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Abstract Phosphogypsum (PG), the major waste
material in phosphate fertilizer processing, has been
known to contain enhanced levels of naturally-
occurring radionuclides especially 226Ra.The lack of
radioactivity data regarding Philippine phospho-
gypsum and its environmental behavior in the
Philippine setting has brought concern on possible
contamination of groundwater beneath the phospho-
gypsum ponds in Isabel, Leyte, Philippines. The
radioactivity of Philippine phosphogypsum was de-
termined and the leaching of 226Ra from phospho-
gypsum and through local soil was quantified. Level
of 226Ra in groundwater samples in Isabel, Leyte,
Philippines was also quantified to address the primary
concern. It was found that the 226Ra activity in
Philippine phosphogypsum is distributed in a wide
range from 91.5 to 935 Bq/kg. As much as 5% of
226Ra can be leached from Philippine PG with
deionized water. In vitro soil leach experiments
suggest that the soil in the phosphate fertilizer plant
area would be able to deter the intrusion of 226Ra into
the water table. Compared to reported values of
natural groundwatcr levels of 226Ra, the concentration
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of this radionuclide in Isabel, Leyte groundwater
suggest that there is no 226Ra intrusion brought about
by the presence of phosphogypsum ponds in the area.

226TKeywords Ra • Groundwater • Leaching • Liquid
scintillation counting • Phosphogypsum

Introduction

Phosphogypsum (PG), the major waste material in
phosphate fertilizer processing, has been known to
cpntain enhanced levels of naturally occurring radio-
nuclides among other environmentally significant
chemical species. There is a major phosphate extrac-
tion plant located in Isabel, Leyte in the southern part
of the Philippines which produces a significant
amount of phosphogypsum annually. The compound-
ing phosphogypsum ponds located near the plant has
aroused environmental concerns especially on the
radionuclide component due to unavailability of
radioactivity data regarding Philippine PG.

The key radionuclides known to be present in
phosphogypsum are 238U, 232Th, 226Ra, 210Pb, 2i0Po
and 40K (Rutherford et al. IW5;i). Results from
studies of phosphogypsum from different sources
have generally agreed that 226Ra is the radionuclide
that occurs in highest abundance in the material.
226Ra is therefore viewed as the major long-term
component in phosphogypsum due to its high
concentration, long half-life and the propensity to
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produce radioactive progenies. The expected presence
of 226Ra in Philippine phosphogypsum has brought
concern on possible contamination of groundwater
beneath the phosphogypsum ponds in Isabel, Leyte,
Philippines. The following study was conducted to
address this concern.

Materials and methods

Phosphogypsum sampling and analysis

Phosphogypsum samples were collected from freshly
produced phosphogypsum and from the seven phos-
phogypsum ponds from various locations and depths
totaling to 47 samples. The samples were oven-dried
at 105°C and sieved through 1.397-mm mesh (Tyler
Standard Screen Scale). The samples were packed and
properly scaled in 250-mL Nalgene plastic containers
and stored for 25-30 days to allow secular equilibra-
tion with daughter radionuclides. The samples were
then counted using a co-axial HPGe detector (Ortec
EG&G) with relative efficiency of 19-20%. The
major radionuclide, 226Ra, was detected and quanti-
fied using the gamma lines of its daughters 214Bi and
214Pb. Percent efficiency values of the 2l4Bi and 214Pb
gamma lines detected by the HPGe system were
calibrated using a 250-ml traceable multi-nuclide
standard source (Isotopes Products Laboratories,
USA). Based on background and blank counts the
minimum detectable concentration (MDC) for this
geometry is 2.62 Bq/kg with an uncertainty range
between 0.800-2.50% of the computed activity
concentrations. Dried samples from seven locations
of the same PG Pond were composited by thorough
dry-mixing. The composite sample with a relatively
high specific activity of 226Ra was used for leaching
behavior studies.

Phosphogypsum leaching studies

A column leaching experiment was conducted by
packing 50 g of the phosphogypsum composite
sample with a specific activity of 774 Bq/kg in a
cotton-plugged glass column with I-inch inner diam-
eter. De-ionized water (pH 6.34) was continuously
passed through the column serving as the leaching
medium. Ten fractions at 1-1 per fraction were
collected and pH of each fraction was determined

using a pH meter (Denver Instruments, USA). Total
dissolved solids (TDS) was also gravimetrically
determined for each fraction by evaporating 100-ml
of each fraction and weighing the residue. A parallel
leaching experiment was determined by successive
washing. Fifty grams of phosphogypsum composite
sample was placed in a 1-1 beaker and 1-1 of de-
ionized water (pH 6.34) was introduced. The mixture
is stirred for 2-3 min and the solids are allowed to
settle for 20-30 min and the supernatant liquid
decanted. The washing is repeated until a total of 10
washings were obtained. All set-ups were done in
duplicates.

226Ra migration through soil

A special extract from the phosphogypsum was
prepared by stirring 150 g of composite phosphogyp-
sum sample in 3-1 de-ionized water (pH 6.72)
overnight. The solids were allowed to settle for 30-
minutes and the supernatant liquid decanted and
filtered. Three such extractions were made and the
extracts were pooled and filtered through glass fiber
pads. Fifty grams of soil collected in the vicinity of
the phosphogypsum ponds was packed in a cotton-
plugged glass column with 1-ia inner diameter. One-
liter aliquot of the pooled phosphogypsum extract was
passed through the packed soil and collected for
analysis. Four types of soil were used, two loam, one
clay loam and one sandy loam.

Analysis of 226Ra in leachates and washings

All fractions, washings and extracts from the leaching
set-ups were filtered through glass fiber filter. The
fractions and washings were then acidified to pH<2
with concentrated H2SO4 and stirred for 2-3 min using
a magnetic stirrer to allow proper homogeneity of pH
and sulfate throughout the solution. The analyte is
precipitated out from solution using 600-ul of 0.354 M
barium chloride dihydrate with BaSO4 as the carrier
precipitate. The precipitate was allowed to settle for
15 min then filtered using a 0.45 |j.m cellulose nitrate
membrane (Whatman Limited, England). The theoret-
ical collected precipitate would be about 50-mg
BaSOv The membrane with the thin layer precipitate
was dried under an infrared lamp for 15-min and alpha
activity was immediately counted using a ZnS alpha
scintillation counter (Eberline SAC-4, Eberline Instru-
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nient Corporation). The alpha counter was calibrated
using a traceable standard 25-mm stainless steel disc
source electroplated with 230Th (Isotope Products
Laboratories, USA). From background and blank
counts the minimum detectable activity (MDA) for
this method is 15.8 mBq/1. The range of uncertainty for
this method is 1.67-11.45%. The ZnS detector was
used for this part of the study for faster screening and
quantification with the knowledge that the levels of
226Ra in the samples are much higher than the MDA of
the method hence are easily quantifiable using this
detection method.

Analysis of 226Ra in groundwater and spring water

Groundwater samples were collected from two mon-
itoring wells and 15 springs and artesian wells along
the vicinity of the phosphogypsum ponds. The
samples were filtered through glass fiber pads and
analyzed for 226Ra. Due to the relatively high limit of
detection of the ZnS scintillation counter, the liquid
scintillation counter (LSC) using the alpha window
was employed for detection and quantification of
226Ra in these samples.

One liter of sample was transferred into a 1-1 glass
beaker then 5-ml concentrated H2SO4 was added. The
concentrated acid should bring the sample pH=l at
the same time provide for the needed (fid) ions for
precipitation. The solution was stirred using a
magnetic stirring bar for 1-2 min then 400-u. 0.5M
Pb(NO3)2 was added to the acidified sample. The
mixture was continuously stirred for a minimum of
15 min and was allowed to stand for J h. The Pb(Ra)
SO4 precipitate was filtered using 0.45 \i cellulose
nitrate filter membrane. The filter with the precipitate
was then transferred into a 250-ml glass beaker and
5-ml 0.2M EDTA (pH= 10) was added to dissolve the
Pb(Ra)SO4 precipitate. The solution containing the
dissolved Pb(Ra)SO4 precipitate was then quantita-
tively transferred to a 20-ml High-Performance Glass
scintillation vial (Packard Bioscience). Optiphase Hi-
Safe 3 (Perkin Elmer Life Sciences) Liquid scintillant
was added and the mixture shaken until clear gel
state. The gel was allowed to stand in the dark for a
minimum duration of 14 days allowing the 222Rn and
other alpha-emitting daughters of 226Ra to grow and
establish secular equilibrium with 226Ra while "dark-
adapting" the sample in preparation for counting. The
prepared sample was counted in the LSC (Wallac

1400 DSA with Wallac 1414 WiSpectral vl.40
software support) with the parameters set by Sanchez-
Cabeza and Pujol (199K) and Pujol and Sanchez-
Cabeza (1997). The counting efficiency of the LSC
system was calibrated using a NIST-traceable 226Ra
liquid standard courtesy of the Australian Radiation
Protection and Nuclear Safety Agency (ARPANSA).
The Figures of Merit of the procedure include a
radionuclide (22<5Ra) recovery of 85.32-91.12%,
gravimetric (PbSO4) recovery of 95.41-100.7%, and
a minimum detectable concentration (MDC) of
2.81 mBq/1.

Results and discussion

226Ra activity in Philippine phosphogypsum

The specific activities of 226Ra in Philippine PG
spanned a wide range between 91.5 Bq/kg to as high
as 935 Bq/kg. The activity distribution (Fig. I)
indicates that over 50% of the phosphogypsum
samples have specific activity between 90-200 Bq/
kg. Relative to the requirement of the US-EPA of
370 Bq/kg in phosphogypsum for soil amendments
(USEPA IW2), most of the samples analyzed fell
below this value rendering them of low specific
activity. There was no sample analyzed to have an
activity within 0-90 Bq/kg. The wide distribution of
specific activities may be traced to the different origins
of the phosphate rock from which the phosphogypsum
was derived, and the age of the phosphogypsum.
Rutherford et al. (1995b) found a considerable vari-
ability in 226Ra activity various PG age and source of
phosphate rock ranging from 370-1,780 Bq/kg. In
their study, they found that a PG stack 9-35 years old
historically derived from Idaho phosphate rock has
226Ra levels ranging from 610-11,780 Bq/kg. Al-
though no mechanism was proposed to account for
the large variability, they attribute the differences to (a)
the rock composition (although they historically come
from Idaho) over the entire production period
(26 years), (b) weathering at the repository, (c) non-
uniformity in particle settling during sluicing, and/or
(d) differences in plant process conditions over the
26-year operational period.

It should be noted that all of the phosphate rocks
used in the processing of phosphate fertilizers from
the phosphate fertilizer plant in Isabel, Leyte, Philip-
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Pig. 1 Frequency distribu-
tion of specific activities
(Bq/kg) in phosphogypsum
ponds and fresh samples

60.00 -r

o
o
eg
6
a

sCO
d
o
CM

O
O
•<r
d
o
CD

o
o

d
o

O
O
CO
d
o

s
i

o
o

o
o
CO
d
o

o
o
en
d
o
CO

d
o
CD

pines are imported principally from West Africa,
China and Nauru. Although historically PG from
various phosphate rock sources are segregated in
different areas around the plant mix-ups can be
unavoidable due to space limitations. To keep up
with current technology, the manufacturing process in
this plant might have likewise changed. Together with
environmental weathering and production batch-
related sluicing, it is unlikely that the composition of
the PG ponds would be uniform after over 20 years of
operation, which can be reflected by the variability in
the levels of 226Ra in multiple PG samples thus
analyzed.

Leaching experiments

It has been reported that 226Ra can leach out from
phosphogypsum (Paul and Pillai I WO; Rutherford et

Fig. 2 " 6 R a Activity
concentrations (Bq/1) in
various leach fractions and
washings
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al. IW5b; Haridasan et al. 2002). The leaching
experiments were conducted to validate the behavior
and degree of 26Ra leaching from Philippine phos-
phogypsum.

It can be seen in Fig. 2 that 226Ra can be leached
from the phosphogypsum matrix with maximum
leaching during the first and second fractions with
activity concentrations reduced to a somewhat con-
stant level for both the wash-leach and the continu-
ous-leach set-ups. The maximum and minimum
values for these experiments arc 614 and 46.1 mBq/
I respectively for the continuous-leach, and 382 and
16.9 mBq/1 for the wash-lcach. The trend from high
activity in the first fraction to a relatively steady
activity in the latter fractions is consistent with the
results of Rutherford et al. (iw.sh) using double-
deionized water and the wash-lcach approach. The
maximum and minimum values obtained in the
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cun-ent experiments are also consistent with those
obtained by Haridasan et al. (2002) and Rutherford
et al. (1995b). The leaching trend was discussed by
Paul and Pillai (1990) as a three stage process
involving a quick-desorption stage, a stage with
desorption-sorption-desorption cycles, and finally a
steady-state leaching.

A total of 1.95 Bq was leached by continuous flow
through a column (for the 10 fractions) and a total of
1.70 Bq by successive washing (in the 10 washings).
From the initial 50-g sample of phosphogypsum
having a 226Ra activity of 37.7 Bq (as analyzed by
gamma spectrometry) the total leached 226Ra only
account for 5.17% of the total activity of the
phosphogypsum for column leaching and 4.51% for
continuous washing. These levels of leachable 226Ra
are low compared to those reported by Paul and Pillai
(1940) of 7%, and Santos et al. (2006) of 13-18%.
The relatively low leachable levels in our experiment
suggest that Philippine PG strongly binds the radio-
nuclide to its matrix providing less labile 226Ra.

We have determined the pH and total dissolved
solid in each of the 10 fraction (Fig. 3) in the leaching
experiments to see if there is an existing association
between these parameters and the extent of 226Ra
leaching. The pH values of the collected fractions
indicate that the first few fractions are acidic while in
the latter fractions it leveled off at around 5.6. Values
of TDS in the first few fractions indicate high
amounts of solids are dissolved with the passage of
the eluting media but the degree of dissolution does
not decrease so much in the latter fractions. These

trends point out to the assumption that there are
initially more readily soluble materials in phospho-
gypsum and that these soluble materials are probably
acidic in nature. It should be pointed out that after the
extraction of the phosphates from phosphate rock, the
process residue (phosphogypsum) is typically acidic.
The acid in the residue is neutralized by addition of
some basic materials, like lime, before deposition into
the PG ponds. The neutralization products would give
us the readily soluble salts but the bulk of the material
consists of the insoluble CaSO4 and silicates. We can
then surmise that the high TDS level, especially of the
first fraction, is due to soluble acid neutralization salts
and some residual manufacturing acids that were not
completely neutralized. The behavior of CaSO4 as a
sparingly soluble, neutral salt, can partly account for
the high TDS values in the latter fractions. Since
CaSG4 is neutral, the pH would be expected to level
off in these fractions.

Considering that the PG samples have been dried
at 105°C it can be assumed that the material is mostly
CaSO4. Taking into consideration the reported solu-
bility product constant of CaSO4 (ATsp=2.5xl0~5) we
can surmise that the leaching behavior of 226Ra in
phosphogypsum would correspond with the solubility
of CaSO4. However, Fig. -I does not seem to indicate
a correlation between TDS and the activity concen-
tration of 226Ra. In light of the sequential leaching
work conducted by Burnett et al. (1995) this non-
correlation is expected because 226Ra most probably
exist in the phosphogypsum as a different phase with
CaAI3(PO4)2(OH)5-H2O as the likely carrier. The

Fig. 3 pH and Total
dissolved solids (g/\) in
various leach fractions
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Fig. 4 Relationship between
TDS and 226Ra activity
concentration in various
leach fractions
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work of Santos et al. (2006) also support this view but
suggests that the radionuclide is present in the iron-
oxide fraction. No elemental analysis was done on
Philippine phosphogypsum therefore no assumption
can be made on the phase-preference of 226Ra in the
matrix of Philippine phosphogypsum.

It is clear, at this point, that Philippine phospho-
gypsum exhibits the typical characteristics of phos-
phogypsum from other countries. If we extrapolate
the results of the above experiments to actual
conditions during heavy rainfall we can conclude that
226Ra activity (4-5% of the initial 226Ra activity in the
phosphogypsum) can leach to the bottom of the PG
pond in a solution of mixed salts and residual acid. At
this point, migration of the radionuclide through the
soil and into the underlying groundwater is apparent.

226Ra migration through soil

The likelihood of the leaching medium reaching the
water column as it percolates through layers of soil
was partially assessed in vitro. Four soil samples
collected in the vicinity of the phosphate fertilizer
plant were used in the experiment. Of the four

2.00 2.50

TDS (g/L)

3.00 3.50

samples, two were loam, one was clay loam and the
other was sandy loam. The phosphogypsum extract
was analyzed to have a 226Ra activity concentration of
1,491-mBq/l with pH of 3.72.

The property of soil to sequester and hinder
mobility of cations has been well established. This
inherent characteristic of soil can account for the
226Ra activity concentration reduction after passing
through the soil sample (Table I). The overall
chemistry of the soil would generally affect move-
ment of 226Ra within the soil matrix hence the
difference in the activity reduction in loam and in
sandy loam. This capacity of soil to sequester 226Ra
was also demonstrated by El-Mrabet et al. (200.5) in
their assessment of drainage water from a phospho-
gypsum-amended farm lot. Considering the signifi-
cant reduction after passing through soil it would be
safe to surmise that 226Ra has very low chance of
reaching the groundwater level.

226Ra in groundwater of Isabel, Leyte, Philippines

Results from our in vitro soil leach study imply that
the soil in the phosphate fertilizer plant area would be

Table 1 Ra Activity reduction

Initial activity extract (mBq/1)
After passing through soil
Percent activity reduction

after passing through soil

Loam soil 1

l,491±30.6
28.5±4.13
98.09

Loam soil 2

1,491 ±30.6
Not detected
>98.99"

Clay loam

1,491 ±30.6
Not detected
>98.99a

Sandy loam

1,491 ±30.6
14.5 ±6.74
90.27

" 15.8 mBq/1 (the lower limit of detection for this matrix using this method) was approximated as the final activity after passing
through soil sample
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able to deter the intrusion of 226Ra into the water
table. This assumption was validated by taking
multiple samples of groundwater from natural springs
and artesian wells around the area of the phosphate
fertilizer plant. Due to the relatively low leaching
percentage of 226Ra from phosphogypsum and the
filtering capacity of the soil, it would be expected that
the levels of 226Ra in the groundwater samples would
be very low. In order to quantify 226Ra in these water
samples another method employing the LSC was
developed and employed. Results of analysis of the
groundwater samples are listed in Table 2.

It can be seen from the table that the levels of
226Ra activity in groundwater are very low except for
the monitoring well for the H2SO4 plant. The plant
normally has occasional acid spills from production
which potentially find its way to the soil. It has been
reported that 226Ra has a propensity to leach faster
through the soil if the particles are coarser and the
leachant pH is low (Nathwani and Phillips I <)7X). It is
generally known that, assuming low buffer capacity,
acids reduce the cation-exchange capacity of soil
hence would potentially facilitate leaching of soil-
bound cations including 226Ra. The relatively high
level of 226Ra from this sampling station either reflect
the contribution of 226Ra from phosphogypsum, or,
the spontaneous leaching of natural soil-bound 226Ra

Table 2 "6Ra activity concentrations in groundwater samples
collected in the vicinity of the phosphate fertilizer plant

Table 3 Comparison of m R a activity concentrations ranges in
groundwater samples

Code

PL-Oi
PL-02
PL-03
PL-04
PL-05

PL-07
PL-08
PL-09

PL-10

PL-11
PL-12
PL-13
PL-14
PL-15
PL-16
PL-17

Ground water source

Natural spring
Natural spring
Deep well
Monitoring well
Monitoring well

(H2SO4 plant)

Natural spring
Artesian well

Natural spring
Natural spring
Artesian well
Artesian well
Artesian well
Artesian well
Deep well
Natural spring
Artesian well

226Ra activity
concentration (mBqA)

9.25±0.463
7.02 ± 1.69
12.3il.65
15.9iO.627
93.0±1.92

20.8il.01
ll.7±1.91
17.2±0.786
6.92±1.15
7.09 ±1.66
6.46±2.69
26.7±8.59
21.2±3.03
Not detectable
9.03i7.67
17.3±4.95

Country

Morocco

Egypt
Texas,

USA
China

Bornholra,
Denmark

Tunisia

Lodz,
Poland

Isabel, Leyte,

Philippines

Type of water

Groundwater

Surface water
Groundwater
Groundwater

Groundwater

Wells
(groundwater)

Springs
(groundwater)

Underground
water

Groundwater

226Ra activity
range/average

(Bq/1)

0.0010-0.0250

0.0008-0.0053
0.0503-0.1462
0.041-0.581

0.0011-0.0126

0.5250

0.0340-3.896

0.0100-0.0500

0.006-0.093

Source of
data

Hakam

ct al. 2(101

Ahmed 2U0-I

I.oyd and
Drake l'W<)

Weihai
et al. 2001

Ulbak and
[Cinder

Labidi
c t a l . 2 I IU . '

Jankowski ct
al. 2oon

Present work

promoted by the intrusion of spilled H2SO4 from the
plant. The low level 226Ra activity at the other
monitoring well negates the first possibility.

The levels of 226Ra in these groundwater samples
are not abnormally high. Comparing the 226Ra levels
in groundwater from Isabel, Leytc, Philippines with
those reported values of 226Ra concentration from
other countries (Table .5), it can be seen that the
concentration range in the present work reflects
natural levels of 226Ra in ground water. The activity
concentrations of 226Ra from these samples also imply
that despite the presence of the phosphogypsum ponds
with a potential 4-5% 226Ra leaching the natural
foundation which the ponds are situated is powerful
enough to sequester and immobilize the leached 226Ra
from phosphogypsum.

Conclusion

The activity concentrations of 226Ra in the phosphogyp-
sum ponds in the vicinity of Isabel, Leyte ranged from
as low as 91.5 Bq/kg up to as high as 935 Bq/kg.
However over 50% of the samples analyzed had
concentrations ranging from 90-200 Bq/kg. Leaching
and washing experiments on a composite sample of
Philippine phosphogypsum indicate low 226Ra leaching
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of 4.51% (for washing) to 5.17% (for continuous
leaching) indicating a relatively strong binding of the
radionuclide to the pbosphogypsum matrix. The labo-
ratory in vitro simulation of 226Ra migration through
soil demonstrated that over 90% of mobile (soluble)
226Ra did not pass through indicating that the soil in the
locality of Isabel, Leyte can sequester and therefore
hinder the mobility of the radionuclide into the
underlying groundwater system. Comparing the 226Ra
activity concentration values obtained from various
groundwater samples collected in the locality with those
of natural levels in various parts of the world, it can be
seen that the levels of 226Ra in the groundwater of
Isabel, Leyte is within normal range. From this work, it
can be concluded that, in terms of 226Ra, the presence
of phosphogypsum ponds in the vicinity of Isabel,
Leyte, Philippines is not contaminating its groundwater.
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