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The radiological background in soils across various areas in Southern Ecuador, such as Vilcabamba, Loja, Pal-
anda, Catamayo, and Taquil, was studied to understand the impact of agriculture and fertilizer usage on soil
radiological composition. Areas impacted by agricultural activities alongside reference areas unaffected by
human intervention were chosen, encompassing comprehensive analyses including gamma and alpha radiation
measurements, isotopic ratio determinations, and assessments of radioactive decay chain disequilibrium. Key
radiological parameters such as the radium equivalent index, the external gamma absorbed dose rate and the
external hazard index were calculated. The external gamma absorbed dose is equal or lower than 57 nGy h™*
(mean value worldwide in the Earth’s crust). The remaining indexes as well as the annual dose rate are far from
the limits allowed for public. Fallout due to '*’Cs is negligible and below the minimum detectable activity
(MDA). Ratios 2°8U/2*2Th varies from 0.55 in Catamayo to 1.11 in Taquil. These values show disequilibrium
between the two radioactive chains and it is possible to assume A (238U)~0.64 A (232Th) (excluding Taquil, value
1.11). Furthermore, the radiological composition of commonly used fertilizers, including urea, NPK, NH4NO3,
KNO; and compost, was analyzed, identifying “°K and 2'°Pb as significant radionuclides. Interestingly, no cor-
relation was found between the types of fertilizers used and the radiological composition of soils. The pre-
dominance of the radiological background provided by the parent rock remains the main factor influencing soil
composition. The radiological background values for 2°Ra, *®Ra, and *°K were established, with a mean value
of 23 + 5 Bq kg™, 30 + 4 Bq kg}, and 450 + 80 Bq kg, respectively. Finally, the distribution of 2!°Pb in
unperturbed soils suggests a higher concentration in the top layer, which is indicative of natural deposition
patterns, except in areas affected by erosion such as Vilcabamba, Loja, and Catamayo.

1. Introduction Focusing on soils, natural radioactivity is influenced by several fac-

tors, including the composition of the bedrock and weathering pro-

Radionuclides from 2*8U, 235U and 232Th series are widely distrib-
uted throughout the Earth’s crust and some of them, because they are
soluble or gaseous, can pass into the hydrosphere and atmosphere dur-
ing weathering processes [1]. For instance, radium is known by its high
solubility and regarding gaseous radionuclides, 222Rn, with a half-life of
3.8 days, may escape from the ground before decay, contrasting with
220Rn, which has a half-life of 54 s and is present in low concentrations
in the atmosphere.
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cesses. In undisturbed conditions, radioactive nuclides from natural
series within the bedrock (closed systems) are typically in secular
equilibrium. However, in open systems like soils, a fraction of 22?Rn (a
daughter of 22Ra) can exhale into the atmosphere, ranging from 1 % to
30 %, depending on soil properties as granulometry, mineralogy, etc.
This 2*?Rn then decays into 210pp, [2]. Therefore, secular equilibrium is
not fulfilled. Once in the atmosphere, 2!°Pb becomes associated with
aerosols and then settles onto the surface [2]. On the other hand, when
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Fig. 1. Location of the samples zones.

bedrock undergoes weathering processes, such as chemical dissolution
and physical breakdown, the equilibrium can be disturbed. Weathering
can lead to the redistribution of elements and the formation of secondary
minerals with different solubilities and precipitation rates. This can
result in the preferential retention or release of certain radioactive nu-
clides, causing disequilibrium within the natural series.

Using gamma and alpha spectrometry, and since the second half of
the 20th century, the radioactive backgrounds of the natural series ra-
dionuclides have been measured in sediments, hydrosphere and air [3]
in a large part of the planet, especially in the northern hemisphere [4-7]
and in other areas of the southern hemisphere [8]. Radioisotopes with a
half-life greater than the age of the planet have also been measured in
nature, such as 4ok (gamma emitter) and 87Rb (beta emitter) [9]. Other
radioisotopes, such as 14c, 3H, 2Na and "Be, are also present and
continuously formed in the atmosphere as a result of cosmic radiation.

Furthermore, it is also important to mention that some radioisotopes
were reintroduced into the environment as a result of nuclear tests that
began in the 1960s or as a consequence of nuclear accidents such as
Chernobyl in 1986 [10,11] or Fukushima in 2011 [12-14]. The main
artificial radionuclides of environmental interest are as follows: 1*7Cs
(gamma emitter with a half-life around 30 years); 239Pu, 24OPu, 24lPu,
and 2*'Am (alpha radionuclides), and QOSr, 3H, and 'C (beta
radionuclides).

The radioactive background of a region reflects the activity of nat-
ural radionuclides due to both intrinsic geological factors and the
‘fallout’ from accidents or nuclear tests. In addition, to assess the
radioactive impact, the dose will depend not only on the type of soil and
its geology, but also on its altitude at sea level because of the differences
in the production of cosmic radiation [15]. Thus, the average of the dose
measured at sea level is 0.03 uSv h™!, while at 2000 m it rises to 0.1 pSv
h~!. Furthermore, the regional radioactive background can be increased
due to Naturally Occurring Radioactive Materials (NORM) industries
[16] which handle raw materials and/or by-products and wastes
enriched by natural radionuclides. NORM industries includes the
extraction of oil and gas, the combustion of fossil fuels, the mining and
processing of minerals and the production of phosphate fertilizers,
among others.

In the last decade, there has been a growing interest in understanding
the environmental implications of intensive fertilizer use on agricultural
ecosystems and food products. In this sense, considerable attention has
been directed towards assessing the radioactive content of phosphate
fertilizers, including NPK complex fertilizers and ammonium phos-
phates such as di-ammonium phosphate (DAP) and mono-ammonium

phosphate (MAP) that are widely used in agricultural soils [17].
Several studies have indicated that production processes of these fer-
tilizers often concentrate radionuclides, particularly isotopes of uranium
(3%8y, 255U and 2**U) and 23°Th, due to their binding with phosphoric
acid—the primary component of these fertilizers [17,18]. Specifically,
analyzes have shown that MAP and DAP fertilizers exhibit significantly
elevated levels of uranium, with concentrations reaching about 3000 Bq
kg~ ! and 2500 Bq kg ! of 28U, respectively. These concentrations are
approximately 100 times higher than those typically observed in un-
disturbed soils, with an average around 30 Bq kg~ [19]. Similarly, the
behavior of 2°°Th mirrors that of uranium, with activities averaging
around 2000 Bq kg™!, approximately 70 times higher than undisturbed
soil levels. Conversely, in NPK fertilizers,*’K dominates the activity
concentrations, that range between 1800 and 4000 Bq kg2, thus rep-
resenting a 3-5-fold increase compared with typical soil concentrations,
which average around 500 Bq kg_1 [19,20].

Extensive radiological studies on soils in the southern region of
Ecuador, Loja, have not been published, representing a significant gap in
understanding the global radiological background. The absence of this
data is relevant not only locally but also globally, as each region con-
tributes to the overall knowledge of environmental radiation. In
contrast, numerous studies focused on other parts of the world, mainly
on developed regions, such as North America, Europe, some areas of
Asia, or Australia, have been published [4-7]. Actually, in Ecuador,
prior investigations into natural background radiation have predomi-
nantly centered on volcanic regions, particularly within the Chimborazo
province, revealing localized increases on radionuclide accumulation in
plutonic and metamorphic rocks, as well as volcanic ash dispersed by
eruptions from the Sangay volcano [21,22]. However, these in-
vestigations were limited to gamma spectrometry measurements of only
226Ra, 228Ra, 228Th and 40K, with no inclusion of alpha measurements or
isotopic ratio determinations. Additionally, uranium activities have
been assessed in the Napo Formation of the Cretaceous period in
Ecuador, renowned for its economically significant phosphate deposits
and potential as a hydrocarbon reservoir. The results indicate an average
uranium concentration of 100 mg kg~' within the Napo phosphate,
accompanied by radioactivity ranging from 20 to 410 Bq kg™! [23]. In
contrast, our ongoing study focuses on agricultural zones within
Southern Ecuador, diverging from volcanic or commercially-mined
areas. In particular, our study focuses on the Loja region (Southern
Ecuador), where we have chosen areas impacted by agricultural activ-
ities alongside reference areas unaffected by human intervention.
Consequently, our research aims to elucidate the radiological impact of
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Table 1
Samples: places, number of samples, elevation, coordinates, annual rainfall, average temperature and humidity, principal species cultivated, and type of used fertilizers
[26-28].
Place Samples  Elevation (m Coordinates Annual rainfall (mm)/ Principal species cultivated Type of fertilized
a.s.l) temperature range/
humidity
Vilcabamba 9 1580-1600 4°15'39" S, 869.7/11-20 °C/78 % Short-cycle crops, pea beans, coffee, green banana,  No fertilizers
79°1321" W sweet potato, cassava, guava, avocado, and variety
of citrus
Loja 9 1800-2100 3°5333.2" S, 956/9-19 °C/71 % Coffee, green banana, passion fruit, tree tomato, No fertilizers
79°15'40.20" W white corn, variety of tubers and vegetables.
Palanda 9 1120-1210 4°38'59.28" S, 1700/17-20 °C/81 % Banana, Sugar cane, corn, achiote, coffee, cocoa, Compost
79°7'55.6" W cassava, pastures, orange, lemon, tropical and exotic
fruits.
Catamayo 9 700-1010 3°58'48"S,79°21'0"  350/25-28 °C/53 % Sugar cane, lemon, cassava, coffee, tomato, bell Urea, NPK purple
w pepper, cucumber
Taquil 9 2196-2152 3°540"S, 79°18'0" 960/12-20 °C/79 % White corn and barley, livestock pastures Potassium nitrate,
w ammonium nitrate

fertilizers (NORM industry) on these soils, encompassing comprehensive
analyses including gamma and alpha radiation measurements, isotopic
ratio determinations, and assessments of radioactive decay chain
disequilibrium. For this purpose, the activity concentrations of various
natural radionuclides (238U, 235U, 234U, 232Th, 230Th, 228Th, 210Po,
210pp, 226Ra, 228Ra. and “°K) present in soils have been measured, as
well as the artificial radionuclide '3’Cs. In general, the deposition of
137Cs in the soil is usually limited to the first 10 cm [20,24], since it is
rapidly absorbed specially on organic matter and clays [25]. Signifi-
cantly, to ensure the accuracy of background radiation values, our study
incorporates robust statistical analyses. This rigorous statistical frame-
work enhances the reliability and significance of the natural background
for all the region. The existence of radiological background data in re-
gions not studied to date, such as soils in Southern Ecuador, contributes
to understanding the effects of radiation and its distribution on the
planet. Actually, the determination of the radiological background is
crucial to study present or future impacts associated with NORM in-
dustries or to control possible damage to ecosystems produced by future
nuclear accidents.

Building upon the radiological background discussed earlier, the
goal of this study is to analyze the radiological impact of agricultural
practices, both with and without fertilizer usage, on soils in the Loja
region. Particularly noteworthy is the phosphate fertilizer industry, a
NORM sector that has the potential to increase exposure to ionizing
radiation by concentrating natural radionuclides. This increase can be
transmitted to crops and pass through the food chain. Despite this
intensive use, it is important to assess whether doses are lower than the
permitted dose limits to avoid damage to both the environment and the
population itself. Therefore, agricultural soils with different types of
fertilizers or treatments have been analyzed by examining both radio-
nuclide concentrations at surface levels and various depths up to 40 cm
to assess mobility and leaching patterns.

2. Materials and methods
2.1. Site characteristics and sampling

This study focuses on the Loja region, which is in Southern Ecuador
(Fig. 1). Sampling zones were carefully selected to assess the potential
impact of agricultural practices on soil radioactivity levels. Furthermore,
these zones represent various geological soil types prevalent in the
region.

Notably, the Vilcabamba and Loja sites were identified as the regions
where conventional fertilizers are not used in agricultural practices. In
contrast, compost is used in Palanda, urea and NPK (nitrogen, phos-
phorus, and potassium) fertilizers in Catamayo, and KNO3 (potassium
nitrate) in Taquil.

The different types of fertilizers used by farmers in these areas were

also analyzed to fully understand the impact of agriculture on soil
contamination. This analysis aimed to quantify the degree of soil
contamination related to fertilizer use, thus providing valuable insights
into the agricultural contribution to overall soil radioactivity levels.

In the five sites chosen for the study (Vilcabamba, Loja, Palanda,
Catamayo, and Taquil), samples were taken in the form of columns up to
40 cm deep, subdividing each column into three different depths for
analysis (the depth of the first zone was from O to 5 cm, the second zone
from 5 to 20 cm, and the third zone from 20 to 40 cm). Moreover,
samples of the soils undisturbed by agriculture or anthropogenic activ-
ities (i.e., control soils) were compared with samples of agricultural
soils. The samples codes are as follows: control soil (C), agricultural soil
with no fertilizers (NF), and agricultural soil with fertilizers (YF).

Likewise, C samples were used to determine the radiological back-
ground and fallout of the area, and NF samples were used to study the
radiological impact of agricultural activity without fertilizers, compared
with C samples. On the other hand, YF samples were used to assess the
impact associated with the use of fertilizers. Furthermore, the analysis of
columns has made it possible to verify the degree of affectation by
leaching.

Table 1 shows the locations of the sample points (latitude, longitude
and elevation), the number of samples and the type of fertilizers used in
each location. The annual rainfall (mm), the temperature range (°C), the
humidity (%) and the principal cultivated species are also included in
this Table for each location [26-28]. After collecting the columns and
separating them by depth, the samples were dried and milled below 100
pm particle size previously to the alpha and gamma analysis.

2.2. XRF analysis

The major elements were determined by X-ray fluorescence (XRF)
using a Bruker S4 Pioneer system (4 kW, Rh front window and anode,
five analyzing crystals [LIF200, Ge, PET, OVO55, and OVOC], and two
X-ray detectors). One gram of sample was ground and mixed with both
10 g of lithium tetraborate and 5 drops of 20 % lithium iodide to obtain a
homogenous glass for examination.

2.3. Gamma spectrometry

The samples were measured by gamma spectrometry using a thin-
window well HPGe detector with a full-width at half-maximum
(FWHM) of 1.33 keV at 122 keV (¥’Co) and 2.04 keV at 1332 keV
(°°Co), and a peak/Compton ratio of 56.2/1. The detector was coupled
to a multichannel analyzer and shielded with a thickness layer of 10 cm
Pb plus 2 mm of Cu to avoid interferences from X-ray from the lead. The
full energy peak efficiency calibration was conducted using the solid
RGU-1 Standard Reference Material, obtained from the International
Atomic Energy Agency (IAEA), with a known amount of 238U (4940 +
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30 Bq kg 1) and with all its daughter products in secular equilibrium.
Absorption corrections were made for the measurements following
previously established methods [29]. The following radionuclides were
measured using these gamma peaks: 21°Pb at 46.5 keV (intensity 4.05
%), 23Th (?%8U) at 63.29 keV (intensity 3.84 %), 2!*Pb (*?°Ra) at
351.92 keV (intensity 35.1 %), 228Ac (>?®Ra) at 911.07 keV (intensity
27.07 %), and “°K at 1460.83 keV (intensity 10.67 %).

2.4. Alpha spectrometry

In all samples, U-isotopes (234U, 235U, and 238U), Th-isotopes (232Th,
and 230Th), and 21°Po activity concentrations were determined by alpha-
particle spectrometry after applying a sequential radiochemical
procedure.

A1 g aliquot of each selected sample was dissolved using microwave
acid digestion (hydrochloric, hydrofluoric, nitric, and perchloric acids),
followed by passage through a UTEVA (Uranium and TetraValents Ac-
tinides) chromatographic resin (provided by Eichrom Technologies Inc.,
Lisle, IL, USA) as 2 % nitric acid solutions. This process aimed to isolate
U, Th, and Po according to the methodology explained in detail in
Ref. [30].

The U- and Th-isotopes are electrodeposited onto stainless steel
planchets, following the method of Hallstadius [31], while the polonium
(after conditioning the Po fraction) is self-deposited onto silver discs
[32,33]. The recovery yields obtained by this radiochemical procedure
ranged between 80 and 90 % for both U and Po, while for Th they were
in the order between 50 % and 60 % [30,34,35].

The alpha-particle determinations were carried out through the use
of an EG&G Ortec alpha-particle spectrometer system comprising eight
chambers, each one equipped with a 450 mm? ion-implanted semi-
conductor detector (PIPS type), which provides an efficiency of around
25 % for our counting geometry.

2.5. Statistical analysis

The Grubbs’ test is a statistical method designed to identify outliers
within a Gaussian dataset. It operates by comparing the deviation of a
suspected outlier from the dataset’s mean with a critical threshold. The
G-observed, or experimental value of this statistic variable, is calculated
as the maximum absolute difference between individual values and the
mean of the dataset, divided by the standard deviation of the dataset,
while the G-critical value depends on the sample size (n) and the sig-
nificance level («) chosen (in our case, « = 0.05). The G-critical value,
denoted as G-critical, represents the threshold beyond which a data
point is considered an outlier. It serves as a reference point for deter-
mining the significance of the calculated G-value. Statistical methods
were utilized to evaluate the normality of the dataset, representing
preliminary procedures preceding the application of the Grubbs’ test.
Normality assessments, including the Shapiro-Wilk, Anderson-Darling,
and Lilliefors tests, were conducted to ascertain the distribution of the
data and verify its statistical robustness. The statistical software used
was XLSTAT (https://www.xlstat.com/en/), developed by Lumivero.

Additionally, the z-score (a statistical measure indicating how many
standard deviations a value is from the mean of a dataset) was included.
When the z-score falls within the range of —2 to 2, it indicates that these
values are within two standard deviations of the mean. As the Grubbs
test compares the most extreme value (the farthest from the mean) with
the expected distribution, if the absolute z-score is greater than the G-
critical, then the data point is considered an outlier.

2.6. External effective doses

Radium equivalent index, external absorbed gamma dose rate and
external hazard index were calculated in all samples. Radium equivalent
index is the radium equivalent radioactivity to represent the specific
activity of 22°Ra, 2*2Th and “°K (radium activity giving the same gamma
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Table 2
XRF results of the soils unperturbed by agriculture at the different locations
(average values).

Element Vilcabamba % Loja % Palanda % Catamayo % Taquil
%

Al 7.67 7.86 6.54 9.29 9.55
Ba 0.07 0.07 0.09 0.06 0.07
Ca 0.54 0.02 2.69 1.51 1.10
Fe 3.04 3.26 4.07 4.65 4.26
K 3.15 2.51 2.90 2.05 2.69
Mg 0.78 0.75 1.24 1.13 0.90
Mn 0.08 0.09 0.10 0.07 0.10
Na 0.47 0.51 0.75 0.66 0.75
P 0.15 0.11 0.19 0.08 0.08
S 0.08 0.08 0.11 0.06 0.04
Si 30.6 29.7 22.6 27.4 28.3
Ti 0.41 0.37 0.50 0.54 0.44

Table 3

Results from DRX with Rietveld refinement converged. N.D. (Not Detected).
Name Vilcabamba Loja Palanda Catamayo Taquil
Silicon oxide 60 50 46 47 59
Muscovite 11 37 14 11 16
Chlorite 10 <1.0 N.D 5.1 N.D
Biotite 6.3 1.3 14 6.0 2.8
Anorthite 6.1 5.7 7.3 12 7.4
Kaolinite 3.8 2.0 N.D 7.3 N.D
Albite 2.0 1.9 5.3 8.7 3.3
Vermiculite <1.0 <1.0 N.D 2.7 12

dose as the combined activity of the three series 28U, 232Th and “°K in
secular equilibrium). This concept allows to describe the radiation
hazard from the three different radionuclides mixture with a single
index. It was calculated assuming that 370 Bq kg~ of 2?°Ra, 259 Bq kg !
of 22Th and 4810 Bq kg ! of *°K produce the same gamma-ray dose rate
and according to equation (1) [36-39].

Raeq = Ara+ 1.43 Ay, + 0.077 Ag leq. 1]

where all activities concentrations are expressed in Bq kg~L.

On the other hand, the external absorbed gamma dose rate (Daps) in
nGy h™! was assessed. This dose describes the gamma dose absorbed by
the public exposed to 22°Ra, 22Ra and *’K in outdoor air at 1 m height
above the ground and was estimated using equation (2) [40,41].

Daps = 0.462CRa.226+0.662CRra.228+0.043Ck_40 [eq. 2]

Where Cgra.226, Cra-228 and Cg.4¢ are the activity concentrations of 226Ra,
228Ra and *°K, respectively, in Bq kg ™.

Mean Typical values about 57 nGy h™! are typical for soils in un-
perturbed areas [19,41]. The permissible limit of Daps must be less than
0.059 mGy h™! or 59,000 nGy h~! [19,38].

The effective annual dose rate is the conversion factor from the
external absorbed gamma dose rate in the air to the effective dose 0.7 Sv
Gy~ ! (upper limit if we consider outdoor occupancy factor like 1).

Finally, the external hazard index, Iy, was also assessed. This index
was firstly defined by Beretka and Mathew [39] with the goal to limit the
radiation dose to a dose equivalent limit of 1 mSv y~! which is the
maximum dose allowed for general public [19]. The external hazard

index (Iex) was calculated using equation (3) [42]:
Iex = ARa/370 + A1h/259 + Ax/4810 [eq. 3]

Iex should not exceed the limit of 1 for the radiation hazard to be
negligible.
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Table 4
Gamma Activity Concentrations (Bq kg™ 1) in each Location.
Sample 210Pb 234th 214Pb ZZSAC 40K
(238U) (226Ra) (228Ra)
VILCABAMBA V1C-0-5 42 + 25+5 25.6 + 33+4 520
6 1.5 + 30
V1C-5- 31+ 28+ 4 21.8 + 29+3 510
20 5 1.4 + 30
V1C-20- 24 + 26 £ 4 229 + 32+3 480
35 4 1.2 + 23
V2NF-0- 22 + 22+ 4 139+ 25+3 357
5 5 1.1 + 21
V2NF-5- 13 + 18+ 4 16.0 + 25+3 342
20 5 1.2 + 21
V2NF- 11 + 16 + 4 17.5 £ 22+3 383
20-35 4 1.1 +21
V3NF-0- 16 + 21+ 4 19.2 + 28+3 394
5 5 1.3 + 23
V3NF-5- 19 £ 24 £ 4 18.0 £ 24 +3 382
20 4 1.1 +21
V3NF- 13 + 22+ 4 15.1 + 25+3 378
20-35 4 1.0 +18
LOJA L1C-0-5 39+ 27 +5 21.5 + 29+3 414
6 1.4 + 24
L1C-5- 27 + 23+4 20.3 + 28 +3 427
20 5 1.3 + 24
L1C-20- 22 + 22+ 4 20.5 + 28+3 430
35 4 1.2 + 24
L2NF-0- 15 £ 21 +4 18.6 £ 26+ 4 400
5 5 1.4 + 30
L2NF-5- 23 + 21+ 4 241 + 34+3 500
20 5 1.5 + 30
L2NF- 19 + 23+ 4 21.8 + 36+3 560
20-35 4 1.3 + 30
PALANDA P1C-0-5 106 26+5 25.3 + 28+ 4 470
+8 1.8 + 30
P1C-5- 25+ 11+7 23.7 £ 33+4 640
20 5 1.5 + 30
P1C-20- 16 £ 29+ 4 22.4 + 30+3 570
35 4 1.2 + 30
P2YF-0- 56 + 29+5 20.4 + 29+ 4 490
5 6 1.5 + 30
P2YF-5- 42 + 26 £5 24.5 + 37+4 500
20 6 1.5 + 30
P2YF- 22+ 39+5 27.7 + 38+4 490
20-35 5 1.6 + 30
P3YF-0- 52 + 26+5 18.3 + 23+4 490
5 6 1.4 + 30
P3YF-5- 16 £ 33£5 229 + 28 +3 520
20 5 1.5 + 30
P3YF- 17 + 30+5 28.1 + 31+3 620
20-35 5 1.6 + 30
CATAMAYO C1C-0-5 13 + 28+ 4 18.3 + 25+3 339
5 1.2 + 21
C1C-5- 20 + 19+ 4 21.0 + 31+3 396
20 5 1.4 + 23
C1C-20- 22 + 30+5 242 + 27 +£3 412
35 5 1.5 + 24
C2NF-0- 23 + 32+4 21.1 + 34+3 382
5 5 1.3 + 22
C2NF-5- 14 + 23+ 4 20.2 + 24+3 362
20 4 1.2 + 20
C2NF- 15 + 18+ 4 18.2 + 26 +3 301
20-35 4 1.2 + 19
C3YF-0- 14 + 21+ 4 21.8 + 31+3 365
5 4 1.2 +19
C3YF-5- 18 + 24+ 4 209 + 30+3 399
20 5 1.3 + 22
C3YF- 20 + 27 £ 4 20.8 + 21 +3 348
20-35 5 1.3 + 20
TAQUIL T1C-0-5 96 + 27+ 4 31.4 + 31+3 520
5 1.7 + 30
T1C-5- 30 £ 35£5 29.0 + 33+3 470
20 5 1.6 + 30
T1C-20- 22 + 32+5 30.7 + 27 +£3 470
35 4 1.6 + 24
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Table 4 (continued)

Sample 210Pb 234Th 214Pb ZZSAC 4OK
(238U) (226Ra) (228Ra)

T2YF-0- 22 + 32+£5 309 + 32+£3 490

5 5 1.7 + 30
T2YF-5- 20 + 28 £5 25.7 + 36 £3 426
20 5 1.4 + 23
T2YF- 27 + 28 £5 32.3 & 37 £3 480
20-35 5 1.7 + 30
T3NF-0- 25+ 34+£5 29.0 + 33+4 440
5 5 1.7 + 30
T3NF-5- 24 + 30+5 26.9 + 38+ 4 410
20 5 1.6 + 30
T3NF- 31+ 30£5 30.0 + 32+£3 420
20-35 5 1.7 + 30

3. Results and discussion
3.1. Chemical and mineralogical characterization

For this study, soils non perturbed by agriculture collected in wild
areas of similar characteristics to the ones used in agricultural activities
were analyzed by XRF and DRX. A priori, the chosen sampling zones
represent diverse geological soil types prevalent in the region, although
the results in Table 2 and Table 3 show a similar geochemical
background.

Mean values in Table 2 have been calculated for each location with
three samples and the associated error is less than 10 %. The results
showed that the chemical composition of soils were quite similar, with
Al, Fe, K and Si being the main elements. Percentages between 0.5 and 1
% were found for Mg, Na, and Ti.

The mineralogical phases are included in Table 3, which show a
major presence of quartz (between 45 and 60 %) and muscovite (be-
tween 11 and 37 %) in most areas. Except in Palanda, which presented a
larger presence of biotite (14 %) than the remaining places, the per-
centages of other phases in all locations were lower than 10 %, with
average differences of about 5 %. In supplementary materials, Fig. S1, a
representative DRX graphic is presented for each location. There were
no significant differences in relation to depth.

To sum up, although the sampling zones represented several soil
types prevalent in the region, the geochemical analysis revealed a
striking similarity in the geochemical background across all sampled
areas. As the soils at the different sampling locations had similar
composition and mineralogy, differences in natural radioactivity should
not be very significant, driving to a similar radiometric fingerprint.

3.2. Natural radionuclides activity concentrations

Table 4 shows the gamma results for radionuclides of interest at the
different locations. However, 3’Cs was not reported as it was always
below the Minimum Detectable Activity (MDA; 2 Bq kg~ 1). This result is
consistent with the fact that most nuclear tests and accidents have taken
place in northern hemisphere.

For the control samples (unperturbed by agricultural activities),
219}, activity shows a maximum value in the top 5 cm of soil in Palanda
and Taquil (106 and 96 Bq kg™?, respectively), decreasing to a mean
value of 25 Bq kg ™! at depths of (20-35) cm in these two locations. This
is the expected result for the concentration of 2'°Pb in an unperturbed
area [43,44] where concentrations are higher in the first centimeters of
the sediment column. However, for the remaining locations (control
samples or not), the values of 21°Pb are similar in all areas and depths
with a minimum in the 20-25 cm layer in Vilcabamba (about 11 Bq
kg™ 1). Besides, it cannot be asseverated that there is a general activity
gradient according to the depth of the sample as the highest values of
activities for 21°Pb can be found in any layer (at the top, bottom or in-
termediate layer). As in Vilcabamba, Loja and Catamayo the concen-
tration of 2!Pb was not greater in the first centimeters of the control
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Table 5 Table 6
Mean Activity Concentration + Standard Deviation (Bq kg ™). Activity concentrations (Bq kg™ ') in fertilizers.
21 OPb 234rIvh 214Pb 228Ac 40K Type of 40K 210Pb 2347Th 21 4Pb ZZSAC
(Gadd)) (***Ra) (***Ra) fertilizer [Gad0)) (**Ra)  (***Ra)
VILCABAMBA ~ CONTROL 32+ 264+ 234+ 31.2 + 501 PALANDA COMPOST 685 + 64+ 230+ 2042 20+2
9 1.7 1.9 2.0 +19 40 5 2.1
NOFERT. 16+ 2043 16.6+ 24.9 + 373 CATAMAYO  UREA 300 + <28 <15 <10 <15
4 2.0 2.0 +19 20
LOJA CONTROL 29+ 24+3 210+ 28.0 + 425 NPK 7080 + <23 <12 <7 15.0 +
9 0.6 0.7 +10 123 2.1
NOFERT. 19+ 216+ 21+3 3246 490 TAQUIL KNO3 10,580 <22 9.0+ <10 5.0+
4 1.3 + 80 + 250 1.1 1.4
PALANDA CONTROL 50+ 22+ 237 + 30+3 560
50 10 1.5 + 80
FERT. 34 + 31+5 2444 31+6 520 640 Bq kg’l, and the minimum in Catamayo with 301 Bq kg’l. There is
18 +50 no gradient of activities depending on depth and the mean values
CATAMAYO CONTROL 18+ 26+6 21+3 28 +3 380 . . .
s L 40 (Table 5) are very similar for all locations and depths, ranging between
NO FERT. 17 + 2447 199+ 2845 350 373 and 560 Bq kg_l. As for control samples, 40K activities result in a
5 1.5 + 40 slightly different radiometric fingerprint. In fact, it can be established
FERT. l6+ 246+ 221+  29+4 380 that the range of (500 + 80) Bq kg~ covers the values obtained in Vil-
3 2.4 1.2 + 30 . -1
cabamba, Palanda and Taquil and (400 + 50) Bq k covers those
TAQUIL CONTROL 49+ 31+4 303+ 30+3 480 L . q ( ) Bq kg
M 12 130 obtained in Loja and Catamayo.
NOFERT. 23+ 30+3 30+3 35+ 3 470 Fertilizers samples were also measured by gamma spectrometry. It is
4 + 40 important to remember that fertilizers were not used in Loja and Vil-
FERT. i7 + 212'4 + ?6'7 + 34£3 1255 cabamba, whereas compost was used in Palanda, urea and NPK in Cat-

sample (unperturbed soil), this result could only be explained if the soils
have been altered (e.g., through erosion phenomena).

234Th (228U) ranges from a minimum of 11 Bq kg™! to a maximum of
39 Bq kg !, both in Palanda. Additionally, no general gradient of ac-
tivities depending on the depth of the sample can be found (Table 4).
Mean values (Table 5) are very similar for all locations and depths,
ranging between 20 and 31 Bq kg~! and therefore no significant influ-
ence of the agricultural activities can be shown through the activity of
this radionuclide. As for the control samples, the mean value is the same
in all locations within uncertainties, so there is no gamma radiometric
fingerprint due to 23Th (2*8U) in agreement with the characterization of
the soils (quite similar in elements and mineral phases). For this radio-
nuclide, a general gamma radiometric fingerprint of around (25 + 7) Bq
kg ™! was concluded for all control soils.

214pp (22°Ra) ranges from 13.9 Bq kg ™! in Vilcabamba to 32.3 Bq
kg~! in Taquil. As previously with the radionuclides from the 238U
radioactive chain, Table 4 shows that there is no gradient of activities.
Considering all samples (unperturbed soils and agricultural soils), mean
values (Table 5) are very similar for all locations and depths, ranging
between 16.6 and 30.3 Bq kg!. Therefore, no significant influence of
agriculture can be shown through this radionuclide. Regarding control
soils, mean values are also quite similar, being slightly higher in Taquil
(30.3 + 1.2 Bq kg™) compared to the rest of the locations (21 + 3 Bq
kg™ 1). Since the composition and mineralogy is quite similar in all lo-
cations, this slightly different radiometric fingerprint in Taquil is prob-
ably related to a different ratio U/Th, as alpha analysis will show in
following paragraphs.

The results of Tables 4 and 5 show that, except for the higher values
of 219pb, there is a secular equilibrium in all the gamma radionuclides in
the 238U radioactive chain.

On the other hand, 228pc (228Ra), from the 232Th radioactive chain,
shows an activity concentration range from 21 Bq kg~! in Catamayo to
38 Bq kg ! in Taquil. Additionally, there is no gradient of activities, as
can be seen in Table 4, and the mean values (in Table 5) are very similar
for all locations and depths, ranging between 24.9 and 35 Bq kg*. Once
again, a common gamma radiometric fingerprint can be associated with
all locations, as mean values within uncertainties are the same in all
control samples, around (30 + 3) Bq kgfl.

The*K activity concentrations in soil are very similar in all the
studied areas (Table 4). The maximum activity was found in Loja with

amayo, and KNOgs in Taquil. Table 6 shows the activity concentrations
for the various fertilizers. The only significant radionuclides in all fer-
tilizers were *°K, covering from 300 Bq kg ! in urea to 10,580 Bq kg ! in
KNOj3, and®!°Pb in compost. The remaining radionuclides were lower
than the MDA or the control sample activity in soils, except in Palanda
where the 238U activity of the compost was similar to the activity of the
control soil (where no fertilizer was used).

Comparing the values for “°K activity in Tables 4 and in Tables 6 and
it is interesting to highlight the maximum “°K activity in Loja, 640 Bq
kg_l, where no fertilizers are added to the soil, while the minimum is in
Catamayo, where urea and NPK (7080 Bq kg ! of *°K, as seen in Table 3)
were added to the soil. This difference may be attributed to the severe
soil erosion reported in Catamayo sites [45], which results in soil
deterioration and depletion of nutrients [46], likely due to extensive
agriculture over many years. Consequently, the addition of fertilizers is
necessary for crop growth. According to the measurements, the *°K
concentrations from fertilizers could be incorporated by crops. In Taquil,
KNOs is used as a fertilizer, with a'K activity concentration of 10,580
Bq kg™! (Table 6). However, Table 5 shows that the mean activity
concentration of “°K in Taquil is about 430 Bq kg in fertilized soil, 480
Bq kg ! in control soil and 470 Bq kg ! in soil without fertilizer.

On the other hand, Table 6 shows a value of 64 Bq kg ™! for 2°Pb in
compost. This value could be compatible with those in Table 4 for Pal-
anda, where compost is also used. Actually, samples with fertilizers in
Palanda show that the 21°Pb activity concentration was 56 and 52 Bq
kg~! in the first layer.

For 210Pb, the activity in the control sample is higher than in soils
perturbed by agriculture, and this reduction of activity concentrations in
cultivated areas may be attributed to the assimilation of soil components
by the plants. For the remaining radionuclides, except in Vilcabamba, it
is observed from Table 5 that activity concentrations are quite similar in
control samples (unperturbed soil) and soils perturbed by agricultural
activities (with or without fertilizer). However, in Vilcabamba, soils
perturbed by agricultural activities show lower activities than control
soils, indicating that the radionuclides are incorporated into the food
chain.

Alpha spectrometry analysis was used to verify secular equilibrium
in both natural series. For this purpose, four locations were chosen:
Vilcabamba, Palanda, Catamayo and Taquil. Vilcabamba and Loja did
not use fertilizers, so Vilcabamba was selected as representative of soil
without fertilizer. One control sample and one sample of cultivated soil
without fertilizer were chosen in Vilcabamba; samples of the control soil
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Table 7
Alpha Activity Concentration (Bq kg™1) in each location.
Sample ZIOPO 230th 232Th 234U 238U
VILCABAMBA V1C-0-5 42.8 + - - 20.6 + 21.7 £
2.3 1.4 1.5
V3NF- 20.7 + 18.8 + 29.5 + 19.0 £ 18.3 +
0-5 1.6 1.6 1.8 1.5 1.5
PALANDA P1C-0-5 123 + - - 16.6 + 19.7 +
5 1.4 1.5
P3YF-0- 51+3 16 +3 27 +3 18.8 + 20.3 £
5 1.7 1.7
CATAMAYO C1C-0-5 25.3 + 19.1 + 32.1 + 18.7 £ 17.6 £
1.5 1.4 1.8 1.4 1.4
C2NF-0- 20.5 + 23.2 + 324 + 16.6 + 194 +
5 1.4 21 2.4 1.7 1.9
C3YF-0- 223 + 25+3 32+3 18.0 + 22.7 £
5 1.1 1.5 1.9
TAQUIL T1C-0-5 92 +3 30+5 30£5 34.7 £ 33+3
2.3

and soil with fertilizer (compost) were measured in Palanda, and one
sample of control soil, one sample of cultivated soil without fertilizers,
and one sample of cultivated soil with fertilizers (NPK and urea) were
measured in Catamayo. Finally, only control soil was measured with an
alpha spectrometer in Taquil. All samples were collected from the 0-5
cm depth.

From Table 7, 2'%Po activity concentrations vary from 20.5 Bq kg™
in Catamayo to 123 Bq kg ! in Palanda. When comparing this data with
the 21°Pb data from Tables 4 and it can be deduced that there is secular
equilibrium between 2!°Pb and its daughter ?!°Po. For example, in
Palanda’s control area, the 21°Pb activity concentration in the first layer
is 106 Bq kg™! and the 2!%Po activity concentration is 123 Bq kg™ %; in
Taquil’s control area, the 219Pb activity concentration in the first layer is
96 Bq kg~! and 2'°Po activity concentration is 92 Bq kg~'. This
conclusion is further supported by data from Table 8, where it can be
observed that the ratios of 2!°Pb/2!%Po are very close to unity (with two
exceptions in Catamayo, where the ratio of 2'°Pb/21%Po is close to 0.5).

Likewise, 23Th activity concentrations vary from 16 Bq kg~! in
Palanda to 30 Bq kg™! in Taquil. Similar values can be found for 234U
and 238U, varying from 16.6 Bq kg ! in Palanda and Catamayo to 34.7
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Bq kg ™! in Taquil, and from 17.6 Bq kg ! in Catamayo to 33 Bq kg™ ! in
Taquil, respectively. It can be affirmed that all the radioelements in the
238y radioactive chain are in secular equilibrium. It can be observed too
in Table 8, where 23*U/2%8U ratios are very near to the unity, varying
from 0.79 to 1.06, both in Catamayo. And also, from Table 8, the ratios
of 238U /22%Ra are very close to the unity varying from 0.78 to 1.11, both
in Palanda.

In addition, 232Th activity concentrations vary from 27 Bq kg™! in
Palanda to 32.4 Bq kg~ in Catamayo. All the samples present a similar
activity, close to 30 Bq kg~ . Tables 4 and 5 show the activity of 22Ac
(#2®Ra), which was also around 30 Bq kg™'. This secular equilibrium
between 232Th and its daughters 228 ¢ (??8Ra) was therefore confirmed.

The 238U/232Th ratios vary from 0.55 in Catamayo to 1.11 in Taquil.
These values show disequilibrium between the two radioactive chains.
Table 7 shows that the radionuclides belonging to the 238U chain were
about 20 Bq kg~!, whereas the radionuclides belonging to the 2*2Th
chain were about 30 Bq kg™ !. This was also seen in control samples, both
fertilizer and no fertilizer samples, so it may be concluded that there is
disequilibrium between the 2*®U radioactive chain and the 232Th
radioactive chain in the studied areas in Ecuador. Considering the
238y/232Th ratios from Tables 8 and it was assumed that in this area A
(*38U) ~ 0.64 - A (**>Th) in soils of the areas studied (excluding the
value of 1.11 in Taquil). If we compare with the gamma radiometric
fingerprint, this fact agrees that Taquil is the only place where we have
found a slightly different gamma radiometric fingerprint compared to
other locations (for 2l4pp, (226Ra) we have found concentrations in
Taquil about (30.3 + 1.2) Bq kg~ ! compared to (21 + 3) Bq kg ! in the
rest of the locations).

The radiological background in soils in our locations in Ecuador has
been compared with activities in soils around the world, as shown in
Table 9. The mean activity concentration of 2*U worldwide is 36 Bq
kg’1 [19]. Values vary from 8.4 in Srirangam (India) [47] to 79 Bq kg’1
in Lombardia [48], Italy. Data obtained in Ecuador are about 25 Bq
kg~?, quite similar to the 23U mean activity worldwide.

The mean activity concentration of 22°Ra is 35 Bq kg~! worldwide
[19], due to the secular equilibrium in the 238( radioactive chain. Values
range from 18 Bq kg~ in Um Hablayn (Saudi Arabia) [49] to 88 Bqkg ™!
in Espirito Santo (Brazil) [50], with values about 50 Bq kg’1 in both

Table 8
Activity ratios in each location.
Sample 234U/238U 238U/232Th 238U/226Ra 210Pb/210P0
VILCABAMBA V1C-0-5 0.95 + 0.09 - 0.85 £+ 0.08 0.98 + 0.15
V3NF-0-5 1.04 £ 0.12 0.62 £+ 0.07 0.95 £ 0.10 0.8 +0.3
PALANDA P1C-0-5 0.84 +£ 0.10 - 0.78 £ 0.08 0.87 £ 0.07
P3YF-0-5 0.93 £ 0.12 0.74 £ 0.12 1.11 £ 0.13 1.02 + 0.13
CATAMAYO C1C-0-5 1.06 £ 0.12 0.55 £+ 0.05 0.96 £+ 0.10 0.51 £+ 0.20
C2NF-0-5 0.85 £ 0.12 0.60 £+ 0.07 0.92 £ 0.10 1.1+0.3
C3YF-0-5 0.79 £ 0.10 0.71 £+ 0.09 0.99 £+ 0.11 0.67 + 0.23
TAQUIL T1C-0-5 1.04 £ 0.12 1.11 £ 0.21 1.06 + 0.12 1.04 + 0.07
Table 9
Mean Activity Concentrations (Bq kg’l) and mean ratios in soils in several places in the World.
Placel 238y 226Ra 22Th g 238y/232Th 238y /22%Ra Reference
Worldwide average 36 35 30 400 1.2 1.03 UNSCEAR [19]
Um Hablayn, Saudi Arabia - 18.11 16.12 1603.73 1.37 1.58 [49]
Srirangam, India 8.4 - 98.4 436 0.09 - [47]
Ercek Lake, Turkey 18.9 - 27.2 524 0.69 - [52]
Lombardia, Italy 79 - 48 640 1.65 - [48]
Salamanca, Mexico 10-42 11-50 11-51 178-811 — 0.7-1.2 [41]
Espirito Santo State, Brasil - 11-88 18-424 7-693 - - [50]
South-western Nigeria - 52.91 76.79 393.73 - - [51]
Vilcabamba, Ecuador 23+5 21+3 30+4 500 + 80 0.62 + 0.07 0.90 + 0.10 Present Study
Palanda, Ecuador 23+5 21 +3 30+ 4 500 + 80 0.74 +£ 0.12 0.95 £+ 0.10
Catamayo, Ecuador 23+5 21+3 30+4 400 £+ 50 0.62 £+ 0.07 0.96 £+ 0.10
Taquil, Ecuador 23+5 30+2 30+4 500 + 80 1.11 £ 0.21 1.06 £ 0.12
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Fig. 2. Z-scores for three different radionuclide activities measured at 42 lo-
cations in this study. The Z-score is a statistical measure indicating how many
standard deviations a value is deviated from the dataset average.

Salamanca (Mexico) [41] and South-western Nigeria [51]. For com-
parison, in Vilcabamba, Palanda and Catamayo, the 226Ra activity
concentrations are around 21 Bq kg ™!, whereas in Taquil is around 30 Bq
kg L. The general secular equilibrium in the 238U radioactive chain and
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Table 10
Mean values (+ standard deviation) of external absorbed gamma dose, radium
equivalent and external hazard index.

Daps (nGy Y Rae (Bq kg’l) Tex

VILCABAMBA  CONTROL 52 +2 107 +3 0.288 + 0.008
NO FERT. 40 +£1 81 +2 0.219 + 0.005
LOJA CONTROL  45+1 94 +1 0.254 + 0.002
NO FERT. 51+5 105+ 9 0.283 + 0.025
PALANDA CONTROL 54 +3 110 +5 0.297 + 0.015
FERT. 52+1 108 + 2 0.291 + 0.006
CATAMAYO CONTROL 44 £2 90 +5 0.244 + 0.013
NO FERT. 43 +3 86+ 6 0.233 +0.018
FERT. 45+ 2 93+3 0.250 + 0.008
TAQUIL CONTROL 54 +1 109 + 4 0.250 + 0.009
NO FERT. 56 + 2 114+ 3 0.311 + 0.009
FERT. 53+1 113+ 2 0.306 + 0.005
Mean Value 53+ 4 101 £ 15 0.269 + 0.009

in particular, the secular equilibrium between 23U and ??Ra is
confirmed by the 23815 /225R4 ratios: the worldwide data is 1.03 [19].
This ratio is 1.58 in Um Hablayn (Saudita Arabia) [49], whereas in the
four places in Ecuador is about the unity, range from 0.90 in Vilcamba to
1.06 in Taquil.

For 232Th activity concentrations, the worldwide value is 30 Bq kg ..
The values for different places range from 27.2 Bq kg’1 in Turkey [52] to
98.4 Bq kg_1 in Srirangam (India) [47], and exceed 400 Bq kg_1 in some
places in Brazil [50]. The values obtained in the localions in Ecuador are
all around 30 Bq kg7, consistent with the worldwide value.

The 238U/?32Th ratios varies from 0.09 in Srirangam (India) to 1.65
in Lombardia, Italy. The worldwide mean for this ratio is 1.2. The values
found in Ecuador fall within this range, and are very similar to the value
found in Ercek Lake (Turkey), with the exception of the value in Taquil.
It is concluded that there is a big amplitude of values, and in all cases the
238y/232T ratio is lower than 2.

Moreover, “K is of special interest in soils due to fertilizers used in
agriculture. The mean activity concentration worldwide for this radio-
nuclide is 400 Bq kg™ !. In agriculture soils *°K ranges from 400 Bq kg !
in Catamayo (Ecuador) to 1603 Bq kg~! in Um Hablayn (Saudita Ara-
bia), being the majority of values between 400 and 600 Bq kg '.
Therefore, extra “°K, introduced by the adding of fertilizers to soils, are
absorbed by plants, as these data show.

Finally, the distribution of 2!°Pb in unperturbed soils suggests a
higher concentration at the top layer, which is an indicative of natural
deposition patterns, except in Vilcabamba, Loja, and Catamayo, where
alterations in soils are apparent (erosion areas).

We can conclude there is no correlation between the types of fertil-
izers used and the radiological composition of soils: the predominance of
the radiological background provided by the parent rock from which
soils originate remains the primary factor influencing soil composition
in the studied areas. This allows for a more in-depth statistical analysis
of all the data to verify if the radiological background we have deter-
mined is significant.

The normality of the dataset for 22°Ra, 2®Ra and *°K comprising all
samples in this study was assessed using three different tests: Shapiro-
Wilk, Anderson-Darling, and Lilliefors. Results provided robust evi-
dence supporting that all datasets exhibited normal distributions (p >
0.05). This allow to employ Grubbs’ test to identify potential outliers
within the dataset.

In the case of 2?°Ra, only one sample is above the G-observed value
(2.014) but it is still below the critical value (G-critical value is 3.057).
The same happens with *°K in two samples (G-observed value is 2.545,
G-critical value 3.057) corresponding to Palanda (P3YF-20-35 and P1C-
5-20). In the case of 228Ra, no significant outliers were found (see
Fig. 2).

We can conclude the results show homogeneity within the dataset,
suggesting robustness and consistency in the measured values. This
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allows to assess a radiological background for the whole region being 23
+ 5 (13.9-32.3) Bq kg_l the mean value for 226Ra, 30 + 4 (21-38) Bq
kg~ for 22Ra and 450 + 80 (300-640) Bq kg~ the mean value for “°K.

3.3. Doses

As explained in Section 2.6, radium equivalent index (Rae), external
absorbed gamma dose rate (Dabs), and external hazard index (Iex) were
calculated in all samples. The mean values are shown in Table 10.
Detailed results for all locations and depths can be found in supple-
mentary materials (Table S1), as well as??°Ra/?*®Ra and “°K/%**°Ra.

From Table 10, we can conclude that the use of fertilizers does not
influence the external dose received by the population as there is no
increase over the background levels (control areas). This finding is
consistent regardless of the type of fertilizer used (compost in Palanda,
urea and NPK in Catamayo and KNOs in Taquil).

On the other hand, the radium equivalent index and the external
absorbed gamma dose rate, are similar or lower than the worldwide
mean values (57 nGy h™! for the external absorbed gamma dose rate,
and 100 Bq kg’1 for the radium equivalent index [19]). The external
hazard index if far below 1, so radiation hazard was negligible.
Furthermore, the homogeneity within the dataset for all samples
(non-perturbed and agricultural soils) regarding the radium equivalent
index, the external gamma dose rate and the hazard index was estab-
lished through normality tests (Shapiro-Wilk, Anderson-Darling, and
Lilliefors). The results showed normal distributions (p > 0.05) and no
outlier within the dataset. Table 10 also includes the results of the mean
values.

4. Conclusions

In this study the impact associated with fertilizer use in agricultural
activities was analyzed in Southern Ecuador, as the fertilizer industry
falls under Naturally Occurring Radioactive Materials (NORM)
industries.

Characterization of the soils show that the composition and miner-
alogy are quite similar in all locations. On the other hand, the ratio of
238y/232Th varies from 1.1 in Taquil to 0.55 in Catamayo, showing a
clear disequilibrium between both natural radionuclide series. For *°K,
the radiometric fingerprint can be established as (500 + 80) Bq kg~" for
Vilcabamba, Palanda and Taquil and (400 + 50) Bq kg~ 'for Loja and
Catamayo. Additionally, this study found that in soils dedicated to
agriculture, there was no observed increase in radiation dose above
natural background levels, regardless of the type of fertilizer utilized.
Furthermore, the homogeneity within the dataset allows mean values to
be established in all the region, thus determining a radiological back-
ground for the whole area. Southern Ecuador radiological background
values are: (23 + 5) Bq kg™ for 2%°Ra activity, (30 + 4) Bq kg~ ! for
228Ra activity, (450 & 80) Bq kg_1 for 40K, (53 + 4) nGy h~! for external
gamma dose, (101 + 15) Bq kg~! for Radium equivalent. Finally, fer-
tilizers samples have also been measured radiologically. The only sig-
nificant radionuclide is *°K with values ranging from 300 Bq kg ™! to 685
Bq kg’1 in urea and compost to 7080 Bq kg’1 and 10,580 Bq kg*1 in NPK
and KNOs.

Finally, 2!°Pb results in soils unperturbed by agriculture indicate a
maximum of activity within the first 5 cm in Palanda and Taquil, about
100 Bq kg™!, decreasing to a mean value of 25 Bq kg~! at depths of
(5-35) cm. This result is consistent with unperturbed areas where
210pp,/219pg concentrations are expected to be higher in the top layers.
However, this is not observed in Vilcabamba, Loja and Catamay, which
can be attributed to erosion phenomena affecting these sampling sites.
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