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INTRODUCTION

Biotite occurs in a wide variety of settings in igneous rocks
and its compositional variation holds information about the
conditions under which these rocks formed. Compositional
variation is of four forms—that on the tetrahedral sites (cat-
ions such as Si, Al, Fe3+), octahedral sites (Mg, Mn, Fe2+, Fe3+,
Ti, Al, Cr), the interlayer sites (K, Na, Ba, ■■), and the “hy-
droxyl” site (OH–, O2–, Cl–, F–). Past efforts in understanding
compositional variation in biotite have been stymied by a vari-
ety of problems. Most octahedral and interlayer site cations
are easily measured by electron microprobe techniques, but
many studies have excluded analysis of BaO, Cr2O3, and/or
Na2O, the sum of which can exceed 3 wt% in some biotites.
Similarly, some studies include analyses of H2O, but exclude
F– and Cl– (and vice versa), thus allowing uncertainty in the
nature of the hydroxyl site occupants. Finally, and perhaps most
importantly, FeO and Fe2O3 are rarely measured in biotites, yet
the equilibrium 2FeO +1/2 O2 = Fe2O3 is a function of water
and oxygen fugacity and it is linked to the nature of the occu-
pancy of the hydroxyl site. Although complete chemical char-
acterizations including all these variables (and oxygen) are
available for a large suite of metamorphic biotites (Dyar et al.
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ABSTRACT

To understand compositional variation in igneous biotite, full analyses of a suite of biotites of
variable composition from volcanic and xenolith parageneses have been completed. Major and mi-
nor elements were determined by electron microprobe analysis, water was determined by manom-
etry and SIMS analysis, and Fe3+/Fe2+ was determined by microXANES and Mössbauer spectroscopy.
Our new data, together with previous biotite analyses (total of 52 analyses), reveal correlations be-
tween O2– (2-F-Cl-OH) and the sum of the octahedral cations Al + Ti + Fe3+ + Cr. This correlation
allows estimation of either OH– or Fe3+/Fe2+ as long as one or the other has been determined. The
hydroxyl site in most mantle micas contains at least 1.0 O2– atoms per formula unit (apfu), indicating
that the oxy-component cannot be ignored. The large oxy-component in melt inclusion micas from
the martian meteorite Chassigny does not necessarily indicate oxidized or hydrous magmatic condi-
tions because dehydrogenation may have occurred and/or because the oxy-component may be stable
at low oxygen fugacity. The large variation in Ti, Al, and Fe3+ in natural igneous micas is most likely
dependent upon bulk compositional differences in each specific system such as variation of aTiO2 and
aAl2O3 in silicate melts.

1991, 1993; Guidotti and Dyar 1991), no similar large data set
exists for igneous samples.

To better understand the compositional variation in igne-
ous biotites, we have selected and characterized a suite of bi-
otite samples for complete analysis. In this study, we focus on
volcanic localities, because their samples are less likely to have
experienced re-equilibration of Fe3+/Fe2+ or lost OH–. New data
are presented for 16 samples, which together with published
biotite analyses, provide new insight into the composition of
both terrestrial and martian biotites.

BACKGROUND

Coupled substitution of different cations between tetrahe-
dral (IV), octahedral (VI), and interlayer (XII) sites in micas is
complicated, and has been examined in depth by many investi-
gators (see Guo and Green 1990, and references therein), in
part because accurate analyses of most of the major-element
constituents in mica are possible with electron microprobe
analysis (EMPA). For example, in phlogopite the prevalent
substitution mechanisms are:

VITi + VI■■ = 2VIMg,
VITi + 2IVAl = VIMg + 2IVSi, and
XIIBa + XII■■ = 2XIIK,

where y■■ denotes a vacancy substitution in a site of specified
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coordination (y). Guo and Green (1990) proposed a combined,
coupled substitution:

XIIBa + 3VITi + 4IVAl + VI■■ + XII■■ = 2XIIK + 4VI(Mg,Fe) + 4IVSi,(1)

to explain compositional trends in biotites. Various biotite com-
ponents are plotted in Figure 1, with the separate substitutions
indicated. Righter and Carmichael (1996) also highlighted these
major substitution mechanisms for natural and experimental
biotites and metamorphic phlogopites, and proposed that the
mechanism VITi + 2IVAl = VIMg + 2IVSi occurs at high tempera-
tures and pressures.

However, most previous studies did not determine two of
the most highly variable chemical constituents of mica: H and
Fe3+. Since the early work of Eugster and Wones (1962) first
suggested the relationship between Fe3+ and OH– in micas, nu-
merous workers have looked at the substitutions affecting these
two variables. Foster (1964) collected analyses of 247 micas
for which both H2O and Fe2O3 had been determined. She ob-
served a relatively low degree of correlation between Fe3+ and
excess O (i.e., H deficiency), and noted that this relationship
could explain the amount of OH– present in only some of the
samples studied. As in later studies (Wones and Eugster 1965;
Dodge et al. 1969, Ishihara 1977; Barrière and Cotton 1979;
Guidotti and Dyar 1991), she concluded that oxygen fugacity
probably plays the dominant role in controlling the amount of
Fe3+ present in a mica. Other studies (e.g., Czamanske and
Wones 1973; Chivas 1981; Haslam 1968; Murakami 1969;
Redhammer et al. 1993, 1995) have also shown the effect of
changing water fugacity on mica Fe3+. These studies demon-
strated that both Fe3+ and H contents are extremely variable in
response to externally imposed buffers.

Studies of naturally occurring samples also show that

changes occur in the major element composition of the micas
involved in the Fe3+/H equilibrium. In addition to the octahe-
dral and interlayer cation substitutions, there are those involv-
ing oxy and hydroxy components and Ti and R3+ (R = Fe, Cr,
and Al; e.g., Dymek 1983):

Al3+ + OH– = Ti4+ + O2– + 1/2H2                (2)
and
Fe2+ + OH– = Fe3+ + O2– + 1/2H2                (3)

Virgo and Popp (2000) showed experimental evidence that Ti
is involved in an oxy-substitution mechanism: Ti4+ + 2O2– =
M2+ + 2(OH–), where M is an unspecified divalent cation. No
single substitution mechanism accounts for the variation ob-
served in the analyses of natural biotites, but it is likely that
some combination of these substitutions will provide a satis-
factory explanation. For instance, it has recently been shown
that Fe3+ in Ti-rich calcic amphiboles can be calculated as a
function of OH–, Ti, and VIAl content (King et al. 1999). Be-
cause many of the kinds of substitutions relevant to amphibole
chemistry are also relevant to biotites, we have examined similar
combined substitutions here.

In short, the substitutions that involve (in particular) Fe3+

and H in micas are complex and may be intimately related to
crystal chemistry and coupled substitutions with other major
elements. In any given sample, there is a characteristic Fe3+/
ΣFe and OH–/O2– ratio that reflects the competing effects of
externally imposed oxygen and hydrogen fugacity and inter-
nal, steric constraints within the mica structure. For this rea-
son, it is always necessary to quantify these variables. Thus in
this work, we consider the complete chemical composition of
analyzed micas, to develop expressions as a function of major-
element compositions that will allow estimation of either Fe3+

or H when one or the other has been analyzed.

METHODS

Sample selection

For this study, we sought to collect all known published
analyses of volcanic biotites for which complete chemical
analyses were available. To supplement this data set, which is
largely based on wet-chemical analyses, we obtained and ana-
lyzed 16 additional samples. Localities and background infor-
mation for all samples studied are listed in Table 1.

Micro-XANES

Because sample sizes were too small to allow for conven-
tional bulk analysis (wet chemical and Mössbauer) of Fe3+/Fe2+

in our biotites, the synchrotron micro-XANES (SmX) method
was used (Delaney et al. 1998). X-ray absorption near edge
structure (XANES) measurements were made at the synchro-
tron X-ray microprobe (beamline X26A at the National Syn-
chrotron Light Source of Brookhaven National Laboratory, New
York). The structure of the FeK-absorption edge was scanned
in the near edge region. Incident beam energies from 50 eV
below the main absorption edge energy (7111 eV for Fe) to
about 60 eV above the main edge were used. The beam was
located by use of an oriented razor blade edge, so beam posi-
tion could be constrained to within <5–15 µm. Using mutually
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FIGURE 1. Plot of biotite cations, based on the combined
substitution mechanism of Guo and Green (1990). Hypothetical
components are plotted to illustrate individual substitution mechanisms.
The component formulae are as follows: A = KMg3AlSi3O10(OH)2, B =
■■ XII

0.5Ba0.5Mg3AlSi3O10(OH)2, C = KMg2 ■■ VI
0.5 Ti0.5AlSi3O10(OH)2,

D = ■■ XII
0.5Ba0.5Mg2■■VI

0.5Ti0.5AlSi3O10(OH)2, E = ■■ XII
0.5 K0.5Mg2.5Ti0.5

Al1.5Si2.5O10(OH)2, F = KMg2.5Ti0.5Al2Si2O10(OH)2, G = BaMg2■■VI
0.5Ti0.5

Al2Si2O10(OH)2, H = ■■XII
0.5Ba0.5Mg2.5Ti0.5Al2Si2O10(OH)2.
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orthogonal Kirkpatrick-Baez mirrors, the beam was focused to
a 10 × 15 µm size. The X-ray sampling depth is probably large
but more than 90% of the signal comes from the top 10 µm of
the sample. Grains were carefully hand picked from the rocks
and all grinding was done under acetone to avoid oxidation
from the heat of grinding. Polished grains of the samples were
mounted in epoxy on 25 mm lucite disks (standard electron
microprobe mounts). The incident beam energy was controlled
by a Si(111) channel cut monochromator. The incident X-ray
energy was incremented by 0.3 eV intervals over the most criti-
cal energy range of –10 to +20 eV relative to the main absorp-
tion energy. This provides detailed mapping of the relationship
between the pre-edge peak and the main absorption edge for
comparison with the magnetite standard (see below) for which
the pre-edge position is arbitrarily defined as 0.0 eV. Between
–50 and –10 eV and above +20 eV, the X-ray energy was
incremented by larger intervals to reduce data collection times.
Each energy interval was counted between 5 and 20 live sec-
onds (depending on the intensity of the main edge signal) for a
total XANES spectrum acquisition time of about 20 to 30 min-
utes. Counting times were adjusted to obtain at least 105 counts
per energy step at energies above the absorption edge. For ad-
ditional details, see Delaney et al. (1996) and Bajt et al. (1994).

The centroid of a strong pre-edge peak in the compound
Fe3O4 was used as a reference X-ray energy and all spectra
have been plotted relative to that energy. The measured FeKα
fluorescence line intensities were normalized to the ion cham-
ber current and corrected for dead-time. A selected region of
the spectrum is fitted to a second-order polynomial (back-
ground) plus a Gaussian function (peak). The centroid of the

peak is reproducible to within 1% if the peak of interest is the
highest peak in the chosen part of the spectrum. Errors in the
fitted peak positions were obtained from five independent fits.

The SmX technique uses systematic shifts in the FeK-ab-
sorption edge (the energy of a pre-edge peak is measured; Fig.
2A) that vary with oxidation state and coordination (bond
strength of Fe-O). Calibration is made using the method of Bajt
et al. (1994), which uses the pre-edge peak energies from syn-
thetic fayalite (Fe2SiO4), natural magnetite (Fe3O4) obtained
from the National Museum of Natural History (NMNH), and
hematite (Fe2O3) to derive a calibration line for determining
Fe3+ content from pre-edge energy. Pre-edge peak position for
the spectrum of each unknown mineral is referenced to the pre-
edge peak position of the magnetite spectra run before and af-
ter it:

∆Position  =  Position  –  Positionunknown
measured
unknown

measured
magnetite .        (4)

The regression (calibration) line is fit to the Fe3+ contents
vs. pre-edge peak positions of fayalite, magnetite, and hema-
tite in each session (and is therefore variable). For a recent
session at which biotite measurements were made, for example,
the equation was of the form:

%Fe3+ = 66.84 + 49.33 ∆Positionunknown                          (5)

Although in most cases it is necessary to use mineral-spe-
cific calibrations for minerals in which the Fe sites in the un-
known are dramatically different from those of the standards
(e.g., garnet, feldspar, quartz, and pyroxene), this is not the

TABLE 1.  Samples included in this study

Sample ID                            Locality      Original reference
This study  (16 new analyses)

Silver Crater Silver Crater Mine, Bancroft, Ontario Sabina (1986)
Mascota minette, Mascota Volcanic Field Mexico Carmichael et al. (1996)
San Carlos megacryst, San Carlos, Arizona Righter and Carmichael (1993)
Black Canyon vein, Black Canyon Dike near Hoover Dam Nielsen and Nakata (1994)
FCT-3 Fish Canyon Tuff Dan Lux, personal communication
RC-8 Miko Tuff Dan Lux, personal communication
SLH-2 San Luis Hill, Colorado none
AMO-16 pumice, Cerro Panizos ignimbrite (Argentina) Ort (1992)
P87-83 Cerro Panizos ignimbrite (Argentina) Ort (1992)
BDH-S-9, Kb-9-1, Kb-8-4, Kb-5-10 South African kimberlites Boettcher and O’Neil (1980)
Sp-55, B-12 biotitite, Rainy Creek Complex, Montana Boettcher and O’Neil (1980)
Chassigny martian dunite Floran et al. (1978); Johnson et al. (1990)

Literature (36 previously analyzed)
S23-209, -255, -256, -262, -265, -267,
-268, B37-5 East Africa Rift Feldstein et al. (1996)
Mas-3a, 4, 11, 141 minette, Mascota Volcanic Field Mexico Feldstein et al. (1996)
LH6 Leucite Hills Volcanic Field, Wyoming Feldstein et al. (1996)
SN-31, -161 Mono Basin, California Feldstein et al. (1996)
11 wyomingite, Leucite Hills, Wyoming Doelter (1917)
15 Fortuna, Murcia Doelter (1917)
3 fitzroyite, Howe’s Hill, W. Australia Prider (1939)
7 kimberlite, Frank Smith Mine, S. Africa Williams (1932)
8 kimberlite, Svetlaya dike, Yakutia, USSR Bobrievich et al. (1964)
9 eclogite, Roberts Victor Mine, S. Africa Kushiro and Aoki (1968)
OLA9002, 4,12,15,20,23,37,47 Volcan Ollague, Bolivia/Chile Feeley and Sharp (1996)
BD1150 garnet lherzolite, South Africa kimberlite Carswell (1975)
Kb-9-1 garnet harzburgite, Bultfontein, S. Africa Boettcher and O’Neil (1980)
Sp-55, B-12 biotitite, Rainy Creek Complex, Montana Boettcher and O’Neil (1980)
188/6 nepheline hawaiite dike, W. Texas Boettcher and O’Neil (1980)
PFIN phlogopite, Finero Schmidt et al. (1999)
OKJ Okenyenya complex, Namibia Lanyon and LeRoux (1995)
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case for biotites as discussed in Dyar (2001). Use of the Bajt et
al. (1994) calibration line for biotites yields results that are in
good agreement with independent analyses by Mössbauer (Fig.
3); accordingly, their method was used for this study. The cur-
rent calibration does not account for polarization effects that
may be important in micas. Work is in progress to develop cor-
rection procedures to account for variation in orientation of
individual grains; we need note here only that polarization prob-
lems are the major analytical source of error in these measure-
ments. Accuracy for values of Fe3+/ΣFe is believed to be
±10–20%.

Mössbauer analyses

Mössbauer analyses were made on five samples in this study
for which adequate amounts of pure separate were available
(samples 12 to 16; Table 2). Mössbauer mounts were prepared
by mixing sucrose with the sample under acetone. Mounts were
prepared to satisfy the ideal absorber thickness approximation
of Long et al. (1983) based on the biotite compositions, as rec-
ommended by Rancourt et al. (1993).

Room-temperature Mössbauer studies to determine Fe2+ and
Fe3+ content were done in the Mineral Spectroscopy Labora-
tory at West Chester University. A source of 50–20 mCi 57Co in
Rh was used on an Austin Science Associates constant accel-
eration spectrometer. Run times for the individual measure-
ments averaged two to three days per sample. Results were
calibrated against an α-Fe foil of 6 µm thickness and 99% pu-

FIGURE 2. (a) FeK-absorption spectrum for biotite from Silver
Crater (sample 3, Table 2) showing the main features of the main
absorption edge and the pre-edge region used for oxidation state
determination. Inset shows the pre-edge region with a spline
background fit (dashed line) and the position of the pre-edge centroid
after background subtraction indicated. Energy scale is in eV relative
to the pre-edge for USNM magnetite standard that provides the primary
calibration of ferric/ferrous. Vertical axis is simply normalized intensity.
(b) Mössbauer spectrum of Ort sample P87-83 (sample 16, Table 2).
Spectrum was fit with quadrupole splitting distributions (QSD), two
for Fe3+ (dashed curves) and three for Fe2+ (solid curves). Lorentzian
line heights are constrained to be equal, but δ0, δ1, ∆, and ∆0 were
allowed to vary (c.f. Rancourt 1994a,b; Rancourt et al. 1994; Rancourt
and Ping 1991).

FIGURE 3. Comparison of Mössbauer analyses of Fe3+/ΣFe in
separated biotites with synchrotron microXANES (SmX)
determinations on single crystals of the same samples. “Error” bars
reflect the effect of grain orientation (in a plane parallel to the c-axis)
of the biotite on these results and demonstrate X-ray pleochroism in
mica. The 1:1 correspondence line and least-squares regression fit are
almost indistinguishable. Mössbauer analyses of biotites were collected
using the approach of Guidotti and Dyar (1991), and are from Dyar et
al. (2001).
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rity. Spectra were fit using the program WMOSS from Web
Research Co. Both Voigt line shapes in quadrupole pairs and
the quadrupole splitting distribution (QSD) model (Rancourt
1994a, 1994b; Rancourt et al. 1994; Rancourt and Ping 1991)
were used to fit the spectra (Fig. 2B); results of the two models
agreed within the 2% of the total areas, so QSD results were
used in Table 2. All Fe was in the octahedral sites, so only
Gaussian components corresponding to VIFe3+ and VIFe2+ were
needed in the QSD. Differential recoil free-fraction effects were
assumed to be negligible (although this may contribute addi-
tional error to the results; see Dyar et al. 2001); therefore, the
%Fe3+ in the biotites was calculated directly from the propor-
tional peak areas in the spectra. Errors are estimated at ±2%
for doublet areas.

Water analyses (manometry and SIMS)

Measurement of water or hydrogen in hydrous minerals can
be done using several techniques, including manometry and
secondary ion mass spectrometry (SIMS). Three samples (Table
2) were analyzed by T.W.V. using manometric techniques at
the University of Tuebingen and the approach outlined by
Vennemann and O’Neil (1993). The five samples investigated
using Mössbauer spectroscopy in this study (no. 12 to 16; Table
2) were also analyzed for H content by the bulk method using
U as a reductant by M.D.D. in the Stable Isotope Laboratory at
Southern Methodist University. H contents were determined
using a method for volumetric measurement of hydrogen gas
generated by reacting water vapor extracted from silicates
(Bigeleisen et al. 1952; Holdaway et al. 1986) with either U or

Zn. In general, clean mineral separates were degassed under
vacuum for at least 8 h at 50 to 150 °C to drive off absorbed
atmospheric moisture. Samples were then fused in a silica tube
using an oxygen-propane torch or an induction furnace to lib-
erate structural water. Distillation processes involving transfer
of evolved gases through a series of liquid nitrogen and alco-
hol-dry ice slush traps were used to separate water molecules
effectively from other condensable and non-condensable gases.
Water vapor was then reacted in sealed glass tubes with Zn at
500 °C (Vennemann and O’Neil 1993) or passed over a hot
(>750 °C) uranium furnace (Bigeleisen et al.1952; Holdaway
et al. 1986) to produce free H2. The H2 generated was then ex-
panded on a calibrated inlet of a Finnegan MAT 252 mass spec-
trometer and the intensity of the mass-2 beam for hydrogen
used to determine the yield (Vennemann and O’Neil 1993).
Alternatively, a mercury-piston Toepler pump was used to col-
lect hydrogen vapor in a volumetrically calibrated reservoir
for yield measurement with a pressure transducer.

Several additional samples from Table 2 were analyzed for
water by secondary ion mass spectrometry (SIMS) at Arizona
State University (Kb-9-1 and Black Canyon samples; Table 2).
SIMS analysis requires a well-characterized set of samples for
use as standards. We have assembled a suite of ten biotites for
this purpose—five from the study of Boettcher and O’Neil
(1980), and five additional from this study, all analyzed for
H2O by manometric techniques (samples Kb-8-4, Kb-5-10, Sp-
55, B-DH-S-9, B-12, RC-8, SLH-2, Silver Crater, San Carlos,
and Mascota). Full details of the SIMS technique for hydrous
minerals are summarized by Ihinger et al. (1994), but the oper-

TABLE 2.  Complete analyses of micas

1* 2† 3‡ 4§   5   6  7   8    9  10   11   12   13    14   15   16
          B-DH-S-9   Sp-55     B-12     Kb-9-1   Kb-8-4  Kb-5-10 Chass.    RC-8     SLH-2   FCT-3     Ort      Ort

           AMO-16 P87-83
SiO2 35.2 39.5 39.2 35.3 38.9 39.4 39.2 43.9 43.6 42.7 39.4 36.15 37.99 36.19 35.43 35.53
TiO2 7.73 2.64 2.24 7.78 3.53 1.68 1.82 0.73 1.86 0.63 9.30 4.09 4.67 4.51 4.45 4.67
Al2O3 15.2 13.88 11.10 15.81 16.72 13.18 13.24 10.44 9.58 9.92 13.09 13.47 12.42 13.52 16.30 15.15
Cr2O3 0.00 0.95       n.d. 0.01 0.50 0.30 0.26 0.37 0.19 0.03         –         n.d.         n.d.       n.d.        n.d.       n.d.
Fe2O3 3.52 4.24 4.42 1.99 5.99 3.20 5.39 0.66 5.69 6.06 2.63 6.41 8.54 7.46 7.45 8.64
FeO 17.30 1.47 14.43 14.52 0.60 7.80 6.18 2.24 1.45 1.12 9.54 11.71 5.34 9.66 14.62 11.09
MnO 0.21 0.05 0.95 0.11 0.04 0.14 0.13 0.02 0.07 0.04 0.07 0.36 0.10 0.26 0.09 0.07
MgO 9.30 23.11 14.26 11.46 21.23 20.80 20.11 26.56 22.65 25.75 13.70 13.97 17.17 14.45 9.39 11.40
CaO 0.01 0.01 0.00 0.05 0.01 0.00 0.01 0.00 0.01 0.00 0.55 0.03 0.00 0.00 0.00 0.00
BaO 0.37 0.45 0.02 0.65 0.26 0.47 0.49 0.028 0.023 0.15 0.29 0.38 0.30 0.39 0.44 0.39
Na2O 0.33 0.42 0.44 0.85 1.11 0.14 0.23 0.13 0.56 0.27 0.37 0.37 0.37 0.42 0.25 0.51
K2O 8.81 9.77 9.43 8.58 8.96 10.19 9.99 10.70 10.62 10.48 7.40 9.33 9.67 9.42 9.54 9.02
H2O 1.76 2.33 1.54 1.77 2.22 3.20 3.12 3.51 3.19 3.90 0.5 2.49 1.76 1.82 2.15 2.41
F- 0.13 1.23 3.25 0.17 0.36 0.46 0.20 0.29 0.56 0.37 2.08 1.13 2.15 0.59 0.28 0.48
Cl- 0.03 0.03 0.07 0.02 0.02 0.01 0.01 0.03 0.04 0.04 0.4 0.00 0.03 0.00 0.00 0.01
-O=F 0.05 0.52 1.37 0.07 0.15 0.19 0.08 0.12 0.24 0.16 0.88 0.48 0.91 0.25 0.12 0.20
-O=Cl 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.09 0.00 0.01 0.00 0.00 0.00
XMg 0.49 0.97 0.64 0.58 0.98 0.83 0.85 0.96 0.97 0.98 0.67 0.68 0.85 0.73 0.53 0.65

Total 99.84 99.55 99.96 99.00 99.97 100.26 99.78 100.83 99.84 101.14 98.35 99.46 99.66 98.45 100.28 99.17
FeO(T) 20.47 5.41 18.40 16.32 5.99 10.67 11.03 4.07 6.57 6.57 11.88 17.48 13.02 16.37 21.33 18.86
Fe R1 smX smX smX smX R2 R2 R2 smX smX est. MS MS MS MS MS
H|| UT# UT# UT# SIMS R2# R2# R2# SIMS R2# R2# R3 SMU# SMU# SMU SMU SMU
Notes: FeO and Fe2O3 were measured either by Mössbauer spectroscopy (MS), synchrotron microXANES (smX), or were taken  from the following
references: R1 = Righter and Carmichael (1993); R2 = Boettcher and O’Neil (1980).  Values for 11 were estimated as described in the text.
* San Carlos.
† Mascota.
‡ Silver Crater.
§ Black Canyon.
|| H2O determined by manometry either at Universitat Tuebingen (UT) or Southern Methodist University (SMU), by secondary ion mass spectrometry
at Arizona State University (SIMS), or taken from the following references: R2 = Boettcher and O’Neil (1980); R3 = Watson et al. (1994). Microprobe
data for samples 15 and 16 is from Ort (1992).
# A sample used in the SIMS water calibration (Fig. 4).
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ating conditions are given here. Ion microprobe analyses of H
were obtained with a primary beam of 16O– ions accelerated to
12.5 kV and focussed to a 10–15 µm spot at an intensity of
1.8–1.9 nA. Each analysis consisted of a 7 minute pre-sputter
period followed by collection of secondary ion intensities for
30Si and H, at 10 s counting times. Hydrogen count rates were
normalized to those for Si, and this ratio was normalized to the
SiO2 content of the mica. The normalized ratio was compared
with concentrations of water in standards to derive a calibra-
tion curve (Fig. 4). Water contents of the unknown micas were
calculated from this curve. Uncertainties in the measured wa-
ter contents are a result of variation in the H background. The
combined analysis of D/H, Fe2+, and Fe3+ in micas. This back-
ground was minimized and monitored by use of a liquid nitro-
gen cold trap (following Deloule et al. 1991 and King et al.
1999), and by bracketing unknown analyses with standard
analyses during an analytical session. Using these approaches,
the error is no greater than ± 0.04 wt% H2O. In addition, be-
cause of the normalization to Si, an additional uncertainty arises
from the assumption that the Si+ intensity is linear with SiO2

content over the ~20% range (35–44 wt%) in Table 2. How-
ever, a study by Steele (1986) suggests that this assumption is
warranted, at least over limited ranges in SiO2 content.

Electron microprobe

Most biotites in this study were analyzed using the Cameca
SX50 electron microprobe at the University of Arizona, with a
PAP correction procedure. Operating conditions for analysis
were 15 kV accelerating voltage, 10 nA sample current, and 10
second counting times. For volatile elements such as Na and
K, the count rates decreased with time, and thus these elements
were analyzed first. Standards used include a variety of syn-
thetic (diopside, MgF2) and natural materials (rutile, fayalite,
potassium feldspar, sodalite, chromite, barite, rhodonite, albite,
and apatite). Samples RC-8, SLH-2, and FCT-3 were analyzed

at the University of Houston using a JEOL 8600 Superprobe
with Noran (Tracor Northern) automation. Operating condi-
tions were 15 kV accelerating voltage, 20 nA beam current,
30 s count times, and a ~1 µm beam size. Natural and synthetic
mineral standards were used and matrix correction was per-
formed using the Noran ZAF routine. Analytical errors on all
analyses are 1–2% (relative) for major elements and 5–10%
(relative) for minor elements. Multiple analyses were used to
check for homogeneity.

Full biotite analyses from this study, including the H2O, FeO,
Fe2O3, and bulk composition determinations described in this
section, are given in Table 2. Formulae for the fully character-
ized biotites (Table 3) were calculated on the basis of normal-
ization to 12(O + OH + F + Cl), in accord with the IMA
recommendations of Rieder et al. (1998). Based on the 50%
rule of solid solution nomenclature (Nickel 1992), sample 1 is
annite and samples 2 through 16 are phlogopite.

RESULTS

Using the data set collected for this study, the first objec-
tive was to understand the prevalent substitution mechanisms
in biotites from volcanic rocks and mantle xenoliths. The
coupled substitution proposed by Guo and Green (1990)
(Eq. 1, above) was plotted for all available mantle-derived bi-
otites and is illustrated in Figure 5. The data reveal several dif-
ferent substitution mechanisms. Previous work has shown that
the mechanism, XIIBa + IVAl = XIIK + IVSi, may operate at low
pressures (Righter and Carmichael 1996), and VITi + 2IVAl =
VIMg + 2IVSi may operate at higher pressures and temperatures.
Two additional mechanisms involve vacancies on the interlayer
and octahedral sites, XIIBa + XII■  ■  = 2 XIIK, and VITi + VI■■ = 2
VIMg (subhorizontal lines in Fig. 5). Some combination of these
substitutions can account for compositional variation in mantle
micas (Fig. 5).

The second goal was to determine if any relatively simple
substitution or coupled substitution could be used to predict
Fe3+ and H. Any inverse correlation between H+ and Fe3+ would
suggest the oxysubstitution mechanism

 1/2[H2]gas + Fe3+
mica ↔ H+

mica + Fe2+
mica                          (6)

in which hydrogen is incorporated as protons in the crystal struc-
ture of mica through a reaction involving oxidation of Fe2+ (or
consumption of polarons, the excess charge on the Fe3+). Fig-
ure 6 shows this relationship for the data set considered here.
Although there is a weak inverse relationship, it is clear that
the processes controlling Fe3+ and H are more complex than
Equation 6. In addition, evidence for simple substitutions such
as VIAl3+Fe3+

–1 or XII(K,Na)Fe2+XII■■–1Fe3+
–1 is not compelling. Simi-

larly, there are no correlations between 2-(OH + F + Cl) and
individual cations Fe3+, Ti, and Al (Fig. 7), or the cation pairs
(Fe3+ + Ti) and (Fe3+ + Al) (Fig. 8). Thus, it is necessary to “lump
together” all the cation charge variation to develop a predic-
tive equation for Fe3+ and H.

CORRELATION BETWEEN O2– AND Σ(TI, AL, FE3+, CR)
There is a good correlation between 2-(OH + F + Cl) and

Σ(Ti + Al + Cr + Fe3+) for 52 full biotite analyses (Fig. 9). To
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FIGURE 4. Plot of SIMS H+/30Si+*SiO2 vs. H2O content for a subset
of ten samples analyzed for water by manometry (see asterisked
samples in Table 2). Data plotted are for samples RC-8, SLH-2, Kb-8-
4, Kb-5-10, Sp-55, B-DH-S-9, B-12, Silver Crater, San Carlos, and
Mascota (Table 2). SIMS operating conditions are discussed in the
text.
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TABLE 3. Formulae for  micas (calculated on the basis of normalization to 12 = O + OH + F + Cl)

   1*    2†       3‡     4§    5    6    7    8    9   10    11   12   13   14    15   16
            B-DH-S-9 Sp-55 B-12 Kb-9-1 Kb-8-4 Kb-5-10 Chassigny RC-8 SLH-2 FCT-3    Ort    Ort

AMO-16 P87-83

Si 2.747 2.860 2.990 2.739 2.794 2.876 2.876 3.086 3.124 3.002 2.979 2.763 2.837 2.804 2.739 2.730
Al 1.253 1.140 0.998 1.261 1.206 1.124 1.124 0.865 0.808 0.822 1.021 1.213 1.093 1.196 1.261 1.270
Fe 0.000 0.000 0.112 0.000 0.000 0.000 0.000 0.049 0.068 0.176 0.000 0.024 0.070 0.000 0.000 0.000
Total (T) 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000

Al 0.143 0.046 0.000 0.184 0.211 0.011 0.021 0.000 0.000 0.000 0.145 0.000 0.000 0.038 0.225 0.102
Fe2+ 1.128 0.089 0.919 0.941 0.036 0.476 0.379 0.132 0.087 0.066 0.603 0.749 0.333 0.626 0.946 0.713
Fe3+ 0.209 0.231 0.254 0.116 0.324 0.176 0.298 0.059 0.239 0.144 0.150 0.345 0.410 0.435 0.434 0.499
Mg 1.081 2.493 1.621 1.330 2.275 2.265 2.200 2.782 2.417 2.697 1.544 1.591 1.911 1.669 1.082 1.306
Ti 0.453 0.144 0.128 0.454 0.191 0.092 0.100 0.039 0.100 0.033 0.529 0.235 0.262 0.263 0.259 0.270
Cr 0.000 0.054 0.000 0.001 0.028 0.017 0.015 0.021 0.011 0.002 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.014 0.003 0.061 0.007 0.000 0.009 0.008 0.001 0.004 0.002 0.000 0.023 0.006 0.017 0.006 0.005
Total (M) 3.028 3.060 2.983 3.124 3.065 3.046 3.021 3.034 2.858 2.944 2.971 2.943 2.922 3.048 2.952 2.895

K 0.876 0.902 0.917 0.849 0.822 0.949 0.935 0.959 0.970 0.939 0.714 0.910 0.921 0.931 0.941 0.884
Na 0.107 0.059 0.065 0.128 0.155 0.020 0.033 0.017 0.078 0.036 0.054 0.055 0.054 0.063 0.038 0.076
Ca 0.001 0.001 0.000 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.045 0.003 0.000 0.000 0.000 0.000
Ba 0.000 0.013 0.001 0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.011 0.009 0.012 0.013 0.012
Total (I) 0.984 0.975 0.983 1.001 0.978 0.969 0.968 0.976 1.048 0.975 0.822 0.979 0.984 1.006 0.992 0.972

F 0.032 0.282 0.784 0.042 0.082 0.106 0.046 0.064 0.127 0.082 0.498 0.273 0.508 0.145 0.069 0.117
Cl 0.004 0.004 0.009 0.003 0.002 0.001 0.001 0.004 0.005 0.005 0.051 0.000 0.004 0.000 0.000 0.001
OH 0.916 1.126 0.784 0.917 1.065 1.561 1.529 1.647 1.525 1.830 0.252 1.271 0.877 0.941 1.110 1.236
Total (A) 0.952 1.412 1.577 0.962 1.149 1.668 1.576 1.715 1.657 1.917 0.801 1.544 1.383 1.086 1.179 1.354

Total 8.964 9.447 9.543 9.087 9.192 9.683 9.565 9.725 9.563 9.836 8.594 9.466 9.289 9.140 9.123 9.221
Notes: T, M, I, and A are abbreviations for tetrahedral cations, octahedral cations, interlayer cations, and anions as recommended by the IMA
nomenclature for micas (Rieder et al. 1998).
* San Carlos.
† Mascota.
‡ Silver Crater.
§ Black Canyon.
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FIGURE 5. Mica analyses from this study (solid triangles), and the
literature (open triangles), together with a few of the substitution
mechanisms illustrated in Figure 1. Literature data are Aoki (1974),
Bobrievich et al. (1964), Boettcher and O’Neil (1980), Dawson et al.
(1970), Doelter (1917), Feeley and Sharp (1996), Feldstein et al. (1996),
Kushiro and Aoki (1968), Prider (1939), Righter and Carmichael
(1993), Williams (1932), and Schmidt et al. (1999).

FIGURE 6. The process of dehydrogenation, which involves
incorporation of hydrogen as protons in the crystal structure of mica
through a reaction that consumes polarons (the excess charge on the
Fe3+), leads to a 1:1 inverse relationship between H and Fe3+. Although
some of the samples in our data set fall on the 1:1 line, it is clear that
the relationship between these variables is generally not so simple.
Symbols and data as in Figure 5 (total of 52 analyses).

some extent this correlation is the inevitable result of the nor-
malization procedure, as all of the charge deviation from ideal
(i.e., tetravalent charge in the tetrahedral site, divalent in the
octahedral sheet, and monovalent charge in the interlayer site)
is included. The only deviations from this line result from Ca
and vacancy substitution for K and Na. Thus, this correlation
represents a combination of cation substitutions such as those
outlined in the previous section. For the purposes of this study,

the discrimination of specific substitutions is less important
than their combined effect as expressed by this correlation line,
which allows prediction of any individual analytical variables
that might be lacking. Because in many cases investigations
cannot determine either Fe3+/ΣFe or total water for particular
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FIGURE 7. Individual cations (Fe3+, Ti, and VIAl) vs. 2-(F + Cl +
OH) for the data shown in Figure 5 (A,C,E), and for the experimentally
dehydrated biotites of Virgo and Popp (2000) (B,D,F). Although the
latter illustrate systematic behavior for a given bulk biotite composition
undergoing dehydrogenation, the larger dataset illustrates that there is
not a single substitution mechanism operating in natural biotites.

FIGURE 8. Combinations of cations (Ti + VIAl, Ti + Fe3+, and Fe3+

+ Cr + Ti + VIAl) vs. 2-(F + Cl + OH) for the data shown in Figure 6
(A,C,E), and for the experimentally dehydrated biotites of Virgo and
Popp (2000) (B,D,F). Again, the latter illustrate systematic behavior
for a given biotite bulk composition undergoing dehydrogenation. The
combinations of Ti + VIAl and Ti + Fe3+ (A–D) show that even these
substitutions do not characterize the compositional variation
completely. The combined cations, Fe3+ + Cr + Ti + VIAl, yield the best
correlation (E,F) and demonstrate that the variation in oxy-component
in these natural micas is accounted for best by a combined substitution
mechanism.

samples, this correlation is especially useful, as it allows esti-
mation of either Fe3+/ΣFe or total water if one or the other has
not been measured directly. We will discuss below three differ-
ent applications of this correlation to natural biotites.

DISCUSSION

Dehydrogenation

Before proceeding to natural suites, it is necessary to dis-
cuss how dehydrogenation can alter the original composition
of biotites (or amphibole; e.g., King et al. 1999; Dyar et al.
1993). The experimental work of Virgo and Popp (2000) can
be used to illustrate how biotite composition can change. The
correlation of 2-(OH + F + Cl) and Σ(Ti + Al + Cr + Fe3+)
observed in the suite of 52 analyses is also mimicked in the
experimental samples of Virgo and Popp (2000). A biotite un-
dergoing dehydrogenation will not change in Ti, Cr, or Al con-
tent, but the effect of producing Fe3+ while losing OH is to
drive the composition toward oxy- and Fe3+-rich end-members
(Fig. 8). Knowledge of dehydrogenation history of a given
sample is thus important to gain a full understanding of the
compositional characteristics, as will be evident below.

Mantle biotite

Our compilation of biotite data from mantle samples (xe-
noliths, kimberlites, megacrysts) reveals a restricted range of
Ti + Al + Cr + Fe3+. Given the correlation in Figure 9a, this
result implies a large oxy-component for these micas (Fig. 9b).
The large oxy-component could be a primary feature of the
mantle micas, or it may be due to dehydrogenation either dur-
ing transport or later cooling. These possibilities are discussed
further below.

Although biotite with a large oxy-component might indi-
cate formation under oxidized conditions, it is known that many
of these xenoliths equilibrated at reducing conditions, such as
FMQ-3 to FMQ + 1 (e.g., Mattioli et al. 1989; O’Neill and
Wall 1987; Wood 1990; FMQ = fayalite-magnetite-quartz oxy-
gen buffer). To explore further the relationship between oxy-
gen fugacity and the oxy-component in our micas, we have
plotted previously published data from a suite of spinel peri-
dotites that contain either amphibole or biotite and that also
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amphiboles (e.g., Deloule et al. 1991). For example, variations
of Fe3+ and D/H are observed in cores and rims of mantle am-
phiboles. In some amphiboles, high-Fe3+ regions are associ-
ated with low δD values, indicating dehydrogenation (Dyar et
al. 2000). In other samples, low-Fe3+ regions are associated with
high δD values, indicating hydrogenation (Dyar et al. 2000).
There are currently insufficient δD data for mantle micas to
evaluate dehydrogenation on this basis, but this should be a
focus of future efforts.

Martian biotite

Knowledge of oxygen fugacity in the martian mantle is
important for understanding mantle melting, magma evolution,
and core formation on Mars. Oxygen fugacity estimates for the
martian mantle generally range from reduced (e.g., Ghosal et
al. 1998) to oxidized (McCoy and Lofgren 1996), and any ad-
ditional constraints that can be provided on this intensive pa-
rameter are of great interest.

The Chassigny dunite, proposed to be a piece of Mars, con-
tains many small melt inclusions, one of which contains bi-
otite (e.g., Floran et al. 1978; Johnson et al. 1991). A hydrous
mineral such as biotite may indicate hydrous magmatic condi-
tions in the Chassigny parent magma. However, this biotite
contains only a small amount of water (~0.5 wt%; Watson et
al. 1994), and has a large oxy-component. The biotite has not
been analyzed for Fe3+/Fe2+ due to its small size, which restricts
even microanalytical techniques. However, the Fe3+/ΣFe can
be estimated based on analyses of Fe3+/ΣFe in Chassigny
clinopyroxene (0.21; Dyar and Delaney 2000), known relations
of Fe3+/ΣFe in coexisting clinopyroxene and glass (Righter and
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FIGURE 9. (a) Fe + Cr + Ti + Al vs. (2-OH-F-Cl) or O; same data
as Figure 6–8. Chassigny biotite is also shown, as is the range of mantle
biotite compositions from Figure 9b. (b) Histogram of mantle biotite
compositions: taken from Matson et al. (1986), Smith et al. (1978),
Dawson and Smith (1977), Aoki (1975), Delaney et al. (1980), Jones
et al. (1982), Jones and Smith (1984), Lloyd and Bailey (1974), Griffin
et al. (1984), Frey and Green (1974), Francis (1976), Nickel and Green
(1984), Sen (1988), Bonatti et al. (1986), Ernst (1978), Canil and Scarfe
(1989), Wagner et al. (1996).

have spinels that have been analyzed for Fe2+/Fe3+. Oxygen
fugacities for these samples have thus been calculated based
on spinel-olivine-orthopyroxene equilibria (Mattioli et al.
1989), and biotite analyses are taken from the literature (Fig.
10). There is a distinct negative correlation between (Ti + Al +
Cr + Fe3+) in mica and ∆FMQ, indicating that the oxy-compo-
nent might be stable at more reduced conditions (and assum-
ing equilibrium between mica and the other phases). If this is
the case, then perhaps the Fe3+ or H contents of the mica are
responding to crystal-chemical constraints (such as accommo-
dation of the misfit between tetrahedral and octahedral sheets)
rather than fugacity constraints (Redhammer et al. 1993). These
results may indicate that the oxy-component can be stable un-
der a broad range of oxygen fugacities, including reducing con-
ditions. In some cases the oxy-biotite component is the
dominant one in mantle micas (compared to the fluor, chlor, or
hydroxy components) and thus a thorough understanding of
the stability fields of mica oxy-end-members is needed to un-
ravel the role of “hydrous” phases in Earth’s mantle.

Another way of producing biotite with a large oxy-compo-
nent is through dehydrogenation (Dyar et al. 2000). Because
the variation in 2-(OH + F + Cl) and Σ(Ti + Al + Cr + Fe3+)
during dehydration mimics the trend in natural biotites, it is
difficult to use bulk compositional data to evaluate dehydroge-
nation in a given biotite sample or suite of samples. However,
D/H ratios may provide useful information as they have for
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FIGURE 10. Amphibole and biotite (Fe3+ + Cr + Ti + Al) vs. ∆FMQ
for hydrous spinel peridotites. ∆FMQ was determined in previous
studies using olivine–orthopyroxene–spinel oxybarometry (Mattioli et
al. 1989). Amphibole and phlogopite compositional data are from
studies of Canil et al. (1994), Ionov and Wood (1990), Frey and Green
(1974), Press et al. (1986), Frey and Prinz (1978), Ozawa (1988),
Takahashi (1980), and Bonatti et al. (1981). ∆FMQ refers to the oxygen
fugacity of the sample relative to the fayalite-magnetite-quartz oxygen
buffer (O’Neill 1987), according to log fO2 (sample)-log fO2 (FMQ) at
an arbitrary temperature of 1200 °C. Values for the log fO2 (sample)
were calculated based on spinel–olivine–orthopyroxene equilibria
(Mattioli et al. 1989).
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Carmichael 1993) and biotite and glass (Righter and Carmichael
1996), giving a value of 0.2 (Table 1). The resulting values for
Ti + Al + Cr + Fe3+ and (2-OH-F-Cl) for Chassigny biotite (Fig.
9) fall along the trend defined by the other samples from this
study and the literature (Fig. 8e). This unusual composition
could have formed at oxidized and dry conditions, at reduced
and wet conditions, or at reduced and dry conditions.

Although some calculations and measurements have sug-
gested oxidizing conditions in the martian crust, the nearly dry
nature of this biotite would require oxygen fugacities as high
as the hematite-magnetite buffer or air, well outside the likely
range for even the highest fO2 estimates (e.g., McCoy and
Lofgren 1996; Righter and Drake 1996). As a result, such an
explanation seems unlikely.

If this biotite indeed crystallized from a reduced and hy-
drous melt, it must have lost its water through a secondary pro-
cess. Shock processes may cause OH– loss from hydrous
minerals (Minitti and Rutherford 1998), but typically only by
a factor of 2 and not enough to account for the severe OH–

depletion in these biotites. Shallow-level magmatic degassing
and dehydrogenation is a possibility (Hale et al.1999; Lentz et
al. 2000), but if this were the case, the initial biotite composi-
tion would not only be OH-rich but would also have low TiO2

and Al2O3 contents (as indicated by the negative correlation
between OH and Ti + Al + Cr + Fe3+ in Fig. 9), just the opposite
of its TiO2-rich and Al2O3-rich composition. Chassigny biotite
also does not fall along compositional trends expected for de-
hydrogenation, such as MgO/(MgO + FeO) vs. Ti + Al + Cr +
Fe3+ (Fig. 11). As with the terrestrial mantle micas discussed
above, stable isotope data may yield information about the ex-
tent of dehydrogenation in the Chassigny biotite.

Perhaps the best explanation for the low OH–, and unusu-
ally high TiO2 (9.30) contents of the Chassigny biotite is that it
formed under dry and reduced conditions in the Martian mantle.
It is known that the Martian mantle contains much less water
than Earth’s mantle (50 ppm H2O, as compared to 480 ppm in
the Earth’s mantle; Dreibus and Wänke 1989). Dry conditions
are also supported by our ion microprobe analysis of the coex-
isting glass in the Chassigny melt inclusions, which yielded
0.1 wt% H2O (Righter et al. 1997). In addition, the high oxy-
component and the high Ti and Al content may also be a reflec-
tion of reducing conditions, as suggested by the correlation in
Figure 10. Thus, dry and reducing conditions of formation for
the oxy-biotite in Chassigny melt inclusions may be most con-
sistent with the data (FMQ-3; e.g., Righter and Drake 1996).
Similar conclusions for the martian mantle were drawn by
Mysen et al. (1998) and King et al. (1999) based on high oxy-
components of Chassigny kaersutite and other SNC meteorite
amphiboles. These new results suggest a reduced mantle, but one
that is in general agreement with two-oxide oxy-barometry (e.g.,
Hale et al. 1999) and pyroxene Fe3+/Fe2+ ratios (Ghosal et al. 1998).

Phenocrysts and modeling—importance of the oxy-component

An important observation of this study is the combined cor-
relation of the oxy-component with both Al and Ti contents of
the biotites. An understanding of why certain biotites are TiO2-
rich and Al2O3-rich would be a great aid in an overall under-
standing of natural biotite compositional variation. A suggestion
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FIGURE 12. (a) Melt TiO2 and phlogopite TiO2 for experimental
data on rhyolite (Patino-Douce and Beard 1995), minette (Esperanca
and Holloway 1987, 1986; Righter and Carmichael 1996), and basanite
(Guo and Green 1990) compositions. (b) Melt Al2O3 and phlogopite
Al2O3 for same data sets.
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by King et al. (1999) that amphibole composition might be
dependent upon the activities of Al2O3 and TiO2 in coexisting
silicate melts may also be relevant to biotites. Indeed, if one
examines experimental biotite-liquid pairs, it is clear that there
are strong correlations between biotite and liquid compositions
within a given set of experiments (Fig. 12). Note, however,
that the correlations between different bulk compositions such
as minettes and rhyolites are poor (Fig. 12), indicating that there
are other intensive variables involved that can control biotite
composition, such as temperature, oxygen fugacity, and bulk
composition. Any attempt to model compositional variation in
amphiboles and biotites, however, must account for composi-
tional variation in the coexisting melt as well.
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