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Abstract

The dominant feature of the olivine Raman spectrum is a doublet that occurs in the spectral region of 815–825 cm�1 (DB1) and 838–
857 cm�1 (DB2). These features arise from coupled symmetric and asymmetric stretching vibrational modes of the constituent SiO4 tet-
rahedra. The frequencies of both peaks show monotonic shifts following cation substitution between forsterite and fayalite. We present a
calibration for extracting olivine Fo contents (Fo = Mg/(Mg + Fe) molar ratio; Fo0–100) from the peak positions of this doublet, per-
mitting estimates of chemical composition from Raman spectra (acquired in the laboratory or field) as well as providing information
on crystal structure (distinction of polymorphs). Eight samples spanning the compositional range from forsterite to fayalite were used
to develop the calibration equations for the DB1 and DB2 peaks individually and together. The data indicate that the DB1 peak is more
reliable for calculating the compositions of Fe-rich olivine but that the DB2 peak is better for magnesian compositions. The two-peak
calibration overcomes the limitations of the single-peak calibrations and is capable of calculating olivine compositions to within ±10 Fo
units.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Laser Raman spectroscopy is a powerful method for
structural and compositional characterization of minerals.
Raman spectra of most minerals and organic compounds
have sharp, well-separated spectral peaks that facilitate
phase identifications directly from raw spectra of mixtures
(rocks and soils). Raman spectral patterns (number of
peaks and their relative intensities) and the positions of ma-
jor Raman peaks are determined by fundamental vibra-
tional modes of chemical bonds having a high degree of
covalence in their structure, such as the SiO4 anionic group
in silicates (SO4 in sulfates, PO4 in phosphates, and CO3 in
carbonates). Compared to infrared spectra, Raman peaks
from overtones and combination vibrational modes are
generally much weaker than those of the fundamental
modes, reducing the complexity of the spectrum. The
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properties of strong metallic ions (Fe, Mg, Ca) within the
structure are commonly expressed by the wavenumber shift
of the major Raman peaks of stronger covalent groups
(e.g., SiO4) because these metallic ions share the coordinat-
ing oxygen with Si (or S, P, C) and the difference in atomic
masses and attractive forces between the Fe, Mg, Ca and
oxygen affect the vibrational frequencies of Si–O bonds.
In minerals that exhibit cation substitutions (e.g., olivine,
pyroxene), major Raman peak positions undergo systemat-
ic and measurable peak shifts. Such peak shifts can be used
to calculate the ratios of the cations involved (e.g., Mg/
(Mg + Fe) in olivine, Mg/(Mg + Fe + Ca) in pyroxene)
and further address the geochemical conditions during for-
mation and throughout crystallization history (Wang et al.,
1995, 1999, 2001, 2004a; Haskin et al., 1997; Mernagh and
Hoatson, 1997).

Motivation for this type of study stems from work in re-
cent years to develop the technology and methodology of
microbeam Raman spectroscopy for in-situ planetary sur-
face exploration (Wang et al., 1995, 2003a, 2004a; Haskin
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et al., 1997). We are obtaining laser Raman spectra of the
major rock-forming mineral groups (pyroxene, feldspar,
Fe–Ti–Cr-oxides, carbonates and sulfates, Wang et al.,
2001, 2004a, 2005; Freeman et al., 2003) with the anticipa-
tion that spectra obtained from a remotely deployed Ra-
man spectrometer on the surface of another planet might
be used to determine mineralogy, provide information
regarding mineral chemistry, and aid lithologic distinction.
Toward that end, the Mars Microbeam Raman Spectrom-
eter (MMRS) was developed for in situ mineralogic charac-
terization on the surface of Mars (Wang et al., 2003b).

There is a strong scientific desire in planetary explora-
tion for an instrument capable of extracting mineralogic
and compositional information from stand-alone measure-
ments, such as laser Raman spectroscopy is capable of pro-
viding. The a-particle X-ray Spectrometer (APXS) that has
been used in recent Mars exploration missions will also be
used in future, near-term planetary-surface exploration.
The APXS provides chemical compositions for bulk rock
or soil samples from which mineralogy can be inferred.
However, no instruments currently planned for flight are
able to determine the chemical composition of individual
mineral grains in situ, which would provide improved con-
straints on mineral assemblages, rock lithology, and petro-
logic relationships. Microbeam detection combined with
linear scanning is one of the central design concepts of
the MMRS (Haskin et al., 1997). This operational ap-
proach takes hundreds of spectra in a stepwise fashion
along a linear traverse (i.e., a point count) on the surface
of a rock (or soil) sample. Each spectrum, produced by
microbeam excitation of a spot <20 lm in diameter, reflects
contributions from only one or a few mineral grains. Struc-
tural information is available from the pattern of peaks
present in the spectrum and cation ratios can be calculated
from the Raman peak positions of minerals showing cation
substitution. Therefore, chemical and structural informa-
tion are both embedded in the Raman spectra of minerals.
Even though such compositions are not as precise as those
determined by electron microprobe analysis (EMPA), one
hundred Raman spectra with such paired information from
a geologic target (rock or soil) on other planet would be
extremely valuable from the point of view of science and
mission operations.

A calibration that quantitatively links the Raman peak
positions of a set of solid-solution minerals (olivine, in
this study) to a specific cation ratio (Mg/(Mg + Fe) for
Mg- and Fe-olivine) is essential for extracting mineral
chemistry from remotely acquired Raman spectra. Previ-
ously, we developed a calibration for calculating Mg/
(Mg + Fe + Ca) and Ca/(Mg + Fe + Ca) cation ratios in
pyroxene based on co-registered Raman and EMP analy-
ses of a set of pyroxene grains within two lunar samples
(15273,7039 and 14161,7080). This calibration was tested
against a set of similar data for the pyroxene grains in
martian meteorite EETA 79001, and achieved an accuracy
of ±10% in calculating the Mg/(Mg + Fe + Ca) ratio,
with a slightly larger uncertainty for the Ca/(Mg + Fe +
Ca) ratio calculation (Wang et al., 2001). We have ob-
served similar Raman peak position shifts in chromite
(Al, Fe, Cr cation substitution), ilmenite (Fe, Ti), and
hematite (Fe, Ti) (Wang et al., 2004a), and smaller shifts
in feldspar (Na, K, Ca) (Freeman et al., 2003). The
step-by-step RAMANITA calibration method of Smith
(2005) is conceptually similar but mathematically general-
ized and appears to be better suited to the study of mul-
tivariate mineral systems, such as garnet and amphiboles,
in which several substitutions may occur.

Mineral chemistry determined from remotely acquired
Raman spectra can be used to constrain the petrologic
characteristics of a given rock or soil sample (Wang
et al., 1999, 2004b; Kuebler et al., 2002). Sequences of spec-
tra can be used to estimate grain sizes and the composition-
al zoning of minerals. Histograms of Raman-derived cation
ratios produced from a point count illustrate the range of
mineral compositions present in a sample, the complexity
of which supplies information about a rock’s cooling histo-
ry (Wang et al., 1999, 2004b). Information of this sort will
aid the interpretation of sample crystallization and differ-
entiation histories and help discriminate lithologies in a
suite of samples.

A Raman spectroscopic study of martian meteorite
EETA 79001 (Wang et al., 2004b) used a preliminary cali-
bration to calculate Mg/(Mg + Fe) in olivine, developed
from the data of Guyot et al. (1986) and Chopelas
(1991), together with the pyroxene calibration developed
by Wang et al. (2001). The current paper presents a new
calibration to extract the Mg/(Mg + Fe) ratio of olivine
from Raman peak positions based on a set of co-registered
Raman and EMP measurements on eight lunar, martian,
and terrestrial olivine samples (all those listed in Table 1
except LAP 02224,24 and Finch-Robie). This new calibra-
tion enables the estimation of olivine cation ratios at higher
accuracy and precision than before, and will improve
in situ sample characterization capabilities.

2. Analytical methods and registration of Raman and EMP

analyses

Co-registered Raman and EMP analyses were made at
the same locations in each olivine grain to correlate the
Raman peak positions and chemical compositions precise-
ly. Co-registered analyses were made at a few to over twen-
ty spots on each sample; the locations of all Raman spectra
were photographed and the photos used along with micro-
scopic features to locate the subsequent EMP analyses. The
only calibration samples for which co-registered EMP
analyses were not taken are the synthetic end members,
which are electron microprobe standards. Instead, we use
the accepted compositions of these two samples to corre-
spond with all of the Raman spectra acquired from them.
We also do not have corresponding EMP data for the point
count data from the rock chips of martian meteorite EETA
79001 (low signal-to-noise spectra used to test the calibra-
tion, but not in its creation). We compare these Raman



Table 1
List of samples used to create and test the olivine calibration

Sample/location Type of sample Source Previous studies, Raman or EMPA

Fayalite 203 Synthetic, HUPS 401 WU EMP lab Takei (1978)
Finch-Robie Synthetic A. Hofmeister
Forsyth Iron Mine, Hull,

Quebec, Canada
Magnetite bearing iron ore A. Hofmeister Jambor et al. (2002); Hogarth (1983)

Rustenberg, Transvaal,
South Africa

Hortonolite A. Hofmeister

LAP02224,24 Lunar meteorite, basalt
paired with LAP02205

NASA, JSC Meteorite Zeigler et al. (2005)
Curatorial Facility Korotev et al. (2002); McBride et al. (2004a)

NWA 773 Lunar meteorite, breccia,
olivine gabbro lithology

NASA, JSC Meteorite Jolliff et al. (2003); Korotev et al. (2002)
Curatorial Facility Fagan et al. (2003); Bridges et al. (2002)

EETA79001,530 SNC meteorite, basaltic
shergottite, xenocrysts

NASA, JSC Meteorite Wang et al. (2004a,b); Steele and Smith (1982)
Curatorial Facility McSween and Jarosewich (1983); Meyer (1996)

San Carlos, Arizona, USA Large polished forsterite grain A. Hofmeister Frey and Prinz (1978); Galer and O’nions (1989);
Guyot et al. (1986)

Twin Sisters Range, Washington, USA Dunite Burminco (#1390-A) Christensen (2002)
Forsterite 204 Synthetic, HUPS 433 WU EMP lab Takei and Kobayashi (1974); Ishii (1978);

Guyot et al. (1986)
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data to the published EMP analyses of McSween and
Jarosewich (1983) and Steele and Smith (1982).

All of the Raman spectra used to develop the calibration
data were collected on a HoloLab 5000� spectrometer
(Kaiser Optical Systems, Inc.). The 532.3 nm line from a
frequency-doubled Nd:YAG laser was used as the excita-
tion source, which produces an unpolarized, condensed
beam �6 lm diameter at the sample, with an average
power of 15 mW. All of the spectra were acquired using
a 20· long-working distance objective (0.4 NA) and spec-
tral accumulation time of 30 s. The olivine samples used
for calibration are generally coarse-grained and well crys-
tallized (or synthetic) and do not suffer from any laser heat-
ing effects at this laser power. Similarly, Chopelas (1991)
observed no line broadening of forsterite peaks with a
433 nm laser at 20–200 mW, but did observe signs of laser
heating in fayalite spectra at powers >20 mW.

The HoloLab 5000� is a holographic grating spectrom-
eter that covers the �60 to +4370 cm�1 Stokes shifted
Raman region relative to the laser wavelength. The grating
separates this spectral region into two segments on the face
of a 1024 · 256 pixel CCD camera with a 200 cm�1 overlap
between spectral segments, providing a dispersion of
2.07 cm�1 per camera pixel. The absolute wavelength scale
of the CCD camera is calibrated using the standard emis-
sion lines of a neon arc lamp. The Holograms� software
uses a cubic spline routine to smooth the spectra acquired
from the camera and fit it with a 3rd order polynomial. The
resulting calibration curve has a standard deviation of
error of 0.003 nm/pixel. The spectral resolution of this
camera is 3 pixels or 6.2 cm�1. The absolute frequency of
the Nd:YAG laser shows slight daily variations, which
are corrected according to the measured Raman shift of a
single-crystal silicon standard to the standard value of
520.5 cm�1. Measurements of the Raman shifts of other
Raman standard materials such as cyclohexane, polysty-
rene, etc. show that this Raman system can measure
Raman peak positions with an accuracy of ±0.5 cm�1

and a precision of ±0.1 cm�1.
The Raman point-count data (on martian meteorite

EETA 79001 rock chips 476 and 482) used in the discussion
of this paper, were collected on the same instrument but
using the 632.8 nm line of a He–Ne laser, and similar oper-
ating conditions, i.e., 20· objective (0.4 numerical aperture
(NA)) and 10–80 s accumulation times, corrected to a Si
wafer shift of 520.5 cm�1. All Raman peak-position values
were obtained by spectral deconvolution using a least-
squares fitting subroutine of the Grams 32� software pack-
age with a mixed Gaussian–Lorentzian peak shape, linear
baseline, and the constraint-free iteration option for fitting
all parameters until convergence (or a minimum) was
attained.

The EMP data were collected on a JEOL 733 Superp-
robe with three wavelength-dispersive spectrometers,
back-scattered electron (BSE) detector, and Advanced
Microbeam� automation. The accelerating voltage was
15 kV and the nominal beam current 30 nA. We used a
broad electron beam (10 lm) to obtain the average compo-
sition of the analyzed area and better approximate the area
sampled by the Raman laser beam (�6 lm diameter). The
EMP routine used a combination of silicate and oxide stan-
dards, and analyzed for Si, Al, Ti, V, Cr, Fe, Mn, Mg, Zn,
Ca, and Ni. X-ray matrix corrections were made using a
modified CITZAF routine (Armstrong, 1988) incorporated
into the electron microprobe software.

Discrepancies occur within the co-registered data set de-
spite photo-documentation and compensation for location
errors using broad electron-beam analysis. One explana-
tion is the difference in the volume from which Raman pho-
tons are collected vs. the volume X-rays are collected from
during EMP analysis. This difference is caused by the dif-
ferent penetration depths of the laser vs. the electron beam.
A laser of 532 nm has a bright green color and its penetra-
tion depth depends on the color and the transparency of



1 Quadratic elongation and angle variance are both measures of
distortion used to describe tetrahedra and octahedra. Quadratic elonga-
tion is defined as a unitless measure of distortion, reflecting both angular
and distance distortions. Angle variance is a measure of the variance of the
central angle of tetrahedra/octahedra and has units of degrees squared
(Smyth and Bish, 1988).
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the sample. Penetration can be on the order of millimeters
in an Mg-end member olivine (forsterite, light yellow-
green), but is much shallower (lm scale) in a Fe-end mem-
ber olivine (fayalite, black). The electron beam penetration
is on the order of a few micrometers in all samples. In
zoned olivine, the difference in sample volumes may pro-
duce a discrepancy between the cation ratio derived from
Raman analyses and that from EMP analyses. Making
multiple Raman and EMP measurements on the same oliv-
ine grain helps average out the zoning effect, but does not
totally remove it. This is one of our motives for using aver-
aged values (Raman peak positions and compositions) to
produce the calibration.

3. Olivine samples and the Raman spectrum of olivine

We use a combination of four terrestrial and two mete-
orite samples plus two synthetic end member olivine grains
to cover the entire range of Mg, Fe-olivine compositions
between forsterite and fayalite (Fo = Mg/(Mg + Fe) molar
ratio; Fo0–Fo100, Table 1) in the calibration. Only samples
showing little or no chemical zoning were used to develop
the calibration, along with the data from one modestly
zoned olivine sample (EETA 79001). The average chemical
compositions and the average Raman spectral peak posi-
tions used to create the calibration data set are given in
Tables 2 and 3. The ‘‘calibration’’ data set also includes
the extreme EMP data points from EETA 79001 and the
extreme Raman peak positions of the Hortonolite sample.
This produced a total of 12 paired Raman and EMP data
points. The ‘‘full’’ data set is also used to assess the calibra-
tion; this consists of the 83 individual data points from
which the calibration data set was created plus three spec-
tra from strongly zoned olivine in a third meteorite, LAP
02224,24 (data included in Tables 2 and 3 but not used in
the calibration data set). These two data sets are described
in more detail later. A brief description of the geologic
occurrence, co-existing mineral phases, and the textural
and chemical features of olivine grains in each sample are
provided in the Appendix A.

Olivine is an orthosilicate of orthorhombic Pbnm struc-
ture (forsterite: a = 4.75, b = 10.20, c = 5.98 Å; fayalite:
a = 4.82, b = 10.48, c = 6.09 Å) with complete solid solu-
tion between the Fe and Mg-end members (Papike,
1987). Typically, there is little substitution; Mn and Ca
are observed in Fe-rich olivine, whereas Ni and Cr3+ are
more common in Mg-rich olivine. Other minor elements in-
clude Al, Ti, and Fe3+, although Fe3+ may result primarily
from magnetite inclusions in oxidized samples (Deer et al.,
1992).

The structure of olivine consists of isolated SiO4 tetrahe-
dra with each of the tetrahedral oxygen shared by three
octahedral cations. Oxygen atoms form approximate hex-
agonal closest packing, with half of the available octahe-
dral sites occupied by Mg2+ and/or Fe2+. These
octahedra form serrated chains and layers, that are stag-
gered perpendicular to the a axis by a b/2 translation along
the b-axis (Papike, 1987). There are two distinct types of
octahedra in the olivine structure (Fig. 1); M1 are located
at centers of symmetry (�1Þ and M2 are located on mirror
planes (m). M1 octahedra have a shorter average M–O
bond length (2.094 and 2.161 Å for forsterite and fayalite,
respectively, Smyth and Bish, 1988) and a more regular
shape than M2 (2.129 and 2.177 Å). All corner oxygen
atoms in the SiO4 tetrahedra are shared with octahedra,
but only some edges are shared. The combination of these
linkages and the small ionic radius of the octahedral cat-
ions distort the SiO4 tetrahedra relative to the ideal tetrahe-
dral form. SiO4 tetrahedra in olivine are elongated into
trigonal pyramids along the a-axis while the shared edges
of the M1 and M2 octahedra are shortened relative to their
unshared edges (Papike, 1987). The degree of SiO4 distor-
tion is higher in forsterite (Quadratic Elongation 1.0122,
Angle Variance 49.4, Smyth and Bish, 1988)1 than in faya-
lite (Quadratic Elongation 1.0085, Angle Variance 36.7),
which is also reflected in the length variations of the Si–O
bonds in the SiO4 tetrahedra: from 1.6139 to 1.6549 Å
(D = 0.0410) in forsterite and from 1.6248 to 1.6533 Å
(D = 0.0285) in fayalite. Because the ionic radius of
(VI)Fe2+ (0.86 Å, high spin state, Whittaker and Muntus,
1970) is larger than that of Mg2+ (0.80 Å) the M1 and
M2 octahedra of fayalite are more similar than those of
forsterite; the volume difference between the two octahedra
in fayalite is only half of that of forsterite (Smyth and Bish,
1988).

Because of its importance in terrestrial mantle research,
olivine is well studied, both by infrared spectroscopy and
by Raman spectroscopy (Pâques-Ledent and Tarte, 1973;
Ishii, 1978; Piriou and McMillan, 1983; Guyot et al.,
1986; Hofmeister, 1987; Lam et al., 1990; Chopelas, 1991;
Hofmeister and Chopelas, 1991; Mohanan et al., 1993).
Most of this research, however, is focused on peak assign-
ments and changes in the olivine crystal structure with re-
gard to physical properties where composition is known.
These Raman peak assignments form the scientific basis
for the creation of this calibration.

Detailed peak assignments of the polarized Raman spec-
trum of forsterite can be found in Ishii (1978); Price et al.
(1987); Piriou and McMillan (1983) and McMillan
(1985), and those of olivine in general are given by Chop-
elas (1991). Olivine has 84 normal vibrational modes;
among which, 81 are optic modes and 36 are Raman-active
modes (Ishii, 1978; Hofmeister, 1987). A Raman spectrum
of olivine (forsterite and fayalite in Fig. 2) can be reason-
ably divided into three spectral regions: <400 cm�1,
400–700 cm�1, and 700–1100 cm�1.



Table 2
Average compositions of the olivine calibration standards and LAP02224,24 by EMPA

LAP02224,24 Forsyth Mine Hortonolite NWA773 EETA 79001,530 San Carlos Twin Fa 203b Fo 204

av. n = 3 SD av. n = 2 SD low DB2
n = 1

av. n = 16 SD high DB2
n = 1

av. n = 23 SD rim
n = 1

av. n = 9 SD core
n = 1

av. n = 2 SD Sisters
n = 1

Published
value

Published
value

FeOc 51.47 5.90 65.64 0.47 47.87 48.02 0.35 48.34 30.47 1.46 36.45 32.19 3.47 27.53 10.63 0.05 8.58 70.22
MgO 14.96 4.80 3.32 0.08 18.23 17.99 0.31 17.89 32.26 1.33 26.54 30.44 3.07 35.20 48.57 0.17 48.96 0.24 57.30
Cr2O3 <0.11 0.04 <0.11 0.03 <0.11 <0.11 0.02 <0.11 <0.11 0.03 <0.11 <0.11 0.09 <0.11 <0.11 0.03 <0.11
TiO2 <0.06 0.03 <0.06 0.00 <0.06 <0.06 0.03 <0.06 <0.06 0.02 <0.06 <0.06 0.01 <0.06 <0.06 0.02 <0.06
MnO 0.48 0.09 0.94 0.04 0.61 0.63 0.05 0.62 0.33 0.05 0.63 0.60 0.06 0.59 0.18 0.02 0.12
V2O3 <0.19 0.01 <0.19 0.01 <0.19 <0.19 0.02 <0.19 <0.19 0.01 <0.19 <0.19 0.03 <0.19 <0.19 0.03 <0.19
AI2O3 <0.04 0.00 <0.04 0.00 <0.04 <0.04 0.00 <0.04 <0.04 0.02 <0.04 0.10 0.22 <0.04 <0.04 0.01 <0.04
CaO 0.42 0.02 <0.03 0.01 0.07 0.05 0.02 0.06 0.23 0.05 0.26 0.24 0.02 0.22 0.07 0.00 <0.03
ZnO <0.17 0.00 <0.17 0.03 <0.17 <0.17 0.05 <0.17 <0.17 0.04 <0.17 <0.17 0.02 <0.17 <0.17 0.01 <0.17
SiO2 32.76 0.95 29.62 0.07 33.49 33.30 0.35 33.76 36.54 0.28 35.22 36.04 0.75 37.26 40.29 0.71 41.37 29.54 42.70
NiO <0.07 0.01 <0.07 0.01 <0.07 0.08 0.03 0.09 <0.07 0.02 <0.07 <0.07 0.02 0.08 0.30 0.00 0.35

Totals 100.2 99.6 100.4 100.2 100.8 100.0 99.2 99.7 100.29 100.2 99.4 100.0 100.0

Number of ions based on 4 oxygens

Si 0.994 0.002 0.988 0.004 0.993 0.992 0.006 0.998 0.992 0.401 0.996 0.991 0.006 0.988 0.992 0.007 1.013 1.000 1.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.018 0.001 0.003 0.007 0.001 0.000 0.000 0.000 0.000 0.000
Ti 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
V 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000
Cr 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.018 0.000 0.001 0.002 0.001 0.002 0.001 0.001 0.000 0.000
Fe2+ 1.306 0.188 1.830 0.010 1.187 1.196 0.009 1.195 0.692 0.262 0.862 0.740 0.096 0.610 0.219 0.003 0.176 1.988 0.000
Mn2+ 0.012 0.003 0.027 0.001 0.015 0.016 0.001 0.015 0.008 0.016 0.015 0.014 0.001 0.013 0.004 0.000 0.002 0.000 0.000
Mg 0.677 0.194 0.165 0.004 0.806 0.799 0.015 0.788 1.305 0.528 1.119 1.248 0.098 1.391 1.782 0.012 1.787 0.012 2.000
Zn 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.018 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.014 0.001 0.001 0.000 0.002 0.002 0.001 0.002 0.007 0.016 0.008 0.007 0.001 0.006 0.002 0.000 0.000 0.000 0.000
Ni 0.000 0.000 0.000 0.000 0.001 0.002 0.001 0.002 0.001 0.018 0.001 0.001 0.000 0.002 0.006 0.000 0.007 0.000 0.000
Sum oct 2.011 2.024 2.013 2.016 2.004 2.015 2.007 2.015 2.024 2.015 1.974 2.000 2.000
Sum tet 0.994 0.988 0.993 0.992 0.998 0.992 0.996 0.991 0.988 0.992 1.013 1.000 1.000

Total 3.005 3.012 3.006 3.007 3.002 3.007 3.003 3.006 3.012 3.007 2.987 3.000 3.000
Foa 0.34 0.097 0.08 0.002 0.40 0.40 0.006 0.39 0.65 0.268 0.56 0.62 0.048 0.69 0.089 0.001 0.91 0.01 0.00

a Mn2+ included with Fe2+ when calculating Fo, Fo = Mg/(Mg + Fe + Mn) molar · 100.
b MgO not reported in published analysis, value from in-house analyses.
c All Fe assumed to be Fe2+.
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Fig. 1. Olivine (Pbnm) crystal structure with isolated SiO4 tetrahedra
linked by M1 and M2 octahedral cations, viewed down the a axis. Each
oxygen is linked to three octahedral cations (Mg or Fe) distorting both the
octahedra and tetrahedra. The major features of the Raman spectrum of
olivine arise from symmetric and asymmetric vibrations of the tetrahedra
whose frequencies are damped with respect to the masses of the cations
present. Structure drawing made using the Diamond� software.
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Peaks between 700 and 1100 cm�1 are attributed to the
internal stretching vibrational modes of the SiO4 ionic
group. The dominant feature of the olivine spectrum is a
doublet in this region with peaks near 820 cm�1 and
Fig. 2. Spectra of the synthetic olivine end members fayalite and
forsterite. The peak near 820 cm�1 is referred to as DB1 in the text and
the peak near 850 cm�1 is referred to as DB2.



Fig. 3. Raman spectra, 700–1000 cm�1 region, from each of the calibra-
tion samples plus LAP 02224,24.
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850 cm�1 whose relative peak heights are a function of
crystal orientation (Ishii, 1978; Chopelas, 1991). These
peaks are the most characteristic olivine peaks and are
most frequently used to identify olivine in the multi-phase
spectra from igneous materials, i.e., rocks and soils derived
from igneous rocks (Wang et al., 1995, 2004b).

Peaks in the 400–700 cm�1 spectral region result from
internal bending vibrational modes of the SiO4 ionic
groups. Peaks below 400 cm�1 are assigned to lattice
modes: rotational and translational motions of SiO4 as a
unit, and translational motions of octahedral cations
(Mg2+, Fe2+) in the crystal lattice (Chopelas, 1991). The
peaks in these two regions are normally much weaker than
those in the 700–1100 cm�1 region, and not often resolved
in multi-phase spectra from mixtures. Therefore, only the
peak positions of the doublet in the 700–1100 cm�1 region
were analyzed in this study to develop the olivine
calibration.

We address the limitations of the olivine calibration with
respect to mineral zoning, signal-to-noise ratios (since rock
spectra frequently have less than optimal S/N), and peak
resolution, which depends on relative peak heights as well
as peak separation. Because the ranges in peak position
are so broad, we refer to the shorter wavelength peak of
the olivine doublet as DB1 (doublet peak #1, the peak in
the 815–825 cm�1 region) and the longer wavelength peak
as DB2 (doublet peak #2, the peak in the 838–857 cm�1 re-
gion) to discuss variations in the spectra from fayalite to
forsterite.

The peak positions of the olivine doublet are observed
to vary with composition (Fig. 3) across the continuum
of Mg/(Mg + Fe) (Fo ranging from 0 to 100) composi-
tions, the observed range of peak positions for the DB1
peak is �10 wavenumbers: from 815.0 cm�1 in the fayalite
spectrum to 824.8 cm�1 in the forsterite spectrum. The
observed range for the DB2 peak is wider, �20 wavenum-
bers: from 837.8 cm�1 in fayalite to 856.7 cm�1 in forste-
rite. The systematic peak-position shift towards higher
wavenumbers with increasing Fo content is linked to the
decrease of atomic mass and polyhedral volume in octahe-
dral sites, and to the degree of coupling of the symmetric
and asymmetric stretching vibrational modes of SiO4

groups. Fig. 4a shows the linear trends of the DB1 and
DB2 peak positions varying as a function of the atomic
masses of the octahedral cations (expressed as 1/

p
M,

where M is calculated from the averaged cation propor-
tions of the calibration data set in Table 2 weighted accord-
ing to their atomic masses). Fig. 4b shows the same trend
for the full data set. Together, these trends are the scientific
basis for developing the olivine calibration.

Doublets from Fe-rich olivine (Fo<50) are less well re-
solved than those of magnesian olivine and the DB2 peak
often appears as a shoulder of the DB1 peak. The poorer
resolution of the doublet is due to both the broader peak
widths and the intrinsically smaller separation of the dou-
blet peaks in fayalite (which results from the less distorted
SiO4 tetrahedra and the greater similarity of the M1 and
M2 octahedra in fayalite). The average peak widths
(HHFW—half height full width) of the synthetic Fayalite



Fig. 4. Correlation of the DB1 and DB2 peak positions versus the reduced
mass of Chopelas (1991) = 1/

p
M, where M is the averaged cation mass.

The reduced mass was calculated from the cation compositions deter-
mined by EMPA for the calibration data set and the full data set. The
cation data of the calibration data set is provided in Table 2 and includes
the cations Fe, Mg, Mn, Ca, Ni, Cr, and Ti.
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203 doublets included in the calibration data set are:
HHFWDB1 = 16.5 ± 0.1 cm�1 and HHFWDB2 = 34.8 ±
0.5 cm�1; and those of Forsterite 204 are: HHFWDB1 =
12.77 ± 0.02 cm�1 and HHFWDB2 = 12.74 ± 0.03 cm�1.
Likewise, the average peak separation of the Fa 203
doublet is �23.8 ± 0.5 cm�1 and that of Fo 204 is
�31.99 ± 0.01 cm�1. As such, the uncertainty in the peak
positions using spectral curve fitting procedures is larger
for Fe-rich olivine (see standard deviations in Table 3). Be-
cause the doublet is actually composed of several peaks, it
is imperative that an instrument with good spectral resolu-
tion (5–7 cm�1) be used to gather remote data so that the
DB1 and DB2 peak positions may be adequately estimated.

Studies using polarized Raman measurements indicate
that five vibrational modes (2Ag + 2B1g + B2g) contribute
to the peaks of the doublet (Ishii, 1978; Price et al., 1987;
Chopelas, 1991). Considering the peak positions of the
modes present and their intensities under different polariza-
tion conditions, we conclude that the dominant modes con-
tributing to the olivine doublets observed in unpolarized
spectra are the Ag modes. Contributions from the B1g

and B2g modes are much smaller but may influence the
peak shapes and relative intensities of the doublet and have
a minor effect on the peak positions determined by spectral
deconvolution.

Davydov coupling of the symmetric stretching (m1) and
asymmetric stretching (m3) vibrational modes of SiO4 tetra-
hedra in the olivine structure has been extensively modeled
and tested (Piriou and McMillan, 1983; Lam et al., 1990;
Mohanan et al., 1993). An in-depth review of these
hypotheses or follow-up of this discussion is beyond the
scope of this study, however, a commonly accepted concept
is that both DB1 and DB2 peaks result from coupled m1

and m3 modes, and that the degree of coupling is related
to the size of the M1 and M2 cations (Piriou and McMil-
lan, 1983). Specifically, the more similar the M1 and M2
octahedra are in size and shape, the less the SiO4 tetrahedra
are distorted and the less the m1 and m3 modes are coupled.
For example, the M1 and M2 octahedra of c-Ca2SiO4 are
even more alike (Quadratic Elongation 1.0062, Angle Var-
iance 27.2, Smyth and Bish, 1988) than that of fayalite be-
cause the SiO4 tetrahedra are less distorted by the large
Ca2+ cation (radius = 1.08 Å for sixfold coordination,
Whittaker and Muntus, 1970), which further reduces the
degree of m1 and m3 coupling. The pair-potential model of
Lam et al. (1990) suggests that inter-tetrahedral O–O and
Si–O Coulomb (repulsive) interactions in orthosilicates
may also influence m1 and m3 mixing and that the influence
of these forces is greater on forsterite because the tetrahe-
dra are more skewed by the smaller cation sizes. On the ba-
sis of this reasoning and the discussion above on the
structural details of forsterite and fayalite, we assume that
contributions from the m1 and m3 modes vary with the Mg/
(Mg + Fe) ratio for both peaks.

A strong, broad peak at 835 cm�1 was observed by
Chopelas (1991) in the polarized spectrum of synthetic
fayalite. This peak was not assigned to a fundamental
vibration mode as it is too broad and lacks analogous
peaks in other olivine group minerals, but was tentatively
related to the Fe3+ content in fayalite (0.27–0.86% Fe3+,
Finch et al., 1980), while 840 cm�1 was assigned as the low-
er limit (e.g., fayalite) for the DB2 peak (the lowest DB2
peak position in our full data set is 836.6 cm�1). Complica-
tions with the DB2 peak assignment and estimating the
Mg/(Mg + Fe) ratio of Fe-rich olivine are considered
below in the discussion of the calibration.

4. Development and testing of calibrations for Mg–Fe olivine

4.1. ‘‘Calibration’’ vs. ‘‘full’’ data sets

The data used to create and test the calibration were
carefully screened from all the paired Raman and EMP
analyses on the eight calibration samples (all of the samples
listed in Table 1 except LAP and Finch-Robie). The ‘‘full’’
data set, used to evaluate the calibration, includes only
those data pairs having EMP totals between 99 and 101
wt%, good stoichiometry, and good resolution of both
the DB1 and DB2 Raman peaks. The full data set includes
83 paired data points from the eight calibration samples
plus three additional data pairs from a ninth sample,
LAP 02224,24. Raman spectra having one peak of the oliv-
ine doublet present as only a shoulder of the other peak
(usually the DB2 peak as a shoulder of the DB1 peak in
the ferroan samples, Fo<50) were excluded because the
curve-fit data from these spectra appear to underestimate



Fig. 5. Single-peak calibration curves created from just the (a) DB1 and
(b) DB2 peak positions of the calibration data set with the corresponding
Fo values determined by EMPA at the same locations.
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the DB2 peak positions. The peaks of the doublet are
broader in iron-rich olivine and the DB2 peak less well re-
solved, so a spread of DB2 peak positions was observed in
olivine with Fo<50, even in the samples whose correspond-
ing EMP data indicated little or no compositional variation
(see standard deviations in Table 2).

We averaged the Raman and EMP data from all of the
points used in the full data set to create the ‘‘calibration’’
data set (excluding LAP 02224,24). This was done to
account for the spread in the observed DB2 peak positions
of the ferroan samples and to ensure an even weighting
across the range of compositions (culling of the data left
the ‘‘full’’ data set with more Mg- than Fe-olivine data
points). Seven of the data points in the ‘‘calibration’’ data
set represent such averaged Raman and EMP data. Only
one spectrum was available from the Twin Sisters dunite
and was used by itself in both the full and calibration data
sets. The calibration data set also includes the Hortonolite
data pairs with the highest and lowest DB2 Raman shifts
(because this sample had a relatively wide range of DB2
peak positions, although it is unzoned) and the data pairs
from the EETA 79001 (xenocrysts zoned only at their
rims) with the highest (core) and lowest (rim) Fo values
by EMPA. This resulted in a total of 12 averaged EMP
and Raman data pairs that were used to create the
calibration. The Fo values of these data points are given
in Table 2 and their Raman peak positions provided in
Table 3.

The calibration data set was used to create and compare
potential olivine calibrations from (1) only the DB1 peak
positions, (2) only the DB2 peak positions, and (3) the
DB1 and DB2 peaks together. The single-peak calibrations
represent the best-fit curves to the calibration data set and
the best-fit paraboloid for the two-peak calibration. The
calibrations are assessed by plotting the Raman-derived
Fo contents (calculated from the peak positions of the cal-
ibration data set with the respective calibration equation)
against the Fo values determined by EMPA and gauging
their overall accuracy in terms of which regression line pro-
duces the slope and R2 values closest to one. The modeled
Fo contents of the full data set are then plotted against
their corresponding EMP-derived Fo values and used to
evaluate the quality of the fit of each calibration across
the spectrum of olivine compositions. We discuss and
compare the single-peak calibrations first, then discuss
the two-peak calibration and compare it to the single-peak
calibrations. Then we discuss the limitations of the two-
peak calibration with respect to mineral zoning and peak
resolution. Last, we apply the calibration to a set of spectra
from a Raman point-count having less than optimal S/N
ratios acquired from two samples of the martian meteorite
EETA 79001.

4.2. Calibrations using only one peak of the olivine doublet

Using the twelve data pairs of the calibration data set,
we derived a calibration equation to calculate the
Mg/(Mg + Fe) ratio using only the DB1 peak position,
and a similar equation using only the DB2 peak. Both
equations have the form of a parabola (shown in Figs. 5a
and b) whose coefficients are listed in Table 4:

FoðDB1Þ ¼ y1 þ a1x1 þ b1x2
1 ð1Þ

FoðDB2Þ ¼ y2 þ a2x2 þ b2x2
2 ð2Þ

where xi refers to the set of peak positions used (either DB1
or DB2) in the calibration, yi is the intercept, and ai and bi

are coefficients. Both the DB1 and DB2 peak positions in-
crease in wavenumber as the Fo content increases. The
DB2 single-peak calibration is nearly linear over the ob-
served range of peak positions but the DB1 calibration is
curved. Guyot et al. (1986) and Chopelas (1991) both indi-
cate that the component frequencies of the doublet vary
linearly according to 1/

p
M, where M is the average cation

mass (simple harmonic oscillator model). In Fig. 4, the
DB1 and DB2 peak positions are plotted against 1/

p
M

calculated from the EMP cation data of Table 2, these
plots are linear and demonstrate that atomic mass is the
major factor causing the DB1 and DB2 peak position
shifts. It is possible that the curvature of the DB1 calibra-
tion in Fig. 5a results from a change in the degree of cou-
pling of the m1 and m3 modes with composition.

Chopelas (1991) suggests that the symmetric stretching
frequency m1 should vary less with composition and Price
et al. (1987) use their THB (three-body) potential model
to predict the DB1 peak to have more m1 character than



Table 4
Intercepts and coefficients for Eqs. (1)–(4)

Equation (i) yi ai bi ci di

1 �484679.045145550 1172.7260643126 �0.70922596841326
2 �38847.125692649 86.908635300809 �0.04838169365694
3 �206232.988995287 80.190397775029 399.350231139156 �0.0424363912074934 �0.2357973451030880
4 14083.389163575 �31.7969815694767 0.01905011147407
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the DB2 peak in forsterite. These statements agree with our
observation that the DB1 peak positions vary less
(D � 10 cm�1) across the forsterite–fayalite compositional
range than the DB2 peak positions (D � 20 cm�1).

4.3. Comparison of the single-peak calibrations

To evaluate and compare the accuracy and precision of
the Fo values calculated from the two single-peak calibra-
tion equations (Eqs. (1) and (2)), we plotted the Fo values
determined by EMPA against those calculated from the
DB1 and DB2 Raman peak positions with their respective
equations. First, the calibration data set is used to gauge
the accuracy of the single-peak calibrations (Figs. 6a and
Fig. 6. Forsterite values derived from the DB1 (a and c) and DB2 (b and d) sin
the calibration (a and b) and full (c and d) data sets. Solid black lines: linear reg
values of the three data points from the strongly zoned olivine of LAP 02224,24
are labeled in (c and d).
b), then the full data set is used to gauge precision across
the range of compositions (Figs. 6c and d).

The DB2 peak has a wider range of observed peak posi-
tions (�20 cm�1) from fayalite to forsterite than the DB1
peak (�10 cm�1) and was expected to give a tighter corre-
lation to the Fo values. However, scatter in the observed
DB2 peak positions (Fig. 6b) below Fo50 limits the accura-
cy of this single-peak calibration for Fe-rich compositions.
As a result, the Fo values based on the DB1 data in Fig. 6a
are slightly less scattered, R2 = 0.988, than those based on
DB2 data in Fig. 6b, R2 = 0.981. The slopes of the regres-
sion lines are 1.07 and 0.98, respectively. Only the Horton-
olite data point representing the highest DB2 peak position
falls outside the 99% confidence intervals in Fig. 6a, with a
gle-peak calibrations plotted against the Fo data determined by EMPA for
ressions, solid gray lines: 99% confidence intervals. The Raman derived Fo
in the full data set are underestimated by both single-peak calibrations and
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discrepancy of �10.3 Fo units between that measured by
EMPA and that predicted by the DB1 single-peak calibra-
tion. Otherwise, all of the DB1-predicted values are within
Fo ±7. Two data points fall outside the 99% confidence
intervals in Fig. 6b (DB2 single-peak calibration): Fa 203
and the Hortonolite data point representing the lowest
DB2 peak position. The Fo contents predicted by the
DB2 single-peak calibration for these points differ by 10.1
and 6.6 Fo units, respectively, from that measured by
EMPA. The 99% confidence intervals are tightest for inter-
mediate compositions for both calibrations and are slightly
narrower for the DB1 calibration (Fig. 6a) than for the
DB2 calibration (Fig. 6b).

The error bars shown in Figs. 6a and b for the EMP
data are the standard deviations of the Fo values of the
analyses used in the averaged data set (see Table 2). The er-
ror bars for the Raman-derived Fo values were determined
by error propagation from the standard deviation of the
curve-fit Raman peak positions for all of the samples from
which multiple spectra were available. If only a single spec-
trum was available we used replicate curve-fitting analyses
to provide error estimates for the peak positions. Such was
the case for the Twin Sisters Dunite, the Hortonolite spec-
tra with the maximum and minimum DB2 peak positions,
and the EETA data points with the maximum and mini-
mum Fo values. These error estimates are smaller than
those determined from multiple spectra (see Table 3). The
error bars are less than or equal to the size of the symbols
used for most data points. The average EETA 79001 data
point has error bars larger than its symbol in both Figs. 6a
and b, which reflects zoning at the rims of these xenocrysts.
The average Hortonolite data point has larger error bars
for its Raman-derived Fo values than either of the upper
or lower DB2 points because the standard deviation of
the average DB2 peak position is larger than that deter-
mined for the single peaks. Fayalite 203 and Forsyth have
larger error bars for their DB2-predicted Fo values than
their DB1-predicted Fo values because the standard devia-
tions of the DB2 peak positions are larger.

When the Raman-derived Fo values of the full data set
are plotted against the Fo values from EMP analyses, we
find that the DB1 calibration (Fig. 6c, slope = 0.944,
R2 = 0.985) is generally better for fayalitic compositions,
whereas the DB2 calibration (Fig. 6d, slope = 0.925,
R2 = 0.972) is better for intermediate and forsteritic
compositions. There is considerably more scatter in the
Fo50–100 range when using the DB1 calibration where most
common olivine compositions occur, but the DB2 peak cal-
ibration has even larger deviations for fayalitic composi-
tions (discrepancies of up to 15.5 Fo units between the
EMP and Raman-derived Fo values), which are important
for understanding late-stage cooling in igneous rocks. The
predicted Fo values of some Hortonolite points are under-
estimated and fall outside the 99% confidence intervals in
both Figs. 6c and d. Three Hortonolite points are underes-
timated by 10–14 Fo units in Fig. 6c (points having DB1
peak positions <816.7 cm�1) but the rest are predicted val-
ues to within Fo ± 3.1 (data with DB1 peak positions of
817.0 and 817.1 cm�1). The same three Hortonolite points
are slightly overestimated (�2 Fo units) by the DB2 single-
peak calibration. The other points (having DB2 peak posi-
tions between 842.8 and 843.1 cm�1) fall outside the 99%
confidence interval in Fig. 6d and are underestimated but
are all within Fo ± 7 of their EMP values.

These discrepancies occur because a range of DB2 peak
positions are observed in the spectra of Fe-rich samples
(Fo<50), even those whose EMP data indicate little, if any,
compositional variation (see standard deviations in Table
2). The two clusters of data points indicate difficulties with
the curve-fit peak positions of the Hortonolite spectra. The
DB1 single-peak calibration is more accurate for predicting
the compositions of fayalite and appears to be more accurate
for Fo10–50 compositions, as well, since it predicts the LAP
02224,24 compositions better (Figs. 6c and d). The DB1 peak
is the taller of the two peaks in all of these spectra so its curve-
fit peak positions are probably the more accurate. Because
neither single-peak calibration is useful for all olivine com-
positions and because curve-fitting issues may arise in ferro-
an olivine, a calibration using both peak positions of the
olivine doublet is desirable to minimize errors across the
Mg/(Mg + Fe) spectrum.

It is possible that the DB2 peak positions of the ferroan
samples include contributions from additional vibrational
modes. Chopelas (1991) observed two broad features in
the Ag symmetry (one occurring near 835 cm�1) of a syn-
thetic fayalite that are not fundamental modes; she attrib-
uted these to the presence of Fe3+ in the sample.
Interference of such a feature with the DB2 peak (whose
lower limit is estimated to be �840 cm�1, Chopelas,
1991) could hinder curve-fitting results and influence the in-
ferred range of DB2 peak positions in fayalite. We discuss
the potential presence and influence of Fe3+ in our data set
after presenting the two-peak calibration.

The error bars used for the individual EMP data points
in Figs. 6c and d were determined by averaging the stan-
dard deviations from three EMP analyses on each of the
synthetic fayalite and forsterite and assuming this to be
representative of all EMP analyses. The error bars used
for the Raman-derived Fo values are based on ten replicate
curve-fitting analyses of a single spectrum from each sam-
ple and assuming these to be representative of all spectra
from the same sample. Again, the error bars are compara-
ble to the size of the symbol used.

4.4. Calibration using both peaks of the olivine doublet

The twelve data pairs (Tables 2 and 3) were used to de-
rive a calibration equation that depends on both the DB1
and DB2 peak positions. This calibration equation repre-
sents a best-fit paraboloid to the twelve points shown in
the three-dimensional plot, Fig. 7a. The paraboloid is
shown in Fig. 7b and has the form:

FoðDB1 & DB2Þ ¼ y3 þ a3x1 þ b3x2 þ c3x2
1 þ d3x2

2 ð3Þ



Fig. 7. Three-dimensional plots of (a) the calibration data set (DB1, DB2 and Fo values) determined from co-registered Raman spectra and EMPA data,
where Fo = Mg/(Mg + Fe + Mn), molar ratio. The two-peak calibration, shown in Fig. 8, was created by projecting solutions of (b) the best-fit
paraboloid (Eq. (3)) onto the plane of the DB1 and DB2 peak positions.
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where x1 is the DB1 peak position, x2 is the DB2 peak
position, y3 is the intercept, and a3, b3, c3, and d3 are
the coefficients listed in Table 4. A two-dimensional pro-
jection, shown in Fig. 8a, was generated as a simplifica-
tion of the three-dimensional plot, made by projecting
the data points in Fig. 7a onto the plane of DB1 vs.
DB2 peak positions. The central solid curved line of
the two-peak calibration diagram is the best-fit parabola
to these data points and is represented by an equation of
the form:
DB1 peak position ¼ x1 ¼ y4 þ a4x2 þ b4x2
2 ð4Þ

where x2 is the DB2 peak position, y4 is the intercept, and
a4 and b4 are the coefficients given in Table 4. The Fo value
‘‘contours’’ (dashed lines) were made by projecting solu-
tions to the paraboloid (Eq. (3)) onto the plane of DB1
and DB2 peak positions. The points where these divisions
intersect the best-fit curve were located using Eqs. (3) and
(4) in combination to find the points on the curve where
Fo = 10, 20, etc.



Fig. 9. (a) Forsterite values derived from the two-peak calibration vs. those determined by EMPA for the calibration data set and (b) the full data set
(including LAP 02224,24). Solid black lines: linear regressions, solid gray lines: 99% confidence intervals. Data points from EETA 79001, NWA 773, and
LAP 02224,24 are labeled for reference in (b), see text for discussion.

Fig. 8. (a) Two-peak calibration made by projecting the peak positions of the calibration data set onto the plane of DB1 and DB2 peak positions, and
finding the best-fit parabola. (b) Two-peak calibration with full data set plus LAP 02224,24 and the Finch-Robie sample. Note the spread in DB2 peak
positions for all samples with Fo<50, see text for discussion.
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Fig. 10. Spectrum of laihunite, a monoclinic mineral with a composition
similar to fayalite but containing significant Fe3+.
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4.5. Evaluation of the two-peak calibration

The Raman peak positions of the calibration data set
are plotted on the two-peak calibration in Fig. 8a and
are generally observed to fall along the central, solid curve
except the three Hortonolite points that appear to straddle
it. The full data set is shown in Fig. 8b (including LAP
02224,24) where a little more scatter is apparent. Scatter
in the EETA data points (Fo55–70) can be attributed to zon-
ing at the rims of the olivine xenocrysts, but 1.5–2 cm�1 of
scatter is apparent in the DB2 peak positions of the chem-
ically homogeneous ferroan olivine (both synthetic faya-
lites, Forsyth, and Hortonolite). The Fayalite 203 data
distribution is smooth but the Hortonolite data fall into
two clusters on either side of the central curve and one of
the two Forsyth Iron Mine (Fo10) data points has a DB2
peak position of 836.6 cm�1—lower than all of the synthet-
ic fayalite points, whose DB2 peaks range down to
838.1 cm�1.

The DB1 and DB2 peak positions of the calibration
data set were used with Eq. (3) to find the Fo values pre-
dicted by the two-peak calibration and plotted against
the Fo values of the corresponding EMP data. The
regression shown in Fig. 9a approximates a 1:1 correla-
tion better than either single-peak calibration
(slope = 0.995 and R2 = 0.994). The data are less scat-
tered and have narrower 99% confidence intervals, imply-
ing a tighter correlation with the calibration data set.
Likewise, the Raman-derived Fo values of the full data
set are plotted against their corresponding EMP Fo val-
ues in Fig. 9b; the R2 (=0.985) is closer to 1 than either
of its single-peak counterparts and the slope slightly less
than 1. There is more scatter in the Fo50–100 range of the
full data set in Fig. 9b than that of the DB2 single-peak
calibration of Fig. 6d (Eq. (2)), but less than that using
the DB1 single-peak calibration in Fig. 6c (Eq. (1)).
Deviations still occur at fayalitic compositions in
Fig. 9b but are comparable to those of the DB1 single-
peak calibration and less than those of the DB2 single-
peak calibration. Most of the predicted values are within
±10 Fo units of their EMP values; only one Fa 203 and
two LAP 02224,24 data points (discussed later), fall out-
side this range, illustrating that it is possible to use the
two-peak calibration to estimate the compositions of
unoriented olivine, including fayalite, from their Raman
peak positions (even spectra collected using an unpolar-
ized laser) within Fo ± 10.

As in Figs. 6a and b, the error bars used for the EMP
data in Fig. 9a are the standard deviations of the electron
microprobe analyses used in the calibration data set. In
Fig. 9b, the error bars of the EMP data are the averaged
standard deviations of three analyses on each of the syn-
thetic fayalite and forsterite. Likewise, the error bars on
the Raman-derived Fo values in Figs. 10a and b come from
the standard deviations of the peak positions wherever
multiple spectra are used and from replicate curve-fitting
analyses for single spectra.
4.6. Variability of DB2 peak positions and spectral resolution

requirements for planetary surface investigations of ferroan

olivine

A range of DB2 peak positions is apparent for the ferro-
an samples in Fig. 8b but these data do not represent the
full range of DB2 peak positions observed in all of the data
we collected. In the process of reviewing the data, spectra
were discovered for which the curve-fitting routine ap-
peared to underestimate the DB2 peak positions (data
excluded from both the calibration and full data sets). This
occurred with spectra from fayalitic samples whose DB2
peak height was only half that of the DB1 peak and hence
appears as only a shoulder of that peak. The presence of
the DB2 peak as only a shoulder of the DB1 peak formed
the criteria for the removal of spectra from the data sets
(instead of selecting an arbitrary cut-off peak position)
and describes the majority of the data collected from the
Forsyth and Finch-Robie fayalite (27 of 30 and 19 of 31
spectra, respectively) but only 5 of 20 spectra from Fayalite
203, despite analyzing the samples at multiple orientations.
A range of DB2 peak positions is also observed in the Hor-
tonolite spectra but all of its DB2 peak positions are
>840 cm�1 and sufficiently resolved, so that none were
excluded from the full data set.

We attribute the range in DB2 peak positions to contri-
butions from the 835 cm�1 feature observed by Chopelas
(1991). The DB2 peak positions used to create the calibra-
tion range down to 836.6 cm�1, below the estimated lower
DB2 limit of Chopelas (1991), <840 cm�1, but the excluded
data have DB2 peak positions that range almost 1.5 cm�1

lower, down to 835.2 cm�1. The spectral resolution of
our laboratory system (HoloLab 5000�) is 6.2 cm�1 and
that of the Mars Microbeam Raman Spectrometer
(MMRS) brassboard is 8–9 cm�1 (Wang et al., 2003b).
Considering that the calibration spectra were collected in
the laboratory, have good signal-to noise ratios (S/N)
and that data collected from Raman point counts on rough
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rock surfaces will typically have lower S/N ratios, good
spectral resolution (5–7 cm�1) will be key to ensuring reli-
able Fo estimates for remotely analyzed Fe-rich olivine,
especially fayalite.

As mentioned previously, the 835 cm�1 feature has been
attributed to the presence of Fe3+ (Chopelas, 1991). The
Finch-Robie sample contains <1% Fe3+ and is the fayalite
for which the 835 cm�1 feature was first reported (Finch
et al., 1980; Chopelas, 1991). Imperfections noted in the
Finch-Robie olivine include evidence for cellular growth,
prominent voids, and magnetite and Fe-Si inclusions
(Finch et al., 1980). Magnetite and OH peaks appear in
both of the Forsyth spectra included in the full data set.
Two of the sixteen Hortonolite spectra also have small
magnetite peaks, and five contain weak OH peaks. Both
the magnetite and OH peaks imply oxidation of the For-
syth and Hortonolite samples so the potential influence
of Fe3+ in these samples needs to be considered as well.
However, none of the spectra acquired from the synthetic
Finch-Robie sample contain magnetite or OH peaks, nor
do the spectra from the synthetic Fa 203, which should
not contain any Fe3+ and does not contain any magnetite
inclusions. Nevertheless, a range in DB2 peak positions
was observed in all four samples. We, therefore, question
whether this feature is attributable to Fe3+ but explore sub-
stitution by Fe3+ as well as other potential sources (Mn
substitution, presence of OH) for the range of DB2 peak
positions.

The radius of (VI)Fe3+ (0.73 Å, high spin) is smaller
than that of (VI)Fe2+ (0.86 Å, high spin, Whittaker and
Muntus, 1970) so very little Fe3+ should occur in the crys-
tal structure of primary olivine. Laihunite is a mineral
with the composition of fayalite that contains significant
Fe3+; it has a monoclinic structure and a very different
Raman spectrum (Fig. 10). In comparison to the olivine
structure, Fe3+ in laihunite is partitioned into M2 sites
and Fe2+ into M1 sites with vacancies occurring in alter-
nate rows parallel to (001) for charge balancing (Dyar
et al., 1998). Solid solutions between laihunite and fayalite
are loosely referred to as ‘‘ferrifayalite’’ while the terms
‘‘ferriolivine’’ and ‘‘oxidized olivine’’ are used to describe
olivine structures that contain inter-layered phases such
as magnesioferrite and magnetite (Khisina et al., 1995),
hematite and amorphous silica (Ishii et al., 1997), or hu-
mite-like layers (Kitamura et al., 1984). The difference in
the radii of (VI)Fe2+ and (VI)Fe3+ is 0.13 Å, twice that of
(VI)Fe2+ and (VI)Mg2+, 0.06 Å. The resulting distortion of
the M1 and M2 octahedra, would hypothetically produce
an increased coupling of modes in Fe3+ bearing olivine,
and have a greater effect on the asymmetric stretching
(m3) vibrational modes and the DB2 peak positions. How-
ever, the EMP totals from the Forsyth and Hortonolite
olivine are good and the stoichiometry indicates no need
for including Fe3+ in the calculation of their cation pro-
portions. Therefore, we assume that only minor Fe3+ is
present in these olivine, despite the magnetite and OH
peaks.
The Forsyth sample contains almost 1 wt% MnO and
the Hortonolite about half that. The ionic radius of
(VI)Mn2+ = 0.91 Å (high spin) is slightly larger than that
of (VI)Fe2+ (Whittaker and Muntus, 1970) but their atom-
ic weights differ by only 1.1 amu and their charges and
ionic potentials are also similar. Burns and Huggins
(1972) demonstrated that the four infrared bands that
vary with composition across the forsterite–fayalite series
vary less across the fayalite–tephroite series (having
monotonic downshifts of 1, 5, 12, and 11 cm�1) and Coo-
ney and Sharma (1990, Table 3, band 2) showed that the
variation in Raman peak positions across the breadth of
forsterite–tephroite glass compositions is equivalent to
that observed for glasses of forsteritic to fayalitic compo-
sitions. We therefore expect that Mn substitution of less
than a few wt% will have little influence on the Raman
peak positions, perhaps a few tenths of a wavenumber.
Note: Mn2+ substitutes readily for Fe2+ and was included
in the calculation of the Fo values from the EMP data;
the Fo values of all samples changed by less than 1.5%
relative to the Fo values determined without the Mn, such
that all values in Table 2 changed by <0.005. The largest
changes are observed in the Forsyth and Hortonolite sam-
ples, 1.3% and 0.8%, respectively. Substitution by greater
proportions of Mn2+ could potentially cause anomalously
low peak positions but Ca2+ substitution (Ca also prefers
M2 sites) would be expected to have a larger effect owing
to its smaller mass and larger cation size (1.08 Å, Whit-
taker and Muntus, 1970). The Finch-Robie sample con-
tains <10 ppm Mn (Finch et al., 1980) and our EMP
data indicate that the synthetic Fa 203 contains
<0.1 wt% MnO, so Mn substitution also appears to be
an unsatisfactory explanation for the 835 cm�1 feature.

The Forsyth spectra contain solitary OH peaks occur-
ring between 3620 and 3630 cm�1; the Hortonolite spectra
have more variable peak patterns and peak positions but
the OH peaks generally occur in the same region as those
of the Forsyth sample: 3600–3700 cm�1. None of the spec-
tra from the Fa 203 and Finch-Robie samples contain OH
peaks, nor has either of these two synthetic samples been
reported to contain OH, so we similarly disregard the pres-
ence of OH as the source of the 835 cm�1 feature.

The range of DB2 peak positions (1.5 cm�1) shown for
Fa 203 in Fig. 8b is interpreted to result from imprecision
in the curve-fitting results of the overlapping peaks of the
doublet, with possible contributions from a feature at
835 cm�1. The observed range of DB2 peak positions for
the Finch-Robie sample is slightly wider (2.3 cm�1) than
that of the Fa 203 while the Hortonolite and Forsyth rang-
es are comparable (1.6 and 1.7 cm�1, respectively). We pre-
sume that removal of the data points having
underestimated DB2 peak positions remediated some of
the contributions of the 835 cm�1 feature from the calibra-
tion data, but regard the apparent influence of this feature
in all four of the ferroan samples reviewed here as an indi-
cation of its commonality in the spectra of ferroan olivine.
The collective properties of the synthetic Fa 203, Forsyth,



Fig. 11. The signal-to-noise (S/N) ratios of spectra acquired during a
point count can range from strong to poor. Shown here are three spectra
from rock chips of EETA 79001,482 demonstrating the range of S/N
ratios of the olivine doublets used in the discussion. Asterisks indicate
peaks belonging to pyroxene.
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Hortonolite, and Finch-Robie samples contraindicate the
presence of Fe3+, Mn, and OH as the potential source of
this feature but we did not identify any other common fea-
ture among the four Fe-rich samples to suggest as an alter-
nate explanation. On the basis of this discussion, we
propose that use of the two-peak calibration be restricted
to curve-fit data whose DB2 peak positions are >837 cm�1.

4.7. Tolerance of the olivine calibration to mineral zoning

Olivine grains in the lunar meteorite LAP 02224,24 are
strongly zoned in chemical composition. EMPA indicates
zoning from Fo26 to Fo46 within 75 lm in LAP 02224,24,
which equates to zoning of �2 Fo units within the diameter
of the Raman excitation laser beam, when it is in focus.
Two of the points from LAP 02224,24 deviate from the
regression line in Fig. 9b. Deviation is partly attributed
to the different compositions ‘‘seen’’ by the two techniques
in samples zoned on a fine scale (relative to the scale of the
area being analyzed). Zoning on a fine scale, however, also
produces spectra with broader and less well-resolved peaks
due to the overlapping of mode frequencies and introduces
short-range translational disorder in the framework of the
olivine structure. Translational disorder produces variable
peak shifts and broader peaks, which influence the accura-
cy of the Raman-derived Fo values. The calibration pre-
dicts the composition of one LAP data point to within 3
Fo units of the EMP-derived value (an underestimate)
but was less accurate with the other two points, whose Ra-
man-derived Fo values are �10–11 Fo units less than those
determined by EMPA.

Olivine xenocrysts in martian meteorite EETA
79001,530 are compositionally zoned at their rims (from
Fo60–80) and have broader DB1 and DB2 Raman peaks
that are also less well-resolved. The EETA 79001,530 data
in Fig. 9b scatter more than the NWA 773 olivine, which
are similar in composition. Zoning occurs over a wider dis-
tance in EETA 79001, �400 lm, equating to �0.4 Fo units
in the diameter of the Raman excitation laser beam, in fo-
cus. All of the Fo values calculated from the two-peak cal-
ibration for EETA 79001,530 data are within 10 Fo units
of those measured by EMPA. These two compositionally
zoned samples (LAP 02224,24 and EETA 79001,530) help
constrain the tolerance of the two-peak calibration to
�0.5–1.0 Fo units of zoning within the diameter of the la-
ser beam (�6 lm) before the discrepancy between the Ra-
man and EMP-derived Fo values deviate more than 10 Fo
units.

5. Raman point counting of EETA 79001 rock chips—Use of

the two-peak olivine calibration with low signal-to-noise data

Of the 560 spectra collected on rock chip EETA
79001,476, 114 contain peaks belonging to olivine. Like-
wise, 72 of the 560 spectra collected from the four EETA
79001,482 rock chips contain olivine doublets. Because
the data were collected by Raman point counting, i.e.,
on rough rock surfaces, typically off-focus with multiple
mineral phases present in most spectra, the sampled vol-
umes are larger and the observed S/N ratios vary from
strong to poor (see Fig. 11). Although >99% of the spec-
tra contain peaks adequate for mineral identification
(Wang et al., 2004b), many olivine doublets are less well
resolved compared to the spectra used in the previous sec-
tions. The low S/N ratios and lower resolution introduces
uncertainties in determining the spectral peak positions
and influences the accuracy of the Raman-derived Fo
estimates.

Wang et al. (2004b) reviewed all of the Raman point
count data from these samples, and demonstrated how
to distinguish related lithologies and extract petrographic
data from mineral calibrations such as this. Our purpose
in revisiting the olivine spectra of this data set is to
gauge the amount of signal processing and the minimum
S/N ratio needed to produce reliable Fo estimates. We



Fig. 13. Histograms produced from the Fo estimates of the data set (a)
after baseline subtraction only, (b) after curve-fitting, (c) with the scattered
data points removed, and (d) substituting the Fo estimates calculated from
the DB2 single-peak calibrations for the scattered data points. The
histograms for EETA 79001,476 show a bimodal distribution of olivine
compositions but those of 79001,482 indicate a unimodal distribution,
signaling locally different cooling histories.
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also examine the low S/N doublets that scatter away
from the calibration curve and suggest how to extract
information from these spectra if the overall quality of
the Raman point count is low or the data otherwise
scant.

All of the olivine doublet data from the two EETA
79001 rock chips were plotted on the two-peak calibration
in Figs. 12a and b. The peak positions used in Fig. 12a
come from visually locating the symmetric center of the
DB1 and DB2 peaks after baseline subtraction. Fig. 12b
is the same plot using curve-fit peak positions. In both of
the plots, the majority of the data fall along the solid cen-
tral curve in the range of Fo50–85, which agrees quite well
with the published range, Fo55–81 (Steele and Smith,
1982; McSween and Jarosewich, 1983).

Histograms of the Fo values calculated from the data
shown in Figs. 12a and b are shown in Figs. 13a and b
and are generally consistent with Wang et al. (2004b),
although smaller bins are used here. Such histograms may
be used to make inferences about a sample’s cooling history
(Wang et al., 1999, 2004b). For example, the single broad
peak of Fo values in rock chip EETA 79001,482 (Fig. 13)
indicates a simple cooling history, typical of basalt, as does
the histogram of Raman-derived pyroxene ratios (Mg/
(Mg + Fe + Ca), see Fig. 7b of Wang et al., 2004b). The his-
togram made from the olivine in EETA 79001,476 has a
bimodal distribution that indicates the presence of xenocry-
stic olivine. The mode at higher Fo values (� Fo70–80) cor-
responds to the xenocrystic olivine (higher than the Mg/
(Mg + Fe + Ca) of any groundmass pyroxene) and the oliv-
ine mode at median Fo values (Fo50–60) corresponds to oliv-
ine equilibrated with the pyroxene in the surrounding
groundmass as discussed in Wang et al. (2004b).
Fig. 12. EETA 79001 rock chip data on the two-peak calibration using peak po
olivine doublets. Curve-fitting reduces the scatter in spectra with moderate to
but does not improve Fo estimates from doublets with very low signal-to-nois
Figs. 12a and b appear substantially the same, with
the majority of the data falling on the solid, central
curve and the rest scattering below it. The curve-fit data
that fall along the median curve in Fig. 12b are slightly
less scattered so curve fitting appears to have modestly
sitions (a) from baseline subtracted spectra and (b) after curve-fitting of the
strong signal-to-noise ratios (those falling along or near the central curve)
e ratios (i.e., those that scatter >2 wavenumbers away from the curve).



Table 5
Comparison of Fo values predicted by the single and two peak
calibrations for the data points that scatter in Fig. 10b

DB1
peak

DB2
peak

Predicted
Fo

Predicted
Fo

Predicted
Fo

after cf after cfa DB1 only DB2 only two-peak

EETA,476

oct2949 814.1 844.8 �13.4 43.8 10.3
oct2952 817.8 850.6 50.3 72.2 49.0
oct3075 818.9 851.5 63.3 76.4 58.5
oct3126 814.7 845.4 �1.7 46.9 17.3
oct3138 816.1 847.9 24.6 59.6 33.5
oct3238 819.7 851.7 71.8 77.1 66.7
oct3240 819.3 851.6 67.9 77.0 62.7
oct3263 819.7 851.9 71.6 78.0 66.1
oct3319 815.8 844.9 19.5 44.2 29.6
oct3322 815.9 847.8 20.5 58.8 30.9
oct3433 816.1 847.9 24.8 59.4 33.6
oct3482 819.3 852.5 67.8 80.8 60.4
oct3503 817.5 857.1 46.1 100.1 24.1
oct3505 815.3 848.2 11.0 60.8 24.8
oct3527 816.3 850.7 27.1 72.6 31.8
oct3558 813.7 845.9 �22.5 49.5 6.3

EETA,482

nov0213 818.3 850.2 56.0 70.2 54.5
nov0227 815.0 845.6 3.8 48.1 20.6
nov3008 813.1 847.9 �35.5 59.3 �0.4
nov3080 816.1 844.1 24.8 40.2 32.1
nov3083 814.0 842.0 �14.3 28.8 5.3
nov3113 818.6 851.2 59.8 75.1 55.8
nov3173 820.4 848.0 78.1 59.9 79.4

a cf, curve-fitting.
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improved the data. This improvement is more readily
apparent in the histograms of Figs. 13b, which have
sharper peaks, and reveal that the Raman-derived Fo
values of many data points decreased enough to shift
the peaks of the histograms down one bin. Curve-fitting
did not significantly decrease the scatter (neither the
number of scattered points or the extent of scattering)
in the data points that initially strayed away from the
median curve, however.

All of the data points that fall away from the median
curve in Figs. 12a and b come from olivine doublets with
low S/N ratios. Scatter is greater than that observed in
the EETA 79001,530 calibration data and may be attribut-
ed to a combination of factors including zoning, the re-
duced S/N, and poorer peak resolution of the rock chip
data. All of the scattered doublets have S/N ratios <25
for both peaks, whereas the average S/N ratio for all of
the doublets from rock chip,476 is 50 and 85 for,482 (not
all low S/N data points scatter, however). The lower S/N
and peak resolution produce larger uncertainties in the
DB1 and DB2 peak positions and explain why curve fitting
does not significantly reduce the scatter in Fig. 12b (curve-
fitting increases the scatter of two data points, see discus-
sion below). From this, we interpret that curve-fitting can
improve the accuracy of the Raman-derived Fo values
from olivine doublets with below average S/N ratios
(e.g., between 25 and 50 for this data set) but not those with
very weak doublets (<25).

One consequence of significant scatter (>1.5 cm�1

away from the central curve) is that the Raman-derived
Fo estimates of the scattered data are higher or lower
than those falling on the curve (depending on whether
they scatter above or below the central curve), and likely
in error. This is a result of how the paraboloid (Eq. (3))
projects onto the two-peak calibration, producing the
curved forsterite divisions shown in Figs. 8 and 12. We
recommend using the single-peak calibrations to reevalu-
ate the Fo content of these data points. The following
discussion of the scattered data points from EETA
79001 illustrates our reasoning for this.

Comparing the distribution of the data points in Figs.
12a and b to the histograms in Figs. 13a and b, it is
apparent that the tails of the histograms at moderate
to ferroan compositions do not correspond to data
points falling on the central curve at these values.
Although Wang et al. (2004b) cite instances of late-stage
fayalite-pyroxene-silica symplectite in thin section EETA
79001,357 and a few olivine of Fo30–40 in thin section
EETA 79001,442 by EMPA, the ferroan olivine propor-
tions indicated by the histograms in Figs. 13a and b are
due to the scattered, low S/N data points and are over-
estimated. Contextual information will aid in the assess-
ment of scattered data points in remotely acquired data
sets. For example, the coexistence of ferroan olivine with
low-Mg pyroxene and other late-stage mineral phases
found in the groundmass of the meteorite is consistent
with the interpretation of the mineral assemblage as of
a late-stage basaltic mesostasis (see Fig. 9 of Wang
et al., 2004b).

The S/N ratio of remotely analyzed samples will vary
greatly from one rock to another, depending on the surface
roughness and sample geometry. When many good olivine
spectra are available, the data points that scatter away from
the curve (or those with S/N ratios <25) may simply be re-
moved before analyzing the data further. If the olivine data
are poor or scarce, the scattered points will be more valu-
able; in which case, one can use the single-peak calibrations
to estimate the Fo contents of the scattered points.
Although both of the peak positions of a scattered data
point will probably be affected by the low S/N and poor
peak resolution, we can use the compositions of the good
data to indicate which single-peak calibration should be
used to re-evaluate the Fo contents of the scattered data.

Nearly all of the scattered EETA data points fall below
the median curve so the Raman-derived Fo values from
Eq. (3) are underestimates. Although it may not be strictly
true, we assume that the scattered data points should fall
within the same range of compositions as the good data
points, Fo50–85, compositions that the DB2 single-peak cal-
ibration is better at predicting.

A comparison of the Fo values calculated for the scat-
tered data points in Fig. 12b from the single-peak (Eq.
(1)—DB1 and Eq. (2)—DB2) and two-peak calibrations
(Eq. (3)) is presented in Table 5. The Fo values calculated
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from Eq. (1) are typically closer to those of Eq. (3) than
those from the DB2 single-peak calibration, Eq. (2). How-
ever, the DB2 single-peak calibration is more reliable for
magnesian olivine compositions and the Fo values predict-
ed by Eq. (2) are closer to the bulk of the data falling on the
central curve. Eq. (2) gives a questionable (outstanding)
estimate of Fo100 for only one spectrum—oct3503 from
rock chip,476 (see Table 5). The S/N ratio of this doublet
is one of the lowest in the data set (�2 for both peaks)
and is plausibly in error. By using thought processes such
as this we can make alternate Fo estimates of these data
points and boost the number of useful data points. Here
we have found reasonable estimates (falling within the
range of the majority of the data) for 21 of the points scat-
tering below the central curve and reduced the number of
data points to be removed from the data set to one.

Two new pairs of histograms were created for the two
rock chips; first after removing all of the data points that
scatter more than 1.5 cm�1 from the central curve
(Fig. 13c) and then after substituting the DB2 single-peak
estimates of the scattered data points for the Eq. (3) esti-
mates (Fig. 13d). The ferroan tails of a and b are lacking
in both, but Fig. 13c otherwise resembles Fig. 13b. In
Fig. 13d the scattered data points have been largely
consolidated into the Fo40–80 range and the relative bin
populations slightly modified, but the character (unimodal
vs. bimodal) of the histograms is unchanged. The degree of
modification in the bin populations will depend on the pro-
portion of scatted data points.

6. Conclusions

The two dominant Raman peaks of olivine form a dou-
blet in the region 700–1100 cm�1 whose peak positions
vary primarily as a function of Mg/(Mg + Fe) and may
be used to estimate the Fo content of the olivine. A tighter
correlation was found between the DB2 peak positions
(837.8–856.7 cm�1) and Fo values for magnesian olivine
(Fo>50), making this peak the more reliable indicator of
basaltic olivine compositions. However, a range of
DB2 peak positions is observed in iron-rich olivine
(Fo<50—see Fig. 8b), so the DB1 (815.0–824.8 cm�1) peak
positions provide a better correlation to iron-rich olivine. A
calibration that depends on both peaks of the olivine dou-
blet was created to minimize errors across the spectrum of
forsterite–fayalite compositions. This two-peak calibration
achieves a similar accuracy as the DB2 single-peak calibra-
tion for intermediate and Mg-rich olivine compositions but
overcomes its limitations for iron-rich olivine and is capa-
ble of predicting most olivine compositions to within ±10
Fo units.

Raman peaks from the two chemically zoned olivine
samples used in the study are broader than those of
the well-equilibrated samples and their Raman-derived
Fo values scatter away from the regression lines of Figs.
6 and 10 more than those of the equilibrated samples.
Compositional zoning is only a problem when it is
strong relative to the area excited by the laser beam
(�6 lm diameter) in the Raman measurement. The most
scatter we observed as the result of zoning is 1.5–2.0
wavenumbers away from the central median curve of
the two-peak calibration (in LAP 02224,24). The discrep-
ancies between the Raman-derived and EMP-derived Fo
values are 10–11 Fo units for strongly zoned samples
(e.g., zoned �2 Fo units within the diameter of the laser
beam), but within 10 Fo units for weakly zoned samples
(e.g., �0.4 Fo units within the diameter of the laser
beam). The two compositionally zoned olivine samples
help constrain the tolerance of the calibration when ap-
plied to zoned samples.

We applied the new two-peak calibration to the Ra-
man point count data of Wang et al. (2004b). These
spectra were taken on the rough rock surfaces of martian
meteorite EETA 79001 without auto-focusing so the oliv-
ine doublets have variable S/N ratios. The Fo values de-
rived from the two-peak calibration for the point count
data (Fo50–85) are in good agreement with Wang et al.
(2004b) and previously published EMP data (Fo55–81).
Data points that scatter more than 1.5 wavenumbers be-
low the central curve are from olivine doublets with low
S/N ratios (<25 for both peaks) and produce low Fo
estimates (Fo<50) that are in error. If the data set is sub-
stantial, we recommend removing data points that have
low S/N ratios and scatter >1.5 cm�1 above or below
the median curve (data from our strongly zoned sample,
LAP, scattered less than this) before making any petro-
graphic interpretations. The single-peak calibrations
may be used to revise the Fo estimates of these data
points, and are probably best interpreted in the context
of other minerals that constitute the assemblage.
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Appendix A

Fayalite 203 and Forsterite 204. The synthetic end mem-
bers, Fayalite 203 and Forsterite 204, are two of the stan-
dards used in the electron microprobe facility at
Washington University. Fayalite 203 (Fo01) is a dark, syn-
thetic grain several millimeters across (Takei, 1978), grown
in a lamp furnace heated to 1180� ± 5 �C under a con-
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trolled CO2–H2–N2 atmosphere and cooled at 400 �C/h.
Forsterite 204 (Fo100) is a synthetic, pale, green olivine that
is several millimeters in diameter (Takei and Kobayashi,
1974). This grain was grown under a continuous N2 gas
flow (congruent melting at 1890 �C) and cooled at
>300 �C/h. Synthetic forsterite crystals grown by Takei
have been used in previous Raman studies of olivine (Ishii,
1978; Guyot et al., 1986).

Forsyth iron mine. The Forsyth Iron mine occurs in a
Grenvillian metamorphic sequence. The main ore is mag-
netite, but hematite is also present along with iron-bearing
silicates such as fayalite, hypersthene, augite, grunerite, and
almandine (Hogarth, 1983). The fayalite is coarse-grained
(Fo08) and anhedral with veins of magnetite (Jambor
et al., 2002; purchased from Wards). All spectra were ac-
quired in areas away from the veins but both spectra used
in the calibration contain minor magnetite peaks.

Hortonolite. This sample is from Rustenburg, South
Africa, has a composition of Fo41 and was obtained from
the Harvard University mineral collection (#118652). The
sample likely comes from (or is related to) the rocks of
the Rustenburg Mine, Rustenburg District, Western Bush-
veld Complex, Northwest Province, South Africa. Wilson
et al. (1999) note that olivine-rich rocks occur in the foot-
wall sequences of the Union and Amandelbult mines in the
northwest portion of the Rustenburg layered suite. This
sample also contains veins of magnetite but these are thin-
ner than those of the Forsyth sample. Again, the spectra
used in the calibration were acquired away from the veins
but magnetite peaks still appear in a few spectra. Sunshine
and Pieters (1998) report a wet chemical (bulk) analysis for
a Rustenburg olivine (same Harvard number) with
�3.8 wt% Fe2O3.

Twin Sisters dunite. The Twin Sisters is a dunite massif
(Fo90–92, with minor harzburgite), exposed in the western
portion of the Cascade Mountains of Washington State
(Christensen, 2002). The dunite is porphyroclastic in tex-
ture; the olivine grains have a size range from 0.1 mm to
>2 cm and are strained and flattened with petrofabrics
characteristic of high temperatures and low strain (Chris-
tensen, 2002). Sunshine and Pieters (1998) used samples
from the Twin Sisters massif in their study of olivine reflec-
tance spectra.

Northwest Africa (NWA) 773. NWA 773 is a brecciat-
ed lunar meteorite that contains a prominent olivine-gab-
bro cumulate lithology (Fagan et al., 2003; Jolliff et al.,
2003) and a polymict breccia lithology. Only the mm sized,
subhedral to euhedral olivine grains in the cumulate lithol-
ogy are used in the present study. These olivine grains are
equilibrated and have compositions in the range of Fo64–70.
The olivine-gabbro cumulate lithology is interpreted as a
shallow intrusive on the basis of texture and mineral chem-
istry (Jolliff et al., 2003). Because this meteorite resided in a
hot desert environment on Earth, it contains intergranular
deposits of calcite precipitated from the evaporation of
ground moisture. The olivine grains within the meteorite
are unaltered and all EMP and Raman analyses were ac-
quired in unfractured areas away from any calcite. Howev-
er, calcite is commonly observed in the Raman spectra
owing to the penetration of the laser beam to grain bound-
aries beneath the surface of the sample.

Elephant Moraine 79001,530, lithology A (EETA).
EETA 79001 is a basaltic shergottite, one of the three clas-
ses of martian meteorites (S-N-C). Among the SNC mete-
orites, EETA is noted for containing two related igneous
lithologies (A and B) whose contact is gradational in thin
section and presumably igneous (Score and Reid, 1981;
Meyer, 1996). Lithology A is strongly olivine-normative
with a porphyritic texture containing composite megacrysts
of olivine, orthopyroxene, and chromite. Lithology B is
barely olivine normative and resembles the groundmass
of lithology A; but is coarser grained and more evolved
(McSween and Jarosewich, 1983). Only the olivine mega-
crysts in thin section,530 (made from one of the 4 pieces
originally allocated to us as EETA 79001,482—taken from
near the contact) were used in the calibration. These mega-
crysts have homogeneous cores but are zoned in their outer
portions and rimmed with pigeonite, suggesting disequilib-
rium with the groundmass (McSween and Jarosewich,
1983). The published range of compositions for the olivine
xenoliths is Fo55–80 (Steele and Smith, 1982; McSween and
Jarosewich, 1983; Wang et al., 2004b).

Olivine spectra from four Raman point counts on one
rock chip of EETA 79001,476 (lithology A) and from
seven traverses on four chips of EETA 79001,482 (taken
from an area near the contact between lithologies A and
B) demonstrate the use of the calibration with a lower
signal-to-noise data set similar to that anticipated from
field measurements. The laser was focused only at the
beginning of the traverses so that subsequent analyses
are slightly out of focus, with an estimated surface relief
of �1 mm (see Wang et al., 2004b for full experimental
details).

San Carlos. The San Carlos volcanic field occurs in SE
Arizona on Peridot Mesa, a Late Tertiary to Quaternary
basanite flow about 30 km east of Globe, AZ (Frey and
Prinz, 1978; Galer and O’nions, 1989). Ultramafic materi-
als (Fo91) are exposed in Peridot Canyon on the San Carlos
Indian Reservation (Frey and Prinz, 1978) where they com-
prise >50% (by volume) of the lower parts of the flow. The
San Carlos is noted for containing large, gem-quality peri-
dot. Our sample is an individual, polished olivine crystal
several mm in diameter that lacks inclusions. Guyot et al.
(1986) used Raman spectra of San Carlos olivine in their
comparison of olivine and spinel structures and Sunshine
and Pieters (1998) used a San Carlos sample in their study
of olivine reflectance spectra.

La Paz Hills 02224,24 (LAP). This sample is a lunar
meteorite and was collected from the La Paz Ice field in
Antarctica (McBride et al., 2003, 2004a,b). It is a subophit-
ic, low-Ti mare basalt dominated by pyroxene and plagio-
clase with minor olivine (modal abundance �3%) and
ilmenite. Olivine of both fayalitic (Fo1–5) and intermediate
compositions are present (cores of Fo55–65 and rims rang-
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ing from Fo20 to Fo45, Zeigler et al., 2005). The olivine
grains range up to 1 mm in size, are anhedral, and some
contain chromite and/or Cr-ulvöspinel inclusions. The
fayalite grains contain �0.8 wt% CaO and give anomalous-
ly low Raman peak positions. Thus they were not used in
this study. The olivine with intermediate compositions
are substantially zoned (our EMP analyses indicate zoning
of 20 Fo units within 75 lm) and were also omitted from
the data set used to develop the calibration equations;
but are included with the full data set to evaluate the accu-
racy of the calibration with zoned olivine.

Finch-Robie. This is a synthetic fayalite loaned to us by
Anne Hofmeister, this is the same olivine grain used in the
single-crystal IR study of Hofmeister (1987) and the single-
crystal Raman study of Chopelas (1991). This sample was
originally described by Finch et al. (1980) who note that it
contains between 0.27 and 0.86% Fe3+. No EMPA data are
available so it was not used in generating or testing the cal-
ibration but is referred to in the discussion of the
calibration.
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