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Abstract

Yerba mate is a popular infusion originating in South America (Brazil, Argentina, Paraguay,
and Uruguay). The leaves and shoots of the Paraguayan holly (Ilex paraguariensis A.St.-Hil.),
which are used to prepare the drink, contain numerous macro- and microelements. Their
content in the plant depends on a number of factors, such as soil mineral composition,
cultivation methods, and climatic conditions. The aim of this study was to assess the
elemental composition of yerba mate products with respect to their geographical origin.
The dried plant and infusions were analysed using flame atomic absorption spectrometry
and UV-Vis spectrophotometry for the content of 14 elements (Ca, Na, K, Mg, Cu, Cd, Co,
Ni, Mn, Zn, Fe, Cr, Pb, and P). The most abundant macroelement in all analysed products
was potassium (K) (1350 & 167 mg/100 g). Yerba mate from Uruguay contained the highest
levels of the analysed macroelements. The highest concentration among microelements was
determined for Mn (135 & 18.4 mg/100 g), for which the highest percentage of the daily
requirement was also achieved as a result of consuming 200 mL of the infusion Products
originating from Brazil and Paraguay exceeded the maximum permissible level of cadmium
(Cd, 0.04 mg/100 g) in dried yerba mate, as specified by the Brazilian Health Regulatory
Agency (ANVISA). Multivariate chemometric techniques enabled the differentiation of
yerba mate samples according to their geographical origin.

Keywords: yerba mate; elements; FAAS; safety; chemometric analysis

1. Introduction

Yerba mate is a product that originates from South American countries, where it is also
most popular. The main countries where this plant is grown are Brazil, Argentina, Paraguay,
and Uruguay [1]. Today, it is increasingly popular in Europe and North America [2,3]. Imports
of yerba mate have also been rising in Poland [4]. As studies increasingly demonstrate its
health benefits, demand continues to grow [5,6]. Analyses predict that the yerba mate market
will continue to grow over the next few years [7,8]. Such rapid growth in popularity calls
for detailed research into its chemical composition and mineral content. We currently know
that yerba mate contains, among other things, purine alkaloids, flavonoids, saponins, and
carotenoids [1]. It is also a source of macro- and microelements [9]. Existing research suggests
that element concentrations depend on origin, soil type, cultivation method, and harvest
period [10-13]. Analysing the mineral composition of products is important for assessing
food quality, ensuring compliance with safety standards, and selecting appropriate products
for the diet, which in turn affects overall health [14]. It also allows verification of individual
ingredient content and the identification of potentially toxic components, such as heavy metals.
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Given the impact of yerba mate on health, analysing its composition is important to assess its
quality and safety for consumption [9,15].

The infusion is traditionally prepared in a calabash gourd (cuia) and drunk through
a filtered metal straw called a bombilla. The dried leaves are repeatedly infused with
water, up to 5-7 times, until they lose their flavour. As a result, South Americans may
consume up to 4 litres of mate per day. The highest consumption is reported in Uruguay,
Argentina, and southern Brazil, with annual intake of 8-10 kg, 5-6 kg, and 3-5 kg per
person, respectively [5].

Yerba mate infusion is valued primarily for its stimulating properties. It also has
strong antioxidant and anti-inflammatory properties, mainly due to high levels of chloro-
genic acid and its derivatives, which help neutralise free radicals that damage cells and
disrupt physiological processes [16]. In addition, it has hypocholesterolaemic [17] and
anti-diabetic [18] effects and may support weight loss [19].

Taking into account the richness of yerba mate in the mineral ingredients [9], it
is an infusion that can supplement the diet with many important elements. Therefore,
assessing its mineral composition may be helpful in adjusting the diet for people who
need to supplement it with essential elements. Assessment of yerba mate composition
also helps evaluate potential synergistic or antagonistic interactions with the diet already
in use. Elements are known to play numerous important roles in the human body. They
are building blocks of bones, teeth, and hair, and are components of molecules essential
for proper metabolic processes and for maintaining water and electrolyte balance [20].
Elements such as potassium (K), magnesium (Mg), and manganese (Mn) are activators
of numerous enzymes [21-24]. Potassium and Mg also participate in maintaining normal
blood pressure [22,23,25]. Changes in the concentration of elements such as sodium (Na), K,
and chlorine (Cl) cause disturbances in the water and electrolyte balance in our body [23].
Copper (Cu), on the other hand, is essential for the proper metabolism of Fe [23,26].
However, yerba mate may also contain elements toxic to humans, such as cadmium
(Cd), arsenic (As), and lead (Pb), highlighting the importance of assessing its safety for
consumption. The concentrations of Pb, Cd, and chromium (Cr) are higher in plants
grown near roads or industrial areas. Elements found in polluted air accumulate in
leaves [10,27]. The Brazilian Health Regulatory Agency (ANVISA) specifies maximum
permissible levels of toxic elements, such as Pb (0.06 mg/100 g) and Cd (0.04 mg/100 g),
in yerba mate [28]. Elemental analysis of toxic metals enables assessment of the safety of
yerba mate for consumption.

Nowadays, food research commonly generates large, multivariate datasets using ana-
lytical methods. Food quality, which is highly important to consumers, and its variations
result from the complex interactions of multiple factors and reactions [10]. To compre-
hensively extract information from these datasets, appropriate analytical tools must be
employed. To comprehensively extract information from these datasets, appropriate analyt-
ical tools must be employed. Multivariate chemometric techniques are particularly useful,
as they enable the extraction of relevant qualitative or quantitative information [29], verifi-
cation of authenticity [30], species identification [31], or determination of the geographical
origin of analysed foods [32,33]. Given the limited information in the scientific literature
regarding elemental and heavy metal content in yerba mate, as well as the assessment of
its geographical origin and authenticity, combining analytical methods with multivariate
chemometric techniques provides an excellent approach for in-depth data analysis.

This study analysed samples of yerba mate, including dried leaves and stems from
Argentina, Brazil, Paraguay, and Uruguay, as well as infusions prepared from them ac-
cording to traditional methods. The aim was to evaluate dried material and infusions for
14 elements (Ca, Na, K, Mg, Cu, Cd, Co, Ni, Mn, Zn, Fe, Cr, Pb, and P) using flame atomic
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absorption spectrometry (FAAS) and UV-Vis spectrophotometry after dry mineralisation.
Elemental data for dried yerba mate were subjected to chemometric analysis to assess
geographical variation. The analysis of toxic metals (Cd, Pb) also enabled assessment of
compliance with ANVISA safety requirements.

2. Materials and Methods
2.1. Samples

The study was conducted on 30 commercially available yerba mate products. All
samples were purchased online from various retailers. The samples were analysed for
14 elements (Ca, Na, K, Mg, Cu, Cd, Co, Ni, Mn, Zn, Fe, Cr, Pb, and P) using FAAS and
UV-Vis spectrophotometry. The analysed products were in loose-leaf form and contained
pure yerba mate without additives. They originated from Brazil, Argentina, Paraguay, and
Uruguay. The products varied in their proportions of leaves and stems (Table 1).

Table 1. Characteristics of the analysed material.

No. Product Country of Origin

1 Verde Mate Green Despalada Brazil
2 Yaguar Elaborada Brazil
3 Barao De Cotegipe Nativa Brazil
4 Barao De Cotegipe Premium Brazil
5 La Rubia Paraguay
6 Colon Traditional Paraguay
7 La Bombila Paraguay
8 Pajarito Suave Paraguay
9 Pajarito Premium Despalada Paraguay
10 Pajarito Elaborada Con Palo Paracua

Tradicional suay
11 Indega Selection Especial Paraguay
12 Selecta Elaborada Con Palo Paraguay
13 Kurupi Traditional Paraguay
14 Campesino Clasica Paraguay
15 Contigo Uruguay
16 Yerba mate elaborada Uruguay

Canarias

17 Armino Suave Uruguay
18 Sara Roja Traditional Uruguay
19 La Selva es cosa buena Uruguay

traditional
20 Union Suave Argentina
21 Rosamate Sabor Suave Argentina
22 Taragui Argentina
23 Pipore elaborada con Palo Argentina
24 Cruz de Malta Argentina
5 Yerba mate Andresito Argentina

Elaborada Tradicional
Yerba mate Aguantadora .
26 Elaborada T?adicional Argentina
27 Sinceridad Sauve Argentina
28 Rosamonte Argentina
29 Yerba mate Amanda Argentina
Elaborada Tradicional

30 Yerba mate Amanda Argentina

Despalada

2.2. Preparation of Samples

Three 10.0 g portions of each product were weighed (+0.0001 g) on an analytical
balance (Ohaus Corporation, Florham Park, model no. AP110S, Greifensee, Switzerland)
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into quartz crucibles. The crucibles were subjected to dry mineralisation in an electric
furnace (Lindberg/Blue M, model no. BF51828C, Asheville, NC, USA) at temperatures
up to 540 °C. Each residue was moistened with 1.5 mL of 36% hydrochloric acid (HCl,
Tracepure, Merck, Darmstadt, Germany) and two drops of 63% nitric acid(V) (HNO;3,
Tracepure, Merck, Darmstadt, Germany). The contents of the crucibles were evaporated to
dryness in a water bath. Then, 1.5 mL of concentrated HCl was added, the crucibles were
covered with watch glasses, and placed on a boiling water bath for 1 min. The contents of
each crucible were quantitatively transferred to a 25 mL volumetric flask and filled to the
mark with Milli-Q water (18 MQ2-cm, Millipore, MA, USA).

For the infusions, three 30.0 g (£0.0001) samples of each yerba mate product were
weighed into a 250 mL beaker. The samples were then treated with 200 mL of Milli-Q water
(18 MQ)/cm, Millipore, MA, USA) at a temperature of 80 °C. The prepared infusions were
covered with a watch glass and allowed to infuse for approximately 5 min. After this time,
the infusions were filtered under reduced pressure to separate the leaves from the solution.
The filtrates were transferred to quartz crucibles and evaporated to dryness on a boiling
water bath. The residues were mineralised using the same dry mineralisation procedure as
described above.

A blank was included in each measurement series and was prepared following the
same procedure as the samples.

2.3. Elemental Analysis

The concentrations of Na, K, Mg, Ca, Zn, Cu, Fe, Co, Cr, Mn, Ni, Pb, and Cd were
determined using FAAS. Measurements were performed using a Thermo Scientific iCE
3000 series spectrometer (Waltham, MA, USA).

All determinations were performed using stock solutions or appropriate dilutions.
For Ca and Mg determinations, a 0.4% lanthanum oxide (Merck, Darmstadt, Germany)
solution was used as a buffer, while for Na and K measurements, a 0.2% caesium chloride
(Merck, Darmstadt, Germany) solution served as an ionisation buffer. The conditions of the
AAS analysis used are presented in Table A1 (Appendix A).

Phosphorus (P) content was determined by spectrophotometry using an iron(II)—
molybdenum(VI) reagent and a Genesys 10S UV-Vis spectrophotometer (Thermo Scientific,
Waltham, MA, USA). A series of standard solutions was prepared in 25 mL volumetric
flasks to construct the calibration curve. Volumes of 0 to 2.0 mL of KH,POy4 standard
solution (Merck, Darmstadt, Germany) were placed in 25 mL volumetric flasks (14 points).
Then, 10 mL of iron(II)-molybdate(VI) solution was added to each flask, and the flasks
were made up to the mark with Milli-Q water. The iron(II)-molybdenum(VI) solution
was freshly prepared by weighing 25 g of FeSO, x 7H,0O (Tracepure, Merck, Darmstadt,
Germany) into a measuring flask, adding 50 mL of a 10% ammonium molybdate solution
(99.98% trace metals basis; Merck, Darmstadt, Germany), and making up to the mark with
Milli-Q water.

The absorbance of the prepared samples was measured using a spectrophotometer
at a wavelength of 650 nm. The calibration curve for phosphorus was described by the
equation: y = 0.0036x + 0.0053, with R? = 0.9993. This method is consistent with the
procedure described in [34].

2.4. Method Validation

The limits of detection (LOD) and quantification (LOQ) were determined from anal-
yses of blank samples (Table 2). The procedure followed the method of Konieczka and
Namie$nik [35]. The LOD was calculated as the mean of the blank plus three times its stan-
dard deviation (SD), with both parameters obtained from replicate blank measurements.
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The LOQ was set at three times the LOD. Accuracy and precision were assessed using
the certified reference material Oriental Basma Tobacco Leaves (INCT-OBTL-5). Element

recoveries ranged from 89 to 112% of the certified values, and precision varied between
0.02 and 10.2% (Table 2).

Table 2. Element concentrations, RSD, and recovery data for the certified reference material Oriental
Basma Tobacco Leaves (INCT-OBTL-5).

Certified Determined
Element Values Values Rec‘();very RgD L/OD LOQ Linearity R?
[mg/100 g] [mg/100 g] [%] [%] [mg/100 g] [mg/100 g]
Ca 3859 £ 142 3566 + 149 92 417 0.012 0.036 y = 0.00004x — 0.0005 0.9999
Co 0.10 £0.007  0.09 & 0.005 90 5.65 0.014 0.042 y = 0.00006x + 0.0041 0.9989
Cu 1.01 +0.04 1.00 +0.01 99 1.42 0.003 0.009 y = 0.0001x + 0.0006 0.9998
Cd 0.26 & 0.01 0.28 4 0.01 105 3.48 0.002 0.006 y = 0.0003x + 0.0083 0.9996
Cr 0.63* 0.56 £ 0.0001 89 0.02 0.001 0.003 y = 0.00004x + 0.0009 0.9997
Mg 853 + 34 845 + 4.96 99 0.59 0.001 0.003 y =0.001x + 0.0186 0.9998
Mn 18.0 £ 0.6 20.2 4+ 0.34 112 1.67 0.002 0.006 y = 0.0001x + 0.0019 0.9996
Zn 524 £0.18 5.59 £0.24 107 4.31 0.012 0.036 y = 0.00003x + 0.0033 0.9988
K 2271+ 76 2449 £+ 50.3 108 2.06 0.001 0.003 y = 0.0003x + 0.0016 0.9997
Na 90 £ 10 88.0 £9.00 98 10.2 0.007 0.021 y = 0.0006x — 0.0011 0.9999
Pb 0.20 £+ 0.03 0.19 £+ 0.01 95 5.60 0.020 0.060 y = 0.00003x — 0.00005 0.9996
P 170 £2 170 £ 0.41 100 0.24 2.698 8.094 y = 0.0036x + 0.0053 0.9993
Ni 0.85 £ 0.05 0.80 & 0.08 94 9.80 0.086 0.258 y = 0.00006x + 0.0002 0.9999
Fe 149 * 160 + 1.01 107 0.63 0.008 0.024 y = 0.00005x + 0.0029 0.9988

* Informative value.

2.5. Statistical Analysis

Statistical analyses were performed using Statistica 13.3 (StatSoft®, TIBCO Software
Inc., San Ramon, CA, USA). The normality of the variables was assessed using the Shapiro—
Wilk test. Since the data did not follow a normal distribution, non-parametric tests were
applied. Prior to analysis, the dataset was standardised. A data matrix was then constructed
with elements as columns and yerba mate samples as rows. Spearman’s rank correlation,
the Kruskal-Wallis test, factor analysis (FA), and cluster analysis (CA) were then conducted.
Cluster analysis was performed using Ward’s method with Euclidean distance.

3. Results and Discussion
3.1. Macroelements

The analysed yerba mate samples from Argentina, Brazil, Paraguay, and Uruguay
exhibited varying concentrations of the studied elements. The predominant macroelements
were K, Ca, Mg, and P (Table 3). Brazilian yerba mate contained the highest K levels
(1475 mg/100 g). By contrast, Pozebon et al. [36] reported the highest K concentration
in Paraguayan samples (1365 mg/100 g), while Marcelo et al. [10] obtained comparable
values (1231 mg/100 g). Overall, the average K content ranged from 1197 mg/100 g in
Argentinean products to 1475 mg/100 g in Brazilian products.

Uruguayan samples contained the highest levels of Na (3.01 mg/100 g), Ca
(814 mg/100 g), Mg (603 mg /100 g), and P (182 mg/100 g) (Table 3). Pozebon et al. [36]
reported similar trends for Ca and Mg (766 and 557 mg/100 g, respectively), although their
P values were higher (366 mg/100 g). In the present study, Ca concentrations ranged from
719 mg/100 g (Brazil) to 814 mg/100 g (Uruguay) (Table 3). However, Olivari et al. [9]
reported lower Ca values: 266 mg/100 g in Brazilian products and 617 mg/100 g in
Paraguayan products. The Mg levels in our products (441-603 mg/100 g) also exceeded
those reported by Olivari et al. [9] (196-383 mg/100 g). Phosphorus concentrations in
our samples (111-182 mg/100 g) were lower than those reported by Marcelo et al. [10]
(341 mg/100 g). By contrast, Malik et al. [37] reported P values (88-139 mg/100 g) consistent
with our findings.
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Table 3. Concentration of bioelements and toxic metals in yerba mate samples in mg/100 g (average £ SD, range) and percentage of leaching (%).
Na K Ca Mg P Co Cd Cr Cu Fe Mn Zn Ni

[mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g] [mg/100 g]

Argentina 1.49 +0.43 1197 £199 767 £+ 67.4 448 £69.3 158 £3.61 0.04 £0.01 0.03 £0.01 0.08 £0.01 0.80 £0.05 19.4 +3.60 153 £23.5 8.67 £2.03 0.46 £0.12

I3 (0.95-2.22) (569-1516) (667-912) (319-554) (73.7-198) (0.03-0.06) (0.02-0.05) (0.07-0.09) (0.73-0.92) (13.6-25.0) (112-197) (5.25-11.2) (0.32-0.80)
7534+388%  31.5+£139%  225+459%  1234+604%  131+£238%  971+£1.65%  224+480%  6.64+1.04%  8934+115%  394+094%  658+£1.03%  688+£130%  16244.96%

Brazil 2.92 +0.74 1475 + 239 719+ 458 493 +£845 111 +2.82 0.02 4 0.01 0.05 4 0.01 0.08 4 0.03 0.98+0.11 155+1.84 141 £ 26.4 7.60 £ 0.82 0.19 +0.04

s (1.69-3.62) (1175-1702) (663-788) (403-627) (64-166) (0.02-0.02) (0.04-0.06) (0.04-0.13) (0.79-1.07) (12.6-17.1) (106-178) (6.28-8.35) (0.15-0.26)
23.6 £14.1% 12.9 +2.32% 29.0£3.71% 12.0 +2.03% 12.5+4.84% <LOD 16.1 +1.50% 518 £1.20% 9.80 £1.62% 5.44 £ 0.82% 6.73 £0.96% 6.64 £ 0.58% 21.3 £4.23%

Parasua 1.76 £1.25 1381 £ 171 793 +29.7 4414340 133 +5.93 0.03 4 0.01 0.05 4 0.01 0.09 4 0.05 0.82 4 0.06 2404103 100 +16.8 11.0£2.21 040 +0.15

ooy (0.59-5.11) (1228-1452) (750-854) (386-508) (36.2-188) (0.01-0.05) (0.03-0.07) (0.04-0.21) (0.71-0.93) (14.5-51.9) (66.5-132) (5.99-13.3) (0.25-0.80)
529+436%  166+1.65%  21.3+£584%  153+394%  1514+547%  106+147%  203+353%  896+£655%  102+099%  561+246%  7.94+144%  645+0.86%  19.7+£6.55%

Urueua 3.01+0.32 1349 £ 92.3 814+ 453 603 +11.2 182+ 1.75 0.03 £ 0.01 0.04 +0.01 0.06 +0.01 1.014+0.05 214+439 146 +6.98 7.63+0.94 0.31+0.06

5 ;0’3 y (2.72-3.58) (1247-1429) (729-851) (522-824) (111-222) (0.02-0.04) (0.03-0.05) (0.05-0.08) (0.93-1.09) (16.1-27.6) (136-155) (6.54-9.26) (0.27-0.42)
49.04+342%  163+£1.67%  29.0+6.14%  142+339%  1164+153%  149+156%  248+£7.72%  749+£197%  115+191%  5514+1.05%  7574+055%  817+£200%  17.6+5.18%

LOD for Co =0.012 mg/100 g.
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Among the macroelements, extraction efficiency was highest for Na (23.6-75.3%)
and Ca (21.3-29.0%), with maximum values observed in Argentinean (Na) and Brazil-
ian/Uruguayan (Ca) samples. Proch et al. [38] similarly noted the highest extraction rates
for Na (63%) across different brewing methods. However, extraction percentages and the se-
quence of element release can vary depending on the brewing method, water composition,
and infusion temperature [38,39].

3.2. Microelements

Manganese (Mn) was the most abundant microelement in the analysed samples
(Table 3), consistent with reports by Pozebon et al. [36] and Proch et al. [40]. Its concentra-
tions varied with geographic origin, ranging from 100 mg/100 g in Paraguayan samples to
153 mg/100 g in Argentinean samples. Pozebon et al. [36] reported similar Mn levels, from
73 mg/100 g (Paraguay) to 145 mg/100 g (Uruguay).

Iron and Zn were also notable in our samples. Iron was highest in Paraguayan samples
(24 mg/100 g), similar to the 23 mg/100 g reported by Proch et al. [40]. Its concentrations
across all samples ranged from 12.6 to 51.9 mg/100 g, whereas Olivari et al. [9] reported a
wider range (0.9-807 mg/100 g). Zinc levels in the analysed yerba mate samples ranged from
7.60 to 11.0 mg/100 g, with Paraguayan samples containing the highest levels (11 mg/100 g),
exceeding the literature values reported by Pozebon et al. [36] (7.73-7.94 mg/100 g).

Cobalt was below the detection limit (LOD = 0.012 mg/100 g) in two Brazilian samples.
Literature reports an average of 0.034 mg/100 g in Brazilian raw material [40]. Samples
from Paraguay, Uruguay, and Argentina showed similar Co concentrations (Table 3).

Nickel levels were lowest in Brazilian samples (0.19 mg/100 g) and higher in samples
from Paraguay (0.4 mg/100 g), Uruguay (0.31 mg/100 g), and Argentina (0.46 mg/100 g).
Proch et al. [40] reported 0.4 mg/100 g in Brazilian samples, while Argentinean yerba mate
had the highest Ni content in both studies (0.58 mg/100 g in our analysis). Chromium
concentrations in the analysed products ranged from 0.06 mg/100 g in Uruguayan samples
to 0.09 mg/100 g in Paraguayan samples. Similar values were reported by Proch et al. [40],
who found Cr levels of 0.05 mg/100 g in Paraguayan, 0.06 mg/100 g in Brazilian, and
0.06 mg/100 g in Argentinean yerba mate.

Among the microelements, Ni exhibited the highest leaching into the infusion, par-
ticularly in Brazilian samples (21.3%). Other elements, including Co, Cr, Cu, Fe, Mn, and
Zn, leached at rates of no more than 11%. Olivari et al. [9] reported similar leaching for Cr
(7.0%), Cu (11.1%), Mn (7.3%), and Zn (6.9%) in warm infusions (70-75 °C), highlighting
statistically significant differences depending on brewing conditions, particularly water
temperature. Additionally, variations in element leaching may result from factors such as
soil composition, harvest season, and the geographic origin of the raw material [41]. The
low degree of microelement extraction may also be influenced by other leaf constituents,
such as caffeine, theobromine, or other nutrients [41].

3.3. Toxic Elements

The Pb content in all analysed products, including both raw material and infusions,
was below the limit of detection (LOD = 0.02 mg/100 g). The maximum permissible
concentration of Pb in yerba mate (0.06 mg/100 g), as specified by ANVISA, was not
exceeded [28]. Milani et al. [42] reported Pb levels of 0.04 mg/100 g in yerba mate samples.
In turn, Proch et al. [40] found the highest Pb concentration in Argentinean samples,
reaching 0.09 mg/100 g.

In our study, the highest Cd contents were observed in samples from Brazil and
Paraguay (Table 3), consistent with the 0.04 mg/100 g reported by Proch et al. [40] for
the same countries. The average Cd concentrations in Brazilian and Paraguayan samples
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exceeded the ANVISA maximum limit (0.04 mg/100 g). Specifically, 75% of Brazilian
products and 60% of Paraguayan products surpassed the permitted Cd levels. Among
products from Uruguay and Argentina, 20% exceeded the maximum Cd limit. The elevated
Cd content in some Brazilian and Paraguayan samples may result from industrial activities
located near the plantations. Contaminants like Cd can enter the air, soil, and water, and
accumulate in plants [12].

The average Cd leaching rate into yerba mate infusions was 20.9% (Table 3). The high-
est Cd extraction was observed in Uruguayan products (24.8%), followed by Argentinean
(22.4%), Paraguayan (20.3%), and Brazilian samples (16.1%). Given the relatively high
transfer of Cd from leaves to infusions compared with other microelements, monitoring of
yerba mate leaves for toxic metal content by ANVISA is justified.

3.4. Kruskal-Wallis Test

The Kruskal-Wallis test indicated that the concentrations of several elements var-
ied according to the geographical origin of yerba mate, including Na (H = 12.626;
p =0.005), K (H =9.253; p = 0.026), Ca (H =7.516; p = 0.057), Mg (H = 10.165; p = 0.017), P
(H=11.448; p = 0.009), Co (H = 12.655; p = 0.005), Cd (H = 9.266; p = 0.026), Cr (H = 4.436;
p =0.022), Cu (H = 15.034; p = 0.002), Fe (H =5.179; p = 0.159), Mn (H = 18.150; p = 0.004),
Zn (H =9.271; p = 0.026), and Ni (H = 16.957; p = 0.001). Differences were particularly
significant for Na, Mg, P, Co, Cu, Mn, and Ni. According to the literature [43], factors
influencing such variation among elements include soil properties (pH, soil composition),
plant genetics, plant age, leaf position, agricultural practices (fertilisers), solar deposition,
and other environmental factors. Low soil pH can affect the dynamics of soil elements,
notably increasing the availability of Cu, Fe, Mn, Ni, Zn, Al, Pb, and Cd, while decreasing
the availability of Mo and P [44]. In general, yerba mate is characterised by low P content
due to its occurrence in low-fertility soils. However, as a result of the application of high
doses of P-containing fertilisers, Ceconi et al. [45] and Santin et al. [46] reported an increased
uptake of P by the plant. In addition, when assessing the impact of this macroelement on
the elemental composition of Paraguayan holly leaves, Santin et al. [46] observed changes
in the contents of N, K, Ca, Mg, Fe, Mn, Cu, and Zn.

3.5. Dunn'’s Test

The Dunn test was performed to confirm the results of the Kruskal-Wallis test and
to identify which groups differed significantly from one another. Significant differences
were found for Mn and Ni (p < 0.001) among yerba mate samples from Argentina, Brazil,
and Paraguay. These elements may reflect the characteristics of the soils in these regions,
suggesting a similar elemental composition of yerba mate from these three countries
(Table 4).

Table 4. Results of the Dunn test performed on the analysed data matrix for yerba mate samples from
Brazil, Paraguay, Uruguay, and Argentina.

Brazil Paraguay Uruguay Argentina
Brazil - pa Co @b, Ni abe
Paraguay - Mg?,Cu? Mn? Mn abe
Uruguay pa Mg?,Cu? Mn? - Mg? Cu®P, Na?
Argentina Co @b, Nj abe Mn b Mg?, Cu ab Naa -

a9 <0.05;® p <0.01; € p <0.001.

3.6. Correlation Analysis

A non-parametric Spearman’s rank test was performed at three significance levels
(p=0.05,p =0.01, p = 0.001). The analysis revealed both positive and negative relationships
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between the elements studied. The strongest positive correlation (p < 0.001) was observed
between K and Cu. Highly significant positive correlations (p < 0.01) were found for the
following pairs of elements: Ca-Mg, Co-Ni, Cd-Zn, and Cr-Fe. In contrast, highly significant
negative relationships (p < 0.01) were identified between Cd-Ni and Mn-Zn. According to
Kabata-Pendias and Szteke, the Cd—Zn relationship typically exhibits a synergistic effect.
This process results in increased uptake of both elements at elevated concentrations. This
effect is particularly pronounced at low pH values. In the case of the Cd-Ni correlation, Cd
may be displaced during uptake processes, which could explain the negative correlation
observed between these elements in our analysis.

3.7. Factor Analysis

Factor analysis was applied to all yerba mate samples with respect to their geograph-
ical origin. The samples were distinguished by the concentrations of Na, K, Ca, Mg,
P, Co, Cd, Cr, Cu, Fe, Mn, Zn, and Ni. The results of the factor analysis are shown in
Figure 1a,b. Factor F1 explained 24.3% of the variance, whereas factor F2 accounted for
18.4%. Together, these two factors explained 42.7% of the variance, with eigenvalues of 3.16
and 2.4, respectively.

As shown in Figure 1a, factor F1 separated samples from Uruguay and Brazil from
those originating in Argentina and Paraguay. High F1 scores were associated with Na, Mg,
Cu, K, Cd, and Zn. Low F1 scores, characterised by Mn, P, Fe, Cr, Ni, and Co, distinguished
samples from Argentina and Paraguay (Figure 1a,b).

In contrast, high F2 scores distinguished samples from Uruguay, while Paraguayan
products exhibited low F2 values. Uruguayan material contained higher levels of Mg, Na,
and Cu, whereas Paraguayan yerba mate was primarily characterised by Zn (Figure 1b).

Elevated K and Cd levels in Brazilian yerba mate allowed their separation from
material originating in the other two countries. Argentinian products were characterised
by elements such as Mn, P, Fe, Cr, Ni, and Co.

The clear distinction of Uruguayan samples, alongside only partial separation of
Brazilian, Paraguayan, and Argentinian ones, may result from the geographical location
of plantations. Some plantations in Brazil, Paraguay, and Argentina are located in close
proximity to one another. According to data obtained from producers, Paraguayan yerba
mate grown in the province of Itaptia was not clearly distinguishable from raw material
originating from the Argentine province of Misiones. This is attributed to the close proxim-
ity of these two regions. Consequently, the mineral composition of the soils in these regions
is similar. According to the literature, this factor significantly influences the elemental
composition of the plant [1].

3.8. Cluster Analysis

Cluster analysis was conducted using Ward’s method with Euclidean distance
(Figure 2). This approach enabled the grouping of samples based on their geographi-
cal origin.

The dendrogram shows that yerba mate from Argentina and Paraguay clustered
together, characterised by Fe, Ni, Cr, Co, Mn, P, and Zn, whereas samples from Brazil
and Uruguay were characterised by Cd, Mg, Ca, Cu, K, and Na. Within this grouping,
Uruguayan yerba mate was clearly distinguished from products from the other countries.

Similar to the FA, no clear separation was obtained between Argentinian, Paraguayan,
and Brazilian samples. Overall, the CA confirmed the relationships identified in the
factor analysis.
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Figure 1. (a) Scatter plot of factors distinguishing yerba mate products by geographical origin.
(b) Factor loadings for elements determined in yerba mate.

3.9. Assessment of Mineral Compounds Intake and Safety of Yerba Mate Infusions
3.9.1. Recommended Dietary Intake of Elements

According to dietary standards for the Polish population [23], the daily or adequate
intake of the analysed elements was calculated based on the consumption of 200 mL of
yerba mate infusion prepared from 30 g of dried leaves. For Ca, Mg, P, Fe, Zn, and Cu,
estimates were related to the Recommended Dietary Allowance (RDA), whereas for Na, K,
and Mn, the adequate intake (Al) was applied.

Among the macroelements, Mg contributed most significantly to the daily requirement
from a 200 mL infusion (Table 5). The estimated intake covered 18.9% of the daily Mg
requirement for women and 14.4% for men. By contrast, the contribution of Ca, P, Na, and
K was minimal (<2% RDA and <6% Al).

Yerba mate infusions, however, may contribute to the daily intake of microelements
such as Mn, Cu, and Zn. A 200 mL infusion (prepared from 30 g of leaves) provides 9.52%
of the daily requirement for Cu, and 6.96% and 5.06% of Zn requirements for women
and men, respectively (Table 5). The highest percentage of Al was observed for Mn, as a
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200 mL infusion exceeded 100% of the recommended intake for this element. Specifically,
the estimated intake covered 476% of Al for women and 372% for men. This exceptionally
high level is due to the elevated Mn concentration in the raw material used for infusion
preparation. The infusions were prepared using a standard procedure with 30 g of dried
leaves, which may have contributed to the elevated levels of individual elements. However,
it should be noted that Mn from the infusion is not fully absorbed. According to Powell
et al. [47], simulations of intestinal conditions indicate that Mn bioavailability from tea is
approximately 40%. Applying this factor to yerba mate suggests that 200 mL of infusion
provides about 190% of Al for women and 149% for men. Thus, even a single 200 mL
serving is sufficient to meet, and in some cases exceed, the recommended Al for Mn.
However, chronic intake of Mn above recommended levels may cause adverse health
effects [48].

(a) Ward's method
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Figure 2. (a) Hierarchical dendrogram for analysed yerba mate samples of different geographical
origin. (b) Hierarchical dendrogram for analysed elements in yerba mate samples of different
geographical origin.
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Table 5. Comparison of the recommended dietary allowance and adequate intake of 200 mL of yerba mate.

Allowance/Adequate Intake (RDA/AI)

Recommended Daily Realisation of RDA Through

Average Content Consumption of 200 mL

Element Male:mg/day/persor;:]emales (mg/200 mL) Malesof Infusion [0/01]:ema1es
(31-50 Years) (31-50 Years) (31-50 Years) (31-50 Years)

Ca 1000 1000 g 29%23461; 1.86 1.86
K* 3500 3500 1(229%2232)7 5.54 5.54
Mg 420 320 ?215 6:1:81541()) 144 18.9
Na * 1500 1500 (gfgg:_ggﬁ) 0.06 0.06
P 700 700 %623 62121%3; 1.75 1.75
Mn * 23 1.8 ?452?9:1:1;1? 372 476
Fo 10 i 05 0.3 o5 0
Zn 11 8 (()05??2:1:0081:)5 5.06 6.96
Cu 0.9 0.9 (()0035:1:001(5 9.52 9.52

* Al—adequate intake.

3.9.2. Assessment of Exposure to Toxic Metals

According to the FAO/WHO Expert Committee on Food Additives, the amount of
heavy metals ingested through food over time is critical for human health and safety [49].
Therefore, a provisional tolerable monthly intake (PTMI) of Cd from food has been es-
tablished at 0.025 mg/kg body weight [49]. In 8 of the 30 prepared yerba mate infusions,
Cd content was below the LOD (0.002 mg/100 g), preventing estimation of the PTMI
contribution (1.75 mg/kg body weight for a person weighing 70 kg). In the remaining
samples, Cd content was close to the detection limit. Only one sample, originating from
Uruguay, exhibited a higher Cd concentration (0.011 mg/100 g), corresponding to 18.4%
of the PTMI. Thus, daily consumption of 200 mL does not pose a health risk; however,
yerba mate is frequently consumed in substantially larger quantities. It is estimated that
about 30% of South Americans consume more than one litre of yerba mate per day [50]. At
this intake level, the body could accumulate excessive Cd, as one litre of infusion per day
would correspond to 92% of the PTMI. Prolonged intake at such levels could, therefore,
lead to adverse health effects. For the remaining products, exposure to heavy metals was
not found to pose any significant health risk.

4. Conclusions

Based on the analysis of 30 yerba mate products (dried leaves and infusions) from
Brazil, Argentina, Paraguay, and Uruguay, significant differences in their mineral composi-
tion were observed. These variations highlight the influence of geographical origin and
cultivation practices on the elemental profile of yerba mate. Potassium was the predomi-
nant macroelement across all samples, irrespective of geographical origin. Samples from
Uruguay contained the highest levels of the analysed macroelements (Ca, Na, Mg, and P)
compared to products from Paraguay, Brazil, and Argentina. Among the microelements,
Mn exhibited the highest concentration in yerba mate. Samples from Paraguay had the
highest concentrations of Cr, Fe, and Zn among the microelements. Such differences in
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microelement content may affect both the nutritional value and potential health benefits of
yerba mate infusions.

Lead levels were below the detection limit (LOD = 0.02 mg/100 g) in all samples, and
therefore did not exceed the AN-VISA maximum permissible concentration (0.06 mg/100 g).
The highest Cd concentrations were observed in products originating from Brazil and Paraguay.
Yerba mate products from Brazil (75%) and Paraguay (60%) exceeded the maximum permissible
concentration of Cd in yerba mate specified by ANVISA.

Regarding daily nutritional requirements, Mg contributed the highest percentage
of the RDA among macroelements. By contrast, the infusions provided only a minor
contribution to daily requirements for Ca, K, Na, P, and Fe. Consumption of 200 mL of
yerba mate infusion resulted in a substantial exceedance of the adequate intake for Mn.

Considering the tolerable monthly intake for Cd, daily consumption of 200 mL of yerba
mate infusion does not pose a health risk. However, caution is warranted, as higher intakes
may result in an excessive Cd dose. This emphasises the importance of monitoring heavy
metal content in commercially available yerba mate products to ensure consumer safety.
Multivariate techniques, combined with the analytical methods applied, proved to be effective
tools for differentiating yerba mate samples according to their geographical origin. Overall,
the combination of chemical analysis and statistical techniques provides a reliable approach
for assessing both the quality and geographical traceability of yerba mate.
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Appendix A

Table Al. Conditions for determining elements using the AAS method.

Element Wavelength (nm) Slot (nm) Fuel Flow (L/min) Burner Height (mm) Background Correction

Na 589 0.2 0.8 6.8 —
K 766.5 0.5 0.9 7 —
Ca 422.7 0.5 0.9 6.8 —
Mg 285.2 0.5 0.8 6.5 —
Co 240.7 0.2 0.9 9 +
Cd 228.8 0.5 0.8 7.5 +
Cr 357.9 0.5 1.1 9.2 +
Cu 324.8 0.5 0.8 7.3 +
Fe 248.3 0.2 0.9 8 +
Mn 279.5 0.2 0.8 7 +
Zn 213.9 0.2 1.2 7 +
Ni 232 0.1 0.9 7 +
Pb 217 0.5 0.8 5.3 +
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