and
would entail a relatively elaborate experimental setup (double
capsule), as sz would have to be measured using a_fH2 sensor. The
N,/H,0 ratio could be determined gravimetrically by weighing
the capsule directly after puncture, then after drying (cf., Haef-
ner et al. 2002; I-Ming Chou, personal communication, 2003).
Overall, this procedure would allow direct determination of fu,,
Jx,» and fu, 0. From such data fo, and fyn, could be determined via
the following relationships:

HZO(g) = Hz(g) +1/2 Oz(g) or K16 =fH2 .fOZI/Z/szo (18)
an

N, +3 Hz(g) =2 NH}(g) orK;; =fNHz2/fN2 fH; (19)

One also can determine the location of Equilibria 14-17 in
T-Xu,0-Xx, space for a given metamorphic grade at constant pres-
sure and fo, utilizing the thermodynamic data developed in the
present stu&y. This methodology especially is useful in the more
experimentally challenging regions represented by greenschist
and amphibolite-facies pressures and temperatures, as well as
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FIGURE 1. Schreinemachers diagram showing the relationship
between Equilibria 14-17 in 7-Xy,0-Xy, space at constant pressure
and fo,. The implication from the calculated curves in Figures 2-4 is
that the invariant point for Equilibria 14-17 must occur at a very low
value for Xy,

2

lower metamorphic grades ultimately grading into the P-T con-
ditions present during diagenesis. Figure 2 gives an example of
this system calculated for 200, 400, and 800 MPa buffered to
Ni-NiO fo,. Figure 3 shows the same system calculated at 200
and 400 MPa for the magnetite-hematite buffer; this diagram
gives different results in which equilibria are much more tightly
crowded over the same approximate temperature range. In both
sets of calculations, tobelite enthalpy and entropy are assumed
to represent disordered Al-Si distributions. Additional thermo-
dynamic data for buddingtonite, tobelite, sillimanite, quartz,
Ni, NiO, H,O, magnetite, and hematite are taken from Robie et
al. (1979), Holland and Powell (1985), Gottschalk (1997), and
Chase (1998). H,O and N, fugacities, including a limited mis-
cibility gap between H,O and N,, are taken from Churakov and
Gottschalk (2003a, 2003b). For the sake of simplicity, kyanite
and andalusite are not considered in these calculations, as sil-
limanite is chosen as the most relevant Al,SiOs phase over the
P-T range considered.

Both sets of calculated equilibria in Figures 2 and 3 indicate
that the stability fields for both buddingtonite and tobelite are
considerably greater than those predicted from the Gy 95,5 Values
for buddingtonite (-3525 kJ/mol) and tobelite (—5383.0 kJ/mol)
given by Mader et al. (1996). The latter data give stability fields
for both buddingtonite and tobelite (Fig. 4) that are at consider-
ably lower temperatures than those based on the calorimetrically
derived enthalpies of formation from the present study. One
probable reason for these low-temperature stability fields is that
Mader et al. (1996) based their Gy ,o5 15 values for buddingtonite
and tobelite on unreversed experiments in which the reactivity of
the sillimanite is highly questionable, also on natural examples
of buddingtonite formed by NH,-K exchange from K-feldspar in
ammonium-rich hot springs at relatively low temperatures (<100
°C). In this respect, it is interesting to compare the stability fields
in Figure 4 with the synthesis data for buddingtonite and tobelite
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FIGURE 2. Calculated Equilibria 14-17 (cf., Fig. 1) buffered to Ni-
NiO f02 plotted in T-Xy1,0-Xx, space at 200 MPa (Fig. 2a), 400 MPa (Fig.
2b), and 800 MPa (Fig. 2¢). Also plotted is the miscibility gap between
N, and H,0. Metastable equilibria (dashed lines) are written in smaller
type. Tobelite entropy assumes Al-Si disorder.

described by Harlov et al. (2001b, 2001c). Here, synthesis in hy-
drothermal autoclaves of buddingtonite (at 500 °C and 500 MPa)
and tobelite (at 600 °C and 500 MPa) was accomplished in Au
capsules using a 25% ammonia solution. Although the interior
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FIGURE 3. Calculated Equilibria 14-17 (cf., Fig. 1) buffered to
Mt-Hm foz plotted in T-Xu,0-X, space at 200 MPa (Fig. 3a) and 400
MPa (Fig. 3b). Also plotted is the miscibility gap between N, and H,O.
Metastable equilibria (dashed lines) are written in smaller type. Tobelite
entropy assumes Al-Si disorder.

of the autoclave was buffered to Ni-NiO, the interior of the Au
capsule would then be buffered approximately to:

2 NH,OH + 3/2 O,=N, + 5 H,O and/or 2 NH; + 3/2 O, =
N, + 3 H,0. (20)

As a consequence, the conditions under which either bud-
dingtonite or tobelite formed are much more reducing than
Ni-NiO. However, the trends for Reactions 14—17 going from
Mt-Hm to Ni-NiO buffered conditions suggest that the stability
fields for buddingtonite and tobelite, as a function of pressure
and temperature, tend to increase as one goes to more reducing
conditions (compare Figs. 2 and 3). Such a comparison would
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0
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FIGURE 4. Calculated Equilibria 14-17 (cf., Fig. 1) buffered to Ni-
NiO fo, plotted in 7-Xy; o-Xx, space at 200 MPa (Fig. 4a) and 400 MPa
(Fig. 4b) utilizing the Gibbs free energies of formation for buddingtonite
and tobelite given by Mader et al. (1996). Also plotted is the miscibility
gap between N, and H,O. Metastable equilibria (dashed lines) are written
in small type.

indicate therefore that formation of either buddingtonite or tobe-
lite at 500-600 °C and 500 MPa, under the reducing conditions
inherent in an ammonia-rich system, is in far better agreement
with the enthalpies of solution obtained from this study than
the Gibbs free energies of Mader et al. (1996) (compare Figs.
2 and 4).

The implication inherent in Figures 2 and 3 suggest that both
buddingtonite and tobelite could be stable under greenschist-,
amphibolite-, and granulite-facies conditions, or even eclogite-
facies conditions (though not calculated here) with stability
dependent largely on the fo, to which the rock is buffered. In
nature, the f, of most metamorphic rocks is buffered to within +
1 log unit of Ni-NiO (cf., Harlov 1992, 2000; Harlov et al. 1997
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and references therein) and very rarely at magnetite-hematite
(e.g., banded magnetite-hematite-chert Fe-formations). This
circumstance would make Figure 2 the more relevant diagram
for metamorphic rocks in general. That neither buddingtonite
nor tobelite has been reported in rocks of metamorphic grade,
as opposed to hydrothermally altered rocks in highly reduc-
ing environments, is most likely a result of the relatively low
concentrations of NH; inherent in the reduced sediments from
which metamorphic rocks either originate or were originally in
contact (e.g., Mingram and Brauer 2001). Such concentrations,
even in the most reduced and lowest grade metamorphic rocks,
will of necessity be present only at ppm levels (concentrations
not measurable with the electron microprobe) when substituted
into K-bearing minerals like K-feldspar or muscovite. More-
over, the transition from sedimentary to low-grade metamorphic
rock, coupled with increasing metamorphic grade, will resultin a
gradual decrease in whole-rock NH; as the transition from lower-
grade, K-bearing sheet silicates (e.g., illites) to higher-grade sheet
silicates (e.g., muscovite and biotite). Moreover, the transition
from sedimentary to low-grade metamorphic rock, coupled with
increasing metamorphic grade, will result in a gradual decrease
in whole-rock NH; as the transition from lower grade K-bearing
sheet silicates (e.g., illites) to higher grade sheet silicates (e.g.,
muscovite and biotite) and ultimately partial to total breakdown
of sheet silicates during granulite facies metamorphism, will re-
sult in a partial release, oxidation, and subsequent removal of NH;
at each step (cf. Mingram and Brauer 2001). The present study,
therefore, demonstrates that buddingtonite and tobelite could be
stable phases over a relatively wide series of metamorphic grades
and confirms their stability as minor components in K-feldspar
and muscovite, as observed in actual metamorphic rocks.

In addition, the enthalpies for buddingtonite and tobelite mea-
sured in this study can contribute toward the determination of
stability fields of other NH,-bearing minerals, most significantly
that of NH,-phlogopite (and subsequently NH,-biotite) under
reducing conditions via the dehydration reaction:

NH, Mg;(AlSi;0,0)(OH), + 3 SiO, = NH,AISi;0; + 3 MgSiO;+ H,0
NH,-phlogopite quartz buddingtonite enstatite (21)

This is important because in nature biotite generally contains
a larger proportion of NH, than either muscovite or K-feldspar
(e.g., Honma and Itihara 1981; Visser 1992; Moine et al. 1994;
Honma 1996; Sadofsky and Bebout 2000). Consequently, de-
termination of the stability field of NH,-phlogopite relative to
that of buddingtonite, tobelite, and more significantly non NH,-
bearing minerals, is of profound importance in understanding
how N, might be stabilized and subsequently stored in the crust
and extreme upper mantle.
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