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Abstract: This study explored the elemental, isotopic, and chemometric profiles of Montepulciano
d’Abruzzo grapes to ensure the safety and quality of wines produced under the Protected Designation
of Origin (PDO) label. Essential nutrients, such as K, P, Ca, Mg, and Fe, were quantified alongside
toxic elements, like Hg, Pb, Cd, and As, to evaluate the potential health impacts and compliance with
food safety standards. Isotopic analysis provided a powerful tool for geographical authentication,
essential for verifying the grapes’ PDO status and preventing market fraud. Chemometric techniques,
including Principal Component Analysis (PCA) and Multivariate Classification Methods, were
employed to interpret complex datasets, enabling the identification of unique patterns and clusters
that signify quality attributes and possible contamination. The study’s findings not only enhance the
traceability and authentication processes essential for PDO labels but also offer valuable insights into
the safety and quality management of Montepulciano d’Abruzzo grapes, addressing the implications
for growers, regulators, and consumers, thereby supporting sustainable viticulture and robust quality
control in global wine production.

Keywords: grape; Montepulciano d’Abruzzo; elemental analysis; isotope ratios; chemometrics; food
safety; food quality

1. Introduction

The safety and quality of wine grapes are paramount to the viticulture industry,
influencing the economic viability of wine production, consumer perception, and global
market trends [1–4]. Montepulciano d’Abruzzo, a Protected Designation of Origin (PDO)
wine, is renowned for its distinctive flavour and quality, derived from the unique terroir
of the Abruzzo region in Italy [5]. This research’s aim is to explore the elemental, isotopic,
and chemometric profiles of Montepulciano d’Abruzzo grapes, a crucial step in assessing
their safety and quality and, thus, the safety and quality of the wine they produce [6].

Montepulciano d’Abruzzo is not just a wine; it is a significant contributor to Italy’s
economy and a symbol of consumer satisfaction. It ranks among Italy’s most prolific
and popular red wines, contributing significantly to the region’s economy. The annual
production of Montepulciano d’Abruzzo encompasses approximately 36 million bottles,
with vineyards spanning over 10,000 hectares across the Abruzzo region [6]. This substantial
output necessitates stringent quality and safety measures to uphold the PDO standards
and satisfy consumer expectations worldwide.

Given a combination of increasing environmental challenges and stringent food safety
standards, grapes’ elemental composition can provide critical information regarding plant
health, the impact of environmental pollution and agronomic practices, and aid their
provenance [7].
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For this reason, this study aims to perform the analysis of twenty-five elements (Al,
As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Si, Sr and Zn,
measured by HR-ICP-MS) and five isotopic ratios (208Pb/206Pb, 207Pb/206Pb, 206Pb/204Pb,
208Pb/207Pb and 87Sr/86Sr, measured by MC-ICP-MS) in grapes from Monteuplciano
d’Abruzzo PDO chain [8–11].

Grapes are known to be a powerful source of essential nutrients for human nutrition,
such as K, P, Ca, Mg and Fe. These elements play a key role in the cells’ function, fluid
balance, tissue formation, muscle and nerve functions and oxygen transport. On the
other hand, grapes may accumulate toxic elements, such as Hg, Pb (harmful, especially to
children), Cd (kidney toxicity) and As (originating mainly from the groundwater and toxic
to human health) [12].

Additionally, isotopic analysis offers a powerful tool for geographical authentication,
helping to prevent fraud and confirm the grapes’ PDO status. This method leverages the
unique isotopic signatures that grapes acquire from their environment, including the soil,
water, and climate conditions specific to their growing location. The isotopic signature
is influenced by water source, climate, Photosynthesis Pathways, soil and fertilisation.
Therefore, it may be a fingerprint for specific agricultural products, such as grapes. By
comparing the isotopic ratios of a sample with known regional isotopic signatures, it
may be possible to verify the claimed origin of grape-derived products like wine. This is
particularly useful in the wine industry, where the geographical origin can significantly
affect the market value and authenticity of the product. Moreover, this technique can also
assist in quality control by ensuring consistency in the geographic sourcing of grapes for a
particular brand or label [12,13].

Chemometric techniques are utilised to interpret the complex datasets these analyses
generate, providing a holistic understanding of grape quality and safety metrics [14].

Techniques such as Principal Component Analysis (PCA) and Multivariate Classifica-
tion Methods (LDA and QDA) are used to interpret food safety and product quality data.
These methods help identify patterns or clusters in data, predict quality attributes, and
detect anomalies or impurities that could indicate adulteration/contamination [15–17].

This study employs a comprehensive analytical approach to examine the Montepul-
ciano d’Abruzzo PDO chain. Integrating elemental, isotopic and chemometric analyses
allows us to construct a detailed profile of the grape’s quality parameters and to assess
food safety. The data gathered contribute to the scientific community’s understanding of
viticultural practices and enhance the traceability and authentication processes essential to
maintaining the integrity of PDO labels.

Furthermore, this study offers valuable insights into the food safety and quality man-
agement of Montepulciano d’Abruzzo grapes. It addresses the implications for growers,
regulators and consumers, enhancing the knowledge necessary for sustainable viticulture
and robust quality control in global wine production.

2. Materials and Methods
2.1. Chemicals and Reagents

Nitric acid (HNO3, Sigma-Aldrich Chemie Gmbh, Munich, Germany), hydrogen fluo-
ride (HF, 48%, Merck, Darmstadt, Germany) and hydrogen peroxide (H2O2, Merck) used
in this work were of analytical grade. Water used was de-ionised Milli-Q water (Millipore,
Bedford, MA, USA) purified by reverse osmosis followed by ion-exchange cartridges.
Pre-packed 2 mL columns with Sr-Spec resin (Eichrom Technologies LLC 1955 University
Lane, Lisle, IL, USA) were used as supplied. For instrumental mass-bias correction, NIST
SRM 987—Strontium Carbonate and NIST SRM 981—Common Lead Isotopic Standards
(both from National Institute of Standards and Technology, Gaithersburg, MD, USA) were
used. For controlling the accuracy and precision of the analytical methods, NIST SRM 1547
Peach Leaves (National Institute of Standards and Technology, Gaithersburg, MD, USA),
a certified reference material (CRM), was included and processed throughout the entire
procedure (digestion, separation and analysis).
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2.2. Instrumentation

All measurements of element concentrations were performed by double-focusing
sector field ICP-MS ELEMENT XR (Thermo Scientific, Bremen, Germany) equipped with
an introduction system consisting of a demountable quartz torch with 1.5 mm i.d. sapphire
injector, platinum capacitive de-coupling shield, nickel sampler cone, high sensitivity ‘X-
type’ skimmer cone and PFA spray chamber with two gas inlet ports (Cetac Technologies,
Omaha, NE, USA), micro-concentric PolyPro nebuliser and FAST SD2 auto-sampler (ESI,
Perkin-Elmer, Santa Clara, CA, USA) equipped with a six-port valve and a 1.5 mL sample
loop filled and rinsed by vacuum suction. Methane addition to the plasma was used
to decrease the formation of oxide-based spectral interferences, improve sensitivity for
elements with high first ionisation potentials and to minimise matrix effects [18]. Operating
conditions and measurement parameters for concentration measurements were as in a
previous study [13]. Strontium and lead isotope ratio measurements were performed by
NEPTUNE PLUS (Thermo Scientific, Bremen, Germany) MC-ICP-MS. Cup configurations
used and operating conditions and measuring parameters are given in Rodushkin et al.
(2010) [18]. A laboratory UltraWave single reaction chamber microwave digestion system
(Milestone, Sovisole, Italy) was used for sample digestions.

2.3. Sample Preparation and Analysis

Twelve grape samples of Montepulciano variety from three different winemakers in
the Abruzzo region, producing Montepulciano d’Abruzzo PDO wine, were collected
into acid-washed plastic vials during 2020–2021 (Figure 1). Each sample comprised
50 individual berries from several plants from the same vineyard. Four samples were
collected from each producer, representing four different vineyards in the same location.
All the producers selected used organic practices for soil management, and they were
chosen to represent the Abruzzo region geographically (one from the north, one from the
centre and one from the south). The grapes were sampled during harvest, choosing acinus
of 2–2.5 g with blue-black-coloured epicarps. Therefore, the total weight of each sample
was 100–125 g. Samples were stored and transported frozen at −18 ◦C. All measurements
of element concentrations and isotope ratios were performed at ALS Scandinavia AB labo-
ratory (Luleå, Sweden). To allow for uniform blind handling, on arrival to laboratory, all
samples were given a laboratory code number. Sample preparation was performed in Class
10,000 clean laboratory areas by personnel wearing cleanroom attire. General precautions
detailed by Rodushkin et al. (2010) [18] were taken to minimize contamination. In order to
reduce risk of sample contamination during homogenization, entire sample material was
used for analysis. The samples were first thawed at room temperature followed by addition
of concentrated HNO3 (1:1, v/m) and pre-digestion for 48 h inside a fume hood at room
temperature, resulting in pale-yellow solution. Ten mL aliquots of these solution were
placed in acid-washed Teflon vials; 0.02 mL of HF was added followed by MW-assisted
digestion for 60 min at 210 ◦C in UltraWave system, resulting in transparent, colourless
solutions. Part of this digest was further diluted with MQ-water for HR-ICP-MS analysis,
while the rest was used for column separation of Sr and Pb followed by isotope ratio
measurements by MC-ICP-MS. Details on separation procedure as well as on operation
conditions and measurement parameters are reported elsewhere [15,16].
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Figure 1. Geographical distribution of selected winemakers sampled. Producer A is from Teramo
province, producer B is from Pescara province and producer C is from Chieti province.

2.4. Analytical Validation

Summary of figures of merit of analytical methods used for multi-elemental analysis
is provided in Table 1. The limits of detection (LOD) and limits of quantification (LOQ)
for different matrices were calculated, in three lots, ten times the standard deviation for
element’s concentrations detected in preparation blanks (n > 10).

Table 1. Figures of merit of analytical method.

LOD a/LOQ b

µg g−1
Reproducibility c

%
Mean Recovery d

%

Al 0.005/0.02 6 93
As 0.001/0.003 9 101
B 0.01/0.003 3 97

Ba 0.001/0.003 5 98
Ca 0.5/2 2 104
Cd 0.0002/0.001 7 101
Co 0.0002/0.001 5 97
Cr 0.01/0.003 7 91
Cu 0.003/0.01 4 98
Fe 0.05/0.2 4 95
Hg 0.0004/0.001 12 96
K 3/10 3 106
Li 0.001/0.003 5 100

Mg 0.02/0.06 3 104
Mn 0.001/0.003 6 97
Mo 0.001/0.003 6 98
Na 0.3/1 4 102
Ni 0.002/0.006 5 99
P 0.4/1 3 102

Pb 0.0003/0.001 5 105
S 2/6 4 90
Se 0.01/0.03 11 104
Si 2/5 8 84
Sr 0.002/0.006 4 99
Zn 0.03/0.1 5 102

a Limit of detection calculated as 3 times the standard deviation of preparation blanks analysed in several instrumental
sequences. b limit of quantification calculated as 10 times the standard deviation of preparation blanks analysed
in several instrumental sequences. c Calculated as the relative standard deviation for concentration obtained in
18 samples/CRMs prepared and analysed as duplicates (results below respective LOD are omitted). d Calculated as
the mean ratio of measured concentrations to target/information concentration of analyte for CRMs used.
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The accuracy of the data was assessed by analyses of the CRM and presented as mean
recoveries calculated as ratio of ICP-SFMS results to certified, indicative or information
values, where such values were available. Method reproducibility was evaluated from
replicate preparation/analysis of samples and CRMs and, as a rule, was better than 10%
RSD for elements presented in tested matrixes at concentrations 10-times above respective
LODs (Table 1). Isotope ratios obtained in CRM are provided in Table 2. Reproducibility
for Sr and Pb isotope ratio measurements was, as a rule, better than 0.005% RSD.

Table 2. Isotope ratios obtained for CRMs.

87Sr/86Sr
Measured
(SD, n = 3)

87Sr/86Sr
Published
(SD, n = 3)

206Pb/207Pb
Measured
(SD, n = 3)

206Pb/207Pb
Published
(SD, n = 3)

208Pb/207Pb
Measured
(SD, n = 3)

208Pb/207Pb
Published
(SD, n = 3)

NIST SRM
1547

0.713382
(25) 0.71339 1.21281 (6) 1.213 2.48227

(13) 2.482

2.5. Statistical Analysis

Analysis of variance (ANOVA) and mean comparison by Tukey’s honest significant
difference (HSD) for the unequal number of samples at the 5% level were performed
using JMP 17.1 Pro (SAS Institute, Cary, NC, USA. Decisional trees, Principal Component
Analysis (PCA) and classification models (LDA and QDA) were performed with JMP 17.1
Pro. Before the chemometric assessment, an autoscaling pre-treatment was carried out in a
data matrix [15–17].

3. Results and Discussion
3.1. Multi-Element Analysis

The results of twenty-five elements (Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Li, Mg,
Mn, Mo, Na, Ni, P, Pb, S, Se, Si, Sr and Zn) determined in the grape samples are reported in
Table 3. The table shows a significant variation in the concentrations of elements among
different producers. To highlight the significant differences, a Tukey Honest Significant
Differences (HSD) test was carried out on the data, and the results are also reported in
Table 3.

Table 3. Multi-element analysis of grape samples, expressed in ppb. Samples connected by different
letters in a row are statistically different by the HSD Tukey test.

A B C

Al Mean 307 a 565 a 625 a

S.D. 262 148 33

As Mean 0.478 a 0.25 a 0.733 a

S.D. 0.161 0.0707 0.643

B Mean 6350 b 7940 a,b 10,300 a

S.D. 1520 165 2870

Ba Mean 129 c 760 a 418 b

S.D. 42.2 56.6 104

Ca Mean 275,000 b 394,000 a,b 433,000 a

S.D. 81,400 14,300 26,500

Cd Mean 0.138 a 0.032 a 0.06 a

S.D. 0.0585 0.00566 0.021

Co Mean 1.71 a 1.45 a 1.15 a

S.D. 0.86 0.346 0.105

Cr Mean 2.59 a 1.25 a 1.63 a

S.D. 2.51 0.212 0.289
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Table 3. Cont.

A B C

Cu Mean 1740 a 1330 a 2210 a

S.D. 957 13.4 346

Fe Mean 2080 a 2840 a 2590 a

S.D. 689 16.3 337

Hg Mean 0.264 c 0.784 a 0.5 b

S.D. 0.0777 0.0969 0.0644

K Mean 2,470,000 a 2,950,000 a 3,110,000 a

S.D. 567,000 84,300 221,000

Li Mean 5.8 b 18.6 a 3.2 b

S.D. 4.81 5.16 0.608

Mg Mean 100,000 b 153,000 a 160,000 a

S.D. 27,300 11,100 2900

Mn Mean 682 b 2610 a 1990 a

S.D. 225 60.8 322

Mo Mean 11.4 b 18.5 a,b 21.3 a

S.D. 3.78 0.707 6.66

Na Mean 3690 b 7750 a 3790 b

S.D. 684 616 549

Ni Mean 10.8 a 9.4 a 7.97 a

S.D. 3.56 0.707 3.38

P Mean 247,000 b 461,000 a 450,000 a

S.D. 72,900 44,200 83,000

Pb Mean 0.642 a 0.644 a 0.931 a

S.D. 0.204 0.00141 0.112

S Mean 102,000 b 161,000 a,b 192,000 a

S.D. 31,800 1450 10,100

Se Mean 0.883 a 0.33 a 1.05 a

S.D. 0.664 0.101 0.676

Si Mean 7440 b 14,000 a,b 19,900 a

S.D. 3220 3580 148

Sr Mean 873 a 1440 a 1090 a

S.D. 407 427 265

Zn Mean 606 b 1460 a 1090 a

S.D. 225 20.5 194

Most of the analysed elements did not show significant differences between the
producers studied, except for Ba, Hg, Li, Mg, Mn, P and Zn.

Barium and Hg were the only elements with a statistically different concentration in the
three producers. For Ba, a high concentration was found in the B producer (760 ± 56.6 ppb),
followed by the C (418 ± 104 ppb) and A (129 ± 42.2 ppb) producers. Barium is a naturally
occurring element found in the earth’s crust, and it can be detected in grapes and other
agricultural products. While often present in trace amounts due to its ubiquity in the
environment, Ba in grapes typically originates from the soil where the vines grow. Grapes,
like many plants, absorb minerals and other elements from the soil through their roots,
which can include barium [19,20].

Also, Hg, a toxic heavy metal, showed the same trend; indeed, it had the highest
concentration in the B producer (0.784 ± 0.0969 ppb), followed by the C (0.5 ± 0.0644 ppb)
and A (0.264 ± 0.0777 ppb) producers. As Ba can be absorbed by grapevine roots and
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accumulate in the fruits, its presence depends on atmospheric deposition from industrial
emissions and the application of contaminated fertilizers or pesticides.

The winemaker with the most characteristic patterns was A. Indeed, samples from the
A producer presented the lowest concentration of Mg, Mn, P and Zn. These elements are
essential nutrients for grapes, playing significant roles both in the growth of grapevines
and in the nutritional value of the grapes themselves. Furthermore, the concentration of
these elements in grapes depends largely on the magnesium content of the soil in which
the vines are cultivated.

Magnesium is a key component of chlorophyll and plays a crucial role in the photo-
synthesis process in grapevines. Adequate levels of Mg in the soil help ensure healthy vine
development and optimal fruit production. For humans, consuming Mg-rich foods like
grapes can contribute to various health benefits, including improved bone health, better
cardiovascular function and enhanced metabolic processes [21,22].

Manganese is crucial for enzyme activation and plays a part in chlorophyll synthesis,
which is essential for photosynthesis. This mineral also contributes to protecting plants
against oxidative stress. For humans, Mn is important for bone development, metabolism
and the regulation of blood sugar levels [23,24].

Phosphorus plays a pivotal role in various plant processes, including energy transfer,
photosynthesis and nutrient movement within the vine. In grapes, P helps in the develop-
ment of roots and the overall vigour of the vine, which can influence not only the health
and sustainability of the vineyard but also the taste and nutritional quality of the grapes.
Adequate P in the diet is also important for human health, contributing to bone strength
and cellular repair [25–27].

Zinc plays a vital role in several key functions, including enzyme activity, protein
synthesis and the regulation of growth hormones. Adequate Zn levels are necessary to
maintain the structural integrity and health of plants, ensuring proper leaf development and
resistance to disease. For humans, Zn is equally important; it supports immune function,
DNA synthesis and cell division. Zn-rich foods like grapes help maintain a healthy immune
system, promote wound healing and support normal growth [28,29].

Thus, the presence of these elements in grapes supports the vines’ vitality and offers
nutritional advantages to consumers.

On the other hand, the B producer showed the highest concentration of Li. Lithium,
although not commonly discussed as a nutrient in plant biology, can be present in trace
amounts in grapes. Found naturally in many types of soil, Li concentrations in agricultural
products depend largely on their levels in the environment where the plants are grown. In
human nutrition, Li is known for its roles in neurological functions, often used in managing
mood disorders such as bipolar disorder. Its presence in grapes, while typically very low,
reflects the plant’s ability to absorb various elements from its surroundings. The exact
impact of Li on grapevine health and grape quality is less understood and not as thoroughly
researched as other minerals. However, the trace amounts found in grapes and other fruits
are considered safe and non-toxic for human consumption. This minor presence adds to the
complex matrix of nutrients and minerals contributing to the health benefits of consuming
various fruits and vegetables [30–32].

Moreover, according to Commission Regulation (EU) 2023/915, the maximum level of
Pb in fruit is 100 ppb and 50 ppb for Cd. All the samples analysed were under the legal
limit. Cadmium and Pb in fruits can originate from various sources, posing significant
health concerns due to their toxicity. These heavy metals can enter fruit crops through
contaminated soil, as they are elements that can persist in the environment from past
industrial activities, such as mining, smelting and using phosphate fertilisers. Water sources
contaminated with these metals can also lead to their accumulation in fruits. Additionally,
atmospheric deposition from industrial emissions can contaminate the surface of fruits
or the soil in which they grow [33–38]. Therefore, the low concentration of the samples
analysed indicates the high level of safety for human health. These findings reflect the
good quality of the grapes used in the Montepulciano d’Abruzzo supply chain.
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In addition, it is noteworthy that, to the best of our knowledge, this is the first time
that a multi-element characterisation has been performed on Montepulciano d’Abruzzo
grapes. For these reasons, it is impossible to compare our results with those in the literature.
Furthermore, our results should be used as reference points for future Montepulciano
d’Abruzzo PDO grape analyses.

3.2. Isotopic Analysis

Five isotopic ratios (208Pb/206Pb, 207Pb/206Pb, 206Pb/204Pb, 208Pb/207Pb and 87Sr/86Sr,)
were determined in the grape samples. The results are reported in Table 4. Also, the results
of the HSD Tukey test performed on data are reported in Table 4.

Table 4. Isotopic ratios of grape samples. Samples connected by different letters in a row are
statistically different by the HSD Tukey test.

A B C
208Pb/206Pb Mean 2.065 b 2.092 a 2.089 a

S.D. 0.004 0.001 0.001
207Pb/206Pb Mean 0.8425 b 0.8525 a 0.85 a

S.D. 0.0019 0.0007 0.0000
206Pb/204Pb Mean 18.82 a 18.65 a 18.63 a

S.D. 0.13 0.05 0.18
208Pb/207Pb Mean 2.451 b 2.454 a,b 2.457 a

S.D. 0.002 0.001 0.001
87Sr/86Sr Mean 0.70937 b 0.7095 a,b 0.70968 b

S.D. 0.00008 0.00004 0.00012

In this case, producer A also showed the most characteristic pattern. Indeed, it shows
a statistically different result from other producers for 208Pb/206Pb and 207Pb/206Pb.

Furthermore, a partial difference was also noted for 208Pb/207Pb and 87Sr/86Sr isotopic
ratios. This denotes a peculiarity in the geographical origin of this producer. Isotopic ratios
can be used to determine the geographical origin of foods. Strontium, for example, is
present in the soil and is absorbed by plants; consequently, it passes through the food chain.
Since the isotopic ratio of 87Sr/86Sr varies according to the geological composition of the
region, analysing this ratio can indicate where specific foods, such as wines, cereals, fruits
and vegetables, come from [39–43].

Moreover, to the best of our knowledge, this is the first time this kind of character-
isation has been performed on the Montepulciano d’Abruzzo grapes. Therefore, these
results should be used as a benchmark for further studies and to confirm the PDO grape
provenience.

3.3. Chemometric Assessment

The analytical results of isotopes and elemental determination highlighted the specific
markers for different winemakers, especially producer A. Various chemometric tools, such
as Principal Component Analysis (PCA) and linear discriminant analysis (LDA), were
applied to the data matrix to enhance characterisation.

Principal Component Analysis (PCA) was performed to highlight the natural grouping
of samples. Autoscaling pre-treatment was carried out on the dataset to exclude the
variance related to the different measurement units. The scores and loadings plot of the
unsupervised PCA are reported in Figure 2.
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Figure 2. Principal Component Analysis for grape samples data. The scores plot is on the left, and
the loading plot is on the right.

The first two PCs explained 64% of the total variance. It can be highlighted as an
early grouping of samples. The samples from the A producer appeared clearly grouped
in the left quadrants of the plots on PC1, while a partial grouping appeared for the other
producers on PC2. It is possible to highlight the contribution of variables in the PC1 and
PC2 (Figure 3). On PC1, the more influent variables (>0.8) were 208Pb/206Pb, Mg, Mn, S, P,
207Pb/206Pb, while on PC2, the only variable more influent was Ni.
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Since it was impossible to identify specific variables that affected the grouping of
samples based on the producer, a selection of variables was carried out. For this purpose,
the selection was conducted by matching the results of the decisional trees method and
the Tukey HSD test. The decisional trees method was reported as significant for the
sample differentiation of the following variables: 207Pb/206Pb, 208Pb/207Pb, Cd, 87Sr/86Sr,
208Pb/206Pb, Mo, Cr, S, As, Li, Hg, Mg, Ba, Ni, Se, Ca, Mn, Al, B, Co, Cu, Fe, K, Na, P, Pb,
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206Pb/204Pb, Si, Sr and Zn. The algorithm selected these variables as the minimum set to
differentiate samples according to producers.

On the other hand, the variables with statistically different means between the pro-
ducers were Ba, Hg, Li, Mg, Mn, P, Zn, 208Pb/206Pb and 207Pb/206Pb.

Therefore, the most informative variables for differentiating the samples were Li, Ba,
Hg, Mn, Zn, 208Pb/206Pb and 207Pb/206Pb.

The PCA was carried out again but using only the selected variables. The results are
provided in Figure 4.
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In this case, the first two PCs explained 92.8% of the total variance, with a gain of 28%
compared to the previous PCA.

From Figure 4, it is possible to point out that the sample grouping in this case was
better than the previous one. Indeed, all the producers appeared well separated from the
others. Samples appeared well separated from the others on PC1. As reported in Table 5,
almost all the variables contributed highly to PC1. The only variable that contributes less is
Li, which instead contributes the majority to PC2.

Table 5. Variable contribution on PC1 and PC2, after variable selection.

Variables PC 1 PC 2

Ba 0.90758 0.02593
Hg 0.87878 0.02088
Li 0.25065 0.69866

Mg 0.77933 0.09018
Mn 0.94537 0.00034
P 0.82689 0.07949

208Pb/206Pb 0.91621 0.02217
207Pb/206Pb 0.89312 0.00162

Zn 0.90257 0.00060

Once the natural grouping of samples was highlighted in PCA, the grape samples were
used to explore the possibility of building a traceability tool for the different producers. Due
to the small number of samples, the Linear Discriminant Analysis (LDA) and Quadratic
Discriminant Analysis (QDA) were used as explorative classification methods. The Leave-
One-Out method of validation was applied. Table 6 reports the correct classification rates
of grape samples according to producers using the LDA and QDA classification methods.



Agriculture 2024, 14, 966 11 of 13

Table 6. Percentage of correct classification of grape samples according to producers by LDA and
QDA classification methods.

Producers LDA QDA

A 100% 100%
B 100% 100%
C 100% 33%

The A and B producers achieved a success rate of 100%, which indicates that all
samples were correctly classified. Producer C, however, showed a success rate of 33% in the
QDA method, which means that some of their samples were incorrectly classified as coming
from the B producer. Producers with a 100% performance rate have a clear competitive
advantage and reliability in the market, being highly recognisable and different from others,
which could translate into greater trust from customers or involved stakeholders.

However, it is essential to emphasise that these are preliminary data and that a larger
sample would be needed to confirm these results.

4. Conclusions

This study provided a comprehensive analysis of Montepulciano d’Abruzzo grapes
by assessing multi-elemental concentrations, isotopic ratios and chemometric techniques.
The detailed characterization of these elements and isotopes within the Montepulciano
d’Abruzzo PDO provides not only a deeper understanding of the geochemical imprint and
environmental influences on grape quality but also establishes a vital reference for future
studies aimed at safeguarding the authenticity and quality of these wines.

The multi-elemental analysis revealed the presence of both essential and potentially
toxic elements within the grape samples. The results highlighted significant differences for
Ba, Hg, Li, Mg, Mn, P and Zn concentrations among producers, possibly due to variations in
soil composition, viticultural practices and environmental conditions. Notably, all samples
remained below the harmful levels of toxic metals such as lead and cadmium, indicating
adherence to safety standards and highlighting the health-conscious cultivation practices
employed by the winemakers.

The isotopic analysis proved to be a crucial tool for verifying the geographical origin
of the grapes, showcasing distinct signatures that reflect the unique terroir of the Abruzzo
region. This aspect of the study is particularly significant for maintaining the integrity
of the Montepulciano d’Abruzzo PDO, ensuring that consumers receive a product that is
authentic and of the expected quality.

The chemometric assessment using PCA, LDA and QDA effectively utilised the iden-
tified significant variables, achieving a clear differentiation among the producers. This
not only aids in the traceability and verification of the grape source but also enhances
the robustness of quality assurance processes. The successful classification of producers
via chemometric models underscores the potential of these techniques in ongoing quality
control and fraud prevention within the viticulture industry.

The findings from this study are of immense value to grape growers, wine producers,
regulators and consumers alike. For growers and producers, understanding their grapes’
elemental and isotopic composition can aid in refining cultivation practices and improving
grape quality. Regulators will find the isotopic data particularly useful for PDO verifica-
tion, helping to uphold market standards and protect geographical indications. Lastly,
consumers benefit from the assurance of authenticity and safety of the Montepulciano
d’Abruzzo wines, reinforcing trust in this renowned PDO product.

In conclusion, integrating elemental, isotopic and chemometric analyses presents a
robust approach to understanding and enhancing the quality and safety of Montepulciano
d’Abruzzo grapes. Future research should aim to expand the sample size and include
additional vintages to validate these findings further and continue improving the precision
of traceability systems in viticulture. This study sets a benchmark for future analyses and
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contributes significantly to the global scientific and regulatory framework that supports
the global PDO wine industry.
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