
Journal of Food Composition and Analysis 112 (2022) 104675

Available online 7 June 2022
0889-1575/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Determination of 87Sr/86Sr isotopic ratio in olive oil and pomace using 
multicollector-ICPMS: Analysis of pomace residues as a simpler approach 
for determination of 87Sr/86Sr ratio in olive oil with low Sr content 

Martina Furdek Turk a, Ekaterina N. Epova b, Filip Pošćić c, Emna Nasr d, Julien Barre b, 
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A B S T R A C T   

This study presents an analytical procedure for measuring the 87Sr/86Sr isotopic ratio in olive oil and pomace 
using multicollector-inductively coupled mass spectrometry (MC-ICPMS). The developed method combines 
liquid-liquid extraction with an acid solution and degradation of organic residues in the extract by dry ashing and 
oxidation by H2O2 and HNO3. The method enabled 87Sr/86Sr ratios to be obtained in olive oil with Sr content as 
low as 0.2 ng g− 1, with a precision of 54 ppm. The method’s validity was confirmed by an interlaboratory 
comparison using NIST SRM 2387, providing the first data on its elemental Sr (2380 ± 230 ng g− 1; n = 10), and 
87Sr/86Sr isotopic composition (0.70908 ± 0.00004; n = 14). The procedure was applied to olive oil and pomace 
samples, showing that they have an identical 87Sr/86Sr ratio, which was consistent with that determined in soils 
from the same orchards. The results thus revealed that Sr isotopic ratios of olive oil and pomace can both be used 
in geographical traceability studies of olive oil, which means that, instead of processing large volume of oil, 
characteristic 87Sr/86Sr signatures of olive oil can be more easily obtained by analyzing small quantities of 
pomace obtained by centrifuging the oil.   

1. Introduction 

Olive oil is an important ingredient in a well-balanced nutritional 
Mediterranean diet. Its consumption continues to increase due to its 
well-known nutritional value, sensory properties and beneficial health 
effects (Cabrera-Vique et al., 2012; Janin et al., 2014; Kalogiouri et al., 
2020). The quality of olive oil depends on its composition, which is 
determined by factors such as production process, cultivar, climate and 
soil characteristics (Boskou et al., 2006; Janin et al., 2014). Conse-
quently, the quality of olive oil may differ between various olive or-
chards and regions, which mean that its market value is often related to 
its geographical origin. Thus, both consumers and producers demand 
the labelling of olive oil, which would enable easy recognition of its 
quality and guarantee its market value. In the European Union, this was 

achieved through the Regulations (EC) No 29/2012 and No 510/2006, 
which set specific standards for the marketing of olive oil, including 
those with Protected Designation of Origin (PDO) and Protected 
Geographical Indication (PGI). Since coming into force, a great deal of 
effort has gone into protecting and verifying PDO labelling, but olive 
oil’s high commercial value continues to make it a target of fraud. 

Authentication and fraud detection of olive oil is challenging from an 
analytical point of view because they imply searching for region-specific 
indicators. Current analytical methodologies are mainly based on 
determining organoleptic characterization, triglyceride and fatty acid 
composition, volatile compounds, DNA markers, and ratios of isotopes 
of light elements (Janin et al., 2014; Medini et al., 2015). In other 
studies, the distribution pattern of elements has been demonstrated as a 
potential traceability tool (Benincasa et al., 2007; Camin et al., 2010a; 
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Zeiner et al., 2005; Damak et al., 2019). The main problem of this 
approach is that certain elements may be of both natural and anthro-
pogenic origin due to soil contamination, fertilization or contamination 
during production and storage (Cabrera-Vique et al., 2012; Pošćić et al., 
2019). However, all these methods allow only the discrimination of 
olive oil among various cultivars or adulterated products but they do not 
provide clear identification of its geographical origin. So far, a reliable 
protocol for geographical authentication is yet to be adopted, and the 
authorities are face with the difficult task of verifying PDO labelling. 
Recently, studies have focused on a more innovative approach such as 
using the 87Sr/86Sr isotopic ratio as a geological tracer that reflects the 
underlying geology and serves as a reliable region-specific marker 
(Janin et al., 2014). To date, the 87Sr/86Sr methodology has been suc-
cessfully applied to various food products such as wine (Petrini et al., 
2015; Vinciguerra et al., 2016; Durante et al., 2018; Epova et al., 2019), 
orange juice (Rummel et al., 2010), asparagus (Swoboda et al., 2008), 
coffee (Techer et al., 2011), ham (Epova et al., 2018), cheese (Fortunato 
et al., 2004; Stevenson et al., 2015), and rice (Song et al., 2014). Un-
fortunately, none of these protocols can be applied to olive oil because of 
significant differences in matrix composition; namely, olive oil is a lipid 
matrix rich in organic matter, with triacylglycerols accounting for ~ 
99% of the whole organic matter (Boskou et al., 2006; Alcaide-Hidalgo 
et al., 2020). At present, the only protocol developed for determining 
87Sr/86Sr in olive oil using thermal ionization mass spectrometry (TIMS) 
(Medini et al., 2015); however, this method is labour-intensive and re-
quires lengthy heating and sample carbonization, and, most impor-
tantly, does not apply to olive oils with low Sr concentration (< 1.5 ng 
g− 1), which is often the case. Therefore, a better protocol for obtaining 
87Sr/86Sr isotopic ratios of olive oils would be a boon for both the sci-
entific community and state laboratories. 

Developing a method for measuring the 87Sr/86Sr isotopic ratio in 
olive oil is challenging for several reasons. First, due to its hydrophilic 
nature, Sr is present in olive oil in very low amounts (< 50 ng g− 1) but 
rarely exceed 0.3 ng g− 1 (Benincasa et al., 2007; Medini et al., 2015; 
Damak et al., 2019; Pošćić et al., 2019; Camin et al., 2010b), which 
means that a large volume sample (up to 1 L) has to be processed to 
extract a sufficient amount of Sr for isotopic analysis (approximately 50 
ng). Consequently, most techniques used for digestion and elemental 
analysis of olive oil, such as commonly used microwave digestion 
(MWD), wet digestion or dry ashing, are not suitable pre-treatment 
methods for 87Sr/86Sr analysis because they can only handle 0.5–5 g 
per analysis. Organic residues remaining in the extract are also prob-
lematic because they can amplify or suppress the ICP signal during 
analysis (Astolfi et al., 2021b), reducing measurement precision (Liu 
et al., 2016). 

In the search for a pre-treatment method that can handle large 
sample volumes and provide an adequate amount of Sr for 87Sr/86Sr 
analysis, liquid-liquid extraction (LLE) appears to be a technique that 
could overcome this limitation. Recently, LLE proven to be a simple and 
sensitive method for extracting elements from olive oil (Pošćić et al., 
2019; Astolfi et al., 2021b); however, the critical point is to obtain an 
extract free of oily residues. 

Some olive oils, especially those that do not undergo double- 
filtration, may contain pomace residues. Pošćić et al. (2019) have 
shown that these pomace particles, even when present in small quanti-
ties (1 g of pomace in 1 kg of oil) can significantly alter not only the 
concentrations but also the relative proportions of many elements in the 
oil, including Sr. These particles are rich in Sr and have concentrations 
that are up to 90,000 times higher compared to those in pure oil (Pošćić 
et al., 2019). Given this fact, while assuming that both the oil and the 
pomace have the same 87Sr/86Sr isotopic ratios, the specific 87Sr/86Sr 
isotopic signature of olive oil could be more easily determined by 
analyzing pomace residues rather than processing large quantities of oil, 
which could significantly simplify the authentication of olive oil with 
low Sr content. 

This study developed and validated an analytical procedure to 

determine the 87Sr/86Sr isotopic ratio in olive oil and pomace using 
multicollector-inductively coupled mass spectrometry (MC-ICPMS). It 
also tests the hypothesis that olive oil and pertaining pomace have the 
same 87Sr/86Sr ratios, and therefore, both could be used for determining 
the origin of olive oil. The method’s accuracy was evaluated by con-
ducting an interlaboratory comparison using certified reference material 
NIST SRM 2387 (Peanut butter, NIST, USA). Finally, the method was 
applied to several olive oil and pomace samples, while its potential 
applicability in traceability studies was tested by determining the 
87Sr/86Sr ratio of soils from the corresponding olive orchards. 

2. Materials and methods 

2.1. Experimental design 

The experiment was designed with two critical points in mind: (i) to 
obtain an adequate amount of Sr from the oil needed for isotopic anal-
ysis (≈ 50 ng), and (ii) the purification of the extract before MC-ICPMS 
analysis. The first step was to define a protocol for extracting Sr from oil 
and pomace. For this, LLE was chosen, assuming that this method can 
process large volumes of oil in a single step. The LLE protocol, based on 
that reported by Pošćić et al. (2019), was tested and optimized, using 
different types of agitation - mechanical shaking and ultrasound-assisted 
agitation as well as duration. The results were compared with MWD, 
which served as a reference method to control the extraction rate of Sr. 

In the second step, a protocol for eliminating the remaining organic 
matter and purifying the digest/extract was established; here, degra-
dation of the organic matter by oxidation with H2O2 and HNO3, MWD 
and dry ashing of the organic residues were tested. The experimental 
design is shown in Fig. 1. 

2.2. Sample collection 

2.2.1. Oil samples 
Olive oil samples were obtained from eight olive orchards (S, C1, C2, 

T1, T2, T3, T4 and T5) originating from three Mediterranean countries: 
Slovenia, Croatia, and Tunisia (assignment: S, C and T, respectively). All 
olive oil samples were of “extra virgin” quality and originated from 
orchards with guaranteed traditional “biological” agricultural practices 
so the influence of fertilizers could be excluded. 

Slovenian olive oil (S), originating from an olive orchard in Izola, 
was produced by cold pressing and ultra-centrifugation technique in a 
local mill. This oil has a low content of Sr (Table 1; 0.19 ± 0.04 ng g− 1 

(n = 12). Croatian olive oils C1 (Dalmatia) and C2 (Istria) were pro-
duced in the laboratory, as described by Pošćić et al. (2019). These oils 
have very low Sr concentration, below 0.05 ng g− 1 (Table 1). Such low 
Sr concentrations were also reported in other studies (Pošćić et al., 2019; 
Camin et al., 2010a). Tunisian olive oil samples were obtained from five 
different regions: Sfax (T1), Kairouan (T2), Zarzis (T3), Kasserine (T4), 
and Jendouba (T5), and were produced using traditional methods. These 
oils have relatively high Sr concentrations (< 6 ng g− 1; Table 1), being 
few times lower than Sr concentrations in Tunisian olive oils reported by 
Damak et al. (2019), but comparable to those reported in European olive 
oils (Nasr et al., 2022; Camin et al., 2010b). 

2.2.2. Pomace samples 
The pomace samples corresponding to Croatian oils (C1 and C2) 

represent dried pomace obtained after separating olive oil from the olive 
paste during the production process in the laboratory (described in 
Pošćić et al., 2019). Olive pomace from Slovenia and Tunisia represents 
the dried pomace particles obtained by centrifuging the oil (S, T1, and 
T2) at 8000 rpm for 10 min. 

2.2.3. Soil samples 
Soil samples were collected in Slovenian and Croatian olive orchards. 

Approximately 250 g of soil was collected per site from a depth down to 
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30 cm. The samples were air-dried and sieved (2 mm). 

2.3. Extraction of Sr from the olive oil and pomace 

Olive oil samples were centrifuged at 8000 rpm for 10 min to sepa-
rate pomace particles from the oil. This is important because pomace 
residues in oil could significantly alter the Sr composition of the oil, as 
demonstrated by Pošćić et al. (2019). After centrifugation, the super-
natant was carefully removed and both (oil and pomace) were used in 
the further procedure. Notably, no pomace residues were obtained for 
Tunisian oils (T3, T4, T5). 

2.3.1. Microwave digestion (MWD) 
Olive oil (0.5 g) and pomace samples (0.3 g) were mineralized in the 

closed vessel microwave digestion system (MARS6, CEM Corporation, 
USA) with a mixture of 1 mL of H2O2 (30%, v/v, suprapur, Merck) and 
5 mL of HNO3 (68%, v/v, suprapur, Carlo Erba Reagents), with a heating 
program as follows: 20 min of ramp time to 140◦, followed by hold time 
of 5 min, and then ramp time to 210 ◦C, with a final hold of 25 min at 

the highest temperature. The samples were kept in the digestion solution 
overnight before being digested. The digested samples were quantita-
tively transferred to vials and diluted with Milli-Q water to a final vol-
ume of 20 mL. In all samples, the total Sr and Rb concentrations were 
measured by ICPMS. Special attention was paid to cleaning PTFE vessels 
between the mineralization cycles, and a blank sample was run during 
each cycle. 

2.3.2. Liquid-liquid extraction (LLE) 

2.3.2.1. Olive oil. Each olive oil sample (100–500 mL) was divided into 
sub-samples of 20 mL. To each sub-sample was added 20 mL of acid 
solution containing 2 % HNO3 (68 %, v/v, suprapur, Carlo Erba Re-
agents) and 0.1 % HCl (30 %, v/v, suprapur, Merck). The extraction was 
performed by (i) mechanical shaking at 300 rpm for 2 h, 5 h and 16 h; 
(ii) ultrasound-assisted agitation (1100 W, 50 Hz) for 1 h and 3 h, and 
(iii) mechanical shaking for 16 h, followed by ultrasound-assisted 
agitation in an ultrasonic bath at 40 ◦C for 1 h. All mixtures were 
centrifuged at 8000 rpm for 10 min. The upper oil phase was then 

Fig. 1. The scheme of the methodś development.  
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carefully removed to a clean vial using a pipette. 

2.3.2.2. Pomace. To each pomace sample (0.3–1 g), 10 mL of acid so-
lution (2 % HNO3 and 0.1 % HCl) was added. The extraction was per-
formed by (i) mechanical shaking at 300 rpm for 16 h, and (ii) 
ultrasound-assisted agitation (1100 W, 50 Hz) for 1 h. The mixtures 
were then centrifuged at 8000 rpm for 10 min to precipitate the pomace 
from the extract. All extracts were filtered using pre-washed syringe 
cellulose-acetate filters (0.45 µm), previously washed with 10 mL of the 
extracting solution. In all extracts, the total Sr and Rb concentrations 
were measured by ICPMS. 

2.4. The analytical procedure for organic matter removal from the extract 

Obtained acid extracts of oil (100–500 mL) and pomace (10–20 mL) 
were evaporated to dryness on a sand bath at 70–90 ◦C. For evaporation 
of large volumes of olive oil extracts, two procedures were tested: (i) 
evaporation of separate 20 mL portions (5–25 portions) in PFA vials, 
which were later combined on the column (̋individual portions̋), and ii) 
evaporation of the entire extract volume, combining all portions in a 
single quartz glass during evaporation (̋merged sample̋). The residual 
organic matter, i.e., the yellow/dark brown residue, was subjected to 
degradation following three different procedures: (i) oxidation with 
H2O2 and HNO3 on the sand bath, (ii) MWD, and (iii) dry ashing. 

2.4.1. Degradation of residual organic matter by oxidation with H2O2 and 
HNO3 

Once the acid had evaporated, 0.5–1.5 mL of H2O2 (30 %, v/v, 
suprapur, Merck) was added to each PFA vial or quartz glass, and the 
sample was heated on the sand bath (T = 90 ◦C) for 25 min. Then, 
1–2 mL of HNO3 (68 %, v/v) was added, and the sample was sonicated 
for 20 min and evaporated again. The whole procedure was repeated 
3–5 times until there was no visible precipitate or only a stain of up to 
1 mm in size remained. The samples were then dissolved in 0.5–1.5 mL 
of 8 M HNO3 to be convenient for subsequent Sr-matrix separation on 
the Sr-resin (0.5 mL in the case when the extract portions were evapo-
rated separately or 1.5 mL in the case when the entire extract was 
evaporated in a single quartz glass). 

2.4.2. Degradation of residual organic matter by microwave digestion 
The residual organic matter was degraded using a closed vessel 

microwave digestion system (Ultrawave Milestone, Italy). First, the 
evaporated extracts were treated with a small volume (0.3–1 mL) of 
H2O2 (ultra-trace grade, 30 %) and kept at 95 ◦C for 2 h. Then, 0.5–2 mL 
of HNO3 (Ultrex quality, 70 %) were added, and the samples were 
heated at 95 ◦C for 30 min. Finally, the samples were quantitatively 
transferred into a quartz Ultrawave tube. When extracts of the same oil 
were evaporated separately, the extracts were combined into a single 
tube. The digestion program was as follows: 20 min of ramp time to 
220 ◦C, followed by a hold time of 20 min. The acid was then evaporated 
in a sand bath (T = 70–90 ◦C), and the residues were dissolved in 2 mL 
of 8 M HNO3 for subsequent Sr-matrix separation on Sr-spec resin. 

2.4.3. Degradation of residual organic matter by dry ashing 
The residual organic precipitate was calcined in a muffle furnace 

(Bosio EUP-K series, Slovenia). The temperature was ramped by 
1.5 ◦C min− 1 to 650 ◦C and held there until white ash was obtained. The 
ash was then dissolved in 5 mL of HNO3 (68 %, v/v) and sonicated for 
20 min. The acid was then evaporated in a sand bath (T = 70–90 ◦C), 
and the samples were dissolved in 2 mL of 8 M HNO3 for subsequent Sr- 
matrix separation on Sr-specific resin. 

2.5. Chromatographic Sr-matrix separation 

Strontium was isolated from concomitant matrix elements, i.e. to 
remove potential isobaric interferences, using column chromatography 
with a Sr-specific resin. The columns were prepared by packing 0.3 g of 
Sr-spec resin (Eichrom®, 100–150 µm particle size, Triskem Interna-
tional, France) into polypropylene SPE columns with polyethene frits 
(2 mL, Triskem International, France). 

The separation procedure was optimized as follows, with a constant 
flow of approximately one drop per second: (i) washing the column 
sequentially with 3 mL of Milli-Q water, 1 mL of 6 M HCl, and 10 mL of 
Milli-Q water; (ii) activation of the column by eluting with 3 mL of 8 M 
HNO3; (iii) loading of the sample in 8 M HNO3; (iv) elution of Rb and 
other matrix elements with 3 mL of 8 M HNO3, and (v) elution of Sr with 
10 mL of Milli-Q water. The used resin was not recycled. 

After separation, total Sr and Rb were measured using ICPMS to 
control Sr recovery and check whether Rb was effectively removed. If 
not, the chromatographic separation was repeated. The calculated Sr 
recovery represents the ratio between Sr concentrations measured in the 
eluent after chromatography and the initial extract before evaporation. 

Table 1 
Strontium concentrations obtained by LLE (value ± σ) and 87Sr/86Sr ratios (value ± 2σ) in olive oil and pomace samples, and Sr recoveries calculated after column 
separation.   

Origin Type of sample Sr concentration (ng g− 1) 87Sr/86Sr Sr recoverya (%) 

S Slovenia, Isola oil 0.19 ± 0.04 not performedb – 
pomace 508 ± 57 0.70840 ± 0.00014 82 
soil 13,200 ± 120 0.70842 ± 0.00007 92 

C1 Croatia, Dalmatia oil 0.033 ± 0.02 not performedb – 
pomace 1180 ± 65 0.70834 ± 0.00001 85 
soil 7070 ± 56 0.70850 ± 0.0001 95 

C2 Croatia, Istria oil 0.041 ± 0.02 not performedb – 
pomace 1090 ± 13 0.71074 ± 0.00004 85 
soil 1940 ± 29 0.71071 ± 0.00009 95 

T1 Tunisia, Sfax oil 3.10 ± 0.25 0.70872 ± 0.00008 91 
pomace 536 ± 42 0.70860 ± 0.00006 85 

T2 Tunisia, Kairouan oil 0.66 ± 0.09 0.70820 ± 0.00010 94 
pomace 1090 ± 160 0.70820 ± 0.00003 89 

T3 Tunisia, Zarzic oil 5.93 ± 0.02 0.70905 ± 0.00006 90 
T4 Tunisia, Kasserine oil 0.25 ± 0.02 0.70982 ± 0.00008 92 
T5 Tunisia, Jendouba oil 0.14 ± 0.02 0.71057 ± 0.00007 91 
Quality Control SRM NIST 2387 LLEc 1560 ± 300 0.70909 ± 0.00003 85 

MWDc 2380 ± 230 0.70906 ± 0.00004 91 

Note: 
a Final Sr recovery obtained after the column separation; 
b 87Sr/86Sr analysis could not be performed due to insufficient amount of sample; 
c Method of sample preparation 
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If necessary, samples were concentrated by evaporation before analysis. 

2.6. Determination of 87Sr/86Sr isotopic ratios in soil 

The 87Sr/86Sr isotopic ratio was determined in the bioavailable 
fraction of soils following the method described in Hoogewerff et al. 
(2019). Briefly, Sr was extracted from approximately 1 g of soil with 
20 mL of 1 M NH4NO3 and mechanical shaking for 2 h. The samples 
were then centrifuged for 15 min at 8000 rpm, and the supernatant was 
filtered using a pre-washed (10 mL extracting solution) cellulose-acetate 
membrane syringe filter (0.45 µm; Sartorius, Germany). An appropriate 
amount of the supernatant was evaporated on the sand bath 
(T = 70–90 ◦C) to dryness before being dissolved in 1 mL of 8 M HNO3. 
The samples were then sonicated for 30 min and transferred to a column 
filled with Sr-specific resin. Extract purification was performed 
following the same procedure as described in 2.5. Finally, the 87Sr/86Sr 
isotopic ratio in the extracts was measured using MC-ICPMS. 

2.7. Determination of total Sr and Rb concentrations using quadrupole 
ICPMS 

Strontium and Rb concentrations were analyzed using a quadrupole 
ICPMS (7900x, Agilent Technologies, Japan). Typical instrument con-
ditions and measurement parameters used throughout the work are re-
ported elsewhere (Hamzić Gregorčič et al., 2021). Rhodium (Rh) was 
used as the internal standard (ICP Standard Certipur, Merck), whereas 
quantification was performed by the external calibration prepared by 
appropriate dilution of Sr and Rb standard solutions (ICP Standard 
Certipur, Merck). Quality control was performed by simultaneously 
analyzing the certified reference material for trace elements in surface 
water SPS-SW1 (Spectrapure standards, Oslo, Norway). A good agree-
ment between the analyzed and certified concentrations, within their 
analytical uncertainties, was obtained for both elements (RSD = 10%). 
The LOD for Sr and Rb were 0.005 and 0.003 ng mL− 1, respectively. 

2.8. Determination of 87Sr/86Sr isotopic ratios using MC-ICPMS 

Strontium isotope ratios were measured using MC-ICPMS in two 
laboratories – at Jožef Stefan Institute (JSI, Slovenia) and Advanced 
Isotopic Analysis (AIA, France). 

2.8.1. JSI (Slovenia) 
The Sr isotope ratios were determined on a Nu II MC-ICP-MS (Nu 

Instruments, Ametek Inc., UK). The sample was introduced using the 
Aridus desolvation system and PFA nebulizer (100 μL min− 1), and nickel 
plasma cones were used for dry plasma. Typical instrumental conditions, 
measurement parameters, and all necessary corrections used are re-
ported elsewhere (Zuliani et al., 2020). The isotopic standard reference 
material NIST SRM 987 (pure SrCO3, NIST, USA) was used for the 
bracketing standard, with a normalization value of 0.710255 
± 0.000023 (Waight et al., 2002). The operating parameters of the 
MC-ICPMS were optimized daily using a standard NIST SRM 987 solu-
tion with a concentration of 25 µg L− 1 to achieve the maximum sensi-
tivity and stability for Sr beam. The typical signal for the isotope 88Sr 
was 12 V. The external reproducibility for Sr isotope ratio measurement 
was equivalent to 30 ppm (calculated as standard deviation with a 95 % 
confidence interval of 25 individual measurements of the NIST SRM 987 
solution (30 μg L− 1)). The analysis time per sample was 20 min, whereas 
the sensitivity was 300 V/ppm 88Sr. To ensure a high precision and 
accuracy the concentration of Sr in the final extract was not lower than 
5 ng mL− 1. 

2.8.2. AIA (France) 
Sr isotope ratios were determined on a Nu Plasma I MC-ICPMS (Nu 

Instruments Ametek Inc., UK) equipped with a cyclonic spray chamber, 
a micro-concentric nebulizer (flow rate of 200 μL min− 1), and nickel 

plasma cones (Type A). Typical instrumental conditions, measurement 
parameters, and all necessary data corrections are reported by Epova 
et al. (2019). The isotopic standard reference material NIST SRM 987 
(pure SrCO3, NIST, USA) was used as the bracketing standard. The 
average measured value was 0.710255 ± 0.000026, which is in good 
agreement with the reference value of 0.710255 ± 0.000023 (Waight 
et al., 2002). The external reproducibility for Sr isotope ratio measure-
ment was equivalent to 37 ppm, calculated as the standard deviation 
with a 95 % confidence interval of 44 individual measurements of the 
NIST SRM 987 solution (100 μg L− 1) under daily optimized conditions. 

3. Results and Discussion 

3.1. Development of Sr extraction method for olive oil and pomace 

3.1.1. Olive oil 
To evaluate the efficiency of LLE, the concentrations of Sr obtained 

by LLE and MWD were compared. The MDW was here adopted as a 
reference method because it is an established and commonly used 
method for elementś determination in oil samples. The measured Sr 
concentrations in the olive oil S are presented in Fig. 2a. The highest Sr 
concentration (0.63 ± 0.05 ng g− 1) was obtained using MWD. In this 
case, the high operating pressure and temperature promote the 
destruction of long-chain aliphatic molecules of fatty acids by oxidation 
with HNO3 and H2O2, which resulted in a higher release of Sr from the 
oil matrix. 

The best Sr extraction among the three tested LLE protocols was 
achieved when combining mechanical shaking for 16 h and ultrasonic 
stirring for 1 h at 40 ◦C, resulting in 0.35 ± 0.04 ng g− 1, which corre-
sponded to 56 % of the Sr released by MWD. The other two LLE protocols 

Fig. 2. The Sr concentration in olive oil S (a) and pomace C1 and C2 (b) ob-
tained by different extraction protocols. 

M.F. Turk et al.                                                                                                                                                                                                                                 



Journal of Food Composition and Analysis 112 (2022) 104675

6

showed lower performance corresponding to Sr levels 35–40 % of that 
obtained by MWD and were similar regardless of the agitation mode 
(mechanical or ultrasound) and time (Fig. 2a). However, neither 
vigorous shaking nor ultrasonic agitation could mix these two immis-
cible phases sufficiently. The oil droplets were formed and dispersed in 
an emulsion so that the Sr, which is probably bound to phospholipids 
that are considered metal scavengers (Boskou et al., 2006), is only partly 
available for extraction by the acid solution. Nonetheless, Sr extraction 
was enhanced when both agitation modes were used, and the temper-
ature was increased to 40 ◦C. The higher temperature reduces the sur-
face tension between liquids (Valasques et al., 2017) and alters the 
emulsion characteristics, i.e. viscosity and droplet size (Goodarzi and 
Zendehboudi, 2019), which resulted in better phase mixing and more 
efficient Sr extraction. Although other studies using similar protocols (i. 
e. Camin et al., 2010; Pošćić et al., 2019) reported that ion exchange 
between two phases was completed in less than 30 min, our experiment 
demonstrated that further optimization of extraction parameters, 
namely longer extraction time, was needed to assure a high Sr recovery. 

To summarize, it was shown that the proposed LLE could be 
considered as an adequate pre-treatment procedure for 87Sr/86Sr anal-
ysis of olive oil because it allows the processing of large sample volumes, 
thereby overcoming the disadvantage of lower Sr recovery and 
providing a sufficient amount of Sr for analysis. 

3.1.2. Pomace 
Three different methods were tested for Sr extraction from pomace: 

MWD, LLE by mechanical shaking for 16 h, and LLE using ultrasonic 
stirring for 1 h. The measured Sr concentrations ranged from 1160 to 
1250 ng g− 1 for pomace C1, and from 1080 to 1150 ng g− 1 for pomace 
C2 (Fig. 2b). The results revealed that all three techniques had similar 
efficiency, with MWD only slightly better (approximately 5%) than LLE. 

3.1.3. Quality control of total Sr analysis 
Quality control for elemental analysis of olive oil is problematic 

because suitable standard reference materials (SRM) for Sr concentra-
tions in edible oil do not exist. However, a similar fatty matrix is NIST 
SRM 2387 (Peanut butter, NIST, USA), and although Sr is not among the 
certified elements, it was used to evaluate the performance of LLE. The 
LLE experiment was performed by mixing different amounts of SRM 
NIST 2387 (0.0016–0.0400 g) with 5 mL of olive oil with known Sr 
concentration to reach a total Sr content typical for olive oils 
(0.5–20 ng g− 1). The Sr recoveries obtained by LLE, when compared to 
values obtained by MWD (2380 ± 230 ng g− 1; n = 10), ranged from 63 
% to 67 % (n = 4), which is similar to that obtained by analyzing olive 
oil S where LLE accounted for 56 % of the MWD value (Fig. 2a). 

3.2. Purification of the extracts and determination of 87Sr/86Sr isotopic 
ratios 

In all olive oil and pomace extracts, regardless of the extraction or 
evaporation procedures performed, a certain amount of matrix residue, 
evident as light yellow to dark brown precipitate, was observed. This 
organic precipitate must be completely degraded before loading on the 
Sr-resin column; otherwise, the remaining organic compounds can 
interfere with the chromatography, resulting in the resin’s saturation, 
loss of Sr and the presence of matrix elements in the eluate (Liu et al., 
2006). According to Dietz and Jensen (2004), Sr adsorbs onto the resin 
in the form of Sr(NO3)2 with the Sr cation residing in the center of the 
crown-ether ring (4,4′(5′)-di-t-butylcyclohexano-18-crown-6), but 
organic molecules can obstruct this by participating in complexation 
and adsorption reactions during the cation exchange process. Improper 
matrix separation can also result in major elements, e.g. Ca, Na, and K, 
being present in the eluate, which may cause non-isobaric matrix effects 
and induce significant isotopic bias during MC-ICPMS analysis, resulting 
in low precision and reproducibility (Hughes et al., 2011). 

3.2.1. Degradation of organic residues in olive oil extracts 
The amount of matrix residue in the extracts can be minimized by 

carefully removing the upper oil phase with a pipette. However, 
although much effort was made to eliminate traces of oil from the acid 
extracts, its complete removal could not be achieved. Also, cellulose- 
acetate membrane syringe filters (0.45 µm) and Amicon Ultra-15 cen-
trifugal filter devices were tested, but neither was effective since both 
filters leach Sr (~ 0.050 ng mL− 1) even after pre-washing with 
extracting solution (up to 30 mL). Therefore, three alternative protocols 
were tested: (i) oxidation of organic matter on a hot plate with H2O2 and 
HNO3 for both “individual portions” and “merged sample”, (ii) MWD of 
m̋erged sample”, and (iii) dry ashing of ̋merged sample”. 

The 87Sr/86Sr ratios in the purified extracts of the olive oil T3 pre-
pared using the tested protocols (Fig. 3a) ranged from 0.70900 
± 0.00006–0.70923 ± 0.00007, with three out of four values being 
within the limit of analytical uncertainty of 0.0001 ( ± 2σ). Namely, the 
extract evaporated as “individual portions” followed by oxidation with 
H2O2 and HNO3, and the extract merged during evaporation (i.e. ̋merged 
sample̋) subjected to MWD and dry ashing, had the same Sr isotopic 
composition. The high Sr recoveries (> 90%) obtained after the column 
separation after dry ashing of ̋merged sample̋ and H2O2/HNO3 treatment 
of the “individual portions” further confirmed the validity of these two 
protocols. For the MWD of organic residue in ̋merged sample̋, the Sr 
recovery was slightly lower (> 70 %), but this result showed that 30 % 
loss of Sr during sample treatment does not result in isotope 
fractionation. 

On the contrary, the treatment of “merged sample” with H2O2 and 
HNO3 exhibited a higher 87Sr/86Sr ratio and lower Sr recovery (50–60 
%) than the three other procedures, and therefore this procedure was 
considered inappropriate. This result could be explained by the incom-
plete degradation of a substantial amount of residual organic material 
remaining after evaporating large extract volumes in a single glass. 
Apparently, the presence of organic material caused the isotopic frac-
tionation of Sr during chromatography since higher isotope ratios were 
obtained. 

3.2.2. Degradation of organic residues in the pomace extracts 
The extracts of pomace samples C1 and C2 obtained by three 

different extraction techniques (LLE with mechanical shaking, LLE with 
ultrasound-assisted agitation, and MWD) were treated with H2O2 and 
HNO3 on a hot plate to remove any organic precipitate remaining after 
the evaporation. After the separation of Sr from the sample matrix, all 
tested procedures produced equivalent 87Sr/86Sr isotopic ratios within 
the analytical uncertainty of 0.0001 ( ± 2σ) for both samples (Fig. 3b); 
the average values were 0.70834 ± 0.00009 and 0.71074 ± 0.00004 for 
pomace samples C1and C2, respectively. Meanwhile, Sr recoveries 
calculated after column chromatography were greater than 85%, 
demonstrating that no significant loss of Sr occurred using any of the 
tested protocols. These results, therefore, demonstrate the applicability 
of all three protocols for determining 87Sr/86Sr ratios in pomace. 

3.3. Quality control of 87Sr/86Sr analysis 

Even though the two tested protocols proved to be equally efficient 
for obtaining 87Sr/86Sr ratios in olive oil (Fig. 3a), due to its greater 
simplicity, the final procedure was defined as follows: LLE extraction 
with an acid solution (2 % HNO3 and 0.1 % HCl) and mechanical 
shaking for 16 h, followed by ultrasonic agitation for 1 h at 40 ◦C. Any 
residues remaining after the evaporation were then calcined at 650 ◦C 
for 16 h. The validity of this method is supported by high Sr recovery 
after the column chromatography (> 90%) and high precision 
(6.0 ×10− 5) expressed as the analytical uncertainty (2σ) of 3 indepen-
dent analyses. 

For pomace, all tested procedures proved to be equally efficient 
(Fig. 3b); however, the following method was selected: extraction with 2 
% HNO3 and 0.1 % HCl and ultrasonic agitation for 1 h. Any matrix 
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residues were removed by repeated cycles (3–5 times) of oxidation with 
H2O2 and HNO3 on a sand bath. The Sr recovery after purification was 
satisfactory (> 85%), and analytical uncertainty was 1.0 × 10− 4 (2σ 
from 3 repeats). 

3.3.1. Sr isotopic composition of NIST SRM 2387 – Interlaboratory 
comparison study 

The validity of the proposed method was further evaluated by con-
ducting an interlaboratory comparison of 87Sr/86Sr analyses using NIST 
SRM 2387. Given that LLE could extract only ~ 60 % of Sr compared to 
that released by MWD (Fig. 1a), the method was verified by proving that 
Sr isotopic composition was unaffected by incomplete extraction of Sr 
from the matrix. This was accomplished by comparing 87Sr/86Sr isotopic 
ratios in the NIST SRM 2387 obtained by both methods (MWD and LLE) 
in two laboratories - IJS, Slovenia and AIA, France. 

The results showed that both methods gave similar 87Sr/86Sr ratios in 
both laboratories (Fig. 4), i.e. the 87Sr/86Sr isotopic ratios obtained by 
MWD was 0.70909 ± 0.00003 for AIA (confidence interval at 95%, 
calculated as 2σ from individual mineralizations, n = 8; external 
reproducibility is 37 ppm calculated as 2RSD), and 0.70909 ± 0.00003 

Fig. 3. The 87Sr/86Sr values in olive oil (a) and pomace (b) obtained using different sample treatment protocols. (Note: “merged sample” - the entire volume of 
extract (100–500 mL) was merged and evaporated in a single glass; “individual portions” - evaporation of individual portions (20 mL) of the same sample separately, 
which were later merged on the column.). 

Fig. 4. The interlaboratory comparison of 87Sr/86Sr analysis of NIST SRM 
2387. 
Note: ̋ AIA̋ - Advanced Isotopic Analysis (France); JSI - Josef Stefan Institute 
(Slovenia). Sr recoveries are given in brackets. 
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for IJS (confidence interval at 95%, calculated as 2σ from individual 
mineralizations, n = 6; external reproducibility is 43 ppm calculated as 
2RSD). The 87Sr/86Sr isotopic ratios obtained by LLE were 0.70906 
± 0.00004 for AIA (confidence interval at 95%, calculated as 2σ from 
individual extractions, n = 6; external reproducibility is 54 ppm calcu-
lated as 2RSD) and 0.70908 ± 0.00003 for IJS (confidence interval at 
95%, calculated as 2σ from individual extractions, n = 6; external 
reproducibility is 50 ppm calculated as 2RSD). The results were not 
statistically different when comparing methods or laboratories, con-
firming that incomplete Sr extraction during LLE extraction does not 
enrich one Sr isotope relative to another. Moreover, the results obtained 
are the first established data on the 87Sr/86Sr isotopic ratio in NIST SRM 
2387, and this data (0.70908 ± 0.00004, n = 14 individual prepara-
tions) could be used as a reference value for the quality control of 
87Sr/86Sr analysis of olive oil and pomace. 

3.4. The application of the developed method for 87Sr/86Sr determination 
in olive oil and pomace 

The proposed method was applied to olive oil and pomace samples 
from eight olive orchards in Tunisia, Slovenia and Croatia. The results of 
the Sr isotopic analyses are presented in Fig. 5, while the concentrations 
of total Sr extracted from the samples and the final Sr recovery obtained 
after column separation are given in Table 1. 

The 87Sr/86Sr ratios in Tunisian olive oils T1, T2, T3, T4 and T5 
ranged from 0.70820 ± 0.00005–0.71057 ± 0.00007. Unfortunately, 
given the quantity of sample that was available (<0.5 kg), the content of 
Sr in olive oil S (Slovenia) and C1 and C2 (Croatia) was too low 
(0.033–0.194 ng g− 1, Table 1) to perform 87Sr/86Sr analysis, but the 
87Sr/86Sr ratios were determined in the pomace obtained by centrifu-
gation of these olive oils. 

The measured 87Sr/86Sr ratio in pomace samples S, C1, C2, T1 and T2 
ranged from 0.70820 ± 0.0003 (T2) to 0.71074 ± 0.00004 (C2). The 
measured values for pomace T1 and T2 were similar within the 

analytical uncertainty of 2σ to those measured in the corresponding oil 
samples (Fig. 5), which showed that olive oil and pomace obtained by oil 
centrifugation have the same Sr isotopic composition. This result reveals 
that Sr isotopes do not fractionate during olive oil production and also 
confirms that olive oil’s Sr isotopic composition could be determined by 
analyzing the corresponding pomace residues if they are present in the 
oil. This finding significantly simplifies 87Sr/86Sr analysis of oil, 
particularly those with trace levels of Sr, because it is showed that, 
instead of processing large volumes of oil, the 87Sr/86Sr isotopic ratio 
can be more easily measured in small amounts of pomace obtained by 
centrifuging the oil. 

3.5. The preliminary application of the developed method in provenance 
studies - the link between the olive oil, pomace and the geology of the 
production area 

The method’s applicability for determining the provenance of olive 
oil was tested by exploring the link between olive oil and soil from the 
same orchard (S, C1 and C2). The 87Sr/86Sr ratios measured in soils 
(Fig. 5) are within the range predicted by Hoogewerff et al. (2019), who 
present a baseline map of 87Sr/86Sr distribution in the bioavailable 
fraction of soils from the corresponding regions. The results presented in 
Fig. 5 show that the measured 87Sr/86Sr ratios in pomace and soil from 
the same orchards (S, C1, C2) are similar within the analytical uncer-
tainty (2σ) of 0.0001, which means that 87Sr/86Sr ratio in pomace re-
flects the characteristic isotopic signature of soil. Considering that oil 
and pomace have identical 87Sr/86Sr isotopic ratios (as demonstrated for 
the samples T1 and T2; Fig. 5), the presented results confirm that 
87Sr/86Sr ratio in the oil reflects that of the soil and therefore both could 
be used as a geological tracer in traceability of olive oil. 

Although the measured 87Sr/86Sr ratios confirmed a link between the 
olive oil and the local geology, the discrimination of the investigated 
olive oils according to the country of origin could not be obtained on the 
basis of such a small amount of data. Indeed, 87Sr/86Sr isotopic ratio, as a 

Fig. 5. A comparison of 87Sr/86Sr values determined in olive oil, pomace and soil from different olive orchards in Tunisia (T1, T2, T3 T4, T4), Slovenia (S1, S2) and 
Croatia (C1, C2). 
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geological tracer, reflects the underlying geology which may be different 
within a country, but may also be similar in different countries (as 
shown for European soils in Hoogewerff et al., 2019). Consequently, the 
use of 87Sr/86Sr approach in traceability studies should be interpreted in 
terms of the background geology, which means that the use of this 
approach solely could not always discriminate the oil, as well as other 
foods, according to country of origin. 

The different background geology explains the different 87Sr/86Sr 
ratios determined in two olive oils from Croatia. The more radiogenic 
soil and higher ratios of pomace in orchard C2 (87Sr/86Sr = 0.7107) are 
consistent with the Lower Cretaceous limestones associated with the 
Istrian region (Croatia), while lower ratios (87Sr/86Sr = 0.7085) in the 
orchard C1 located in the southern Dalmatia (Croatia) are consistent 
with Upper Cretaceous dolomites. The different underlying geology also 
explains why the isotopic signature of samples from the Slovenian or-
chard S (87Sr/86Sr = 0.7084) is different to that of the nearby Istrian 
region (C2); S corresponds to abundance of younger Paleocene-Eocene 
foraminiferal limestones and is, therefore, more similar isotopically to 
the samples from orchard C1. However, to verify the origin of foods, 
including olive oil, various markers for tracing the geographical origin 
should be combined, i.e. Sr isotopic signature should be used together 
with geochemical fingerprints, stable isotope (H, C, O) signatures and 
physico-chemical characteristics of the oil. 

4. Conclusion 

This study contributes significantly to advances in the 87Sr/86Sr 
analysis of olive oil and its implication in investigating its origin because 
of several findings. The first is that the developed methodology based on 
MC-ICPMS enables the precise measurement of 87Sr/86Sr isotopic ratios 
in olive oil, even in those with Sr content as low as 0.2–6 ng g− 1, with a 
precision of 54 ppm. The second is that olive oil and corresponding 
pomace have an identical 87Sr/86Sr isotopic signature, which means that 
accurate 87Sr/86Sr ratio in olive oil can be obtained by analyzing only 
the pomace residues obtained by centrifuging the oil, thereby avoiding 
the need to extract large amounts of oil. This finding could be crucial for 
the 87Sr/86Sr analysis of olive oil with very low Sr content. 

This method’s validity was confirmed by conducting an interlabor-
atory comparison study, which provides the first data on Sr concentra-
tion (2380 ± 230 ng g− 1) and 87Sr/86Sr isotopic ratio (0.70908 
± 0.00004) of NIST SRM 2387. Finally, a link between the 87Sr/86Sr of 
the oil and that of the soil, i.e. local geology, was confirmed, indicating 
that 87Sr/86Sr ratio could be used as a reliable indicator in verification of 
olive oil origin. However, for a reliable determination of the 
geographical origin, a study on traceability should be carried out using a 
larger data set and multi-elemental and multi-isotopic approaches. 
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elements in extra virgin olive oils: A pilot study on the geographical 
characterization. Food Chem. 134 (1), 434–439. 

Camin, F., Larcher, R., Nicolini, G., Bontempo, L., Bertoldi, D., Perini, M., et al., 2010a. 
Isotopic and elemental data for tracing the origin of European olive oils. J. Agric. 
Food Chem. 58 (1), 570–577. 

Camin, F., Larcher, R., Perini, M., Bontempo, L., Bertoldi, D., Gagliano, G., et al., 2010b. 
Characterization of authentic Italian extra-virgin olive oils by stable isotope ratios of 
C, O and H and mineral composition. Food Chem. 118 (4), 901–909. 

Damak, F., Asano, M., Baba, K., Suda, A., Araoka, D., Wali, A., et al., 2019. Interregional 
traceability of Tunisian olive oils to the provenance soil by multielemental 
fingerprinting and chemometrics. Food Chem. 283, 656–664. 

Dietz, M.L., Jensen, M.P., 2004. EXAFS investigations of strontium complexation by a 
polymer-supported crown ether. Talanta 62 (1), 109–113. 

Durante, C., Bertacchini, L., Cocchi, M., Manzini, D., Marchetti, A., Rossi, M.C., 
Sighinolfi, S., Tassi, L., 2018. Development of 87Sr/86Sr maps as targeted strategy to 
support wine quality. Food Chem. 255, 139–146. 
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Epova, E.N., Bérail, S., Séby, F., Vacchina, V., Bareille, G., Médina, B., et al., 2019. 
Strontium elemental and isotopic signatures of Bordeaux wines for authenticity and 
geographical origin assessment. Food Chem. 294, 35–45. 

Fortunato, G., Mumic, K., Wunderli, S., Pillonel, L., Bosset, J.O., Gremaud, G., 2004. 
Application of strontium isotope abundance ratios measured by MC-ICP-MS for food 
authentication. J. Anal. At. Spectrom. 19 (2), 227–234. 

Goodarzi, F., Zendehboudi, S., 2019. A comprehensive review on emulsions and 
emulsion stability in chemical and energy industries. Can. J. Chem. Eng. 97 (1), 
281–309. 
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Janin, M., Medini, S., Técher, I., 2014. Methods for PDO olive oils traceability: state of 
art and discussion about the possible contribution of strontium isotopic tool. Eur. 
Food Res. Technol. 239 (5), 745–754. 

Kalogiouri, N.P., Aalizadeh, R., Dasenaki, M.E., Thomaidis, N.S., 2020. Application of 
high resolution mass spectrometric methods coupled with chemometric techniques 
in olive oil authenticity studies - a review. Anal. Chim. Acta 1134, 150–173. 

M.F. Turk et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref1
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref1
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref1
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref2
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref2
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref2
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref3
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref3
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref3
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref4
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref4
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref5
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref5
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref5
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref6
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref6
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref6
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref7
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref7
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref7
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref8
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref8
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref8
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref9
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref9
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref10
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref10
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref10
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref11
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref11
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref11
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref12
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref12
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref12
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref13
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref13
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref13
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref14
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref14
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref14
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref15
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref15
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref16
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref16
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref16
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref17
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref17
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref17
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref18
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref18
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref18
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref19
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref19
http://refhub.elsevier.com/S0889-1575(22)00293-9/sbref19


Journal of Food Composition and Analysis 112 (2022) 104675

10

Liu, H.C., Chung, C.H., You, C.F., Chiang, Y.H., 2016. Determination of 87Sr/86Sr and δ 
88/86Sr ratios in plant materials using MC-ICP-MS. Anal. Bioanal. Chem. 408 (2), 
387–397. 

Medini, S., Janin, M., Verdoux, P., Techer, I., 2015. Methodological development for 
87Sr/86Sr measurement in olive oil and preliminary discussion of its use for 
geographical traceability of PDO Nîmes (France). Food Chem. 171, 78–83. 

Nasr, E.G., Epova, E.N., de Diego, A., Souissi, R., Hammami, M., Abderrazak, H., 
Donard, O.F.X., 2022. Trace elements analysis of tunisian and European extra virgin 
olive oils by ICP-MS and chemometrics for geographical discrimination. Foods 11, 
82. 

Petrini, R., Sansone, L., Slejko, F.F., Buccianti, A., Marcuzzo, P., Tomasi, D., 2015. The 
87Sr/86Sr strontium isotopic systematics applied to Glera vineyards: a tracer for the 
geographical origin of the Prosecco. Food Chem. 170, 138–144. 
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