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U  is  a  radionuclide  present  in  the  earth’s  crust  that  provides  65.9%  of

annual average radiation dose and represents 99.27% of total  uranium. U

has  been  determined  in  samples  from  undisturbed  topsoil  in  the  Zacatecas

State,  Mexico,  using  several  analytical  techniques.  ICP-MS  and

α-spectrometry  produced  the  most  reliable  results.  Uranium  concentrations

found in topsoil samples (0.4–3.7 mg kg ) were similar to its average crustal

abundance (2.8 mg kg ) and indicate high homogeneity without evidence of

enrichment. The average concentration of 2.1 mg kg  can be established as

uranium background level in the topsoil of Zacatecas (Mexico).
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Radionuclides with a long half-life such as uranium represent nowadays, along

with other toxic trace elements, an important category of inorganic pollutants to

be monitored. Human activities affect the distribution of natural radioactivity on

Earth. The transformation of natural resources containing Naturally Occurring

Radioactive Materials (NORM) generates by-products that have found their way

into the environment. Additionally, the Technologically Enhanced Naturally

Occurring Radioactive Materials (TENORM) are also produced by human

activities and are constantly modifying the distribution of radionuclides on Earth.

Lastly, natural incidents, including geologic and seismic events and forest fires,

have also impacted the distribution of natural radioactivity [1].

Uranium is an element of the actinide series. Naturally occurring uranium ( U)

is a mixture of three radionuclides ( U, U and U), all of which decay by

both alpha and gamma emissions. Typical concentration range of uranium from

0.3 to 11.7 mg kg  is found and an average concentration in the Earth crust of

2.8 mg kg  has been estimated [2, 3, 4]. The most abundant isotope, U,

makes up about 99.27% of naturally occurring uranium and is ubiquitous in

nature. The half-lives of uranium isotopes are very long. With a half-life of 4.5

billion years, U possesses the slowest decay rate and the lower specific

activity of all uranium isotopes, it is hardly fissible and is the father of the 4n + 2

decay series. Uranium has both chemical and radiological toxicity but, given its

long half-life, is more chemotoxic than radiotoxic [1, 5, 6, 7, 8].
AQ2

Atoms of U and U decay through a chain of many other radioisotopes to

stable lead isotopes [1]. The UNSCEAR 2016 Report informed an average

activity concentration of around 30 Bq kg  (1.2 mg kg ) for uranium in rock

and soil. Both U and U, when they are in secular equilibrium, contribute

48.9% of the total alpha particle activity of natural uranium, while U

contributes 2.2% [1, 9, 10].

The knowledge of the amount of radioactivity in the different environmental

matrices has been a concern in many countries and has led to its determination in

order to evaluate the activity of natural and anthropogenic radionuclides in

different areas [11]. Nuclear forensic investigations use a number of analytical

methods, both non-destructive and destructive, to evaluate material purity,

isotopic composition, trace element content, and morphology [12]. They must be
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sensitive and reliable to detect the habitually low-level concentrations of

uranium in environmental samples. Several spectrometric methods have been

developed for the determination of trace uranium.

The determination of uranium isotopes in soil and sediments is generally

complicated because chemical recoveries are variable due to interference from

matrix effects mainly caused by major salt ions. These effects are especially

troublesome because there is a strong sample-dependency involving the

composition and mineralogy of soil samples [13].

All analytical techniques used in this work, α-spectrometry (α-spec), inductively

coupled plasma optical emission spectrometry (ICP-OES), inductively coupled

plasma mass spectrometry (ICP-MS), inductively coupled plasma double

focusing sector field mass spectrometry (ICP-SF-MS), X-ray fluorescence (XRF)

and X-ray diffraction (XRD) are frequently used for uranium determination and

for soil characterization. ICP-OES and XRF are photon-counting techniques,

while α-spectrometry, ICP-MS and ICP-SF-MS are ion-counting techniques [14].

The α-spectrometry technique is a well-established methodology and is the most

widely used method to determine the contents of uranium isotopes emitting alpha

particles in different types of environmental samples. Usually it involves a set of

sequential steps according to the type of analytical matrix, which enlarges the

duration and cost of the analysis since more laboratory resources (materials and

personal) are consumed. However, the results are highly reliable when using a

certified tracer that allows obtaining the chemical recovery of the whole process.

ICP-OES is widely used as a suitable technique for the determination of metals

because of its high sensitivity and multi-element determination capability. The

determination of uranium by ICP-OES is not affected by interferences caused by

the formation of carbides and uranium oxides, however, other spectral

interference problems and some matrix effects may occur in the determination of

trace amounts of uranium in complex matrices, such as soil samples.

ICP-MS is currently considered one of the most powerful analytical techniques

for the determination of the total concentration and isotopic composition of the

actinide elements and is a multi-element technique thus allowing fast and

sensitive determination of trace levels of these elements. ICP-SF-MS is also a
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multi-element technique with improved sensitivity, allowing the determination of

actinide elements in liquid samples at concentrations below 1 pg mL  [15].

The XRF technique is very versatile, has the capability for fast sample

throughput, in situ analysis with portable instruments, multi-element capacity,

non-destructive. With modern instruments, the sensitivity is close to that of

radiometric methods.

Each technique has advantages and shortcomings relative to non-spectral or

spectral interferences, precision, accuracy, cost (acquisition, operation and

maintenance), sample type (solid or liquid), lab-ware and apparatus employed in

the analysis. The applicability of the method must also take into consideration

whether each detection technique is overly complex or requires extensive and

laborious separation or preconcentration steps [11]. On the other hand, the

simultaneous use of analytical techniques based on different physical principles

for the detection and measurement of a given analyte can help to identify matrix

effects and to obtain accurate results.

The State of Zacatecas (Mexico) is known for its large deposits of silver and

other minerals and there is scarce and very old information about the amount of

actinides present in this area [16]. The objective of this study is to determine the

concentration of uranium in the topsoil of some undisturbed areas of the state of

Zacatecas using different analytical techniques, radiometric and non-radiometric,

to optimize the procedures and to select the most appropriate methodologies

taking into account the analytical parameters, such as accuracy and time of

analysis. Finally, after excluding the occurrence of soil enrichment by uranium,

the results will be used to estimate the background concentration of uranium in

pristine topsoil of Zacatecas state.

For this work, samples of undisturbed topsoil from the State of Zacatecas

(Mexico) and surrounding areas (Fig. 1) have been investigated. Three quarters

of Zacatecan territory correspond to arid and semi-arid zones. Of these, 14%

offer favorable conditions for agriculture, 79% for livestock and 7% are covered

with timber and non-timber forests. In the central part of the state there are

−1
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chestnut soils, abundant in semi-arid zones and characterized by having a layer

of caliche or loose lime. This type of soil is favorable for the development of

agriculture and livestock. Towards the northeast of Zacatecas soils characteristic

of the arid and semi-arid zones of central and northern Mexico can be found [16].

In the State of Zacatecas there are several mining industries that extract mainly

silver, zinc and gold.

Fig. 1

Situation of the State of Zacatecas in the Mexican Republic and location of the

sampling points (M1–M32) in the State and its surroundings

All 32 sampling points selected were located in areas never used for agriculture,

industry or housing. Four of them belong to Aguascalientes State, one to Nuevo

León State, and the rest (27 samples) were taken in Zacatecas State. Most of the

samples were collected near populated areas and have been labelled M1 to M32.

Sampling was carried out under similar conditions from undisturbed areas close

to secondary roads, thus facilitating the access. Previous studies about the

homogeneity of the distribution of uranium in these sites demonstrated that there

are not significant variations between samples taken at 0–10 cm or 40–50 cm

depth. Therefore, all samples in this work were taken at topsoil.
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All reagents used were of analytical reagent grade. The UTEVA  resin was

supplied by Eichrom Technologies (USA). The U tracer was supplied by

CIEMAT (Madrid, Spain). A certified reference material CRM (GBW07402) was

purchased from the Institute of Geophysical and Geochemical Exploration

(Langfang, China).

X-ray fluorescence and X-ray diffraction measurements were carried out using

Bruker XRF S8 Tiger and XRD G8 Discover instruments (Bruker Corporation,

USA), ICP-OES 725-ES and ICP-MS 7500c from Agilent Technologies

(California, USA) were employed for uranium determination in dissolved

samples. The ICP-SF-MS instrument used was the Element  XR manufactured

by Thermo Scientific (Bremen, Germany). The “S” type electrodeposition cell

was supplied by Tracerlab GmbH (Koeln, Germany). Alpha emissions of

electrodeposited uranium were measured with AAN-01-00 Alpha-Analyst

spectrometers (Canberra Industries Inc., USA). The data were managed with

Microsoft Excel  and Statgraphics  Centurion XVII.

After milling, the samples were homogenized, sieved to 0.2 mm and calcined

(600 °C/4 h) to remove moisture and organic matter. Total digestion with a

mixture of HNO :HCl:HF was carried out for a complete dissolution of the

samples and determination of total uranium. The following steps in sample

preparation depended strongly on the analytical technique used and are

schematized in Fig. 2.

Fig. 2

Flow-chart for α-spectrometry and ICP-MS
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For α-spectrometry radiometric technique, 2 g of topsoil were weighed with ± 

0.1 mg precision into PTFE vessels and 0.1 Bq of U added as tracer.

Subsequently, 8 mL of 65% nitric acid, 6 mL of 36% hydrochloric acid and 3 mL

of 49% hydrofluoric acid were added to the vessels. The samples were then

subjected to total digestion in a Milestone Ethos Plus microwave oven using a

heating program consisting of 10 min of heating from room temperature to

180 °C at a constant rate, followed by 10 min at constant temperature of 180 °C.

After digestion, the excess acids were removed by evaporation and the residues

were diluted with 15 mL of 3 M HNO . Then the solutions were centrifuged

(5000 rpm/15 min) and the supernatant transferred to the uranium-selective

UTEVA  ion exchange resin using the analytical procedure ACS07 from

Eichrom Technologies [17]. After separation and elution, the solution is

submitted to electrodeposition stage as described in analytical procedure SPA02

from Eichrom Technologies [18], leaving an 8 mm distance between the anode

and the stainless-steel disc where uranium is deposited.

Samples, CRMs and radiation background were measured for 300,000 s in two

different ‘Alpha Analyst’ α-spectrometers (Canberra Industries Inc., USA),

located at the University of Valladolid (UVa) and the Center for Energy,

232

3
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1

Environment and Technology Research, CIEMAT (Spain) using similar

instrumentation and under the same conditions. The data collected in

α-spectrometry were processed in MS-Excel to estimate the specific activity and

uncertainty. Activity values of U were converted to mass using the factor

12.35 Bq kg  = 1 mg kg .

The U activity was calculated using the following equation:

where  symbolizes the activity in Bq g ,  is the total accounts for the

peak of U (4198 + 4151 keV),  is the background accounts in the energy

of U,  is the efficiency of the detector (0.15),  is the sample mass, in g,

 is chemical recovery estimated from the activity of the U tracer (0.80), 

is measurement time (300,000 s) and  is the isotopic abundance for U

(0.99275 according to IUPAC [19]).

For ICP-OES and ICP-MS analysis, 0.5 g of topsoil were weighed and subjected

to digestion, following the same procedure as for α-spectrometry, the excess

acids removed by evaporation, and residue dissolved in 25 ml of 4% Please,
substitute 4% by 3M  nitric acid. This sample solution was divided into 3 aliquots

to be measured by ICP-OES, ICP-MS and ICP-SF-MS without further

pretreatment. In the case of ICP-OES, the emission energy registered at

409.013 nm was used for uranium quantification as it was more selective. For

ICP-MS only the mass/charge ratio of U was selected for quantification in

combination with the internal standard method of calibration to verify the

stability of the instrument during the measurement; Rh in ICP-MS and In in

ICP-SF-MS were used as the internal standards. No isotopic tracers were used in

this technique. The uranium concentration in the liquid samples were calculated

by interpolation in the calibration curves elaborated with certified standard

solutions.

Limits of detection (LOD) for uranium determination by these techniques were

estimated. For α-spectrometry, LOD value was 0.032 mg kg  (0.40 Bq kg ),

calculated according to the ISO 11929:2010 standard [20]. For ICP-OES, ICP-

MS and ICP-SF-MS the LOD values were calculated from the slope and square
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root of the residuals of the calibration plots, resulting in 3.5 mg kg  for ICP-

OES, 0.1 mg kg  for ICP-MS and 6.4 µg kg  for ICP-SF-MS.

In this work XRF was used as a semiquantitative technique obtaining values very

close to the other techniques and to the CRM value used for this study, see

Table 1. Contents of major soil constituents (Si, Al, Fe) were also determined by

this technique.

Table 1

Measured uranium concentrations,  measurement  uncertainties (u)  and certified value for

CRM GBW07402 obtained by the methods tested

Certified value 1.4 (0.3)

α-spec 1.8 (0.5)

ICP-OES 8.9 (1.1)

ICP-MS 1.3 (0.14)

ICP-SF-MS 1.7 (0.1)

XRF 2

The CRM GBW07402 was used to validate the results of the techniques used in

this work. The results are shown in Table 1. From these results and taking into

account the high detection limit of ICP-OES for uranium (3.5 mg kg ), it was

concluded that the procedure employed with ICP-OES detection is not adequate

for the low levels of uranium in soil samples. The ICP-OES instrument used in

this work for the measurement of uranium in topsoil has a radial reading

configuration. In this procedure, the sample was not separated or purified and

that resulted in matrix and spectral interferences in almost all wavelengths,

giving values above the other techniques used, being iron and in less extent

calcium the main interfering elements. Uranium and thorium can interfere in

some nearby wavelengths (λ), as an example U at λ = 401.899 and Th at λ = 

−1

−1 −1
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−1
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401.913 nm. Therefore, the results obtained for total uranium in soil samples by

this technique were disregarded.

The major components and crystalline structures present in the samples were

identified using XRF and XRD, respectively. The main crystalline phases found

by XRD were quartz, plagioclases and potassium feldspar, whereas the major

components were silicon (48–77% SiO ), aluminum (11–25% Al O ) and iron

(2–8% Fe O ).

Table 2 shows the results obtained for uranium in the samples by the different

analytical techniques used in this study, and the uncertainties associated with

each value estimated using the GUM procedure (Guide for the Expression of

Measurement Uncertainty) [21]. The values obtained by XRF, although semi-

quantitative, have been included in Table 2.

Table 2

Summary of results of U concentration, in mg kg , measured in the 32 topsoil samples by

the analytical techniques used in this work

M1 4 1.8 (0.4) 1.5 (0.14) 2.1 (0.1)

M2 3 2.2 (0.6) 1.6 (0.14) 2.2 (0.1)

M3 4 1.1 (0.3) 2.1 (0.14) 2.5 (0.1)

M4 6 1.1 (0.3) 2.0 (0.14) 2.4 (0.1)

M5 3 1.3 (0.6) 1.1 (0.14) 1.3 (0.1)

M6 3 2.9 (0.7) 2.4 (0.14) 2.8 (0.1)

M7 3 2.6 (0.6) 2.2 (0.14) 2.6 (0.1)

M8 2 2.0 (0.4) 1.0 (0.14) 1.3 (0.1)

M9 3 2.0 (0.4) 1.9 (0.14) 2.3 (0.1)

M10 6 2.3 (0.5) 1.9 (0.14) 2.3 (0.1)

M11 4 2.7 (0.6) 2.5 (0.14) 3.0 (0.1)

M12 4 2.7 (0.6) 2.6 (0.14) 3.0 (0.1)

M13 5 2.5 (0.6) 2.6 (0.14) 3.2 (0.1)

Measurement uncertainties are given in brackets as expanded uncertainties (k = 2)

2 2 3

2 3

−1
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Measurement uncertainties are given in brackets as expanded uncertainties (k = 2)

M14 4 3.2 (0.7) 2.9 (0.14) 3.1 (0.1)

M15 3 2.3 (0.5) 2.0 (0.14) 2.5 (0.1)

M16 4 2.1 (0.5) 2.1 (0.14) 2.6 (0.1)

M17 3 1.4 (0.3) 1.4 (0.14) 1.9 (0.1)

M18 6 3.5 (0.8) 2.4 (0.14) 2.9 (0.1)

M19 3 1.5 (0.3) 1.3 (0.14) 1.8 (0.1)

M20 4 2.7 (0.6) 2.7 (0.14) 3.2 (0.1)

M21 3 1.0 (0.2) 1.0 (0.14) 1.4 (0.1)

M22 3 1.4 (0.4) 1.6 (0.14) 2.0 (0.1)

M23 3 2.4 (0.5) 3.1 (0.14) 3.8 (0.1)

M24 2 1.7 (0.4) 1.7 (0.14) 1.4 (0.1)

M25 4 2.2 (0.5) 2.5 (0.14) 2.9 (0.1)

M26 3 0.4 (0.1) 0.5 (0.14) 0.9 (0.1)

M27 4 1.9 (0.4) 2.0 (0.14) 2.0 (0.1)

M28 3 1.5 (0.3) 1.5 (0.14) 1.9 (0.1)

M29 4 2.9 (0.6) 2.5 (0.14) 3.0 (0.1)

M30 7 3.7 (0.8) 3.5 (0.14) 4.1 (0.1)

M31 6 2.4 (0.5) 2.2 (0.14) 2.7 (0.1)

M32 4 1.7 (0.4) 1.9 (0.14) 2.2 (0.1)

In order to assess if there are statistically significant differences among the

results provided by the different techniques used for U determination,

significance tests for matched pairs were applied. The parametric t test for paired

samples was used, along with the nonparametric sign test and the Wilcoxon

signed-rank test, which were also applied to avoid misinterpretations derived

from lack of normality. Table 3 shows a posteriori p values of the comparisons

performed.
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Table 3

Summary  of  p-values  obtained  in  hypothesis  testing  for  comparison  of  analytical

techniques for uranium determination

XRF and α-spec 1.5 × 10 7.1 × 10 1.2 × 10

XRF and ICP-MS 3.2 × 10 3.0 × 10 9.1 × 10

XRF and ICP-SF-MS 5.7 × 10 3.0 × 10 1.8 × 10

α-Spec and ICP-MS 0.4779 0.3268 0.2517

α-Spec and ICP-SF-MS 4.6 × 10 1.3 × 10 9.0 × 10

ICP-MS and ICP-SF-MS 1.6 × 10 4.9 × 10 1.4 × 10

There are no significant differences between α-spectrometry and ICP-MS (p

value > 0.05). However, significant differences were found, at the 95%

confidence level (p value < 0.05), between the results of α-spectrometry and ICP-

SF-MS and between ICP-MS and ICP-SF-MS. The semi-quantitative XRF results

were significantly higher with respect to the quantitative techniques. Statistical

parameters shown in Table 4 such as kurtosis coefficient, skewness and p-value

of the normality test demonstrate that the results of α-spectrometry, ICP-MS and

ICP-SF-MS belong to normal (Gaussian) distributions, whereas XFR (and ICP-

OES, not shown) provided non-normal distributions of results.

Table 4

Descriptive statistics of the U results

Mean 3.84 2.07 2.01 2.42

Median 4.0 2.05 2.0 2.45

Standard deviation 1.22 0.76 0.66 0.73

Kurtosis 0.51 − 0.25 0.03 − 0.02

Skewness 1.00 0.12 − 0.07 0.05

−9 −8 −6
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Normality test, p value 0.0003 0.9794 0.9964 0.8989

RSD (%) 31.8 36.9 32.9 30.3

The isobaric interferences that occur in ICP-MS, Pu and U or Am and

Pu, cannot be resolved spectroscopically when these radioisotopes are found

in the analyzed sample, even using the ICP-SF-MS. Again, these analytical

problems could be overcome by using appropriate ICP-OES emission

wavelengths for the analytes of interest because the isotopes mentioned emit

light at different wavelengths. The high resolution (HR-) ICP-OES can provide

isotopic information, improving the detection system of the instrument.

However, as we have pointed out before, it is necessary to make a previous

separation of the uranium to eliminate spectral and matrix interferences.

The dilution used (1:50) does not give good results when using ICP-OES for

uranium quantification likely due to strong spectral and matrix interferences. For

α-spectrometry measurements, radiochemical separation was performed using

UTEVA  resins without vacuum chamber, all the stages were by gravity in order

to allow a better retention and the washing of the resin, obtaining average

chemical yield of 68% (u  =  5.9, k  = 1) for the U tracer. Figure 3 shows a

typical spectrum obtained in α-spectrometry of the natural isotopes of uranium

( U) in secular equilibrium and U used as a tracer, with good resolution,

indicating good radiochemical separation and low auto-absorption of alpha

particles.

Fig. 3

Alpha spectrum for U of the one typical sample, showing the U used as tracer

238 238 241
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The α-spectrometry resolves the problem of precise isotope determination, but

with the disadvantage of hard chemical preparation and long measurement times.

α-spectrometry is a reliable, specific and accurate technique for determination of

isotopic composition of natural uranium in samples with low and very low

contents of this element.

Table 4 shows some statistical parameters of the distributions of uranium

concentration in the soils measured by the different techniques. The variability of

uranium in the sampled area was close to 30% (expressed as relative standard
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2

deviation, % RSD), which can be considered low considering the low average

concentration and the narrow concentration range. Therefore, the occurrence of

U in pristine topsoil of Zacatecas state can be interpreted as highly

homogeneous.

Contamination of topsoil by a given toxic element can be assessed using

different factors or indexes such as geo-accumulation index, I , and enrichment

factor, EF.

The geo-accumulation index of uranium in topsoil of Zacatecas state has been

calculated as [22, 23, 24]:

where C  is the concentration of uranium in the sample measured by

α-spectrometry, B  is the background concentration of uranium and the factor

1.5 is introduced to minimize the effect of lithological variations in the soils that

affect locally the background concentration. In this study, the average uranium

concentration in the upper earth crust, 2.8 mg kg , was used as background

value [2, 3, 4] since the background level of uranium for undisturbed topsoil of

Zacatecas state is not available yet.

According to the geo-accumulation index calculated the soil can be classified as

[22]: < 0 practically unpolluted; 0–1 unpolluted to moderately polluted; 1–2

moderately polluted; 2–3 moderately to strongly polluted; 3–4 strongly polluted;

4–5 strong to very strongly polluted; and > 5 very strongly polluted. The values

of the geo-accumulation index obtained for the 32 soil samples ranged from − 3.4

(sample M26) to − 0.2 (sample M30), thus demonstrating that topsoil in the

studied area is not polluted by uranium, being the levels of this element similar

to the average concentration in the earth crust.

An alternative index to evaluate soil contamination by a metal is the use of the

enrichment factor, which reduces the bias caused by grain size and mineralogy

by using normalized data [23, 25, 26]. Enrichment factor was calculated as:

238

geo

U

U

−1

e.Proofing http://eproofing.springer.com/journals_v2/printpage.php?token=LLCTr...

16 de 26 22/01/2019 07:44 p. m.



3

The concentration ratio of uranium and a reference (normalizing) element was

calculated in the soil sample and compared with the ratio calculated from

background concentrations. Background levels of elements used were average

estimations in the upper continental crust [2, 3, 4]. Conservative elements such

as Al or Fe have been frequently used as reference element for geochemical

normalization as their variability in the upper crust is low [27]. In this work Al

variability (23% RSD) was lower than that of Fe (39%) and therefore Al

concentration, determined by XRF, was used as normalizing element. The scale

described by Sutherland [23] was used to evaluate soil pollution by uranium: EF 

< 2, depletion to minimal enrichment (no or minimal pollution); EF 2–5,

moderate enrichment; EF 5–20, significant enrichment; EF 20–40, very highly

enriched; EF > 40, extremely high enrichment.

EF values ranging from 0.1 (sample M26) to 3.8 (sample M18) were obtained,

this last sample being the only one showing EF value > 2. It can thus be

concluded that uranium concentration in undisturbed topsoil from the

investigated area of Zacatecas state does not exceed the average crustal

abundance. The mean uranium concentration found in this study by

α-spectrometry, 2.1 (1.6, k = 2) mg kg , can be then proposed as the background

value for this element for the investigated area.

Table 5 displays values of uranium found in soil from other regions and countries

obtained from the UNSCEAR 2000 report [28], using spectrometric techniques.

Values from other referenced published works are also included in this list.

Table 5

Natural uranium contents in soil. Data not referenced are from UNSCEAR 2000

Region/country Region/country

Range and mean value found in this work by α-spectrometry

−1

238 −1 238 −1
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Region/country Region/country

Range and mean value found in this work by α-spectrometry

Algeria 2.4 0.2–8.9 Germany 0.9–26.6

Egypt 3.0 0.5–9.7 Ireland 3.0 0.6–9.7

Port Hope Harbor,
Canada [29] 0.24–93.6 Netherlands 0.4–4.3

Costa Rica 3.7 0.9–10.5 Switzerland 3.2 0.8–12.1

Aldama, Chihuahua,
Mexico [30] 2.0 1.7–18.1 Switzerland [31] 2.3

Zacatecas-Guadalupe
urban area, México
[32

1.8 0.8–3.0 United Kingdom 0.2–26.6

United States 2.8 0.3–11.3 Bulgaria 3.2 0.6–15.3

Chao Phraya,
Thailand [33] 1.1–6.1 Hungary 2.3 1.0–5.3

Recife, Brazil [10] 150.0 30–500 Poland 2.1 0.4–9.7

Tongliao, China [34] 2.2 Romania 2.6 0.6–4.8

China 2.7 0.2–55.6 Russian Federation 1.5 0.0–5.4

Hong Kong SAR 6.8 2.0–10.5 Slovakia 2.6 1.2–10.5

Mongolia [35] 0.8–2.5 Albania 1.9 0.5–7.7

India 2.3 0.6–6.5 Croatia 8.9 6.7–14.5

Japan 2.3 0.2–4.8 East Anatolian,
Turkey [36] 1–20.2

Kazakhstan 3.0 1.0–9.7 Salamanca, Spain
(baseline) [37] 62.0

Malaysia 5.3 4.0–6.9 Greece 2.0 0.1–19.4

Thailand 9.2 0.2–29.8 Portugal 4.0 2.1–6.6

Armenia 3.7 1.6–6.3 Urgeiriça, Portugal
[38] 6.7 3.52–31.24

Syrian Arab Republic 1.9 0.8–5.2 Cunha Baixa,
Portugal [38] 1.2

238 −1 238 −1
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Region/country Region/country

Range and mean value found in this work by α-spectrometry

Lithuania 1.3 0.2–2.4 Bure, France
(Forest) [39] 2.5

Norway 4.0 Zacatecas, Mexico 2.1 0.4–3.7

This table shows the high values reported so far for soil in Recife, Brazil [10] in

sedimentary rock and in Salamanca, Spain [37] in the vicinity of an uranium

mining site. It is interesting to highlight the uranium concentrations reported by

Mireles et al. [32] in the “urban zone” of Zacatecas-Guadalupe (Mexico) using

instrumental neutron activation analysis (INAA). The results of Mireles et al. are

very similar to the concentrations found in undisturbed topsoil of Zacatecas in

our study using α-spectrometry. However, the mean U concentration and range of

values in our study are slightly larger. Bigalke et al. [31], Slobodan et al. [29]

and Santos-Francés et al. [37] performed their measurements with the ICP-MS

analytical technique, while Haribala et al. [34], Hirose et al. [35], Baykara et al.

[36], Santawamaitre et al. [33] and Colmenero-Sujo et al. [30] used gamma-

spectroscopy to make their measurements. On the other hand, Pourcelot et al.

[39] used Thermal Ionization Mass Spectrometry (TIMS).

The comparison of the results in this study with the average crustal abundance of

total uranium estimated by different authors and with uranium concentrations

found experimentally in different locations worldwide, indicates that the

undisturbed (pristine) topsoil of Zacatecas State area is not enriched with this

chemotoxic and radiotoxic element, and the uranium concentration found in this

study can be used as baseline or background value for the region.

The average U concentration found in the topsoil of the State of Zacatecas by

ICP-MS and α-spectrometry is consistent with the reported concentrations at the

surface of the Earth’s crust (Table 5) and does not exceed the average crustal

abundance, resulting in no evidence of alterations in surface concentrations in

these areas for this isotope, as shown by the values found for the geo-

238 −1 238 −1
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accumulation index, I , and the enrichment factor, EF. The results indicate that

U has a great degree of homogeneity between Please, change between by
within  these sampled areas, allowing the assignment of 2.1 ( 1.6 Please, insert
± symbol before the value 1.6 , k = 2) mg kg , as the background uranium

concentration of the area.

The most adequate analytical techniques to quantify U in topsoil with the

analytical procedures used in this work are the Please, remove the article
α-spectrometry and ICP-MS, which also provide information on the isotope

ratios present in the sample.

It can be concluded that to accurately measure uranium in topsoil extracts by

ICP-OES it is advisable to carry out prior sample separation, purification and

preconcentration. It is important to eliminate elements such as iron and calcium

from the solution and to eliminate the main spectral and matrix interferences of

uranium to achieve reliable results.

The results obtained with ICP-MS are more reliable than those of ICP-SF-MS

when using a dilution ratio 1:50. By not using isotopic tracers in these techniques

the cost of the analysis is lower. It is demonstrated that using an ICP-MS with an

octupole reaction cell, U can be measured reliably enough without any prior

purification and/or preconcentration procedure, in a much lower time and cost

than α-spectrometry.

Finally, it has been demonstrated that cross-validation of two or more

independent analytical procedures helps identifying the potential limitations of a

specific analytical method intended to analyze a selected element/isotope. An

agreement of results obtained by at least two independent analytical methods, in

turn, essentially improves the credibility of the analytical data acquired.
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