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a  b  s  t  r  a  c  t

Industrial  waste  containing  radioactive  isotopes  (from  U-decay  series)  was  released  into  Ebro  river basin
due to  the  activity  of  a dicalcium  phosphate  (DCP)  plant  for a period  of  more  than  two  decades.  Gross
alpha,  gross  beta, 40K, 226Ra and 210Pb activities  were  determined  in several  sludge  samples  taken  at
different  depths  from  different  points  in  the  area  of  influence  of  the  DCP  plant  located  in  Flix.  Samples
were  collected  from  two  different  zones:  one  in front  of the  DCP  plant  and  the  second  in  front  of  a
vailable online 6 October 2011

eywords:
aturally occurring radioactive materials
icalcium phosphate plant

ndustrial waste

wastewater  treatment  plant  installed  several  years  after  the  DCP  plant.  The  data  obtained  verify  the
influence  of  industrial  DCP  production  on radioactivity  levels  present  in the  area.

© 2011 Elsevier B.V. All rights reserved.
ludge

. Introduction

Natural radionuclides are normally found in the environment
n concentrations that seldom become a matter for regulatory con-
ern. However, some human activities can increase the activity
oncentration of some of these isotopes. Many studies have associ-
ted the accumulation of natural radioactivity with the presence of
ertain industries, such as petroleum extraction, uranium mining
nd the production of phosphate-based products [1–5].

These natural radioactive elements have been largely unreg-
lated, although different regulatory agencies have become

ncreasingly concerned about their presence in the environment as
ell as about the possible exposure of workers and the public [6–8].

pecific legislation regarding the limits of contamination of natu-
al radioactive waste has not been introduced, however, guidelines
ave been published, such as the IAEA Draft Safety Guide DS161 [9],
hat provide recommendations about radioactivity limits in solid
aste, mainly derived from non-nuclear industries [10].

In Spain, Naturally Occurring Radioactive Materials (NORM)
ere not subject to regulation until the publication of Royal Decree

83 in 2001 [11], which was recently modified in 2010 through

oyal Decree 1439 [12] approved as a result of the transfer of Euro-
ean Council Directive 96/29 [13]. These regulations apply directly
o those responsible for activities involving natural sources of

∗ Corresponding author.
E-mail address: francesc.borrull@urv.cat (F. Borrull).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.011
radiation, making it mandatory to conduct studies to determine
whether such activities contribute to a significant increase in the
radiation exposure of workers or members of the public.

As mentioned above, the production of phosphate-based prod-
ucts is considered a NORM activity [14–16].  Using sedimentary
phosphate rocks as a raw material in an industrial process leads
to the input of several different radionuclides, mainly 238U and
its decay chain progeny, resulting in increased natural radioactiv-
ity in the immediate environment. The products obtained through
these processes can be used for several different processes, and it is
important to highlight that the results of these industrial processes
should be evaluated and regulated, as they can be of radiological
concern to workers and the public.

Various Spanish studies have verified natural radionuclide accu-
mulations resulting from phosphoric acid production, for example
in Huelva (southern Spain) and in Flix (north-eastern Spain)
[17–21]. For instance, Villa et al. [19] studied an area of the Estuary
of the Tinto and Odiel rivers (Huelva) and evaluated the 226Ra and
210Pb activities in bottom sediment samples collected from 1999 to
2005, the influence of the waste dumped by the phosphate industry
and its temporal evolution. In conclusion, the authors observed that
the activities decreased considerably due to the self-cleaning and
dilution of this contamination after direct releases into maritime
areas ceased in 1998 [22,23].
Our study focuses on the dicalcium phosphate (DCP) plant
located in Flix. The production process of DCP from Moroccan
phosphate rock started in 1973 and continued for about 25 years.
Several studies have focused their attention on this process and

dx.doi.org/10.1016/j.jhazmat.2011.10.011
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:francesc.borrull@urv.cat
dx.doi.org/10.1016/j.jhazmat.2011.10.011
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Fig. 1. Area of study close to the DCP factory in which the emerging sludge sa

ome authors have concluded that it leads to the presence of large
mounts of radioactivity in both end products and by-products
4,14].  One of the primary problems with the Flix plant is that it
eleased its waste streams into a reservoir of the Ebro river with-
ut any prior treatment until the late nineties, when Spanish Royal
ecree 11 [24] was approved.

Some of the published studies carried out in the Flix reservoir
rea have shown the problem of accumulated residues resulting
rom DCP production. These studies had two basic aims: to evalu-
te the concentration of different radioisotopes accumulated in the
ludge and to evaluate the possible influence of the DCP industry
n the Ebro river ecosystem. In relation to the former, Costa [20]
easured the concentrations of 238U, 226Ra and 210Pb and found

alues approximately 308, 92 and 38 times higher than the natural
evels of these isotopes in the bed of the same river. Another study
y Casacuberta et al. [21] demonstrated the influence of the indus-
rial activity of the DCP plant on increased radioactive levels in the
urrounding area.

Several studies published previously by our group [25,26] have
ooked at the second objective mentioned above—the effect of the
CP industry on the ecosystem. In one such study, radioactivity

evels in two different species of algae were evaluated (Cladophora
lomerata and Cynodon dactylon) [26] from samples taken at differ-
nt points along the course of the River Ebro. Our results showed

hat the presence of the DCP plant has had a significant influence on
evels of radioactivity, as the highest activity values were observed
n algae samples taken from the area surrounding the plant
Flix).
 were deposited in the Ebro river is shown (South-Western Catalonia, Spain).

These studies, as well as others focusing on different types
of contaminants such as PCBs, heavy metals and others derived
from similar industries, make it clear that the early extraction of
this contaminated sludge is crucial in order to prevent a possi-
ble environmental problem in the river course. In this respect, it is
important to point out that as this article is being written a project
is underway to remove the sediment sludge from the Ebro area
[27,28].

The main goal of this study is to evaluate the radiology
of the sludge accumulated in the Flix reservoir at different
depths. In particular, our purpose was  to establish a possi-
ble relationship between our results and the industrial activity
conducted at the DCP plant. Since most of the research pub-
lished to date has studied sediments taken at a superficial level,
one of our main aims is to evaluate whether the radioisotopes
in the area located in front of the DCP plant are distributed
uniformly.

2. Sampling details and methods

2.1. Samples

In this study, sludge samples were collected from different

points within the area of influence of the DCP plant in Flix. Fig. 1
shows the area of study close to the DCP factory where the emerg-
ing sludge samples from that factory were released into the Ebro
river (Catalonia, Spain).
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Fig. 2. Location of the seven different sampling points included in this study in front of the area of influence of the DCP plant. Sludge samples were collected from seven
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ifferent points: A1 is located in the zone called Zone I (in front of the DCP plant) an
s  a sampling point located outside of the area of influence of the plant. For each sa
1  m.

Fig. 2 shows the sampling area, which was near the plant and
n the River Ebro. Specifically, the figure shows two different zones

here sludge had accumulated. Zone I is located in front of the
CP plant, where sludge samples were collected from a single sam-
ling point at different depths (A1). Zone II is situated in front of

 wastewater treatment plant (WWTP) for the plant and sludge
amples were collected from five different sampling points at dif-
erent depths (B2, B3, B4, B5 and B6) here as well. Finally, we  also
ook sludge samples from a sampling point (C7) which is theoret-
cally not affected by DCP emissions since it is located out of the
rea where the DCP plant released its waste streams. For all the
ampling points, sludge samples were collected at different depths
anging between 1 and 11 m.  Therefore, a total of 46 sludge samples
ere taken. Approximately 750 g of damp sludge sample was  taken

t each sampling point and placed in a plastic container. Samples
ere transported to the laboratory where they were transferred

o a tray and dried in an oven at a temperature of 110 ◦C. The
amples were then crushed in a ball mill and sifted in a 250 �m
ieve.

.2. Detectors and preparation of samples

To measure gross alpha activity, a zinc sulphide (ZnS) scintil-
ator counter (photo multiplier tube and base preamplifier, model
000, Canberra, USA) with a voltage of 0.76 kV was used. A cer-
ified solution of 241Am with a nominal activity concentration of
.7 ± 0.4 KBq g−1 provided by Amersham International plc. (Buck-

nghamshire, England) was used to determine the alpha detection
fficiency. A planchet containing 241Am with an activity of 100 Bq
as prepared from the standard certified solution, and this was
sed for monthly calibration. The background of each detector was
etermined by counting an empty planchet for 5000 min.

Gross beta activity was measured with a 10 channel low
evel alpha/beta counter detector type (Model Berthold LB770,
ermany), with a voltage of 1650 V. The background of each detec-

or was determined by counting an empty planchet for 900 min

nd monthly calibration was performed by using one planchet con-
aining 241Am with an activity of 100 Bq and another planchet of
0Sr/90Y with an activity of 100 Bq. These planchets were prepared
rom certified solutions of 241Am (4.7 ± 0.4 KBq g−1) and 90Sr/90Y
pling points B2, B3, B4, B5 and B6 are located in Zone II (in front of the WWTP). C7
g point, sludge samples were collected at different depths ranging between 1 and

(4.7 ± 1.5 KBq g−1), both provided by Amersham International plc.
(Buckinghamshire, England). Source thickness is important in the
determination of gross alpha and beta activities in soil and also
water samples due to the self-absorption and energy losses. In this
sense, we  have prepared different planchets containing 241Am and
90Sr standards and increasing amounts of sodium nitrate provided
by Merck (Darmstadt, Germany), ranging from 0 to 100 mg for gross
alpha determination and from 0 to 700 mg  for gross beta determi-
nation. The obtained thicknesses in the self-absorption planchets
ranged between 0 and 5 mg  cm−2 and between 0 and 25 mg  cm−2

for gross alpha and gross beta determination, respectively. After-
wards, in the measurement of the different samples, we applied the
corresponding correction factor.

Gamma  emitters were measured with a high-resolution germa-
nium detector (HPGe) (model 2020 Canberra Industries, Meriden,
USA), equipped with a standard multi-channel analyser. The oper-
ating conditions were a voltage of 4500 V, negative polarity and a
relative efficiency of 20%. Genie 2000 software (Canberra Indus-
tries, Meriden, USA) was  used to acquire and subsequently analyse
the information provided by the gamma  spectra. The background
of the detector was determined by counting a 60 mL  plastic beaker
containing milliQ water for 20 h and monthly calibration was per-
formed by using a standard certified solution which was spiked
with a known activity concentration of Pb-210 to cover the entire
energy range. Both solutions were provided by the Centro de Inves-
tigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT)
(Madrid, Spain).

For gross alpha and gross beta activity measurements, 0.05 g
of dry sludge sample was weighed into a striated stainless steel
planchet supplied by Tecnasa (Madrid, Spain), 2 mL  of distilled
water was  added and dried at a temperature not exceeding 150 ◦C,
in accordance with the procedure stipulated by national labora-
tories [29]. The samples were then measured using two cycles of
1000 min  in each case.

For the measurement of gamma  spectra, 60 g of each sample
were placed in a 60 mL  beaker, which was introduced in the spec-

trometer and then measured for 20 h. In the case of 226Ra, each
beaker was sealed and stored for three weeks prior to its measure-
ment in order to ensure secular equilibrium between 226Ra and its
short-lived daughters (214Pb and 214Bi). 226Ra activity values were
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F
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etermined from the photopeaks of its daughter nuclides in secular
quilibrium.

. Results and discussion

In this study the gross alpha and gross beta activity indexes,
nd the activities of some natural (226Ra and 210Pb) and artificial
137Cs) gamma  emitters were measured in sediments of the Ebro
iver reservoir near the town of Flix. Most of the samples were taken
rom the area of influence of a DCP plant. Our main aim was  to
stablish a possible relationship between the uniformity in the dis-
ribution of radioactive content found in the samples analysed and
he industrial activities undertaken at the plant. In the following
ubsections we discuss the primary results yielded by our study.

We would like to stress that for the purpose of improving and
nsuring the quality of the results of all the procedures carried out
n our laboratory we participate periodically in both national and
nternational proficiency/inter-comparison exercises with mineral
amples such as soil and phosphogypsum.

.1. Special cases: C7 profile and the presence of 137Cs

Sampling point C7 was  included as a reference. This point, as
entioned earlier, is not affected by the emissions resulting from

he industrial activity carried out in the evaluated area, so the
ludge samples taken from C7 should, in theory, not contain any
ontributions resulting from DCP or WWTP  dumping.

Fig. 3 shows the different values obtained for gross alpha, gross
eta and 226Ra activities for the samples taken at different depths
or C7 and their error bars (corresponding to counting uncertain-
ies). We  obtained values of between 103 and 309 Bq kg−1 for gross
lpha, between 448 and 876 Bq kg−1 for gross beta and between 28
nd 63 Bq kg−1 for 226Ra. We  compared these results with others
eported in the literature in which sludge samples from different
reas not influenced by an industrial activity such as a DCP plant
ere analysed for their radiological content. For instance, Spain
as a monitoring program for supervising the radiological quality
f the environment called the Programa de Vigilancia Radiológica
mbiental (PVRA) which is established under the regulations of the
uclear Safety Council (CSN) [30]. We  selected the results obtained

or soil samples from Zaragoza, a city located upstream on the

iver Ebro, outside of the area of influence of the Flix DCP plant, for
omparison purposes. We  found that the activity values published
y the CSN (between 480 and 670 Bq kg−1 for gross beta) were
imilar to those obtained for C7, and to those reported by United
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ig. 4. Vertical profiles for 137Cs (Bq kg−1) vs. depth from sludge samples collected in sam
t  k = 2.
depth for the sludge sample collected in sampling point C7. Error bars are derived
from counting uncertainties at k = 2.

Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) (values between 6 and 250 Bq kg−1 for 226Ra) [31].
Therefore, we concluded that C7 could be used as good reference,
as it is not influenced by DCP. The measurement of an artificial
isotope, 137Cs, was  also considered as a reference because its
activity profile can be very useful in understanding the temporal
distribution of the radionuclides in the sediments taken from the
area of influence of the DCP plant in Flix. The presence of this arti-
ficial radionuclide at certain depths can be related to the nuclear
weapons testing carried out in the atmosphere between 1950 and
1960 as well as to the fallout produced by the Chernobyl accident
in 1986, and it has been used to date different sediments [32,33].
Fig. 4 shows the different profiles obtained for 137Cs activity and
the corresponding uncertainties for some of the sampling points
examined to illustrate the behaviour of this artificial isotope.
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ig. 5. Vertical profiles for gross alpha and gross beta activities (Bq kg−1) vs. depth o
Fig.  5b), B3 (Fig. 5c), B4 (Fig. 5d), B5 (Fig. 5e) and B6 (Fig. 5f). Error bars consider co

pecifically, the figure shows the profiles obtained for sampling
oints A1 (located in Zone I) and B2 (in Zone II). A similar behaviour
as been found with regard to the distribution of 137Cs in the two
ampling points. In both cases this artificial radioisotope could be
uantified starting at a certain depth, at approximately 3 m,  and
p to 5 m in A1 and 7 m in B2. This confirms that this radioisotope
as introduced into the environment from a certain date, probably

n the fifties, when this specific radionuclide was released into the
tmosphere because of the nuclear weapons testing performed
etween 1950 and 1960. Moreover, due to the Chernobyl nuclear
ccident in 1986 it was an additional input of this isotope. The
ctivity values obtained ranged from 5 to 20 Bq kg−1. It is important
o note that the data we obtained also allows us to establish, by
omparison, when the main releases from the DCP industrial plant
ccurred.
.2. Gross alpha activity index

One of the parameters measured for all the samples was  the
ross alpha activity index, which is likely influenced by the DCP
d for the sludge samples collected in the different sampling points: A1 (Fig. 5a), B2
g uncertainties at k = 2.

plant. Our results are shown in Fig. 5, which gives the profiles of
the six different sampling points in the two different testing zones.
A different distribution was  found at all these sampling points than
at C7 (see Fig. 3), with higher activity values for gross alpha obtained
at these six sampling points, mainly in the upper layers (between
1 and 2 m),  followed by a general decrease in activity values. Error
bars corresponding to the uncertainties we encountered are also
shown in the figure.

The results yielded by sampling point A1 (Fig. 5a), which is
located just in front of the DCP plant, reveals some interest-
ing data. A maximum concentration of gross alpha activity was
found in this sample at 1 m (11118 ± 234 Bq kg−1) followed by
a marked decrease up to a depth of 5 m (339 ± 44 Bq kg−1). At
that depth and deeper, activity remained more or less constant.
Therefore, it can be concluded that the influence of the DCP plant
decreased as depth increased, since the results obtained were

similar to those found at sampling point C7. This behaviour in
site A1 might be explained by the profile obtained for 137Cs and
through some bibliographic data regarding the historical evolu-
tion of the DCP plant [34]. We  can attribute the higher values
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f activity in the upper layers to the higher productivity of
he DCP industry during the period from 1992 to 1997. So the

ain contribution to the radioactivity in these sludge samples
ook place after the Chernobyl nuclear accident. This assessment
as reached by comparing the profiles for this sampling point

Figs. 4a and 5a),  which demonstrated the prior introduction of
37Cs.

Samples from five different points (B2, B3, B4, B5 and B6) were
ollected in Zone II, which is located in front of the WWTP. Fig. 5b–f
hows the results obtained from those samples. For instance, in
he B3 profile, maximum activity was found at a depth of 1 m
12992 ± 275 Bq kg−1), while at 3 m activity was determined at
03 ± 30 Bq kg−1. These values suggest that the measured activ-

ty remained more or less constant over time. A very similar
ehaviour was found in sampling point B2. The other three sam-
ling points (B4, B5 and B6) yielded activity values in the upper

ayer that were approximately three times lower than in B2 or
3.

In the activity profiles for some sampling points, such as B4,

 pronounced increase in measured activity was found at a certain
epth, for example, between 7 and 9 m.  Taking into account the evo-

ution of the industrial activity at the site, this might be attributed
o a sporadic release of waste.
3.3. Gross beta activity index

We  also measured gross beta activity for all the sludge sam-
ples. The corresponding values obtained are also presented in Fig. 5,
which shows that the trend for gross beta activity is very similar to
that obtained for gross alpha activity.

One of the main contributors to gross beta activity in different
soils is 40K [31] and we believe that this isotope also plays a rele-
vant role in the different samples analysed in this case. However,
due to the DCP industrial activity, other beta isotopes may  have
also contributed to gross beta activity. To verify this, the relation-
ship between 40K activity and gross beta activity with their error
bars is shown in Fig. 6. Specifically, the graphs obtained for C7 and
A1 are shown as examples to illustrate this behaviour. Data for C7
are primarily shown because this sampling point is out of the area of
influence of the DCP plant, so a linear correlation between the two
measured parameters is expected. This trend is shown in the figure
corresponding to sample point C7 (Fig. 6a). However, in sampling
point A1 (Fig. 6b) no linear correlation between the two parameters

was found in the upper layers (the first 1–3 m of depth in the pro-
file), which suggests that other beta isotopes from the 238U chain
apart from 40K have contributed to gross beta activity. According to
various previous studies reported in the bibliography, such as those
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Table  1
Activity concentration and uncertainty (K = 2) of 226Ra, 210Pb and 40K (Bq kg−1) in different depths from sludge samples.

Code A1 B2 B4

depth (m) 226Ra 210Pb 40K 226Ra 210Pb 40K 226Ra 210Pb 40K
(Bq  kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1)

1 5847 ± 97 2499 ± 606 196 ± 97 2760 ± 53 1118 ± 277 164 ± 22 566 ± 15 356 ± 97 323 ± 61
2  2479 ± 48 1127 ± 272 <69 – – – – – –
3 341  ± 11 259 ± 8 495 ± 57 242 ± 10 125 ± 64 561 ± 66 38 ± 3 <55 883 ± 64
4 114  ± 4 86 ± 38 558 ± 51 – – – – – –
5  34 ± 3 <55 671 ± 53 687 ± 20 319 ± 99 624 ± 78 185 ± 9 129 ± 67 600 ± 36
6  40 ± 6 <18 541 ± 50 – – – – – –
7  43 ± 5 <54 634 ± 56 31 ± 5 <18 641 ± 52 996 ± 25 820 ± 208 411 ± 84
8  35 ± 3 <19 552 ± 51 – – – – – –
9 30  ± 5 <53 574 ± 29 30 ± 3 <19 597 ± 54 42 ± 6 <56 712 ± 33
10 34  ± 5 <55 558 ± 49 – – – – – –
11  – – – 26 ± 5 <18 534 ± 28 39 ± 5 <54 645 ± 54

Code B3  B5 B6

depth (m) 226Ra 210Pb 40K 226Ra 210Pb 40K 226Ra 210Pb 40K
(Bq  kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1) (Bq kg−1)

1 4182 ± 77 1337 ± 330 285 ± 28 896 ± 21 312 ± 83 200 ± 29 1034 ± 28 433 ± 115 332 ± 53
2  – – – – – – – – –
3 50  ± 7 <22 440 ± 34 131 ± 8 67 ± 26 <40 172 ± 9 <29 291 ± 58
4  – – – – – – – – –
5  48 ± 6 <19 557 ± 5 38 ± 6 <18 549 ± 48 172 ± 10 <29 301 ± 25
6  – – – – – – – – –
7  93 ± 6 44 ± 34 441 ± 25 301 ± 10 82 ± 38 336 ± 52 29 ± 5 <18 531 ± 98
8 – –  – – – – – – –
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Tarragona (CAT) for their invaluable collaboration and to the Gener-
9  134 ± 8 54 ± 35 543 ± 53 150 ± 8 

10 –  – – – 

11  27 ± 4 <18 398 ± 45 22 ± 6 

y Martínez et al. [35] and Azouazi et al. [36], low levels of 40K in the
edimentary material are indicators of the presence of high levels
f the other isotopes, mainly 210Pb and other 238U descendants and
oint to the intrusion of NORM from industries which use phos-
hate rocks as a raw material in the production of fertilizer. Also,
ccording to UNSCEAR [31] and the study published by Khater et al.
37] the raw material used in the phosphate industry is very poor
n 40K. This leads us to conclude that apart from 40K, other contrib-
tors have played a role in the gross beta activity measured in this
tudy, such as 210Pb and 214Pb, which are derived from the 238U
ecay series.

.4. Gamma  emitters

Gamma  activity was measured to verify the presence of some
f the main individual isotopes that may  have contributed to the
ross alpha and gross beta activities measured previously. To this
nd, we measured activity resulting from 226Ra, 210Pb and 40K. The
esulting values are shown in Table 1 along with the corresponding
ncertainty values. In the case of 210Pb (46.5 KeV) the uncertainties
ere higher than the other radionuclides due to the Compton effect

nd the high background, which is characteristic of the low energy
pectrum in which this radionuclide emits. Comparing the values
eported in Table 1 with the corresponding profiles for gross alpha
nd gross beta activities (see Fig. 5), the same trend emerges higher
ctivity values for such isotopes (226Ra and 210Pb) were obtained in
he upper layer (at a depth of 1 m).  Specifically, results comparable
o those published in Costa’s study [20] were obtained in terms of
he values determined in the upper layers.

The results from sampling point A1 also lead to several impor-
ant conclusions. Maximum concentrations of 226Ra and 210Pb
ctivity in this sample were found at 1 m (5847 ± 97 Bq kg−1 and

499 ± 606 Bq kg−1, respectively) and then dropped off consider-
bly until a depth of 5 m (34 ± 3 Bq kg−1 of 226Ra and <MDA for
10Pb). These values are not significantly different from those mea-
ured at sampling point C7. Therefore, we can conclude that 226Ra
53 ± 40 438 ± 44 30 ± 5 <19 606 ± 52
– – – – –

<22 490 ± 29 30 ± 5 27 ± 21 471 ± 49

and 210Pb contribute to a great extent to the gross activity mea-
sured and their origin can be related to the industrial activity
carried out in the testing area. In the case of B4, B3, B5 and B6,
higher concentrations of these isotopes were obtained at a depth
of 1 m.  Moreover, for some sampling points such as B4, a pro-
nounced increase in the measured activity was obtained at a certain
depth in the corresponding activity profiles. This was  in accordance
with the profiles obtained for gross alpha and gross beta activity
values.

4. Conclusions

Sludge samples in two different zones within the area of influ-
ence the DCP industry in Flix were measured for their radiological
content. Samples closer to the surface were found to have higher
activity values and this trend was more pronounced in Zone I
(located in front of the DCP plant) than in Zone II (located in front
of the WWTP).

The individual evaluation of different isotopes from the 238U
chain led us to conclude that 226Ra and 210Pb contributed to a great
extent to the gross activity measured and their origin is related to
the industrial activity carried out in the testing area.

The distribution of the radioactivity over time and in relation to
the industrial activity might be explained through the data obtained
by 137Cs measurement. We  found concordance in the accumulation
of radionuclides and the activity carried out in the DCP plant.
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