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1 | INTRODUCTION

Minerals occasionally contain fluids, called fluid inclusions. By mea-
suring the isotope ratios of gases extracted by crushing minerals in
vacuum, the origin of the fluid and the formation process of the host
minerals have been discussed. Fluid inclusions of several types are com-
monly found, each of which could have a different origin. Discussion
of the Earth’s material cycle system using fluid inclusions necessi-
tates analyses of the isotopic ratios of individual fluid inclusions. For
this purpose, micro-Raman spectroscopy has been applied to estimate
the carbon isotope ratio of CO,, the main component of fluid inclu-
sions in the Earth’s deep interior.%? Arakawa et al.® reported that
carbon isotope ratios of CO, can be ascertained with precision of 20%o
using Raman spectrometry. Yokokura et al.* improved the precision to
8.7%.. Application of the method to natural fluid inclusions is immi-
nent because the variation in the carbon isotope ratio of natural carbon
dioxide is about 30%o.

We measured Raman spectra of N, fluids obtained at 0.1-25 MPa at room tempera-
ture. The *N®N peak in the Raman spectrum of a low-pressure N, fluid is difficult to
detect because of the prevalence of a group of peaks attributed to rotational vibration
of *N,. The Raman peaks of NN and 1*N, of N, fluid at 25 MPa were acquired at
various exposure times. The mean values and standard deviations of the peak height
ratios and peak area ones of 1NN and N, were examined for each time. The stan-
dard deviations of the peak height ratios and peak area ones were 2.2% and 1.9%,
respectively, for 20 spectra acquired with peak height of 1 million counts of “N,. The
uncertainties are about two times higher than those predicted from the noise of a CCD.
Improvement of the pixel resolution can enhance the precision of the nitrogen isotope

ratios by Raman spectroscopy.

error, high-pressure, isotope ratio, optical cell, Raman spectroscopy

Nevertheless, constraining the origin of carbon in the Earth’s inte-
rior solely on the basis of carbon isotope ratios is difficult. In fact,
there are three or more possible origins of carbon circulating in the
Earth’s interior: primordial carbon in mantle, carbonate soils, and coral
reefs subducted into the Earth’s interior with oceanic plates.” To eval-
uate the contribution of the end-members for carbon, other indices are
needed.

Although water is the major known component of fluid inclusions
found in minerals in the Earth’s deep interior,>’ the isotopic ratios of
hydrogen and oxygen of materials in the Earth’s interior are not well
constrained. The third major component in fluid inclusions of minerals
in the Earth’s interior is N,.8-11 Isotopic ratios of nitrogen and noble
gases extracted by crushing mantle minerals in vacuum have been
used to discuss the origins of fluids in fluid inclusions.1213 Analysis
of nitrogen isotope ratios of N, in the fluid inclusions using micro-
Raman spectroscopy is expected to improve the discussion of the origin

of the fluid. Raman spectra of N, fluids have been reported in many
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FIGURE 1 Raman spectrum of (A) N, (0.1 MPa lab air, 3 h exposure) and (B) liquid N, (liquid nitrogen poured into a petri dish under room

temperature (~20°C) and pressure, 1 min exposure)

works.#"16 Some of them include detections of 1#N,(1*N14N) as well
as NN and 12N, (1°N13N).17-20 Nevertheless, no report of the rel-
evant literature has specifically described the nitrogen isotope ratio
with error. For this study, we evaluate the precision of 14N1°N/14N,
of N, fluid using micro-Raman spectroscopic analysis, with a view to
natural applications. Materials derived from Earth’s interior such as
volcanic rocks, fumarolic gases, and peridotites show §°N (%), which
is defined as [{(15N/14N)Samp|e - (BN/AN),i V(P N/14N) L] x 1000,
ranging from —20% to 10%..1213 Therefore, as a first step, the target
precision for this method is below + 15%o.

2 | SAMPLES AND EQUIPMENTS
21 | N fluid

Figure 1A shows the Raman spectrum of air obtained at 0.1 MPa and
room temperature. The Q branches of 14N, and groups of peaks of
O and S branches of N, can be recognized. Some O branches of
14N, overlap with the Q branches of 1*N5N at around 2291 cm™1,
making it difficult to measure *N1>N/14N, of N in air using Raman
spectroscopy. Kim et al.1? proposed polarization lock-in filtering (PLF)
as a technique to decrease the O and S branches of 14N,. Actually,
PLF technique is a filtering method that is capable of suppressing
polarization-independent signals such as blackbody radiation and most
fluorescence. Using the technique, they obtained 14N1>N/14N, = 0.7%
for air using Raman spectroscopy, with results showing good agree-
ment with the known natural abundance of ¥N°N (0.73% in the
ambient air). As an alternative, some potential exists in using high-
density N, fluid for the identification of 1#N>N/14N, by Raman

Valves

/N

FIGURE 2 High-pressure optical cell and an apparatus for making
high-pressure N, fluid: (A) optical cell; (B) pressure gauge; (C)
thermometer; (D) pressurizer; (E) hydraulic pump; (F) liquid N,
cylinder; (G) rotary pump

spectroscopy. Figure 1B shows the Raman spectrum of liquid nitro-
gen (—196°C). The O and S branches of 1*N,, are small. Therefore, the
Q branches of 1*N1°N are clearly visible. However, liquid nitrogen in
open systems changes the nitrogen isotope ratio through boiling and
evaporation. To prevent isotopic fractionation, the system must be kept
closed by sealing it in a cooling device or in a pressure-resistant con-
tainer. For this study, we applied a high-pressure N, fluid encapsulated
in a pressure-resistant optical cell.

Figure 2 portrays the apparatus used for producing high-pressure
N, fluid. First, the apparatus was evacuated with a rotary pump; then

a cylinder was filled with liquid nitrogen made by cooling purified air.
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As the temperature rises, the liquid nitrogen transforms into supercrit-
ical N, fluid, which fills the apparatus. Subsequently, by reducing the
volume of the line with a pressurizer, N, fluid of up to 25 MPa can be
prepared in an optical cell. The optical cell is equipped with a sapphire
window to obtain Raman signals of the high-pressure N, fluid. Pressure
inthe optical cell can be controlled by the pressurizer. The pressure and
temperature of N fluid during the present analyses were, respectively,
0-25 MPa and 20.1-20.8°C.

2.2 | Micro-Raman spectroscopy

Raman spectra were acquired using diode-pumped solid-state laser
(532 nm, Gem 532; Laser Quantum) excitation, a spectrometer with
75 cm focal length (Acton SP-2750; Princeton Instruments, Inc.), and
a CCD camera (1650 x 200 pixels, 16 um width, iVac; Andor Tech-
nology). The laser was focused through a 10x objective (N.A. = 0.2,
T Plan SLWD; Nikon Corp.). The laser output was 1 W at the source
and approximately 0.4 W at the surface of the sapphire window. The
pixel resolution of the present Raman system when using a grating of
1800 lines/mm is 0.25 cm™1/pixel at around 2300 cm~1. Spectra were
collected in a single window between 2091 and 2501 cm™1, which
covers the Q branches of 1N, at around 2330 cm™! and those of
14N15N at around 2291 cm™1. Each band of 1N, and *N!°N was
fitted to a split pseudo-Voigt curve by using “Fityk software.”?! The
curve-fitting served to improve accuracy of peak heights and areas. The

wavenumber was corrected using neon lines.

3 | ANALYTICAL CONDITIONS
3.1 | Pressure of N, fluid

To evaluate the effectiveness of pressure for reducing the O branches
of 14N,, we prepared N, fluids with six pressures at 5 MPa intervals
from O to 25 MPa and measured their Raman spectra (Figure 3). The
spectrum at O MPa (Figure 3A) was obtained from the cell under vac-
uum. Nevertheless, a 14N, peak was observed at 2330 cm™1, which
would be a signal derived from N, in the air outside the cell. In Figure 3,
the increase in intensity over the entire wavenumber range with expo-
sure time results from the fluorescence generated from the sapphire
window of the cell. At 5 MPa, the influence of O branches on the
14N15N peak at 2291 cm™1 is not small (upper left box in Figure 3B).
Although the influence is also recognized at 10 and 15 MPa, it is not
apparent at 20 MPa. To eliminate the influence of O branches in the
analysis of *N1°N/14N, of N, fluid, it is necessary to apply N, fluid at
pressure of 20 MPa or higher at room temperature. It is noteworthy
that with increasing pressure, the tail of the 1N, peak broadens and
approaches the 2NN peak. Both peaks are separated clearly in the
pressure range up to 25 MPa. Therefore, we investigate the precision
of the N1>N/14N, using 25 MPa N, fluid, which has the influence of
neither O branches nor the broadening of 1#N, peak on 1#N1>N peak
(Figure 3F).

TABLE 1 Calculated uncertainties (%) of 1*N1>N/14N, caused by
noises of a CCD

Intensity os op oR Total noises Time (s)*
1000 2404  0.39 65.21 69.50 2
10,000 7.61 0.13 6.53 10.02 17
100,000 241 0.04 0.65 249 167
1,000,000 076 001 0.22 0.79 1667

*Duration to obtain each intensity assuming intensity rate of 1*N, is ~600
count/s.

3.2 | Exposure time

To ascertain the exposure time, we calculated the uncertainty of
14N15N/14N, attributable to various noises of the CCD used. The

equation for the noise of a CCD is expressed as

\/052 +O'D2 +O'R2y

where os, op, and og respectively represent the shot noise, the dark
noise, and readout noise. os is the square root of the signal counts of a
peak. op is designated as the dark current arising from thermal energy
in the silicon structure of a CCD. oy is defined as the noise in the ampli-
fier on the CCD chip, which converts the stored charge of each pixel
into an analog voltage. The values of op and the og were obtained from
blank measurements of the spectrometer at various exposure times
and numbers of accumulation.

The estimation results of the noises are presented in Table 1. The
intensity in Table 1 represents approximate peak height of 14N, peak.
The op does not contribute to the total noises in any intensity region.
In the 103-count region, the contribution of or is large, but in the 10%-
count region, the influence of o5 and og is comparable. In the higher
intensity region, the total error is represented by os. All the noise is
negatively correlated with intensity and is expected to result in all
errors at approximately permil-order in the million-count range and
above. It takes about half an hour to obtain 10 counts of 14N, peak
from 25 MPa N, fluid with the present spectrometer. It is not practi-
cal to apply exposure times longer than that described above because
the effects of other factors, such as deformation of a spectrometer with

room temperature change, will appear during measurements.

4 | RESULTS AND DISCUSSION

4.1 | Peak height ratios and peak area ones of N,
Raman peaks

We measured Raman spectra of 25 MPa N, fluid 20 times in each
of four intensity regions of 103, 104, 10°, and 10 counts. Figure 4
presents the measured data. The ¥N15N/14N, peak height ratios
(Ho9/Hog) and peak area ratios (Ayg/Ayg) for each intensity region
and their standard deviations are presented in Table 2. We note

here that we also include the H,9,H>g to investigate the precision of

85UB017 SUOWIWOD SAIER.D 3|cedl|dde auyy Aq peusenob ae ssoiie VO ‘8sn JO Sa|nJ 10} ARiq1T 8UlUO A8]1AN UO (SUONIPUOD-PUB-SWLB 00" A3 1M ARIq 1 U1 |UO//StIY) SUOIIPUOD pue swe | 8y} 88S *[20z/y0/9T] uo Areiqiauluo A(Im ‘AisieAiun nusnAy A 020002202 esue/z00T 0T/10p/w0o" Aa|1mAReq 1 puljuoadoune-Alis iweyoy/sdny Wwouy papeojumod ‘0T-6 ‘ZF0Z ‘25758292



272

Analytical Science Advances

Research Article

doi.org/10.1002/ansa.202200020

Chemistry
Europe

European Chemical
Societies Publishing

(A) 0 MPa
1300 s

(B) 5 MPa
1300 s

2300
Raman shift (cm™)

2350

2400

FIGURE 3 Raman spectra of N, fluid at various pressures in a high-pressure optical cell. The pressures of the N, fluid are presented in the
upper right corner of (A-F). The numbers of seconds below them are exposure times. In (B-F), the exposure time was adjusted to achieve intensity
of about 10° counts of 14N2. The exposure time in (A) is the same as the time at 5 MPa (B). Boxes in the upper left corner of the respective graphs

are enlarged graphs with linear vertical axes.

TABLE 2  Peak height ratios and peak area ones of *N1°N and 14N, Raman peaks in four intensity regions

Intensity region
1000

10,000

100,000
1,000,000

Hag /Hag
0.010105
0.007190
0.006218
0.006400

1o

0.003104
0.000535
0.000199
0.000139

10 (%)
30.72
7.44
3.19
2.17

Agg /Agg
0.009773
0.006899
0.006093
0.006486

1o

0.002933
0.000643
0.000336
0.000123

10 (%)
30.01
9388
551
1.90

Note: Data were obtained from 20 measurements of N, fluid at 25 MPa at room temperature. The intensities of the 20 data in each intensity region have
variation of less than 5%.
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FIGURE 4 Number of counts of 1N, Raman peaks of 25 MPa N, fluid versus peak height ratios (H,9,H2g) (A) and peak area ratios (A29/Ag)
(B) of NN and 1¥N, Raman peaks, and their standard deviations (C). Data with error bars in (A) and (B) are the mean and standard deviation of
20 peak height ratios and peak area ones for each of the four intensity regions.

14NT5N/1N,. This is because Ayg/Ayg might be influenced by possible
composites of other small peaks.

The uncertainty in both Hyg,Hyg and Ay9/A,g decreased with inten-
sity, yielding uncertainties of 2.2% and 1.9%, respectively, at 10°
counts. These values do not achieve the target precision of 1.5%
required to apply the method to natural materials. Considering their
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error ranges, the Hy9/H,g and Ayg/A,g mutually overlap in the intensity
regions of 10° and 10° counts.

It is noteworthy that the Hog/Hog and Asg/Azg in the 103-count
regions do not overlap with the10°- and 10%-count values (Table 2).
If the Hy9/Hog and Aje/Asg change with intensity, then it would be

a severe problem for determining the nitrogen isotope ratios using
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FIGURE 5 Raman spectraof N, fluid at 25 MPa, showing the 14N1>N peak and the root of the 14N, peak. (A), (B), (C), and (D) respectively
portray the spectra at the counts of 14N, of approximately 102, 10%, 10°, and 108. The dashed lines are the results of curve-fitting.

Raman spectroscopy. In the 103-count region, although the data for
both ratios varied widely, the Hy9,Hyg and A,9/A,g were notice-
ably higher than the values in the high intensity regions (Figure 4).
Actually, a paired t-test for the data between 103- and 10%-count
regions indicates significant difference for Hy9,Hyg (p = 0.0005) and
for Ayg/Asg (p = 0.0006). As a factor affecting the Hyg9,Hpg and
Ag9/Arg, We investigate the effect of spectral noise on the peak
shape.

Figure 5 shows spectra in the four intensity regions. To make it eas-
ier to evaluate the effects of noise on the N3N peaks at around
2291 cm1, we specifically examined the approximately 2.5% region
of the peak height of 14N, peaks. The 1*N15N peak in the 103-count
region is not easy to distinguish from noise. The high H,9/H,g and
Ayo/A,g in the 103-count regions might be attributable to the discrimi-
nation threshold between the tail of the 14N1°N peak and noise, which
were intermingled with each other in the curve-fitting process. In the
intensity region of 10* counts or more, where the effect of noise on the
peak shape becomes small, no difference in Hy9/Hog or Ayg/Ang is vis-
ible among the intensity regions. We can obtain reliable H,9,H,g and
Ayo/Agg if there is sufficient intensity to ignore noise effects on the

peak shape.

Interestingly, even for peak areas that directly reflect Raman inten-
sity, Apg/A,g differs from the atmospheric value (0.0073) beyond the
error range. Although accuracy of isotopic ratios is not the main topic
of this study, we briefly consider the possibility contributing to the
difference. A possible reason is that the peak shapes differ between
14N, and “N!>N. Figures 3 and 5 show that the 14N, peak is asym-
metric. This is true because it is an aggregate of Q branches, which
are derived at rotational quantum numbers greater than 1.17:2223
Although the 14N15N peak is also asymmetric,'® its asymmetry is
seemingly different from that of the 14N, peak (Figures 3 and 5). The
difference in asymmetry between both peaks affects the fitting degree.
If it is the reason for the difference from the air value, then it would
not present any difficulty in the determination of the nitrogen isotope
ratios because this discrepancy can be corrected using a standard N,

fluid with a known isotopic ratio.

4.2 | Precision of Hyg/Hog and Ayg/Asg

Considering the ~30%. variation range in nitrogen isotope ratios of

natural materials, with the precision of 2.2% for the peak height
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FIGURE 6 Relation between the order of analysis of Hy9,Hog and Ae/Agg

ratio and 1.9% for the peak area ratio, it is difficult to apply this
method to natural materials. We discuss here what contributes to the
improvement of precision.

The order of magnitude of the uncertainty and the fact that the
uncertainties decrease with intensity for both ratios are consistent
with the calculation of CCD noises, but the deviation between the
two approaches increases concomitantly with increasing intensity
(Tables 1 and 2, Figure 4C). Figure 4C shows the uncertainties of both
approaches and suggests that the uncertainties in the region below 10*
counts are explainable by the CCD noises. Although we expected from
the noise calculations that nitrogen isotope ratios in the 106-count
region can be determined with uncertainty of approximately a permil
(see section “exposure time”), it is more than twice, which indicates
that there is another factor, aside from the CCD noise, responsible for
the uncertainty, especially with the analytical conditions for which high
intensities were obtained.

Long analysis duration to obtain high intensities increases the like-
lihood that the data are affected by changes in alignment. Figure 6
shows the data in the order of measurements. In the 10°-count and
10%-count regions, there would be both gradual and abrupt changes
in the data, indicating the existence of a factor other than randomly
generated noise. That change might be a reason for the measurement
uncertainty, which is greater than the calculated CCD noises, especially
in the 10-count region. The following are possible factors that can
alter the height or area of Raman peaks during measurements: changes
in laser power and the temperature of samples or a spectrometer, and
shifts in specific examination of the sample.?* They are expected to
have similar effects both on *N1°N and 1*N,. In other words, they
do not affect the Hy9/H2g and Ay9/Agg. In contrast, fluctuations in the
wavenumber of the Raman peaks might have an indirect influence on
both ratios. Arakawa et al. proposed the possibility that the height of a
Raman peak changes with the position where it hits the CCD. The pixel

resolution of the equipment used for this study is 0.25 cm~1/pixel at

2300 cm™2, which is much better than that of Arakawa et al.3 (approx.
1.2 cm~1/pixel at 2300 cm™1). However, because the width at half maxi-
mum of the N, peaks is about 1.3 cm™1, only six pixels are used to detect
the peak fragments with peak height higher than half of the maximum
height of the peak. Wavenumber fluctuations might change the relative
positions of the peaks to the CCD, leading to changes in the shape of the
detected peaks and possibly changing the Hy9,/Hog and Ayg/Asg.
Various possible causes of wavenumber fluctuations exist, such as
physical shocks or vibrations to a spectrometer, deformation of the
spectrometer by changes in room temperature, and changes in the
sample state.?>26 We examined fluctuations in the wavenumber and
height of the N, peaks during the approximately 9 h of measurements
taken in the 10%-count region. Figure A1l shows variation of the
Hoo/H2g, Azg9/Azg, intensity, and wavenumber of the N, peaks among
measurements taken in the 10%-count region. Both 1#*N1°N and 14N,
peaks have about 20% variation in intensity. Their wavenumbers
fluctuate highly initially and converge gradually to lower values
over time. The wavenumber fluctuation during the measurement
is about 0.06 cm~! for both peaks. Considering the pixel resolution
of the present equipment (0.25 cm~1/pixel), it is possible that the
wavenumber fluctuation changes the positional relation between the
peaks and pixel configuration, resulting in changes in the detected
peak shapes, that is, changes in peak height and peak area. Although
the influence affects both 1*N1°N and 1N, peaks, the directions of
change in their height and area might not be identical, engendering
variation in both Hjyg/Hyg and Aj9/Ayg. The description presented
above is only one interpretation of the fact that the measurement
uncertainty is greater than the calculated value. If that is correct, then
the diminishing wavenumber fluctuation is fundamentally important
to improve the precision of isotopic analyses by Raman spectroscopy.
For this purpose, reducing temperature fluctuation and exposure time
might be effective. In addition, the better pixel resolution contributes

to more precise peak shapes, improving the precision of isotope ratios.
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Finally, we note an important point for the application of the
method to natural Nj-bearing fluid inclusions. Most of the N,-
bearing fluid inclusions reported are mixtures with CO, having various
pressure.8-11 In order to determine the nitrogen isotope ratios of such
fluid inclusions, it is necessary to investigate the dependence of the N,

Raman peak area on chemical composition and pressure.

5 | SUMMARY

Using high-pressure N, fluid, we reduced the Raman peaks of N,
originating from the rotational vibration, thereby enabling the mea-
surement of M#N°N/¥N, using Raman spectroscopy. The Hyg/Hog
and Ayg/Ayg of the measured NN and '¥N, Raman peaks for
25 MPa N, fluid were, respectively, 0.006400 + 0.000139 (2.2%)
and 0.006486 + 0.000123 (1.9%) in the intensity region of one
million counts of 1#N,. Although the calculation of the uncertainty
induced by the noise of a CCD demonstrated the potential to ascer-
tain #N1°N/1N,, to less than 1% at about one million counts of 14N,
the measurement uncertainties are about twice as high as those of
the calculated values. This uncertainty might be attributable to the
change in the fitting shape of the Raman peaks caused by fluctuation of
the wavenumber during the measurements. Applying a spectrometer
with higher pixel resolution would allow the determination of nitrogen

isotope ratios with permil-order uncertainty.
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FIGURE A1 Fluctuation of peak height ratios, peak area ones, intensities, Raman shift of Raman peaks of 25 MPa N, fluid during
measurement of data in 10é-count region
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