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The authenticity of products labeled as virgin olive oil is of great importance from commercial and
health aspects. The combination of Fourier transform-Raman (FT-Raman) spectroscopy with
multivariate procedures has been used for predicting the level of adulteration in a set of virgin
olive oil samples that were adulterated with soybean, corn, and raw olive residue (olive pomace)
oils at 1, 5, and 10%, respectively. Six genuine virgin olive oil samples, differing in their chemical
composition, were selected from a set of 1428 European samples. The best result in prediction of
adulteration was an adjusted R2 value of 0.964, determined by regression on principal components
(PCR), giving 100% correct discrimination between genuine and adulterated samples and 91.3%
correct classifications at different adulteration levels.
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INTRODUCTION

Virgin olive oil, a gourmet oil highly prized for its
delicious flavor (Morales et al., 1995; Overton and
Manura, 1995), is sometimes adulterated with cheaper
oils by dishonest traders. Adulterants may include olive
residue and esterified virgin olive oils (IOOC, 1985;
Firestone et al., 1985) or seed oils that are locally
available and less expensive (Firestone et al., 1988;
Salivaras and McCurdy, 1992). This procedure is
harmful for emergent virgin olive oil markets whose
local consumers buy virgin olive oil for its potential
health benefits (Viola and Audisio 1987) and are sur-
prised to receive an oil that does not have these benefits
(Kafatos and Comas, 1991).
Advances in knowledge and technology have undoubt-

edly led to greater success in the fight against adultera-
tion over the years, but it is equally true that the same
advances have also been used by dishonest people to
invalidate the usefulness of official standards. Cur-
rently there is a proliferation of proposals attempting
to demonstrate that adulterants in virgin olive oil can
be easily detected (Li-Chan, 1994), though most of them
do not show any advantage over official methods (EU,
1995).
Numerous methods have been proposed, including

pyrolysis-mass spectrometry (Goodacre et al., 1992), gas
chromatography (GC)-electron ionization mass spec-
trometry (Brumley et al., 1985), 1H NMR and 13C NMR
(Zamora et al., 1994), ultraviolet (UV) spectrophotom-
etry (Passaloglou, 1990) and infrared (IR) spectroscopy
(van de Voort et al., 1992, 1994a,b; Ismail et al., 1993;
Safar et al., 1994; Sato, 1994; Lai et al., 1994; Wesley
et al., 1995). The alternative is still liquid and gas
chromatography (Gracian, 1968; Flor et al., 1993; An-

toniosi et al., 1993; Firestone, 1993), a time-consuming
technique that requires several steps to complete quan-
tification, that is the current basis of olive oil adultera-
tion standards (EU, 1995). It is accepted that chroma-
tography (HRGC-HPLC) is the most accurate technique
(Lanzón et al., 1989), though it is destructive and
laborious, uses pollutant solvents, and is inappropriate
for on-line control, a demand that is heard more and
more from farmers and cooperative societies.
The alternative to chromatography should be tech-

niques that do not use pollutant solvents, work with
intact samples, give rapid results, can detect lower
adulteration and are suitable for on-line controls. Ra-
man spectroscopy (Gerrard and Birnie, 1990; Vickers
and Mann, 1991) meets these requirements, but has
only recently, and infrequently, been applied to the
quantitative analysis of oils (Sadeghi-Jorachi et al.,
1990; Lerner et al., 1992) and authentication of certain
edible oils by their cis/trans isomer composition (Bailey
and Horvart, 1972). Dispersive raman spectroscopy had
been considered of very limited use in this field because
of fluorescence interference, photodecomposition, wave-
length calibration, lack of a precise frequency base from
scan to scan, and difficulty in attaining high-resolution
spectra (Chase, 1987).
These problems have been overcome in the Fourier

transform (FT) raman spectrometers with the use of
Michelson interferometers and microcomputers for data
processing. The most important advantage of FT-raman
for oil samples is that the spectra are fluorescence-free
because the operating frequency of the Nd:YAG laser,
(1.064 µm) is well below the threshold for fluorescence
processes caused by carotenes, which are widely present
in many virgin olive oils (Kiritsakis, 1991). These
instruments have also dramatically improved the signal-
to-noise ratio by the averaging of hundreds of scans per
sample (Wilson, 1990), higher light energy throughput
and speed of analysis (Baranska et al., 1987), superior
spectral resolution, and better wavelength calibration
(Grasseli and Bulkin, 1991), etc.
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Based on these advantages, a few relevant studies
have recently been published, such as those concerning
unsaturation in oils and margarines (Sadeghi-Jorachi
et al., 1990), authentication of certain edible oils by their
cis/trans isomer composition (Bailey and Horvart,
1972), characterization of polyunsaturation in cooking
oils (Lerner et al., 1992), and studies on the double bond
position in linseed oil during its isomerization process
(Chmielarz et al., 1995). These studies clearly state that
FT-Raman could be useful in detection of virgin olive
oil adulterations because although there are no trans-
unsaturated fatty acids in virgin olive oil, there are
trans-acids in any refined vegetable oils added in
adulteration processes.
In this paper, we describe the first application of FT-

Raman spectroscopy in the detection of virgin olive oil
adulteration. FT-Raman was calibrated with different
percentages of trilinolein added to a sample of virgin
olive oil; other genuine virgin olive oil samples were
adulterated with olive pomace, soybean, and corn oils
at percentages 1, 5, and 10%, respectively.

MATERIALS AND METHODS

Sampling. The International Olive Oil Council (IOOC,
1985) has defined and classified the different olive oil products.
Virgin olive oil is the oil obtained from the fruit of the olive
tree solely by mechanical or other physical means under
conditions that do not lead to alterations in the oil. The oil
has not undergone any treatment other than washing, decan-
tation, centrifugation, and filtration. Refined olive oil is
obtained by refining virgin olive oil under conditions that do
not lead to alteration of the initial glyceride structure. Olive
pomace oil (olive residue oil) is the oil obtained by extracting
with solvents the olive residue remaining after mechanical
extraction of the virgin olive oil and made edible by refining
methods that do not lead to alteration of the glyceride
structure.
The largest virgin olive oil database (Aparicio and Alonso,

1994) was used to select those samples of virgin olive oil, from
a set of 1428, with differing composition in chemical com-
pounds (fatty acids, triglycerides, alcohols, sterols, hydrocar-
bons, etc.). Samples were selected by the statistical multi-
variate procedure of principal components and later the set
was refined taking into account their composition in trigly-
cerides and sterols.
FT-Raman calibration was carried out with virgin olive oil

of the Coratina variety at a normal level of ripeness. Six
samples, adulterated with trilinolein 99% (Sigma Chemical
Company, Saint Louis, MO) in the range 1-10% (w/w), plus
an unadulterated control were used in this process. Six virgin
olive oils, obtained from varieties Hojiblanca (3) and Picual
(3) at a medium level of ripeness, were the genuine samples
selected. Each of these samples was adulterated with soybean,
corn, or olive pomace oils at 1, 5, or 10% (w/w), respectively.
The set consisted of 24 samples [six samples at three levels of
adulteration (1, 5, and 10%) plus six genuine samples]. The
adulterant oils, 100% purity, were selected as being charac-
teristic of low, medium and high proportion of problems in
detection of virgin olive oil adulteration.
Instruments. All the FT-Raman spectra were acquired on

a Nicolet 910 FT-Raman spectrometer (Nicolet Analytical
Instrument, Madison, WI). The nitrogen-cooled Ge detector
of the spectrometer provided a superior signal-to-noise per-
formance, allowing for reduce scan time. The 900 series
houses a continuous wave Nd:YAG laser with a TEM°° output
at 1.064 µm. The laser power is variable from zero to 1.200
mW at the focus after filtering. In this work, however, the
operating power of 500-540 mW provided the near-IR excita-
tion.
Prior to calibration or analysis, the high quality 5-mmNMR

tubes were cleaned with 1% Triton X-100 solution (Sigma
Chemical) and then by hexane and then dried. A reference
background emittance spectrum was taken of each of the clean

tubes and stored on disk, even thought their absorbance was
near zero. Approximately 1 g of each sample was introduced
into the NMR tubes. FT-Raman spectra were obtained by
placing each sample in front of the laser and focusing the Nd:
YAG laser beam into the oil. All spectra were taken in the
180° backscattering refractive geometry and passed into the
interferometer. Spectra were produced over the Raman shift
3250-100 cm-1. Typically, 100 interferograms were co-added
at 4 cm-1 resolution with a 4-min sampling time.
Individual sample emittance spectra were then recorded and

ratioed, against the reference background emittance spectrum
of the tube used, to obtain the absorbance spectra of each
sample. The tubes were cleaned after each sample by aspirat-
ing the oil from the glass, washing twice with hexane, and
wiping dry. The cleaned glass was checked spectrally to
ensure no residue of the previous sample remained on the glass
walls.
The spectrometer was coupled to a Nicolet 680D workstation

under Nicolet software, version 3.20. Binary files of the
spectral data were accessible to personal computers through
the NIC2DOS program. Spectra Calc program, version 2.2
(Galactic Industries Corp., St. Louis, MO) was used for spectra
manipulations and transformations.
Statistical Analysis. Classical multivariate procedures

were applied; they are, regression on principal components
(PCR; Martens and Næs, 1989), stepwise linear regression
analysis (SLRA) and stepwise linear discriminant analysis
(SLDA; Tabachnick and Fidell, 1983), and cluster analysis (CA;
Massart and Kaufman, 1983).
The SLDA was applied to show the wavelengths, and hence

structural groups. Adulteration is thus detected because
SLDA works with the ratio between the inter-to-intra dis-
similarities among samples belonging to each level of adul-
teration (0, 1, 5, 10%). Hierarchical CA was used to show basic
groups of adulterated samples during calibration of samples
spiked with trilinolein (LLL). The agglomerative procedure
used was Ward’s method because its criterion allows grouping
the samples so that the increase in heterogeneity is least. City-
block (Manhattan) was the distance selected as it is conceptu-
ally attractive for measurements where there are two or more
different vibrations for the same molecule.
The two regression procedures were SLRA and PCR. The

SLRA procedure yielded information about those bands ex-
plaining the percentages of adulteration or LLL added to a
genuine virgin olive oil. Bands were selected taking into
account the values of F-to-Enter and F-to-Remove of F-
distribution at p ) 0.05. The latter procedure, PCR, was
applied on the principal components selected after the cross-
validation process had been repeated 10 times.
Statistica (Statistica, 1992) and BMDP (BMDP, 1994) were

the statistical libraries selected. The former was run on a 486
DX4 computer and the latter on a DEC VAX 3200.

RESULTS AND DISCUSSION

A first-derivative mathematical treatment was ap-
plied over 15 convolution points, and the Savitsky-Golay
8-point smoothing function over the range 1250-3030
cm-1. The dataset was normalized by Z-scores (au-
toscaling). Later, information concerning the baseline
was removed from the datasets as it is not relevant to
this study. Zones of the spectra retained were 3030-
2811, 2757-2709, 1766-1722, 1679-1631, 1482-1360,
1338-1250 cm-1. The raw (a) and derivative (b) spectra
of a genuine virgin olive oil are shown in Figure 1.
Using the ratio CHISQ/DF (ratio of ø2 to number of
degree of freedom), one multivariate outlier was de-
tected and removed.
Trilinolein Addition Model. Calibration was car-

ried out with samples of genuine virgin olive oil spiked
with 99% (LLL) in the range 1-10% (w/w). The LLL is
present in virgin olive oil at trace levels; hence, the
addition of LLL emulates the adulteration of virgin olive
oil with other kinds of vegetable oil. The addition of
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LLL to a genuine virgin olive oil sample will be
expressed as adulteration percent.
Cluster analysis of the retained spectral data (Figure

2) shows two clear groups, the upper and lower 5% of
LLL addition. Beyond this distinction, the dendrogram
displays progressive differences between the spiked
samples, indicating that calibration could be linear.
Many regression procedures, from partial-least squares

to PCR, can be applied in the calibration models. In
this study, we opted for SLRA because a great part of
each spectrum does not add relevant information but,
on the contrary, the results can be disturbed with noise
information. Furthermore, there are not enough samples
to ensure that results are not attained by chance with
other statistical procedures (Tabachnick and Fidell,
1983).
The restrictive conditions imposed on the procedure,

through F-to-Enter and F-to-Remove, makes the results
sufficiently reliable, whereas the multiple regression

coefficient R2 change (Tabachnick and Fidell, 1983)
reveals the relative importance of each wavenumber
selected by difference between the adjusted R2 before
and after wavenumber selection.
The graph obtained when the laboratory values are

plotted against predicted adulteration are shown in
Figure 3. Four wavenumbers (3006, 2873, 1657, 1270
cm-1) were enough to reach an adjusted R2 of 0.998 (R2

) 0.999). However, the selection of these wavenumbers
is a mathematical compromise with respect to the other
wavenumbers inside a region. A plot of the retained
wavenumbers of the spectra against the correlation
between their intensities and the percentage of olive oil
spiked with LLL is shown in Figure 4. There are
regions whose correlation with adulteration is >0.9. The
wavenumbers selected by SLRA are inside these re-
gions, but their selection is due to mathematical criteria,
as every wavenumber inside the region is, more or less,
equally significant.
The assignments of Raman wavenumbers (Baranska

et al., 1987; Sadeghi et al., 1990; Grasseli and Bulkin,
1991; Bailey and Horvart, 1972), selected by the sta-
tistical procedure, are displayed in Table 1. The char-
acteristic 3006 cm-1 wavenumber (outside the range
3010-3020 cm-1) of unsaturated fatty acids, visible in
the spectrum of linoleic acid, is the result of symmetrical
stretching vibration in -CHdCH- (cis olefin; Safar et
al., 1994). There is high correlation (0.89-0.98) with
the percentage of LLL in this region (from 3002 to 3010
cm-1), as shown in Figure 4, and the values (Z-scored)
of wavenumber 3006 cm-1 against the percentage of
LLL added to the genuine sample are shown in Figure
5.

Figure 1. Virgin olive oil spectrum: (a, top) FT-Raman raw
spectrum; (b, bottom) FT-Raman first-derivative spectrum.

Figure 2. Cluster analysis of genuine samples (LLL ) 0.5%)
and samples spiked with trilinolein.

Figure 3. Plot of lab adulteration against predicted FT-
Raman adulteration.

Figure 4. Correlations between wavenumbers. The wave-
numbers of zones of correlation above 0.9 represent the same
information from a mathematical viewpoint.
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The selected wavenumbers agree with the chemical
structure of trilinolein (C18:2, [cis,cis]-9,12). The Ra-
man technique should thus be able to detect adultera-
tion of virgin olive oil with those vegetable oils (saf-
flower, soybean, sunflower, rapeseed, grapeseed, linseed,
etc.) containing high amounts of LLL, because the
detection level of LLL can be low enough with the
selected wavenumbers (Figure 3). However, the adul-
teration of olive oil is more complex than a simple
addition of LLL because olive oil can be adulterated with
vegetable oils LLL contents that are very low or similar
to that of the genuine product. Thus, other chemical
compounds (trans-fatty acids, hydrocarbons, sterols,
etc.) have been used in fraud detection (E.U., 1995) with
relative success. Most of these compounds are produced
during refining (Lanzón, 1990) by processes that must
not be used to produce virgin olive oil (E.U., 1991).
Virgin Olive Oil Adulteration with Pomace,

Soybean, and Corn Oils. The previous results show
the ability of the Raman technique to detect the
percentages of LLL in spiked virgin olive oil. However,
adulterations can be carried out with vegetable oils
whose amounts of LLL are very low, and the detection
of fraud by chromatography can be difficult (Proto,
1992). We selected three oils with different levels of
LLL quantified by HPLC (Dieffenbacher and Pockling-
ton, 1992) to verify the wavenumbers selected in the
previous calibration and the advantages of using supple-
mentary wavenumbers in detecting adulteration.
The same process just described was followed, except

the real percentage of LLL in the samples was taken
into account. The genuine samples (LLL ) tr., 0.08,
0.27, 0.48, and 0.49%) selected four wavenumbers (3010,
2878, 1666, 1270 cm-1), which are inside the groups
described in Figure 4 for the LLL model, reached an
adjusted R2 of 0.961. We checked the model by succes-
sively adding the samples adulterated with soybean,
which needed only three wavenumbers (3010, 2878, and

1270 cm-1) to reach an adjusted R2 of 0.92, and later
with pomace oil, with which the model reached an
adjusted R2 of only 0.86. However, values of adjusted
regression coefficient dropped abruptly (adjusted R2 )
0.63) when the samples adulterated with corn oil were
added to the dataset. No reason has been found for the
observation that the wavenumbers became useless with
this adulteration.
This loss of calibration can be compensated for by

using other wavenumbers that indicate adulteration but
are related with chemical compounds other than LLL.
A ratioed spectrum is shown in Figure 6. The X-axis
represents the wavenumber and the Y-axis the results
obtained by dividing the mean spectrum of genuine
samples by the mean spectrum of samples spiked with
vegetable oils at 10%. The highest peaks are located
at wavenumbers where the differences between genuine
samples and samples spiked with other vegetable oils
at 10% are the greatest.
Following the process suggested by Martens and Næs

(1989), though using regression on principal compo-
nents, 20 factors were calculated by PCA (explained
variance: 96%) and regression on the first four factors,
were selected by crossvalidation, and reached an ad-
justed R2 of 0.964 (p ) 0.032). However, these factors
represent almost all wavenumbers, because only a few
of them are significative for detecting adulteration.
SLDA (Figure 7) was applied on the wavenumbers
selected by the first factor, which explains 71% of
variance. The wavenumbers selected (3007, 2989, 2980,
2954, 1758, 1745, 1630, 1440,1414, 1297 cm-1; Table 2)
allowed 91.3% of the samples to be correctly classified
(a sample of each one of the groups adulterated at 1-5%
was interchanged each other). Mathematical criteria

Table 1. Characteristics of Raman Scattered
Wavenumbers Useful in the Trilinolein Adulteration
Model

molecule group

wave-
numbersa
(cm-1)

wave-
numberb
(cm-1) correlationc

-CH3 ν sym (C-H) 2860-2880 2873 0.89
cis RCHdCHR ν sym (dC-H) 3007 3006 0.98
cis RCHdCHR ν (CdC) 1650-1660 1657 0.88
cis RCHdCHR δ (dC-H) 1270 1270 s

a δ ) deformation; ν ) stretching; sym ) symmetric. b Wave-
numbers described by references. c Wavenumbers selected by
mathematical procedures. d Minimum correlation between the
selected wavenumbers and described by references.

Figure 5. Values of wavenumber 3006 cm-1, ν sym (dC-H),
in the samples spiked with LLL.

Figure 6. Ratioed spectrum. The X-axis represents the
wavenumber and the Y-axis the values of the ratioed spectrum.

Figure 7. Results of stepwise linear discriminant analysis
with the first two canonical variables.
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were used to select these wavenumbers from zones of
the spectra, but other wavenumbers of these zones could
be used with similar success.
The ellipses of Figure 7 show the 95% confidence

regions for each adulterated group (0, 1, 5, 10%; Shiff-
man et al., 1981). Their centers have been calculated
from the means of the group coordinates, and their axes
represent the values of the confidence regions for each
dimension calculated by multiple regression. These
ellipses allow an interpretation beyond the simple
location of samples; that is, (i) genuine samples consti-
tute a clear group because they are too different from
the adulterated samples. This group shows consider-
able individual variation among its samples that can
be explained by the botanical characteristics of the
varieties selected, Picual and Hojiblanca; (ii) the virgin
olive oil samples adulterated at 10% also show clear
differences from the other groups. These samples are
placed on left side of the figure, and the genuine samples
on the right side; (iii) there is a clear overlapping region
between samples spiked at 1-5% and some samples
appear in the fuzzy region of their ellipses. The position
of these sets of samples, between the genuine and 10%
adulterated samples, is logical enough.
SLRA was also applied on these selected wavenum-

bers, the independent variable being the percentage of
adulteration [i.e., 0 (genuine samples), 1, 5, and 10].
Using all spectra data (standard method and intercept
included in the model; in fact, a multiple regression
analysis) the adjusted R2 reached 0.92, whereas this
value dropped to 0.78 (R2 ) 0.90) when SLRA used only
the wavenumbers 3007, 2989, 2980, and 1414 cm-1 that
were selected by the value of F-to-Enter at p ) 0.05.
Conclusions. The results of this study show that

FT-Raman spectroscopy could be useful in detecting
adulteration beyond the limits achieved by techniques
currently suggested by the standards (E.U., 1995).
However, more work is needed to reach the repeatability
and reproducibility of wet techniques and to ensure the
selection of only those wavenumbers that have chemical
meaning.
A combination of spectroscopy and chromatography

(where the latter could be used to quantify chemical
compounds revealing adulterations, and the results
could be used in the multivariate calibration of the
former) could be able to detect virgin olive oil adultera-
tion more accurately, easily, and rapidly than current
standards.
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