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Quantitative analysis of ammonium in biotite using infrared spectroscopy
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ABSTRACT

The present paper provides a calibration of the Beer-Lambert law allowing the determination of
the ammonium (NH,) content of biotite using infrared (IR) spectroscopy. Single biotite crystals were
analyzed by Fourier Transform Infrared spectroscopy. Using a linear correlation between the NH,
infrared absorption band intensity and the NH, content as determined by vacuum techniques, the NH,
molar absorption coefficient at 1430 cm™' was found to be 441 + 31 L/mol-cm. After having calibrated
the biotite thickness to Si-O absorption band, the NH, content of biotite can be calculated directly
from its IR spectrum by the relation:

1430 A2395

[NH; ] (ppm) = 1044.3 x -320

where A%, A0 and A% are absorbances corresponding to wavenumbers 1249 cm™' (Si-O vibration
peak), 1430 cm™ (NH, bending), and 2395 cm™ (spectrum baseline), respectively. The analysis of
biotites having different chemical compositions suggests that, to a first approximation, the calibration
is independent of biotite chemical composition. An infrared determination of NH, partitioning between
muscovite and biotite coexisting in the same rocks shows good agreement with results of previous

studies and further validates the method.

INTRODUCTION

Nitrogen in crustal rocks occurs mainly as the ammonium
ion (NH3). Several infrared studies have shown that ammonium
substitutes for potassium in K-bearing minerals due to similar
charge and ionic radius (Vedder 1964, 1965; Yamamoto and
Nakahira 1966; Karayakin et al. 1973; Higashi 1978). Although
analytical techniques are available to measure nitrogen content,
in situ quantification of K-bearing minerals remains underused
because of a lack of ammonium molecular absorptivity (exs,). In
a first contribution, we assessed NH, molecular absorptivity in
muscovite and presented a method allowing direct NH, quantifi-
cation from IR spectroscopy (Busigny et al. 2003). In the present
companion paper, the Beer-Lambert law is calibrated in the case
of ammonium ion in biotite. Using a method similar to that of
Agrinier and Jendrzejewski (2000) and Busigny et al. (2003), a
correlation between biotite thickness and IR absorbance provides
an empirical law for thickness spectroscopic measurements. To
test the validity of the calibration procedures for both biotite
and muscovite, ammonium partitioning between muscovite and
biotite coexisting in same rock samples are examined from IR
measurements and compared to data available in the literature.

SAMPLES DESCRIPTION

The biotite group, often referred as trioctahedral dark micas,
can be described in terms of four end-members: phlogopite—
KMg;(Si;AlO,,)(OH),; annite-KFe;(Si;AlO,,)(OH),; eastonite—K
(AIMg,)(S1,AL,0,0)(OH),; and siderophyllite—-K(AlFe,)(Si,Al,O
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10)(OH),. In the present study, several populations of biotite
forming solid solutions of these end-members were analyzed,
which allows possible effects of chemical composition on the
calibration procedure to be tested. Table 1 provides a description
of all samples analyzed herein, including the rock types from
which biotites were extracted, together with the location of the
samples and the mineralogical assemblage of the rock. Biotite
grain size ranged approximately between 2 and 15 mm. The
mass of biotite grains was between 0.057 and 1.868 mg. Sample
thicknesses were restricted from 19 to 215 um due to handling
problem and sensitivity threshold of the IR detector. Micas of 50
to 150 wm thickness produced the best results for IR analyses. To
avoid diffraction of the IR light and to allow accurate thickness
estimates, IR spectrometry quantification has been performed
on samples with homogeneous and parallel faces.

MATERIALS AND METHODS

Infrared measurements were performed on single mica grains using a Fourier
Transform Infrared (FTIR) spectrometer (Magna 550, Nicolet) coupled with an
optical/IR microscope. Conditions of spectra acquisition include a resolution of 4
cm™', a mirror velocity of 3.16/cm.s, and a scan number of 300. The IR beam size
was approximately 100 wm. All analyses were carried out with an IR beam direction
perpendicular to the (001) crystallographic plane (i.e., to the basal layer).

Nitrogen contents were determined using a sealed—tube combustion technique
(Boyd et al. 1994; Ader 1999; Busigny et al. 2003). Nitrogen was extracted from
single biotite grains during a combustion step, and was purified and separated from
other volatiles (mainly H,0) using CaO (Kendall and Grim 1990). The sealed-tubes
were then loaded into a vacuum line and opened with a tube cracker. Combustion
gases were transferred using a molecular sieve cooled to liquid nitrogen temperature.
Nitrogen was purified and quantified as dinitrogen N, by capacitance manometry
with an accuracy better than 8% (20).

Chemical compositions of biotite were determined using an electron micro-
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probe (CAMEBAX, University Paris VI). The accelerating voltage was 15kV and
the sample current was 4 nA. The counting times were 40 s for F and 10 s for all
other elements. The spot size was 20 um.

Dark mica infrared spectroscopy and ammonium quantifi-
cation

The free ammonium ion (NH}) has four normal modes of vibration (Herzberg
1955): a non-degenerate (v,), a doubly degenerate (v,), and two triply degenerate
vibrations (v; and v,). All four vibrations are Raman-active, whereas only v; and v,
are IR-active. The fundamental frequencies v,, v,, vs, and v, for the free ammonium
ion are 3040, 1680, 3145, and 1400 cm™', respectively (see Harlov et al. 2001, and
references therein). A typical absorption spectrum of biotite is shown in Figure 1
for the mid-IR spectral range. Several studies on micas have demonstrated an as-
sociation between IR absorption bands and mineral chemistry (e.g., Vedder 1964;
Karyakin et al. 1973; Farmer 1974; Higashi 1978; Harlov et al. 2001; Beran, 2002).
Ammonium absorption bands in biotite correspond to the NH,-bending vibration
“v,” at ~1430 cm™ and a series of overlapping bands from 2750 to 3400 cm™.
The overlapping bands arise from the NH,-stretching vibration “v;”, combination
modes “v,+v,”, and overtones “2v,” and “2v,” (Fig. 1). A significant shoulder on
the 1430 cm™ band results from a splitting in the degenerate vibrations (Fig. 1).
This splitting is likely produced by a reduction of the NH tetrahedron symmetry
in the mica structure as observed in the case of tobelite (Harlov et al. 2001). The
top of the v, absorption band always ranges between 1426 and 1432 cm™', with
no deviation related to biotite chemical composition. An absorption band in the
3580-3630 cm™ region arises from vibrations of hydroxyl groups (Fig. 1). The
Si-O stretching vibrations appear in the 8001200 cm™ region. Combination bands
involving the O-H stretching mode and some other lower frequency modes occur
in a range from 1730 to 2150 cm™ (Vedder 1964).

The Beer-Lambert law predicts a proportional relationship between ammonium
molecular absorbance and concentration in biotite. For a wavenumber of 1430 cm™',
the Beer-Lambert law is of the form:

Aiﬁ’}g = dhiorice’ 911\14[}3 ‘[NH,]- (pbicme/Ml\'114) (1)

where Aifﬁg is the ammonium absorbance (logarithmic unit) at 1430 cm™, Ppioie and
e are the density (g/cm?) and the thickness (cm) of the sample, respectively,
[NH,] is the concentration (ppm by weight) of ammonium in biotite, e,'\,ﬁg is the
molar absorption coefficient (L/mol-cm) of ammonium at 1430 cm™, and MNH4 is
its molecular weight (mg/mol). Assessing the concentration of ammonium by IR
spectrometry requires a good knowledge of biotite density and thickness together
with ammonium molar absorption coefficient under consideration. Because biotite
group densities range between 2.8 and 3.2 g/cm® (Nickel and Nichols 1991), we
used a constant density value of 3.0 (20.2) g/cm®. Sample thickness was measured
using a digital micrometer with a precision of =1 um. The thickness of a sample
is measured after the IR spectrum is obtained and requires the sample to be trans-
ferred from the IR spectrometer to a micrometer. This transfer procedure may be a
source of inaccuracy if thickness and IR measurements are not performed exactly
at the same location.

Si-O stretching|

3 O-H stretching

NHy bending
Y

lél

NHy stretching
V3

Absorbance
0

1430

‘ Vo+vy
2395

2v,

1249
t
2v,
0
4000 3600 3200 2800 2400 2000 1600 1200

Wavenumber (¢cm-1)

FIGURE 1. Infrared spectrum of a biotite from Skjervedalen mica-
schist (sample 02—-64). Sample thickness is 173 um (=10 um) and
ammonium content averages 1204 ppm. See text for a description of
the various band assignments.

RESULTS AND DISCUSSION

Chemical composition of biotite samples

Table 2 reports the chemical composition of the different
biotites analyzed in this study. Major-element compositions are
given in wt% for oxides, and atoms per formula unit (apfu),
calculated on the basis of 11 O atoms, also are listed. Table 2
shows that biotite Si-content varies from 2.64 apfu for andalusite
hornstone (NS-2) to 2.87 apfu for monzonitic granite (QGS-
35). The octaedral Al-content covers a wide range between 0.01
(QGS-35) to 0.67 apfu (LMMN). Magnesium and Fe contents
range from 0.33 to 1.70 apfu and 0.80 to 1.55 apfu, respectively.
Sample QGS-35 represents a biotite slightly enriched in F (=0.02
apfu). Such compositional variations may have an influence on
IR absorbances used in the present work. Thus, this sample set
provides an opportunity to test whether the calibration procedure
is applicable to dark micas as a whole, independent of their
chemical compositions.

Direct measurement of thickness from silicate network
absorption

The potential problem of mechanical measurement of thick-
ness can be overcome by determining the sample thickness
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directly from its IR spectrum. Indeed, for a given mineral, the
IR-absorbance of major molecular species is directly proportional
to sample thickness (Agrinier and Jendrzejewski 2000; Busigny
et al. 2003). In the present work, a relationship between biotite
thickness and the silicate network vibration was checked over
a large range of wavenumbers, from 1230 to 1340 cm™ and
from 2250 to 2650 cm™'. A specific absorbance difference was
determined randomly so as to obtain the best possible thickness/
absorbance correlation. The best result was obtained for an absor-
bance difference between 1249 and 2395 cm™ (Fig. 2). The first
absorbance at 1249 cm™ is located on high-energy side of the Si-
O vibration peak and the second at 2395 cm™' corresponds to the
spectrum baseline (Fig. 1), which is related to the measurement
conditions (i.e., spectrometer set up, sample surface).

Thickness estimates of biotite ranged from 19 to 215 wm.
They are linearly correlated to the absorbance difference between
1249 cm™ and 2395 cm™ (Fig. 2). According to the Beer-Lam-
bert law, absorbance must be zero when thickness is zero, and
data can be fitted using the “passing through origin” condition:

yiorite (WM) = 130.35 x (A1 — AZ) r»=0.984 2)
where dj. 1 the biotite thickness, and A'>* and A*® are the
absorbance for wavenumbers 1249 and 2395 cm™, respectively.
The precision on thickness measurement using these IR absor-
bances is better than =10 um (20; Fig. 2).

Calibration for the quantification of ammonium in biotite

Because the absorption band at 1430 cm™ corresponds to the
superposition of three IR absorbances (see Fig. 1), the position of
the baseline associated with ammonium absorbance is difficult to
determine. Following the procedure developed for muscovite by
Busigny et al. (2003), an absorbance difference between maxi-
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FIGURE 2. Linear relationship observed between sample thickness
and difference of IR absorbances (A'*** — A»*) for biotite. Best-fit line
equation allows a determination of biotite thickness directly from its
IR spectra. The two dashed lines represent a deviation about the mean
line of =10 wm.

mum height of the ammonium peak at 1430 cm™ (+5 cm™) and
the spectrum baseline at 2395 cm™ (Fig.1) was preferred rather
than the “direct” baseline-corrected ammonium absorbance at
1430 cm™'. The absorbance difference “A'*°— A5 corresponds
to the sum of the NH, bending absorption band (A¥#) and the
absorbance of the superimposed network vibration (A ciwor)- The
Beer-Lambert law (Eqn. 1) can be written as:

My, A,
NH, ] e D 3)
|: 4] Poiotite * ;ﬁ? e
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where [NH,], Myus> Poiotie » s‘N‘ﬁg , and AI'\,“,EZ are defined as in
Equation 1. The absorbance of the silicate network is a direct
function of the thickness, thus (A,cworc — A?%) = b dyiie Where
b is a constant. Because A\ = A" — Apeion, the NH, bending
absorption band can be expressed as:

AR = A0~ (AP +bdy) @)

Using Equations 3 and 4, the ammonium content in biotite
can be written as:

MNH4 (A1430 _ A2395) B MNH4 b

[NH: 1= 1430
N-H

1430

Phioite yigice Phiotite * EN-H

(%)

Equation 5 predicts a linear relationship between ammonium
content and [ammonium absorbance/biotite thickness] ratio [i.e.,
(A= AP dgie ]

Nitrogen contents were measured on 26 single biotite grains,
previously analyzed by FTIR spectrometry. Table 3 reports sam-
ple weight, sample thickness calculated using Equation 2, the
ammonium absorbance/thickness ratio, and ammonium content
determined by the sealed-tube extraction technique. Ammonium
contents of biotite range between 93 and 2445 ppm NH,. Figure
3 plots ammonium content vs. ammonium absorbance/thickness
ratio. Each point corresponds to a single biotite grain. To avoid
possible effects of grain inhomogeneity, ammonium absorbance/
thickness ratios were determined from the mean value of several
IR analyses (n > 4) performed at different locations on the same
grain. Figure 3 shows that ammonium content varies linearly
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with ammonium absorbance/thickness ratio. The relationship
is of the form:
1430 _ 2395

-320
d

[NH;] (ppm) =13.6 x
biotite (Cm)

(6)
where [NHj] is a function of thickness and two IR absorbances
(A" at 1430 cm™ and A% at 2395 cm™'). We emphasize here
that the correlation does not intersect the origin of the plot as a
consequence of the use of an absorbance difference rather than
a “direct” baseline-corrected absorbance. From the Equations 2
and 6, ammonium concentration can be expressed as:

1430 _ 42395

A
[NH] (ppm) = 1044.3 x " 320 7

AP 4
where A'?* is the IR absorbance at 1249 cm™'. Equation 7 permits
the determination of ammonium concentration in biotite directly
by IR spectrometry with a precision better than 20% (20) for
biotite crystals thicker than 30 wm. For thickness less than 30 um,
the precision dramatically drops (<50%) as a result of the small
differences between sample and background IR intensities.

As the values for Myy, and Ppigie are known, the slope of the
linear correlation determined in Figure 3 allows an assessment
of the ammonium molar absorption coefficient ejfi; at 441 = 31
I/mol c¢cm. The error on eﬁfﬁg is essentially due to the error on
Prioite» Which was considered constant at 3.0 (0.2) g/cm?. The
good linear regression obtained in Figure 3 implies that e\fi) in
biotite is independent of NH, content. It is worth noting that e\
estimate for biotite is almost identical to that previously assessed
for muscovite (462 + 32 L/mol-cm) by Busigny et al. (2003).
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FIGURE 3. Linear correlation between ammonium concentration
(ppm) and ammonium absorbance/sample thickness ratio (cm™). From
the line slope, ammonium molecular absorptivity coefficient at 1430
cm™! can be estimated at 441 = 31 L/mol-cm.
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Figures 2 and 3 show that biotites display very good correla-
tions between crystal thickness vs. absorbance and NH, content
vs. ammonium absorbance/thickness ratio, respectively. These
correlations indicate that the influence of chemical composition
over the range of investigated samples (Table 2) is negligible.
Accordingly, IR calibration procedures for determination of
thickness (Eq. 2) and NH, content (Eq. 5) seem to be indepen-
dent of biotite chemical compositions.
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FIGURE 4. Ammonium content of muscovite and biotite coexisting
in the same rock samples. Data of this study were calculated from FTIR
analyses. Data from the literature correspond to values determined by
different chemical extraction methods (Honma and Itihara 1981; Duit
etal. 1986; Boyd 1997; Boyd and Philippot 1998; Sadofsky and Bebout
2000).
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Ammonium partitioning between biotite and muscovite

Since the early 1980s, the partitioning behavior of NH,
between muscovite and biotite has been well-documented
(Honma and Itihara 1981; Duit et al. 1986; Boyd 1997; Boyd
and Philippot 1998; Sadofsky and Bebout 2000). Ammonium
has been shown to partition strongly into biotite compared to
muscovite (e.g., Honma and Itihara 1981; Duit et al. 1986), a
result explained by the larger size of the biotite interlayer site
(Honma and Itihara 1981). Figure 4 reports NH, concentrations
in muscovite vs. biotite for data available in the literature (see
caption). Although a slight scattering likely arises from some
disequilibrium chemical systems, the data display a good cor-
relation as a result of almost constant partitioning between biotite
and muscovite. Using the whole data reported in Figure 4, the
partitioning coefficient (Knlﬁ’,:!if{,iol) is found to average 0.33, which
is in good agreement with previous assessments (0.43-Honma
and Itihara 1981; 0.33-Duit et al. 1986; 0.32-Boyd 1997). The
relative constancy of KNI can be used to check the validity
of NH, quantification in micas by infrared spectroscopy.

NH, content of biotite and muscovite coexisting in the same
rocks (99MNO04, LMMN, MNPA-1 and NS-1) were estimated
from FTIR analyses and are reported in Table 4. These con-
centrations range from 630 to 1835 ppm and from 217 to 647
ppm in biotites and muscovites, respectively. Values of Kt
estimated from average NH, contents range from 0.31 to 0.38
(Table 4), which compares well with the average value calculated
from data of the literature (i.e., 0.33). This result is illustrated by
the Figure 4, in which micas analyzed by IR spectrometry (this
study) are situated on the same correlation that micas measured
by other workers using independent chemical methods. This
observation strongly supports the validity of IR quantification
procedures for dark and white micas.
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