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A study is presented on the distribution of thorium and radium isotopes in sediments, suspended matter and water collected along Jucar river (East
of Spain), using low-level O-spectrometry. The first aim of this work is to study the thorium and radium activity in water, sediment and suspended
matter and their dependence on pH, temperature, conductivity and sediment sizes along Jucar river. The analysis of activity variation with these
parameters will provide information about the dynamics of these radionuclides in rivers. The values obtained for the distribution factors between

suspended matter and water (K, are also discussed.

Introduction

As explained in a previous paper,! Jucar River is one
of the main important rivers in Eastern Spain (=500 km).
There are, in principle, no local sources of .uranium,
thorium and radium affecting the river.2=* Thus, it is
assumed that the radioactivity levels of these isotopes
will depend mainly on the geological substratum and
dynamics of the river.

The Cofrentes Nuclear Power Plant which has a
BWR reactor is located beside Jucar River, The Nuclear
Plant outlet is placed just in Jucar River, but no uranium,
thorium or radium release is expected.

Recently,3# correlations between uranium activity
and activity ratios and pH were found in Jucar river. In
this work we study thorium and radium activities in
sediments, suspended matter and water along Jucar river
in order to investigate if there is a behavior similar to
that we found for uranium. A low level a-spectrometry
procedurc was developed? in our laboratory and used for
these measurements. We have found a dependence
between radium activities in water and pH, but no so
correlated as in uranium case. No dependence has been
found for thorium samples,

Due to short half-life of 224Ra this isotope is analyzed
only in water samples. Consequently 226Ra/22%Ra activity
ratio is studied only in water samples. 228Th/232Th and
230Th/232Th activity ratios are studied for water, sediments
and suspended matter samples. Disequilibrium is found and
possible causes are discussed. Different authors have
reported a 228Th/S2Th and 230Th/232Th activity ratio
disequilibrium for other systems (rivers around the world,®
Guadalquivir river,’ near Phosphate Fertilizer Processing
Industries).? However no correlation has been found with
pH, temperature or conductivity for these activity ratios,

! E-mail: Filomeno@evalvx.ific.uv.es

The distiibution factors (K;) between water and
suspended matter for thorium and radium have been
calculated. The main contribution to thorium activity is
found to be the geological substratum. Other authors
have reported X; dependence from pH, temperature or
conduictivity in other rivers®19 for cesium. Our aim was
to investigate if there was any dependence for thorium
and radium distribution factors as we did previousiy for
uranium.®

Experimental
Sampling

Samples were collected along Jucar River on January
1996. A total of ten sampling points were considered
(Fig. 1). 30 liters of water and =2 kg of sediments were
collected at each sampling point. In the last point, it was
not possible to collect sediment sample because the river
is canalized artificially. Three samples have been taken
close 10 the Cofrentes Nuclear Power Plant in order to
study a possible influence of the Nuclear Plant on
thorium and radium levels. Samples were taken upstream
and downstream from the outlet of Cofrentes Nuclear
Plant, one at Cabriel river, the main affluent of Jucar
river (Cabriel River flows into Jucar River just before
the outlet of Cofrentes Nuclear Plant) and finally at its
mouth. Conductivity, pH and temperature were
measured in situ (Table 1). Knowledge of these
parameters s assumned to be important for understanding
the behavior of thorium and radium concentrations,
activity ratios and distribution factors.
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Fig. 1. Sampling points along Jucar and Cabri¢! rivers

Table 1. pH, temperature and conductivity along Jucar river

ID. pH Temperature, Conductivity,
+0.01 +0.1°C +1 pS-em !

1 8.84 7.5 675

2 8.84 71 697

3 834 9.0 751

4 7.70 142 940

5 8.60 “11.5 1131

6% 8.40 8.5 734

71 8.30 12.0 952

3 8.30 80 720

9 7.92 8.0 688

10 8§42 16.0 1572:10°

Last point sample (No. 10) was taken just into the mouth
of the river in the sea, so river water is mixed with sea
water and coniductivity increases by a factor of =103

Procedure

Suspended matter in water samples was separated by
filtration (0.45 um) and the water was immediately
acidified with TINO;. 20 liters of filtered water were
used for thorium and radium analysis. Sediments were
sieved in four sizes. The following notation has been
used: F1=0.143-0.6 cm (fine gravel),
F2=0.063-0.143 cm (coarse sand), F3=<0.063 ¢m
(clay, silt and medium sand) and FT= sediment without
sieve. The amount of each type of sediment analysed
separately varies between | and 5g. Table 2 shows
percentages of each sized sediment.

The extraction method used in this work is that
previously developed in our laboratory®5 that's why
only a brief description is given here. Solid samples are
digested with an acid treatment, and finally dissolved in
500 ml of distilled water and treated as a liquid sample.
Samples were preconcentrated by co-precipitation with
KMnO,. Thorium/radium separation was done by using
TBP (tri-butil-phosphate) and finally purified using ion
exchange resins (Bio-Rad AG 1X8 hydrochloric form
for thorium samples and Bio-Rad AG 50WX8, 200--400
mesh for radium samples). Afterwards samples were
electrodeposited!1-14 on a stainless steel planchet of
2.5 ¢cm diameter. The plated samples are measured by a
silicon surface barrier detector. Typical recovery yields
of the experimental procedure were =85% for water
samples and 75% for sediment and suspended matter
samples. The FWHM of the spectra varics between
20~23 keV for a silicon barrier detector of 19 keV
intrinsic resolution.

Sample counting time was about 15 days for thorium
water samples being slightly lower for the other samples.

Table 2. Percentages in grain size for sediment samples atong Jucar
River; F1: grain size 0.6-0.143 cm; F2; grain size 0.143-0.063 cm;
F3: grain size <0.063 em; FT: all without sieving

The sample marked*! in Table 1 (No. 7) is not from
Jucar river, but from Cabriel river, just before it flows
into Jucar river, and the sample marked*2 (No. 6) was
taken just before the outlet of Cofrentes Nuclear Plant.

1D. Fl, F2, F3,
% % Y%

1 95 Negligible Negligible
2 Negligible Negligible 94
3 22 35 40
4 29 20 37
5 12 25 60
6 24 59 12
7 Negligible Negligible 98
g 33 32 29
9 34 31 29
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Table 3. Thorium and radium activities in water samples along Jucar river

ID. IZBTh’ 230'1*h’ 232Th! 226RB‘ 224Ra
mBg/1 mBg/l mBg/l mBg/l mBg/l

1 0.3310.02 0.12640.009 0.113+0.009 1.1130.05 1.60+0.14
2 0.1910.02 0.066+0.008 0.054+0.006 1.88+0.11 37403
3 0.39+0.03 0.087+0.010 0.081+0.010 0.57+0.02 1.01+0.06
4 0.50+0.04 0.1094£0.012 0.092:+0.011 1.07£0.05 1.1040.08
5 0.42+0.04 0.07810.010 0.077+0.010 32402 37804
6 0.2810.02 0.081£0.008 0.072+0.007 1.70+0.08 1772017
7 0.23+0.02 0.081+0.008 0.064+0.006 1.32+0.06 1.81+0.14
8 0.23+0,02 0.11040.011 0.088+0.009 1.52+0.07 27102
9 0.3910.04 0.090£0.012 0.098+0.013 1.3240.08 1.8+0.2

10 0.43+0.05 0.101+0.015 0.109+0.015 2.29+0.14 3.040.3

Table 4. Thorium and radium activity ratios in water samples

along Jucar river

ID. ZsthJZ”Th ZJOTh‘r232Th 226Ra!224Ra
1 29104 11+0.2 0.69+0.09
2 3.580.7 1.240.3 0.510.07
3 4.8+1.0 1.1+0.2 0.5620.06
4 54£1.1 1.2+0.3 0.9710.11
5 5.4+1.2 1.0+0.3 0.8610.14
6 3.9+0.7 1.1+0.2 0.96+0.14
7 3.610.5 1.210.2 0.73+0.09
8 2.7+0.5 1.2+0.2 0.56+0.08
9 4.0x1.0 1.0+0.2 0.6920.10
10 39410 1.040.2 0.76+0.11

As the background of our detection system is negligible,
this counting time enables to obtain low activity errors
and consequently to determine distribution factors and
correlations coefficients with no significant errors.
Correlations coefficients are calculated between
increments of x-data (i.e., pH,, ;—pH,) and increments of
y-data (ie, 230Th,;-230Th; activity if we are
considering a pH/23%Th correlation), being i and i+1 the
sampling points (Table 1).

Results and discussion
Water samples

Thorium and radium activities in  water were
measured and  230Th/232Th, 228Th/232Th and
226Ra/224Ra activities ratios calculated. Results are
shown in Tables 3 and 4.

Figure 2 shows the activity of each isotope of natural
thorium, 224Ra, 226Ra and pH vs distance from the
source of Jucar River. The same behavior can be seen
for the same chemical element (i.e., an increase of the
226Ra activity are associated with an increase of the
224Ra  activity). Nevertheless, 228Th activity is

significantly greater than the activity of the other thorium
isotopes analysed, This can be explained if we consider
228Ra solubility (precursor of 228Th) which is greater
than solubility of the other thorium isotopes. 22%Ra
remains in water and produces by B-decay 228Th which
remains also in water. The above process produce
228Th/232Th activity ratios greater than one while
230Th/232Th is nearly one (Table 4). Radium activities
are one order of magnitude higher than thorium
activities, due as explained to the greater solubility of
radium isotopes in water. The possibility of a correlation
between pH and radium activity has been studied. We
have found a Pearson’s correlation coefficient of
r=0.72. This correlation, being significant, is not so
strong as the uranium correlation we found previously
for uranium/pH in Jucar river.* However, thorium
correlation activity with pH was not significant. This is
probably due to the low solubility of thorium in water.
This implies that thorium activity in water is so poor that
it is not possible to conclude about thorium correlation
with pH in water samples.

In Fig. 3 Th and Ra activity ratios are shown together
with the variation of the pH. No significant correlation
has been found between Th and Ra activity ratios and
pH (r=—0.33 for 228Th/232Th, »=-0.31 for 39Th/232Th
and »=-0.50 for 226Ra/224Ra). We have not found any
correlation between conductivity or temperature and
radium/thorium water activities.

Sediment samples

A similar study has been carried out for sediments.
Table 5 shows thorium and radium activities while Table
6 shows 230Th/232Th and 228Th/2>2Th activity ratios. It
was not possible to take sediment sample in the last point
(No. 10, Fig. 1), because the river flows into an artificial
channel.
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Fig. 2. Thorium, radium activities and pH in water samples along Jucar river

As in the uranium case,? it can be seen that thorium
and radium activities do not depend on the sediment size
for the samples and the sizes condidered in this work.
Only for ?26Ra activities and for grain size <0.063 cm
we observe a light decrease in activity, but this is not
significant (F3 in table 5) if the emror limits are
considered. For this grain size (F3: clay, silt and medium
sand) the “surface/volume™ ratio is the highest. This
implies that for this grain size the “washing and
leaching” effect of the water over sediments is more

effective than for the other sizes studied. This behavior.

is similar to that found for uranium in a previous work #
No effect of grain size has been found for activity ratios
(Table 6).

It is very important to note that thorium is mainly
located in sediments because of its low solubility in
water. This produces that the parameters considered (pH,

temperature and conductivity) do not affect thorium
activity for the variation range considered in this work.

In Fig. 4 it is visible that 228Th, 230Th, 232Th and
226Ra activities in sediment samples have a quite similar
behavior, although 22°Ra activity presents sligh
differences from this parallel behavior.

It is well established!>1 and has also been
experimentally corroborated!-18 that botton sediments
and suspended solids play an important role in the
migration of radium in surface waters. The mechanism
and principal laws of the interaction of radium with solid
phases in the waters are insufficiently known and do not
allow reliable interpretation of the data on radium
migration in real systems. No significant correlation has
been found between temperature, pH or conductivity and
Th{Ra) activities in sediment samples. We found a
correlation coefficient of »=-0.46 between pH and
226Ra for FT (without sieve) size sediment, being nearly
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zero this correlation coefficient for total thorium activity — Suspended matter samples

and pH (r=-0.05). However, in laboratory conditions a

correlation between pH and radium adsorption in 230Th, 232Th, 228Th and 226Ra activities were
sediments has been found.!® The lack of such Measured in suspended matter and 228Th/232Th and
dependence in our measurements could be explained if  2>°Th/232Th activity ratios were calculated (Table 7).

we consider that our pH range (7.7-8.84) is smaller than

that considered in Reference 19 (pH between 2--10).
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Fig 3. Thorium, radium activity ratios and pH in water samples along Jucar river
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Table 3. Thorium and radium activities in sediments along Jucar river; F1: grain size between 0.6
and 0.143 cm; F2: grain size between 0,143 and 0,063 cm; F3: grain size £0.063 cm;
FT: sediment all without sieving

m, Grain size 227, By, 28T 2R,
mBg/g mBy/g mBqg/g mBaq/g
1 Fl 221 £ 0.8 224 + 0.8 236 £ 09 148 £ 0.4
FT 221 £ 09 229 + 09 225 = 0.9 144 + 04
2 F3 182 £ 0.7 ig4 + 07 213 x 0.8 119 + 04
FT 176 £ 0.7 195 + 0.8 204 £ 0.8 122 £ 04
3 Fl 358+ 13 394 £ 12 58 £ 1.2 333 + 09
F2 359 + 12 376 £ 1.2 354 £ 1.2 325 £ 09
F3 357 £ 1.6 370 £ 1.5 326 £ 1.5 325+ 1.1
FT 358 £ 10 391 £ 1.1 350 £ 1.0 328 £ 0.8
4 Fl 186 £ 0.6 193 £ 0.5 216 £ 0.6 214 £ 08
F2 18.6 + 0.6 195 + 0.7 21.8 + 0.7 212 £ 05
F3 189 £+ 0.7 194 £ 0.7 214 £ 08 198 =+ 08
FT 188 = 0.8 194 £ 0.8 221 £ 0.9 213 £ 04
5 F! 19.7 £ 0.9 197 £ 0.9 263 £ 1.0 100 £ 02
F2 18.7 = 0.7 188 + 0.7 233 £ 038 92 £ 03
F3 205 £ 0.7 17.1 £ 0.6 241 £ 09 92 1+ 0.2
FT 18.1 = 0.8 18.1 £ 0.8 240 £ 1O 95 + 02
6 Fl 3322 34 £ 2 33+ 2 240 £ 05
F2 34 £ 2 35+ 2 317 £ 1.5 240 + 0.6
F3 324 = 1.0 330 % 1.0 340 £ 1.1 237 £ 08
FT 33+ 2 33 x2 1 +2 240 £ 07
7 F3 240 + 1.2 265 £ 1.3 226 £ 1.0 176 £ 03
FT 240 = 1.3 259 + 1.4 240 £ 1.3 i7.8 £ 0.3
8 Fl 178 = 1.0 179 + 1.0 163 £ 09 6.0 £ 0.2
F2 17.1 + 0.8 172 £ 08 165 = 0.7 57 £ 02
F3 149 = 0.8 149 + 0.8 135 £ 07 56 +02
FT 179 + 0.7 179 £ 0.7 157 £ 0.6 58 £ 02
9 Fl 229 £ 1.0 219 £ 1.0 29+ 10 179 £ 04
F2 226 £ 1.1 231 £ 14 225 % 13 172 = 04
F3 234 £ 11 220 + 1.3 235 £ 1.1 160 £ 04
FT 226 £ 1.2 236 £ 12 212+ 12 174 = 05

Figure 5 shows thorium and radium activities in
suspended matter. Values of suspended matter activity
are very similar to those in sediment measurements.
However, 230Th, 232Th, 228Th and 226Ra activities
behavior (Fig. 5}is not so similar among them as that we
have found for sediment samples (Fig. 4). No significant
correlation between pH, temperature or conductivity and
Th(Ra) activities has been found for suspended matter
samples (correlation coefficient »=0.38 for pH and
226Ra while for 228Th r=0.66).

230Th/232Th activity ratios in suspended matter are
near to one, as in the case of sediments and water
samples, while for 228Th/232Th ratios the values we
have found for suspended matter (*28Th/232Th mean
value =1.5) are near to the sediments samples ratios we
have measured (228Th/232Th mean value =1) and very
far from those we found for water samples (228Th/232Th
mean value =4). This is very important as it allows us to
conclude that thorium activity in suspended maiter could
mainly come from sediment and not by washing of
sediments itself. That is, the activity of thorium in

suspended matter could come from the motion of sediments,
by resuspension of small particles of sediments due to the
water motion. Finally, no significant correlation has been
found between pH, temperatwre or conductivity and
2BTh/232Th activity ratios, the correlation coefficient
being nearly zero (i.e., r=0.05 if pH and 228Th/232Th
correlation is considered).

Distribution factors

Distribution factors between suspended matter and
water along Jucar river have been calculated as the ratio
between activity in suspended matter and water by using
the following equation:

j 3
i A X10
d A,‘
Water
where ‘,4.'.Suxp is the suspendeq matte}' activity in mBq/g
and Ai,,, the water activity in mBg/l due 1o
radionuclide £.
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Table 6. Thorium activity ratios in sediments along Jucar river;
F1: grain size between 0.6 and 0.143 cm; F2: grain size between
0.143 and 0.063 ¢m; F3; grain size £0.063 cm,

FT: sediment all without sieving

ID. Grain size BOTHh232Th 1287232
1 F1 1.011£0.07 1.07+0.08
FT 1.04+0.09 1.0210.08

2 F3 1.01+0.09 1.17+0.09
FT 1.11+0.07 1.16:0.08

3 F1 1.10+0.09 1.00+0.07
F2 1.05+0.07 0.99+0.07

F3 1.0410.10 0.91+0.08

FT 1.094+0.06 0.98+0.05

4 Fi 1.04+0.06 1.16+0.06
F2 1.05+0.07 1.17+0.08

F3 1.03+0.08 1.1310.09

FT 1.03£0.08 1.18£0.09

5 Fl 1.00:£0.09 1.3420.10
F2 1.00£0.07 1.25+0.09

F3 0.83+0.06 1.18+0.08

FT 1.00+0.09 1.33+0.11

6 F1 1.03+0.13 1.00£0.13
F2 1.03+0.10 0.93+0.09

F3 1.02+0.06 1.0510.07

FT 1.0020.11 1.00£0.11

7 F3 1.1020.11 0.94+0.09
FT 1.0810.12 1.00+0.11

8 F1 1.01+0,11 0.9210.11
F2 1.01+0.09 0.9620.09

F3 1.00£0.10 0.91£0.09

FT 1.0020.08 0.8840.07

9 Fi 0.96+0.09 1.00£0.09
F2 1.0240.12 1.0020.12

F3 0.94+0.09 1.00+0.09

FT 1.04£0.11 0.9420.10

Distribution factor K’ represents the adsorption
degree of a radionuclide in the suspended matter and,
although it implies equilibrium conditions, it is widely
used in a much more extensive sense in non equilibrium

situations. Some authors consider distribution factors
sediment-water?0 instead of suspended matter-water
ratios. However, in our case we have used “suspended
matter-water” data as these ratios should be more
representative than those coming from “sediment-water”
data. Table 8 presents the distribution factors we have
calculated for the samples analysed in this work.

232Th and 230Th distribution factors are nearly equal
within the error limits and about three times higher than
those obtained for 228Th (Fig. 6). This is due to the fact
that 228Th water samples activities are three times
greater than 232Th and 2%9Th activities in water
(Table 3), while suspended matter activity for thorium
isotopes is of the same order (Table 7). As explained
before this can be understood in terms of 228Ra
solubility (precursor of 228Th) which is greater than the
solubility of other thorium isotopes.

In general, distribution factors we have found that
226Ra and thorium isotopes fulfil the relationship:

KTh—232 ~ KTh—230 ~ 3>(KTh_228 . 10XKRa_226
d d d - d

Distribution factors for 22°Ra with regard to thorium
isotopes values show the higher water solubility of
radium than thorium, as suspended matter activities are
of the same order for thorium and radium (Table 7). We
have not found any significant correlation between pl,
conductivity or temperature and distribution factors for
the samples analyzed in this work (ie, if pH is
considered we found a correlation coefficient r=0.6 for
230Th, r=0.35 for 228Th and 232Th and nearly zero for
226Rg),

The values of the distribution factors found for Jucar
river are in the range obtained by other authors20-22 for
other systems. Nevertheless, the variation range for
distribution factors is very large, as this parameter
depends on a set of parameters as pH, temperature,
sediment size, salinity which vary from one system to
another, yielding a great variability of the distribution
factors. '
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Fig. 4. Thorium, radium activities and pH in sediment samples along Jucar river
Table 7. Thorium and radium activities and activity ratic in suspended matter along Jucar river
ID. ZZSTh 230Th’ 232Th, 226Ra, 230Th/232Th 228Th[232-]-h
mBg/g mBg/g mbg/g mBag/g
1 156 £ 1.4 20 £ 2 155 + 1.4 204 £ 12 13 = 0.2 1.0 2 0.2
2 27 £ 2 19 £ 2 170 + 1.5 157 £ 14 1.1+ 02 16 £ 03
3 165 £ 1.2 114 £ 09 101 = 0.8 135 £ 09 1.1 +02 1.6 £ 03
4 152 £ 15 11.8 £ 1.2 102 £ 1.0 100 £ 0.8 1.1 £ 02 1.5 £ 03
5 26 £ 2 22 £ 2 18 £+ 2 202 + 1.1 1.2 £ 02 14 = 02
6 205 £ 14 137 £ 1.0 129 = 09 169 + 1.1 1.06 = 0.15 1.6 £ 0.2
7 26 + 2 312 27 £ 2 32+2 1.1 £ 0.2 096 + 0.15
8 34 + 3 24 £ 2 18 + 2 326 £ 10 13 = 02 1.9 £ 03
9 213 + 13 143 £ 09 136 + 0.9 147 £ 1.0 1.05 + 0.14 1.6 £ 02
10 24 + 2 - 182 + 13 164 = 1.1 75+ 08 i1 £ 02 15 £ 02
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Fig. 5. Thorium, radium activities and pH in suspended matter samples along Jucar river
Tabkle 8. Distribution factors for thorium and 22°Ra isotopes along Jucar river
1D. 228Th 23DTh 232Th 226Ra,
kg Vkg Vkg Vkg
1 (47:M10° (16£3)10* (14£2)10* (18.421. T3¢
2 (14x2y10* (29£T10° (316310 (8.410.9)1¢°
3 (42+6)10° (13204 (12£10* (2442)10°
4 (30£5)10° (10£2)10° Q1210 9.3x1.2010°
5 (61.9£1.1)1¢° (28+6)10* (23x6)10* (6.320.710°
6 (73.2x1.0)10° (1733104 (1810 (9.911.8)10°
7 (11.3%1.8)10° (38+6)10% (42£M10* (24 2419107
8 (15£3)10°8 (29+4310° (20:4)10 QL4+ H1P
9 (55£9)10° (16£3)10* (14£3)10* (111219107
10 (55.8£1. 11107 (18+4)104 (15+£3)10* (3.3+0.5)10°
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Fig. 6. Distribution factor (k) for ©2Th, 225Th, **Th and ***Ra along Jucar river together with pH variation

Conclusions

We have measured by o-spectrometry thorium and
radium activities in water, suspended matter and
sediments samples along the Jucar river (East of Spain).
In these measurements we have used a low level
o-spectrometry procedure recently developed in our
laboratory.> As with uranium previously studied,? we
have not found any evidence of thorium or radium
releases from Cofrentes Nuclear Power Plant.

We have not found any significant correlation
between thorium activity in water and pH. This could be
explained in terms of the very low solubility of thorium

in water which implies that pH or conductivity variations
do not affect thorium content of water. However, this is
not the case for radium activity in water and pH where a
Pearson’s correlation coefficient »=0.72 has been found.
Although this correlation is significant but not so strong
as the uranium/pH correlation we found previously along
Jucar river for the same samples.? No other significant
correlations between the parameters considered in this
work (pH, temperature and conductivity) and thorium or
radium activities (or activity ratios) in seditment and
suspended matter has been found. We have found that
thorium and radium activities (and the related activity
ratios) do not depend on the sediment size for the
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samples and the sizes considered in this work.
The values we obtain for 228Th/232Th activity ratios in
suspended matter, sediments and water allow to
conclude that thorium activity in suspended matter could
mainly come from sediments and not by washing of
sediments itself,

Finally, distribution factors between suspended
matter and water have been calculated. We have not
found any significant comelation between pH,
conductivity or temperature and distribution factors for
the samples analyzed in this work. The values we have
found for the distribution factors will allow us to develop
a mathematical model for Jucar river which will describe
the dynamic behavior of these radionuclides along this
INver.

One of us (M. J. R.-A) is grateful to Institucién Valenciana de
Estudios ¢ Investigacion, Spain (1. V.E.I.) for a fellowship.
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