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ABStRAct

The Raman spectra of a large number of natural feldspar-group minerals were obtained to determine what compositional 
and structural information can be inferred solely from their Raman spectra. The feldspar minerals selected cover a wide range 
of Na, K, and Ca proportions, crystal structures and degrees of cation disorder. The samples include both homogeneous feldspar 
phases and a few with visible intergrowths. From the positions of the strongest Raman peak in the spectrum, four structural types 
of feldspars can be readily identified: orthoclase (and microcline), albite, high-temperature plagioclase, and anorthite. Using 
a Raman spectral database of feldspar minerals established during this study and an autonomous spectral search-and-match 
routine, up to seven different types of feldspar can be unambiguously determined. Three additional feldspar types can be further 
resolved by careful visual inspection of the Raman spectra. We conclude that ten types of feldspars can be classified according 
to their structure, crystallinity, and chemical composition solely on the basis of their Raman spectra. Unlike olivine, pyroxene 
and some Fe-oxides, the Raman peak positions of the feldspars cannot be used to extract quantitative information regarding the 
cation composition of the feldspar phases. We also define the necessary specifications of a field Raman spectrometer capable of 
characterizing feldspar minerals during planetary surface exploration.

Keywords: Raman spectroscopy, feldspar-group minerals, mineralogy, planetary spectroscopy.

SoMMAiRE

Nous avons déterminé le spectre Raman d’un grand nombre de minéraux du groupe des feldspaths afin d’établir quel type 
d’information compositionnelle et structurale peut en découler. Les échantillons choisis couvrent une grande étendue en termes 
de proportions de Na, K, et Ca, de structures cristallines et de désordre parmi les cations. Parmi eux se trouvent des échantillons 
homogènes et quelques-uns ayant des intercroissances visibles. D’après la position des pics principaux du spectre Raman, nous 
pouvons facilement identifier quatre types de structure: orthoclase (et microcline), albite, plagioclase de haute température et 
anorthite. Au moyen d’une banque de spectres Raman des minéraux du groupe des feldspaths, établie pendant notre étude, et un 
logiciel autonome permettant des recherches et des comparaisons, on peut identifier jusqu’à sept types distincts de feldspath sans 
ambiguïté. On peut en plus résoudre trois types additionnels par inspection visuelle soignée des spectres. Nous croyons qu’il est 
possible de classifier dix sortes de feldspaths selon leur structure, cristallinité, et composition chimique uniquement en utilisant 
leur spectre Raman. Contrairement au cas de l’olivine, du pyroxène et de certains oxydes de fer, la position des pics du spectre 
ne peut pas fournir de l’information quantitative à propos de la composition des feldspaths examinés. Nous définissons aussi les 
spécifications requises pour un spectromètre Raman de terrain capable de caractériser les feldspaths lors de l’exploration d’une 
surface planétaire.

 (Traduit par la Rédaction)

Mots-clés: spectroscopie Raman, minéraux du groupe des feldspaths, minéralogie, spectroscopie planétaire.
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intRodUction

Feldspar-group minerals are framework silicates 
and among the most common rock-forming minerals 
of planetary crusts. On Earth, they occur in many types 
of igneous, metamorphic and sedimentary rocks. On 
the Moon, plagioclase is the most abundant mineral. 
Feldspars are one of the main minerals in martian 
meteorites and have been identified as a widespread 
component of basaltic rocks on the martian surface by 
the Thermal Emission Spectrometer (TES) on the Mars 
Global Surveyor (Bandfield et al. 2000, Bandfield 2002, 
Christensen et al. 2000, 2001, Larsen et al. 2000, Ruff 
& Christensen 2002). Maskelynite, a shock-vitrified 
feldspar, is present in martian meteorites found on Earth 
(Cooney et al. 1999, Papike et al. 2003, Rubin 1997, 
Sautter et al. 2002, Taylor et al. 2002, Wang et al. 1999, 
Xirouchakis et al. 2002). Feldspar-group minerals also 
have been identified in numerous rocks and soils at the 
landing sites of the Mars Exploration Rovers (MER) 
(McSween et al. 2004, Clark et al. 2005, Squyres et al. 
2006, Ming et al. 2006, Wang et al. 2006, Jolliff et al. 
2006a, Schröder et al. 2008).

Our motivation in this work is to determine the 
Raman spectral characteristics of the feldspar-group 
minerals that can be used to distinguish them and 
the accuracy needed to make these distinctions with 
a portable or remotely deployed instrument. The 
availability in the last decade of improved Raman 
instrumentation using small, stable, intense lasers, high-
performance optical filters, sensitive CCD array detec-
tors and advanced, fast grating systems has enabled us 
to develop the Mars Microbeam Raman Spectrometer 
(MMRS), a portable field Raman spectrometer (Wang 
et al. 2003) suitable for surface exploration on Mars. 
This field instrument has the precision and accuracy to 
yield Raman spectra with enough resolution to identify 
many minerals, including crystal-structure information, 
and estimates of cation proportions of common igneous 
minerals such as olivine, pyroxene, phosphates, spinels, 
and Fe–Ti oxides (Kuebler et al. 2006, Wang et al. 2001, 
2004a, b, Jolliff et al. 2006b).

The purpose of the present study is to generate an 
internally consistent set of Raman spectra from a wide 
variety of natural feldspar-group minerals of known 
composition and structure. The compositions of minerals 
were determined, as needed, with electron-microprobe 
(EMP) analyses, and the aspects of the structure of a 
few samples were verified by powder X-ray diffrac-
tion (XRD). The Raman spectral differences are linked 
to the structural and compositional characteristics of 
the feldspars. A database established with the Raman 
spectra collected in this study was used to test correla-
tions between peak positions and cation ratios of the 
intermediate feldspar compositions as well as changes 
in spectral pattern with structural distortions such as 
cation disorder and reduced crystallinity. Finally, we 
evaluate the experimental conditions and instrumental 

requirements of a field-portable Raman system capable 
of distinguishing different varieties of feldspar likely to 
be found in planetary surface materials.

BAcKGRoUnd inFoRMAtion

Past and ongoing planetary missions (including 
orbiters, landers, and rovers) all provide bulk chemical 
and spectral characteristics, i.e., spectral signatures 
representing all of the minerals within the field of view 
(FOV) ranging from the centimeter scale on the rovers 
to hundreds of meters on the orbiting spacecraft. The 
individual mineral phases within the FOV and their 
characteristics are deduced through spectral decon-
volution or model analyses of the data obtained from 
the mixture. By comparison, our laboratory Raman 
microprobe spectrometer and the MMRS examine a 
small area of the sample, ranging in size from a few 
micrometers for the lab instrument to ~20 mm for the 
MMRS, permitting us in most cases to measure indi-
vidual grains within a heterogeneous sample. Informa-
tion on chemical zoning, mineral assemblages and rock 
texture can be obtained by collecting spectra at regular 
distance intervals (Raman point counting, Haskin et al. 
1997) across the surface of the sample. On the basis of 
our earlier studies, we can readily detect feldspar-group 
minerals in the presence of other types of silicates 
using Raman spectroscopy, and some varieties can be 
distinguished (Matson et al. 1986, Sharma et al. 1983). 
We wish to demonstrate, however, the full capacity of 
Raman spectroscopy for the characterization of the 
feldspars in which the overall range of peak positions 
is relatively limited.

There are numerous publications concerning the 
Raman spectra of various feldspar-group minerals 
(Daniel 1995a, b, Frogner 1998, Heymann & Hörz 
1990, Matson et al. 1986, McKeown 2005, Mernagh 
1991, Purcell & White 1983, Salje 1986, Sharma et al. 
1983, von Stengel 1977, Velde & Boyer 1985, Velde et 
al. 1989). The literature to date on the Raman spectra 
of these feldspars indicates that feldspars with different 
structures and compositions can be distinguished by 
their Raman spectral patterns. Mernagh (1991) has 
shown that alkali feldspars are easily distinguished 
from plagioclase using only the position of the strongest 
Raman peak. He concluded that the feldspars within 
these two groups could be further distinguished by 
more detailed analysis of their Raman spectra, but did 
not elaborate on this conclusion.

The Raman spectra of the feldspars reported over 
the last 35 years have been acquired with Raman 
spectrometers of different generations, with different 
spectral resolutions and varying degrees of accuracy in 
wavenumber. These instrumental variations complicate 
comparison of Raman spectral features of feldspars 
discussed in different publications. Inconsistencies 
in the published data quickly became apparent when 
we attempted to use the literature referenced above to 
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determine how many of the different feldspar phases 
within the alkali or plagioclase subgroups could be 
characterized by their Raman spectra.

ExpERiMEntAl

Feldspar samples

A total of 32 samples of feldspar-group minerals 
were characterized by Raman spectroscopy for this 
study. These samples cover a broad range of feldspar 
types, including compositional end-members, inter-
mediate compositions, and structures having differing 
degrees of cation order, as well as one produced by 
shock impact. A list of the samples studied is shown in 
Table 1 and displayed in the triangular diagram (Fig. 1). 
These samples fall into three categories based on prior 
knowledge of their identities:

(1) Well-characterized samples

Raman spectra obtained from these samples were 
found to match published Raman spectra of the same 
type of feldspar from same or different localities, 
where the publication cited included both structural 
and chemical characterizations of the mineral. We 
considered the identities of these samples as confirmed, 
with no additional EMP or XRD analyses needed for 
characterization.

(2) Samples needing further chemical 
characterization

Our Raman spectra taken from these samples 
matched Raman spectra of the same types of feldspars 
shown in one or more publications, but authors of 
those publications did not supply supporting chemical 
and structural data. Many of our samples fall into this 
category, and we conducted EMP analyses on them. 
Once we obtained a chemical composition and Raman 
spectrum of a sample that matched a published Raman 
spectrum with supporting XRD data, we considered the 
structure and identity of the sample to be confirmed.

(3) Samples needing both chemical and structural 
characterization

Six of our samples either had Raman spectra that 
conflicted with published Raman spectra, or were a type 
of feldspar for which there was no published Raman 
spectrum. We determined the compositions and struc-
tures of these samples using EMP and XRD analyses.

Raman spectroscopic analyses

Raman spectra were collected with a HoloLab 5000 
Raman microprobe spectrometer system (Kaiser Optical 
Systems, Inc., KOSI). This system employs the 532 

nm, frequency-doubled, Nd:YAG solid-state laser as 
the excitation source and a holographic grating spec-
trometer covering the Raman Stokes shift range of ~0 
to 4300 cm–1 relative to the 532 nm laser line. The spec-
trometer has a spectral resolution of 4–5 cm–1 and uses 
a 256 3 2048 pixel array CCD camera for recording 
Raman spectra. The 532 nm laser radiation is sent 
through a single-mode optical fiber (~8 mm in diameter) 
into a probe head attached to the optical microscope of 
the KOSI microprobe system. A microscope objective 
condenses the laser beam onto the sample and collects 
the back-scattered Raman signal. The Raman signal 
is returned to the spectrograph through a multimode 
optical fiber (100 mm in diameter) without the use 
of a depolarizer. The optical microscope is also used 
for viewing and photographing the sample with either 
transmitted or reflected light. Two objectives were used 
in this Raman study: (a) a 203 (NA 0.4) with a working 
distance of 12 mm that produces a beam diameter of ~6 
mm at focus, and (b) a 503 (NA 0.75) with working 
distance of 0.5 mm that produces a beam diameter of 
~2 mm at focus. The power of the laser beam at the 
sample was measured to be ~13 mW. As laser light 
traveling through a single-mode excitation fiber is 
partially polarized, the recorded intensities of Raman 
peaks in some of the Raman bands generated from a 
single-crystal specimen may depend on the orienta-
tion of the crystal axes of the sample with respect to 
the plane of polarization of the excitation laser beam. 
The Raman analyses were made on either loose grains 
of feldspar without any sample preparation, or on the 
polished surfaces of feldspar grains prepared for the 
EMP study. Collection times of the spectra ranged from 
<1 minute to 15 minutes, depending upon sample size, 
Raman scattering efficiency, and the intensity (if any) 
of background fluorescence.

Wavelength and intensity calibrations of the CCD 
camera were made with a neon emission spectral 
calibration lamp and a NIST secondary standard white 
light, a light source supplied in the KOSI accessory kit 
HCA–0095. The zero Raman-shift frequency of the 
excitation laser was calibrated daily before acquiring 
any sample spectra by measuring the Raman peak 
position of single crystal of silicon (520.7 cm–1). Occa-
sionally, the 1001.5 cm–1 Raman band of polystyrene or 
the 801.8 cm–1 Raman band of liquid cyclohexane also 
were used. These calibrations ensured that measure-
ment errors on Raman peak positions were less than 
±1 cm–1.

Electron-microprobe analyses

Individual grains were prepared for correlated 
Raman and electron-microprobe (EMP) analysis by 
mounting them in epoxy on glass slides and polishing 
the surfaces down to 0.25 mm grit. Several Raman 
spectra were acquired from each polished surface 
before carbon coating the sample for EMP analysis. 
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The Raman sample locations were photo-documented 
so that the same spot could be relocated using recog-
nizable microscopic features for EMP analysis. The 
EMP analyses were made on a JEOL 733 Superprobe 
equipped with three-wavelength dispersive spectrom-
eters, a back-scattered electron (BSE) detector and 
Advanced Microbeam™ automation. We used an 

accelerating voltage of 15 kV, a beam current of 20 nA, 
and a defocused beam (10 mm spot size) to prevent vola-
tilization of Na. Several EMP analyses were taken to 
gauge sample heterogeneity and characterize exsolution 
features. We used a combination of feldspar and silicate 
standards to calibrate and monitor the EMP data collec-
tion. A modified Armstrong (1988) CITZAF routine 
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incorporated into the electron-microprobe software was 
used for X-ray matrix corrections. Molar proportions of 
the cations were calculated from the measured weight 
percentages of the corresponding oxides on the basis of 
eight oxygen atoms per unit formula.

XRD powder-diffraction analyses

For six of the feldspar samples, several small 
pieces of each sample were hand ground with a mortar 
and pestle, dried as a slurry onto glass slides, and 
run as randomly oriented powder mounts for XRD. 
Analyses were made on a wide-angle Rigaku Geigerflex 
D–MAX/A diffractometer using CuKa radiation (35 kV, 
35 mA) having a Bragg–Brentano focusing geometry 
with a 1° incident aperture slit, a 0.8° detector slit and a 
scintillation counter as the detector. We used a 2u range 
of 4–70°, a 2u step size of 0.04°, and a one-second dwell 
time per step. The data were collected and reduced using 
the Jade software (version 3.1, Materials Data, Inc., 
Livermore, California).

RESUltS

Experimentally determined XRD powder-diffraction 
patterns represent an averaged sum of the diffraction 
of the individual phases in the powdered sample. On 
the other hand, with the EMPA and Raman microprobe 
techniques, one is generally able to analyze single 
phases resolvable at optical microscopic scales (≤10 
mm). Among the 32 mineral samples selected for this 
study, nine showed two or more optically resolvable 
feldspar phases. By correlating the locations of the 
Raman sampling spots with those of the EMP analyses, 
we were able to obtain information regarding both the 
composition and structure at the same sample spot. We, 
however, were not able to resolve the compositional 
and Raman spectral differences of the submicrometric 
textures displayed by the cryptoperthite, peristerite 
and Bøggild and Huttenlocher intergrowths (Ribbe 
1983a).

For the study presented here, a total of 170 Raman 
spectra, 213 EMP analyses, and six XRD analyses were 
obtained from 42 different feldspar phases (belonging 
to 11 varieties of feldspar) occurring in the 32 feldspar 
samples investigated. Table 2 lists the EMP and Raman 
data from eleven unique samples averaged over multiple 
locations in a given phase. Also included are the posi-
tions of the five characteristic Raman peaks. Table 2 
also lists the standard deviations for both the EMP and 
Raman data arising from minor compositional varia-
tions within a single phase and from instrumental error. 
In Table 3, we present the averaged values for Raman 
peak positions, the end-member compositions, and the 
XRD powder-diffraction results on those six samples 
needing structural confirmation.

In both Tables 2 and 3, the feldspar samples are 
ordered first by structural type and then by composition. 

A triangular composition diagram showing the distribu-
tion of the compositions and structures of the feldspar 
phases encountered in this study is shown as Figure 1. 
Attached to the phase diagram for the ternary system 
are the secondary temperature–composition diagrams 
for the alkali (K, Na feldspar) and plagioclase (Na, Ca 
feldspar) joins. These diagrams are included to show the 
correlation between recognized feldspar structures and 
concentrations of the main cations, K+, Na+ and Ca2+. 
These phase diagrams also show the feldspar nomen-
clature adopted for this study: Or for orthoclase, the K+ 
end-member, Ab for albite, the Na+ end-member, and 
An for anorthite, the Ca2+ end-member. [Whereas the 
use of Or (for orthoclase s.l.) To designate the potassic 
end-member of the feldspar diagram is common, it is 
not to be confused with the orthoclase (s.s.) structural 
phase, which is a partially disordered, high-temperature 
K-feldspar.] We also use the following standard nomen-
clature for the high-temperature plagioclases: oligo-
clase: An10–30, andesine: An30–50, labradorite: An50–70, 
bytownite: An70–90, anorthite: An90–100, and ternary 
feldspars for phases exhibiting significant amounts of 
all three cations.

diScUSSion

General Raman spectral features of feldspar

The tectosilicate structure with fully linked tetra-
hedra produces a Raman spectral pattern distinctly 
different from those of ortho-, chain, ring and layer 
silicates, in which the TO4 tetrahedra are not linked 
at all, or only partially linked, with other TO4 units 
(Deer et al. 1991). The strongest Raman peak in the 
tectosilicate spectrum is located below 600 cm–1, and 
in many instances this feature can be used to identify 
the specific tectosilicate. The Raman spectral features 
of the feldspars (crystal structure shown in Fig. 2) are 
distinctly different from those of other tectosilicates 
such as quartz and zeolites (Sharma et al. 1983, Matson 
et al. 1986). In particular, the Raman spectra of the 
feldspars are readily recognized by the presence of two 
or three Raman peaks lying between 450 and 515 cm–1, 
the strongest of which falls within the narrow region 
of 505 to 515 cm–1 (Fig. 3). The peak position of the 
strongest Raman band of many tectosilicates shows an 
inverse correlation with the size of the ring made by the 
TO4 tetrahedra. For example, quartz has a six-membered 
ring, and its strongest Raman peak occurs at 464 cm–1; 
LiAlSi2O6-II has a five-membered ring subunit, and its 
strongest Raman peak is at 492 cm–1, whereas feldspars, 
with a four-membered ring, show the strongest Raman 
peak to be near ~510 cm–1 (Sharma et al. 1983).

In this paper, we separate the feldspar spectral char-
acteristics as follows (Fig. 3): Group-I peaks occur in 
the spectral region of 450–520 cm–1, Group-II peaks, 
between 200 and 400 cm–1, Group-III peaks, below 200 
cm–1, Group-IV peaks, between 600 and 800 cm–1, and 
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Group-V peaks, between 900 and 1200 cm–1. Positions 
of all these peaks for 14 typical feldspar samples are 
listed in Table 4, whereas the average positions of the 
five strongest Raman peaks: Ia, Ib, and Ic of Group I, 
and the strongest peak in Group II (IImax) and Group III 

(IIImax) are listed in Tables 2 and 3, together with EMP 
and XRD data. The peaks in Groups IV and V will be 
discussed later, but these moderate- to weak-intensity 
Raman peaks are commonly obscured by the spectra 
of other silicates and anionic salts present in soil and 

FiG. 2. Unit-cell structure of a typical feldspar, maximum microcline. Aluminum-bearing 
tetrahedra shaded in dark grey, silicon-bearing tetrahedra shaded in light grey, and 
potassium ions represented by circles. Two unit cells (2 3 1 3 1) are shown.
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rock mixtures. The peak positions in Tables 2 and 3 are 
the averaged values obtained from multiple spots of 
each sample. The relatively large standard deviations 
in the Raman shift of the band maximum in Group III 
(150–190 cm–1) occur because this band lies close to 
the cutoff edge of the optical filter used to minimize the 
Rayleigh-scattered laser light from reaching the CCD 
camera. This filter yields a large curving background 
at low Raman shift frequencies (<180 cm–1), which 
in turn introduces uncertainties in determining peak 
positions.

Numerous studies, including both experimental 
observations and theoretical calculations, have been 
published over the past 30 years on the Raman and 
infrared spectral peak assignments of feldspar-group 
minerals. For all of these feldspar minerals, however, 
the observed number of Raman peaks is usually much 
lower than that predicted by group theory (von Stengel 
1977, Dowty 1987, McMillan et al. 1982, and refer-
ences therein, Sharma et al. 1983, Matson et al. 1986, 
McKeown 2005). Causes for the discrepancies between 
predicted and actual number of Raman peaks include: 
(a) much smaller pseudo-unit-cell in the triclinic struc-
ture, which determines the actual number of vibrational 
modes, (b) accidental degeneracies between the vibra-
tional modes, and (c) the inability to detect weak peaks 
in the spectra above background noise (White 1974, 
Sharma et al. 1983). The results of group analyses and 
force-field calculations, plus other types of vibrational 
studies, have progressively developed into a general 
agreement on vibrational band assignments in feldspar-
group minerals. The assignments [based on McKeown’s 
(2005) calculations for low albite] show that the two 
strongest Raman bands in the 450–520 cm–1 spectral 
region (Group I) belong to the ring-breathing modes 
of the four-membered rings of tetrahedra. The Raman 
peaks in Groups II and III (below 400 cm–1) correspond 
to rotation–translation modes of the four-membered 
rings and cage-shear modes, respectively. The weaker 
Raman peaks in the 900–1200 cm–1 region (Group V) 
were assigned to the vibrational stretching modes of 
the tetrahedra. The mid- to weak-strength peaks in the 
700–900 cm–1 region (Group IV) belong to the deforma-
tion modes of the tetrahedra.

Raman spectra of the end members

Typical Raman spectra for the low-temperature end-
member feldspars (maximum microcline, low albite, 
and anorthite-P), are presented in Figure 3. The distinct 
position of the peaks and the low sample-to-sample 
variability (<0.2 cm–1) of the Ia peak position offer 
the first-order criterion for distinguishing the compo-
sitional end-members, i.e., 513.3 cm–1 for maximum 
microcline, 507.6 cm–1 for low albite, and 504.6 cm–1 

for anorthite-P. All three end-members exhibit a triplet 
of peaks in Group I, although the intensity of peak Ic 
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at 461.9 cm–1 in anorthite-P is very weak compared to 
the intensity of the same peak in the Raman spectra of 
the other two end-members (Ic occurs at 453.9 cm–1 for 

maximum microcline and 456.6 cm–1 for low albite). 
The motion of the oxygen atoms in the breathing mode 
of the four-membered ring is perpendicular to the T–T 

FiG. 3. Raman spectra of the compositional end-members maximum microcline, low albite, and low-temperature anorthite.
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line, making variations in the T–O–T bond angles a 
factor in determining the position of the Group-I Raman 
peaks. The Si–O–Al bond angles are clearly distributed 
in two clusters (Fig. 4c), which may explain the strong 
doublet aspect of the spectral pattern (Ia and Ib, with 

extremely weak Ic) in the Group-I region of anorthite. 
In comparison, the Si–O–Si and Si–O–Al bond angles 
in maximum microcline and low albite are distributed 
in roughly three groups (Figs. 4a, b). This distribution 
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of bond angles explains the triplet spectral pattern in the 
Group-I region of these two end members.

The spectra of the three end-member feldspars 
exhibit similar patterns, but most bands in the spectrum 
of anorthite-P are shifted toward lower frequencies. The 
bands of anorthite-P in the spectral regions of Groups 
I, II, and IV are also less well resolved owing to the 
broader band-widths.

Group-V bands (Fig. 3) are associated with breathing 
modes of tetrahedra involving T–O stretching vibra-
tions. The number of component peaks in the Group-V 
spectral region (900–1200 cm–1) clearly reflects the 
Si:Al variations induced by varying proportions of 
Ca, Na and K in the structures. Low albite has six 
well-resolved peaks and two shoulders in this region; 
maximum microcline has seven well-resolved peaks and 
one shoulder, and anorthite-P has seven well-resolved 
peak and three shoulders (Fig. 3).

The spectral patterns of low albite and maximum 
microcline are similar in the Group-IV region, reflecting 
the similarity in their crystallographic structure with 
regard to the degree of Al–Si order. Their Group-IV 
Raman spectral patterns are characterized by a pair of 
moderately strong, sharp peaks at 764 and 815 cm–1 
for low albite, and 749 and 814 cm–1 for maximum 
microcline. The spectral pattern of anorthite-P in 
the Group-IV region differs in that all the bands are 
shifted to lower frequencies and have different rela-

tive intensities. The difference in the pattern of the 
anorthite-P bands is due to the higher Al:Si ratio and 
is consistent with increased contributions of the Al–O 
and Al–O–Si bonds to the vibrations in the Group-IV 
region (McMillan et al. 1982, von Stengel 1977). The 
uniqueness of these Group-IV and Group-V patterns 
in the end-member feldspars allows the low albite and 
maximum microcline to be distinguished from each 
other and from anorthite-P.

K-feldspar samples with different  
degrees of Si–Al order

As a series, the three structural types of potassium 
feldspar, microcline, orthoclase, and sanidine, display 
increasing structural disorder in the distribution of the 
one Al and three Si cations within the rings of four 
linked tetrahedra of the feldspar lattice. Maximum 
microcline has the highest degree of Si–Al order, with 
the Al cation occurring at a unique tetrahedral site, 
whereas the Si cations occur in the remaining tetrahe-
dral sites (Fig. 2, Smith & Brown 1988). In orthoclase, 
the two unique sites are occupied by two Si cations, 
but the Al and third Si cation are randomly distributed 
between the remaining sites. High sanidine has the 
highest degree of Si–Al disorder, where all three Si 

FiG. 4. Distribution of T–O–T (T: Si, Al) bond angles among 
the feldspar end-members versus bond-angle assignment 
number.
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cations and one Al cation are randomly distributed 
among all four tetrahedral sites.

The Raman spectra of the three potassium-rich alkali 
feldspar structures are compared in Figure 5. It is readily 
apparent that the position of the strongest Raman band, 
Ia, is similar in all samples, ranging only 0.4 cm–1 from 
512.7 to 513.1 cm–1. The widths of all Raman peaks in 
the KAlSi3O8 structures increase with increasing Si–Al 
disorder. The well-resolved Group-I triplet widens to 
a less well-resolved triplet in the orthoclase spectrum, 
and to a doublet in the spectrum of sanidine. The 
Raman spectra for each of these three potassium-rich 
feldspar phases are reproducible, and a comparison of 
the band shapes in the Raman spectra allow them to be 

distinguished from each other and from other feldspar 
structural types.

Sanidine with K–Na substitution

There is an additional compositional disorder in 
the alkali feldspars where Na+ substitutes for K+. 
The Raman spectrum of sanidine shown in Figure 5 
is representative of all eight samples of disordered 
alkali-feldspar in which the albite content ranges from 
Ab14 to Ab73. Because the interactions between the 
extra-framework cations in the framework oxygen 
atoms in feldspars are weaker than the M–O interac-
tions in other minerals such as olivine and pyroxene, 

FiG. 5. Raman spectra of the K-feldspars with different degrees of Al–Si order: maximum 
microcline, orthoclase, and sanidine.
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the Raman spectra of the feldspars are not sensitive to 
Na and K content and do not differ significantly over 
the compositional range studied.

Sodium-rich feldspars with different  
degrees of Si–Al order

Of the twenty-one spectra acquired for Na-rich 
alkali feldspar samples, only two unique Raman spectra 
were obtained; 19 sample points have Raman spectra 
consistent with low albite or low albite in peristerite 

(Figs. 6a, b), and two sample points yielded Raman 
spectra like that of disordered, high albite (Fig. 6c). The 
strongest Raman band, Ia, for low albite consistently 
occurs at 507.6 cm–1, which is 5 cm–1 lower than from 
the band position of the potassium feldspars. Thus, 
sanidine and ternary feldspars with considerable Na 
content have higher Ia Raman peak positions than that 
of low albite.

The Raman spectrum for high albite (Fig. 6c) shows 
broader Raman peaks than low albite. The width of the 
Group-Ia band is ~13.7 cm–1 in high albite compared 

FiG. 6. Raman spectra of Na-feldspars with different degrees of Al–Si order: low-temper-
ature albite, peristerite, and high-temperature albite.
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with 8.4 cm–1 in low albite. Band broadening introduces 
a loss of spectral resolution in the major and minor 
peaks of high albite, a trend observed in the Raman 
spectra of any of the feldspar structures with increased 
Al–Si disorder. The spectrum of high albite (Fig. 6c) is 
consistent with that first published by Farmer (1974) 
and later explored in detail by McKeown (2005). All 
major Raman bands of high albite, except the Ia Raman 
band at 507.5 cm–1, also show a slight downshift in 
peak positions compared to the corresponding peaks 
of low albite. Other than band broadening and slight 
shift in the band of high albite, the Raman spectra of 
high albite and low albite found in this study are quite 
similar, consistent with the fact that they both have a 
triclinic structure (Smith & Brown 1988). The fact that 
the Ic Raman band at 451.5 cm–1 is still resolved in 
our high albite Raman spectrum would, by comparison 
of our spectrum with the spectra shown by McKeown 
(2005, Fig. 6), indicate that our particular samples prob-
ably had not been heated much beyond 500°C. This 
indication is consistent with the triclinic, high albite 
classification (Ribbe 1983b).

Peristerite is a feldspar intergrowth formed at 
elevated annealing temperatures, and consists of opti-
cally unresolved lamellae of low albite (An<10) and 
oligoclase (An10–30) whose Raman spectrum is that 
of the predominant low albite host. Thus the Raman 
spectra of low albite (Fig. 6a) and peristerite (Fig. 6b) 
are nearly identical both in peak positions and band 
widths. There is no evidence in the Raman spectrum of 
our peristerite sample for the presence of the exsolved 
oligoclase.

The calcium-rich feldspars

Three structurally significant and distinct anorthite 
samples were included in this study: low-temperature 
anorthite with a primitive unit cell (anorthite-P), high-
temperature anorthite with a body-centered unit cell 
(anorthite-I), and a meteoritic, pressure-shocked lunar 
anorthite. Representative Raman spectra of these three 
varieties of anorthite are shown in Figure 7. These 
spectra are consistent with previously published Raman 
spectra for anorthite (Daniel et al. 1995b, 1997, Gillet 
et al. 1977, Matson et al. 1986, McMillan et al. 1982, 
Sharma et al. 1983). All three spectra have their stron-
gest Raman band (Ia) between 504.8 to 505.1 cm–1. 
The well-resolved Ib Raman band occurs between 484 
and 488 cm–1, but the third band, (Ic at 461.2 cm–1) 
of the Group-I triplet is very weak in the anorthite-P 
spectrum and is not resolved at all in the Raman spectra 
of anorthite-I and shocked anorthite. Because of the 
overlap of the three Group-I Raman bands in anorthite, 
the exact positions of the peaks are best determined by 
peak deconvolution (see Table 3).

The Raman spectrum of anorthite-I (Fig. 7b) is 
taken from a plagioclase sample exhibiting classic 
Huttenlocher intergrowths and an An content consistent 

with bytownite (An70–90). The two exsolved feldspar 
phases in exsolution lamellae, anorthite-I and labra-
dorite (An50–70), cannot be resolved with the optical 
microscope used with the Raman microprobe, nor were 
they resolved with the broad (10 mm) beam of the EMP. 
The resultant Raman spectrum (Fig. 7b) is dominated 
by the spectral features of the major component, high-
temperature anorthite-I (An100, Mernagh 1991). A 
more detailed discussion of the differences between the 
bytownite structure and the anorthite structure can be 
found in Ribbe (1983a).

The spectrum of the shocked anorthite (An96, 
Fig. 7c), obtained from the core of a plagioclase grain 
in the lunar meteorite NWA 773, shows much broader 
band-widths and a loss of spectral resolution expected 
in the Raman spectrum of a distorted, vitrified struc-
ture. This spectrum is similar to the room-temperature 
Raman spectrum of an anorthite sample decompressed 
from a maximum pressure of 15.8 GPa (Daniel et al. 
1997). Daniel et al. (1995a) attributed the appearance 
of a broad, medium-intensity band around 1000 cm–1 in 
the Raman spectrum of shocked anorthite (Fig. 7c) to 
the pressure-induced formation of aluminosilicate glass 
within the feldspar structure. This broad band occurs 
in the Raman spectrum where the Si–Onb (Onb: non-
bridging atom of oxygen) stretching vibrational modes 
of less polymerized silicates would normally occur. 
Whereas little change is observed in the Ia peak positions 
if Al–Si disorder increases in K- and Na-feldspars, the Ia 
peak position shifts upward with an increase of disorder 
in the calcium feldspars: 504.4 cm–1 for anorthite-P, 
506.5 cm–1 for our shocked anorthite sample, and ~508 
cm–1 for a glass of CaAl2Si2O8 composition quenched 
from 1575°C in air (Sharma et al. 1983). The positions 
and relative intensities of the major Raman peaks of the 
shocked anorthite suggest that it is partially converted 
to maskelynite (Wang et al. 1999, 2004b).

High-temperature plagioclase

Our study included twelve samples of three inter-
mediate plagioclase compositions: one oligoclase 
sample (An24.4), five andesine samples (An33.6–46.3), 
and six labradorite samples (An51.5–63.5). Two mineral 
samples with bytownite compositions (An75 and An80) 
are included in the discussion of the anorthite samples 
because their Raman spectra are consistent with high-
temperature anorthite-I, and their structures differ from 
the three samples of calcic plagioclase listed here. One 
labradorite sample (PG721, An56.1) exhibits a Bøggild 
submicrometric intergrowth. As with the other submi-
crometric intergrowths studied here, individual phases 
in the Bøggild lamellae cannot be analyzed separately. 
The resultant spectra of the Bøggild lamellae represent 
overlapping bands of the spectra from two individual 
phases and are indistinguishable from the Raman 
spectra of other labradorite samples.
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Raman spectra representing these three composition-
ally distinct groups of plagioclase are shown in Figure 
8. They all have similar Raman spectral patterns. More 
importantly, these mid-An plagioclase samples have 
distinct Ia peak positions ranging from 509.1 to 510.7 
cm–1 that are not midway between the Raman peaks of 
the crystalline end-members low albite and anorthite-
P. They occur at higher frequencies than either end-
member. These plagioclase samples also have a fairly 
prominent Ib band near 480 cm–1. The separation of 
the Ia and Ib bands (average ~30 cm–1) in the spectra 

of these samples is closer to that of a Na-feldspar 
(average ~30.4 cm–1) than a Ca-feldspar (average ~19.5 
cm–1, Fig. 8). The Ic band is seen only as a shoulder 
in the spectrum of oligoclase (An23), but its presence 
in the spectra of andesine and labradorite can only be 
determined through the spectral deconvolution of the 
Group-I peaks (Table 3).

Although the Ia peak positions and Ia–Ib peak sepa-
rations make these mid-An plagioclase samples stand 
out as a distinct group, the differences among these 
twelve individual spectra are relatively minor. There is 

FiG. 7. Raman spectra of Ca-feldspars: anorthite-P, anorthite-I, and pressure–tempera-
ture- shocked anorthite.
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no obvious correlation between An content and the Ia 
peak positions or the Ia and Ib peak separations. There-
fore, detailed information about the An content of these 
samples of intermediate-An high-temperature plagio-
clase cannot be determined from their Raman peak posi-
tions. The Ia peak positions and the separation of the Ia 
and Ib bands in the Raman spectra of these intermediate-
An plagioclases do, however, allow us to distinguish 
them from the plagioclase end-members (albite and 
anorthite) as well as from the alkali feldspars.

Ternary feldspars

Four feldspar samples have elemental compositions 
high in Na+ with non-trivial amounts of both K+ and 
Ca2+ in the range of Ab≤84An≥7Or≥7, a range normally 
associated with high-temperature ternary feldspars. 
This composition falls in the phase diagram for ternary 
feldspars (Fig. 1), between high-temperature (K, Na) 
sanidine and the high-temperature (Na, Ca) plagio-
clase. (In Fig. 1, we have overlain the isothermal lines 
separating the single-phase ternary compositional zone 

FiG. 8. Raman spectra of the plagioclases
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from the two-phase compositional zone). The elemental 
compositions of the four ternary feldspar samples place 
them between the 750° and 900°C isotherms, and these 
compositions are consistent with the high-temperature 
origins of the samples, e.g., a trachyte inclusion in 
a volcanic glass. The Raman spectral parameters of 
these samples of ternary feldspars (Fig. 9) do not match 
exactly the Raman spectra of any known feldspars 
discussed up to this point. They do, however, show the 
broad Raman bands normally associated with high-
temperature, structurally disordered feldspars such as 

sanidine or the high-temperature plagioclases. The Ia 
peak positions of three of the four ternary feldspar 
samples fall between 509 and 511 cm–1, similar to high-
temperature plagioclase. The Ia and Ib band separations 
of these ternary feldspars (average 33 cm–1) are larger 
than that of a Na-feldspar (average 30 cm–1), but less 
than that of a K-feldspar (average 35 cm–1). Although 
the variation in Ia peak positions is minor among these 
four ternary feldspar samples (Fig. 9), the variations 
in the Ib and IImax peak positions are relatively larger, 
which may reflect changes in composition. It is worth 

FiG. 9. Raman spectra of ternary (K–Na–Ca) feldspars.
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noting that the ternary feldspar with low An content 
(Fig. 9a) still has a triplet band pattern in the Group-I 
region, which can be used as a criterion to distinguish 
it from the high-temperature plagioclases. These plagio-
clase samples have a similar position of the Ia peak, 
slightly smaller Ia – Ib peak separations, and a doublet 
peak pattern in Group-I region.

clASSiFyinG FEldSpARS USinG RAMAn SpEctRA

Classification of a feldspar  
based on Raman peak positions

In this section of the discussion, we focus on how the 
Raman peak positions of the different feldspars corre-
late with their cation composition. In these comparisons, 
we use the five Raman peak positions in Table 3 labeled 
as Ia, Ib, Ic, IImax and IIImax. With the exception of the last 
four ternary feldspar samples listed in Table 3, all other 
feldspar samples lie on either the Or–Ab or Ab–An join 
of the phase diagram. We therefore selected two compo-
sitional parameters to use as quantitative measures of 
the cation proportions: the Or content for samples lying 
on the Or–Ab join of the ternary diagram and the Ab 
content for samples lying on the Ab–An join, in mol. 
% (Fig. 1). These two single parameters, % Or and % 
Ab, plotted on one axis are appropriate for analyzing 
the Raman frequency characteristics of these feldspar 
phases. In the case of the four high-temperature, ternary 

single-phase feldspars, we have arbitrarily selected the 
% An content of the sample when plotting the data.

In Figure 10, we see that there is a general correla-
tion between the Ia peak positions and the interstitial 
cation in the feldspars. In the case of the Ia peak, its 
position shifts to lower frequency across the range 
from Or100 to Ab100 to An100. A similar trend exists for 
the Ib peak positions, except that the Ib peak positions 
shift to higher frequency as the composition varies from 
Or100 through Ab100 to An100 (Fig. 11). Nevertheless, the 
peak positions in these two trends are clustered, and no 
reliable quantitative correlation between Raman peak 
positions and cation proportions can be extracted from 
the two trends shown in Figures 10 and 11.

If instead of looking for quantitative correlations in 
the data, however, we look for clusters of data points 
around certain feldspar classes, as we see in Figure 
10 and less clearly in Figure 11, we find that there 
are four distinct clusters of data points associated 
with different types of feldspar structures. The data in 
Figure 10 suggest that the position of the Raman peak 
Ia can be used to distinguish the following four types 
of feldspar:

1. All alkali feldspars of composition Or100–25 
(i.e., microcline, orthoclase or sanidine) have a Ia 
Raman peak position of 513 ± 1 cm–1 regardless of 
crystallinity.

2. All high-temperature plagioclases of intermediate 
composition ~Ab75–30 (including the ternary feldspars 

FiG. 10. Correlation between the Raman band Ia peak position and the feldspar binary composition along the Or–Ab and 
Ab–An joins.
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studied), have a Ia Raman peak position of 510 ± 1 cm–1. 
(Because of the arbitrary way we defined the binary 
composition of the four true ternary feldspars, they also 
fall in this class).

3. All samples of low-temperature and high-temper-
ature albite with Ab>85% exhibit a Ia Raman peak at 
507.7 ± 0.1 cm–1.

4. All samples of anorthite (P, I and shocked) with 
An>85% showing a Ia Raman peak of 504.9 ± 0.1 cm–1.

Similar correlations of the peak positions of the 
other four diagnostic Raman peaks (Ib, Ic, IImax and 
IIImax) versus the binary composition provide a similar, 
but less well resolved classification of feldspar types. 
The only exception to this general clustering of Raman 
peak positions occurs in the ternary feldspars. For these 
comparisons, we arbitrarily selected the % An content 
for the plots shown in Figures 10 and 11. The ternary 
feldspar data in these plots cluster with the Raman data 
of high-temperature plagioclase samples.

Full spectral pattern recognition  
and first derivative spectral search

Up to this point, we have shown that only four 
general feldspar structures (three of them being compo-
sitional end-members) can be identified on the basis of 
one or two peak positions in the Raman spectrum. The 
Raman spectra in Figures 5 through 9 show that struc-

tural variations of a given compositional end-member 
feldspar can be easily distinguished by considering the 
entire Raman spectral pattern, including peak positions, 
relative peak intensities, and band widths. This observa-
tion suggests that additional structural information can 
be extracted from the entire Raman spectrum using a 
spectral matching analysis. This process requires the 
selection of a standard set of Raman spectra samples 
with known structures and compositions and the appli-
cation of a statistical search routine for comparing 
the Raman spectrum of an unknown feldspar with the 
spectra in the standard dataset. For the purpose of spec-
tral identification, we use SpEctRAl ID (©1999–2000 
Galactic Industries Corporation). The method of 
comparison we chose is based the first-derivative least-
squares method. This correlation algorithm is similar 
to the Euclidian distance algorithm used to search the 
spectral database except that the unknown and library 
data are centered about their respective means before 
vector dot products are calculated. This particular corre-
lation makes the Hit Quality Index (HQI) independent 
of spectral normalization. Furthermore, the use of the 
first derivative in the correlation algorithm reduces the 
effects of broad, nonlinear backgrounds, a problem 
commonly encountered in the Raman spectroscopy of 
fluorescing samples.

The initial database we developed includes typical 
Raman spectra of the following types of feldspars: (1) 

FiG. 11. Correlation between the Raman band Ib peak position and the feldspar binary composition along the Or–Ab and 
Ab–An joins.
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maximum microcline, (2) orthoclase, (3) sanidine with 
Or85–30, (4) low albite, (5) all three plagioclases, oligo-
clase, andesine and labradorite, (6) the high-temperature 
anorthite-I, and (7) the low-temperature anorthite-P. 
When we tested the initial database, it became apparent 
that we could not statistically differentiate between the 
Raman spectra of the three intermediate plagioclase 
compositions: oligoclase, andesine and labradorite. We 
therefore reduced our reference database to include 
only one typical plagioclase, labradorite. We also 
excluded the following varieties: (1) high albite (only 
two microscopic grains were available, precluding 
detailed analysis), (2) anorthoclase s.s. (we have no 
such sample of composition Or5–10 with Ab>90% and 
with negligible An), (3) shocked anorthite (only one 
lunar sample studied), and (4) the four ternary feldspar 
samples whose spectra do not appear to be unique. The 
characteristic spectral feature of the ternary feldspar is 
a Ia peak position at 510–511 cm–1, which is similar 
to the Ia peak of high-temperature plagioclase. There 
is too much variation in the weaker Raman bands of 
the ternary feldspars to designate a Raman spectrum as 
representative of all ternary feldspars.

Using the reduced database of the seven feldspar 
types noted above, the spectral matching routine SpEc-
tRAl ID was applied to the ~200 individual Raman 
spectra generated during this study. The SpEctRAl ID 
options were set to return the top three matches of the 
search based upon the hit-quality index (HQI) generated 
by the search routine. The top three hits were compared 
(Table 3) to the known identity of the feldspar phase 
as determined from previously published data, EMP 
or XRD analyses. The results (column 12 in Table 3) 
show that over 94% of the Raman spectra were correctly 
identified as the first choice HQI generated by SpEctRAl 
ID. In less than 5% of the spectra, the second choice 
HQI matched the correct phase, and in only one instance 
was the third choice HQI the correct phase. From this 
demonstration, we estimate that of the varieties of 
feldspars included in this study, the majority can be 
consistently and correctly classified into one of seven 
structural classes by a spectral searching and matching 
routine. The following exceptions exist: high albite 
cannot be distinguished from low albite, and shocked 
anorthite cannot be distinguished from anorthite-I and 
anorthite-P. A visual inspection of the Raman spectra 
of the albite samples (Fig. 6) does indicate that high 
albite can be easily distinguished visually from low 
albite on the basis of Raman band broadening and 
loss of secondary peaks. The same conclusion holds 
for distinguishing the shocked anorthite sample from 
crystalline anorthite. Perhaps the inclusion of more 
albite samples and anorthite spectra with higher signal-
to-noise ratio will improve the capability to distinguish 
these varieties.

An additional use of the SpEctRAl ID program is 
the ability to identify and subtract out the Raman signal 

of individual phases from a spectrum of a mixture of 
phases. Once a hit is generated for the major component 
in the spectrum of the mixture, the reference spectrum 
of that component can be subtracted from the recorded 
spectrum, and a new search performed to identify 
additional components. We have used this capability 
to identify two different phases occurring in the same 
area probed by the Raman laser beam, and the spectral 
database may be broadened to include reference Raman 
spectra of many other mineral types. This capability can 
be advantageous because the optics of a MMRS Raman 
system collects Raman scattering from fairly large fields 
of view (20 mm or larger), significantly increasing the 
chances for sampling several minerals.

We therefore conclude that ten major feldspar vari-
eties can be identified by a careful visual inspection of 
the Raman spectrum, evaluation of their Raman peak 
positions, and by supplementing the analysis with a 
Raman spectrum database search–match routine such 
as that included in the SpEctRAl ID program. These ten 
feldspar varieties identifiable by Raman spectroscopy 
include: maximum microcline, orthoclase s.s., sanidine, 
low albite, high albite, plagioclase, high anorthite-I, low 
anorthite-P, shocked anorthite, and ternary phases.

Required performance of a field-based  
Raman system for identifying feldspars

In order to distinguish feldspar minerals in the field 
solely on the basis of their Raman spectra, it is impor-
tant to note a number of necessary requirements for 
instrumental performance of the field Raman system. 
Considering only the feldspar characterization, spectral 
information in the region 150 to 1500 cm–1 is all that 
is required. However, for distinguishing the feldspar 
minerals from other types of mineral, a Raman system 
covering the region 150 to 1800 cm–1 is all that is 
required. A strong case may be made (Wang et al. 
2003), however, for an instrument also covering the 
additional spectral region from 2500 to 4000 cm–1, 
which includes the OH-stretching bands of H2O- and 
OH-bearing minerals, including the common products 
of alteration of feldspars, such as montmorillonite, 
scapolite, kaolinite, and zeolite.

A field Raman instrument capable of distinguishing 
the different feldspar phases must be able to determine 
Raman peak positions with an accuracy and precision 
of less than ±1 cm–1. This degree of accuracy requires 
a field-calibration procedure to compensate for laser 
frequency-shifts arising from temperature variations 
and vibrations associated with mechanical transporta-
tion. This is especially true for unmanned deployments 
used in remote locations. In addition, large changes in 
the environmental temperature (~10°C or more) at a 
field site where the Raman spectra are being recorded 
will also require that the absolute wavenumber or 
wavelength scale of the CCD array camera be checked 
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at regular time-intervals and recalibrated as needed 
using an appropriate multi-line emission standard or a 
multi-band Raman standard sample. These precautions 
are necessary to keep the frequency errors in the Raman 
spectrum to less than ±1 cm–1. A spectrometer with a 
spectral resolution of at least 4–5 cm–1 is also needed 
to resolve and distinguish the narrow spectral peaks 
associated with the end members of the feldspars from 
the broadened Raman bands exhibited by disordered 
feldspars like sanidine, plagioclase, high albite, and 
shocked anorthite. Lastly, a beam size of the excitation 
laser with a focused diameter of <10 mm is desirable 
to reduce the number of mineral phases in the excited 
volume of the sample. The MMRS that we have devel-
oped has the smallest spot-size (~20 mm) among other 
available field Raman systems.
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