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A B S T R A C T   

Phosphoric fertiliser has enormously contributed to agriculture; however, it generates five tonnes of phospho
gypsum per ton of phosphoric acid synthesised. Phosphogypsum houses heavy metals and long-lived radioactive 
elements that represents an environmental issue requiring remediation. This paper presents a methodology for 
characterising phosphogypsum deposits using geophysical, geochemical, and statistical tools. Gamma-ray probes 
determined the abnormal radioactive zones within the phosphogypsum deposits while electrical resistivity to
mography provided the geometry and distribution of the phosphogypsum deposits. Chemical results confirmed 
the high presence of heavy metals in the waste determining chromium as the most concentrated metal. Radio
logical measures indicate that the effective ambient dose equivalent average in the study area surface is 
approximately 8.5 times higher than the average for Europe. While at 1.0 m depth, in the phosphogypsum layer, 
the ambient dose equivalent average surpasses approximately 27 times the European average. Statistical cor
relation analysis supports that the radiation increases due to the uranium presence. This methodology might 
reduce time and cost avoiding the use of expensive traditional methods, and it is exportable to any deposit.   

1. Introduction 

Phosphate compounds occur naturally on the earth, one of them is 
the apatite Ca5(PO4)3(OH,CL,F) that is commonly employed in fertiliser 
industry. Phosphoric based fertiliser have contributed enormously to 
farming industry. However, the production of fertiliser is linked to the 
generation of phosphogypsum as by-product. Phosphogypsum is a 
worldwide environmental issue, every year about 300 Mt are generated 
(Yang et al., 2016) which management differs in every country but only 
around 15% follow a recycling process (Silva et al., 2022) the rest in 
most of the cases remain in abandoned stacking areas. 

Phosphogypsum stacking areas are usually placed near the coastlines 
exposed to weather and erosive agents being a potential hazard spot to 
human health and the environment (Lütke et al., 2020). These stacking 
areas can be found all around the world, from Imbituba in Brazil with 
about 4 Mt of phosphogypsum (Silva et al., 2022) to Huelva in the 

southeast of Spain which has 1200 ha fully covered by this by-product 
(Lieberman et al., 2020). 

The physical and chemical features of the apatite vary depending on 
its geological origin (i.e. sedimentary or igneous). Phosphate rock is 
mined all around the world (e.g. Middle East, Morocco, India, China, 
USA, Brazil). Florida in the USA yields 19 Mt of phosphate rock every 
year (Liang et al., 2017); therefore, the amount of phosphogypsum in
creases aggravating the environmental issue every year. 

The fertiliser industry employs the wet acid process that consists 
mainly of acidulating the rock with a strong acid. Sulphuric acid is the 
most common strong acid employed. Phosphate rock + sulphuric acid =
phosphoric acid + phosphogypsum. Each ton of phosphoric acid in
volves the obtaining of five tonnes of phosphogypsum mainly composed 
of calcium sulphate (CaSO4⋅2H2O) precipitated and trace elements 
which are potentially hazardous for both environment and human 
health. 

* Corresponding author. 
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Natural radiation is present in phosphate rock that varies according 
to its geological genesis. Apatite with igneous origin presents lower 
radioactivity than sedimentary origin ranging between 40 and 5,000 Bq 
kg− 1 (Chen, et al., 2003). The phosphate rock employed in this study 
came from Morocco; therefore, sedimentary origin. During the industrial 
process, phosphogypsum acquires heavy metals, radionuclides such as 
238U, 232Th and its daughter nuclides, and 40K depending on the origin of 
the phosphate rock (sedimentary) used as the input for the industrial (El 
Zrelli et al., 2019). Heavy metals could be available and could migrate to 
proximal urban/agricultural areas (Gabarrón et al., 2018). Therefore, 
natural radiation values increases within the phosphogypsum thus long 
exposure to it could affect human health (Rutherford et al., 1994). 

Europe promotes legislation to provide safety standards for protec
tion against ionising radiation. State members might guarantee the 
identification of activities or zones that utilise natural occurring radio
active materials. All necessary studies might be conducted to determine 
levels of radiation regarding protection of workers and public exposure. 
The council directive lists the industries involved with natural occurring 
radioactive materials. This study regards the waste generated by phos
phate industry which is in the list of annex VI of the law (Official Journal 
of the European Union, 2013). 

This paper presents the results of a characterisation not using con
ventional techniques rather a combination of geophysical, radiological, 
and statistical methods performed in a forsaken phosphogypsum area. 

Consequently, this paper aims to: i) perform a physicochemical 
characterisation of an abandoned phosphogypsum pond using 
geochemical and geophysical techniques, ii) study the existing statistical 
relationships between data and iii) determine the radionuclide causing 
the rising of natural radiation values. 

2. Materials and methods 

2.1. Study area 

The Campo de Cartagena in southeast of Spain. This area has a 
semiarid Mediterranean weather. The annual average weather values 
are: 17.6 ◦C of temperature, 313 mm of precipitation, and 2621 h of sun 
in a year (AEMET, 2020). The present study was carried out in an 
abandoned industrial area (El Hondón) near to Cartagena city that has 
an area of 113 ha approximately and a motorway divides the site into 
two parts. This area was an economical pole of Cartagena since the 
beginning of 20th century; many industrial activities have been per
formed there until 2001. Currently, several waste deposits of unknown 
volume and dimension cover the entire area; these deposits, mainly 
contain by-products of the synthesis of fertilisers from apatite through 
the wet acid process (pyrite and phosphogypsum). Among all deposits, 
the biggest phosphogypsum deposit was selected for this study, see 
Fig. 1. 

Fig. 2 presents the geological map of the El Hondón area, east of 
Cartagena city. Near to the study area there is a small volcanic hill 
referred to as the “Cabezo de la Viuda” that is an excellent exponent of 
the alkaline basaltic volcanism stage that took place in the region at the 
end of the Pliocene and beginning of the Quaternary (Manteca, 2003). 
The Campo de Cartagena lies on a confined Quaternary aquifer counting 
with a big collection of “Ramblas” referred to as gravel-bed ephemeral 
stream where rainfall eventually runs (Martínez-Segura et al., 2021). 
The biggest Rambla in the Campo de Cartagena is the Rambla del 
Albujon and the nearest to the study area is the Rambla del Hondón 
(Alcolea et al., 2019). 

2.2. Electrical resistivity tomography 

Geophysics has several shallow techniques which before were pro
hibitive due to the high costs. Nowadays, near surface geophysics are 

Fig. 1. Situation and aerial view of the study area. The red dashed line marks the studied phosphogypsum deposit, F1. Cian lines marks the electrical resistivity 
tomography (ERT) profiles, red dots mark the beginning of the ERT profile, red-white circles marks the boreholes, and orange dots mark the position of superfi
cial sampling. 
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usually employed as a tool for performing environmental studies. One of 
these is the electrical resistivity tomography (ERT). This technique uti
lises electricity to generate electromagnetic fields by injecting controlled 
electrical currents and measuring the difference of potential externally. 
Researchers often choose ERT to perform environmental studies due to 
the speediness in data processing, the adaptability in the field and the 
affordability (Martín-Crespo et al., 2018; Martínez-Segura et al., 2020; 
Gabarrón et al., 2020). 

Electrical resistivity tomography (ERT) uses electrical currents to 
assess the subsoil. A set of connected multi-electrodes injects currents 
and measures the difference of potential simultaneously. The interaction 
of these currents with the underground materials creates an electrical 
contrast allowing to compute 2D geoelectrical profiles (Everett, 2013). 
This study employed a Syscal R1 Switch 72 multi-core resistivimeter 
that is easy to transport and set in field, it is composed of four multi-core 
cables which hold eighteen electrodes (72 electrodes), a 12 V power 
supply, a laptop, and a high accuracy GPS. Wenner-Schlumberger array 
is often employed in ERT surveys because it has shown satisfactory re
sults and it is a good compromise between horizontal and vertical res
olution (Loke, 2015). 

Four ERT profiles were deployed throughout the pond, referred to as 
F1. In this deposit, Profile 1 and Profile 2 employed 72 stainless elec
trodes, spacing each electrode in 3 m, reaching 213 m long. Profile 3 
required 72 stainless electrodes too, but the span was 1.5 m, with 106.5 
m long; and, Profile 4 only required 36 electrodes, separating by 2.5 m, 

reaching 87.5 m long, see Fig. 3. 
Finally, field data are filtered with PROSYS II software, and the GPS 

coordinates of the electrodes are added. Next, the filtered data is 
inverted by using RES2DINV software, resulting in scaled georeferenced 
2D geoelectrical profiles. 

2.3. Geochemical characterisation 

Geochemical characterisation was conducted on the surface and in 
the subsoil. Ten uniformly distributed composite samples (~1.0 kg) 
were collected on the surface of the pond about 0.3 m depth, see Fig. 1. 
Five boreholes were drilled in the pond using borehole core sampling 
machine with a diameter of perforation of 101 mm. These boreholes 
were conceived with ERT results to acquire samples where the electrical 
contrast presents significant changes. As a minimum, one borehole was 
situated on one geoelectrical ERT profile to guarantee a correlation 
among the data. This study used the local legal thresholds for metallic 
concentrations, referred to as NGR. All boreholes (1–5) have reached the 
natural terrain reaching 4.20 m, 5.40 m, 5.0 m, 6.0 m, and 5.0 m of 
depth, respectively. 

Whole samples passed through a conditioning process before un
dergoing the laboratory procedure. Samples were dried for 72-hour at 
35 ◦C, these samples were sieved to a 2 mm and ground with a Retsch 
RM 100 grinder. pH and electrical conductivity (EC) were measured in 
deionised water (1:2.5 w/v and 1:5 w/v). Metallic concentrations were 

Fig. 2. Geological map of the study area (“El Hondón”). Coastline is marked with yellow colour. The read dashed line envelops the study area. Texture and colours of 
the legend mark the geological materials of the area. Gravel-bed ephemeral stream marked in cyan and yellow. 
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Fig. 3. Electrical resistivity tomography 2D sections and boreholes situation. a-d represents the ERT profiles obtained from deposit F1. Red dots mark the first 
electrode of the profile. 
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extracted according to the US-EPA method 3051, (i.e., 0.5 g of sample in 
10 ml of nitric acid (65%) and digested in a MARS 6 microwave) and the 
digested samples were read with an inductively coupled plasma-mass 
spectrometer (ICP-MS). The laboratory employed reference material 
(BAM-U110), blanks, reagents and duplicates during the analyses 
obtaining satisfactory recoveries ranging between 92% and 104%. 

2.4. Radiological characterisation 

The environmental equivalent dose rates were performed with 
several instruments, a portable Geiger Radex RD1503, was used to get 
approximative or coarse measures of the equivalent environmental dose 
rate in µSv h− 1, as a reference to identify the zones of interest, adjusting 
the alarm level to quickly locate areas with significative gamma radia
tion above the background. 

The data for the shallow radiological study was acquired on the 
surface and at 1.0 m depth. The effective ambient dose equivalent H* 
(10) was measured on the surface. The measurements were done at 1.0 
m height from the surface, placing the probe in an upright position using 
a light alloy tripod (aluminium) to avoid interferences, on which the 
multi-probe monitor was placed. For F1, there were ten points of mea
surement referred to as 1F1-10F1. Aiming to have an uncertainty of 
<10%, measurements lasted at least 10 min in each measurement point, 
measurements were automatically recorded every so often (5–10 s) 
obtaining a vast dataset per each point, see Table 2. 

Ambient dose equivalent H*(10) was measured at 1.0 m depth within 
the boreholes previously drilled. The detector used was a RD4L radiation 
probe for measuring Gamma-X-ray radiation. The probe consists of a 
25.0 × 25.0 mm scintillation detector of thallium-doped sodium iodide, 
and a photomultiplier. This is a high sensibility detector ranging from 
5.0 nSv h− 1 to 100.0 µSv h-1measuring low activity gamma radiation. A 
MS6020-M multi-probe monitor has been used to read data from the 
probe (LAMSE, 2020). Calibration certificate number C216/4070 

Table 1 
Chemical results from borehole core samples for deposit F1.  

Borehole Depth Cd Cr Ni Cu As Pb Zn Hg  
m mg Kg¡1        

BH1 0.0 22.7 313 72 49 33 7 153 6.9  
0.6 16.3 211 52 44 18 6 95 5.9  
1.5 10.1 616 64 59 29 28 233 5.9  
2.0 29.1 115 36 71 17 44 2109 0.3  
3.0 16.8 29 53 54 24 76 2106 0.3  
4.2 26.4 21 34 53 13 21 1608 0.2 

BH2 0.0 16.7 347 57 137 28 8 158 9.5  
0.6 17.0 353 61 118 34 10 177 6.9  
1.5 9.3 849 82 119 28 12 234 9.2  
2.0 2.1 353 32 81 15 26 182 0.5  
2.4 1.9 22 29 72 10 11 38 0.3  
3.4 1.6 21 32 73 10 20 70 0.3  
4.2 1.1 26 37 70 14 46 151 0.4  
5.4 1.4 23 35 57 9 36 104 0.1 

BH3 0.0 21.3 300 59 39 29 9 159 6.6  
0.8 20.5 540 71 40 35 6 266 5.5  
1.5 12.8 842 93 52 34 12 245 6.2  
2.2 4.8 24 77 21 10 37 112 0.2  
3.0 8.1 21 32 20 15 73 436 0.4  
4.2 5.0 29 33 26 22 106 602 0.4  
5.0 10.4 28 35 26 24 126 703 0.3 

BH4 0.0 17.1 340 68 44 28 4 218 5.2  
1.0 13.4 470 53 32 30 6 150 4.5  
2.0 14.2 137 33 78 40 44 62 3.7  
3.3 2.1 21 54 19 12 23 77 0.4  
4.0 0.4 18 19 15 6 55 58 0.6  
5.0 0.4 23 28 30 5 31 65 0.7  
6.0 0.5 20 22 21 5 34 102 0.4 

BH5 0.0 19.9 309 69 37 32 5 103 7.0  
0.6 16.5 471 85 39 30 4 143 9.8  
1.8 9.2 569 69 39 37 38 183 7.6  
2.4 2.2 54 27 33 51 17 46 0.3  
3.0 2.2 22 19 23 20 15 22 0.2  
4.0 13.2 21 36 26 15 44 64 0.4  
5.0 19.1 19 33 24 14 42 83 0.4 

Mean  11.0 216.3 48.4 49.7 22.2 30.8 323.4 3.1 
Min  0.4 17.6 18.6 15.2 4.7 3.7 22.3 0.1 
Max  29.1 849.4 92.6 137.0 50.8 125.7 2109.0 9.8 
SD  8.3 247.6 20.6 29.8 11.3 28.7 527.8 3.4 
NGR  0.6 67 37 23 12 43 96.0 1.7 

SD: Standard deviation. NGR: Local legal thresholds. 

Table 2 
Superficial radiological results at 1.0 m height. Bold values are the net dose 
calculated on the deposit measurement spot.   

Mean Variance SD Uncertainty Net dose  
µSv h− 1 µSv h− 1 µSv h− 1 (%) µSv h− 1 

01F1 0.977 0.018 0.136 13.9 0.887 
02F1 0.930 0.002 0.044 4.7 0.840 
03F1 1.250 0.001 0.034 2.7 1.160 
04F1 1.026 <10-3 0.019 1.9 0.936 
05F1 1.475 <10-3 0.022 1.5 1.385 
06F1 0.775 <10-3 0.008 1.1 0.685 
07F1 0.548 <10-3 0.011 1.5 0.458 
08F1 0.647 <10-3 0.014 1.6 0.557 
09F1 1.012 0.002 0.044 4.3 0.922 
10F1 0.895 0.016 0.103 11.4 0.805 

* SD: Standard deviation. 
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according the European standards (AENOR, 2019). 
Geophysical equipment that uses natural gamma and spectral 

gamma probes is usually employed in the mining industry for identi
fying ore features. This study used previously drilled boreholes for the 
chemical analysis to perform the radiological characterisation. This 
procedure allowed assessing the phosphogypsum layer thickness iden
tifying the place where the radiation activity varies. 

Five boreholes were drilled after the ERT to carry out some chemical 
analysis. These boreholes were mapped out to be done on the ERT 
profiles or in the crossing point of two profiles facilitating the correla
tion of the data. Therefore, the measurements of specific activity, inside 
the boreholes, were carried out with QL40-GR (Natural Gamma Ray 
Probe) and QL40-SGR (Spectral Gamma Ray Probe) probes. 

Gamma specific activity of natural radioisotopes 238U, 232Th and 40K 
was gathered with probes, which measure various parameters and 
provide information about underground materials from the boreholes. 
These isotopes, along with their decay products, cause most of the 
gamma radiation in the phosphogypsum (Sahu et al., 2014). The 
equipment consists of two probes QL40-GR and QL40-SGR. Both probes 
are in a 6.0 kg cylindrical container (1.0 × 0.04 m). An electric 
controlled tripod allows inserting the device into the borehole control
ling both speed and penetration depth. The device transmits the data to a 
computer using a connection cable, which records it with the corre
sponding software. 

The QL40-GR probe consists of a 0.022 × 0.076 m highly lumines
cent scintillation crystal of thallium-doped sodium iodide and a photo
multiplier, it performs the measurement of natural gamma radiation in 
the borehole. The QL40-SGR probe comprises a 0.025 × 0.102 m scin
tillation crystal of bismuth germanate (BGO) and a photomultiplier. The 
probe captures the gamma radiation spectra with 2,656 energy chan
nels. It can discriminate contributions of 238U, 232Th and 40K estimating 
the concentrations of the radioisotopes. Results are reported in API units 
which is the unit employed for natural gamma ray logs (Schlumberger 
Limited, 2020). The WellCAD and LoggerSuite software, by means of a 
mathematical algorithm, split the spectra. Obtaining results in different 
units: counts per second (cps), percentage (%), Becquerel per kilogram 
(Bq Kg− 1), and particles per million (ppm) (Terraplu Inc, 2020). 

2.5. Statistical study 

Statistical tools such as box-and-whisker plots and scatterplots were 

employed to figure out the global behaviour of the data. The statistical 
study was led with the R free statistical and graphical computing soft
ware (R Core Team, 2019). In the first stage, radiological data and re
sistivity data were analysed separately. Next, radiological data was 
narrowed down to fit into resistivity values for performing a correlation 
analysis. Spearman’s rho coefficient was employed to identify mono
tonicity relationships among the variables based on the ranks of the 
data. Results were displayed in heatmaps. 

Statistical tools are widely proven and employed to explore the 
global behaviour of the dataset and to find relationships and trends. In 
particular, correlation analysis have been employed for determining 
dependency between, mostly, ERT and radiological data. 

3. Results and discussion 

3.1. Electrical resistivity tomography 

Boreholes core samples confirmed that the deposit was formed by 
accumulation thus, the variation expected is vertical but not horizontal. 
We have employed the Wenner-Schlumberger array because it provides 
both sufficient depth penetration and horizontal scope (Loke, 2015). 
Some authors (e.g. Martinez-Pagan et al., 2009; Mohammed and Abu
deif, 2019) have employed this array in metallic waste deposits 
achieving satisfactory results. Effectively, on the top of the deposit lies 
the contaminated layer and at the bottom the natural terrain. 

ERT Profiles 1–2 are the largest, they penetrated to a depth of about 
45 m, while Profiles 3–4 reached until ≈25 m. The root mean square 
error (RMSE) indicates the quality of the inversion data; Rosales et al. 
(2012) point out that RMSE needs to be lower than 10% for considering 
the inversion as accurate. Then, our ERT profiles obtained has a RMSE 
lower than the 9% meeting the quality indicators. Fig. 3 presents the 
resulting ERT profiles of this study. A dashed line divides the top from 
the bottom layer. This line was drawn following the geometrical infor
mation provided from the borehole core samples, which are shown in 
the figure. The colour bar uses the rainbow as scale of colours, being the 
less resistive those colours closer to blue and those closer to red denoting 
higher resistivity. 

The waste layer on the top of the deposit presents a relatively con
stant thickness ≈2.5 m. This waste layer appears in the four ERT profiles 
with similar characteristics showing resistivity values below 27 Ω m. 
Beneath the dashed line, the resistivity values rise over > 124 Ω m. This 

Fig. 4. Results from superficial chemical analysis. 1f-10f are the 10 samples gathered from the surface of the deposit. a) Cumulative metallic concentration per 
sample. b) Cumulative metallic concentration represented by metal analysed. 
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bottom layer is composed of clay with gravels suggesting being the 
natural terrain. Some low resistivity values (<27 Ω m) appear in the 
bottom layer, notably, these low values mark an anomaly. Frid et al. 
(2017) state that ERT is a good technique to localise preferential 
leaching paths. We noticed a potential trait of leach in all ERT profiles 
(1–4) starting at ~ 36.0 m, ~48.0 m, ~80.0 m, and 10.0 m, respectively, 
see Fig. 3(a-d). 

3.2. Properties and chemical composition of the deposits 

Sulphuric acid (H2SO4) is widely employed in the fertiliser industry 
due to the calcium sulphate being much more insoluble (easier separa
tion). During the wet acid process it occurs the following chemical re
action Ca10(PO4)6X2 + 10H2SO4 + 20H2O = 6H3PO4 + 10CaSO4⋅2H2O 
+ 2HX where X = Cl, F, OH (Lin et al., 2018). Consequently, in the 
precipitated CaSO4⋅2H2O remains a vast quantity of trace materials 
notably heavy metals accounting for the highly acidic behaviour with an 
average value of 3.9 and high levels of saline 10 ds m− 1 of the deposit as 
Millán-Becerro et al. (2019) have found in their study. 

The superficial chemical analysis yields the leading distinctive fea
tures regarding the metallic concentration which exceed the local legal 
thresholds (NGR) with the exception of lead. Fig. 4 provides a visual 
results summary of the 10 samples collected on the surface of the de
posit. Notably, sample 2f is the most contaminated sample by heavy 
metals, see Fig. 4a and chromium is the metal that exhibits the highest 
concentration value with an average of 375 mg kg− 1, see Fig. 4b. We can 
highlight that lead presents values under its local legal threshold NGR 
(43 mg kg− 1) and the least concentrated metal is mercury but it sur
passes by>3 times its NGR (1.7 mg kg− 1). 

Pérez-López et al. (2016) allude that phosphogypsum is stacked in 
form of slurry, the subsequent dry process in a not fully waterproof 
deposit may lead to a leakage of phosphogypsum substances to the 
subsurface levels. We have observed that superficial chemical results 
suggest that a possible leach phenomenon is occurring from the top to 
the bottom of the deposit. On the surface lead shows an average value of 
24 mg kg− 1 which fits within the local legal thresholds (NGR). However, 
in all boreholes, lead presents a relative trend to increase in accordance 
with the depth, see Table 1. 

As previously mentioned, borehole core samples have provided the 
geometry and the composition of the deposit. From the surface until 
about 2.0 m (waste layer) remains acidic and high in saline. In BH1, we 
have found evidence of the potential leaching phenomenon due to the 
higher values of Zn are located at the bottom of the borehole core sample 
between 2.0 and 4.0 m which accounts for the anomalies found during 
ERT survey. Similarly, occurs with lead in BH3, concentration of lead 
increases between 4.2 and 5.0 m of depth. Nonetheless, chromium 
presents a fixed trend in all boreholes high concentrations are on the top 
layer and it decrease in accordance with the depth, see table 1. The 
presence of the heavy metals in phosphogypsum could provide it an 
economic potential. El Zrelli et al. (2018) allude in their study to the 
possible economic exploitation of the phosphogypsum. Nevertheless, 
the elevated metallic concentration represents a potential hazard to the 
environment and human health due to these metals are available and 
could migrate to nearby urban nuclei (Gabarrón et al., 2018). 

Also, waste containing heavy metals represents an environmental 
problem due to the potential contamination of nearby agricultural soils 
and the risk of the anomalous heavy metal concentration entering the 
food chain. Exposure to heavy metals could cause several illnesses. Ac
cording to the Agency for Toxic Substances and Disease Registry (2011) 
cadmium exposure during pregnancy affects development, attacking the 
cardiovascular, gastrointestinal, neurological, renal, respiratory, and 
reproductive systems. Vásconez-Maza et al. (2019) summarise the 
health effects of the most common metals present in phosphogypsum. 

3.3. Radiological characterisation and statistical analysis 

The presence of trace elements in phosphogypsum affects the subsoil 
as several authors have pointed out in their studies (Calin et al., 2015; El 
Zrelli et al., 2019; Jalali et al., 2019; Huang et al., 2020) Calculating the 
value of the effective ambient dose equivalent H*(10) it is mandatory to 
subtract the value of the radioactive background to the H*(10). The 
ambient dose equivalent H*(10) is 0.073 µSv h− 1, value determined in 
the MARNA project for the surroundings of the study area considering an 
average exposure value of 12 µR h− 1 (CSN, 2005). Random sampling in 
the surroundings of the study area with the RD4L radiation probe gave 
0.09–0.11 µSv h− 1. These results are consistent with 0.11 µSv h− 1, which 
is the monthly average measure for Murcia region provided by the na
tional regulatory authority (CSN, 2019). Thus, for this study, we 
consider 0.09 µSv h-1as the background radiation. 

Furthermore, Table 2 summarises the results of effective ambient 
dose equivalent H*(10) measured in the field at 1.0 m height. The global 
net mean of effective ambient dose equivalent H*(10) is 0.9089 µSv h− 1 

at 1.0 m. According to the Official Journal of the European Union (2013) 
member states shall set the limit on the effective dose for public expo
sure at 1.0 mSv in a year. Transforming our results in millisieverts per 
year, we have obtained 7.961 mSv/y at 1.0 m, as expected for phos
phogypsum deposits. 

Measurements performed inside the boreholes we have; on the one 
hand, the dose rate was measured by inserting the RD4L equipment. This 
equipment was inserted 1.0 m as maximum depth due to the specific 
activity measured with QL40 probe started at that depth. Table 3 pre
sents the result of those measurements; the standard deviation is 
acceptable in all cases resulting in an average dose equivalent H*(10) of 
27.7676 mSv/y. As expected, the dose surpasses the annual limit for 
public exposure both on the surface as well as inside of boreholes due to 
the composition of the phosphogypsum (Ministerio de Industria y 
Energía, 1999). 

On the other hand, the underground radioactivity measurements 
performed with QL40 probe gives results in API units which can be 
transformed into cps, Bq kg− 1, ppm and %, as aforementioned. Scat
terplots of the results visually presented a significant association among 
the data (Fig. 5a). Therefore, a correlation analysis was carried out to 
distinguish which one of the radionuclides is causing the rising of the 
radiation, results are displayed in heatmaps (Fig. 5b). The Spearman’s 
correlation coefficient showed a strong and positive significant corre
lation with the Uranium in all boreholes, see Fig. 5c. For the borehole 
BH1 refer to Fig. 5 (a,b). 

The national regulatory authority (CSN, 2011) alludes that the 
radioactivity of the phosphogypsum from Huelva (Spain Southwest) is 
caused mainly by the uranium. Since the ancient fertiliser plant utilised 
the same raw phosphoric rock as Huelva, we expect similar results. This 
radiological activity is coherent with the reality, it rises in the point 
where the phosphogypsum layer is located and the activity values 
decrease where the layer ends, and the natural terrain layer starts. The 
profiles of specific activity obtained with QL40 probes are compared 
with the lithological reports from the boreholes, and the correlation 
between them is reliable. Depth of the materials interfaces and the 
decrease in activity detected are linked. In deposit F1 the thickness of 
the phosphogypsum layer is constant until the depth of 2.0 m. then, it 
reaches deeper until around 2.9 m. In some cases, the concentration of 

Table 3 
The ambient dose equivalent H*(10) at 1.0 m of depth within the boreholes with 
the probe RD4L.  

Borehole BH1 BH2 BH3 BH4 BH5 Total  
µSv h− 1      

Mean 3.602 3.152 2.863 3.347 2.890 3.171 
SD 0.025 0.032 0.021 0.026 0.015 0.022 

* SD: Standard deviation. 
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238U reaches below the waste layer; a possible explanation is that some 
material has leached dragging 238U into subsoil areas, although in any 
case it is within the 0.5 m gamma influence zone, see Fig. 6a. Curves of 
electrical resistivity tomography from deposit F1 (Fig. 6b) presents 
values low resistivity values (<27.0 Ω m) in the first meters of the de
posit which corresponds to the waste layer. Resistivity values increase 
since 2–3 m of depth corresponding with the natural terrain. 

3.3.1. New findings: Statistical correlation between radioactivity and ERT. 
Pursuing the correlational analysis, we find out that ERT values have 

significant correlations with the radioactivity. The ERT data limit the 
radiological data; therefore, we narrowed down the data, and we carried 
out the analysis with just the data located in the outlying of ERT. 

Deposit F1 has a total of 3,074 observation pairs to discriminate the 
radionuclide causing the specific activity (Spearman’s coefficient) while 
only 105 observation pairs for correlating API with ERT, opening a new 

Fig. 5. a) Scatterplot of variables. b) Spearman correlation heatmap for F1 and BH1. c) Values of the Spearman correlation coefficient computed between API with 
Uranium (U). 

Fig. 6. a) Lithology obtained from boreholes compared with 2D profiles of specific activity for the deposit F1. b) Curves of electrical resistivity tomography from 
deposit F1. 
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line of investigation but further and detailed studies must be conducted 
to corroborate this association. 

Even though the number of observations has dropped drastically 
when the resistivity variable is added to the analysis, the correlation 
coefficients continue being significant in most of the cases. Variables did 
not present a clear linear relationship; therefore, it was employed 
Spearman’s coefficient that detected the monotonicity of relationships. 
We use as a criterion the correlation between radioactivity (API) and 
electrical resistivity (Re) due to the ERT is not able to distinguish among 
the specific activity of each isotope. Table 4 presents results from the 
analysis, bolded column marks the results of the correlation between Re 
and API. 

4. Conclusions 

The characterisation of the phosphogypsum deposit was successfully 
carried out using geophysical, geochemical, and statistical techniques. 
Even though all the analysed metals but lead exceed by far the local legal 
thresholds (NGR) on the surface of the deposit, the chemical analysis 
allowed identifying the most concentrated metals within the deposit. 
Evaluating the borehole core samples and the superficial samples, we 
can conclude that chromium is the most concentrated metal with 375 
mg kg− 1 on the surface and the concentration decreases in accordance 
with the depth reaching values below 30 mg kg− 1. The ERT provided the 
geometry of the deposits, identifying two layers being the top layer the 
most contaminated that is linked to low resistivity values (<27 Ω m) and 
the bottom of the natural terrain featured by higher resistivity values >
124 Ω m. Boreholes validated the ERT results, and the different gamma 
ray probes provided the radiological values of the study area. Radio
logical measures indicate that the average radiation dose surpasses the 
national average dose of radiation. Consequently, we can consider that 
geophysical techniques could be a useful tool for the radiological char
acterisation of phosphogypsum deposits. 

By performing the correlational analysis, we were able to confirm the 
initial hypothesis, identifying the 238U as the principal radionuclide 
causing the specific activity within the phosphogypsum. Also, corre
lating radiological data with electrical resistivity values we found a 
possible association opening a new research line for further studies. 
Therefore, it can be concluded that this study set an efficient method
ology to characterise phosphogypsum deposit and this methodology can 
be exported to any other deposit. 
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