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Original Research Article 1 

Analysis of Lead-210 In Surface Water nearby a 2 

Phosphate Mining at Semi-Arid region In Santa 3 

Quitéria, Ceará State, Brazil 4 

 5 

ABSTRACT 6 
 7 
Aims: To report the activity concentrations (AC) of 210Pb in surface waters in a semi-arid region, aiming to 
record these concentrations before the beginning of a NORM mining operation, facilitating subsequent 
comparisons with the operational phase besides verifying the radioecological characteristics of this 
radionuclide and the potability of the water used for human consumption by the local population. 
Study design: The water samples were collected in a grid six points associated to places of human 
consumption, aiming to verify their radioecological characteristics and radiological potability. 
Place and Duration of Study: The study site was a semi-arid region associated to a NORM phosphate 
deposit, between October 2009 and December 2011. No collection occurred in January and February 
2010, accounting for 25 collections and 50 analyzes (soluble and particulate) per point. 
Methodology: 1 l of water, per point, was collected acidulated and filtered. The filtered water was 
considered soluble fraction and the retained, particulate fraction. The 210Pb was separated by 
coprecpitation and analyzed by total beta counts. Data were analyzed by uni and multivariate statistical 
methods and the values found were compared with international potability standards. 
Results: The values found were within the international recommendations of ingestion of 210Pb in water 
(mean value of 0.05 Bq∙l-1 < recommended of 0.1 Bq∙l-1). Radionuclide radioecology proved to be 
complex. The total AC of 210Pb (sum of the soluble and particulate fractions) showed no difference 
between points, ranging from 0.05 Bq∙l-1 at point 01SQ to 0.10 Bq∙l-1 at point 04SQ. But when we 
analyzed the AC of the fractions, we can systematically verify the AC of the particulate fraction higher 
than that of the soluble fraction. 
Conclusion: The analyzed water, in relation to the activity concentration of 210Pb, is considered potable 
and the particulate fraction has higher AC than the soluble fraction. The characterization of the water 
must be complemented when entering the operation of the phosphate mine to verify the radiological 
environmental impact assessment of the enterprise. 
 8 
Keywords: Pb-210, Santa Quitéria, NORM, phosphate mining, individual dose criterion, water potability. 9 
1. INTRODUCTION 10 
 11 
Mining of minerals associated with uranium, known as Naturally Occurring Radioactive Material (NORM), 12 
exposes the local population and biota to increased radiation exposure. Mining of phosphate [1], titanium 13 
[2], rare earths and thorium [3], zirconium and zirconia [4], and cassiterite [5] among others are 14 
recognized as causing increased exposure. 15 
 16 
Brazil has the world's sixth largest uranium reserves [6]. From the mid-1980s until the mid-1990s, these 17 
reserves were mined at the “Osamu Utsami” mine in the city of Caldas, state of Minas Gerais. From the 18 
beginning of the 2000s the exploration is being carried out in the waterfall mine known as “Cachoeira”, in 19 
the city of Caetité, state of Bahia. Aiming at the continuation of uranium exploration, the next deposit in 20 
conditions of economic, technical and environmental feasibility is “Jazida Itataia”, a phosphate deposit 21 
with associated uranium, in the City of Santa Quitéria, state of Ceará [7]. 22 
 23 
The latter mine, in phase of implantation, possesses phosphate reserves estimated at nine million tons of 24 
P2O5 with associated uranium estimated in 79,500 tons of U3O8 [8]. It is located in a rather particular 25 
ecotone, an ecological transition zone between savanna and cerrado, two Brazilian ecosystems 26 
threatened with extinction [9]. 27 
 28 
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2.3 Determination of 210Pb. 62 
 63 
210Pb was concentrated from water by selective co-precipitation. The precipitate was collected on a filter 64 
and then submitted to gross beta counting in a proportional counter, following Godoy et al. [14]. 65 
 66 
2.4 Sample design and data organization. 67 
 68 
Data were arranged in a matrix, where the columns represent the combination of collecting points and 69 
fractions, and the rows the collection dates, creating a data matrix of 12x25 containing the 300 values of 70 
210Pb activity concentration analyzed for the sampled area. 71 
 72 
2.5 Univariate statistical analysis. 73 
A descriptive statistics of data was performed that furnished the mean values, standard deviation, 74 
maximum value, and the number of samples. After that, a one-tailed Z test was carried out to compare 75 
the means of activity concentration between the soluble and particulate fractions [15]. Tested hypotheses 76 
were: 77 
 78 

H0 = the means of the fractions are statistically identical 79 
H1 = the means of the fractions are statistically different 80 

 81 
Then two Analysis Of VAriance (ANOVA) was performed in the data matrix to identify the relationship 82 
between the average per point in total fraction and per point in soluble and particulate fraction [15], 83 
following the hypotheses: 84 
 85 

H0 = all the means are statistically identical 86 
H1 = there is at least one mean different 87 

 88 
Observing a difference, the Fisher's test was performed for classifying means [15-17]. 89 
 90 
2.6 Multivariate statistical analysis 91 
 92 
2.6.1 Principal Component Analysis 93 
 94 
The evaluation of multiple data is always difficult to perform for different reasons. One way to solve these 95 
problems is the use of multivariate analysis techniques. Among such techniques, the Principal 96 
Component Analysis (PCA) is the most used. This technique employs a matrix arrangement of data and 97 
generates from this array a pair of orthogonal axes, where the data are organizedin function of 98 
parameters (factors) related on the variance of the data [18-19]. 99 
 100 
2.6.2 Cluster Analysis 101 
 102 
This analysis presents multiple data in groups based on data similarities and differences [18-19]. 103 
 104 
 105 
3. RESULTS AND DISCUSSION 106 
 107 
3.1 Univariate statistical analysis. 108 
 109 
In the particulate fraction, the 210Pb activity concentrations ranged from 0.0442 Bq∙l-1 at point 03SQ to 110 
0.0292 Bq·l-1at point 05SQ, while in the soluble fraction, the highest activity concentration was observed 111 
for the same point (05SQ) with the same value 0.0292 Bq·l-1. Instead, the lowest activity concentration of 112 
the soluble fraction appearedat point 04SQ (0.0099 Bql-1). For the total fraction, the value ranged from 113 
0.05 to 0.10 Bq·l-1at points 01SQ and 04SQ. Descriptive statistics is presented in Table 2, Figure 2 for 114 
soluble and particulate fraction and Figure 3 for total fraction. 115 

Table 2. Descriptive statistics of AC, for 210Pb in surface waters in the region of Santa Quitéria (Bq·l-1) 116 
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 117 

point  
Soluble fraction Particulate fraction Total fraction 

N
Mean ± st. dev. Max. Mean ± st. dev. Max. Mean ± st. dev. Max. 

01SQ  0.013 ± 0.011 0.041 0.035 ± 0.031 0.118 0,051 ± 0,040 0,159 25

02SQ  0.012 ± 0.011 0.037 0.032 ± 0.031 1.318 0,093 ± 0,256 1,318 25

03SQ  0.020 ± 0.023 0.096 0.044 ± 0.040 0.167 0.080 ± 0.081 0.395 25

04SQ  0.010 ± 0.008 0.032 0.034 ± 0.033 0.114 0.097 ± 0.244 1.244 25

05SQ  0.029 ± 0.033 0.118 0.029 ± 0.028 0.104 0.076 ± 0.115 0.593 25

06SQ  0.019 ± 0.017 0.061 0.032 ± 0.031 0.107 0.067 ± 0.069 0.277 25

 118 
 119 

 120 
 121 

Figure 2.  Mean and intervals (st.dev.) for AC of 210Pb in soluble (SOL) and particulate (PAR) fractions in 122 
surface water of Santa Quitéria region. 123 

 124 
 125 

 126 
 127 

Figure 3.  Mean and intervals (st.dev.) for AC of 210Pb in total fractions (TOT) in surface water of Santa 128 
Quitéria region. 129 

 130 
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The Z test between all data from soluble and particulate fractions, regardless of the sampling point, with a 133 
Z value of 2.01 associated with a P value of 0.02, indicated H0as the rejected hypothesis, suggesting 134 
differences between the fractions. Thus, the mean activity concentration of the particulate fraction (0.0334 135 
Bq∙l-1) was considered the highest as that of the soluble fraction (0.0191 Bq∙l-1). 136 
 137 
A different conclusion occurred from the analysis of variance of the total fractions. With Fcal equal to 0.29 138 
(P = 0.92) H0  is accepted, suggesting equality between the AC of points. In this case, there are no points 139 
with different AC. 140 
 141 
The analysis of variance (ANOVA) for fractions resulted in a different frame. In this case the calculated 142 
value of F (Fcal) was 1.33, with an associated P value of 0.021. Thus, H0 was rejected, suggesting 143 
differences between the AC of fraction and point. A Fisher test was thus carried out. 144 
 145 
Fisher's test identified different groups, (Table 3) which were ranked according to the activity 146 
concentrations.The highest activity concentrations belong to group G1 that includes the particulate 147 
fractions of points 03SQ, 01SQ, 04SQ and 02SQ. The intermediate group, G2, includes the particulate 148 
fractions of points 06SQ and 05SQ and the soluble fractions of points 05SQ, 03SQ and 06SQ. The group 149 
associated with the lowest AC, G3, includes the soluble fractions of point 01SQ, 02SQ and 04SQ. In 150 
summary, groups can be organized in function of decreasing activity concentrations as follows: 151 

 152 
Table 3 - Fisher Test for mean ordination 153 

Point and fraction under same line are considered same AC 

Fraction  Particulate Soluble 

Point   03SQ 01SQ 04SQ 02SQ 06SQ 05SQ 05SQ 03SQ 06SQ 01SQ 02SQ 04SQ
Mean 
(Bq∙l-1) 

 
0.044 0.035 0.033 0.032 0.030 0.029 0.029 0.020 0.018 0.012 0.011 0.009

Tukeytest 

 

 G1 G2 G3 

 Grouping 
G1> G2> G3 

 154 
The Z test showed differences between the particulate and soluble fractions, pointing to the particulate 155 
fraction as the one with highest AC. Analyzing the total fraction, no differences between the points could 156 
be observed. When grouping the data by point and fraction, the ANOVA presented differences between 157 
the analyzed data, a fact corroborated by the Fisher test, which grouped the particulate fractions of the 158 
points in groups of higher AC than the soluble fractions (Table 3). 159 
 160 
3.2 Multivariate statistical analysis 161 
 162 
3.2.1 Principal component analysis 163 
 164 
The principal component analysis showed a clear distinction between the soluble and particulate 165 
fractions, as can be seen in Figure 4. This grouping showed thus differences in behavior between both 166 
kinds of fraction, confirming the ranking proposed by the Fisher test and reinforcing the identity suggested 167 
by the Z test. 168 
 169 
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 170 
 171 

Figure 4. Principal component analysis of data organized by point and fraction, demonstrating the 172 
separation between the soluble and particulate fraction 173 

 174 
3.2.2. Cluster analysis. 175 
 176 
Cluster analysis reinforced the assessment made by PCA and Fisher’s tests, refuting once more the Z 177 
test conclusion. Thus, different behaviors are observed between the soluble and particulate fractions 178 
(PCA and Cluster) with the particulate fractions showing higher activity concentrations than the soluble 179 
fractions (Fisher). 180 
 181 

 182 
 183 
Figure 5. Dendogram of the data organized by point and fraction, demonstrating the separation between 184 
the soluble and particulate fraction 185 
 186 
The approach used in this study showed the importance of combining univariate and multivariate 187 
analyses for a better understanding of the behavior of radionuclides in the fractions. Indeed, the general 188 
assessment of fractions data carried out with the Z test (univariate) showed different behavior between 189 
fractions. Analyzing the total fraction by ANOVA, no difference was observed between the points. On the 190 
opposite, when ANOVA is used in the data organized by points and fractions, there is evidence of 191 
difference between the samples. This last evaluation was also shown by the Fisher test that organized 192 
the data grouping them according to their concentrations. At this stage, the analysis showed that the 193 
particulate fraction displayed higher levels of activity, as already detectedby the Z test. 194 
 195 
In his turn, the multivariate analysis confirmed the assessment of the Fisher’s test, and withstood the Z 196 
test conclusion. In both analyzes (PCA and cluster) soluble fractions of collecting points were grouped 197 
and the particulate fractions put together in another group. 198 
 199 
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4. CONCLUSION 200 
 201 
The assessment has shown that there are differences in the activity concentrations of 210Pb between the 202 
soluble and particulate phases of water samples collected in the region of the Santa Quitéria phosphate 203 
deposit. From all this, it can be stated that the radioecology of 210Pb in sampled area is complex, with 204 
spatial difference between the points and distribution difference between the fractions, with the particulate 205 
fraction showing higher AC than the soluble one. 206 
 207 
An increase of sampling must be considered as a tool to increase the reliability both of the statistics and 208 
conclusions. A next step to beassessed is the analysis of the differences between the fractions at the 209 
collecting points. Another important aspect to be looked atis the geographic variation, comparing the 210 
same fractions (soluble or particulate) between the points. 211 
 212 
In terms of public health, the WHO uses an 'individual dose criterion' (IDC) of 0.1 mSv for one year's 213 
consumption of drinking water [1] as the recommended limit of ingestion of radionuclides from water. This 214 
organization develops dosimetric models that estimate the concentration of activity that generates this 215 
dose for different radionuclides. In the case of 210Pb this value is 0.1 Bq·l-1 [20]. Considering a linear 216 
relationship between ingestion of water and received dose and that the sum of the means of the soluble 217 
and particulate fractions is 0.05 Bq·l-1, it results that the average dose rate resulting from the intake of 218 
210Pbin water is half of the IDC value indicated by WHO. 219 
 220 
In specific cases, this value may be higher than the IDC, as observedfor point 02SQ, where the sum of 221 
the maximum values of AC in the soluble and particulate fractions returns an estimated value of AC of 222 
1.35 Bq·l-1, that is 13 times the limit derived of 0.1. But on the whole, the values are considered within the 223 
values indicated by the WHO, and the waters may thus be considered as potable from a radiological point 224 
of view. 225 
 226 
 227 
“Some part of this manuscript was previously presented and published in the following conference. 228 
Conference name: 3rd International Conference on Po and Radioactive Pb Isotopes (INCO Po-Pb 2015) 229 
Dates: October 11th-14th 2015  230 
Location: Pine Bay Holiday Resort Hotel, Kusadasi Turkey 231 
Web Link of the proceeding: not more available“ 232 
 233 
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