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Identification of Large Isotope Anomalies
in Quartz by Infrared Spectroscopy
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Abstract

We report an infrared (IR) spectroscopic technique to detect quartz grains with large isotope anomalies. We synthesized

isotopically doped quartz and used Fourier transform infrared spectroscopy (FT-IR) in two different instruments: a

traditional far-field instrument and a neaSpec nanoFT-IR, to quantify the shift in the peak of the Si–O stretch near

780 cm�1 as a function of isotope composition, and the uncertainty in this shift. From these measurements, we estimated

the minimum detectable isotope anomaly using FT-IR. The described technique can be used to nondestructively detect

very small (30 nm) presolar grains. In particular, supernova grains, which can have very large isotope anomalies, are

detectable by this method.
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Introduction

Presolar grains are small particles (mostly< 10 mm) that

formed in the outflows of other stars in the galaxy and

are found at the 1–100 parts-per-million (ppm) level in

the matrix of primitive meteorites, interplanetary dust par-

ticles, and samples returned from primitive solar system

bodies.1 They can be crystalline or amorphous2 and are

identified by their large isotope anomalies, often tens of

percent different from isotope ratios in grains that

formed in the solar system. Presolar grains are either iden-

tified after chemical separation from their host rock (e.g.,

Amari et al.3) or by in-situ analysis of, for example, a pol-

ished meteorite section (e.g., Floss and Stadermann4).

Traditionally, isotope anomalies in individual grains

<10 mm in size are identified by secondary-ion mass spec-

trometry (SIMS), a destructive technique. Analyses by SIMS

can amorphize crystalline phases and leave the presolar

grain too damaged for meaningful follow-up analyses by

transmission electron microscopy of the grain’s structure

and elemental composition. Nondestructive identification

of presolar grains with large isotope anomalies would

allow for more detailed subsequent structural analyses of

these grains to constrain their formation environment.5 Liu

et al.6 describe a nondestructive technique to identify a

particular subgroup of presolar silicon carbide grains of

relatively large sizes. Here we describe a technique to

identify isotopically anomalous presolar grains, many of

which are <1 mm in size, using infrared (IR) spectroscopy.

Isotope substitutions in a crystal can alter that crystal’s

vibrational modes (e.g., Sato and McMillan7). These vibra-

tional modes are probed by vibrational spectroscopy tech-

niques such as Raman and IR spectroscopy. Meteorites

containing isotopically anomalous presolar grains are trad-

itionally prepared as 30 mm-thick thin sections mounted on

a glass slide with epoxy. The nature of the meteorite sample

(many grains are optically opaque) necessitates the use of

reflected-light spectroscopy rather than transmitted-light

spectroscopy.

Here we demonstrate the use of reflected-light IR spec-

troscopy to identify isotope anomalies in quartz (SiO2). We

chose to investigate quartz because of its simple crystal
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structure, ease of experimental synthesis, and the recent

discovery of supernova silica in meteorites8 and supernova

remnants.9 We also demonstrate the use of near-field IR

spectroscopy to identify large isotope anomalies in crystals

as small as 50 nm in size.

Experimental Methods

The goal of this study is to determine the minimum detectable

Si isotope anomaly in quartz from isotope-induced shifts in its

IR reflectance spectrum. To this end, we synthesized quartz

with three distinct isotope ratios using a piston cylinder appar-

atus at the Experimental Studies of Planetary Materials lab at

Washington University in St. Louis. The pressure cell assembly

is similar to that of Krawczynski and Grove10 with the excep-

tion of the capsule design described below. The three types of

synthesized quartz were: (1) quartz of terrestrial isotopic

composition using normal amorphous silica powder; (2)

quartz of nearly pure 30Si; and (3) quartz of nearly pure
28Si. The Si isotope ratios of these three samples are given

in Table I. Three different quartz samples were synthesized

from silica powders with normal terrestrial composition,

99.8% pure 28Si silica powder (Cambridge Isotope

Laboratories: Catalog Number SILM-3582), and 96.5% pure
30Si silica powder (Cambridge Isotope Laboratories: Catalog

Number SILM-4517). To ensure that the doped and undoped

quartz crystals were synthesized at identical conditions, we

created an experimental graphite capsule with two cylindrical

holes to hold isotopically doped and undoped silica powders

simultaneously without mixing (Fig. 1).

Each capsule with terrestrial and isotopically doped silica

powders was heated in a 150 ton piston cylinder at a tem-

perature of 1200 �C and a pressure of 1 GPa for 24 h. Under

this temperature and pressure, b-quartz is synthesized.11

The experimental charge was quenched, which resulted in

a transition of b-quartz to a-quartz.11 Grain sizes of the

synthetic quartz were in the range of 20–100mm (Fig. 1).

Each of the two capsules (terrestrial and 28Si quartz,

terrestrial and 30Si quartz) was mounted in an Al annulus

with epoxy along with natural quartz and olivine, and then

polished. The terrestrial and 30Si quartz capsule is shown in

its Al annulus mount in Fig. 1.

Analytical Methods

We acquired IR reflectance spectra of the terrestrial, 28Si,

and 30Si quartz by both traditional far-field micro-reflectance

FT-IR and by near-field FT-IR.12,13 The spatial resolution of

the far-field micro reflectance FT-IR is diffraction limited; the

spatial resolution of the near-field FT-IR is determined by the

size of the metalized tip that is illuminated with a broadband

IR laser beam. This tip, similar to that used in atomic-force

microscopy, can be as small as �30 nm.

The far-field IR reflectance spectra were acquired with a

Nicolet iS50 FT-IR spectrometer (with a Nicolet continuum

Figure 1. Left: Experimental capsule of terrestrial and 30Si quartz mounted in epoxy in a 1 cm outer-diameter Al annulus, with natural

quartz and terrestrial olivine to serve as standards. Right: Secondary electron image of synthesized 28Si quartz showing grain sizes in the

range of 20–100 mm.

Table I. Si isotope ratios for the three synthesized quartz

samples.

Ratio

Terrestrial

quartz 28Si quartz 30Si quartz

29Si/28Si 5.1� 10�2 9.4� 10�5 5.1� 10�2

30Si/28Si 3.4� 10�2 6.2� 10�5 3.0� 101
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microscope attachment) at Southern Illinois University,

Carbondale. The spectral resolution was 0.5 cm�1 over a

range of 500–1500 cm�1 and each spectrum was collected

for �10 min. Near-field IR spectra were acquired with a

NeaSpec nanoFT-IR at a spectral resolution of 1 cm�1

over a range of 700–1500 cm�1 and were also collected

for �10 min.

Results

Strong peaks in both the far-field and near-field reflectance

spectra were observed around 780 cm�1 and 1160 cm�1

(Figs. 3 and 4). The mode near 780 cm�1 is associated

with asymmetric stretching vibrations of silicon against its

tetrahedral oxygen ‘‘cage’’ (Fig. 2) and the mode near

1160 cm�1 is associated with an asymmetric Si–O stretch-

ing motion within the Si–O–Si linkages of a-quartz.14

For the far-field spectra, we could identify the wavenum-

ber of the steepest slope near the absorbance peaks more

precisely than the wavenumber of the absorbance peaks

themselves, which could be relatively broad. We calculated

numerical derivatives of the far-field spectra using a

Savitzky–Golay filter15 in Matlab to identify the wavenum-

ber associated with the minimum slope. Uncertainties of

these values were calculated as the standard deviation of

repeated measurements of different crystals in the same

synthesized sample, typically five for each sample.

Near-field amplitude spectra had a pre-edge bump near

the 780 cm�1 wavenumber feature which made the estima-

tion of the steepest slope imprecise. The NeaSpec

nanoFT-IR also (indirectly) measures the real component

of the refractive index of the sample, the phase (Fig. 4).

The phase spectra lacked this variable pre-edge bump and

yielded a more precise estimate of the position of the stee-

pest slope, so the phase spectra were used instead of the

amplitude spectra to estimate the position of this peak.

Similar to the far-field spectra, we calculated numerical

derivatives via a Savitzky–Golay filter and estimated the

standard deviation from repeated measurements of differ-

ent crystals of the same synthesized samples.

The synthesized quartz of terrestrial Si isotope compos-

ition had a peak that was consistently 18 cm�1 higher than

the 30Si-doped quartz for the �780 cm�1 Si–O stretch

(Fig. 3). The 1160 cm�1 feature in synthesized terrestrial-

composition quartz was 7–12 cm�1 higher than the 30Si

quartz, but variable in its position (possibly due to crystal

orientation and size). The 28Si-doped quartz had a peak

about 1 cm�1 higher than the terrestrial quartz for the

�780 cm�1 Si–O stretch. A natural quartz crystal was mea-

sured to have a spectrum nearly identical to the synthesized

quartz of terrestrial Si isotope composition. The mean

value of the peaks of these features for multiple scans is

shown in Table II.
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Figure 3. Left: Representative far-field IR reflectance spectra of synthetic quartz grains using a Nicolet iS50 FT-IR. Right: Detailed view

of peaks around 780 cm�1.
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Figure 2. Displacement patterns for the mode associated with

the 780 cm�1 feature. Dark circles are oxygen, lighter circles are

silicon. Reproduced from Sato and McMillan.7
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The nanoFT-IR spectra of 30Si quartz showed a 780 cm�1

feature that was consistently 16 cm�1 lower than this fea-

ture in the spectra of terrestrial-composition quartz.

The large feature around 1100 cm�1 in the amplitude spec-

tra (Fig. 4) also shifted with isotope composition but was

more variable (similar to the far-field spectra). The mean

value of the �780 cm�1 Si–O stretch in the 28Si-doped

quartz was at a higher wavenumber than the terrestrial-

composition quartz, but the uncertainties (the variability

in repeated measurements of each sample) overlap.

Natural quartz was measured to have a spectrum nearly

identical to that of the synthesized quartz of terrestrial Si

isotope composition. Mean values of the position of

780 cm�1 feature for the nanoFT-IR spectra are also given

in Table II.

Discussion

Sato and McMillan7 measured the �780 cm�1 Si–O stretch

feature to be 21 cm�1 lower in the transmission far-field

spectra of powdered 30Si quartz than in terrestrial quartz.

This shift is about 3 cm�1 larger than the shift we measured

in our reflectance spectra of similar samples (Sato and

McMillan7 did not measure 28Si quartz). The different

shifts are likely due to transmission versus reflectance spec-

tra, which sample different proportions of the absorption

and reflection components, resulting in different peak

shapes and positions.16,17

The vibrational modes in quartz as a function of the

crystal’s Si isotopic composition can be calculated numer-

ically using the density functional perturbation theory. We

calculated vibrational modes of quartz using Quantum

Espresso18 as a function of Si mass between the terrestrial

Si isotopic composition to pure 30Si. We found that the
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Figure 4. Representative nanoFT-IR spectra of synthetic quartz. Amplitude is on the top left (full spectrum) and top right (detail near

780 cm�1), phase is on the bottom left and bottom right.

Table II. Mean values of the location of 780 cm�1 feature for far-

field FT-IR and nanoFT-IR.

Sample

Far-field

FT-IR (cm�1)

NanoFT-IR

(cm�1)

28Si-enriched quartz 807.4 799.9

Undoped quartz 806.5 799.1

Natural quartz 806.4 798.7
30Si quartz 788.2 782.5
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vibrational modes of quartz involving Si, as a function of Si

mass, are well approximated as a linear function of m�1=2,
where m is the reduced mass of Si and O (O is assumed to

be of terrestrial composition), over the mass range 28–

30 amu. Figure 5 shows the fit and residual for one such

vibrational mode—the maximum difference between the

simplified fit and data is <0.01 cm�1 in the 28–30 amu

range. This approximation makes for simpler error propa-

gation, as described below.

The calculated vibrational modes are well-fit by a linear

function of m�1=2 because the vibrational wavenumber ~n of

the Si-O stretch is approximately equal to:

~n ¼
1

2pc

ffiffiffi
k

m

s
m ¼

mSimO

mSi þmO
ð1Þ

where k is the effective spring constant of the Si–O bond

and m is the reduced mass of the the Si and O atoms.

Changing the mass of the Si atom from 28.0855 amu to

30 amu changes the reduced mass, which changes the vibra-

tional frequency of the Si–O stretch. We use this relation-

ship for the general functional form to express our

measurements of the wavenumber ~n as a function of the

Si–O reduced mass:

~n ¼
affiffiffi
m
p þ b ð2Þ

Figure 6 shows our measurements of ~n as a function of

the reduced mass of Si–O, with O¼ 16.00 amu (terrestrial)

and Si¼ 28.00, 28.11 (terrestrial), 29.93 amu for the three

synthesized quartz samples, along with the fitted function.

We solve m using Eq. 2 and calculate the uncertainty of

the reduced mass, sm, using propagation of errors:

sm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@m
@a

� �2

s2
a þ

@m
@b

� �2

s2
b þ

@m
@~n

� �2

s2
~n þ 2

@m
@a

@m
@b

sab

s

ð3Þ

where:

@m
@a
¼
�2~n

a~nþ bð Þ
3

ð4Þ

@m
@b
¼

�2

a~nþ bð Þ
3

ð5Þ

@m
@~n
¼
�2a

a~nþ bð Þ
3

ð6Þ

This function expresses the uncertainty in mass sm (and,

therefore, the uncertainty in isotopic composition) as a

function of the fit parameters a and b and their variances

(s2
a, s

2
b) and covariance (sab), and the uncertainty in the

determination of the peak position s~n. Plots of sm as a
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Figure 6. Measured position of IR feature as a function of the reduced mass of the sample. Error bars are the standard deviation of

individual measurements.
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Figrue 5. Calculated peak positions, relative to the terrestrial

composition peak position, as a function of mass for a Si–O

stretch mode. Black squares are the calculated values using

Quantum Espresso, red curve is a fit of this data using a linear

function of reduced mass of Si and O (bottom axis) where only
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(the fit residual) is plotted in blue (right axis).
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function of s~n, for the fit parameters a and b calculated for

far-field and nanoFT-IR, are shown in Fig. 7.

Isotope ratios in geochemistry and cosmochemistry

are typically expressed as ‘‘delta values’’, defined for Si iso-

topes as:

d29,30Si ¼
29,30Si=28Si
� �

sample

29,30Si=28Si
� �

standard

� 1

 !
1000 ð7Þ

Finally, we use our calculated sm for both far-field and

near-field IR spectroscopy to determine the minimum

detectable d29Si and d30Si anomaly. For a given pair of

d29Si and d30Si values, we calculated the atomic fraction

of 28Si, 29Si, and 30Si, and assumed that the three O isotopes

had the terrestrial fractions. For each of the nine possible
XSi–YO combinations, we calculated the product of the XSi

and YO fractions and nine reduced masses (Eq. 1). We

calculated the dot product of these nine values, which

gave us a reduced mass value for each d29Si, d30Si pair:

mðd29Si, d30Si). For each location (pixel) on a plot of d29Si

versus d30Si (Fig. 7), we first colored all pixels white.

Then, for each pixel, if mðd29Si, d30Si) �mð0, 0Þ40:0028
amu (¼ sm,FTIR), we colored the pixel light gray. Finally, if

mðd29Si, d30Si) �mð0, 0Þ40:0072 amu (¼ sm,nanoFTIR), we

colored the pixel dark gray.

The detectable anomalies for far-field and near-field

FT-IR are shown in Fig. 7. We compare these detectable

anomalies with Si isotopes measured in presolar SiC

grains, which have been studied much more extensively

than presolar SiO2. The detectable anomalies are

small enough to identify SiC grains of type X (very low

d29,30Si values, thought to originate from supernovae) and

type C (very high d29,30Si values, also thought to origin-

ate from supernovae).1 The number of detectable grains

by nanoFT-IR appears to be smaller (Fig. 7) because the

signal-to-noise ratio is lower than far-field FT-IR.

However, nanoFT-IR is capable of detecting very small

supernova grains, possibly as small as 30 nm. This spatial

resolution is better than the NanoSIMS, the SIMS instru-

ment most commonly employed to search for presolar

grains in situ. It is possible that more supernova grains

can be detected in this very small size range, which are

closer to the theoretical sizes predicted for supernova

dust (e.g., Bianchi and Schneider19). The smaller anoma-

lies seen in the Si isotopic composition of grains that

formed from AGB stars are mostly not accessible by IR

spectroscopy. However, it is often desirable to screen for

presolar SiC X or C grains in order to study the astro-

physics of supernovae (e.g., Liu et al.20), so such a cap-

ability would be very useful for statistical studies of a

supernova grains. The Si isotopic compositions of preso-

lar silica grains from supernovae have not yet been mea-

sured. Identification of small supernova grains using

nondestructive techniques, such as the technique pre-

sented here, should allow for new studies to be carried

out on relatively understudied population of presolar

grains such as presolar silica.

Conclusion

We have demonstrated that IR spectroscopy, both near-

field and far-field, can be used to nondestructively identify

presolar grains. The traditional method of identifying pre-

solar grains by secondary ion mass spectrometry consumes

part of the grains and creates an ion-damaged layer that

compromises structural analyses. Our proposed method

using IR spectroscopy can nondestructively identify super-

nova grains as small as 30 nm (exceeding the spatial reso-

lution of the NanoSIMS) for further study.
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Figure 7. Left: Detectable anomaly by far-field and nanoFT-IR. Right: 1s detectable presolar SiC grains with far-field FT-IR (five scans,

light gray and dark gray) and nanoFT-IR (10 scans, dark gray).
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Presolar grains are present in meteorite matrices at the

part-per-million levels, so it is not feasible to acquire 10 min

analyses on millions of sub-mm grains to identify supernova

grains. A better approach would be to acquire maps over,

for example, a mm-sized matrix area of a primitive chon-

drite (prepared as a polished thin section) at a few diagnos-

tic wavenumbers around the major Si–O stretch of quartz

(�1100 cm�1) to identify small quartz grains. After the

quartz grains have been identified, then just those grains

can be measured around the 780 cm�1 feature to identify

the isotope anomaly. This could be done with tunable quan-

tum cascade lasers in the appropriate frequency range,

which can be attached as modules on the NeaSpec

nanoFT-IR system.
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