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Introduction

Pelotherapy is the topical application of peloids for 
therapeutic or cosmetic purposes (Veniale et  al., 
2004), where peloids are usually applied in the form 
of poultices on a certain area of the body (e.g., back, 
arms, legs), at a temperature 40–45 °C, that enhance 
therapeutical benefits. Treatments commonly consist 
of peloids application on a body area, after covered 
with impermeable fabric and blanket to prevent water 
evaporation and to allow heat dissipation. The dura-
tion of peloids application usually varies between 20 
to 30 min (Carretero, 2020a; Gomes, 2018).

Gomes et  al. (2013) proposed a definition for 
peloids as “a maturated mud or muddy dispersion 
with healing and/or cosmetic properties, composed 
of a complex mixture of fine-grained natural mate-
rials of geologic and/or biologic origins, mineral 
water or sea water, and commonly organic com-
pounds from biological metabolic activity”. These 
materials were classified according to its origin by: 
(a) purely mineral; (b) alluvial and marine, charac-
terized by organic matter (e.g., algae, diatoms, bac-
teria); (c) intermediate group of terrestrial peloids; 
(d) mainly vascular-vegetable origin, e.g., moors; 
(e) marine origin; and (f) derived from petroleum 
deposits. In short, peloids are a mixture of solid 
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inorganic/organic materials and a liquid that can 
contains a gaseous phase, such as CO2 or radon 
(Gomes et al., 2013).

Peloids have been used for therapeutical or cos-
metic purposes since ancient times, and their poten-
tial beneficial effects on human health, have been 
studied extensively, especially for rheumatological 
and dermatological applications (e.g., Argenziano 
et al., 2004; Bastos et al., 2020; Codish et al., 2005; 
Karakaya et  al., 2010; Quintela et  al., 2012; Viseras 
et  al., 2019). Peloids can have natural origin and 
maturation processes, or human intervention on both 
the mixture and maturation. These pastes are continu-
ously in transformation during maturation, a process 
that includes the solid–liquid mixture and organic 
changes that are dependent of their physical, biologi-
cal, mineral, and chemical properties (Gomes et  al., 
2013). During this process, biological growth (e.g., 
diatoms, bacteria, protozoa) can occur varying with 
mixture characteristics, and phyllosilicate content 
(Carretero, 2020b). For example, diatoms present in 
the matured paste can produce proteins and lipids that 
enhance anti-inflammatory properties (Tolomio et al., 
1999).

Characterization of peloids by different techniques 
of sediments and waters initial form is essential for 
the definition of potential peloids mixture (Carretero, 
2020a). Solid materials consist of fine-grained miner-
als that may contain varying amounts of other min-
eral phases (e.g., quartz, feldspar, mica, calcite) and 
organic matter (Baschini et  al., 2010; Vieira et  al., 
2008). Previous peloids studies, both in solid and 
water components, reported the presence of poten-
tially toxic elements (PTEs) what can represent a risk 
to human health once they can be released during 
applications and to the skin and blood systems (Kik-
ouama et al., 2009; Pozo et al., 2010; Williams et al., 
2008).

In Portugal, pelotherapy has a long tradition both 
in rivers, lakes, and saline environments, such as 
Porto de Mós beach and Ria de Aveiro lagoon. In the 
present study, highly saline sediments that suffered 
natural maturation processes were studied. Study 
area is a former saltpan recently adapted to a SPA 
were these peloids have been used empirically with 
no medical supervision. Sediments are hand collected 
and applied on the skin, by its users. The aims of this 
study were to: (a) characterize chemical, mineralogi-
cal, and textural composition of the sediments; and 

(b) quantify potentially toxic elements (PTEs) present 
and estimate their dermal risk.

Materials and methods

Study area

Marinha da Noeirinha SPA, is located on a former 
saltpan at Ria de Aveiro (Portugal), that was recently 
adapted to an artificial peri-urban SPA with two dis-
tinct areas (Fig. 1). Area 1 is a shallow limited arti-
ficial beach with marine waters with tidal influence, 
that has occasional inputs of allochthonous sand on 
its margins that aim the SPA artificial beach condi-
tions beneficiation. Area 2 is located on a recovered 
artificial saltpan, having salt production from March 
to October. This SPA area is used for direct applica-
tion of salt in shallow ponds, with 10–20 cm saltwa-
ter depth. Both areas are used during summer periods 
both for bathing and empirical sediments applica-
tions, without medical supervision.

Ria de Aveiro is a shallow coastal lagoon, with a 
mixture of marine and fresh waters, located on the 
NW Portuguese coast, separated from the sea by a 
sand bar (Dias et al., 1999). The lagoon is connected 
to the Atlantic Ocean by a narrow artificial channel 
with the influence of Vouga river flow, that supplies 
Ria de Aveiro with fresh water and sediments (Dias 
et al., 2000; Mil-Homens et al., 2014). Ria de Aveiro 
lagoon has a residual circulation, being considered 
mainly tidal dominated (Dias et al., 2003).

Geologically, the area is located in the Aveiro 
Sedimentary Basin, deployed in the Lusitanian Basin. 
Local formations are stratigraphically dated from the 
Quaternary, represented by modern deposits: alluvi-
ums, beach and dune sands, arranged in layers of var-
ious thicknesses. Specifically, alluviums predominate, 
composed by silt, sandy and micaceous silt, silt with 
shells, muddy and coarse sands that are settle on the 
existing substrate (Teixeira & Zbyszewski, 1976).

Ria de Aveiro suffered water quality degrada-
tion due to chemical anthropogenic inputs (Lopes 
et  al., 2005). Estarreja Chemical Complex (ECC), 
located 10  km  N of Aveiro urban area, is the sec-
ond largest chemical area in Portugal, and the Por-
tuguese Environmental Agency highlighted the 
need for rehabilitation priority actions. For decades 
occurred unmonitored industrial direct discharges 
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to the lagoon, without environmental concerns, that 
contaminated not only the nearby areas but also fur-
ther away by tidal transport of potentially toxic ele-
ments (PTEs). Gadelha et al. (2019) suggested that 
the lack of human activities control is reflected in 
the lagoon waters and sediments quality, with high 
PTEs concentration, e.g., As, Pb and Zn, found also 
in distant areas from ECC source area (Costa & 
Rydin, 2001).

Near Marinha da Noeirinha SPA area there are 
diverse infrastructures, such as, to the East, a freight 
train line, and a highway, and to the West a former 
harbor and fish auction, that disturbed the environ-
mental conditions and contribute to contamination 
(Fig. 1). According to Martins et al. (2013) and Pas-
torinho et al. (2012), Ria de Aveiro sediments act as 
a sink for many potentially toxic elements (PTEs) 
and organic matter. Martins et al. (2013), analyzed 
the distribution of PTEs in Ria de Aveiro sediments 
and concluded that Aveiro urban Canals is where 
the highest concentration of Zn, Pb and Cu were 
found, an enrichment linked to the past chemical 
industrial discharges but also to maritime transport 
of supplies to and from the city.

Sampling, samples preparation and analysis

A total of six sediment samples were collected in 
the SPA areas 1 and 2 (Fig.  1), in different periods 
of 2020 and 2021 (Table  1). Samples A1a and A1b 
were collected before beach improvement works of 
Area 1, with the input of allochthonous sand on its 
margins. Samples A1c and A1d were collected after 
this intervention. Sample groups A1a, A2a and A1d, 
A2d were collected simultaneously, in the first and 
last sampling campaigns, respectively. Area 2 was not 
submitted to any beneficiation works.

After collection, samples were stored in individ-
ual referenced polyethylene bags until laboratorial 

Fig. 1   Study area location and surrounding environmental context (adapt. Google® maps, 2022)

Table 1   Samples description

ID Area Period

A1a 1 Spring 2020
A1b 1 Winter 2021
A1c 1 Summer 2021
A1d 1 Autumn 2021
A2a 2 Spring 2020
A2d 2 Autumn 2021
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preparation and analyses. In the laboratory, total 
samples were wet sieved to obtain < 63  µm fraction 
(silt) and by sedimentation, using Stokes’ Law, to 
obtain < 2  µm fraction (clay). Sediments were oven 
dried (~ 40 ºC), homogenized, and a portion grounded 
on an agate mill for chemical and mineralogical anal-
ysis. Size distribution of the silt fraction was obtained 
using an X-ray grain size analyzer, Micromeritics® 
Sedigraph III Plus (University of Aveiro—UAVR). 
This textural characterization method is based on the 
absorption of X-radiation (Beer-Lambert law) and the 
sedimentation theory (Stokes’ law).

Sediments physical parameters were determined: 
color, using Munsell color chart (Munsell, 2009); 
pH with method, using a calibrated pH meter Hanna 
HI 9126 model, whereby the suspension of samples 
was made up in five times its volume of a 0.01 mol/l 
solution of calcium chloride (CaCl2); electrical con-
ductivity (EC) was determined by the same method 
of pH, using a calibrated conductivity meter Hanna 
HI 9033 model; and organic matter (OM) using pro-
cedure proposed by Reeuwijk (2002), consisting of 
burning organic material and the relation of weights 
before and after burning process.

Samples geochemical composition was achieved 
by X-ray fluorescence (XRF) carried with a Panalyti-
cal Axios spectrometer PW4400/40 X-ray (Marvel 
Panalytical, Almelo, The Netherlands) operating on 
an Rh tube under argon/methane (UAVR). Limits of 
detection (LOD) were As 4.1; Cd 3.9; Co 4.5; Cr, Ni 
2.0; Cu, 2.8; Pb 1.7; Zn 1.3, and Zr 0.8 mg/kg.

Mineral phases were determined using a Phillips/
Panalytical power diffractometer, model X’Pert-
Pro MPD, carrying an automatic slit (UAVR). XRD 
makes use of Cu-X-ray tube operated at 50  kV and 
30  mA, which allowed data to be collected from 2 
to 70° 2θ with a step size of 1° and a counting inter-
val of 0.02  s. XRD analysis (qualitative and semi-
quantitative) was carried out on total sample, and silt 
(< 63 µm) and clay (< 2 µm) fractions, according to 
Brindley and Brown (1980), Galhano et  al. (1999) 
and Oliveira et al. (2002).

Individual particles morphology and size deter-
mination was performed with an Hitachi S-4100 
scanning electron microscope (SEM), model VEGA 
LMU, operating in high and low vacuum and capa-
ble of image acquisition through secondary and 
back-diffused electron detectors (UAVR). Particles 
semi-quantitative chemical characterization was 

determined by elemental chemical analysis using an 
Energy Dispersive Spectrometer (EDS). Mix of pro-
tocols allowed the individual identification of inor-
ganic insoluble particles (Wu et al., 2016).

Internal standards, certified reference material and 
quality control blanks were used for monitoring the 
precision and accuracy of the analyses and digestion 
procedures. Samples revealed results were within 
the 95% confidence limits and the Relative Standard 
Deviation was between 5 and 10%.

Data analysis

Sediment Quality Guidelines (SQG) have been used 
to evaluate contamination degree in sediments (Zhang 
et  al., 2016). The threshold (TEL) and the probable 
effect (PEL) levels are broadly used to assess sedi-
ment toxicity (Zhao et  al., 2016). Between the TEL 
and PEL, is the possible effect range within which 
adverse effects occasionally occur. In this study, 
values used were, TEL, or concentration of a pol-
lutant below which adverse effects are not expected 
to occur, were As = 5.9, Cd = 0.596, Cr = 37.4, 
Cu = 35.7, Ni = 18, Pb = 35, and Zn = 123 (Smith 
et  al., 1996); and PEL, or a pollutant concentration 
limit above which adverse effects are expected to 
occur more often than not, were As = 17, Cd = 3.53, 
Cr = 90, Cu = 197, Ni = 36, Pb = 91.3, and Zn = 315 
(Smith et al., 1996).

Toxic Risk Index (TRI) is a method to evalu-
ate a system ecotoxicity taking in consideration 
TEL and PEL levels. The potential sediment acute 
toxicity is calculated by TRI =

∑n

i=1
TRI

i
 , where 

TRIi =
√

[(Ci∕TELi)
2 + (Ci∕PELi)

2]∕2 , with Ci the i 
pollutant concentration and n the number of selected 
pollutants (Long et  al., 2006). Toxic risk degree is 
classified as, no toxic risk (TRI ≤ 5), low toxic risk 
(5 < TRI ≤ 10), moderate toxic risk (10 < TRI ≤ 15), 
considerable toxic risk (15 < TRI ≤ 20), and very high 
toxic risk (TRI > 20) (Zhang et al., 2016).

Contamination factor (CF) and contamination 
degree (CD) are parameters used to assess the sedi-
ments contamination. Contamination Factor (CF) 
express the level of metal contamination in sediment 
and is calculated as CF = Cmsample∕Cmbackground , 
where Cmsample represents the amount of a given 
metal in the sediments samples and Cmbackground 
is the value of the metal that is equivalent to the 
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upper continental crust (UCC) in the studied sedi-
ments (Avumadi et  al., 2019; Rasul and Al-jaleel, 
2022). CF is classified as 0 ≤ CF < 1 low, 1 ≤ CF < 3 
moderate, 3 ≤ CF < 6 high, and 6 ≤ C very high Con-
tamination Factor (Håkanson, 1980; Loska et  al., 
1997). Contamination degree (CD) is defined as the 
sum of the CF for the eight metal species (Håkan-
son, 1980) and it is calculated using the following 
formula CD = C

D
= CD =

∑n=7

i=1
CF

i
 . CD is classi-

fied as 0 ≤ CD < 6 low, 6 ≤ CD < 12 moderate, and 
12 ≤ CD < 24 considerable, and 24 ≤ CD very high 
Contamination Degree (Håkanson, 1980).

Risk assessment was calculated taking into con-
sideration that SPA visitors, both children and adults, 
are exposed to sediments through three main routes: 
ingestion, inhalation, and dermal absorption. Never-
theless, only dermal adsorption for the present study 
was considered. Non-carcinogenic hazard (systemic 
toxicity) and carcinogenic risk for potentially toxic 
element (PTE) considered were calculated consider-
ing formulas and reference toxicity levels, as exten-
sively described in RAIS (2022). Adjustable param-
eters used: ingestion rate for adults 200 and children 
100  mg/d; inhalation rate of 7.6 and 20 m3/d for 
children and adults, respectively; exposure frequency 
of 30 d/yr; exposure period (EP) of 3 and 10  years 
for non-carcinogenic effects in children and adults, 
respectively; lifetime (LT) of 70 years; average body 
weight of 15 (children) and 60  kg (adults); average 
time for non-carcinogenic effects = EP × 365  days; 
exposed skin area of 2800 and 5700 cm2 for children 
and adults, respectively; skin adherence factor of 0.2 
and 0.07 mg/cm2 for children and adults, respectively, 
dermal absorption factor of 0.001 for all selected PTE 
(As, Cd, Co, Cr, Cu, Pb, Mn, Ni, Pb, Zn and Zr), 
particulate emission factor of 1.36 × 109  m3/kg; soil 
dermal contact factor-age-adjusted of 362 mg.yr/kg.d, 
average of carcinogenic effects time = LT × 365 days; 
and exposure time of 8 h/d (RAIS, 2022). Non-carci-
nogenic hazard was estimated by the Hazard Quotient 
(HQ) for systemic toxicity for each PTE and expo-
sure route. The cumulative non-carcinogenic Hazard 
Index (HI) is the sum of HQ routes and/or variables, 
was not considered. If HI > 1 non-carcinogenic effects 
might occur once exposure concentration exceeds the 
reference dose. Dermal carcinogenic risk, or the prob-
ability of an individual to develop any type of cancer 
over a lifetime in result of dermal exposure to PTE, 
was evaluated by the sum of total carcinogenic risk 

of the considered elements. Carcinogenic target risk 
is 1.00E − 06, and risk if > 1.00E − 04 is considered 
unacceptable (RAIS, 2022).

Statistical analysis was performed by using 
descriptive statistics, t-student test, and cluster anal-
ysis were performed by using SPSS v.27® software 
(IBM, USA). Cluster analysis was applied with 
Ward’s method and Euclidean distance as a measure 
of similarity.

Results and discussion

Samples textural classification is presented in Fig. 2. 
Area 1 sediments, before improvement works, were 
classified chronologically as clay loam (spring) and 
loam (winter), while after the beneficiation activi-
ties were classified as sand (summer) and loamy 
sand (autumn). Results reflected the impact of cli-
matic conditions in all samples texture but also, SPA 
improvement works on short term (A1c) and some 
months later (A1d), with tidal and climatic influ-
ence on materials transport. Sample A1c presented a 
sand fraction of 90.0% while sample A1d presented 
a small sand sized reduction (83.2%). These sam-
ples presented a mud fraction (silt + clay) of 10.0 and 
16.8%, respectively, much lower that sand content, 
suggesting poor reactivity (specific surface). Samples 
A1a and A1b were the ones with lowest sand fraction 
content, 27.7 and 23.6%, respectively. Sample A1a 

Fig. 2   Samples textural classification
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mud fraction was 72.3%, while sample A1b mud frac-
tion was 76.4%, indicative of suitable reactivity, what 
allow handling and pleasant feeling when applied on 
the skin. There is a need of time, with tidal and cli-
mate influence, for sediments to recover their initial 
texture after beneficiation works on this SPA area. 
Sediments from Area 2 were classified as silty clay 
loam and silt loam, being mud fraction the most sig-
nificant, with 72.3 and 90.1%, in samples A2a and 
A2d, respectively, revealing applicable specific sur-
face for handling.

Samples mineral phases identified are presented 
in Fig.  3 and include phyllosilicates (e.g., micas/
illite, chlorite, kaolinite, smectite), quartz (SiO2), 
feldspars (plagioclase ((Na,Ca)[(Si,Al)AlSi2]O8), K 
feldspar (KAlSi3O8)), carbonates (calcite (CaCO3)), 
anhydrite (CaSO4), jarosite (KFe3+

3(SO4)2(OH)6)), 
zeolites, opal C/CT (SiO2·nH2O), halite (NaCl), 
and iron oxides such as magnetite-maghemite 
(Fe3O4-γ-Fe2O3). Quartz was the dominant mineral 
phase in all samples, while zeolites were only identi-
fied in sample A1a. Area 1 total sample minerals were 
ordered quartz > Ʃ phyllosilicates > feldspars > car-
bonates > magnetite-maghemite >  > halite > opal 
C/CT > zeolite, while in silt fraction quartz > feld-
spars > Ʃ phyllosilicates > carbonates > halite > opal 
C/CT > magnetite-maghemite. Sample A1c presented 
significant differences from others (p < 0.05), with 
the highest quartz content in total fraction 84.8%) 
and minor amounts of other minerals, in accordance 
with the textural classification (Garzanti, 2019). The 
high content of clay, one of the primary products 
of chemical weathering, reflected the environmen-
tal conditions of these samples. Results were in line 
with other studies in Ria de Aveiro (e.g., Abrantes 

et al., 2005; Martins et al., 2014). Area 2 total sam-
ple mineral phases were ordered quartz > Ʃ phyl-
losilicates > halite > feldspars > carbonates > mag-
netite-maghemite > opal C/CT, while in silt fraction 
quartz > Ʃ phyllosilicates > feldspars > halite > car-
bonates > magnetite-maghemite > opal C/CT. These 
area samples halite higher content reflected the artifi-
cial saltpan clayey bottom influence and human activ-
ities to promote salt production.

Clay fraction identified mineral phases revealed 
the presence of illite (K0.65Al2[Al0.65Si3.35O10]
(OH)2) > kaolinite (Al2(Si2O5)(OH)4) >  > smectite 
((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) > chlo-
rite ((Mg, Fe)3(Si, Al)4O10(OH)2·(Mg, Fe)3(OH)6) 
(Table  2). Illite high content reflected the temperate 
climate of the source area, and showed slightly higher 
crystallinity, with a discrete lateral heterogeneity 
while the others clay minerals showed low/medium 
crystallinity with no significant variation, in gen-
eral (Oliveira et al., 2002; Rocha et al., 2005). Illite, 
usually a major constituent of ancient mud rocks, is 
formed from weathering of K and Al-rich materials 
(e.g., muscovite, feldspars) in high pH conditions. 

Fig. 3   Mineralogical com-
position of total sample and 
silt fraction

Table 2   Clay fraction mineralogical phases identified

tr trace

kaolinite illite smectite chlorite

A1a + ++ tr
A1b +++
A1c + +++
A1d ++ +++
A2a ++ +++ tr
A2d + +++ tr
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Illite K, Ca, or Mg interlayer cations avoid H2O into 
the structure, suggesting that these clays are non-
expanding. According to Carretero (2020a) mud sam-
ples with high quartz, carbonates, such as calcite, and 
illite content have high therapeutical applicability. 
The presence of quartz and carbonates can usefully 
contribute to application on physiotherapy and cos-
metic technologies (Glavaš et al., 2017; Nissenbaum 
et al., 2002).

Total samples physical parameters are presented 
in Table 3. pH ranged 5.9 to 7.97. These results are 
in line with those of Moreira et  al. (1993), with pH 
ranging 6.8 to 8.9 (closely related to O2), and Martins 
et al. (2014) ranging 4.2 to 9.9. Martins et al. (2014) 
associated the lowest pH values to inland lagoon 
areas near freshwater sources. Lower electrical con-
ductivity (EC) was found in sample A1c, ranging 4.0, 
while higher values were found in more saline waters 
(11.7 and 22.4 mS/cm). Electrical conductivity is also 
closely related to particles grain size. Clay particles 
result in increased surface area per volume unit or per 
mass unit, where significant cations can be adsorbed, 
which highlight that clay particles have significant 
EC (Uddin, 2008). The present study results were in 
line with studies carried out in Turkey, with high EC 
peloids (Özay et al., 2020).

Sediment samples color varied from light yellow-
ish brown to dark grayish brown, what can be attrib-
uted to the variable OM content (0.60 to 4.88%). OM 
content reflected the environmental context where 
sediments may act as sink. According to Vodyanitskii 
and Savichez (2017) OM is the basic and most impor-
tant pigment to give dark color and is the most com-
mon cause of changes that occur in color indicator. 
Burdige (2007) considered that marine OM generally 
consist of debris of phytoplankton or detritus, whose 
chemical composition is predominantly proteins, car-
bohydrates and lipids. Living biomass, plant litter is 
part of terrestrial organic matter, the latter consisting 

largely of highly altered and degraded remains of ter-
restrial biomass. Beside humic acids, the presence of 
microorganisms in peloids may also explain the high 
OM content (Tserenpil et al., 2010). Lowest OM con-
tent, and lightest color, were found in sample A1c, 
sample classified as sand due to anthropogenic sand 
input, in agreement with the study done by Hossain 
et al. (2014).

Individual particles morphology and identification 
are presented in Figs. 4 and 5. Is common the pres-
ence of microorganisms in saline environments and 
a recent study in Spain also suggested it (Fernán-
dez-Moreno et al., 2022). Considering Potopova and 
Charles (2003) who classified EC as an important 
contributor to diatoms (biogenic silica) distribution 
and given EC values measured in these samples, the 
presence of microorganisms founded in all samples 
in a significant number was expected. Resende et al. 
(2005) studied the ecological preference of diatoms 
in Ria de Aveiro and concluded that their distribu-
tion along the lagoon was mainly controlled by the 
effect of river inflow and tidal incursion, reflecting 
the occurrence of diatom species within a relatively 
wide salinity range. Microorganism abundance can 
be responsible for sediments color and OM content. 
Particles enriched in Fe, Cu, Ti and Pb, were also 
identified, in agreement with previous studies that 
suggested sediments metal contamination (Martins 
et  al., 2010, 2013). The presence of NaCl particles 
and particles covered with salts reflected the saline 
conditions of sampling areas.

Samples major elements concentration and lost 
on ignition (LOI) is presented in Table 4. There are 
statistically significant differences between fractions 
on Al2O3, MgO, SO3 and TiO2 mean concentrations 
(p < 0.05), with higher content in silt fraction. The 
highest Na2O and Cl concentration was found in both 
fractions A2a and A2d collected on the saline pond, 
and in sample A1b collected during wintertime in low 

Table 3   Physical 
parameters of total samples

EC electrical conductivity 
(ms/cm); OM organic 
matter (%)
*Munsel (2009).

Var A1a A1b A1c A1d A2a A2d

pH 7.45 5.9 7.97 6.47 7.3 7.32
EC 7.9 7.8 4.0 6.7 22.4 11.7
OM 4.35 4.73 0.60 2.22 4.88 1.41
Color* Grayish brown Dark gray-

ish brown
Light yel-

lowish 
brown

Grayish brown Grayish brown Gray
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tide (p < 0.01). These results were related to the pres-
ence of halite (NaCl), confirmed by XRD and SEM 
analysis. Total samples with highest concentrations 
of Al2O3 and K2O are in opposition to lower Na2O 
and Cl contents (p < 0.05), in agreement with higher 
presence of phyllosilicates and K feldspars. Addition-
ally, SiO2 presented higher content in Area 1 samples, 
confirmed by quartz content.

Cluster analysis of total sample (Fig. 6a, b) distin-
guished 2 clusters (1—samples A1b, A2a and A2d, 
and 2—samples A1a, A1c and A1d) and 2 major ele-
ments groups (a1, a2 and b). Group b corresponded to 

quartz (SiO2) abundance in all samples. Subgroup 
a2 is related to halite (NaCl) presence, mostly found 
in samples from group i. Subgroup a1 incorporated 
all other major elements related to mineralogical 
composition of the total samples. Cluster analysis 
of silt fraction (Fig. 6c, d) formed 2 sample clusters 
(1—samples A1a, A1b and A1d, and 2—samples 
A1c, A2a and A2d) and 2 major elements groups 
(a1, a2 and b). Groups b and a2 suggested the pre-
dominance of SiO2 with also significant amounts of 
NaCl, respectively. Group a1 represented other major 

Fig. 4   SEM images of 
Area 1 samples A1a to 
A1d: a particle enriched in 
Fe, covered with diverse 
smaller particles, including 
NaCl and SiO2; b diverse 
organic (e.g., diatom frus-
tules) and inorganic (e.g., 
quartz, halite) particles; 
c resuspended benthic 
specie Diploneis wiesflogii 
covered with SiO2 and NaCl 
particles; and d inorganic 
and organic mix of particles 
enriched in SiO2, Cu, Ti, Pb

Fig. 5   SEM images of 
Area 2 samples A2a and 
A2d: a quartz particles cov-
ered with smaller Fe, Mg 
and Ti enriched particles 
and also NaCl; and b micro-
organisms covered with 
salt particles and others 
enriched in Fe and Mg
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elements with significant abundance of aluminous 
phases and a link to the mineralogical composition of 
the silt fraction.

According to Ravaglioli et al. (1989), high Na2O/
CaO ratio is indicative of swelling 2:1 clay minerals, 
while a low Na2O/CaO ratio (Na2O/CaO < 1) is typi-
cal for non-swelling 2:1 clay minerals. Mineralogy is 

a property responsible for affecting the swelling prop-
erties of clay minerals, that decreases in the presence 
of CaO enriched minerals (Karakaya et  al., 2011). 
Studied sediments Na2O/CaO ratio showed that only 
total sample A1c presented a ratio < 1, what can be 
related to low carbonates content. In these samples, 
CaO content is related to calcite content, not smectite. 

Table 4   Major elements 
concentration of total 
sample and silt fraction 
(LOI – loss on ignition). 
In wt.%

Al2O3 CaO Cl Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 SO3 TiO2 LOI

Total sample
A1a 14.94 1.19 3.58 3.70 3.49 1.82 0.02 5.68 0.13 56.45 0.94 0.61 7.22
A1b 2.77 0.17 33.62 2.88 1.08 0.34 0.02 40.94 0.02 8.54 0.42 0.29 8.75
A1c 6.26 1.90 0.78 0.52 3.03 0.47 0.01 1.48 0.07 83.20 0.29 0.10 1.84
A1d 12.55 0.49 1.62 2.79 3.05 1.42 0.02 2.68 0.11 67.39 1.25 0.47 6.06
A2a 0.65 0.23 36.62 1.56 0.25 0.12 0.01 42.45 0.01 2.20 0.23 0.11 15.45
A2c 1.39 0.20 36.83 2.43 0.70 0.25 0.01 43.07 0.01 5.25 0.33 0.20 9.44
Silt fraction
A1a 15.77 0.93 1.27 4.06 3.67 1.83 0.02 2.27 0.14 61.99 0.75 0.72 6.41
A1b 15.16 0.42 0.85 3.69 3.52 1.58 0.02 1.87 0.12 64.34 1.42 0.71 6.08
A1c 10.79 1.09 9.73 2.69 2.67 2.80 0.02 10.29 0.11 39.28 2.13 0.43 17.84
A1d 13.38 0.41 6.26 3.42 3.23 1.55 0.02 8.71 0.10 54.64 1.41 0.63 6.11
A2a 10.21 0.36 13.75 3.21 2.52 1.55 0.02 19.92 0.06 32.92 1.05 0.47 13.71
A2c 12.89 0.32 9.32 3.43 3.13 3.25 0.02 11.78 0.08 41.94 3.51 0.54 9.48

Fig. 6   Cluster analysis of 
a, b total sample, and c, d 
silt fraction
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Loss on ignition (LOI) is a common method based 
to estimate carbonate and organic content in sedi-
ments (Heiri et  al., 2001; Santisteban et  al., 2004). 
Total sample LOI values ranged 1.84 to 15.45%, cor-
responding to samples A1c and A2a, respectively, in 
agreement with highest OM and carbonate content 
of sample A2a. Silt fraction LOI values ranged 6.08 
to 17.84%, corresponding to samples A1b and A1c, 
respectively, confirming that sample A1c had highest 
OM and carbonate content.

Materials to be used in pharmaceutical and/or cos-
metic products have PTEs concentrations regulated 
(Infarmed, 2008), avoiding side-effects. Risk assess-
ment of dermal absorption in dermal products is com-
plex. PTEs can occur naturally in sediments and be 
absorbed during pelotherapy applications (Mascolo 
et  al., 1999). European directives consider that As, 
Cd, Hg, Pb, Se, Te, and Tl, known for their potential 
toxicity in humans and environment, must be absent 
in cosmetic products, including peloids. However, 
other countries defined a target value for As and Cd 
(3 mg/kg), and Pb (10 mg/kg), regarded as has impu-
rities (Health Canada, 2012). Health Canada (2012) 
considered that, (a) inorganic As is the one that rep-
resent a carcinogenic risk, but dermal uptake is low, 
once it doesn’t act as a sensitizer; (b) dermal Cd 
absorption is low (0.5%), and that bigger risk occurs 
with concentrated solutions in contact with the skin 
for long periods, due to its bind to epidermal kera-
tin; and (c) inorganic Pb presents a low permeability 
in the skin, and that children are most susceptible to 

slit adverse health effect. Other PTEs are considered 
has impurities in dermal products such as cosmetics, 
but despite having lower toxicity and associated risk 
than As, Cd and Pb, must be also limited (European 
regulation 85/391/CEE, 86/179/CEE and 86/199/
CEE) to ensure the health of its users. Acceptable 
PTEs concentration targets depend on, product users 
characteristics, with being children more vulnerable 
to metals toxicity; the amount of product applied; and 
body part of application (e.g., legs vs. face); the pres-
ence of emollients and/or penetration enhancers; and 
the application duration on the skin (Health Canada, 
2012).

Sediment samples PTEs content is presented in 
Table  5. Results obtained, when compared to other 
studies in Ria de Aveiro sediments (Cabral-Pinto 
et  al., 2020), suggesting a possible PTEs accumu-
lation. In general, chemical composition of minor 
elements of total sample and silt fraction analysis 
revealed a similarity range of concentration values 
within each element. Exception, in As concentration 
in both fractions (p < 0.05) being only detected in 
two samples of silt fraction. Emphasis in total sample 
A1c, with an outlier value possibly related to alloch-
thonous coarser materials introduced into the arti-
ficial beach area. Sample A1b also presented a high 
Cr content, while Cu revealed the higher concen-
tration in sample A1c, like Zr in sample A2a. Sedi-
ment texture and natural metal concentrations usu-
ally present significant correlations, where sediment 
grain size plays a significant role in PTEs mobility in 

Table 5   Chemical 
composition of minor 
elements (mg/kg) of total 
sample and silt fraction

nd not detected.

ID As Cd Co Cr Cu Ni Pb Zn Zr

Total sample
A1a 20.9 16.2 11.7 69.6 16.0 14.6 59.8 18.0 60.0
A1b 15.6 35.3 12.0 210.0 15.5 13.9 51.8 14.5 80.2
A1c 86.6 4.6 6.9 16.0 14.6 nd 34.6 nd 15.2
A1d 11.7 8.2 11.0 40.3 13.0 11.5 68.8 5.8 72.8
A2a 49.9 5.3 9.2 81.9 15.0 9.9 64.3 25.3 31.8
A2d 36.2 12.8 12.1 88.4 25.2 13.5 70.6 18.9 51.0
Silt fraction
A1a nd 9.3 20.7 90.8 36.0 27.4 80.0 nd 27.9
A1b nd 12.1 14.2 77.0 18.2 25.0 66.6 9.2 28.4
A1c nd 10.5 12.9 72.5 84.6 28.2 70.4 49.8 39.4
A1d 25.5 nd 15.2 70.2 23.5 21.3 87.5 34.6 63.0
A2a 27.6 4.4 10.1 75.2 21.1 18.0 76.1 56.5 210.0
A2d nd 32.3 11.6 74.9 21.2 20.4 76.2 10.0 97.8
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aquatic ecosystems (Gloaguen et al., 2021). Accord-
ing to Magno et  al. (2012) contaminants have lower 
mobility in silty and/or clayey materials, promoting 
its accumulation, while in sandy materials its mobil-
ity is high.

Due to the difficulty of guidelines for peloids 
application, soils threshold (TEL) and probable 
(PEL) effect levels defined to assess pollutants eco-
toxicology in sediments, was used (Long & MacDon-
ald, 1998). Below TEL values adverse effects are not 

expected to occur. In this study, As concentration is 
above PEL guidelines in total sample and silt frac-
tions, the latter with less significance (Table  6). Cd 
concentration in both fractions is above PEL guide-
lines. The remaining elements show no incidence of 
toxicity in the sediment samples.

Toxic risk index (TRI) has TEL and PEL in con-
sideration (Table 7). Elements Cr, Cu, Ni, Pb and Zn 
not revealed toxic risk in both fractions. Nevertheless, 
As and Cr toxic risk index vary by sample and frac-
tion. As presented low toxic risk in total sample A1c 
while the remaining total samples and the silt frac-
tion ones didn’t presented TRI higher than limit. Total 
samples Cd TRI did not revealed toxic risk in A1c 
and A2a, low TRI in A1d, and moderate toxic risk in 
A1a and A2d. Very high Cd toxic risk was uncovered 
in total sample A1b. Silt fraction sample A2d was 
considered with very high Cd toxic risk, while A1d 
and A2a presented no toxic risk, A1a and A1c low 
TRI and A1b moderate TRI. PTEs that mostly con-
tributed to total TRI were As and Cd, especially in 
total sample, the one used for dermal applications. 
Total sample A1b and silt fraction A2d were the ones 
with higher TRI, followed by total samples A1a and 
A2d. Particularly, silt fractions A1d and A2a are the 
ones with lower TRI, what can be related to the low 
As and Cd TRI.

Particularly, the threshold of the total sample anal-
ysis, A1c and A1b was very high As and Cd CF. All 
other samples revealed low, moderate, or high con-
tamination factor (Table 8). Silt fraction sample A2d 

Table 6   Incidence of toxicity (in %) on the sediment samples.

var <TEL >TEL <PEL >PEL

Total sample 
As 0.0 15.4 30.8
Cd 0.0 0.0 46.2
Cr 7.7 30.8 7.7
Cu 46.2 0.0 0.0
Ni 46.2 0.0 0.0
Pb 7.7 38.5 0.0
Zn 46.2 0.0 0.0
Silt fraction
As 30.8 0.0 15.4
Cd 7.7 0.0 38.5
Cr 0.0 38.5 7.7
Cu 30.8 15.4 0.0
Ni 0.0 46.2 0.0
Pb 0.0 46.2 0.0
Zn 46.2 0.0 0.0

Table 7   Toxic Risk Index 
on the sediment samples.

ID TRIAs TRICd TRICr TRICu TRINi TRIPb TRIZn TRI

Total
A1a 1.9 13.8 1.0 0.2 0.5 0.9 0.1 18.3
A1b 1.4 30.0 3.0 0.2 0.4 0.8 0.1 36.0
A1c 7.8 3.9 0.2 0.2 0.0 0.5 0.0 12.7
A1d 1.0 7.0 0.6 0.2 0.4 1.1 0.0 10.2
A2a 4.5 4.5 1.2 0.2 0.3 1.0 0.1 11.8
A2d 3.2 10.9 1.3 0.4 0.4 1.1 0.1 17.4
Silt
A1a 0.0 7.9 1.3 0.5 0.9 1.2 0.0 11.8
A1b 0.0 10.3 1.1 0.3 0.8 1.0 0.0 13.5
A1c 0.0 8.9 1.0 1.2 0.9 1.1 0.2 13.4
A1d 2.3 0.1 1.0 0.3 0.7 1.3 0.2 5.9
A2a 2.5 3.7 1.1 0.3 0.6 1.2 0.2 9.6
A2d 0.0 27.5 1.1 0.3 0.6 1.2 0.0 30.7
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displayed very high Cd CF, while remaining samples 
are mostly classified with low to moderate contami-
nation. Probable effect suggested very high contami-
nation factor for Cd in total sample A1b and in silt 
fraction A2d. TEL guideline, suggested that total 
sample A1b presented the largest contribution to the 
total CD, followed by silt fraction A2d, which was 
classified with moderate contamination.

Considering RAIS (2022) soils risk guidelines 
for dermal contact, the use of the studied samples 
in dermal applications do not pose a risk of dermal 
systemic toxicity (non-carcinogenic outcomes), with 
PTEs concentrations being considered negligible for 
both children (0.008 to 0.056) and adults (0.001 to 
0.009). Dermal carcinogenic risk is absent consider-
ing Cr, Co, Cu, Ni, Pb, Zn and Zr concentrations in 
all samples. Nevertheless, there is a risk due to As 
concentration in samples A1c, A2a and A2d, with 
3.38E − 06, 1.95E − 06 and 1.41E − 06, respectively. 
The highest risk was posed by A1c sample, reflect-
ing the influence of allochthonous materials intro-
duced during the beneficiation works of the pond. 
Arsenic desorption from metal oxy-hydroxides in 
alkaline environments, evaporation and the presence 
of As-rich saline waters are important factors of As 
enrichment (Dehbandi et al., 2019). These processes 
may explain the higher As concentrations in Area 
2 samples, collected in small closed ponds with 

introduction of alkaline salted waters submitted to 
evaporation.

Conclusions

This study aimed the textural, mineral, and chemi-
cal characterization of sediments used for pelother-
apy in a Portuguese SPA with two main areas for its 
users. Area 1 textural, mineral, and chemical analy-
sis revealed significant variations before and after 
improvement works that occurred on its artificial 
beach. It was recorded an increase of particles grain 
size and PTEs concentration after the introduction of 
allochthonous materials. Area 2 sediments, with now 
beneficiation works but with seasonal salt production, 
revealed thinner particle sizes. Samples collected in 
Area 1 presented higher quartz content, while sam-
ples collected in Area 2 had higher halite mineral 
content. Illite was the main mineral phase present 
in the clay fraction. Potential toxic elements study 
revealed that Cd, followed by As, were the elements 
with highest toxicity incidence, given their concen-
trations above the probable effect guideline values, 
being the major contributors to toxic risk index, con-
tamination factor, and contamination degree. Addi-
tionally, As represented a carcinogenic dermal risk in 
three samples (> 1.00E − 06).

Table 8   Contamination factor (CF) and contamination degree (CD) using TEL and PEL guidelines

ID TEL guideline PEL guideline

CFAs CFCd CFCr CFCu CFNi CFPb CFZn CD CFAs CFCd CFCr CFCu CFNi CFPb CFZn CD

Total sample
A1a 3.5 27.2 1.9 0.4 0.8 1.7 0.1 5.1 1.2 4.6 0.8 0.1 0.4 0.7 0.1 1.1
A1b 2.6 59.2 5.6 0.4 0.8 1.5 0.1 10.0 0.9 10.0 2.3 0.1 0.4 0.6 0.0 2.0
A1c 14.7 7.7 0.4 0.4 0.0 1.0 0.0 3.5 5.1 1.3 0.2 0.1 0.0 0.4 0.0 1.0
A1d 2.0 13.8 1.1 0.4 0.6 2.0 0.0 2.8 0.7 2.3 0.4 0.1 0.3 0.8 0.0 0.7
A2a 8.5 8.9 2.2 0.4 0.6 1.8 0.2 3.2 2.9 1.5 0.9 0.1 0.3 0.7 0.1 0.9
A2d 6.1 21.5 2.4 0.7 0.8 2.0 0.2 4.8 2.1 3.6 1.0 0.1 0.4 0.8 0.1 1.2
Silt fraction
A1a 0.0 15.6 2.4 1.0 1.5 2.3 0.0 3.3 0.0 2.6 1.0 0.2 0.8 0.9 0.0 0.8
A1b 0.0 20.3 2.1 0.5 1.4 1.9 0.1 3.8 0.0 3.4 0.9 0.1 0.7 0.7 0.0 0.8
A1c 0.0 17.6 1.9 2.4 1.6 2.0 0.4 3.7 0.0 3.0 0.8 0.4 0.8 0.8 0.2 0.8
A1d 4.3 0.2 1.9 0.7 1.2 2.5 0.3 1.6 1.5 0.0 0.8 0.1 0.6 1.0 0.1 0.6
A2a 4.7 7.4 2.0 0.6 1.0 2.2 0.5 2.6 1.6 1.2 0.8 0.1 0.5 0.8 0.2 0.8
A2d 0.0 54.2 2.0 0.6 1.1 2.2 0.1 8.6 0.0 9.2 0.8 0.1 0.6 0.8 0.0 1.6
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To consider, or not, the applicability of these sedi-
ments in pelotherapy applications is required addi-
tional specific analyses capable of evaluating its 
potential therapeutic properties. For that, this research 
needs further studies to understand dermal bioacces-
sibility of potentially toxic elements and to determine 
properties that define its application (e.g., abrasive-
ness, consistency limits, plasticity index, cooling 
time), what is being undertaken. Also, the analy-
sis of the waters of the sampling areas is important 
to understand their quality and suitability in peloids 
maturation.
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