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Abstract Activity concentrations using gamma-ray

spectrometer and distributions of natural radionuclides in

soil samples collected were investigated to assess the

environmental radioactivity and characterization of radio-

logical hazard. The average concentrations of 238U, 232Th

series and 40K in the 5 cm depth soil were 22.53, 33.43 and

406.62 Bq kg-1, respectively, which was within world

median ranges in the UNSCEAR 2000 report. The average

absorbed dose rate estimated by soil activity and annual

effective doses were 49.32 nGy h-1 and 60.48 lSv,

respectively. Since the soil is an important building mate-

rial, the mean radium equivalent activity (Raeq), external

(Hex) and internal (Hin) hazard index using various models

given in the literature for the study area were evaluated as

101.72 Bq kg-1, 0.27 and 0.34, respectively, which were

below the recommended limits. The effects of pH value,

conductivity, true density and textural properties of soil

samples on the natural radionuclide levels were also stud-

ied. The application of cluster analysis (CA) and principal

component analysis (PCA), coupled with Pearson correla-

tion coefficient analysis, were utilized to analyze the data,

identify and clarify the effects of physico-chemical prop-

erties on natural radioactivity levels. The CA and PCA

results showed that the former method yielded three dis-

tinctive groups of the soil variables whereas the latter one

yielded the number of variables into three factors with

87.5% variance explanation.

Keywords Natural radionuclides � Soil parameters � Dose

rate � Radiation hazard � Cluster analysis � Principal

component analysis

Introduction

Taiwan, the largest Mediterranean island (with an exten-

sion of about 25,000 km2), exhibits a very wide variety of

lithologies, ranging from sedimentary to metamorphic and

volcanic rocks. The major geological features of Taiwan

can be broadly classified into three major regions divided

by longitudinal faults; the central range which forms the

backbone ridge of the island, the western piedmont coast

with alluvium and the eastern coastal mountain range [1].

The hilly west coastal region is composed of Oligocene to

Pleistocene clastic sediments. The rocks are mainly alter-

nations of sandstones and shales with locally interspersed

limestone and tuff. The modern alluvium is predominantly

made up of clay, silt, sand and gravel, and covers the plain

and basin area. The flood plain is composed of alluvium

which also occupies the floor of the river valleys and

coastal sand and sand dunes. The eastern part of the island,

starting from the central mountain range toward the Pacific

Ocean, is composed of metamorphic rock of the earlier

Mesozoic and Paleozoic eras. Other areas, like Tatun Shan
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located in the north, the eastern coastal mountain range and

many outlying islets, such as Penghu archipelago, are

comprised of lava flow, agglomerates-masses of volcanic

rock fragments fused by andesite and basalt [2]. The geo-

logical map of Taiwan and studied area were shown in

Fig. 1.

The terrestrial component of the natural background is

dependent on the compositions of soils, rocks and some

building materials, which typically contain natural radio-

nuclides. Determination of soil radioactivity is essential to

understanding changes in the natural radiation background.

Gamma radiation emitted from environmental natural

radioactivity levels results in terrestrial background radia-

tion, which varies the geological and geographical structure

and dominates external radiation dose to human body [3].

Under normal circumstances, the artificial radioactivity

emitted from the nuclear power plants, industrial plants and

research facilities has smaller contribution to the overall

radiation. Soil generally contains small quantities of

radioactive elements, U and Th along with their progeny

and the primordial radionuclides of external radiation are
238U, 232Th series and 40K. Although the 235U series also

exists in soil, it accounts for a very small contribution to

human body. Soil may have been produced from the

weathered top layer of still-intact bedrock below or trans-

ported laterally from the same rock unit. Variation of

background concentrations of radionuclides in soil depends

on the type, moisture content, inhomogeneity of its

permeability, formation, transport processes and geomor-

phology [4] associated with meteorological conditions. Soil

formation and chemical and biochemical interactions also

influence the distribution patterns of U, Th and their decay

products [5]. Radioactivity in soil results from the rock

from which it is derived, including decrease by leaching of

water, dilution by increased porosity and by added water

and organic matter, and increase by sorption and precipi-

tation of radionuclides from incoming water [6].

The univariate statistics normally used are too limited

for this objective, while a multivariate analysis takes into

account many variables analyzed simultaneously to give

much more information about the characteristics of a soil.

Therefore, the consideration of several properties and

multivariate analytical methods will be necessary for a

greater understanding of soil processes.

The radioactivity concentrations and dose assessment

for soil samples around specific area in Taiwan have been

previously investigated [7], however, the effects of phys-

ico-chemical properties on naturally occurring radionuc-

lides in the soil have not been studied yet. The objective of

this work was to establish baseline statistical information

of background levels of naturally occurring radionuclides

due to 238U, 232Th series and 40K present in the soil and

their relationship to physico-chemical properties of soil.

The radium equivalent activity associated health hazards,

gamma- absorbed dose rate in air based on activity con-

centrations of natural radionuclides and annual effective

dose rates had also been estimated and also compared with

different countries of the world. Besides, the homogenous

groups and the groups responsible for explaining the

combined variances and making the significant differences

using the multivariate statistical methods were identified

and interpreted.

Experimental

Sample collection and preparation for radionuclide

analysis

Soil samples were collected from 16 different locations,

covering some area of currently commercial near-by

nuclear power plants, Lan-Yu temporary storage site for

low-level radwaste and around nuclear facility. Topsoil

samples at a depth of 5 cm, collected from 9 sub-samples

at interline distance of 5 m from a 10 9 10 m2 rectangular

grid of entire area for each site, were mixed together to

obtain a representative sample. Undisturbed sampling sites

were chosen to ensure that samples were representative of

the areas. Grass and pieces of wood were manually elim-

inated from the samples which were stored in stainless steel

containers until analysis. The samples were dried at 105 �CFig. 1 Geological map showing sampling locations in Taiwan
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for 24 h to remove moisture, then subsequently crushed,

ground to fine powder, homogenized by passing through a

2 mm test sieve, weighed and stored in an air-tight plastic

jar of 125 mL at room temperature for 1 month before

gamma counting. Samples were firmly sealed to allow the

attainment of all daughters in equilibrium with their parents

in the decay chain and the effect of radon emanation was

not taken into account.

Soil parameters

In the soil samples, the following physico-chemical

parameters were measured by conventional methods. For

the size distribution, percentages of clay, silt, and sand in

the soil samples were performed by mechanical shaking of

sieves. Soils were divided into three fractions: coarse sand

(0.2–2 mm); fine sand (0.002–0.2 mm); (clay ? silt)

\0.002 mm. Each fraction was weighed and its percent

weight was also calculated. The pH values were deter-

mined with a glass electrode in an aqueous suspension of

10 g of dry soil and 25 mL of distilled water, stirred and

left to stand overnight. True densities of soil were deter-

mined using an Ultrapycnometer 1000 (Quanta Chrome)

with PYCWIN software (v.2). The conductivity in soil was

measured in a water extract, after shaking 20 g of air-dried

soil with 100 mL of distilled water for 1 h. Data were

corrected to 25 �C.

Instrumentation, calibration and radioactivity

measurements by gamma spectrometry

A gamma spectrometer and relevant accessories were

supplied by Canberra, USA. Each sample was analyzed

using a high-purity germanium (HPGe) detector, connected

to the following components: preamplifier, amplifier, ADC

converter and acquisition interface module (AIM, model

556B). Qualitative and quantitative analysis of gamma

spectra were processed using the GENIE 2000 program.

The detector was surrounded by a special heavy-lead shield

about 10 cm thick with inside dimensions of 28 cm in

diameter 9 40.5 cm in height. The shield was utilized to

minimize background radiation. Characteristic X-rays from

lead was reduced using a 1.2 cm thick layer of copper.

Detector output was connected to an FT Research Ampli-

fier (Model 2025). The full width at half maximum

(FWHM) is 1.9 keV for the 1332.5 keV gamma-ray line of
60Co. The efficiency of the detector is approximately 40%

relative to 3 9 3 in2. NaI(Tl). Energy calibration and

efficiency calibration of the spectrometer to maintain

measurement quality were carried out using a standard

mixed multi-nuclide source, traceable to the US National

Institute of Standard and Technology (NIST) standard. The

calibration sources contained 241Am, 109Cd, 57Co, 139Ce,

203Hg, 113Sn, 85Sr, 137Cs, 88Y and 60Co peaks for the

energy range of 88–1836 keV. The standards and samples

were prepared with a uniform geometry. All the samples

and background were counted for a period of 80,000 s in

order to get sufficient counts at the desired peaks.

The activity concentrations of 238U and 232Th were

calculated assuming a secular equilibrium with their decay

products. The activity concentration of 238U was deter-

mined through photopeaks of its daughters 214Pb (295.2

and 351.9 keV) and 214Bi (609.3 and 1120.3 keV), while

the activity concentrations of 228Ac (911.1 and 969.1 keV),
208Tl (583.1 and 860.6 keV), 212Pb (238.6 keV) and 212Bi

(727.2 keV) were assumed to represent 232Th activity [8].

The 238U and 232Th activities were derived using an

average value of their progenies. The activity concentration

of 40K was measured directly from its 1460.8 keV gamma-

ray peak. Activity levels of samples obtained for 214Pb,
214Bi, 228Ac, 208Tl, 212Pb, 212Bi and 40K are expressed in

Bq kg-1.

Statistical treatment

Conventional and multivariate statistical procedures for

data treatment and graphics were performed using the

commercial statistics software package SPSS version 12.0

for Windows.

Cluster analysis and Pearson correlation were carried

out in order to clarify the relationship among the variables,

especially the influence of soil parameters on the distri-

bution of natural radionuclides. Cluster analysis is a useful

statistical method which presents visually the degree of

association among variables. The distance axis displays the

degree of association between groups of variables, i.e., the

lower the value on the axis, the more significant the cor-

relation [9].

Principal components analysis (PCA) is the most com-

mon technique used to summarize patterns among vari-

ables in multivariate datasets. The PCA is a way of

identifying patterns in variables, and expressing data in

such a way as to highlight their similarities and differences.

The main advantage of PCA is that, once the patterns have

been found, data can be compressed reducing the number

of dimensions, without much loss of information.

Results and discussion

Distribution of natural radioactivity in soil samples

Table 1 presented the activity concentrations of the 238U,
232Th series and 40K in the samples. The ± values of

radioactivity concentrations represented the counting
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uncertainty with a coverage factor of k = 2. In all sampling

sites, mean activity concentration is of the order
238U \ 232Th \ 40K. As seen in the table, the activity

concentration of 40K in soil is an order of magnitude higher

than that of 238U and 232Th, which is also in agreement

with the well-known fact that potassium in the earth’s crust

is of the order of percentage while U and Th are in ppm

level. In addition, the activity concentration of Th is higher

than that of uranium due to the low geochemical mobility

and insoluble nature in water of thorium [10]. In other

words, uranium is relatively more susceptible to be soluble,

whereas thorium is easily adsorbed by soil. The average

concentrations of 238U, 232Th series and 40K were 22.23,

33.43 and 406.62 Bq kg-1 (dry weight), respectively. The

worldwide median values are 35, 30 and 400 Bq kg-1 for
238U, 232Th series and 40K, respectively [11]. Hence, the

mean activities of these radionuclides in sampling locations

were comparable with world median ranges.

Good correlation coeffecient (R2 = 0.94) with linear

regression line was obtained between 238U and 232Th in soil

samples. Patra et al. [8] and Jabbar et al. [12] also reported

that the correlation coefficients between 238U and 232Th

activity were 0.90 and 0.91 in soil samples around Kaiga

site, India and Islamabad, Pakistan, respectively. However,

weak and positive correlation coefficients between 238U

and 40K and between 232Th and 40K were 0.36 and 0.48,

respectively, which was similar to the results of other lit-

erature [13]. It was expected that 238U and 232Th corre-

spond to natural decay series, where as 40K, though

naturally occurring radionuclide, but not belongs to part of

any such decay series.

The natural radioactivities did not have a uniform dis-

tribution depending on radioactivity of rocks forming the

geological structure in this region. The sample number

code 13, located around nuclear power plant (III) was white

sand with the lowest activity concentrations for each of the

three natural radionuclides 40K (Table 1). Ibrahim et al.

also reported the highest radionuclide activity occurred in

clay soils, whereas the lowest occurred in sandy soils in the

Nile Delta and middle Egypt [14].

As shown in Table 2, the mean activity concentration of
238U in the soils of studied area was the lowest among the

countries [7, 8, 15–21], but comparable with the previous

study [7]. Similarly, the value of 232Th was lower than that

of many countries like Hong Kong, Japan, Kotagiri of India

and Pakistan, but higher than that of Bangladesh, Kaiga of

India, Turkey and Venezuela. The measured value of 40K

in the present work was higher than those of Hong Kong,

India, Turkey and Venezuela, but slightly above the earlier

findings [7].

Calculation of radium equivalent activity (Raeq)

and hazard indices

Concentration of natural radioactivity in building materials

also reflects the geological variations of the sites of origin.

In Taiwan, some buildings are constructed from soil and

rock based materials such as sands, gravels, cements,

Table 1 Activity concentrations of the 238U, 232Th series and 40K (Bq kg-1), radium equivalent activity (Raeq in Bq kg-1), external and internal

hazard indices (Hex; Hin), representative level index (Icr in Bq kg-1), calculated absorbed dose rate in air from terrestrial gamma radiation (D in

nGy h-1) and annual effective dose (AED in lSv a-1) of studied samples

Sample code 238U series 232Th series 40K Raeq Hex Hin D AED

1 17.98 ± 1.56 28.92 ± 3.75 383.10 ± 24.67 88.81 0.24 0.29 43.37 53.19

2 34.79 ± 2.57 50.89 ± 5.44 297.70 ± 22.30 130.4 0.35 0.45 61.41 75.31

3 27.96 ± 1.78 45.57 ± 5.26 598.46 ± 32.54 139.16 0.38 0.45 67.96 83.35

4 9.17 ± 1.46 11.20 ± 4.06 255.65 ± 20.66 44.86 0.12 0.15 22.37 27.44

5 33.80 ± 2.91 53.77 ± 7.35 505.69 ± 40.14 149.56 0.40 0.50 71.87 88.14

6 46.15 ± 2.65 65.55 ± 7.03 390.68 ± 31.23 169.90 0.46 0.58 79.98 98.08

7 30.63 ± 2.12 43.61 ± 6.49 558.38 ± 36.16 135.94 0.37 0.45 66.07 81.03

8 21.08 ± 1.72 25.84 ± 4.12 268.31 ± 21.73 78.65 0.21 0.27 37.69 46.23

9 32.55 ± 2.79 63.11 ± 7.44 627.42 ± 42.93 171.05 0.46 0.55 82.78 101.52

10 29.91 ± 2.40 49.72 ± 6.27 674.98 ± 37.83 152.93 0.41 0.49 74.84 91.79

11 12.65 ± 1.36 13.28 ± 3.46 365.60 ± 23.65 59.78 0.16 0.20 29.99 36.78

12 11.94 ± 1.47 13.28 ± 2.76 257.74 ± 16.61 50.76 0.14 0.17 25.02 30.69

13 3.60 ± 0.68 3.96 ± 0.38 73.60 ± 6.12 14.92 0.04 0.05 7.33 9.00

14 10.94 ± 1.47 14.86 ± 4.05 371.56 ± 24.73 60.79 0.16 0.19 30.56 37.48

15 14.11 ± 1.80 20.00 ± 4.52 419.93 ± 31.08 75.02 0.20 0.24 37.40 45.87

16 23.23 ± 1.44 31.40 ± 3.91 457.18 ± 26.50 103.30 0.28 0.34 50.45 61.88

Worldwide median range 16–110 11–64 140–850 18–93

Median value (UNSCEAR2000) 35 30 400 57
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bricks and tiles. Among the raw materials, bricks made of

soil are the major components of construction materials for

conventional villages in suburban area. The radionuclides

in soil are a source of external gamma exposure and

internal radon exposure. The assessment of building

material is based on radium equivalent activity, external

and internal hazard indices.

Radium equivalent activity (Raeq)

Radium equivalent activity is a widely used hazard index

and is calculated using the following equation [22].

RaeqðBq kg�1Þ ¼ AU þ 1:429 ATh þ 0:077 AK ð1Þ

where AU, ATh and AK are activity concentrations of 238U
232Th and 40K in Bq kg-1, respectively. Table 1 presented

the calculated Raeq values for the samples collected. The Raeq

values ranged from 14.92 to 171.05 Bq kg-1 with an average

Raeq of 101.62 Bq kg-1 which was much close to that of

other investigation results (104.2 Bq kg-1) reported by Yasir

et al. [23] for one of the building materials, soil in Malaysia.

The estimated average Raeq values in this study were lower

than the recommended value of 370 Bq kg-1 [24].

External hazard index (Hex)

The external hazard index Hex was calculated from activity

concentrations of the samples using the conservative model

proposed by Krieger [25] for limiting the radiation dose

from the building materials to 1.5 mGy a-1 based on

infinitely thick walls without windows and doors as a cri-

terion. The external hazard index is given as

Hex ¼ AU=370þ ATh=259þ AK=4810 � 1 ð2Þ

where AU, ATh and AK are the activity concentrations of
238U, 232Th and 40K in Bq kg-1, respectively. The value of

Hex must be lower than unity in order to keep the radiation

hazard insignificant. As shown in Table 1, the Hex values

varied from 0.04 to 0.46 with an average of 0.27. The

maximum value of Hex is equal to unity, which corresponds

to the upper limit of Raeq (370 Bq kg-1). Since all values

are lower than unity, according to the Radiation Protection

112 [26] report, the soil from the studied area is safe and

can be used as construction material without posing any

significant radiological threat to public health.

Internal hazard index (Hin)

To address the radiation hazard to respiratory organs posed

by radioactive inert gas radon (222Rn), a daughter product

of radium and its short-lived secondary products, a second

criterion was developed by Krieger [25] to produce the

acceptable concentration of radium to half the normal limit,

has been used [24]. The hazard index is given as

Hin ¼ AU=185þ ATh=259þ AK=4810� 1 ð3Þ

where AU, ATh and AK are the activity concentrations of
238U, 232Th and 40K in Bq kg-1, respectively. For the

safety of utilizing materials in the construction of build-

ings, Hin should be less than unity. Table 1 displayed Hin

results based on the criterion given in Eq. 3 and the values

ranged from 0.05 to 0.58 with an average of 0.34, which

showed that they were less than unity. This index provides

a useful guideline in regulating the safety standards on

radiation protection for the general public residing in

common dwellings.

Calculation of air-absorbed dose rates (D) from soil

The absorbed dose rates (D) were calculated in air from the

activity concentrations of 238U, 232Th and 40K concentra-

tions in soil. The conversion factors of gamma-dose rate at

1 m above the soil surface for 238U, 232Th and 40K are

0.427, 0.662 and 0.0432 nGy h-1/Bg kg-1, respectively.

Table 2 Comparison of gamma-ray activity concentrations in soil samples and dose rates reported from different countries of the world

Location Mean activity concentration (Bq kg-1) Absorbed dose rate in air (nGy h-1) Reference

238U 232Th 40K

Dhaka, Bangladesh 33.0 16.0 574 81.0 [15]

Hong Kong 119 146 352 87.0 [16]

Japan 32.4 54 794 83.0 [17]

Kaiga, India 24.0 31.7 201.4 33.0 [8]

Kotagiri, India 41.4 102.1 229.4 100.1 [18]

Manisa, Turkey 28.5 27 340 54.0 [19]

Mid-Rechna interfluvial region, Pakistan 49.0 62.4 670.6 70.1 [20]

Gung-Liao, Taiwan 24.2 26.4 435.7 46.6 [7]

Taiwan 22.2 33.4 406.6 49.3 This study

Venezuela 27 31 357 – [21]
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Therefore, the absorbed dose rate (in nGy h-1) in air can

be estimated using the following equation [16, 27]:

D(nGy h�1Þ ¼ 0:427 AU þ 0:662 ATh þ 0:0432 AK ð4Þ

where AU, ATh and AK are the activity concentrations of
238U, 232Th and 40K in Bq/kg, respectively. The calculated

absorbed dose rates were given in Table 1 and varied from

7.33 to 82.78 nGy h-1 with an average of 49.32 nGy h-1

which was lower than the world average value

(57 nGy h-1). The average dose rate for the world is

18–93 nGy h-1, and a typical range for measured absorbed

dose rates in outdoor air is 10–200 nGy h-1 [11]. The

average contribution to the external radiation dose rate

from natural radionuclides was as follows: 19.35%

(9.62 nGy h-1) for the U series, 42.05% (22.13 nGy h-1)

for the Th series, and 38.60% (17.57 nGy h-1) for 40K.

With respect to worldwide median value determined by

UNSCEAR report (31.72, 35.55, 32.73%, respectively), it

could be observed that the contribution of Th series was

higher, where that of U series was much lower [11].

As also listed in Table 2, except for the district of Kaiga

in India, most of the values for the gamma ray dose rate

from different area were relatively higher than that of this

investigation due to the variations in the soil formation

geology. However, the value in the present work was quite

closed and comparable to that of previous study [7].

Calculation of outdoor annual effective dose (AED)

To estimate annual effective dose, the conversion coeffi-

cient and outdoor occupancy factor from absorbed dose in

air must be considered to obtain the effective dose. In the

UNSCEAR 1993 report [28], a conversion factor of

0.7 Sv Gy-1 and 0.2 by adults adopted as the outdoor

occupancy factor were recommended to convert absorbed

dose (nGy -1) in air to annual effective dose which is

determined by the following equation.

AED ðlSv a�1Þ ¼ D ðnGy h�1Þ � 8760 ðh a�1Þ
� 0:7Sv Gy�1 � 0:2� 10�3 ð5Þ

As also shown in Table 1, the baseline average outdoor

annual effective dose for the sampling sites to population

was 60.48 lSv a-1. About half of the sampling sites have

values higher than the baseline average, whereas half of the

locations have values below the baseline average. The

baseline value for sites was lower than the recommended

value of 70 lSv a-1, which is the world average outdoor

effective dose [29] for terrestrial habitants. For this

recommended value, quite low probability of occurrence

exists for either severe somatic or genetic health problems.

The effects of soil characteristics

On the basis of the physic-chemical analysis shown in

Table 3 from the surveyed area, almost the soils comprised

dominantly of sand, (clay ? silt) with the order of mag-

nitude being % (coarse ? fine) sand [ % (clay ? silt).

These soils could be classified as loamy sand and sand

using USDA classification [30]. On the contrary, the

sampling code 1 was classified as clay with lower activity

concentration of 40K (383 Bq/kg), which was also in

accordance with the finding (382 Bq/kg) of previous

Table 3 The physico-chemical properties of soil in the studied area

Sample code pH Conductivity (ls/cm) True density (g/cm3) Coarse sand (%) Fine sand (%) Clay ? silt (%)

1 7.82 100 2.73 5.23 38.75 56.02

2 5.28 420 2.51 80.02 12.16 7.82

3 7.01 167 2.68 46.13 19.46 34.40

4 5.63 183 2.73 61.73 19.02 19.25

5 3.93 272 2.62 91.41 4.66 3.93

6 4.97 188 2.68 83.22 8.06 8.72

7 4.88 153 2.75 61.72 25.21 13.06

8 7.51 140 2.69 83.81 10.39 5.80

9 4.19 138 2.53 78.87 10.55 10.58

10 4.57 246 2.75 42.16 48.04 9.80

11 7.96 1149 2.71 78.37 21.27 0.36

12 7.81 881 2.88 95.39 3.13 1.48

13 8.23 2510 2.81 99.62 0.26 0.12

14 7.88 626 2.77 46.75 52.53 0.72

15 8.2 2070 2.45 30.74 59.36 9.90

16 7.8 95 2.74 69.55 15.07 15.37

Analytical methods pH meter Conductivity meter Density meter Mechanical shaking of sieves
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investigation in Taiwan [31]. The sample code 13, as white

sand, collected from sea shore with the highest conduc-

tivity of 2510 ls/cm, might contain high salt contents. The

salt content was normally measured in terms of electrical

conductivity on an extract of the sand.

Correlation coefficient analysis results

With the objective of evaluating correlations between

activity concentrations of radionuclides and the physico-

chemical parameters, Pearson linear correlation coefficient

test was used. The obtained correlation matrix was pre-

sented in Table 4. High correlations were observed

between the natural radioisotopes of uranium series (214Bi

and 214Pb) and thorium series (228Ac, 212Bi, 212Pb and
208Tl) with correlation coefficients more than 0.946 and

this was in well agreement with the literature data [32].
40K had moderate correlation with uranium/thorium series

members and weak correlation with pH and conductivity

and no correlation with the distribution of soil size and

density. No correlation between soil density and all natural

radionuclides was also observed. Although the confidence

level did not meet the criteria, p \ 0.05, the correlation

coefficient of fraction of clay and silt was higher 10 times

than that of coarse sand for daughters of Th series. Natural

radioactivity principally increased with the decrease of

particle size similar to findings of other investigations [33,

34].

The soil characteristic, pH with extreme differences

ranging from 3.93 and 8.23 (Table 3), exhibited significant

or highly significant (p \ 0.01) and negative correlation

coefficients (r = -0.829 to -0.718) with uranium/thorium

series members, suggesting that the transformation of the

forms of radioactive elements was based on sorption

interactions in combination with the migration of soil

particles. The fixation of radionuclides was accompanied

by the distribution of the elements between the main solid

phase. Rachkova et al. [35] also stated that the precipita-

tion of thorium hydrated oxide and the co-precipitation

with iron hydroxides could play an important role in the

processes of thorium removal from liquid phase in neutral

and alkaline soils. In other words, the radionuclides

extracted from a leached soil into the water in neutral and

alkaline media could decrease and weaken the fixation of

nuclides in the soil. The similar results of this study were

consistent with the finding of literature [36] concerning

about the effect of soil properties.

Cluster analysis

Cluster analysis (CA) is one of multivariate techniques

used to identify and classify groups with similar characters

in a new group of observations. Each observation in aT
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cluster is most like others in the same cluster. Similarity is

a measure of distance between clusters relative to the

largest distance between any two individual variables. The

zero distance means the clusters are 100% similarity in

their sample measurements, whereas the cluster areas are as

disparate as the least similar region means similarity of 0%.

Cluster analysis was carried out through two axes; the first

was to identify sampling locations with similar characters.

The other axis was to identify similar characteristics among

natural radioisotopes and parameters in the soil.

In CA, the average linkage method along with correla-

tion coefficient distance was applied and the derived den-

drogram was shown in Fig. 2. In this dendrogram, all 13

parameters were grouped into three statistically significant

clusters. Cluster I was conductivity; cluster II was 40K and

cluster III consisted of natural radionuclides, density, pH

and soil size distribution, which appeared in the same

cluster. All of the natural radioisotopes were represented as

one group with similar characteristics as they originated

228Ac
212Pb
212Bi
208Ti
214Bi
214Pb

Density

pH

Clay+silt

Fine sand

Coarse sand
40K

Conductivity
Cluster I

Cluster II

Cluster III

0 5 10 15 20 25

Rescaled Distance Cluster Combine Fig. 2 Dendrogram using

average linkage of hierarchical

cluster analysis for 13 variables

Rescaled Distance Cluster Combine

3
7

9
10

4
8
1

16
5
6
2

14

0 5 10 15 20 25

11
12
13
15

Fig. 3 Dendrogram (Euclidean distances) based on the soil param-

eters at all sampling stations

Table 5 Rotated component matrix for data of soil

Variable PC1 PC2 PC3 Communalities

K-40 0.70 0.47 -0.06 0.71

Ac-228 0.99 0.01 0.00 0.98

Tl-208 0.99 0.04 -0.07 0.99

Bi-212 0.98 0.04 -0.06 0.97

Pb-212 0.99 -0.02 -0.06 0.98

Bi-214 0.96 -0.07 0.02 0.93

Pb-214 0.97 -0.05 -0.04 0.95

Density -0.43 -0.18 0.72 0.75

pH -0.83 0.16 0.02 0.72

Conductivity -0.65 -0.21 -0.58 0.81

Coarse sand 0.05 -0.99 0.00 0.99

Find sand -0.17 0.83 -0.37 0.85

Clay ? silt 0.12 0.72 0.46 0.75

Eigenvalue 7.63 2.52 1.22

% of variance explained 58.7 19.4 9.4

% of cumulative 58.7 78.1 87.5

PCA loadings [ 0.4 or \ 0.4 were shown in bold

Extraction method: principal component analysis. Rotation method:

varimax with Kaiser normalization. Rotation converged in three

iterations
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from 232Th and 238U series. 228Ac, 212Pb 212Bi, and 208Tl

were close to each other. Likewise, 214Bi and 214Pb were

close to each other. 40K was identified in another group

order far from the other radioisotopes and grouped closely

with the group of grain size distribution. The close relation

between 238U and 232Th series members but not with 40K

was in accordance with the results [31, 37].

Figure 3 showed dendrogram of classification of the

sampling locations as groups according to the soil parame-

ters. In this dendrogram, cluster analysis has been classified

sampling no, 13 and 15 as more unique locations ascribed to

the lower activity concentrations of 238U and 232Th series

with much higher conductivity and pH value and the pres-

ence of coast white sand and sedimentary sand, respectively.

The sampling stations, 11 and 12 collected from the river

sand around nuclear power plants of Chin-San and Shih-

Men, respectively were grouped into one cluster due to rel-

atively close activity concentrations of 238U and 232Th series,

pH value and conductivity. The sampling codes in their

characters from 3, 7, 9, 10, 4, 8, 1, 16, 5 and 6 were grouped

as much closed locations in a big group.

Principal component analysis

Principal component analysis (PCA) was applied to identify

variables by applying varimax rotation with Kaiser Nor-

malization. By extracting the eigenvalues and eigenvectors

from the correlation matrix, the number of significant factors

and the percent of variance explained by each of them were

calculated. Table 5 displayed the results of the factor load-

ings with a varimax rotation, as well as the eigenvalues and

communalities. The results showed that there were three

eigenvalues higher than one and that these three factors

could explain over 87% of the total variance. Normally, an

ordination result was good if the value was 75% or better

[38]. The first component (PC1) explained 58.7% of the total

variance and loaded heavily on uranium and thorium series.

The second component (PC2), was correlated very strongly

with coarse sand and fine sand with a high loading value (-

0.99 and 0.83, respectively), accounting for 19.4% of the

total variance. The third component (PC3) was loaded pri-

marily by density and also moderately by conductivity and

clay ? silt, accounting for 9.4% of the total variance.

Conclusions

Analytical results demonstrated that no radiological

anomaly was found for the survey. The following is a list of

major findings.

1. Activity concentrations of 238U, 232Th and 40K sam-

pling locations were within the world range and the

gamma absorbed dose rates and annual effective dose

of were within world median ranges.

2. The calculated values of hazard indices were lower

than unity while the soil could be used as building

material, indicating that samples were not a significant

source of radiation hazard. From a radiological point

of view, the studied area in Taiwan was safe for the

population as a consequence of terrestrial gamma

radiation.

3. No correlation between soil density and all natural

radionuclides was also observed. However, a signifi-

cant and negative relationship was observed between

natural radionuclide contents and pH values in the soil

samples based on analytical results of Pearson corre-

lation coefficient.

4. The quite close relation for natural radionuclides of the

U and Th series, soil density, pH value and grain size

distribution was clustered as one group, whereas the

conductivity was recognized in another group far from

the other soil parameters and radioisotopes. 40K was

recognized in one separate group and had obvious

differences with other radioisotopes.

5. The sampling codes of 13 (NPP3 coast white sand) and

15 (NPP1 sedimentary sand) were classified more

unique locations resulting from the lower activity

concentrations of U and Th series, much higher

conductivity and pH value.

6. The principal component analysis explained 87.5% of

the data variability through three factors. Therefore,

instead of 13 soil parameters, three combined variables

provided the basic variation information about the

data.
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