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A preliminary study of the bulk hydrogen, carbon and nitrogen stable isotope composition of 28 authentic
saffron samples produced from Crocus sativus L. cultivated in the typical production areas of Western
Macedonia in Greece (8), Khorasan Province in Iran (7), Sardinia in Italy (6) and Castilla-La Mancha in
Spain (7) is described. A chemical characterisation of 16 key quality parameters was also completed
on the same samples by UV–Vis, HPLC and GC analyses. Multivariate analysis of the data revealed that
60.7% of saffron samples could be correctly assigned to their respective production countries using the
chemical parameters. However, the combined bio-element stable isotope data reliably classified 100%
of the saffron samples according to their respective geographical origins using posterior cross validation.
Further work is required to establish the long-term stability of these models with respect to different
years of production and other major producers such as India and Morocco.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Saffron is one of the oldest and most expensive spices in the
world. It is obtained from the red dried stigmas of Crocus sativus
L. that is cultivated in several countries such as Iran, India, Greece,
Morocco, Spain and Italy (Ghorbani, 2006). The price of saffron de-
pends on its quality, which is closely related to the terroir of the
production area in an analogous way to wine. Saffron quality is
also strictly categorised and controlled according to the ISO 3632
(2003). Its main characteristics are colour (Carmona et al., 2005),
taste (Carmona, Sánchez, et al., 2007) and aroma (Carmona,
Zalacain, Salinas, & Alonso, 2007). The saffron colour is derived from
the presence of various water soluble crocetin esters, commonly
known as crocins (Carmona, Zalacain, Sánchez, Novella, & Alonso,
2006), while picrocrocin has always been considered as the
main compound responsible for saffron’s bitter taste (Corradi &
Micheli, 1979) and to a lesser extent kaempferols (Carmona,
Sánchez, et al., 2007). Saffron’s aroma profile is relatively complex,
being derived mainly from safranal (Alonso, Salinas, Estéban-Infantes,
& Sánchez-Fernández, 1996).

Previously, Martin, Remaud, and Martin (1995) applied carbon
stable isotope analysis to distinguish between safranal extracted
from authentic saffron and safranal produced by chemical synthesis.
ll rights reserved.
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nso).
One of the two synthetic safranal samples had a d13C‰ value
close to that of safranal extracted directly from saffron. As these
two samples of safranal were indistinguishable, Martin et al.
(1995) used this as a justification for the site specific 2H/1H ratio
analysis of safranal by Nuclear Magnetic Resonance (SNIF-NMR™).
Significant differences in the 2H/1H ratio were observed at each of
the six molecular environments measured by SNIF-NMR. However,
only one sample of synthetic safranal and one sample of safranal
extracted from authentic saffron were reported and no discussion
of the possibility of using isotope analysis to distinguish saffron
geographical origin was reported. Semiond et al. (1996) also
attempted to distinguish between synthetic safranal and safranal
extracted from authentic saffron using carbon stable isotope anal-
ysis. They reported the successful discrimination of one synthetic
safranal sample and five samples of safranal extracted from saffron
using methanol and supercritical fluid extraction. However, the
d13C‰ values of extracted safranal differed significantly from those
reported by Martin et al. (1995). Semiond et al. (1996) went onto
discuss the use of the measured d13C‰ values of safranal to distin-
guish geographical origin of saffron. They concluded that carbon
isotope ratio analysis did not provide the means to distinguish
the geographical origin of saffron. As C. sativus L. uses the Calvin cy-
cle to fix carbon dioxide the major carbon isotope fractionation is
that which occurs during photosynthesis irrespective of geograph-
ical origin. However, carbon isotope ratios from the same plant
species are known to vary globally due to the effects of water stress
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on stomatal opening and concomitant effect on carbon dioxide dif-
fusion and fractionation. Colder and more humid climates result in
relatively depleted d13C‰ values compared to d13C‰ values de-
rived from the same plant species growing in relatively hotter
and less humid environments.

Multi-element isotopic analysis has been successfully applied to
a range of foodstuffs to develop methods that will permit their geo-
graphical origins to be determined (Kelly, Heaton, & Hoogewerff,
2005). Carbon isotopes in foodstuffs do exhibit some geographical
dependence linked to water stress and humidity during cultivation
but the differences are very small in comparison to oxygen and
hydrogen isotopes. The measurement of hydrogen and oxygen sta-
ble isotopes are applicable to the characterisation of geographical
origin because they depend strongly on the latitude, distance from
the sea and altitude, due to fractionation in the global hydrological
cycle (Yuntseover & Gat, 1981). It has previously been demon-
strated that the ‘geographical signal’ from water is transferred into
plant and animal products (Hobson, 1999). Furthermore, nitrogen
isotope compositions provide information about marine and ter-
restrial plants and also regional agricultural practices, especially
the use of fertilisers used in organic and conventional agriculture
(Bateman & Kelly, 2007).

Other analytical techniques and parameters have been studied
to verify saffron origin such as, in terms of aroma by gas chroma-
tography (Kanakis, Daferera, Tarantilis, & Polissiou, 2004), infrared
spectroscopy (Anastasaki et al., 2010; Zalacain et al., 2005) or elec-
tronic nose (Carmona, Martínez, et al., 2006), free amino acids (Del
Campo et al., 2009) and flavonoids content (Carmona, Sánchez,
et al., 2007).

The aim of this research was to apply for first time multi-ele-
ment stable isotope analysis to distinguish the geographical origin
of saffron spice by measuring its hydrogen, carbon and nitrogen
stable isotope composition. The isotopic composition was assessed
along with chemical composition characteristics such as colour,
taste and aroma parameters to establish the extent to which the
geographical origin of saffron could be reliably determined using
multivariate statistical analysis.
2. Materials and methods

2.1. Samples and reagents

This study involved 28 well-defined samples of saffron from
leading producers (8 from Greece, 7 from Iran, 6 from Italy and 7
from Spain) from the same harvesting year (2006). Samples were
obtained directly from the producers with the guarantee of their
origin and lack of adulteration. Saffron is produced in a relatively
restricted number of locations in these countries and so the sam-
ples used in this study were typically representative of those that
would find their way into retail markets and were derived from
C. sativus L. cultivated in the typical production zones of Western
Macedonia (Greece), Khorasan Province (Iran), Sardinia (Italy)
and Castilla-La Mancha (Spain). The samples were kept at 4 �C in
absence of light until their analysis.

Cyclohexane, n-hexane and formic acid were purchased from
Panreac (Barcelona, Spain), while acetonitrile from Scharlau
(Barcelona, Spain). Safranal with purity of 98% was supplied by
Sigma–Aldrich (Madrid, Spain) while water was purified through
a Milli-Q System (Millipore, Bedford, MA, USA).
2.2. Chemical characterisation

2.2.1. Saffron working solution
Five hundred milligrams of ground saffron, previously passed

through a sieve of 5 mm pore diameter, was placed in a volumetric
flask (1 L) and 900 mL of distilled water were added. The solution
was stirred by magnetic bar (1000 rpm) for an hour by keeping it
away from light exposure. Subsequently, the flask was then filled
to 1 L mark and the solution was homogenised through agitation.

2.2.2. Moisture and volatile matter content
Determination of moisture and volatile matter content of saf-

fron was carried out according to the ISO 3632 (2003).

2.2.3. UV–Vis determinations
The analytical procedure employed to prepare the saffron solu-

tion and for recording the absorbance variation followed the spec-
ifications established at ISO 3632 (2003), were colouring strength
was determined as E1%

1 cm 440 nm, picrocrocin as E1%
1 cm 257 nm, and

safranal as E1%
1 cm 330 nm.

2.2.4. Identification and quantification of crocetin esters and
picrocrocin by HPLC

Identification of crocetin esters has been carried out according
to Carmona, Zalacain, et al. (2006). The nomenclature for the croce-
tin ester identified was: T-4GG (trans-crocetin di-(b-D-gentiobio-
syl) ester), T-3Gg (trans-crocetin (b-D-glycosyl)-(b-D-gentibiosyl)
ester), T-2G (trans-crocetin (b-D-gentiobiosyl) ester), C-4GG (cis-
crocetin di-(b-D-gentiobiosyl) ester) and C-3Gg (cis-crocetin
(b-D-glycosyl)-(b-D-gentiobioyl) ester).

The crocetin esters quantification was also estimated using the
method based on the extinction coefficient and the related area
calculated. Hence, the crocetin ester concentrations were
calculated using the following expression: concentrationðmg=
100 mgÞ ¼ ðA� 100=AtÞ � ðmw=eÞ � E1%

1 cm440 nm=10, where the
extinction coefficient (e) was 89,000 M�1 cm�1 and 63,350
M�1 cm�1 for trans- and cis-crocetin esters, respectively (Speranza,
Dadà, Manitto, Monti, & Gramatica, 1984). A was the area of the
crocetin ester peak in the chromatogram and finally At was the to-
tal area of the crocetin esters. Finally E1%

1 cm440 nm was the colour-
ing strength of the samples, and mw was the molecular weight of
the crocetin ester identified and quantified: T-4GG 977 g mol�1,
T-3Gg 815 g mol�1, T-2G 653 g mol�1, C-4GG 977 g mol�1, C-3Gg
815 g mol�1.

The identification of picrocrocin in the samples was carried out
by the standard isolated according to Sánchez, Carmona, del Cam-
po, and Alonso (2009). Picrocrocin calibration curve was: picrocro-
cin amount (mg picrocrocin/100 mg saffron) = (0.0708 ± 0.0004) �
50 � Area/m, R2 = 0.9998, where Area was the area of the peak of
picrocrocin in the chromatogram at 250 nm, m was the mass
of the saffron and 0.0708 was the slope and 50 was the volume
of the sample multiplied by 100 to the units correction.

2.2.5. Identification and quantification of volatile compounds by TD–
GC–MS

The determination of volatile compounds was carried out
according to Maggi et al. (2009). Identification was carried out by
the selection of their respective m/z, using the NIST library. Not
all volatile compounds present in saffron are commercially avail-
able as standards, so safranal has been used as external standard.
The quantification of volatile compounds was performed
with the equation (mg safranal kg�1 saffron = 10.88 + 36.76 �
Areasafranal where Areasafranal = safranal peak area/106 in the GC
chromatogram; R2 = 0.998).For each sample, every chemical deter-
mination was carried out by triplicate.

2.3. Isotopic characterisation

2.3.1. Extraction procedure for isotopic analysis
Two hundred and fifty milligrams of ground saffron were

weighed and introduced into a centrifuge tube and 10 mL of
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n-hexane added. The tube was placed into the ultrasonic water
bath and sonicated for 15 min. The temperature of the sonicated
water bath did not exceed 25 �C. The tube was centrifuged for
15 min at 4000 rpm. The organic extract was removed to another
tube and concentrated using a nitrogen flow of 1 mL/min. The
residue was air-dried and sealed in an amber vial.
2.3.2. Simultaneous carbon and nitrogen stable isotope analysis
Samples of 1 mg of saffron defatted dry mass were weighed into

tin capsules (6 mm � 4 mm, Elemental Microanalysis, Okehamp-
ton, UK). The tin capsule was sealed and placed inside a ‘zero-
blank’ autosampler attached to a Eurovectar ECS4010 elemental
analyser (Milan, Italy). A typical EA combustion/reduction configu-
ration was used to produce carbon dioxide and nitrogen gas for
d13C‰ and d15N‰ measurement, respectively (Vallet, Arendt,
Mabon, Naulet, & Martin, 1991).

Samples were analysed in triplicate and values accepted when
precision (rn�1, n = 3) was <0.3‰ for d15N‰ analysis and <0.2‰

for d13C‰ analysis. Nitrogen and carbon isotope data are reported
in conventional d-notation in units of per mil (‰) with respect to
atmospheric nitrogen (air) and Pee Dee Belemnite (PDB) respec-
tively and according to Eq. (1),
dref ¼
Rsamp � Rref

Rref

� �
� 1000 ð1Þ

where dref is the isotope ratio of the sample expressed in delta
units (‰, per mil) relative to the reference material. Rsamp and
Rref are the absolute isotope ratios of the sample and reference
material, respectively.
2.3.3. Hydrogen stable isotope analysis
Samples of 1 mg of saffron defatted dry mass were weighed into

tin capsules (6 mm � 4 mm, Elemental Microanalysis, Okehamp-
ton, UK). As labile hydrogen in the saffron protein, which consti-
tutes approximately 15% w/w of the defatted dry mass, is
influenced by exchange with water vapour in the laboratory a com-
parative equilibration was conducted prior to analysis (Wassenaar
& Hobson, 2003). This was achieved using an Inter-laboratory
Comparison Material (ICM) – casein, which has similar thermody-
namic characteristics to the measured protein. After equilibration
the tin capsule was sealed and placed inside a ‘zero-blank’ auto-
sampler attached to a Vecstar silicon carbide furnace maintained
at 1300 �C. Thermo-chemical conversion of the sample to gaseous
products was performed in an alumina tube over glassy carbon grit
(Sigradur G, HTW, Thierhauptan, Germany). The pyrolysis gasses
then passed through a GC column packed with molecular sieve
(4 mm i.d., length 2 m) heated to 80 �C, which separated H2, N2

and CO.
The GC effluent then flowed into the stable isotope ratio mass

spectrometer via a ‘Conflo III’ interface. The hydrogen gas gener-
ated from the saffron samples were compared against a hydrogen
Table 1
Quality characteristics, total and individual crocetin esters composition and content of pic

Country (#) Moisture and volatile
matter content (%)a

Colouring strength
(E440 nm)a

Crocetin esters (mg/10

Trans-4GG Trans-

Greece (8) 8.30 ± 0.36 245.18 ± 16.33 11.24 ± 1.48 6.66 ±
Iran (7) 8.55 ± 1.09 230.22 ± 37.08 11.77 ± 2.95 6.49 ±
Italy (6) 8.69 ± 0.60 274.60 ± 17.41 16.52 ± 1.01 7.48 ±
Spain (7) 6.90 ± 0.97 236.92 ± 42.32 12.34 ± 2.59 7.14 ±

#Number of samples analysed for each country.
a SD lower than 2%.
reference gas of known 2H/1H ratio previously calibrated against
accepted International Atomic Energy Agency reference materials.

Measurements were made on three replicate weighings of the
same sample of saffron defatted dry mass. Values were accepted
when precision (rn�1, n = 3) was 63.0‰ for d2H‰ analysis.
Hydrogen isotope data were reported in conventional d - notation
in units of per mil (‰) with respect to Vienna – Standard Mean
Ocean Water and according to Eq. (1) above and corrected for the
formation of Hþ3 in the ion source.

2.4. Multivariate analysis of HCN stable isotope and chemical data for
authentic saffron

Statistical analysis was performed using SPSS 16.0 statistical
software (SPSS Inc., Chicago, IL). Discriminant analysis was applied
with the aim of finding a rule that allocated saffron samples of un-
known origin to the correct group.

To verify the power and the stability of the model, a ‘leave-
one-out’ cross validation discriminant analysis was performed. In
this test known samples were used as ‘unknowns’ to validate the
model built on the basis of a reduced set of cases. Effectively, one
sample is removed from the data set and then classified on the
basis of model constructed from the remainder. This process is
repeated for each sample in turn and the success of the classifica-
tion re-calculated by comparison with the known origin.

3. Results and discussion

3.1. Chemical characterisation

The chemical characterisation of 28 saffron samples was re-
ported in the Tables 1 and 2. In all samples, moisture and volatile
matter content was lower than 12%, maximum limit established by
ISO 3632 (2003) in order for C. sativus L. to be considered as saffron
spice. The average content ranged between 6.90% for Spain and
8.69% for Italy. Colouring strength is one of the main parameter
employed by saffron trade companies in order to determine price
and the 28 samples belonged to the category I, since they showed
values higher than 190 ucs. With respect to the total crocetin esters
content, it varied from 21.93% for Iranian samples to 27.35% for
Italian ones, considering the five main crocetin esters. The picro-
crocin content ranged between 9.36% and 15.50%, respectively for
Iran and Italy, whereas Greece and Spain obtained intermediate
values. The trend of crocetin esters and picrocrocin is in agreement
with the bibliography (Sánchez et al., 2009). As it can be observed
in Table 2, the first four volatile compounds responsible for saffron
aroma were reported. Safranal represented the main constituent of
saffron volatile composition and its content was 65%, 75%, 81% and
83% of volatile fraction, respectively for Iran, Italy, Greece and
Spain with levels similar to those reported by others Kanakis
et al. (2004). Therefore, the values for isophorone, 4-ketoisopho-
rone and 2,2,6-trimethyl-1,4-cyclohexanedione were according to
the scientific bibliography (Maggi et al., 2009).
rocrocin.

0 mg) Picrocrocin
(mg/100 mg)

3Gg Trans-2G Cis-4GG Cis-3Gg Total

0.69 1.22 ± 0.61 2.62 ± 0.51 1.40 ± 0.32 23.14 ± 2.13 11.51 ± 2.12
1.04 1.18 ± 0.37 1.68 ± 0.58 0.82 ± 0.17 21.93 ± 4.17 9.36 ± 2.13
0.56 0.97 ± 0.38 1.64 ± 0.31 0.74 ± 0.15 27.35 ± 1.48 15.50 ± 1.52
1.58 0.62 ± 0.24 2.16 ± 1.15 0.94 ± 0.50 23.20 ± 4.49 13.68 ± 2.64



Table 2
Individual and total content of main volatile chemical characterisation by GC/MS/MS.

Country (#) Compound (mg/kg)

Safranal Isophorone 4-Ketoisophorone 2,2,6-Trimethyl-1,4-cyclohexanedione Total volatile compounds

Greece (8) 1361.49 ± 510.75 239.75 ± 31.69 31.05 ± 9.34 59.00 ± 5.98 1691.28 ± 510.26
Iran (7) 440.87 ± 216.36 150.46 ± 57.01 28.96 ± 7.90 58.49 ± 15.74 678.78 ± 289.64
Italy (6) 1084.79 ± 229.26 233.51 ± 62.90 53.95 ± 15.84 75.77 ± 20.08 1448.02 ± 320.71
Spain (7) 977.67 ± 312.88 114.06 ± 56.31 25.43 ± 9.89 55.76 ± 18.35 1172.92 ± 329.21

#Number of samples analysed for each country.
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3.2. Statistical evaluation of the combined chemical parameters

A stepwise Canonical Discriminant Analysis (CDA), with poster-
ior cross-validation of the model, was completed on the 16 chem-
ical parameters measured in 28 authentic saffron derived from C.
sativus L. cultivated in Greece, Italy, Iran and Spain. The first two
discriminant functions describe 97.6% of the variation in the data
and 60.7% of cross-validated grouped cases of saffron were cor-
rectly classified according to their geographical origin. About
100% of Italian saffron samples (n = 6) were correctly classified.
Five of the seven Spanish samples (71.4%) were classified correctly
according to their origin, with one sample misclassified as Greek
and another misclassified as Iranian. Five of the eight Greek saffron
samples (62.5%) were correctly classified according to their geo-
graphical origin with the remaining three misclassified as Iranian.
Only one out of seven Iranian saffron samples (14.3%) was correctly
classified with three classified as Greek, two as Spanish and one as
Italian.

Function 1 of the CDA described 62.4% of the variance in the
data, was highly correlated with the concentration of 4-ketoisoph-
orone, and separated the Italian saffron samples from the remain-
ing Greek, Iranian and Spanish saffron samples. Function 2
described 35.1% of the variation in the data, was highly correlated
with % moisture, picrocrocin and isophorone concentration, and
provided some separation between Greek and Spanish saffron
but little or no separation of Iranian with respect to Italian saffron.

3.3. Hydrogen, carbon and nitrogen stable isotope characterisation of
saffron

3.3.1. Hydrogen isotope data (d2H‰)
Hydrogen isotopes in plant tissues reflect the hydrogen isotope

ratio of the groundwater available to the plant during its growth,
which is in turn, is related to the precipitation water for a given re-
gion. However, it is critical to acknowledge any biological isotope
fractionation that occurs during the assimilation of the water into
the plant tissues during biosynthesis. The size of the fractionation
for different plant-derived food components such as intra-cellular
water, carbohydrates, proteins and lipids is different. As the sub-
stance under investigation in our study is the defatted dry matter
(DDM) from saffron, it mainly consists of carbohydrate (ca. 85% w/
w) and protein (ca. 15% w/w). Consequently, the bulk hydrogen
isotope ratio will be dependent on the relative proportions of these
latter two nutrients to some extent.
Table 3
Mean value of d2H‰, d13C‰ and d15N‰ along with the standard deviation (sd), the value

Country ()a d2H‰ Max Min d13C‰PDB

Greece (8) �84.7 ± 2.6 �80.1 �87.5 �26.6 ± 0.2
Iran (7) �67.8 ± 3.9 �59.9 �70.8 �24.5 ± 0.2
Italy (6) �72.4 ± 1.5 �70.4 �74.0 �26.6 ± 0.1
Spain (7) �75.1 ± 3.2 �70.9 �80.5 �24.5 ± 0.4

a Number of samples analysed for each country.
The DDM mean d2H‰ results, along with the samples standard
deviation, maximum and minimum for authentic saffron cultivated
in Greece, Iran, Italy and Spain are shown in Table 3. The highest
deuterium contents observed were for saffron produced in the
most Southerly location, Iran, with a mean d2H‰ value of
�67.8‰ and ranging from �59.9‰ to �70.8‰. These results are
consistent with the meteorological conditions of the Iranian
saffron production area in the southern and central regions of
Khorasan Province. Of the four saffron growing locations studied,
this is the most Southerly and experiences the hottest and least
humid conditions with approximately 120–210 mm of rainfall
per annum, humidity of 40–50%, maximum average temperature
of 34 �C and is approximately 500 km from the Indian Ocean.
The continental effect of depleted input water is counteracted by
the significantly higher rates of evapo-transpiration leading to
relatively deuterium-enriched plant components.

The Italian saffron was produced in Sardinia and exhibited the
next highest deuterium content with a mean d2H‰ value of
�72.4‰ and ranging from �70.4‰ to �74.0‰. The growing loca-
tion near Villanovafranca is the closest to the sea and located more
or less at sea level (51 m). Consequently, a significant deuterium
depletion associated with continental and altitude effects is not
expected. However, local climatic conditions for the growing
location in Sardinia exhibit relatively high annual rainfall of
approximately 560 mm, humidity of 60–75% and a maximum
average temperature of 27 �C and therefore deuterium enrichment
due to evapo-transpiration is expected to be relatively low
compared to a location such as Khorasan.

DDM derived from saffron cultivated in Castilla-La Mancha,
Spain has the next lowest mean d2H‰ value of �75.1‰ with a
range from �70.9‰ to �80.5‰. This growing location between
500 and 700 m above sea-level, 170 km from the Mediterranean
Sea and so the continental effect on groundwater values will be
significant. The maximum average temperature is 36 �C, humidity
60–85% and average rainfall around 400 mm per annum.

The Greek saffron possesses the lowest mean d2H‰ value of
�84.7‰ with a range from �80.1‰ to �87.5‰. This saffron is cul-
tivated in the most Northerly location, in Western Macedonia at an
altitude of around 700 m above sea-level and approximately 70 km
from the Aegean Sea. It experiences the highest rainfall of the four
growing locations studied at approximately 700 mm per annum,
relatively high humidity of 60–70% and an equal highest maximum
average temperature of 36 �C. The Northerly location and relatively
high humidity will contribute to relatively deuterium-depleted
s maximum (max) and minimum (min) per country.

Max Min d15N‰AIR Max Min

�26.3 �26.8 1.2 ± 0.6 2.0 0.6
�24.2 �24.8 2.2 ± 1.0 3.4 0.7
�26.5 �26.8 5.3 ± 0.7 6.2 4.3
�23.9 �25.1 4.2 ± 0.6 5.0 3.4
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input water into biosynthesis and relatively deuterium-depleted
plant tissues.

3.3.2. Carbon isotope data (d13C‰)
Carbon isotope fractionation in plants is dominated by the pho-

tosynthetic pathway utilised by the plant to fix atmospheric carbon
dioxide during photosynthesis (discrimination between C3 and C4
plants) and on the plant age and level of maturation (Farquhar,
Ehleringer, & Hubick, 1989; Smith & Epstein, 1971) and can be
influenced to a much lesser extent by several environmental fac-
tors, such as relative humidity, temperature, amount of precipita-
tion and water stress (O’Leary, 1995). C. sativus L., like the
majority of terrestrial plants, is discriminated against 13CO2 and
leads to characteristic d13C‰ values. The saffron DDM measured
here reflects that pathway with values ranging from �23.9‰ in
Spanish saffron to �26.8‰ observed in Italian and Greek saffron
(see Table 3). Despite the relatively narrow range of d13C‰ values
measured in the saffron samples the usefulness of this parameter,
in combination with d2H‰, to resolve the origin of the saffron can
be seen in Fig. 1. The Italian and Greek saffron samples are clearly
separated from the Iranian and Spanish samples on the basis of
their respective d13C‰ (x-axis).

3.3.3. Nitrogen isotope data (d15N‰)
The d15N‰ values of saffron will depend to a large extent on the

agricultural practices used during cultivation such as application of
fertilisers and precedent land use (Bateman & Kelly, 2007; Bat-
eman, Kelly, & Jickells, 2005). For example, Spanish C. sativus L. is
cultivated in a 4 years cycle and is only manured once before plant-
ing at a rate of 15–20,000 kg/ha in the months of March and April.
This is usually the only application of nutrients in the 4 years cul-
tivation cycle (Perez-Bueno, 1995).

The relatively low mean d15N‰ values in Greek and Iranian saf-
fron DDM samples (1.2‰ and 2.2‰, respectively) suggests that the
crocuses may have been fertilised with synthetic nitrogen. This is
Fig. 1. Three dimensional plot of data obtained from isotopic characterisation of authent
Iran.
because the nitrogen present in synthetic fertiliser originates from
air, via the Haber process, and this produces ammonium and ni-
trate with d15N‰ values between +2‰ and �2‰ which is translo-
cated from the soil to the plant material (Bateman & Kelly, 2007).
However, it is possible that these values could be obtained after
a crop rotation, or application of green-manure, involving nitrogen
fixing plants such as clover. Conversely the Italian and Spanish saf-
fron DDM samples possess mean d15N‰ of 5.3‰ and 4.2‰ respec-
tively, which are typical of materials derived from plants that have
been fertilised with animal manures. This parameter permits the
Italian and Greek saffron samples to be clearly distinguished in
Fig. 1. The Iranian and Spanish samples are the most closely related
in terms of their isotopic values but they are just resolved by their
respective d15N‰. However, it is acknowledged that examination
of a larger set of samples may result in a higher degree of overlap
in d15N‰ values.
3.4. Statistical evaluation of the combined HCN stable isotope data

A three-dimensional scatter-plot of the combined d2H‰, d15N‰

and d13C‰ data for the authentic saffron DDM obtained from C. sat-
ivus L., cultivated in Greece, Iran, Italy and Spain shows that the
combined HCN stable isotope data has the capability to resolve
the four countries of origin. However, to quantitatively assess this
observation a Canonical Discriminant Analysis (CDA) was per-
formed with posterior cross-validation of the model constructed
from the combined HCN stable isotope data. One hundred percent
of the cross-validated grouped cases were correctly classified on
the basis of geographical origin. Function 1 described 79.2% of
the variance in the data and separated Italy and Greece from Spain
and Iran. Function 1 was correlated with the isotopic parameters in
the order carbon, hydrogen and nitrogen. Function 2 described 18%
of the variance in the data and resolves Italian saffron from Span-
ish, Greek and Iranian saffron. Function 2 was correlated with the
isotopic parameters in the order nitrogen, hydrogen and carbon.
ic saffron spice, derived from Crocus sativus L., cultivated in Spain, Italy, Greece and
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Function 3 described 2.8% of the variance in the data and provided
the separation between the Spanish and Iranian saffron samples.
Function 3 was correlated with the isotopic parameters in the or-
der hydrogen, carbon and nitrogen.

4. Conclusion

Although the limited number of samples from only 1 year, the
chemical analysis of saffron provides important parameters for
the classification of its quality according to ISO 3632 and permits
quantification of compounds that give rise to its characteristic col-
our, taste and aroma. These parameters, in some instances, can
provide unique chemical markers for saffron from a particular
country such as the concentration of 4-ketoisophorone, which is
highly characteristic of the Italian saffron samples analysed in this
study. However, analysis of the stable isotopes of the bio-elements
hydrogen, carbon and nitrogen has proved to be a very reliable
means of discriminating the geographical origin of saffron, in this
study, derived from C. sativus L. cultivated in the typical production
zones of Western Macedonia in Greece, Khorasan Province in Iran,
Sardinia in Italy and Castilla-La Mancha in Spain. Further work is
required to establish the long-term stability of these models with
respect to different years of production and other major producers
such as India and Morocco. Undoubtedly, the incorporation of sul-
phur isotope, strontium isotope and trace element data would lead
to further refinement of the geographical origin classification mod-
el for this important spice.
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