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Abstract
This work focuses on the study of water–sediment interaction around abandoned uranium mines with open-pit lakes and 
mine dumps. Nineteen water and eleven stream sediment samples were collected in the abandoned Barrôco D. Frango 
mine, central Portugal. The trace element distribution was compared with other abandoned uranium mines in Portugal and 
worldwide. Generally, U, Th, and As contents in the open-pit water are high and similar to those of downstream water, sug-
gesting its influence on aquatic systems. In abandoned mines with small to medium U exploitation, the stream sediments 
are moderately to heavily contaminated with U, Th and As, being U and As the most important contaminants, confirmed by 
their partition coefficients. A moderate to considerable potential ecological risk (34–79) was found around the abandoned 
Barrôco D. Frango mine area, mainly due to As contents in stream sediments. Water and stream sediments from abandoned 
U mines worldwide have U levels of up to 436 µg/L and 5024 mg/kg, respectively, while those from Barrôco D. Frango 
have 37.3 µg/L and 189 mg/kg, respectively. However, the longer the distance from the Barrôco D. Frango open-pit lake 
and mine dump, the higher U, Th and As contents in stream sediments, which is a warning indicator. Cluster heat maps of 
the water composition from four abandoned uranium mine areas show that Mondego Sul and Barrôco D. Frango mines are 
the most geochemically similar. Results show that stream sediments should be included in water quality management and 
future remediation plans of abandoned uranium mines.
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Introduction

There are about 150 uranium mines in the EU (Raeva et al. 
2014), ca. 60 of which were economically exploited in the 
north and central mainland Portugal (between 1908 and 
2001; e.g., Carvalho 2014). In central Portugal, most of 
the uranium mine sites are located in the uranium-bearing 
Beiras area; however, nowadays, most of them are closed 
and abandoned (Carvalho et al. 2010; Pereira et al. 2014). 
These mines have legacies of millions of tons of waste rock 
and mill tailings (World Nuclear Association 2015). Most 
of these mines are not remediated and some of them also 
have open-pit lakes.

Uranium mining activities are an important contributor 
to the anthropogenic flux of uranium to the environment 
(Sen and Peucker-Ehrenbrink 2012). Uranium mines are 
also often associated with the environmental release of 
potentially toxic elements (e.g., Costa et al. 2017; Neiva 
et al. 2014, 2015, 2016, 2019; Antunes et al. 2018, 2019, 
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2020, 2021) from ore, waste rocks and reagents used in the 
extraction process (Cuvier et al. 2016) inducing adverse 
influence on water, sediments and human health. The aban-
doned open-pit lakes associated with mine exploitation are 
responsible for the trace elements dispersion to streams and 
aquifer systems, through water–rock interaction processes 
(Bowell 2002).

Several studies have shown that stream sediments in 
abandoned uranium and radium mining areas accumulate 
significant higher potentially toxic elements contents (Yi 
et al. 2020; Zheng et al. 2020). Contaminants are preferen-
tially stored in the suspended matter than in dissolved form, 
due to the affinity of trace elements for the particulate phase 
(Singh et al. 2005; Hsu et al. 2016; Addo-Bediako et al. 
2021; Astatkie et al. 2021). Ultimately, the suspended sol-
ids can be accumulated in bottom sediments by settling and 
processes of water–sediment-biological components which 
can occur with adsorption, desorption, precipitation and bio-
logical adsorption (Wang and Li 2011). The interaction of 
potentially toxic elements in the interface water–sediment 
depends on several factors, including the physico-chemical 
characteristics of water (Miranda et al. 2021), mineralogy 
of sediments (Xie et al. 2018), cation exchange capacity and 
sediment grain size (Shang et al. 2011; Tansel and Rafiud-
din 2016) and type of available complexing agents in water, 
such as carbonates, phosphates and sulfates, etc. (Silva and 
Nitsche 1995; Langmuir 1997). These parameters influ-
ence the chemical form of contaminants (speciation) and 
control their mobility, bioavailability and toxicity (Tessier 
and Campbell 1987). The oxidized species of uranium  (UVI) 
typically form more stable aqueous complexes and are more 
mobile than the reduced forms (Mühr-Ebert et al. 2019). 
However, potentially toxic elements present different mobil-
ity, such as reduced arsenic species that are more mobile and 
toxic than oxidized species (Panagiotaras and Nikolopoulos 
2015).

Stream sediments have an important role in the retention 
of contaminants. Therefore, stream sediments are considered 
a good indicator for water quality, anthropogenic history of 
metal pollution and ecological impacts (e.g., Yan et al. 2010; 
Wang et al. 2018; Calmuc et al. 2021). Sediment quality 
and ecological indicators have been developed to assess the 
pollution status and ecological risk of potentially toxic ele-
ments, such as geo-accumulation index (I-geo), contamina-
tion factor (Cf) and ecological risk index (RI). An estimation 
of the mobility of contaminants in the streams has been also 
applied through the determination of partitioning coefficient, 
which determines the ratio of metal concentrations between 
solid and dissolved phases at equilibrium (Jung et al. 2005; 
Feng et al. 2017).

In literature, there are several studies considering the 
radiological effects of uranium, however, few studies on 
the distribution of uranium and thorium concentrations in 

worldwide aquatic environments are reported. This assess-
ment is essential to understand the mobility and toxicity 
of contaminants in aquatic environments and allow to take 
measures to avoid the environmental and ecological impacts. 
Therefore, the main objective of this study is to understand 
the distribution and mobility of uranium, thorium and other 
potentially toxic elements concentrations, from uranium 
mine dumps and open-pit lakes to stream sediments, surface 
water and groundwater around abandoned uranium mines. 
The study will be developed on four main topics, consider-
ing the: (1) interaction between stream sediments and sur-
face water; (2) dispersion of potentially toxic elements from 
mine dumps and open-pit lake to downstream mining area; 
(3) assessment of the quality and potential ecological risk 
of stream sediments; and (4) comparison of potentially toxic 
element contents from stream sediments and waters of the 
study area with those of other abandoned uranium mining 
areas from central Portugal and worldwide.

Geological setting and site description

The abandoned Barrôco D. Frango uranium mine is located 
close to Freixo village, in the Almeida Municipality, about 
30 km north of the town of Guarda, 180 km from the city of 
Coimbra (Fig. 1a). Geologically, the study area belongs to 
the Central Iberian Zone (CIZ) of the Iberian Massif and the 
uranium mine is associated with Variscan uranium-bearing 
granites (Fig. 1b), where other abandoned uranium mines 
also occur (Fig. 1c). The coarse-grained porphyritic two-
mica granite predominates in the area and surrounds the 
fine-grained two-mica granite and the very coarse-grained 
porphyritic two-mica granite (Fig. 1b). There are several 
quartz veins, basic dykes and aplitic veins trending NE–SW, 
which cut the coarse-grained porphyritic two-mica granite. 
Quartz veins also cut the very coarse-grained porphyritic 
two-mica granite.

The mine consists of a mineralized breccia composed of 
chalcedony, masses of granite, and Fe-oxides with autunite, 
torbernite and pitchblende. The mineralized breccia, up to 
1.5 m thick, contacts with a quartz vein trending N21–46°E, 
78–80°NW and cuts the very coarse-grained porphyritic 
two-mica granite. The host granite is altered, having sec-
ondary muscovite, hematite, and kaolinite. A clay-filled 
fault occurs along with the mineralized breccia and quartz 
vein. The average  U3O8 grade of the mineralized structures 
is 0.10%, with a maximum grade of 1.31% (Junta de Energia 
Nuclear 1957). The mine was active for 1 year (1988–1989) 
and 20.8 tons of  U3O8 were exploited by open-pit works 
(Parra et al. 2002). The abandoned Barrôco D. Frango ura-
nium mine has an open-pit lake 50 m long and 10 m wide 
(Figs. 2 and 3a). Around the old mine, there are several agri-
cultural areas, some of which are cultivated with potatoes 
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and other crops, vineyards, and pastures. The water from 
open-pit lake is used to irrigate agricultural areas located 
around it (Fig. 3a, b). One dump retained the waste from the 
mine exploitation, composed by material with different grain 
sizes and uranium minerals (Fig. 3c, d) and without any 
compaction. The total waste volume in the area is estimated 
at 40,020  m3 (European Commission 2011). The area was 
not remediated.

The closest village is Freixo, which is located about 
500 m far from the open-pit lake and mine dump. The 
hydrology of the area is dominated by a first-order stream, 
the Cabras stream that is a tributary of the right bank of 
the Côa River, belonging to the Douro River Basin. The 
main surface water drainage directions are E-W and SE-NW 
towards the Cabras stream (Fig. 2). The surface drainage 
has a low water flux (Fig. 3b) in the summer and locally 
the stream dries. The mine dump and the open-pit lake are 
located about 2.2 km East of the Cabras stream (Cabras 
stream drainage basin) (Fig. 2). The mine dump is located 
very close to the open-pit lake (less than 100 m) (Fig. 2) and 

was only slightly covered by vegetation (Fig. 3c), promoting 
direct infiltration of water and transport of material.

The sampling campaign was done during the hydrologi-
cal year of 2016/2017, in which the monthly precipitation 
ranged from a maximum of 80.7 mm in November 2016 
to a minimum of 0.1 mm in July 2017 (SNIRH 2018). 
The minimum temperature reached – 3 °C during winter 
(December–March) and up to 40 °C during the summer 
(June–September).

Materials and methods

Sampling and analysis

A total of eleven stream sediment samples, located down-
stream of the open-pit lake and mine dump (DPL) (S1, S2, 
S5, S6, S7, S9, S12, S13, S14, S18 and S19) and one outside 
the mining influence (OMI) (S15) (Fig. 2), were collected 
in March 2016. Sediment composite samples were collected 

Fig. 1  Abandoned uranium 
mines areas: a Geographical 
location on the map of Portu-
gal; b Geological map of the 
Barrôco D. Frango mine area 
(adapted from Vila Franca das 
Naves and Almeida Portuguese 
geological maps (LNEG) at 
the scale of 1/50000; Teixeira 
et al. 1959; 1962); c Geo-
graphical location of abandoned 
Mortórios, Barrôco D. Frango, 
Mondego Sul and Vale de 
Abrutiga uranium mines
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up to 20 cm depth from the streambed in the middle of the 
channel using a scoop or a grab depending on water col-
umn depth. Then, samples were transported in polyethylene 
bags to the Department of Earth Sciences of the University 
of Coimbra (Portugal). They were dried at 40 °C, disag-
gregated with a silicone hammer and sieved through 2 mm 
and 250 μm sieves. The pH was measured in a solid–water 
suspension (liquid/solid ratio of 2.5) and using the British 
standard (British standard 1995a). The electrical conduc-
tivity (EC) was measured in a liquid/solid ratio of 1/5 and 
using the (British standard 1995b). The pH, EC and tem-
perature were measured using multi-element equipment 
of Hanna Instruments. Stream sediment samples < 250 μm 
were digested with aqua regia (3:1 HCl–HNO3), filtered 
through a 2 μm pore size filter and analyzed for Al, As, Co, 
Cr, Cu, Fe, Mn, Ni, Pb, Sr, Th, U, W and Zn by Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES 
of Horiba Jovin Yvon, model YV20002 spectrometer with a 
monochromator). An in-house soil was prepared with aqua 
regia and analyzed and validated using the certified sewage 
sludge amended soil BCR-143 R. A laboratory standard and 
duplicate blanks were analyzed at the beginning and the end 
of determinations of the stream sediment samples. The pre-
cision of determinations was better than 4%. The detection 
limits were converted from mg/kg by estimation using the 
equation (DL /mg/kg) = (X*0.1)/m, where X is the DL at 

(mg/L) given by the ICP-OES analysis and m is the average 
of heavy masses of the samples in kg. The detection limits 
are presented in Appendix A.

Five stream sediment samples (S1, S6, S12, S13, S14) 
containing the highest and one (S15) the lowest U and Th 
concentrations were selected to obtain the percentages of 
gravel (> 2 mm), sand (2 mm–63 μm), silt (63–4 μm) and 
clay (< 4 μm), through the combination of two methods: 
sieving the fraction > 63 μm and by laser diffraction analysis 
of the fraction < 63 μm with a Coulter laser granulometer 
(2 mm–0.04 μm; precision up to 2%). A Philips PW3710 
X-ray diffractometer, with a Cu tube, at 40 kV and 80 
nA, was used to obtain the mineralogical composition of 
the < 2 μm fraction in oriented samples before and after heat-
ing to 550 °C, but also with an ethylene glycol treatment. 
These determinations were carried out in the Sedimentology 
Laboratory of the Department of Earth Sciences, University 
of Coimbra.

The organic matter (OM) and cation exchange capacity 
(CEC) were determined in the selected stream sediment 
samples. An elemental analyser (SC 144 DR, LECO) was 
used to determine the organic carbon (OC) by combustion. 
The samples were heated at 590 °C, oxidized to  CO2 and 
quantified in the infra-red gas cell. The Van Bemmelon 
factor of 1.724 (Tabatabai 1996) was used to quantify the 
organic matter (% OM = %OC × 1.724), with an accuracy of 
1%. The CEC, in cmol/kg, was determined with 1 M ammo-
nium acetate pH 7 (1/10) extraction (Thomas 1982) followed 
by atomic absorption spectrometry (PinAAcle 900 T, Perkin 
Elmer). At pH 7.0, the CEC was calculated from the indi-
vidual cation values (sum of exchangeable bases + exchange 
acidity). The exchange acidity was obtained by extraction 
with 1 N potassium chloride (1/20) and titration with NaOH 
at pH = 7.0 (Chernov 1947; Nye et al. 1961) with an accu-
racy of 0.38%. These determinations were carried out in 
the Soil and Fertility Laboratory of the Agrarian School of 
Coimbra (Portugal).

A total of 19 water sampling points (1 open-pit lake—
W1; 6 wells—W16, W4, W5, W8, W10; W11, 3 springs—
W17, W2, W3 and 9 streams—W15, W6, W7, W9, W12, 
W13, W14, W18, W19; Fig. 2) were collected four times 
in the hydrological year, in March, July and November 
2016 and January 2017, respectively. A total of 72 water 
samples were analyzed for  F−,  Cl−,  NO2

−,  SO4
2−,  NO3

−, 
 PO4

3−,  HCO3
−, Na, K, Ca, Mg, Al, B, Ba, Cd, Co, Cr, Cu, 

Fe, Li, Mn, Ni, Pb, Sr, Zn, As, Th and U. Four streams were 
dry during the sampling (W6, W9, W12 and W18) and one 
spring (W3); thus, a total of six samples were not sampled 
(July and November 2016). The water samples from the 
stream (W15), well (W16) and spring (W17) are located at 
the OMI (Fig. 2; Appendix A).

The pH, oxidation–reduction potential (ORP), electri-
cal conductivity (EC), temperature and dissolved oxygen 

Fig. 2  The abandoned Barrôco D. Frango uranium mine study area, 
with the location of the mine dump, open-pit lake, stream sediment 
(S) and water (W) samples
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(DO) were measured in situ with Hanna Instruments Model 
HI9829. The Eh corresponds to the ORP result + 209 accord-
ing to the Ag:AgCl electrode used as a reference for the 
assumed T = 15 °C (Nordstrom and Wilde 2005). The alka-
linity  (HCO3¯) was measured according to the method of 
Brown et al. (1970). Due to the small size of the stream sam-
pled, waters were collected below the water surface, trying 
to move the bottle up and down to sample the entire vertical 
column of water avoiding sediments that could modify the 
water composition. Groundwater samples were collected 
from pumping wells after several hours of pumping before 
sampling to remove groundwater stored in the well and rain-
water. Afterward, groundwater was collected at about 1 m 
below the surface using a grab sampler. The water samples 
were transported in polypropylene bottles within cooler 
boxes to the Department of Earth Sciences—University of 
Coimbra. The samples were filtered through 0.45 μm pore 
size cellulose acetate membrane filters. Anions were deter-
mined in non-acidified samples by chromatography with a 
Dionex ICS 3000 Model. The samples for the determination 
of cations were acidified with  HNO3 to pH 2 and analyzed 
by an ICP-OES at the same Department. Duplicate blanks 
and a laboratory water standard were analyzed for quality 

control. The precision was better than 5%. The detection 
limits of elements analyzed in waters are given in Appendix 
A. The total dissolved solids (TDS) and total solids (TS) 
were determined after evaporation of 100 mL of filtered and 
unfiltered water through 0.45 μm filters, respectively. Ion 
balance errors are better than 10%.

Speciation modeling

The speciation modeling was carried out using the PhreeqC 
3.1.5 software and sit database (Parkhurst and Appelo 1999). 
The alkaline earth elements reactions and log K values were 
added to the PhreeqC input file (Dong and Brooks 2006; 
Geipel et al. 2008) for the uranium modeling, as follows,

2Ca2+   +  UO2
2+   +  3CO3

2− =  Ca2UO2(CO3)3;  log 
K = 30.79.

Ca2+ +  UO2
2+ +  3CO3

2− = CaU(CO3)3
2−; log K = 27.18.

Mg2+  +  UO2
2+ +  3CO3

2− =  MgUO2CO3
2−; log K = 26.11.

Sr2+ +  UO2
2+  +  3CO3

2− = Sr  UO2 (CO)3
2−; log K = 26.86.

2Sr2+ +  UO2
2+  +  3CO3

2− =  Sr2UO2(CO)3; log K = 29.73.
The saturation index (SI) is an indicator that identifies 

the saturation status of minerals in the water. When SI = 0, 
the minerals in the aqueous solutions are in equilibrium, 

Fig. 3  Selected photographs of the sampling campaign in March 
2016: a W1 sample site (for location see Fig. 2), located in the NNE 
margin of the open-pit lake; b collecting the water sample W13 from 
the Cabras stream, the most downstream sample site from the study 

area, also showing the surrounding agricultural areas; c an exposure 
of the mine dump; d observed uranium minerals (e.g., autunite) in the 
mine waste materials (the coin´s diameter is 25.75 mm)
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when SI < 0, the minerals in the aqueous solutions have not 
reached saturation and remain in solution. When SI > 0, an 
oversaturation of water by the given mineral is reached and 
mineral precipitation will occur. The SI was determined 
using PhreeqC and is defined as follows (1),

where IAP is the ion activity product and Keq is the equilib-
rium constant of mineral dissolution at a chosen temperature.

Interaction between stream sediments and water

The partition coefficient ( Kd kg L−1 ) is the ratio between a 
pollutant concentration in sediment Cs(mg Kg−1) and its con-
centration in water Cw(mg L−1) , in a balanced water–sedi-
ment system. The partition coefficient is, thus, a useful 
parameter to determine the behavior of potentially toxic 
elements in a water environment and reflects the potential 
ecohazard and migration of pollutants between water phase 
and solid phase.

The logKd of the stream sediments/waters from Barrôco 
D. Frango were compared with those from USEPA (2005) 
and IAEA (2010).

Contamination indexes

Geo‑accumulation index

The geo-accumulation index ( Igeo ) was proposed by Mül-
ler (1979) and is an evaluation method used to quantify the 
degree of metal accumulation in soils and sediments. It is 
calculated as follows:

where Cn is the element concentration in the sediment, and 
Bn is the background concentration of the element. In this 
study, the background concentration of the element is the 
median determined by Ferreira (2000). Factor 1.5 is used to 
minimize the effect of variations in the background values, 
which can be due to lithogenic variations or local anthropo-
genic effects. The classes of Igeo are presented in Table 1.

Potential ecological risk

The potential ecological risk index (RI) was proposed by 
Håkanson (1980) to use sediments as a diagnostic tool for 
aquatic pollution control purposes, by assessing the poten-
tial ecological risk considering both the toxicity and the 
response factor of metals. This index is computed in three 
different phases; in the first phase the contamination factor 

(1)SI = log
IAP

Keq

,

(2)I
geo=log2

(

Cn

1.5×Bn

)

,

( Cf  ), in the second phase the potential ecological risk factor 
(ER) is determined and finally, the potential ecological risk 
index (RI) can be calculated as follows (3, 4, 5):

where Ci
D
 is the element concentration in each sample; Ci

R
 

is the background value, in this study is the median values 
(Ferreira 2000); Ti

R
 is the biological toxic factor for each 

element, which are As = 10, Cr = 2, Cu = Pb = Ni = 5, Zn = 1, 
according to Håkanson (1980). The full method to determine 
the ecological risk index includes eight pollutants, however, 
in this study PCBs, Hg and Cd were not considered, and 
classes were readjusted. Therefore, the maximum value of 
Ti
R
 (As = 10) was considered as the lowest level limit of Ei

R
 

and the remaining classes followed by doubles, which means 
that the concentrations of elements within a water system 
are compared with a reference system that has no contamina-
tion ( Ci

f
= 1) (Håkanson 1980). The same procedure was 

used for the first level of RI, which will be the sum of Ti
R
 

values of all elements, which is 28 in this study, thus the 
threshold for RI can be 30. Therefore, the readjusted Ei

R
 and 

RI classes are presented in Table 1.

Statistical methodologies

The water samples composition from the abandoned Bar-
rôco D. Frango uranium mine area was compared with those 
of three selected old Portuguese uranium mines, Vale de 
Abrutiga, Mondego Sul and Mortórios, through the con-
struction of cluster heat maps (Wilkinson and Friendly 
2009), aiming to establish regional geochemical spatial dis-
tribution patterns for the stream sediments and waters. A 
cluster heat map is a graphical display that reveals together 
row and column hierarchical cluster structure, within a 
data matrix. It consists of a rectangular tiling, with each 
tile shaded on a color scale representing the value intensity 
of the corresponding element. The rows and columns of 
the tiling are ordered such that the most similar stand near 
each other. On the vertical and horizontal margins of the 
tiling are hierarchical cluster trees simultaneously revealing 
row and column’s hierarchical clustering (Wilkinson and 
Friendly 2009; Cerdas et al. 2017). Indeed, exploring fea-
tures/individual matrices to examine how correlated features 

(3)Ci
f
=

Ci
D

Ci
R

,

(4)Ei
R
=

Ti
R

Ci
f

,

(5)RI =

m
∑

i−1

Ei
R
,
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correspond to similar individuals is a powerful classifica-
tion tool. Both features and individuals are clustered inde-
pendently using ascendant hierarchical clustering based on 
Euclidian distances. A heat map is then displayed, reflect-
ing data in the permuted matrix where the data values are 
replaced by corresponding color intensities.

Results and discussion

Geochemistry of waters

Physico-chemical parameters and chemical results of water 
samples from the abandoned Barrôco D. Frango uranium 
mine area are given in Appendix A. According to the Piper 
classification (Piper 1944), most water samples are bicar-
bonate  (HCO3) and mainly of sodium–potassium type, but 
some of them are also of an undefined type and rarely cal-
cium type.

The pH values of waters from open-pit lake range from 
6.23 to 6.86. On the water group OMI, the pH values of 
springs range from 4.97 to 6.24 and those of streams range 
from 6.48 to 7.54. On the water group DPL, pH values of 
springs range from 5.64 to 6.73, wells from 5.31 to 7.39 and 
streams from 5.83 to 7.55 (Appendix A). These results are 
consistent with those reported in the literature (e.g., Gómez 
et al. 2006). The water samples present Eh values varying 
from 323 to 602 mV and EC ranging between 13 and 172 
µS/cm, without any differences between water samples col-
lected at the OMI and the DPL (Appendix A).

In general, the waters from the open-pit lake do not show 
concentrations of U and Th significantly different from those 
of surface waters from DPL (Appendix A, Fig. 4). However, 
the open-pit lake presents high Fe and Mn concentrations, 
suggesting the occurrence of high metal contents. Fe and Mn 
contents could have precipitated as oxy-hydroxides in the 
open-pit lake, due to the pH that ranges from 6.23 to 6.86, 
as postulated by Eary (1999). These oxy- hydroxides could 

Table 1  Classes of Igeo and adjusted classes of potential ecological risk of potentially toxic elements in stream sediments from Barrôco D. 
Frango

*According to Håkanson 1980

Correspondence between Igeo values and Igeo classes according to Müller (1979, 1981)

Igeo Igeo classes Sediment quality

 < 0 0 practically uncontaminated
 > 0–1 1 uncontaminated to moderately contaminated
 > 1–2 2 moderately contaminated
 > 2–3 3 moderately to heavily contaminated
 > 3–4 4 heavily contaminated
 > 4–5 5 heavily to extremely contaminated
 > 5 6 extremely contaminated

Threshold* Modified threshold Degree of risk

Ci
f
< 1 – Low

1 ≤ Ci
f
< 3 – Moderate

3 ≤ Ci
f
< 6 – Considerable

Ci
f
≥ 6 – Very high

Cd < 8 Cd < 5 Low
8 ≤ Cd < 16 5 ≤ Cd < 10 Moderate
16 ≤ Cd < 32 10 ≤ Cd < 20 Considerable
Cd ≥ 32 Cd ≥ 20 Very high
Ei
R
< 40 Ei

R
< 10 Low

40≤ Ei
R
< 80 10≤ Ei

R
< 20 Moderate

80≤ Ei
R
< 160 20≤ Ei

R
< 40 Considerable

160≤ Ei
R
< 320 40≤ Ei

R
< 80 High

Ei
R
≥ 320 Ei

R
≥ 80 Very high

RI < 150 RI < 30 Low
150 ≤ RI < 300 30 ≤ RI < 60 Moderate
300 ≤ RI < 600 60 ≤ RI < 120 Considerable
RI ≥ 600 RI ≥ 120 Very high
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have flocculated with concomitant adsorption of the metals 
that would have deposited in the deeper layers of the open-
pit. The Eh values of water from the open-pit lake range 
from 374 to 540 mV. The adsorbed metals and uranium 
may eventually enter the solution with a decrease of oxida-
tion–reduction potential and/or pH value. In the campaigns 
carried out in the open-pit lake, there was a decrease in Eh, 
but the pH remained almost constant, and thus the speciation 
of the potentially toxic elements would have remained con-
stant as well (Fig. 5a, b; Appendix A). The water from the 
open-pit has been used for the irrigation of pasture (EDM 
2017), which increases the dispersion potential of U and As 
and probable entrance into the food chain.

The average Na, K, Ca and Mg contents are higher in 
DPL surface and groundwater than in OMI water. Moreover, 
average Al, B, Ba, Co, Cu, Li, Mn, Ni, Sr and As contents 
are higher in DPL surface water, while average Al, B, Cu, 
Li, Sr and Zn contents are higher in DPL groundwaters than 
in OMI waters. There is an attenuation in U and Th contents 
in DPL surface and groundwaters that might be caused by 
adsorption in oxi-hydroxides precipitated in the streams and 
in the groundwater.

The highest U contents in stream water and groundwater 
occurred in the winter (January 2017; Appendix A) with the 
highest water flow and leaching from the dump to down-
stream water as reported in other studies (Neiva et al. 2014, 
2016, 2019; Devaraj et al. 2021). Moreover, the bicarbonate 
released by weathering processes could also affect the car-
bonate species of U that inhibit the U sorption to aquifer 
systems and stream sediments (His and Langmuir, 1985). In 
the open-pit lake, the highest U concentration was reached in 
autumn (November 2016). As reported by other studies, the 
seasonal U variation in water from lakes is caused mainly by 
pH variation, biological activity and internal chemical reac-
tions (e.g., Mochizuki et al. 2016). Some studies reported 
peak concentrations in summer (Mochizuki et al. 2016), 
while others describe high U concentration in water from 

lakes during the autumn and winter seasons (Kubiak and 
Machula 2014). In the Barrôco D. Frango open-pit lake, the 
U dissolved species increase during the autumn due to the 
increase of  HCO3

- concentration and the slight increase of 
Ca concentration that promotes the occurrence of U in the 
solution (Appendix A).

Water geochemical modeling

Speciation modeling was carried at the OMI and DPL 
surface water and groundwater to assess the predomi-
nant species formed by the influence of open-pit lake 
and mine dumps (Table 2). The arsenic occurs as penta-
valent species, however, in surface water samples the 
H(AsO4)2

− (up to 84.8%) occurs predominantly at the OMI, 
whereas  H2(AsO4)− (up to 88.1%) occurs predominantly in 
DPL surface waters. These results are consistent with the 
Eh–pH projection for the system As–Fe–O–H–S (Fig. 5a). 
At the OMI and DPL groundwater samples, there are slight 
differences between the As species in the summer (July 
2016) and winter (January 2017) sampling periods (Table 2). 
Cadmium, Cr, Mn and Ni occur as divalent species and there 
is no obvious variation in the species formed OMI and DPL 
(Table 2). Chromium mainly occurs as Cr(OH)3 (up to 
95.3%), and Cr(OH)2

+ (up to 27.9%), being the most toxic 
form of chromium. Lead mainly occurs as a divalent form 
(54.7—89.2%) that raise the mobility and bioavailability of 
this metal. However, there is a tendency to form  PbCO3 spe-
cies (up to 40.4% in sample W7) in DPL waters, due to the 
near-neutral pH (6.65) and  HCO3

− concentration in water. 
Iron mainly occurs as  FeCO3OH showing evidence of the 
precipitation in these waters.

Uranium occurs as hexavalent species (Fig. 5b), account-
ing for the significant uranium concentrations observed in 
DPL water samples (W7 and W3), mainly due to its mobil-
ity. Thorium and U mainly occur in water as  CO3 complexes. 
The dissolution of uranium minerals with concomitant 

Fig. 4  Box–Whisker plots showing the variability of As, Th and U in surface waters and groundwaters from the abandoned Barrôco D. Frango 
uranium mine area. OMI—outside the mining influence; DPL—downstream of the open-pit lake and mine dump
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oxidation of U(IV) to U(VI) and the formation of strong 
complexes with anions, increase the uranium mobility 
(Langmuir 1978).

Thorium mainly occurs as Th(OH)3(CO3)− (up to 90.1%), 
Th(OH)2(CO3)2

2− (up to 4.5%), Th(OH)2(CO3) (up to 
45.4%) and Th(OH)3

+ (up to 9.7%). Uranium mainly occurs 
as  UO2CO3 (up to 89.9%),  CaUO2(CO3)3

2− (up to 16.1%), 
 (UO2)2(CO3)(OH)3

− (up to 46.7%),  UO2(CO3)2
2− (up to 

46.7%). The  HCO3
− water concentration contributes to the 

formation of these carbonate complexes. Moreover, the for-
mation of uranyl-calcium-carbonate complexes (in surface 
waters W15 and W7, in January 2017), which is related to 
Ca lixiviation by the rain waters reduces the adsorption of 
U(VI) (Stewart et al. 2010). Further studies are required to 
assess the parameters involved in the adsorption of uranyl 
and thorium complex to stream sediments, such as the com-
petition for available adsorption sites and hydrochemical 
conditions.

A significant percentage of uncharged thorium and ura-
nium complexes (up to 45.4% and up to 89.9%, respectively) 
occurs in the water, while the negative charge complex con-
stitutes the dominant complexes thorium and uranium com-
plexes. These carbonate complexes are a result of the pH and 
Eh values (5.83—7.54; 327—564 mV) and carbonate con-
centration. The type and charge of complexes are important 

to understand the adsorption processes and if required, to 
select more efficient remediation processes. In oxygenated 
waters, the formation of these stable complexes of uranium 
enhances its dispersion to the environment (Langmuir 1978; 
Markich 2002). Some water samples (W15, W17, W7 and 
W3) show a saturation index higher than 1, suggesting the 
formation of ferrihydrite, goethite, hematite, lepidocrocite. 
The affinity of dissolved U and Th to Fe-oxide minerals, such 
as hematite and goethite over a wide range of pH conditions 
is well known (Hsi and Langmuir 1985; Moyes et al. 2000), 
retarding their dispersion in the environment. The minerals 
in the open-pit and the groundwater sample, W10, have the 
same precipitation or dissolution trend in the summer and 
winter periods (Table 3), suggesting that this groundwater 
sample may have evolved from the open-pit lake.

Geochemistry of stream sediments

The textural and mineralogical characteristics, physi-
cal–chemical parameters, the potentially toxic element con-
tents in stream sediments from the abandoned Barrôco D. 
Frango uranium mine area are presented in Table 4. The 
sand fraction dominates in all stream sediment samples. 
Quartz, K-feldspar and plagioclase, with accessory bio-
tite and muscovite and, rarely, some detrital grains of iron 

Fig. 5  Eh–pH values for the systems a As–O–H, b U–O–H of the waters from the abandoned Barrôco D. Frango uranium mine area ( Adapted 
from Takeno 2005). OMI—outside the mining influence; DPL—downstream of the open-pit lake and mine dump
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oxy-hydroxides and shales were identified in stream sedi-
ments, in macroscopic observation and under the binocular 
microscope (× 50). The amounts of silt and clay fractions 
are < 8.8% and < 0.9%, respectively. The clay minerals are 
illite (29–53%), kaolinite (25–40%), smectite (0–31%) 
and vermiculite (0.3%). Stream sediments from DPL have 
similar textural characteristics, pH, EC and CEC values as 
the OMI stream sediments (Table 4). The organic matter 
in DPL stream sediments is lower than 0.96% and in OMI 
stream sediment is 2.8%. DPL stream sediments have higher 
As (up to 60.6 mg/kg), Th (up to 81.9 mg/kg) and U (up 
to 189 mg/kg) concentrations and, generally, higher Co, 
Mn and Zn concentrations than the OMI stream sediment 
(Table 4, Fig. 6). Erosion and leaching of the mine dump 
and processes removing these elements from tailings and 
rocks are responsible for their highest concentrations in DPL 
stream sediments. The U is generally more abundant than Th 
due to autunite, torbernite and pitchblende from the breccia.

Water–sediment interaction

Stream sediments show an increase in U and Th contents 
with the increased distance from the open-pit lake, while 
waters present a slight decrease in average U and Th con-
tents (Fig. 6). The partition coefficient logarithm (logKd) 
between DPL stream sediments and water range from 3.61 
to 4.07 for Th and from 3.21 to 4.14 for U (Table 5). The 
mean logKd value of Th is lower than the mean indicated by 
IAEA (2010) (Table 5), which suggests that Th may have 
more affinity to be in solution, indicating that the ecological 
risk in the Barrôco D. Frango area is relatively significant. 
The increase of uncharged Th complexes from upstream 
to downstream (Table 2) may justify the tendency of Th 
to be released into solution (Fig. 6). However, an increase 
in Th concentration is observed in stream sediments from 
upstream to downstream (Fig. 6), probably due to the occur-
rence of negative Th charge complexes with a great affinity 
to be adsorbed by organic matter (Mortvedt 1994; Wang 
et al. 2017) and Fe oxy-hydroxides (e.g., Barnett et al. 2000).

Otherwise, the logKd values of U tends to be higher than 
those reported by IAEA (2010). This is consistent with the 
decrease in average U contents in the DPL water samples 
over a kilometer, due to the adsorption by stream sediments 
(Fig. 6). Within a pH range of 5.15—7.23 (Table 4), U 
(VI) occurs mainly in hydrolyzed forms (Cowart and Bur-
nett 1994; Barnett et al. 2000). Therefore, in slightly acidic 
and near-neutral conditions, U complexes are adsorbed in 
Fe mineral surfaces (e.g., Bargar et al. 2000; Barnett et al. 
2000; Cheng et al. 2007; Zielinski et al. 2008; Gavrilescu 
et al. 2009; Li and Kaplan 2012; Tserenpil et al. 2013). The 
clay percentage (< 4 µm) of the stream sediments is low 
(Table 4), but clay minerals significantly adsorb U (e.g., 
Missana et al. 2004; Bachmaf and Merkel 2011), as well as Ta
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organic matter through complexation and mineral formation 
(e.g., Rios-Arana et al. 2003; Mibus et al. 2007; Cumber-
land et al. 2016; Wang et al. 2017), which may slow down 
uranium transport to downstream and also to downgradient 
aquifers (Dangelmayr et al. 2017).

Generally, As has a logKd (Table  5) higher than the 
median of 2.5 (USEPA 2005), which is consistent with pre-
dominant As (V) species (Table 2) that promotes its adsorp-
tion in stream sediments. Indeed, As and Fe concentrations 
in DPL stream sediments remain approximately constant, 
while there is a slight decrease in the average As content 
in DPL surface waters (Appendix A, Table 4, Fig. 6). Most 
studies reported the decrease of trace elements with distance 
from the potential contamination source (e.g., Wang et al. 
2017). However, this is not observed in the abandoned Bar-
rôco D. Frango mining area. Arsenic, U and Th contents in 
stream sediments are an evidence of their role in the immo-
bilization of these elements, reducing their concentration in 
DPL waters (Table 4, Fig. 6).

Moreover, the highest As and U contents in water are 
observed during winter (January 2017) and spring (March 
2016), respectively, with higher Eh values, when oxidation 
and adsorption of these elements should have occurred 
(Appendix A). Although reductive dissolution of Fe 

(III) (hydr)oxides is recognized as a major remobiliza-
tion mechanism for adsorbed As and U, sorption is highly 
dependent on various factors such as the pH, competition 
from other anions for sorption sites and solute concentra-
tions (Hering and Dixit 2005; Yusan and Erenturk 2011; 
Marshall et al. 2014). Therefore, the Eh does not seem to 
be the unique parameter that influences the adsorption/
desorption of As and U in the aquatic system of the aban-
doned Barrôco D. Frango mining area.

The mean logKd of Co, Cr, Cu and Pb is lower than the 
mean logKd of these elements from USEPA (2005), which 
is related to the predominant divalent forms (Table 2) and, 
consequently, to be released from sediments to the overly-
ing water. Chromium occurs as trivalent form, the most 
toxic and mobile form, which is consistent with a logKd 
ranging from 2.63 to 3.06, and lower than the median 
value of 4.5 (USEPA 2005) (Table 5). The logKd of Zn 
suggests a tendency to be adsorbed by sediments, which is 
indicated by a gradual decrease in DPL water and stream 
sediments (Appendix A). The partition coefficients suggest 
that most elements (Th, Co, Cr, Cu and Pb) tend to be in 
solution, which contributes to their dispersion and subse-
quent water quality degradation. Moreover, the texture, 
mineralogy and chemical composition of stream sediments 

Table 3  Saturation index (SI) of 
minerals in the open-pit water 
and groundwater from Barrôco 
D. Frango

Summer (July 2016) Winter (January 2017)

Phase Composition W1 W10 W1 W10

Anhydrite CaSO4 − 4.33 − 3.99 − 3.88 − 3.64
Aragonite CaCO3 − 2.83 − 3.35 − 2.8 − 3.18
Azurite Cu3(OH)2(CO3)2 3.59 0.5 – –
Autunite Ca(UO2)2(PO4)2 – – − 11.18 − 12.1
Calcite CaCO3 − 2.69 − 3.2 − 2.64 − 3.03
Cuprite Cu2O − 2.59 − 4.86 – –
Dolomite CaMg(CO3)2 − 5.44 − 6.84 − 5.78 − 6.5
Ferrihydrite Fe(OH)3 2.05 0.02 1.74 − 0.66
Goethite FeOOH 6.55 4.04 5.39 3.16
Gypsum CaSO4:2H2O − 4.39 − 3.91 − 3.71 − 3.51
Halite NaCl − 9.18 − 8.96 − 9.27 − 8.37
Hematite Fe2O3 18.11 13.04 15.69 11.25
Hydroxyapatite Ca5(PO4)3OH − 6.42 − 7.43 − 7.22 − 5.93
Jarosite-H (H3O)Fe3(SO4)2(OH)6 − 3.75 − -7.7 − 6.26 − 10.78
Jarosite-K KFe3(SO4)2(OH)6 1.08 − 2.69 − 0.42 − 5.34
Jarosite-Na NaFe3(SO4)2(OH)6 − 1.54 − 5.6 − 3.25 − 8.21
Lepidocrocite FeOOH 5.57 3.54 5.26 2.86
Magnesite MgCO3 − 3.24 − 4.13 − 3.61 − 3.95
Magnetite Fe3O4 16.32 9.19 14.14 7.95
Rhodochrosite MnCO3 − 2.96 − 3.95 − 1.91 − 4.94
Saleeite Mg(UO2)2(PO4)2 – – − 12.05 − 12.92
Siderite FeCO3 − 4.32 − 4.84 − 2.95 − 4.44
Torbernite Cu(UO2)2(PO4)2 – – − 13.78 − 11.35
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are also very important in water quality management and 
the definition of remediation strategies.

Estimation of quality indicators and ecological risk 
assessment

Generally, DPL stream sediment samples have higher geo-
accumulation (Igeo) values for metals; however, an identical 
or even a similar to slightly higher Igeo value for As than 
those of the OMI stream sediment sample (Tables 1 and 6). 
DPL stream sediment samples are moderately contaminated 
in As, moderately to heavily contaminated in Th, heavily to 
extremely contaminated in U and moderately to extremely 
contaminated in W (Table 6).

The potential ecological risk index (RI) evaluates the tox-
icity of potentially toxic elements for the biological com-
munity and is a relevant diagnostic tool for water pollution 
control purposes. The stream sediments from Barrôco D. 
Frango present a low contamination ( Cf  ) for Co, Cr, Cu and 
Ni, low to moderate contamination in Al, Fe, Pb and Zn, low 
to considerable contamination in Mn, considerable to very 
high contamination in As and Th, and very high contamina-
tion in U and W (Tables 1 and 7). The Cd ranges from 24 
to 209, which is higher than 20, therefore sediments show a 

very high degree of contamination (Tables 1 and 7). Arsenic, 
Th, U, and W are the trace elements that contribute to the 
highest Cd values.

Stream sediments show a low potential ecological risk 
factor ( Ei

R
) in Cr, Cu, Ni, Pb and Zn, but considerable to 

high Ei
R
 in As (Tables 1 and 8). The RI values range from 

34 to 79; therefore, stream sediments have a moderate to 
considerable potential ecological risk index (Tables 1 and 
8). Arsenic causes the most serious potential ecological 
risk in the DPL sediments from the old uranium Barrôco 
D. Frango mine area. Appropriate and ecological measures 
must be considered to reduce the As contents in the stream 
sediments. In other abandoned uranium mines, the poten-
tial ecological risk is also posed by U and As that have 
been reported as indicators of element fate and transport 
within aquatic systems (e.g., Kipp et al. 2009; Yi et al. 
2020).

Stream sediment and water quality assessment

Some OMI and DPL water samples contain Cd (up to 
30.1 µg/L) and Mn (up to 555 µg/L) contents higher than 
the recommended values for agricultural use (Appendix A). 
In the waters located in both areas, Cd, Cu, Fe, Mn and 

Fig. 6  Variation of the U, Th, As and Fe contents in waters and 
stream sediments from Barrôco D. Frango with the distance from the 
open-pit lake. Samples 15, 6, 7, 19, 18, 12, 14 and 13 correspond to 

water and stream sediment samples collected in the same location and 
in the same season (March 2016). OMI—outside the mining influ-
ence; X—surface waters; █—stream sediments
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U concentrations are also higher than the permitted values 
for human consumption (Portuguese Decrees 1998, 2007, 
2017) and (WHO 2017). Some DPL water samples should 
not be used for human consumption due to Al and As con-
tents (Appendix A). The water from open-pit lake is not 
recommended for irrigation due to high Mn contents, and 
should not be used for human consumption due to the high 
Cd and As concentrations. Some OMI and DPL water sam-
ples have U concentrations higher than 20 μg/L and 17 μg/L, 
respectively, and should not be used for human consumption 

(Appendix A; Health Canada 2017; NHMRC, NRMMC 
2011).

Stream sediments contain lower Cr, Cu, Ni, Pb, and Zn 
contents than the Australian and New Zealand guideline 
values (ANZECC 2013) (Table 4). However, As contents 
exceed the trigger value of 20 mg/kg (ANZECC 2013) 
(Table 4).

Table 5  Partition coefficient 
(log  Kd) (L.kg−1) of potentially 
toxic elements in stream 
sediments and waters from 
Barrôco D. Frango

– not defined
*USEPA 2005
**IAEA 2010

As Co Cr Cu Pb Th U Zn

downstream of the open-pit lake and dump
SD6 3.13 3.03 3.06 3.35 3.55 3.61 3.50 4.49
SD7 3.14 2.98 2.97 3.24 – 3.63 3.42 4.35
SD9 3.31 3.05 3.04 3.24 3.53 3.71 3.64 4.60
SD12 3.49 3.01 2.74 – 3.77 3.86 4.14 4.56
SD13 3.17 2.95 – 2.56 3.20 3.95 3.52 4.50
SD14 3.36 2.78 2.63 – 3.53 4.02 3.99 –
SD18 3.01 2.96 2.76 3.19 3.34 4.07 3.21 4.56
SD19 3.29 2.98 2.73 2.97 - 4.06 3.66 4.54
Mean 3.24 2.97 2.85 3.09 3.49 3.86 3.63 4.51
Median* 2.5 3.3 4.5 4.2 5.1 – – 3.7
Range* 1.6–4.3 2.9–3.6 – 0.7–6.2 2.0–7.0 – – 1.5–6.2
Mean** – 4.6 – – – 5.28 0.7 2.7
Range** – 3.7–5.6 – – – 3.1–7.4 1.3–3.0 3.0–4.0

Table 6  Geo-accumulation 
(Igeo) index for potentially toxic 
elements of stream sediments 
from the abandoned Barrôco D. 
Frango uranium mine area

Igeo values for Al, Co, Cr, Cu, Fe, Ni and Sr concentrations are < 0. The Igeo class is 0 for them. n.d.—not 
determined for elements below the detection limit

Sample Igeo values Igeo-Classes

As Mn Pb Th U W Zn As Mn Pb Th U W Zn

Outside the mining influence
 SD15 2.0 − 1.2 − 0.1 0.7 2.6 n.d -1.2 2 0 0 1 3 n.d 0

Downstream of the open-pit lake and dump
 SD1 2.0 − 0.5 − 0.7 2.7 5.7 2.2 0.2 2 0 0 3 6 3 1
 SD2 0.9 − 2.9 − 0.8 1.9 3.8 n.d − 1.3 1 0 0 2 4 n.d 0
 SD5 1.8 − 2.1 0.0 1.9 3.8 3.2 − 0.5 2 0 0 2 4 4 0
 SD6 2.0 0.0 0.1 1.9 4.0 2.2 − 0.6 2 1 1 2 4 3 0
 SD7 1.9 − 1.3 0.0 1.9 3.6 3.8 − 0.6 2 0 1 2 4 4 0
 SD9 1.9 − 0.1 − 0.2 2.1 3.8 n.d − 0.7 2 0 0 3 4 n.d 0
 SD19 1.6 1.2 − 0.6 3.5 3.7 5.8 − 1.1 2 2 0 4 4 6 0
 SD18 1.5 0.7 − 0.7 3.4 3.5 6.1 − 1.1 2 1 0 4 4 6 0
 SD12 1.8 − 0.9 − 0.3 2.9 4.0 3.2 − 1.1 2 0 0 3 4 4 0
 SD14 2.2 − 1.0 0.3 3.2 5.0 2.4 − 1.2 3 0 1 4 5 3 0
 SD13 1.9 0.5 − 1.4 2.9 3.9 6.8 − 0.8 2 1 0 3 4 6 0
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Comparison with other old uranium mines 
in central Portugal and worldwide

In this section, a comparative study of stream sediments 
and waters from abandoned Barrôco D. Frango, Vale de 
Abrutiga, Mondego Sul and Mortórios uranium mine areas 
located in central Portugal (Fig. 1c) and others located 
worldwide is performed. All abandoned uranium mines from 
Portugal were exploited by open-pit, during the second half 
of century XIX. The rejected material was abandoned at the 

surface or discarded into the streams. All the four abandoned 
Portuguese uranium mines were located in the granitic rocks 
from the uraniferous geochemical province of central Por-
tugal. Other abandoned uranium mines worldwide with 
different geological settings are presented (Table 9). This 
comparison shows the chemical fingerprints for the pollu-
tion in surface waters and stream sediments from abandoned 
U mines.

Table 7  Contamination 
factor ( Cf  ) and degree 
of contamination ( Cd ) of 
potentially toxic elements in 
the stream sediments from 
abandoned Barrôco D. Frango 
uranium mine area

Al Fe As Co Cr Cu Mn Ni Pb Th U W Zn Cd

Outside the mining influence
 SD15 1.03 0.64 5.94 0.32 0.16 0.18 0.67 0.16 1.42 2.46 9.28 – 0.64 24

Downstream of the open-pit lake and dump
 SD1 1.11 1.27 6.18 0.37 0.27 – 1.08 0.26 0.92 9.80 75.60 6.80 1.70 106
 SD2 0.65 0.33 2.82 – – 0.10 0.21 0.11 0.88 5.44 20.48 – 0.62 32
 SD5 1.38 0.49 5.21 0.37 0.20 0.16 0.34 0.25 1.48 5.52 20.60 13.60 1.06 51
 SD6 1.15 0.57 5.89 0.46 0.23 0.39 1.53 0.22 1.59 5.68 24.48 6.80 0.99 51
 SD7 1.26 0.59 5.61 0.39 0.20 0.21 0.60 0.20 1.52 5.74 17.64 20.40 0.97 56
 SD9 1.21 0.62 5.62 0.51 0.22 0.31 1.36 0.13 1.35 6.42 21.32 – 0.91 41
 SD19 0.97 0.61 4.63 0.46 0.13 0.13 3.43 0.12 0.98 16.38 19.76 84.20 0.69 133
 SD18 0.96 0.58 4.37 0.46 0.14 0.16 2.43 0.18 0.92 16.28 16.76 101.20 0.71 146
 SD12 1.08 0.61 5.10 0.50 0.13 0.16 0.83 0.22 1.24 11.46 24.60 13.40 0.72 61
 SD14 0.86 0.56 6.73 0.38 0.10 0.12 0.78 0.16 1.84 13.32 47.60 8.00 0.66 82
 SD13 0.69 0.49 5.73 0.50 – 0.10 2.17 0.15 0.56 11.38 22.84 163.00 0.84 209

Table 8  Potential ecological 
risk factor ( Ei

R
 ) of As, Cr, Cu, 

Ni, Pb and Zn in the stream 
sediments from Barrôco D. 
Frango

RI potential ecological risk index

As Cr Cu Ni Pb Zn RI =
∑6

i=1
E
i

R

Outside the mining influence
 SD15 59.44 0.32 0.89 0.82 7.11 0.64 69

Downstream of the open-pit lake and dump
 SD1 61.78 0.55 – 1.32 4.61 1.70 70
 SD2 28.22 – 0.52 0.55 4.39 0.62 34
 SD5 52.11 0.40 0.82 1.24 7.39 1.06 63
 SD6 58.89 0.45 1.95 1.08 7.95 0.99 71
 SD7 56.11 0.39 1.07 1.00 7.61 0.97 67
 SD9 56.22 0.43 1.55 0.63 6.74 0.91 66
 SD19 46.33 0.25 0.66 0.61 4.92 0.69 53
 SD18 43.67 0.29 0.82 0.92 4.58 0.71 51
 SD12 51.00 0.26 0.82 1.08 6.18 0.72 60
 SD14 67.33 0.21 0.59 0.79 9.21 0.66 79
 SD13 57.33 – 0.48 0.76 2.79 0.84 62
 Minimum 28.22 0.21 0.48 0.55 2.79 0.62 34
 Maximum 67.33 0.55 1.95 1.32 9.21 1.70 79
 Mean 53.20 0.36 0.92 0.90 6.12 0.88 62
 Reference 

(unpolluted)
10.00 2.00 5.00 5.00 5.00 1.00 28
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Stream sediments

DPL stream sediment samples from Barrôco D. Frango mine 
area have lower minimum, maximum and median U, Pb, Fe, 
Co, Cr, Cu and Zn contents and a higher median Th con-
tent than those of stream sediments from Vale de Abrutiga 
(Tables 9 and 10). Abandoned Barrôco D. Frango mine 
produced 69 fewer tons of  U3O8 than the Vale de Abrutiga 
mine (Tables 9 and 10), which caused less impact on the 
environment.

DPL stream sediments from abandoned Barrôco D. 
Frango mine area have a lower median metal and the metal-
loid As contents than those from Mondego Sul (Tables 4 and 
10), because it produced 56 fewer tons of  U3O8 (Tables 9 
and 10).

The stream sediments from Barrôco D. Frango also 
contain higher median Th, Pb and Zn contents and simi-
lar median U contents than those of stream sediments from 
Mortórios (Tables 9 and 10). The former produced 6 fewer 
tons of  U3O8 than the latter (Table 9). Although the autu-
nite and torbernite occur in both Barrôco D. Frango and 
Mortórios uranium mines. These mines are in weathered 
basic rock dykes. At Mortórios is associated with older 
quartz veins containing sulphides. At Barrôco D. Frango, 
the ore minerals occur in a breccia containing quartz, gran-
ite, Fe oxy-hydroxides and clays. The weathering of granite 
also contributes to the U and Th contents, because these 
metals occur in the accessory minerals’ zircon, monazite, 
xenotime and apatite. However, the main impact must have 
been caused by the amount of autunite and torbernite, which 
certainly were higher in the breccia (Barrôco D. Frango) 
than in the weathered basic rocks, as the exploitation was 
carried on for one year in the breccia and seven years in the 
basic rock dykes.

A comparison of uranium contents in stream sediments 
from various abandoned uranium mines worldwide pro-
vides the relative impacts due to the uranium exploitation, 
concerning the geological settings, U production and main 
minerals exploited.

Stream sediments from Barrôco D. Frango (Portugal) 
present higher U contents than the stream sediments from 
Edgemont U district (USA), Juniper mine, (California) and 
Ranger mine, (Australia) (Table 9). Stream sediments from 
Olšíe Drahonín mine (Czech Republic) transport U contents 
(up to 232 mg/kg) similar to those of stream sediments from 
Barrôco D. Frango area (up to 189 mg/kg). However, sur-
face waters from Olšíe Drahonín mine reach much higher 
uranium contents (329 µg/L) (Table 9) than those from Bar-
rôco D. Frango. This may be evidence of the low U retention 
capacity of stream sediments. Since Olšíe Drahonín mine 
produced more uranium than Barrôco D. Frango mine, sur-
face waters from Olšíe Drahonín area are the most affected 
by U pollution.

However, uranium contents in stream sediments from 
Northern Guangdong Province (China), and Crucea mine 
(Romania) are 14 and 25 times higher than U contents in 
stream sediments from Barrôco D. Frango (Table 9). Both 
mines exploited more U than Barrôco D. Frango mine. 
However, the Bertholène mine (France), with a significantly 
higher U production than that of Barrôco D. Frango and, 
consequently larger volumes of mine wastes, have slightly 
higher U concentration in their stream sediments than those 
of the study area (Table 9). This is consistent with the efflu-
ent water treatment that were neutralized with lime, sodium 
hydroxide and flocculating agents, before being released into 
the Balaures stream (Cuvier et al. 2016).

Water samples

The cluster heat maps allowed the construction of crossed 
clusters for the geochemical composition of waters from the 
Portuguese four mines considered, namely for the open-pit 
water, groundwater and surface water (Fig. 7a–c). Consider-
ing the open-pit water, it is possible to define two significant 
clusters. The first aggregating pH, Eh, Mg, Cd, Cr, Ni, As 
and Th and the second aggregating EC,  SO4

2−, Cu, Fe, Mn, 
Pb, Zn and U (Fig. 7a). The corresponding heat map reveals 
that Mondego Sul and Barrôco D. Frango mines are the most 
similar in Fe, Cu, Mn, Zn, U, Pb and  SO4

2− contents. This is 
due to the similar ore minerals exploited in both mines, but 
essentially due to the contamination produced in waters, and 
similar pH values in two open-pit lakes. The pH values of 
the water from these two open-pit lakes define the group of 
metals in solution, with the tendency for the divalent species 
of metals to belong to the same group.

The Vale da Abrutiga mine is a singular case for surface 
and groundwaters, which can be explained by the high U3O8 
production compared with the other three uranium mines 
(Table 9). Moreover, the main ore minerals exploited, salee-
ite and meta-saleeite, are different from those of the other 
three mines. Vale de Abrutiga mine produced waters from 
open-pit lake with the highest EC, 2962 µS/cm, about ten 
times more than EC of open-pit water from the other three 
mines. Thorium and U contamination in the water is also 
the most significant compared with the other three old Por-
tuguese uranium mines.

The groundwater’s cluster heat maps reveal three main 
clusters: the first one aggregating pH, Eh, Cd, Cr, Ni, As, 
Th; the second one aggregating EC, Cu, Fe, Mn, Pb, Zn and 
U; and the third one aggregating  SO4

2−and Mg (Fig. 7b). 
Mondego Sul and Barrôco D. Frango mines are again the 
most similar, namely for Mn, Fe, U, Zn, Cu and Pb contents 
in water. The compositional trend for Barrôco D. Frango and 
Mondego Sul groundwater is similar to surface water, with 
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near-neutral pH values (6.2 and 6.0, respectively) and very 
similar mean metal concentrations (Appendix A).

The surface water’s cluster heat maps identify three main 
clusters: the first one aggregating pH, Eh, Mg, Cd, Cr and 
Ni; the second one aggregating EC,  SO4

2−, Cu, Fe, Mn, Pb, 
Zn and U; and the third one aggregating As and Th (Fig. 7c). 
The Mondego Sul and Barrôco D. Frango mines are again 
the most similar, namely for the content in Mn, Fe, U, Zn, 
Cu, Pb and  SO4

2−. Excluding  SO4
2− contents, surface water 

and groundwater from Mondego Sul and Barrôco D. Frango 
are characterized by high Mn, Fe, U, Zn, Cu, Pb contents. 
The divalent form of these metals tends to occur in waters 
and high levels of uncharged uranium carbonate can result.

Concerning surface water U contents, those from Barrôco 
D. Frango present lower U concentrations than most surface 
waters from U mine areas worldwide (Table 9). Only the 
mines of Mailuu Suu (Kyrgyzstan) and Range Mine (Aus-
tralia), with lower U contents in surface waters than those 
from Barrôco D. Frango, are an exception. In these two min-
ing areas, the geological setting may have influenced the 
uranium contents dispersed in the environment, with geo-
logical formations containing carbonates that may increase 
the pH values of the water drainage (Table 9). However, in 
all mining areas, a common feature seems to be evident, 
namely that mines with higher uranium exploitation tend to 
have greater contamination impacts, unless the geology is 
favorable to the retention of contaminants or even a remedia-
tion treatment that has been adopted to lower the drainage 
pH values.

Conclusions

In this study, the pollution degree and water–stream sedi-
ment interaction that occurred in abandoned uranium 
mines in central Portugal were investigated. The abandoned 

uranium mines are located in a very important uranifer-
ous geochemical region in Portugal, where other uranium 
mines were also abandoned. In these old mines, open-pit and 
mine dumps were left in the area, without any remediation 
procedures.

The results obtained in this study shows that U, Th and 
As contents in the open-pit water are similar to those of 
downstream water, which shows its influence in down-
stream aquatic systems. In downstream sediment, the par-
tition coefficients determined in Bârroco D. Frango sug-
gest the adsorption of U and As by Fe-oxy-hydroxides 
precipitated from waters. In most abandoned mines, stream 
sediment is moderately to heavily contaminated in U, Th 
and As. Generally, in old U mines, potentially toxic ele-
ments tend to decrease their contents downstream mine 
influence. However, in Barrôco D. Frango area, U content 
in the stream sediments tends to increase. In this aban-
doned mine area, the RI ranges from 34 to 79; therefore, 
stream sediments have moderate to considerable potential 
ecological risk, mainly caused by arsenic, which exceeds 
up to 3 orders of magnitude the trigger value (20 mg/kg) 
reported in the guidelines of ANZECC (2013).

Despite the small U exploitation of some abandoned 
U mines in Portugal and their low U contents in water 
and stream sediments compared to other abandoned U 
mines worldwide, U, Th and As contamination of stream 
sediments and potential ecological risk are of concern. 
It places the sediments as central to the management of 
water quality and ecological risk. Additionally, climate 
changes may also pose risks to water management due 
to the potential water–sediment interaction modifications. 
Therefore, further studies should be carried out focusing 
on water–stream sediment interaction, understanding fac-
tors and processes that regulate water quality, especially 
under a climate change scenario.

Table 10  Basic statistical 
parameters of potentially toxic 
element contents (ppm) in DPL 
stream sediments from the 
abandoned uranium mine areas 
of Vale de Abrutiga, Mondego 
Sul, Mortórios and Barrôco D. 
Frango

Min. minimum, Max. maximum
*Below the detection limit

Vale de Abrutiga Mondego Sul Mortórios Barrôco D. Frango

Min. Max. Median Min. Max. Median Min. Max. Median Min. Max. Median

Th 3.3 10.8 9.6 115 281 180 13.0 68.2 19.5 27.2 81.9 49.0
As n.d n.d n.d 49.0 211 118 35.4 83.2 59.4 25.4 60.6 50.5
Pb 25.0 44.0 38.0 25.1 159 55.7 9.3 14.3 11.6 10.6 35.0 23.5
Fe (%) 2.7 23.9 3.8 1.20 3.8 3.0 0.80 1.53 1.16 0.81 3.1 1.43
Co 11.0 74.0 16.0 8.7 47.4 12.6 * 5.1 3.1 * 4.6 4.1
Cr 70.0 107 99.0 14.2 66.1 37.2 4.6 15.7 12.9 * 6.3 4.5
Cu 18.1 66.5 41.7 18.3 47.4 29.7 * 8.9 7.7 * 8.6 3.6
Zn 130 803 158 78.2 346 126 44.8 54.6 49.9 45.8 126 62.3
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Fig. 7  Cluster heat maps: a 
Open-pit water; b Groundwa-
ters; c Surface waters
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