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Abstract: This study investigates uranium (U) and thorium (Th) levels in surface beach
sediments from the Central Gulf of Gabes (SE Tunisia), aiming to identify concentration
zones, geochemical behaviors, and enrichment factors. U concentrations ranged from
0.71 to 38.00 mg/kg, exceeding Th levels, which ranged from 1.00 to 10.60 mg/kg. A
positive correlation between U and Th indicates a common source, which is most likely
phosphogypsum wastes, and similar geochemical behaviors. The central sector near
Gabes’ fertilizer factories showed the highest U and Th concentrations, with factors such as
proximity to industrial discharge, port structures’ influence, organic matter enrichment,
low seawater pH, and high phosphorus levels affecting the spatial distribution of these
elements. Thermochemical analysis suggests that U and Th exhibit parallel chemical
behaviors in low-pH, phosphate-rich conditions. This is the first study to document U
and Th presence in phosphogypsum-contaminated beach sediments in Gabes, underlining
potential risks to the environment and human health. The findings of this work contribute
to the international database of U and Th contamination in coastal sediments, providing
essential data to support sustainable strategies aimed at safeguarding human health and
preserving local environments affected by phosphate fertilizer industry pollution.

Keywords: phosphate fertilizer industry; phosphogypsum; uranium and thorium in coastal
sediments; geochemical modeling; thermodynamic analysis; environmental and ecological
risk assessment; sustainable environmental management of polluted zones

1. Introduction
In several Mediterranean phosphate-producing countries such as Spain, Morocco,

Algeria, Lebanon, and Tunisia, fertilizer plants have been established in the coastal zone
for several reasons, such as the availability of economic labor and ability to export large
quantities of industrial products by sea, but also due to the facility to discharge the industrial
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wastes directly into the sea (e.g., Gabes (Tunisia [1]), Annaba (Algeria [2]), El Jadida, Jorf
Lasfar, and Safi (Morocco [3,4]), and Batroun (Lebanon [5])). These industries generally use
phosphate ores (PO; Ca10(PO4)6F2) to produce the phosphoric acid (PA; H3PO4) by sulfuric
acid (SA; H2SO4) wet process [6]. This low-cost dihydrate wet phosphoric acid process
(Equation (1)) is known for its high pollution potential, as it generates two by-products:
hydrogen fluoride (HF) and phosphogypsum (PG; CaSO4·2H2O).

Ca10 (PO4)6 F2 + 10H2SO4 + 20H2O → 6H3PO4 + 10(CaSO4·2H2O) + 2HF (1)

PG is considered an environmental and human health hazardous industrial radio-
chemical waste [6]. It contains several impurities that pose environmental concerns, such as
heavy metals (e.g., As, Cd, Cr, Cu, Zn, Pb, and Hg), rare earth elements (e.g., Ce, Y, La, Nd,
Pr, Sm, and Gd), and naturally occurring radionuclides of the uranium (U) and thorium (Th)
series like 226Ra, 238U, 232Th, 210Pb, 222Rn, and 210Po [6–14]. According to Rutherford et al. [7],
the production of 1 ton of PA produces nearly 5.1 tons of PG. While PG wastes are stored
in stockpiles in some countries, such as in Tunisia [15–17]), Spain [18–20], China [21–23],
USA [24–26], Brazil [27–29], Canada [30–32], South Africa [33–35], Cyprus [36–38], and
Jordan [39–41], these toxic radiochemical wastes are directly discharged in the marine environ-
ment in many other countries, as explained beforehand (Tunisia (Gabes), Algeria (Annaba),
Morocco (El Jadida, Jorf Lasfar and Safi), and Lebanon (Batroun)). This is, for example,
the case of the Gabes factories (located in south-eastern Tunisia; Figure 1), where large
quantities of untreated PG wastes have been discharged into the Central Gulf of Gabes
(CGG), since the 1970s. It is estimated that more than 500 million tons of untreated wet
PG (equivalent to >200 million tons of dry PG) have been directly dumped into the CGG,
since the establishment of the Gabes’ phosphate fertilizer factories (called the Tunisian
Chemical Group or Groupe Chimique Tunisien; GCT) in 1972, with an average of 30 × 103 t
of wet PG per day (~14,400 t of dry PG day−1 [1,42]). These wastes are being discharged
into the marine environment in a liquid form called “gypseous water”, which results from
the dissolution of PG in seawater used for the acid cooling process [43,44], to avoid the
clogging of PG in the littoral discharge channel (Figure 1). This PG waste discharging
process is known to lead to the formation of PG foams (PGF), which are rich in organic com-
pounds (24.7% [43,44]). In addition, the simultaneous discharge of other acidic industrial
wastewater, such as fluorinated wastewater, makes the discharge of gypseous water highly
acidic [45]. Previous studies showed that gypseous water and PGF are the main sources
of contamination in the Gulf of Gabes and dispersion vectors of radiochemical industrial
pollutants in the southern Mediterranean Sea [6,43,44].

Since the 1980s, numerous studies have been conducted to investigate the industrial
pollution in the Gulf of Gabes [1,46–55] and its ecological and environmental effects, repre-
sented mainly by the loss of biodiversity and contamination of living organisms [56–64],
seawater quality degradation [45,65], marine sediment quality degradation [66–69], habitat
destruction [53,70–72], and biological invasions [73–77]. Thus, the phosphate fertilizer in-
dustry has transformed the Gulf from the most productive and most important fishing area in
the Mediterranean Basin [70,78–80] to its main marine pollution hotspot and most impacted
marine area in the world [1,46,81]. Despite having received continuous contamination during
several decades, the CGG has been scarcely monitored regarding transport and accumulation
patterns of the resulting pollutants throughout the Mediterranean environment.

While most of the cited studies focused on PG-associated heavy metals (e.g., Zn, Cu,
Cr, Cd, Pb, and Hg), no works assessed the contamination of the coastal environment
with radioelements, although PG was reported to be a potential source of toxic radio-
pollutants such as U and Th [6,7,10,12]. It is estimated that the central coastal area of
the Gulf of Gabes receives 8.41 tons of U and 3.89 tons of Th yearly via the PG wastes
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discharged from the GCT fertilizer plants [6], leading to a cumulative quantity of 420.5 and
194.5 tons, respectively, since 1972. These enormous quantities of discharged radioelements
are likely to pose serious hazards to the natural environment and humans due to their
high radiotoxicity [6,10,12]. Despite the seriousness of this environmental issue, the levels
of radioelements present in the different compartments of the coastal ecosystem of the
Gulf of Gabes remain unknown. The present work is a contribution to fill this knowledge
gap and is aimed at (i) investigating, for the first time, the spatial distribution of U and
Th concentrations in the surface beach sediments close to the coastal fertilizer factories of
Gabes, (ii) examining the geochemical behavior of these two radioelements in seawater,
considering environmental factors using thermodynamic models, and (iii) evaluating their
potential environmental and human health risks in the study area.
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Figure 1. Map of the study area showing sampling locations (ME: Metouia; GH: Ghannouch;
LG: Gusir Ben Amara (Legusir); CE: Chatt Sidi Abd Essalam (CE1 and CE2); CR: Corniche; LM:
Limaoua; ZT: Zarat), the locations of the Gabes phosphoric acid plant littoral waste discharge, and
the commercial and fishing ports of Gabes. The red dot in the upper right map indicates the location
of the sampling area in Tunisia.

2. Materials and Methods
2.1. Study Area, Sampling, and Laboratory Analyses

The central part of the Gulf of Gabes (Lesser Syrtis auct.) is located in south-eastern
Tunisia (Figure 1). Surface beach sediment samples were collected between Metouia Beach
and Zarat, over ~50 km of coastline (Figure 1). Beach sediment samples were collected from
8 sites (in 3 sectors) including Metouia (ME), Ghannouch (GH; Northern sector), Gusir Ben
Amara (LG), Chatt Sidi Abd Essalam (CE1 and CE2; central sector), Corniche (CR), Limaoua
(LM), and Zarat (ZT; Southern sector) (Figure 1 and Table 1). LG, CE1, and CE2 stations
are located close to the industrial complex, between the fishing and commercial ports of
Gabes (Figure 1). The central sector hosts the GCT littoral industrial discharge, which
is known to be the most contaminated area in the Gulf of Gabes [66,81]. The sampling
sites were located in the intertidal zone of the beach. At each site, 5 sediment samples
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(equidistant by ~5 to 10 cm) were collected from the upper 0–10 cm surface beach sediment
layer, cleared of all debris (such as shell fragments and seagrass debris), and mixed together
to make a representative composite sample [66]. The eight collected composite samples
were preserved separately in clean and well-sealed polyethylene bags and transported
immediately to the laboratory where they were stored at 4 ◦C, until further analysis.

Table 1. Detailed description (Area and GPS coordinates (D.D.)) of sampling sites in the central area
of the Gulf of Gabes. PG: phosphogypsum; PGF: phosphogypsum foam; PR: Phosphate Rock. Station
abbreviations: ME: Metouia; GH: Ghannouch; LG: Gusir Ben Amara (Legusir); CE: Chatt Sidi Abd
Essalam (CE1 and CE2); CR: Corniche; LM: Limaoua; ZT: Zarat.

Sectors Stations (N → S) Area Description Latitude (◦N) Longitude (◦E)

Northern
sector

ME No anthropogenic source of pollution; intensive coastal fishing activity; presumed as a
non-polluted site. 34.046564 10.034136

GH Some industrial (ICF) and domestic pollution sources; intensive coastal fishing activity;
presumed as a moderately polluted site. 33.946650 10.075997

Central
sector

LG
In the vicinity of the industrial (GCT fertilizer factories) and domestic waste (water and solids)
littoral discharge points, which are considered to be the main sources of marine pollution in

the Gulf of Gabes.
33.912483 10.103112

CE1 Located in the inter-harbor area (Chatt Sidi Abd Essalam beach); important mix of industrial
(PG, PGF, PR, fluoridated wastewater, etc.) and urban wastewater marine discharges; low

coastal fishing activity; considered to be the most polluted site in the Gulf of Gabes.

33.904828 10.108053

CE2 33.897073 10.113337

Southern
sector

CR In front of Corniche beach; rare coastal fishing activity; presumed as a non-polluted site. 33.888606 10.119686

LM No anthropogenic source of pollution; average coastal fishing activity; presumed as a
non-polluted site.

33.829291 10.177279

ZT 33.702642 10.345200

In the laboratory, the composite samples were separately dried, homogenized, and
stored. Thereafter, 0.5 g of each composite sample was digested using a mixed solution of
H2O2-HNO3-HCl, following the USA EPA method 3050B [82]. The determination of U and
Th concentrations in the sediment samples was made using an Agilent 7900 Inductively
Coupled Plasma Mass Spectrometer (ICP-MS), with detection limits equal to 0.01 and
0.004 mg.kg−1, respectively. The accuracy of the analytical method was evaluated by
repeatedly measuring the concentrations of the two radioelements in the certified standard
reference material MRGeo08 throughout analytical sessions. Measured values were well
in agreement with reported values (5.6 ± 0.6 vs. 5.5 ± 0.3 mg.kg−1 for U, n = 3; and
20.0 ± 2.0 vs. 21.7 ± 2.3 mg.kg−1 for Th, n = 3). Additionally, the total organic carbon (TOC)
and fine fractions of sediment (FF, Ø < 63 µm) were determined in the sediment composite
samples using the Leco C230 Carbon/Sulfur Analyzer (Leco Europe, France) and the AFNOR®

stainless steel sieve with a 63 µm opening (Haver and Boecker, France), respectively.

2.2. Data Analysis
2.2.1. Environmental and Ecological Risk Assessment

The environmental and ecological risks of the beach sediment contamination with U
and Th were assessed using the following indexes: the contamination factor (Cf), Pollution
Load Index (PLI), geo-accumulation index (Igeo), and Potential Ecological Risk Index (PERI;
Table A1). In the absence of a toxicity response coefficient for Th (TTh; Table A1), only the
individual potential ecological risk of U (EU) was calculated. This was considered as the
final Potential Ecological Risk Index (PERI) at each site. Because of the non-availability of
data on the natural levels of U and Th in Tunisian coastal sediments, the site CR (Figure 1)
was used for background values for these two radioelements, since it shows the lowest
levels in this study. Other unpolluted natural sands on Mediterranean beaches show
similar values ranging from 0.30 to 2.06 mg.kg−1 (3.67–25.66 Bq.kg−1) for U and 0.19 to
3.21 mg.kg−1 (0.76–13.08 Bq.kg−1) for Th [83]. The concentration values were converted
from Bq.kg−1 to mg.kg−1 using conversion factors given by Kritsananuwat et al. [84]
(1 µg.g−1 of U = 12.43 Bq.kg−1 of 238U; 1 µg.g−1 of Th = 4.07 Bq.kg−1 of 232Th).
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Pearson correlation analysis was conducted to examine the potential influence of
the distance to the industrial littoral discharge (DILD), the fine fraction of sediments (FF;
∅ < 63 µm), and total organic carbon (TOC), as well as station-corresponding seawater pH
and phosphate concentrations in seawater on the spatial distribution patterns of U and
Th concentrations in surface beach sediments in the study area. Statistical analyses were
performed using MS Office Excel (MS Office 2019 Pro Plus).

2.2.2. Numerical Modeling

We attempted to model the U and Th chemical behaviors in seawater in the specific
conditions of the CGG, considering only inorganic parameters (seawater pH and seawa-
ter phosphate concentration). Natural dissolved uranium and thorium concentrations
in seawater are significantly different (for Mediterranean seawater, 1.11 mg.kgw−1 and
4.82 mg.kgw−1, respectively [85,86]) due to their distinct chemical properties. Indeed,
uranium is referred to as a conservative element, meaning that it is not extensively used
by the biota, hence forming ions or radicals that are highly soluble and not surface reac-
tive [87], while thorium is non-conservative, due to being highly scavenged by particles [88].
It is noteworthy that their concentrations in rivers are very close (respectively, 0.1 and
0.19 mg.kgw−1 for Th and U [89]), demonstrating their differential reactivity in seawater.

For this study, modeling calculations were performed using the PHREEQC soft-
ware (2.15.07 version) [90,91]. Starting dissolved concentrations for major elements
were taken from the average seawater composition [92] (Table A5 in Appendix E), with
dissolved U and Th concentrations taken from the study of Roy-Barman et al. [85],
which refers to the Mediterranean Sea (measurements were made during the DYFAMED
project). The speciation of U was added to the Lawrence Livermore National Laboratory
(LLNL) thermodynamic database [93]; Th was already present in the LLNL database with
21 compounds, especially thorianite (Tables A6 and A7). This database includes more
than 50 U-bearing components, to which four additional components were added, namely,
autunite, uraninite, Uranyl-H-orthophosphate, and uranyl orthophosphate (see details
in Table A8). For this open system, we assumed gas equilibrium between seawater and
atmosphere (i.e., pCO2 = 10−3.4 bars, and pO2 = 10−0.69 bars). In detail, we first calcu-
lated the U (i.e., Th) speciation and the saturation indexes for all the U-bearing phases
(i.e., Th-bearing phases) for a progressive addition of U (i.e., Th), mimicking the efflu-
ent inputs. Saturation indexes (SIs) are calculated according to the following equation
(log scale):

SI = log
(

Q
K(T)

)
(2)

where Q is the ionic product and K(T) is the reaction equilibrium constant. Secondly, the
oversaturated phases were allowed to precipitate to determine the most thermodynamically
stable compound.

Speciation calculations of U and Th vs. pH (from 3 to 10) and phosphate concentration
(from 0.1 to 10 mg.kgw−1) were performed to explore the effect of these two parameters.
To that end, we used the PHREEPLOT software (2.15.07 version) [94] with the following
starting hypothesis: Th and U concentrations were considered equal to average values
in the Mediterranean Sea [85], that is, 4.82 and 1.11 mg.kgw−1, respectively. The effect
on the speciation of U and Th was calculated for an average phosphate concentration of
1.17 mg.kgw−1 and an average pH of 7.74, which are representative of our study area [45]
(see Table A2).
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3. Results
3.1. U and Th Concentrations and Distribution

Table 2 summarizes the U and Th concentrations (mg.kg−1 d.w.), total organic carbon
(TOC; %), and fine fractions (FF; %) in the beach surface sediment samples, collected
from the central area of the Gulf of Gabes. U concentrations varied from 0.71 mg·kg−1

(in CR) to 38.00 mg.kg−1 (in LG), while those of Th ranged from 1.00 mg.kg−1 (in CR) to
10.60 mg.kg−1 (in LG). In general, U concentrations were higher than those of Th, with
averages equal to 10.77 mg.kg−1 and 3.60 mg·kg−1, respectively. The highest concentrations
of these two radioelements were found in the central sector (LG, CE1, and CE2; Table 2),
where the active GCT industrial discharge channel is located (Figure 1). Concentrations
of U and Th were found to follow a decreasing pattern from the central sector toward the
southern or northern sites.

Table 2. U and Th concentrations (mg·kg−1 d.w.), organic matter content (TOC; %), fine fraction (FF;
∅ < 63 µm; %), and distance to the industrial littoral discharge (DILD; km) of beach surface sediments
collected from the Central Gulf of Gabes. Station abbreviations: ME: Metouia; GH: Ghannouch; LG:
Gusir Ben Amara (Legusir); CE: Chatt Sidi Abd Essalam (CE1 and CE2); CR: Corniche; LM: Limaoua;
ZT: Zarat.

ME GH LG CE1 CE2 CR LM ZT

U 1.62 ± 0.08 1.25 ± 0.06 38.0 ± 1.9 33.0 ± 1.6 9.6 ± 0.5 0.71 ± 0.04 0.77 ± 0.04 1.14 ± 0.06
Th 1.38 ± 0.07 1.22 ± 0.06 10.6 ± 0.5 6.6 ± 0.3 2.43 ± 0.12 1.00 ± 0.05 2.14 ± 0.11 3.46 ± 0.17

TOC 0.040 ± 0.002 0.020 ± 0.001 6.1 ± 0.3 1.06 ± 0.05 0.120 ± 0.006 0.010 ± 0.001 <0.010 0.070 ± 0.004
FF 0.23 0.09 0.35 0.36 0.11 0.13 0.21 2.65

DILD 16.20 4.54 0.005 1.02 1.98 3.12 11.54 32.36

3.2. U and Th Behavior Explained by Geochemical Modeling

Results of the numerical modeling of U mineral saturation factors for the three sectors
(northern, central, and southern sectors) are depicted in Figures 2–4, respectively. For
the northern sector (Figure 2), modeling results revealed that only a moderate increase in
the U concentration in seawater (~×2, 1.11 to 2.22 mg.kg−1) leads to the oversaturation
of several U-bearing minerals (Figure 2, left side). As expected, some of them are U-
phosphates (namely, autunite) and others are simple U-bearing silicates, namely, haiweeite
and soddyite. The most stable thermodynamic form of U-bearing minerals was found to
be the soddyite phase ((UO2)2 SiO4:2H2O), except for stations LG and CR, where autunite
can also form. The theoretical precipitation of this compound could lead to a substantial
decrease in U concentrations in seawater (Figure 2, right side, ME and GH stations). Using
the same reasoning, the potential precipitation of thorium phases was also calculated. In
this case, thorianite (ThO2) is largely oversaturated, except in the LG station.

In the central sector (Figure 3), despite the elevated dissolved phosphate concentrations
(sites LG, CE1, and CE2 (in the CE stations (CE1 and CE2), the SI of thorianite increases
with U concentrations, which seems illogical. In fact, the SI of thorianite changes because
the addition of U from a low pH gradually increases the pH)), the low seawater pH (3.61 to
4.35) prevents U-phosphate formation, and the solution did not reach oversaturation with
respect to U-phosphates. Most extreme conditions are found at the LG site (i.e., the effluent),
which exhibited a very low seawater pH (pH = 3.61 [45]). We arrive at the same conclusions
for the northern sector as for the southern sector (CR, LM, and ZT stations depicted in
Figure 4): soddyite is the most stable mineral. In this sector, the CR station, bordering
the previous zone, exhibits an intermediate behavior with the potential formation of both
autunite and soddyite.
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Figure 2. Thermodynamic modeling for stations ME and GH (northern sector), using the LLNL
database. Left side: saturation indices for various U-bearing compounds vs. increasing concentrations
of U in solution (in mg.kgw−1; simulating the discharge from factories). Right side: first y-axis:
equilibrium precipitation and corresponding moles of the most stable phase, here soddyite (black
line) only; second y-axis: remaining U concentration (red line) in solution after mineral precipitation.
NB: Compounds whose saturation indexes are below the minimum y value (i.e., −4) are not depicted
e.g., autunite-H.
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Figure 3. Thermodynamic modeling for stations LG, CE1, and CE2 (central sector), using the LLNL
database. Left side: saturation indices for various U-bearing compounds vs. increasing concentrations
of U in solution (in mg.kgw−1; simulating the discharge from factories). Right side: first y-axis:
equilibrium precipitation and corresponding moles of the most stable phases, here autunite (violet) or
soddyite (black); second y-axis: remaining U concentration (red) in solution after mineral precipitation.
NB: Compounds whose saturation indexes are below the minimum y value (i.e., −4) are not depicted.
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Figure 4. Thermodynamic modeling for stations CR, LM, and ZT (southern sector), using the LLNL
database. Left side: saturation indices for various U-bearing compounds vs. increasing concentrations
of U in solution (in mg.kgw−1; simulating the discharge from factories). Right side: first y-axis:
equilibrium precipitation and corresponding moles of the most stable phases, here autunite (violet)
and/or soddyite (black); second y-axis: remaining U concentration (red) in solution after mineral
precipitation. NB: Compounds whose saturation indexes are below the minimum y value (i.e., −4)
are not depicted.

Figure 5 shows the results of U and Th speciation in seawater calculated according to
two relevant parameters, namely, pH and phosphate concentration. In order to calibrate
our model, we first performed calculations under the conditions of natural seawater. The
results were found aligned with previous calculations and observations: U is mainly
solubilized as uranyl phosphates and carbonate complexes [95], whereas Th is solubilized
as a charged phosphate species, Th(HPO4)3

2− for acidic pH and, as a neutral species,
(Th(OH)4), precisely a polyhydroxyl colloidal complex, for clearly basic values [95,96].
In the case of the CGG, using the average phosphate concentration corresponding to the
eight sampling sites (1.27 mg.kg−1 [45]) and a seawater pH range (depicted as the blue
area), from 3.61 to 7.98, U and Th speciation are heavily modified (Figure 5A). In this
scenario, these two elements exist in a solution associated with several ligands, among
which phosphate is important at low pH. This change may have major importance for
the fate of these elements since the solutions are heavily oversaturated relative to some
phosphate compounds (e.g., autunite for U, Ca(UO2)2(PO4)2(H2O)3); the speciation of Th
shows that Th(HPO4)3

2−, a dissolved species, is more abundant compared to amorphous
colloidal forms, like Th(OH)4, more common in the open sea.

Secondly, the speciation of U and Th as a function of the concentration of phosphate
was modeled, considering the average seawater pH of the non-polluted sampling sites of
this study (7.74 from sites ME, GH, CR, LM, and ZT; Table A2). As phosphate concentration
increases, U and Th complexes shift very gradually to carbonate and hydroxyl to phosphate
compounds (Figure 5B).
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For the study area of the Gulf of Gabes, we have considered that the threshold from
“natural seawater” speciation to “polluted seawater” speciation is a seawater pH below ca.
7.5 and a seawater phosphate concentration greater than 3 mg.kgw−1.
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Figure 5. Uranium (left side) and thorium (right side) speciation calculated according to pH and
phosphate concentrations. The blue area delimits the range of values observed in the Gulf of Gabes
(Table A1). In detail, the effect of pH (A) is modeled with a phosphate concentration of 1.17 mg.kg−1,
whereas for the effect of phosphate concentration (B), the pH is set to 7.74 (see text for more details).
The thermodynamic database used in the calculations is the LLNL.

3.3. U and Th Fate in the Gulf of Gabes

Pearson correlation analysis revealed a positive correlation (r = 0.94, p < 0.001; Table A3
in Appendix D) between U and Th concentrations in beach sediments, suggesting that the
two radioelements share a common pollution source (most likely the GCT phosphogypsum
wastes) and similar geochemical behavior in the marine environment of the CGG (transfer
from seawater to sediments). Furthermore, our results show that the concentrations of U
are negatively correlated with DILD and FF factors but positively correlated with TOC.
In fact, U concentrations in beach sand were found to increase on sites near the GCT
industrial littoral discharge (LG, CE1, and CE2; Figure 1), with high organic matter (an
average of 2.44%) and low fine fraction in sediments (an average of 0.27%). In contrast,
U decreases outside the central sector. Similarly, Th was revealed to have a positive
correlation between this radioelement and TOC (r = 0.91) and a negative correlation to
the DILD (r = −0.29; Table A3) but no correlation to the FF. The concentrations of both
radioelements in beach sediments show a negative correlation to pH in corresponding
seawater samples and a positive correlation to phosphate concentration in seawater. This
suggests that both radioelements could be precipitated from seawater at low pH and high
phosphate concentrations. The strong correlation between TOC and seawater phosphate
suggests that they have the same source. The main source of phosphate in seawater being
phosphogypsum, which is acidic, agrees with the negative correlation with seawater pH.

3.4. Environmental and Ecological Risk Assessment of Coastal Sediment Contamination by
U and Th

In the case of U, very high Cf values (Cf ≥ 6) were recorded in LG (Cf = 53.5), CE1
(Cf = 46.5), and CE2 (Cf = 13. 6), confirming that the central sector is the most contaminated
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site (Table 3). In the case of Th, Cf values ranged between moderate (1 ≤ Cf < 3; CE2) to
very high (LG and CE1). However, the entire study area is considered polluted based on
PLI values (PLI > 1; Table 3), which reached their maximum values in LG (PLI = 23.9).
Furthermore, the geo-accumulation index (Igeo) showed that, except for the central sector
(whose stations were assessed as moderately to strongly contaminated (CE2; 2 < Igeo ≤ 3)
and extremely contaminated (LG and CE1; Igeo > 5)), all other sectors/sites were found to
be uncontaminated (Igeo ≤ 0; MT, GH, CR, and LM) and uncontaminated to moderately
contaminated (0 < Igeo ≤ 1; ZT) by U and Th.

Table 3. Values of the environmental and ecological assessment indexes (contamination factor: Cf;
Pollution Load Index: PLI; geo-accumulation index: Igeo; Potential Ecological Risk Index: PERI; EU:
individual potential ecological risk of U), calculated for each of the stations sampled in the Central
Gulf of Gabes. Details on these indexes can be found in Table A1.

Stations
(N → S)

Cf PLI Igeo PERI

U Th Value U Th Total EU

MT 2.3 1.4 1.8 −0.4 −0.1 −0.5 91.3
GH 1.8 1.2 1.5 −0.8 −0.3 −1.1 70.4
LG 53.5 10.6 23.9 4.2 2.8 7.0 2141
CE1 46.5 6.6 17.5 4.0 2.1 6.1 1859
CE2 13.6 2.4 5.7 2.2 0.7 2.9 542
CR 1.0 1.0 1.0 −1.6 −0.6 −2.2 40.0
LM 1.1 2.1 1.5 −1.5 0.5 −0.9 43.4
ZT 1.6 3.5 2.4 −0.9 1.2 0.3 64.2

The central sector (LG, CE1, and CE2) was found to be the sector with the highest
ecological risk for marine wildlife, with values ranging from considerable (300 ≤ PERI < 600;
CE2) to very high (PERI ≥ 600; LG and CE1). In contrast, low ecological risks (PERI < 150)
were revealed in the two other sectors (Table 3).

The comparison of the U levels recorded in the CGG with those found in other
countries showed that, except for Camargue (France [97]), U levels recorded here are much
higher than those measured in the coastal areas of Malaysia [98], Kalpakkam (India [99]),
the Red Sea (Egypt [100]), Bushahr (Iran [101]), and the Atlantic coasts of the USA ([102];
Table 4). In addition, Th concentrations measured in this study were found to be higher
than those of Malaysia [98] and the American Atlantic and Gulf coasts [102], lower than
those recorded in Kalpakkam [99] and Camargue [97], and similar to those assessed in the
Red Sea [100] and Bushahr ([101]; Table 4).

Table 4. Comparative table of U and Th concentrations in sand (mg·kg−1 d.w.) in the Central Gulf of
Gabes with those recorded in sand in other coastal regions of the world. Concentration values were
converted from radioactivity values for Camargue (France), the coastal areas of Malysia, Kalpakkam
(India), the Red Sea (Egypt), Bushahr (Iran), and the Atlantic coasts of the USA using conversion
factors given below (*).

Locations Range/Mean U Th References

Gulf of Gabes
(Tunisia)

Range 0.71–38.00 1.00–10.60 Present
studyMean 10.77 3.60

Camargue (France)

Range 7.64–180.21
(95–2240 Bq.kg−1) *

33.17–852.58
(135–3470 Bq.kg−1) *

[97]
Mean - -
Mean - -
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Table 4. Cont.

Locations Range/Mean U Th References

Coastal areas of
Malaysia

Range 3.00–6.60 0.01–0.68
[98]

Mean 4.49 0.26

Kalpakkam (India)
Range 2.90–20.76

(36–258 Bq.kg−1) *
86.49–951.35

(352–3872 Bq.kg−1) *
[99]

Mean 9.98
(124 Bq.kg−1) *

396.31
(1613 Bq.kg−1) *

The Red Sea (Egypt)
Range 0.58–3.29

(7.2–40.9 Bq.kg−1) *
0.91–9.31

(3.7–37.9 Bq.kg−1) * [100]
Mean - -

Bushahr (Iran)

Range 0.97–6.03
(12–75 Bq.kg−1) *

1.97–8.11
(8–33 Bq.kg−1) *

[101]
Mean 1.83

(22.7 Bq.kg−1) *
3.05

(12.4 Bq.kg−1) *

Atlantic and Gulf
Coasts (USA)

Range 0.3–0.6 1–2
[102]

Mean - -

* The conversion factors: 1 µg g−1 of U = 12.43 Bq.kg−1 of 238U; 1 µg g−1 of Th = 4.07 Bq.kg−1 of 232Th [84].

4. Discussion
4.1. Uranium and Thorium Geochemical Behaviors

Uranium and thorium are naturally occurring radioactive elements derived from the
Earth’s crust (2.7 and 10.5 mg.kg−1, respectively [103]) with trace concentrations found
in seawater (3.3 × 10−3 and 2 × 10−8 mg.kgw−1, respectively [104]). In the marine en-
vironment, elements can be classified into three different groups: those that are soluble
in seawater, those that are insoluble, and those that are soluble but particle-reactive and
thus removed from the dissolved phase by adsorption onto sinking particles (scavenging
phenomenon). As summarized by Cumberland et al. [105], the most influential factors af-
fecting U solubility are the pH, oxidation status, organic matter, redox (including microbes),
and complex ions. In contrast, dissolved Th is mainly controlled by the adsorption onto
marine particles. In natural seawater, dissolved Th is mainly present as Th(OH)4 oxide,
which is very particle-reactive [106]. Hence, the two radioelements have a contrasting
geochemical behavior in natural seawater [98]. While Th is rapidly scavenged onto sinking
particles and transferred to the seafloor [106], U tends to remain in solution at natural
seawater pH [98]. 234Th/238U disequilibria are widely used to determine scavenging rates
in surface waters [107]. In the central sector of our study area, the two radioelements
appeared to have the same geochemical behavior in seawater, clearly showing sedimentary
transfer. Indeed, according to the results shown in Figure 5, the low seawater pH (3.61–4.35)
and high seawater PO4

3− concentrations (0.85–5.60 mg·kg−1; Table A2) seem to cause U
precipitation from seawater and, consequently, the increase in radioelement concentrations
in sediments (Table 2). Based on our results, high concentrations of both U and Th in marine
sediments could constitute indicators of anthropogenic inputs from phosphate fertilizer
plants. Further studies are needed to precisely characterize the mineral phases under which
U and Th precipitate.

It is well-known that in the presence of OM, U mobility is reduced through complex-
ation and mineral formation [108,109]. Previous studies have shown that Th has a high
tendency to bind to certain organic phases such as acidic polysaccharides [110]. Modeling
U, Th, and organic matter (OM) interactions combined with inorganic modeling is not pos-
sible because of incomplete thermodynamic data and the high variability of OM [111,112].
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Nevertheless, we suggest that, in the Gulf of Gabes, OM may act as a trap for dissolved U
and Th, promoting transfer to the particulate phase.

4.2. Factors Influencing the Spatial Distribution of Uranium and Thorium

According to our results, several factors lead to the spatial distribution patterns of
U and Th concentrations in beach sediments of the Central Gulf of Gabes. The distance
to the GCT industrial discharge (DILD; Table A3), which is the primary source of these
two elements in the marine area of this study (20.8 kg.day−1 of U and 9.62 kg.day−1

of Th [6]), is considered as the main environmental factor influencing U and Th spatial
distribution patterns. Meanwhile, the harbor structures trap these radioelements in the
central sector (the area located between the commercial and fishing ports of Gabes; Figure 1),
making the coast of Chat Sidi Abd Essalam an accumulation site for the various GCT
industrial wastes [67]. The physical barriers of the two ports most likely limit the spread of
pollutants [56,66,67], leading to exceptionally high concentrations of U and Th in the central
sector. This agrees with the conclusions of previous works, which recorded increased levels
of several heavy metals (Cd, Cu, Cr, Zn, and Pb) in the central sector, where the industrial
waste discharge is located [1,56,66].

Organic matter is known for its high sorption affinity for radioelements due to its strong
binding sites (e.g., -COOH, -CONHO-, -O=POOO-, R-S-R and R-N-R groups, etc. [44,113]).
Within this context, it is worth noting that the sediments of the central sector are highly
enriched with OM, compared to the sediments of the other sectors (Table 2). OM in the
Gulf of Gabes comes from two main sources: (i) GCT industrial waste, which includes
the gypseous water, phosphogypsum foams, and phosphate ores, and (ii) discharges from
Gabes wastewater treatment plants, which are often discharged without any treatment
in Chatt Sidi Abd Essalam ([6,43–45]; Figure A1A). In addition, the low seawater pH
and its high phosphorus concentration lead to enhanced U precipitation from seawater
(Figure 5), which leads to increased U concentrations in (beach) sediments. Put together,
five environmental factors seem to increase the content of U and Th in beach sediments of
the Central Gulf of Gabes: the proximity to GCT industrial waste discharge, the catchment
effect of port structures, the high content of OM in sediments, the high PO4

3− concentrations
in seawater, and the low seawater pH. Among these factors, [PO4

3−] and pH have no effect
on Th marine sediment concentrations.

4.3. Environmental, Ecological, and Health Impacts of U and Th Contamination in
Beach Sediments

Based on the results of the environmental and ecological risk assessment analysis and
the alarming values of the calculated indices (Cf, PLI, Igeo, and PERI), the central sector
(Figure 1) was found to be the most affected by U and Th contamination (Table 3). Among
the different sectors studied herein, the central sector, which hosts the GCT industrial
waste discharge (Figure 1), is considered the most ecologically dangerous zone for both
marine biota and human health [1,12,43,44,66]. For instance, the coast of Chatt Sidi Abd
Essalam (Figure 1) is locally recognized as “the cemetery” of the Mediterranean Sea where
mortality events of several marine species are frequently recorded. The mortality events in
this central sector were recorded with the following species: Caretta caretta (mass mortality),
Larus michahellis (mass mortality), Chroicocephalus genei (mass mortality), Phalacrocorax carbo
(mass mortality), Larus fuscus, Hydroprogne caspia, Podiceps cristatus, Tursiops truncatus, Liza
aurata, Dicentrarchus labrax, Atherina hepsetus, Liza saliens, Lithognathus mormyrus, Portunus
segnis, Aurelia aurita, Sepia officinalis, etc. (Figure 6). It is worth noting that the protected
loggerhead sea turtle (Caretta caretta; e.g., Barcelona Convention (1976), Bonn Convention
(1979), and Bern Convention (1982)) remains among the most affected marine species by
industrial pollution in the Central Gulf of Gabes (Figure 6(1–3)); [12,13,44,45]. In 2015, The
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International Union for Conservation of Nature (IUCN) listed C. caretta as vulnerable in
the Red List of Threatened Species [114]. According to local testimonies, C. caretta used to
nest in the Central Gulf of Gabes before the installation of the GCT fertilizer factories in
Gabes (which happened in 1972). During our systematic visits to the central sector over the
past years, we recorded several paralyzed seabirds (especially Larus michahellis, and Sterna
hirundo), in addition to other marine species presenting some skeletal malformations such
as the blue swimming crab (Portunus segnis) and the golden grey mullet (Liza aurata), as
shown in Figure 7. The malformations in marine organisms found on CGG beaches are
probably partly due to contamination with radioelements, including U and Th and their dis-
integration products (238U (234Th, 226Ra, 210Pb. . .), 232Th (228Ra, 228Th, 208Tl. . .) [115–118].
Marine organisms are contaminated with these two radioelements and their disintegration
products by direct ingestion (feeding, sediment, seawater, PGF, and microplastics), inhala-
tion (evaporation from seawater, airborne fine fractions of sediments, and PGF), and/or
dermal absorption (contact with sediments, PGF, and seawater [12,42–44]).
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Figure 6. Photographs of some dead organisms/species encountered frequently in Chatt Sidi Abd
Essalam beach (the central sector): (1–3): Caretta caretta; (4): Xiphias gladius; (5): Ardea cinerea; (6): Sterna
hirundo; (7): Chroicocephalus genei; (8): Tursiops truncatus.

In addition to marine fauna, the health of local inhabitants seems to be affected by
U and Th contamination. Residents can be contaminated through the inhalation of con-
taminated airborne fine fractions of sediments and/or PGF, consumption of contaminated
seafood, and direct dermal contact, especially in Chatt Sidi Abd Essalam, where the un-
treated industrial waste is directly discharged into the sea (Figure 1). In addition, the locals
use the contaminated beach sediments as fertilizers for their agricultural fields (locally
called “agricultural vitamins” due to high levels of phosphorus), directly contaminating
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their crops (Figure A1B). The human diseases that are commonly observed in Gabes, par-
ticularly in Chatt Sidi Abd Essalam (the central sector, most polluted zone), include lung,
prostate, kidney and bone cancer, liver tumors, kidney damage, cardiovascular diseases,
birth defects, impotence, abortion, and many more, with high cancer mortality rates. Sev-
eral international organizations, such as the ATSDR [119], WHO [120], NCI [121], and US
EPA [122,123], previously published studies reporting that U and/or Th contamination
can be a cause of these latter diseases [124–126]. However, it is important to note that
these radio-contaminants (U, Th, and their disintegration products) do not act alone but in
cocktails with other types of contaminants (heavy metals and rare earth elements) that are
found in high concentrations in the various types of untreated industrial wastes dumped by
the GCT factories directly in the natural environment [44]. These untreated wastes include
PG (~10.5 × 106 tons of wet PG y−1), phosphate ores, used catalysts, sulfide dross, acid gas
washing water and seawater used for the acid cooling system (350.4 × 106 m3.y−1 for both),
sulfide oxides (SO2; 21.02 × 103 tons.y−1), fluorinated gases (131.4 tons.y−1), nitrogen
oxides (NOx; 876 tons.y−1), ammonia gas (NH3; 438 tons.y−1), dusts (1.6 × 106 tons.y−1),
and smelly gases (219 tons.y−1) [67,127]. Contaminants, such as heavy metals (e.g., As,
Cd, Cr, Pb, and Hg) and rare earth elements (e.g., Eu, Dy, Pr, Ce, and Gd), are widely
known for their high toxicity for both humans and animals [13,128,129]. To confirm the
link between the observed human diseases and marine pollution, including U and Th, it
is urgent to conduct epidemiological studies on the local population. These could help in
developing solutions to mitigate impacts and contribute to the safety and protection of
local populations and natural environments.
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Figure 7. Skeleton-deformed individuals of Portunus segnis (1) and Liza aurata (2) observed in Chatt
Sidi Abd Essalam beach (the central sector).

5. Conclusions and Recommendations
Overall, the results of this study improve our understanding of the present U and

Th distribution patterns in the surface sediments of the Central Gulf of Gabes and the
factors responsible for them. The highest concentrations of U and Th were recorded in the
central sector, near the industrial littoral discharge of the GCT factories. U and Th appeared
to originate from the same source (GCT’s phosphogypsum wastes) and to share similar
geochemical behaviors (preferential transfer from seawater to sediments). Our study also
showed that the main factors affecting the spatial distribution of U in sediments are the
proximity to the industrial waste littoral discharge, catchment role of the port structures,
high organic matter concentrations in sediments, high seawater phosphorus concentrations,
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and low seawater pH. The distribution of Th in marine sediments was shown to be linked
to the same factors, except seawater phosphorous concentration and pH.

The waste of local phosphate fertilizers is likely to be responsible for the various
observed environmental, ecological, and human health impacts in the Central Gulf of
Gabes. It is, therefore, urgent to determine and execute a monitoring program of pollutants,
such as U and Th, in the different compartments of local ecosystems including seawater,
sediments, seafood, and agriculture fields fertilized by the contaminated beach sands.
Adopting a sustainable environmental management approach for the Central Gulf of Gabes
would help to design the necessary waste treatment and discharge regulations in Tunisia,
in order to protect the environment, natural resources, and public health in the Gulf of
Gabes but also in the entire Mediterranean Sea.
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Figure A1. (A) Coastal discharges of untreated wastewater into the sea of Chatt Sidi Abd Essalam via
Ennaten wadi (the old bed of Gabes wadi); (B) the use of the contaminated beach sand of Chatt Sidi
Abd Essalam (in red arrow) as “natural” fertilizer in the oasis agricultural fields.
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Appendix B

Table A1. Indexes and methods used in the environmental and ecological risk assessment of the
beach sediments in the Gulf of Gabes.

Indexes Formulae/Description Variables Scales and Interpretation References

Contamination
factor (Cf)

Cf = Cs/Cb

• Cs: trace element
concentration in the sample
• Cb: trace element
background concentration

• Cf < 1: low factor
• 1 ≤ Cf < 3: moderate factor
• 3 ≤ Cf < 6: considerable factor
• Cf ≥ 6: very high factor

[130]

Pollution Load
Index (PLI)

PLI = (Cf1 × Cf2 ×
Cfn)1/n

• Cf: contamination factor
• n: number of trace
elements analyzed

• PLI ≤ 1: non-polluted
• PLI > 1: polluted [131]

Geo-
accumulation

index (Igeo)
Igeo = log2 (Cs/1.5 × Cb)

• Cs: trace element
concentration in the sample
• Cb: trace element
background concentration
• 1.5: background matrix
correction factor

• Igeo ≤ 0: uncontaminated
• 0 < Igeo ≤1: uncontaminated to
moderately contaminated
• 1 < Igeo ≤ 2: moderately
contaminated
• 2 < Igeo ≤ 3: moderately to
strongly contaminated
• 3 < Igeo ≤ 4: strongly contaminated
• 4 < Igeo ≤ 5: strongly to extremely
contaminated
• Igeo > 5: extremely contaminated

[132]

Potential
Ecological Risk

Index (PERI)
RI = ∑ Ei

r = ∑ Ti
r × Ci

f

• RI: sum of individual
potential ecological risk for
all trace elements
• Ei

r: PERI of an individual
trace element
• Ti

r: toxic-response factor
for a given trace element
(TU = 40 [133])
• Ci

f: contamination factor

• RI < 150: low ecological risk
• 150 ≤ RI < 300: moderate
ecological risk
• 300 ≤ RI < 600: considerable
ecological risk
• RI ≥ 600: very high ecological risk

[130]

Appendix C

Table A2. Values in seawater used in the calculations depicted in Figures 2–4 [45].

Sectors Stations
(N → S) pH T (◦C) P (mg.kgw−1) U (mg.kgw−1) *

Northern
sector

ME 7.84 26.7 <0.14

1.11

GH 7.62 27.5 0.27 ± 0.01

Central
sector

LG 3.61 31.2 5.61 ± 0.09

CE1
4.35 28.4 0.85 ± 0.14

CE2

Southern
sector

CR 7.32 26.9 0.63 ± 0.12

LM 7.89 25.4 0.36 ± 0.08

ZT 7.98 26.2 0.33 ± 0.10
* Average concentration in seawater, z < 200 m, Dyfamed trap zone located at 43◦25′ N–7◦52′ E [85].
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Appendix D

Table A3. Pearson correlation matrix (r = 0.94, p < 0.001) between U and Th concentrations in the sur-
face beach sediments, total organic content (TOC), the fine fraction of sediments (FF; ∅ < 63 µm), the
distance to industrial littoral discharge (DILD), seawater pH, and seawater phosphate concentrations
(P) on each of the 8 stations (MT, GH, LG, CE1, CE2, CR, LM, and ZT) in the Central Gulf of Gabes.

U Th TOC FF DILD pH P

U 1.00
Th 0.94 1.00

TOC 0.81 0.91 1.00
FF −0.15 0.08 −0.11 1.00

DILD −0.52 −0.29 −0.36 0.85 1.00
pH −0.88 −0.76 −0.66 0.28 0.65 1.00
P 0.76 0.87 0.99 −0.14 −0.37 −0.67 1.00

Table A4. Statistical significance (p-values) of correlations between variables, shown in Table A3. The
variables are U and Th concentrations in the surface beach sediments, total organic content (TOC),
the fine fraction of sediments (FF; ∅ < 63 µm), the distance to industrial littoral discharge (DILD),
seawater pH, and seawater phosphate concentrations (P) on each of the 8 stations (MT, GH, LG, CE1,
CE2, CR, LM, and ZT) in the Central Gulf of Gabes.

U Th TOC FF DILD pH P

U -

Th 0.0006 -

TOC 0.0144 0.0015 -

FF 0.7186 0.8490 0.8399 -

DILD 0.1847 0.4831 0.3619 0.0080 -

pH 0.0037 0.0272 0.0675 0.5006 0.0786 -

P 0.0236 0.0031 2.4 × 107 0.8304 0.3551 0.0685 -

Appendix E
Thermodynamic data was added to the LLNL database [93], which was used for

modeling U and Th behavior in seawater with the PHREEQC computer program.

Table A5. Seawater composition [92], mg.L−1 unless otherwise noted.

Calcium 412.3
Magnesium 1241.8
Sodium 10,768.0
Potassium 399.1
Iron 0.002
Manganese 0.0002
Silica as SiO2 4.28
Chloride 19,553.0
Alkalinity as HCO3

− 141.682
Sulfate as SO4

2− 2712.0
Nitrate as NO3

− 0.29
Ammonium as NH4

+ 0.03
Uranium Var.
pH, standard units 8.22
pe, unitless 8.451
Temperature, ◦C 25.0
Density, kg/L 1.023
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Table A6. Uranium speciation [91].

U+4 + 4 H2O = U(OH)4 + 4 H+

log K = −8.538
U+4 + 5 H2O = U(OH)5

− + 5 H+

log K = −13.147
U+4 + 2 H2O = UO2

+ + 4 H+ + e−

log K = −6.432
U+4 + 2 H2O = UO2

+2 + 4 H+ + 2 e−

log K = −9.217
UO2

+2 + H2O = UO2OH+ + H+

log K = −5.782
2UO2

+2 + 2H2O = (UO2)2(OH)2
+2 + 2H+

log K = −5.626
3UO2

+2 + 5H2O = (UO2)3(OH)5+ + 5H+

log K = −15.641
UO2

+2 + CO3
−2 = UO2CO3

log K = 10.064
UO2

+2 + 2CO3
−2 = UO2(CO3)2

−2

log K = 16.977
UO2

+2 + 3CO3
−2 = UO2(CO3)3

−4

log K = 21.397

Table A7. Thorium speciation [93].

2 HPO4
−2 + 2 H+ + Th+4 = Th(H2PO4)2

+2

log K = 23.2070
2 HPO4

−2 + Th+4 = Th(HPO4)2
log K = 22.6

3 HPO4
−2 + Th+4 = Th(HPO4)3

−2

log K = 31.1894
2 H2O + Th+4 = Th(OH)2

+2 +2 H+

log K = −7.1068
3 H2O + Th+4 = Th(OH)3

+ +3 H+

log K = −11.8623
4H2O + Th+4 = Th(OH)4 +4H+

log K = −16.0315
2 SO4

−2 + Th+4 = Th(SO4)2
log K = 9.6170

3 SO4
−2 + Th+4 = Th(SO4)3

−2

log K=10.4014
4 SO4

−2 + Th+4 = Th(SO4)4
−4

log K=8.400
2 Th+4 + 2 H2O = Th2(OH)2

+6 +2 H+

log K = −6.4618
8 H2O + 4 Th+4 = Th4(OH)8

+8 +8 H+

log K = −21.7568
15 H2O + 6Th+4 = Th6(OH)15

+9 +15 H+

log K = −37.7027
Th+4 + Cl− = ThCl+3

log K = 0.9536
2 Cl− + Th+4 = ThCl2+2

log K = 0.6758
3 Cl− + Th+4 = ThCl3+

log K =1.4975
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Table A7. Cont.

4 Cl− + Th+4 = ThCl4
log K = 1.0731

Th+4 + F− = ThF+3

log K = 7.8725
2F− + Th+4 = ThF2

+2

log K = 14.0884
3F− + Th+4 = ThF3

+

log K = 18.7357
4 F− + Th+4 = ThF4

log K = 22.1515
Th+4 + HPO4

−2 + H+ = ThH2PO4
+3

log K = 11.7061
2H+ + Th+4 + HPO4

−2 = ThH3PO4
+4

log K = 11.1197
Th+4 + HPO4

−2 = ThHPO4
+2

log K = 10.6799
Th+4 + H2O = ThOH+3 +H+

log K = −3.8871
Th+4 + SO4

−2 = ThSO4
+2

log K = 5.3143

Table A8. Log K for autunite, Uranyl_H_orthophosphate, Uranyl_orthophosphate [134],
uraninite [90], and thorianite [93].

Uraninite
UO2 + 4 H+ = U+4 + 2 H2O

log K = −3.490
Autunite
Ca(UO2)2(PO4)2(H2O)3 = Ca+2 + 2UO2

+2 + 2PO4
−3 + 3H2O

log K = −48.36
Uranyl_H_orthophosphate
UO2HPO4(H2O)3 = UO2

+2 + HPO4
−2 + 3H2O

log K = −13.17
Uranyl_orthophosphate
(UO2)3(PO4)2(H2O)4 = 3UO2

+2 + 2PO4
−3 + 4H2O

log K = −49.36
Thorianite

ThO2 +4 H+ = Th+4 + 2 H2O
log K =1.8624
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