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Analytical strategies using combined isotopic
signatures or multi - isotopic - dilution methods to
@ ascertain the origin of wines and foods.
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« True » Bordeaux Wines : 44 wines

11 Pomerol (Red Wine)
Pauillac 4 Saint-Emilion (Red Wine)
- 16 Pessac-Léognan (Red Wine)

- 9 Pessac-Léognan (Red Wine)
Pomeraol.
r’%%r s 4 Pauillac (Red Wine)

Pessac-Léognan ,

oy / Hina

Chinese wines: 3 red wines
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Absorption and translocation of major and trace elements during the manufacturing process
of wine and champagne

Atmospheric inputs and treatment of the vine
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Origins of trace elements and inorganic isotopic signatures in wines
I@ Skin & Pips & Stalks |

ler Alcoholic
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IUPAC Periodic Table of the Isotopes

Element Background Color Key element name - cadmium /O I ey
Standard atomic welghts are the best estimates by IUPAC of atomlic welghts that are found In normal materlals, which are terrestrial 106 108 | neutrons)
materlals that are reasonably possible sources for elements and thelr compounds In commerce, Industry, or sclence. They are element symbol —'c d1 13 ”5|/1“ i
determined using all stable Isotopes and selected radloactive Isotopes (having relatively long half-lives and characteristic terrestrial atomie number . red ates
hydrogen Isotople compositlons). Isotopes are consldered stable (non-radloactive) If evidence for radloactive decay has not been detected (rumiomig number — 48 110 isotope is radioactive
‘experimentally.
H B 11  isotopic abundance 18
2 Element has two or more Isotopes that are used to determine Its standard atomic weight. The Isotoplc abundances and comirandard | 2 e anayen
1 hydrogen D atomic welghts vary In normal materlals. These varlations are well known, and the standard atomic welght Is glven as lower atomic weight 1112.414(4) |
a and upper bounds within square brackets, [ 1. uncertainty in last digit (112.414 £ 0.004)

strontium

Element has two or more Isotopes that are used to determine Its standard atomic welght. The Isotoplc abundances and
1 1 atomic welghts vary In normal materlals, but upper and lower bounds of the standard atomic welght have not been assigned
2 by IUPAC or the varlations may be too small to affect the standard atomic welght value significantly. Thus, the standard

beryllium atomic welght Is given as a single value with an uncerainty that Includes both and due 86 87/

Be 5 10 Isotoplc abundance variations. 4

4 Element has only one Isotope that Is used to determine Its standard atomic welght. Thus, the standard atomic weight Is 38

Invarlant and Is given as a single value with an IUPAG evaluated uncertainty.
Soraririd) Element has no standard atomic welght because all of Its Isotopes are radioactive and, In normal materials, no lsotope -
ﬁg"“'“"‘ occurs with a characteristic Isotoplc abundance from which a standard atomic welght can be determined. (a;:‘m""“‘:) phosphorus 8
“ ” 87.62(1)
208
22989769 28(z) Y 24 304, 24.307) 3 4 5 8 7 8 C) 10 11 12 2658153857 fza.00 zaoss) B 30577t osars) Wszose szove) Nl psass ssasm N oo sasis
potassium calcium o scandium titanium i it il cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton
“ W = y n 7 ]
K . |Ca “:ISc «|Ti sa. |V JCr ==, Co _-|Ni. Cu_ .IZn-_o |Ga_ .|Ge-:.|A: Br . |Kr .-
19 2 21 2 s 2 ‘ 2 27 2 2 30 31 O 32 33 3 % =
35.0883(1) a0.07808) 41,955 303(5) a7.867(1) s0.8a15(1) 51.996116) 55.933 15414) 55.6534() 62.545(3) 65.38(2) s8.723(1) 72.630(s) 74.521585(6) 78.87118) [rosor79s0n B sarosin
rubidium strontium yttrium zirconium niobium molybdenum | technetium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
. Pd .~ - e . |Sn = e ) X i ea
Rb . .ISr =-"|Y = |Zr = INb __ . IMo-=. |TC Rh - .|Ag Cd:zl. In Sb il || or
7 G B “ * . * "O v . “ e ® " \‘ * “ " /‘ ® 8 B “’e G N ﬂ‘G ® . e
o ) s
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= A - _ . ‘\m - 207 204

85.4675(3) s7.52(1) 8.305 38(2) s1.224(2) 52.906 37(2) 95.95(1) oo 102.505 5012) 106.42(1) 107.8652(2 A1z.ata(a) A187107) az1.75001) 1z7.503) zssvaary)  Jusizene 1|
caesium barium s 57-71 hafnium tantalum tungsten rhenium osmium iridium platinum gold merc:ury lead bismuth polonium astatine radon
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132305451 36(6) | 137.327(7) 178.49(2) 180,947 88(2 1s3sac) = ) 48620701 L1s02sa) | o Lisozsia) ___ Bis22170 lnbnﬁ“; as6 56556915 N 200502(3) "} 207.201) 208,980 20(1)
francium radium 89-103 rutherfordium | dubnium seaborgium | bohrium hassium meitnerium darmstadtium | rcentgenium copemu:lum ununtrium flerovium ununpemium i i i
Fr Ra f Sg — |[Bh — |Hs Mt Ds  |[Rg — |Ch__ |Uut__ |FI Uu Lv _ [Uus _ |Uuo_ 207.2(1
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a e .. |Pr . « IPm ___ |Sms: |Eu Tb - =/ |Ho _«|Er .« [Tm __.
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135905 5) s ssosocdi " usvoay sszoososy) | sezsoory fussososup | rerosum = | sesosuzop)
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Traditional isotopic systems

|12.0096| 12.01 12]

nitrogen

Water

! Climat,
Agriculture

Geology,

Volcanoes

strontium

Sr 86 37/34
38

88
87.62(1)

87Sr/86Sr in soils, plants, animals
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Non traditional isotopic systems

lead

Pb 207_ 204
82

206

208
207.2(1)

<= Atmospheric
Inputs

208ppy/206Phy
207pp/206Phy

signature

ﬁﬁ = (mm Geogeni

208Pb/204pb
206ph/204Pp
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Mineralisation:
HNO,4H,0,

i
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Echantillons
V ~ 10- 20mL

@ l Q-ICP-MS / DRCI|
Analyses:

Purification Li, Be, B, Al, Mg, V, Cr, Mn,
«  Sr: Eichrom Sr- Fe, Ni, Cu, Zn, Rb, Sr, Ba,
B50-S Pb
Pb: Dowex AG1-X8 Isotopes du B
B : Amberlite IRA
743

l

Isotopic Analysis: @

::-isc(’)tgp%e)sr @ Traitement des
Isotope Pb données

(10 ppb ) '
. ~ Isotopes B
Multicollecteur ICP-MS (400 ppb)
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Nu Plasma HR (Nu Instruments)

0,71200 -

0,71100 -

0,71000 -

0,70900 |

0,70800

0,70700 -

0,70600 -

0,70500 -

0,70400

4

L3

¢

Nu 1700 (Nu Instruments)
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07107 7 NIST SRM 987
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0,71045 -
L Certified value - 0,71034 + 0,00026
0,71030 |
i Recommended - 0,710255 #+ 0,000027
m NIST SRM 987
# Sample i Measured - 0’ 710266 % 0’ 000035
0,71000 -
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87Sr/%6Sr in Bordeaux Wines

0,71600

0,71500

0,71400

0,71300

0,71200

Pomerol 0,7097 - 0,7102
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...0;7100

Pauillac
Pessac-Léognan

0,7090 - 0,7098

e

0,70900

Saint-Emilion 0,7083 - 0,7090

0,70700"

0,70600

0,70500

.

@ Pomerol

m Pauillac authentic

A Saint-Emilion

I "Bordeaux" imitation

@ Pessac-Léognan red

¢ China

< Pessac-Léognan white

strontium

Sr =./
38

88
87.62(1)
m
Maximal value in the geologic signature of the Bordeaux Region o
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lead

Pb 207_ 204
82

206

208
207.2(1)

France / China:;
Discrimation of
origine

208Pb/204Pb

38,70

38,60

38,50

38,40

38,30

38,20

38,10

38,00

37,90

37,80

1 y=11,04 x-134,3
R?=0,9281
| Bordeaux
+ Wines « true »

1 y=4,77 x - 30,04

R?=0,9192

Chinese wines

-
1 -
15,50 15,52 15,54 15,56 15,58 15,60 15,62 15,64 15,66 15,68

207Pb/204Pb
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30 + |
Cava, Champagne & ] i
25 T . - Tﬁ'-,L F = — . _
Prosecco = L e L.
07 Champagne | LR RTRS. & oL
2 157 e ULt
Several possible explanations.. TR ) 200 .
~ —.—+._..3”HJ= L T T
1o 5 1 —[‘jl-LrthiJ:T_, .
° HE T '_‘[J-"T 1 1 L
the pH of the soil: 0 . : i ! —
P 1200071 . 4000 6 000 8 000
o  Prosecco | ! [B] (ug/L)

Cava: Acaline soils (pH : 7,2 - 8,5) B MMl Boric acid (enrichissement in 'B) ey MR = 1

{11 I Acidic soils (pH : 4,2 - 6,5) e all BoricC acid (no enrichissement en ''B) [y Ik - I
Champagne: [AEETESER S —> B ey —> d'"B 1

> Fertilization & Irrigation:

Champagne: Irrigation forbiden Cava: =l —) Fertilization & Irrigation

F. Abo et al., 1984 - Influence du bore et du manganese sur la nutrition, le développement et la production du blé sur le sols de régions tempérée et aride
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208/204 P 3 D plots of european sparkling wines

390__-5 0 _5 \15 28;25’ 30.71_0.70950.709 0,70850.708 0,7075

7 f - i 394
302 l C

' j E; | 39,2
39 2o ’
@ Prosecco

Cava

@ Champagne

611B%o

1. 87Sr/®68r : Soil signature
2, 208ppj204Ph : Mainly atmospheric inputs
3. 8"B% : Reflecting the pH of the soil and the agricultural practices.
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Elements of Interest

recn
AS IT GETS

Plant Nutrition Periodic Table of Elements

hydrogen helium
1 2
H He
1.0079 4.0026
lithium beryllium carbon oxygen fluorine neon
C, B“ ] Essential Nutrient é 6 Ii' b}“
| = Gl ” =
Beneficial Nutrient B o | o
sodium . . aluminium silicon argon
1 Essential Nonmineral Element 13 1 18
Na Al | Si Ar
26.982 28.086 20.948
scandium litanium vanadium chromium cobalt gallium germanium arsenic um bromine krypton
21 22 23 24 27 3 32 33 kY| 35 36
Sc| Ti| V|Cr Co Ga|Ge| As| Se | Br | Kr
44.956 47.867 50.942 06 69.723 72.61 74.922 78.96 79.904 83.80
rubidium strontium vitrium zirconium niobium technetium | ruthenium rhodium palladium silver cadmium indium lin antimony lellurium jodine xenon
37 38 39 40 41 43 44 45 46 47 48 49 50 51 52 53 54
Rb| Sr Y | Zr | Nb Tc|RU|Rh|Pd|Ag|Cd| In |Sn|Sb|Te| | | Xe
85468 87 88.906 91.224 92.906 [98] 101.07 102.91 106.42 107.87 112,41 114.82 118.71 121.76 127.60 126.90 121.29
caesium barium lutetium hafnium tantalum lungsten rhenium asmium iricium platinum gold mercury thallium lead bismuth polonium astatine radon
55 56 57-70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs|Ba| * |Lu|Hf [ Ta| W |Re|[Os| Ir | Pt |Au|{Hg| Tl | Pb| Bi | Po| At | Rn
122.91 137 .33 174.97 178.49 180.95 183.84 186.21 190.23 192.22 196.08 196.97 200.59 204.38 207.2 208.98 [209] [210] [222]
francium radium lawrencium | rutherfordium]  dubnium seaborgium bohrium hassium meitnerium | ununnilium | unununium | ununbium ununquadium
87 88 89-102 103 104 105 106 107 108 109 110 111 112 114
Fr | Ra|*x x| Lr | Rf | Db | Sg | Bh| Hs | Mt ([Uun|Uuu/Uub Uuq
[223] [226) [262] [261] [262] [266] [264] [269] [268] [271] [272] [277] [289]
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Using multi-isotopic dilution for high resolution geographical traceability
. 23 isotopic spikes

Isotope Mg/g

10B 30000
57Fe 15000
67Zn 7500
86Sr 2500
87Rb 2000
137Ba 500
65Cu 400
53Cr 200
61Ni 120
207Pb 100
95Mo 70
6Li 35
11Cd 1
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ICP-QQQ-MS Simultaneous multi-isotopic-dilution by ICP/MS

» Soil markers
 Agricultural practice markers

» Anthropogenic contamination markers

b a
Gl Me My Bede - A2

“m M, A]-RA

Typical precision: <2 %

Analytical strategies

Very high precision

Multi-elemental information

High samples through-put (200/day)
= Reduced cost of analysis
Important potential of improvment
Applicability to other food matrices
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Typical equation I sc)

for isotopic dilution SCIENCE

S (N NOVATIVE

Isotopes spike: Most abundant elements Isotopes spike: Concentrated elements Isotope spike: Minor elements
35 000 3 000 250
30 000 2500
30 000 2 500 200
2000 20
25 000 2 000
150
20 000 120
uglg = t 500
1 000 70
12 ggg 7500 500 ; 400 50 I 3
H . " I
0 865r 87Rb 137Ba 65Cu 53Cr 61Ni 207Pb 95Mo 6Li 11¢d
108 57Fe 67Zn

Selected primary spike concentrations
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4 Precision domaine with MC

10,000 ICPIMS
— 1,000 T R
o Pb isotopes B isotopes Multi-isotopique Average
N dilution Multielemental
8 Z\ Analysis
= 0,100
e
o
2

0,010

0,001 Multi-dilution isotopique by Traditional Multi-elemental

QQQ-ICP/MS by Q-ICP/MS
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% The Wine in Blue project

Questions Data Generation » Data Storage *| Data Processing by Al
» Importance of Data preparatior
Quality of the data: Inorganic and isotopic :
o y J P Data sorting
* Terroir 5_'9“"“”“’ High precision isotopic signatures I s ‘
* Traceability , fraud Multi-elemental O:
‘ V.VIne quality over Isotopic range v <
time Light isotops signatures. e =
« Bio or not Bio U3S Decision on most discrimining
- Impact of Climat Geographical localisation 'S 3 factors
Change Region description O
. Stability of GPS N
envgzpmental Climatic conditions LIl Answer
conditions Operators comparison,
Other data Different Algorithms




Improved discrimination potential using traditional statistics on pole of wines coming from diffrent origines
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- | o LR Traditional multielemental
Trad|t|9nal multielemental - analysis using multisotopic dilution
analysis by QQQS ICPMS | by QQQS ICP/MS
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Multi-isotopic dilution : Reference Data Basis powered by Al

® | Atlantic
1 Argentina

@  Existing

o W @Q@Q

TRACE WINDU



Application of traditional chemometrics

Discrimination at the national level
LDA applied to the 23 elements on 4 countries
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Italy
(n = 46)
France ':’.'L”j-—,
(n = 55) .
S , b
_“"“':i_'}ﬁ*‘x_:-._

/..f'm Lo
Il
o T Bt T

Spain - “If EJ?,E
(n=33) / :

Tunisia
(n=22)

=i
T

Lambda of Wilk : < 0,0001 (< 0,005)

R?=0,9654 (> 0,9)



Application at the regional level in ltaly

Canonique 2

LDA made on the 23 elements

[ ]
[ J
L °
[ ]
J Veneto
o ° [}
[ J ® ® [ J
Campania Lazio
° [ ]
o
[ J
[ J
Puglia °
[ ]
¢ . Sicily
[ ]
L) ® [}
[ ]
.. ) ° [_J
Tuscany ‘
[}
[}
I ! I ! I
-5 0 5
Canonique 1

Tuscany :
Pugl
(n=11) uglia

(n=6)

Campania
(n=6)

Sicily
(n=6)

Lambda of Wilk : < 0,0001 (< 0,005)
R? = 0,9953 (> 0,9)



Application of traditional chemometrics

« Discrimination at the « Vineyard» level : Coteaux de Jurangon

Canonique 2

LDA applied to the 23 elements on the 3 “Coteaux de Jurangon”

¢ Lasseube
4
000
-. Monein
2 - ° )
o ®
[ d
[ ]
[
[ ]
[ ) ° .O °
0 ° °
[ ]
[ ]
[ ]
2 °
[ )
4
Jurangon
[ ]
4 0 2 4 6
Canonique 1

3 I Bodesux Bergerac-Duras

o & [ 506 Ovest
Péc H
¥rigord g I Languecoc-Roussilion

Masstf Central H "
‘ H I vatée du Rhine
cden 13 Provence
Landes de
% k Rovergue
2 -

Monein gy o B
Lasseube _
(n=16)

Lambda of Wilk : < 0,0001 (< 0,005)
R2=0,9833 (> 0,9)



Best classification strategies based on Al and performed on the total European and Magrebin Data Basis

Decision Tree and Random Forest Gradient Boosting Trees

Feature Importance for RF country classifier Ls

Importance
o
o
5]
Feature Importance

o
=]
=]

0.04

0.02 1

0.00

”\ "\ "\ . \ > "\ \ D e D e
N P& P & P
SO P u}"?’@,\@ RS S °} W« @Y&@'@ S @"’ & \Q"* @?’ S
fe e q? @ \!s E N O ¥ q <

Feature

RF model showed 0.9 accuracy in Between XGBoost, LightGBM, and CatBoost,
classifying wines by its country of orgin XGBoost model performed best with 0.93 accuracy.



2D and 3D Spatial distribution of the Data Basis

Component 2
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Best 2D and 3D Spatial distribution of the Data Basis after appropriate mathematical operation with
agronomical and geogenic relevance : Evaluation of the spreading performance by specific Al tests

Concentration range (pg.L-1)

175000 -

150 000

125000

100 000

15000 -

50 000 -

25000

]

s
ro e

Ry

X3

L)
4 +

L
%

[ J25%75%
T Range within 1 51QR
— Median Line
o Mean
+ Span
Tunisia
+  laly
® France
+ MNbrocco

& Serbia

Component 1



The samples:

Moét & Chandon
Grand Vintage

1921-2021:

A CENTURY OF GRAND VINTAGES

CHAMPAGNE TASTING IN THE GALERIE IMPERIALE

GRAND VINTAGE COLLECTION 2008 MAGNUM A LA VOLEE
GRAND VINTAGE COLLECTION 2002 MACNUM A LA VOLEE

GRAND VINTAGE COLLECTION 1996 MAGNUM A LA VOLEE
GRAND VINTAGE COLLECTION 1995 MACNUM A LA VOLEE

GRAND VINTAGE COLLECTION 1988 MAGNUM DOSE
GRAND VINTAGE COLLECTION 1985 MAGNUM DOSE

GRAND VINTAGE COLLECTION 1976 MAGNUM DOSE
GRAND VINTAGE COLLECTION 1975 MAGNUM DOSE

GRAND VINTAGE COLLECTION 1964 MAGNUM DOSE
GRAND VINTAGE COLLECTION 1962 MAGNUM A LA VOLEE

GRAND VINTAGE COLLECTION 1959 MAGNUM A LA VOLEE
GRAND VINTAGE COLLECTION 1955 BOUTEILLE A LA VOLEE

GRAND VINTAGE COLLECTION 1949 BOUTEILLE A LA VOLEE
GRAND VINTAGE COLLECTION 1941BOUTEILLE A LA VOLEE

GRAND VINTAGE COLLECTION 1933 BOUTEILLE A LA VOLEE

GRAND VINTAGE COLLECTION 1921 BOUTEILLE A LA VOLEE




Evolution of elements in Champagne over a century
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87Sr/*®Sr in champagne
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As & Pb concentrations in Champagne during 1940 to 1945
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Quantité de plomb émis dans
I'atmosphére (tonnes X1000)
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Pb isotopic signatures in Champagne: tracing the sources
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Potential of lead elemental and isotopic signatures for authenticity and geographical origin of Bordeaux
wines Epova, E.N., Bérail, S., Séby, F., Barre, J.P.G., Vacchina, V., Médina, B., Sarthou, L., Donard, O.F.X.

(2020) Food Chemistry, 303, art. no. 125277

Multi-element and multi-isotopic profiles of Port and Douro wines as tracers for authenticity
Coelho, I., Matos, A.S., Epova, E.N., Barre, J., Cellier, R., Ogrinc, N., Castanheira, I., Bordado, J., Donard,

0.F.X.(2023) Journal of Food Composition and Analysis, 115, art. no. 104988, .




Pb isotopic signatures in Champagne and in time: tracing the sources
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Unravelling the sources of Pb in Champagne over the century
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Evolution of the Cu sources and wine treatment process in Champagne over the century copper
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Climate: temperature evolution z
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Role of temperature
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Typical average concentrations of elements between 1955 up to 2013 in Champagne
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Possible impact of climate change on the elements partitioning in Champagne

Deviation from the average champagne (%)
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Relevance

In supermarkets worldwide, at least 10% of the
products have been adulterated.
Studies estimate that food fraud costs
the global food industry between

US $10 billion and US $ 50 billion

a year.




Quality Policy regarding food geographical origin

( Protected Designation Protected Geographical Traditional Speciality )
of Origin Indication Guaranteed
PDO PGl TSG

I

Geographical Indications
of food products

|

Appellation d'Origine Controlée
(Since 1919)

cafigine o
e G,

Liquors and alcohols

over 300 wines 25 products

———

Olives, Olive oil
13 products

Corse, Vosges

—,J,- —A\‘NJ

Cheese Beef and Lamb Poultry Milk, Butter, Cream Lentils Sea food

45 French cheeses 7 products 4 products 52 products de Le Puy-en-Velay Mont Saint-Michel Fruits Lavender
7 products Essentielle oil
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