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Abstract
The Caldas Uranium Mine (CUM), located on the Poços de Caldas Plateau in the southeastern region of Brazil, is presently 
undergoing a decommissioning process. The aim of the present investigation is to identify and characterize the effects of 
acid mine drainage (AMD) originating from the CUM on surface water quality. To achieve these aims, sampling stations 
were located at two AMD sources: the retention pond at the foot of waste rock pile#4 (WRP#4) and the settling pond that 
receives effluents from the tailings dam (TD). Ten additional sampling stations were located along watercourses in the 
vicinity, both downstream and upstream of the mine. Sampling was performed during the rainy and dry seasons in 2010 and 
2011. The water analysis detected significant changes in pH, electrical conductivity,  F−, Cd, U, Zn, Al, Mn, As, Ca,  SO4

2−, 
Pb, 238U, 226Ra, 210Pb, 232Th, 228Ra, and Mo in waters downstream of both pond discharge sites. It was demonstrated that 
the disequilibrium between 226Ra and 238U can be used to trace the extent of AMD impacts in nearby streams. Variations in 
18O and 2H enabled the flow of mining-impacted water to be traced from the ponds to nearby streams. Multivariate analysis 
yielded a three-factor model: Factor 1 was interpreted as being associated with AMD (from WRP#4) and Factor 2 with a 
Ca–Mo relationship associated with the chemical constitution of the ore and with the treatment of tailings wastes in the area 
(from TD); Factor 3 was interpreted as being associated with the natural influence of geogenic processes on water quality 
in the area. The results of this study provide a scientific basis for recommending appropriate remedial actions during mine 
decommissioning.

Keywords Hydrochemistry · Acid mine drainage · Uranium mine · Isotopes · Multivariate analyses · Water quality

Introduction

The Caldas Uranium Mine (CUM) is located on the Poços de 
Caldas Plateau, in Brazil (Fig. 1), inside a 30–35 km diam-
eter alkaline volcanic caldera. Mining at the site started in 
1982 and ceased in 1995. The oxidation of sulfide minerals, 

mainly pyrite  (FeS2), in uranium ore and host rocks is 
responsible for the acid mine drainage (AMD) generation 
in this mine, mainly in the open pit, in the tailings dam (TD) 
and in discharges from the waste rock piles (Fernandes et al. 
1995, 1996, 1998, 2008; Fernandes and Franklin 2001; Cip-
riani 2002; Franklin 2007; Campos et al. 2011, Rodgher 
et al. 2013; De Carvalho Filho et al. 2016).

The main features of AMD are low pH (generally lower 
than 4), high Fe,  SO4

2− concentrations, and varying con-
centrations of toxic metals (US Environmental Protection 
Agency-USEPA 1994; Drever 1997, Williams 1975; Cano-
vas et al. 2007). The full pyrite oxidative dissolution pro-
cess can be summed up by the equation (Appelo and Postma 
1999):
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The complete oxidation process involves the oxidation of 
both sulfur and iron (Eq. 1). Often, this process is developed 
in steps (Appelo and Postma 1999; Lottermoser 2010, 2017; 
Langmuir 1997), e.g., the initial step is S oxidation by  O2 
(Eq. 2); then,  Fe2+ is oxidized by  O2 to  Fe3+ which may 
precipitate as FeOOH in a medium at pH > 3 (Eq. 3). Then, 
 Fe3+ oxidizes pyrite (Eq. 4), producing more  Fe2+, and the 
cycle is reproduced.

(2)
FeS2(s) +

7

2
O2(g) + H2O(l) ⇌ Fe2+

(aq)
+ 2SO2−

4(aq)
+ 2H+

(aq)
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CUM is controlled by Nuclear Industries of Brazil (INB) 
and is currently undergoing a decommissioning process. A 
recovery plan for degraded areas was prepared in support of 
the selection and evaluation of closing alternatives for vari-
ous components of the mine site. The present investigation is 
part of a larger project which has the aims of identifying the 
environmental impacts caused by CUM, as well as propos-
ing remediation strategies. Related to this project, one can 
cite the works by Abreu et al. (2011), Gomes et al. (2012), 
Ferreira et al. (2012), Silva et al. (2014), De Carvalho Filho 
(2014), and De Carvalho Filho et al. (2016).

The objective of the present investigation is to identify 
and characterize changes in surface water quality caused by 
treated effluents from TD and by non-treated effluents from 
waste rock pile #4 (WRP#4). Hydrochemical and isotopic 
data from watercourses and from two ponds were obtained 
and evaluated. Some of these hydrochemical data were sub-
jected to multivariate statistical analysis in order to substan-
tiate the mentioned evaluations.

Fig. 1  General study area location and the sampling stations
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The study area and the Caldas Uranium Mine

The study area is about 100 km2 and partially encompasses 
the Caldas mine premises, as well as three watersheds: the 
Taquari River, the Soberbo Creek, and the Consulta Brook 
(Fig. 1). The annual average temperature in the region is 
19 °C, varying between 1 and 36 °C. The average annual 
rainfall is around 1700 mm, with 80% of the precipita-
tion concentrated between October and March each year 
(Franklin 2007).

The area is underlain by a suite of alkaline volcanic and 
plutonic rocks belonging to the Poços de Caldas alkaline 
complex (PCAC). Various alkaline rocks in vicinity of the 
Caldas mine were affected by a large hydrothermal event 
(enriched K-S solutions), which led to pyritization and 
potassium metasomatism in the pre-existing rocks and the 
primary mineralization of uranium. Intense weathering, 
associated with downward migrating oxidizing groundwa-
ter, has resulted in a secondary supergene enrichment of 
uranium along redox fronts (Fraenkel et al. 1985; Lapido 
Loureiro and Dos Santos 1988; Schorscher and Shea 1992; 
Waber et al. 1992).

The uranium deposit was defined by U-Th-Zr-Mo-REE 
(rare earth elements) mineralization, made up mostly of 
uranium black oxides (uraninite and pitchblende—UO2) 
which is occasionally accompanied by coffinite ((U4+,Th)
(SiO4)1-x(OH)4x). The uranium ore also includes sulfide 
minerals (mainly pyrite  (FeS2) and rarely galena (PbS) and 
sphalerite (ZnS)); zirconium minerals (generally zircon—
Zr(SiO4)); Mo-bearing minerals (mostly jordisite  (MoS2) 
and ilsemanite  (Mo3O8.nH2O)); fluorite  (CaF2); and REE 
phases (Fraenkel et al. 1985; Lapido Loureiro and Dos 
Santos 1988; Schorscher and Shea 1992; Waber et  al. 
1992). The ore has an average grade of about 1000 ppm 
for uranium (Franklin 2007) and maximum grades of 
15,000 ppm for zirconium, 1500 ppm for molybdenum 
and 200 ppm for thorium (Fraenkel et al. 1985).

The uranium mineralization has been emplaced in vari-
ous host rocks including volcanic and subvolcanic pho-
nolites, nepheline syenites, and volcanic breccia pipes. 
The ore host rocks are constituted mainly of orthoclase 
 (KAlSi3O8), nepheline  (NaAlSiO4), albite  (NaAlSi3O8), 
and aegirine-augite (Ca,Na)(Fe3+,Mg,Fe2+)Si2O6. The ura-
nium deposit has been covered by a thick regolith com-
posed of weathered rock and soil, constituted mainly of 
kaolinite  Al2Si2O5(OH)4, illite  (K0.65Al2.0[Al0.65Si3.35O10]
(OH)2), gibbsite (Al(OH)3), Fe(Mn)-hydroxide, greenock-
ite (CdS), and ilsemanite (Waber et al. 1992).

The ore was extracted from an open pit and then sent 
for physical and chemical processing where the uranium 
was produced in the form of ammonium diuranate (yellow 
cake). One facility was originally built for the production 

of calcium molybdate. However, the recovery of molybde-
num only occurred during the initial phase of the mining 
operations. After being treated with limestone  (CaCO3) 
and lime (CaO), the solid and liquid effluents from chemi-
cal processing were deposited in the TD. Subsequently, the 
effluents leaving the TD are treated with barium chloride 
 (BaCl2) for radium precipitation in the A2-25 settling pond 
in the form of sulfate phases including (Ba,Ra)SO4. There-
after, the treated liquid effluent is released to the Soberbo 
Creek (Fig. 1).

Most of the mining wastes were stored in two main waste 
rock piles (WRP) which are named as waste rock pile num-
ber 4 (WRP#4) and number 8 (WRP#8). Only WRP#4 is 
inside the study area and in the Consulta Brook watershed 
(Fig. 1). It consists of overburden (soil and weathered rock 
covering the ore deposit, trace amounts of the uranium ore, 
and radioactive decay products), low-value ores and barren 
rock bereft of ore.

Most of the acidic water (pH 3–4) that has percolated 
through WRP#4 is collected in the A1-75 effluent retention 
pond (Fig. 1) and is then pumped to the acid water treatment 
unit. In this facility, the effluent is neutralized with calcium-
rich material, producing a precipitate that until 1998 was 
pumped to the TD, and since then, it is being discharged to 
open pit.

Methodology

Sample collection and chemical analyses

A total of 98 surface water samples were collected from 
12 sampling stations in the wet and dry seasons in 2010 
and 2011 (Fig. 1). In order to hydrochemically characterize 
the potential sources of contamination, two sampling sta-
tions were located inside the effluent ponds: station A1-75 
at the WRP#4’s effluent retention pond and station A2-25 
at the effluent settling pond immediately downstream of the 
TD. Four sampling stations were positioned upstream of 
the mine: A1-2 at the Consulta Brook, A2-9 at the Soberbo 
Creek, A3-1 and A3-5 at the Taquari River. The remaining 
stations were located downstream of the mine.

Eh (redox potential), pH, and EC (electrical conductivity) 
were measured in situ, using an Ultrameter II multiparameter 
handheld meter (Myron L Company). Water samples for iso-
topic analyses were collected in clean glass flasks (100 mL) 
provided with polyseal caps. For other determinations, the 
water samples were collected in properly clean polyethylene 
bottles (500 mL). The samples (except those for isotopic 
analyses) were filtered through 0.45 µm membranes, and the 
samples for metal and cation analyses were acidified with 
 HNO3 (pH < 2). The flasks were duly packed in thermally 
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insulated cases (± 4 °C) and dispatched as soon as possible 
to the laboratory.

Calcium, aluminum, and iron were determined by 
inductively coupled plasma optical emission spectrometry 
(ICP-OES); sulfate and chloride by ionic chromatography; 
fluoride by ion-selective electrode (ISE); arsenic, lead, cad-
mium, manganese, molybdenum, uranium, thorium, and zinc 
by ICP-MS. All the above-mentioned analyses were carried 
at the Nuclear Technology Development Center (CDTN/
Brazil).

Radiochemical procedures described by Godoy et al. 
(1994) were used to measure 226Ra, 228Ra, and 210Pb activity 
concentrations at the Poços de Caldas Laboratory (LAPOC/
Brazil). 238U and 232Th concentrations were estimated to be 
12.3 Bq per mg of uranium mass and 4.1 Bq per mg of 
thorium mass.

Ponds and fluvial hydrochemistry

Hydrochemical data were organized by descriptive statis-
tics. The maximum, minimum, and median values of each 
parameter were plotted in graphs for each sampling station 
to portray their spatial distribution and identify water quality 
changes in the receiving watercourses caused by the dis-
charge of the mine effluents. The water quality was assessed 
by comparing the results with the limits established by exist-
ing water quality and effluents guidelines: MS (2011) and 
WHO (2011) for radionuclides; CONAMA (2005, 2011) for 
the others parameters, including limits for effluent discharge.

Environmental isotopes

The stable isotope composition of a water sample is 
expressed in terms of its deviation from the Vienna Standard 
Mean Ocean Water (VSMOW). The delta notation (δ) (Clark 
and Fritz 1997), as shown in Eqs. 5 and 6, is used.

Isotopic analyses were used to evaluate the isotopic com-
position of water and effluents and detect changes in the 
stable isotopic signature of water that had been affected by 
mine-related discharges. Hence, stable isotopes were deter-
mined in 12 samples collected during the season in 2011 and 
measured by isotope-ratio mass spectrometry (IRMS) at the 
University of Queensland (Australia).

(5)δ18O(‰) =

[
(

18O∕16O
)

sample
(

18O∕16O
)

standard
− 1

]

× 103

(6)δ2H(‰) =

[
(

2H∕1H
)

sample
(

2H∕1H
)

standard
− 1

]

× 103

Multivariate statistical methods

Many hydrochemical studies have demonstrated the power 
of multivariate analysis to help identify different factors that 
control water quality, e.g., Yu et al. (2010), Wu and Wang 
(2007), Krishna et al. (2009), Bahar and Reza 2010, Najar 
and Khan (2012), Obeidat et al. (2013), Adamu et al. (2014), 
and Rebelo et al. (2015). Multivariate statistics have been 
used to identify spatial variations in water quality and to 
determine whether the physicochemical characteristics of 
the water are derived from anthropogenic or from geogenic 
sources.

Selected data in this study were subjected to three mul-
tivariate statistical techniques: cluster analysis (CA), prin-
cipal component analysis (PCA), and factor analysis (FA). 
These techniques were applied to two sets of data. The first 
one considered all the collected samples, while the second 
one excluded the samples from the ponds. 210Pb, 226Ra, and 
228Ra were not used in the multivariate analysis because they 
exhibited many activity concentrations below the detection 
limits. The  Minitab® computer program was used in all sta-
tistical analyses.

Results and discussion

The hydrochemical results are reported in Table 1 and dis-
played in Figs. 2 and 3. In the case of results below the 
limit of detection (LOD), this limit was adopted in graphic 
representations.

Pond hydrochemistry

In pond A1-75, the measured values of pH and sulfate con-
centration (Table 1) are characteristic of AMD. Another 
indication of AMD in pond A1-75 is the relatively high 
concentrations found for all elements and radionuclides 
analyzed (except Fe and Mo), at levels of potential envi-
ronmental concern for many of them, as shown in Table 1 
and Figs. 2 and 3. Certainly, this chemical composition of 
water in this pond reflects the WRP#4 geochemistry and 
mineralogy.

The low iron concentration in the A1-75 pond is due to 
 Fe2+ being oxidized to  Fe3+ and the subsequent precipitation 
of Fe(III) oxyhydroxide phases. This could be visually veri-
fied at the studied site by the characteristic brownish-yellow-
ish-reddish hue of the sludge (rich in  Fe3+ oxide-hydroxides) 
known as “yellow boy” that colors the A1-75 pond banks 
(De Carvalho Filho et al. 2016).

Acid drainage in this area has caused intensive leach-
ing of mine wastes, resulting in a plume enriched in metals 
which, after percolating downwards through waste materials 
in WRP#4 discharges into the A1-75 pond. The high EC value 
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Table 1  Median values (number of samples N = 4) of the analyzed parameters and their standards for effluent discharge (SE) and water quality 
(SW)

a CONAMA (2005); bWHO (2011); cCONAMA (2011); dMS (2011); elimit of detection; fNot defined

Station F− (mg L−1) SO4
2− (mg L−1) U (mg L−1) Al (mg L−1) Fe (mg L−1) Mn (mg L−1) Cd (mg L−1)

A1-2 0.04 0.31 0.0003 0.17 0.93 0.10 0.00007
A1-75 123.00 1300.96 8.8765 157.50 0.84 75.00 0.03600
A1-76 4.93 71.35 0.2125 6.50 0.81 3.88 0.00116
A1-1 1.67 21.80 0.0680 2.25 0.39 2.28 0.00049
A2-9 0.06 0.32 0.0001 0.13 1.31 0.35 0.00006
A2-25 3.79 405.12 0.0027 0.54 0.15 0.57 0.00053
A2-71 0.17 16.25 0.0001 0.23 0.23 0.10 0.00002
A4-2 0.28 11.95 0.0057 0.25 0.16 0.36 0.00008
A3-5 0.09 0.40 0.0001 0.42 0.66 0.12 0.00002
A3-1 0.09 0.32 0.0003 0.43 0.89 0.11 0.00002
A4-3 0.20 5.72 0.0027 0.38 0.33 0.19 0.00004
A4-400 0.19 5.14 0.0021 0.39 0.52 0.17 0.00004
SW 1.4a 250a 0.02a 0.1a 0.3a 0.1a 0.001a

SE 103 ND ND ND 153 13 0.23
LODe 0.001 0.05 0.0001 0.002 0.01 0.0005 0.00001

Station Mo (mg L−1) 228Ra (Bq  L−1) Pb (mg L−1) Ca (mg L−1) pH EC (µS cm−1) 232Th (Bq  L−1)

A1-2 0.0003 < LOD 0.0019 0.5 6.06 20.1 0.0005
A1-75 0.0001 0.47 0.0251 80.0 3.65 1788.5 0.9376
A1-76 0.0004 0.05 0.0045 6.7 4.59 158.2 0.0024
A1-1 0.0003 0.04 0.0015 3.2 4.83 80.6 0.0006
A2-9 0.0002 < LOD 0.0007 2.1 6.23 36.4 0.0004
A2-25 0.1269 < LOD 0.0006 164.5 6.14 792.2 0.0006
A2-71 0.0021 < LOD 0.0007 6.0 6.53 59.6 0.0004
A4-2 0.0009 < LOD 0.0011 3.7 6.30 45.4 0.0004
A3-5 0.0002 < LOD 0.0007 1.1 6.19 19.5 0.0006
A3-1 0.0002 < LOD 0.0007 1.2 6.42 18.3 0.0005
A4-3 0.0005 < LOD 0.0008 2.1 6.42 31.5 0.0004
A4-400 0.0005 < LOD 0.0008 2.1 6.64 30.2 0.0006
SW NDf 0.1d 0.01a ND 6–9a ND 1a

SE ND ND 0.5c ND 5–9c ND ND
LODe 0.0001 0.02 0.0001 0.001 0.01 0.1 0.0001

Station Zn (mg L−1) 238U (Bq  L−1) 226Ra (Bq  L−1) 210Pb (Bq  L−1) As (mg L−1) SO4/Cl (meq  L−1)

A1-2 0.03 0.003 < LOD < LOD 0.0004 1.1
A1-75 16.69 109.172 0.49 0.70 0.0329 415.7
A1-76 0.74 2.614 0.04 0.02 0.0044 186.0
A1-1 0.30 0.836 0.04 0.02 0.0020 64.8
A2-9 0.02 0.002 < LOD < LOD 0.0002 0.9
A2-25 0.04 0.033 < LOD < LOD 0.0003 108.6
A2-71 0.03 0.002 < LOD < LOD 0.0001 35.0
A4-2 0.07 0.070 < LOD < LOD 0.0003 35.5
A3-5 0.03 0.002 < LOD < LOD 0.0001 1.2
A3-1 0.04 0.004 < LOD < LOD 0.0001 1.0
A4-3 0.05 0.034 < LOD < LOD 0.0002 17.0
A4-400 0.04 0.025 < LOD < LOD 0.0002 16.2
SW 0.18a 10b 1d 0.1b 0.01a

SE 5c ND ND ND 0.5c

LOD 0.0001 0.001 0.02 0.02 0.0001
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Fig. 2  Spatial variation of monitored parameters (concentration versus sampling station)
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measured at the A1-75 pond is another indication of AMD 
influence, which greatly increases the concentration of the total 
dissolved solids due to the large concentrations of soluble salts 
produced by the reaction of sulfuric acid with minerals in the 
waste rock. Some mineral dissolution is probably occurring 

inside the WRP#4, as described by the simplified equations 
from Eqs. 7 to 14 (Appelo and Postma 1999):

(7)Fluorite ∶ CaF2(s) ⇌ Ca2+
(aq)

+ 2F−
(aq)

Fig. 3  Spatial variation of monitored parameters (concentration versus sampling station)
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Compared to the furthest upstream station A2-9 (near the 
source of the Sobebo Creek), the samples from the A2-25 
pond exhibited higher concentrations of F, U, Cd, Mo, and 
 Ca2+, and a moderate to high concentration of Al, Zn, As, 
238U, and Mn as shown in Table 1 and Figs. 2 and 3. The 
presence of these high values can be explained by the nature 
of the ore chemical processing (OCP) at the yellow cake 
plant.

The OCP generated a large quantity of tailings that were 
mainly treated with calcium-rich material (limestone, lime, 
and calcium hydroxide) in order to neutralize their acid-
ity (Eqs. 17–19). The treated effluents, containing signifi-
cant concentrations of  CaSO4 and cations (Al, Mn, Zn, U, 
among others) in the form of oxides, were transferred to the 
TD. With respect to uranium inside the TD, the chemical 
processing recovered on average 60% of the total U. The 
remaining 40% was deposited inside the TD, half of which 
consisted of soluble uranium (Golder 2012).

The other source of the high metal concentrations in 
A2-25 pond is deemed to be the sludge formed by the 
neutralization of the acid mine drainage with lime that 
was pumped to the TD from 1983 to 1998 (De Carvalho 
Filho 2014, 2016) and since then has been stored tempo-
rarily in the open pit. According to Gomes et al. (2012), 
the main crystalline phases in the sludge are ettringite 
 (Ca6Al2(SO4)3(OH)12.26H2O), gypsum  (CaSO4  2H2O), and 
calcite  (CaCO3), with minor amounts of fluorite  (CaF2) and 
gibbsite (Al(OH)3). These authors found high contents of U, 
Ca,  SO4

2−, and Zn in the water-soluble (exchangeable) and 
carbonate fractions. They concluded that the sludge min-
eral assembly could be sources of dissolved  F−,  SO4

2−, Fe, 
Zn, Mn, U, and Al under various environmental conditions. 
The solubility of these minerals was benefited by the acidity 
and high ionic strength of the medium (Skoog et al. 2013). 
In addition, the high content of Ca and bicarbonate in the 
neutralized wastes can greatly increase the solubility of U 
through the formation of highly stable and soluble ternary 
Ca-U-CO3 complexes (Cumberland et al. 2016).

The concentration of molybdenum is higher in the 
A2-25 pond than in the A1-75 pond (Table 1, Figs. 2 and 
3). A probable reason for this is the difference in pH values 
between the ponds, which affects the oxidation of jordisite 
 (MoS2), the main molybdenum sulfide mineral found in the 
Caldas U-ore. In an oxidizing medium, jordisite generates 
 H2MoO4 as one of their products, an insoluble chemical spe-
cies in acidic medium (pH up to 4) (Montero-Serrano et al. 
2009), which is the predominant situation at the A1-75 pond 
(pH 4). As the pH raises, this chemical species deprotonates, 
making it more soluble:  HMoO4

− predominates in the range 
pH 4 to 5, and the quite soluble species  MoO4

2− predomi-
nates at pH > 5. The pH in the A2-25 pond was about 6 
(Figs. 2, 3), which benefited the molybdate species.

A simplified overall equation for the oxidative dissolution 
of uraninite is like Eq. 15 (Lottermoser 2010). According 
to Abdelouas (2006), the oxidation of uraninite can also be 
achieved by the oxidant  Fe3+ (Eq. 16) produced in Eq. 3.

The A2-25 pond samples show relative high values of sul-
fate concentration and EC (Table 1). Although not as high 
as in the A1-75 pond, these values point out the presence of 
AMD. The AMD in the TD could be generated by pyrite oxi-
dation at two places (Cipriani 2002; Golder 2012): (i) in the 
tailings—the pyrite might have been only partially oxidized 
during the chemical processing and would end up its oxidation 
inside the TD and (ii) in the pyrite-rich rocks used to build the 
dam. The A2-25 pond pH was not so acidic due to the proce-
dures adopted to increase the pH of the waste deposited in the 
TD, using calcium-rich neutralization agents mainly  CaCO3, 
Ca(OH)2, and CaO (Eqs. 17–19).

(8)
Greenockite ∶ CdS(s) + 2H+

(aq)
⇌ Cd2+

(aq)
+ H2S(aq)

(9)
k-feldspar ∶ 2KAlSi3O8(s) + 2H+

(aq)
+ 9H2O(l)

⇌ Al2Si2O5(OH)4(s) + 2K+
(aq)

+ 4H4SiO4(aq)

(10)

Kaolinite ∶ Al2Si2O5(OH)4(s) + 6H+
(aq)

⇌ 2Al3+
(aq)

+ Al2Si2O5(OH)4(s) + 2Si(OH)4(aq) + H2O(l)

(11)Gibbsite ∶ Al(OH)3(s) + 3H+
(aq)

⇌ Al3+
(aq)

+ 3H2O(l)

(12)Pyrolusitee ∶ MnO2(s) + H+
(aq)

⇌ Mn2+
(aq)

+ 2H2O(l)

(13)Galena ∶ PbS(s) + 2H+
(aq)

⇌ Pb2+
(aq)

+ H2S(g)

(14)Calcite ∶ CaCO3(s) + H+
(aq)

⇌ Ca2+
(aq)

+ HCO−
3(aq)

(15)
(uraninite)2UO2(s.) + 4H+

(aq)
+ O2(g) ⇌ 2UO+

2(aq)
+ 2H2O(l)

(16)UO2(s) + 2Fe3+
(aq)

⇌ UO2+
2(aq)

+ 2Fe2+
(aq)

(17)

H2SO4(aq) + CaCO3(s) ⇌ Ca2+
(aq)

+ SO2−
4(aq)

+ CO2(g) + H2O(l)

(18)H2SO4(aq) + Ca(OH)2(s) ⇌ Ca2+
(aq)

+ SO2−
4(aq)

+ 2H2O(l)

(19)H2SO4(aq) + CaO(s) ⇌ Ca2+
(aq)

+ SO2−
4(aq)

+ H2O(l)
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This being the case, the high concentration of Mo in 
A2-25 pond could be explained by Eqs. 20 and 21. Jordisite 
oxidation can be expressed by Eq. 20, where this mineral in 
the presence of oxygen and water oxidizes, forming molyb-
denum trioxide  (MoO3). Upon contact with a less-acidic 
medium at the A2-25 pond,  MoO3 solubilizes producing 
molybdate ions (Eq. 21), probably the predominate species 
in this pond.

Fluvial hydrochemistry

The values measured at station A1-2, located upstream the 
CUM (Figs. 2, 3), show that effluent discharges from A1-75 
pond caused a significant effect on the chemical composition 
of water in Consulta Brook (i.e., at sampling stations A1-76 
and A1-1. The discharge of mine effluents has contributed 
to the decrease in pH and increases in all other analyzed 
parameters (except Fe and Mo) that were measured at these 
sampling stations. Considering the results from station A2-9 
on Soberbo Creek, it is observed that effluents from A2-25 
pond caused an increase in the values of EC,  F−,  SO4

2−, as 
well as in Mo and Ca at station A2-71. In comparison to 
station A2-71, station A4-2 exhibited an increase in  F−, U, 
Mn, Cd, Zn, As, acidity (pH), and 238U probably due to the 
discharge from the Consulta Brook. Further downstream in 
the Taquari River, it is observed that in relation to stations 
A3-5 and A3-1, the waters from stations A4-3 and A4-400 
were enriched in  F−,  SO4

2−, U, Mn, Cd, Zn, As, Mo 238U, 
and Ca, as well as in dissolved solids or EC.

These concentration increases identified in the Soberbo 
Creek (station A4-2) and in the Taquari River (stations A4-3 
and A4-400) are mainly related to the effluent discharges 
from the A1-75 pond, but with contributions from the A2-25 
pond effluents as indicated by certain chemical elements 
(e.g., Mo and Ca). Thus, it is possible to characterize the 
AMD migration pathway in the fluvial system at the study 
area, from the ponds to the most downstream station (A4-
400) about 15 km away. The results have also shown high 
concentrations of Fe, Al, and Mn (Figs. 2, 3) in river water 
at places upstream of the CUM, in which geogenic condi-
tions prevail and which are free of any contribution from the 
mine effluents. Iron was the parameter whose behavior best 
described the geogenic influence in the study area; insofar as 
its concentration was ubiquitously higher than those in the 
effluents and consistently higher than those in the stations 
immediately downstream the ponds.

(20)
MoS2(s) +

9

2
O2(g) + 2H2O(l) ⇌ MoO3(aq) + 2SO2−

4(aq)
+ 4H+

(aq)

(21)MoO3(aq) + 2OH−
(aq)

⇌ MoO2−
4(aq)

+ H2O(l)

In Fig. 4a, two groups with distinct trend lines were iden-
tified. One of them consists of samples collected at stations 
A1-76 and A1-1, more affected by the AMD. The other 
group defines a distinct U/SO4 ratio and is constituted by 
stations (A4-2, A4-3 and A4-400) farthest from the CUM 
and less influenced by the AMD. However, the U/SO4 ratio 
is not so adequate to track AMD. This is due to the ability of 
U to form a wide range of soluble complexes under different 
chemical conditions (Langmuir 1997; Bourdon et al. 2003), 
so that shifts in the U/SO4 ratio could induce erroneous con-
clusions. The  SO4/Cl mass ratio is likely to be more sensitive 
indicators of the presence or absence of AMD effects, and 
it is usually applied for this purpose (Chandra and Gerson 
2010; Dogramaci et al. 2017). According to Dogramaci et al. 

Fig. 4  Plots showing the relationship between: a uranium and sulfate 
concentration in surface water near the mine site from selected fluvial 
stations; b sulfate and chloride concentration (meq L−1) in the ponds 
and in the surface water near the mine site
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(2017),  SO4/Cl ratio > 3 indicates that sulfide oxidation is 
the main source of sulfate in water.

Medians of the values  SO4/Cl calculated for the water 
samples from the ponds and streams in the vicinity of 
the CUM (Table 1) are shown in Fig. 4b. By comparing 
these medians, it can be observed that the stations located 
upstream of the CUM present the lowest values of the ratio 
 SO4/Cl (< 1.5), indicating a smaller intensity of the pyrite 
oxidation (AMD). On the other hand, the ponds A1-75 
and A2-25 present high values for that ratio, 416 and 109, 
respectively, which is a sound indication of the strong exist-
ence of AMD. Therefore, the graph (Fig. 4b) clearly depicts 
the migration of the AMD from the ponds to the downstream 
sampling stations.

Radionuclides from the uranium series in uranium ore 
should be in secular radioactive equilibrium. However, 
once the radionuclides are exposed to oxidizing condi-
tions, the equilibrium may be somewhat disturbed, due 
to the distinct chemical behavior of each radionuclide 
undergoing geochemical processes (Abdelouas 2006; Car-
valho et al. 2015). Figure 5a plots the pattern of 226Ra/238U 
alteration versus sulfate concentration in the waters 
from stations A1-75 (pond), A1-76, and A1-1. It can be 
observed in this figure that the higher the sulfate concen-
tration, the lower the 226Ra/238U ratio in the water phase. 
Higher sulfate concentration should promote precipitation 
of radium sulfate  (RaSO4), a quite insoluble compound, 
leading to lower 226Ra/238U ratios. In Fig. 5b, it is seen that 
226Ra/238U actually varies with pH; the higher the AMD 
intensity (i.e., lower pH and higher sulfate) the larger the 
radioactive 226Ra/238U disequilibrium in the water phase. 
This disequilibrium, previously mentioned by Fernandes 
and Franklin (2001), can be used to trace AMD.

Assessment of compliance with water quality 
guidelines

As shown in Figs. 2 and 3, only the samples from pond 
A1-75 exceeded the Brazilian legal standards for effluent 
discharge into watercourses (CONAMA 2005, 2011) for 
pH, F, Mn, and Zn. Fluvial waters downstream of pond 
A1-75, particularly in Consulta Brook, were non-compli-
ant with respect to fresh water quality standards (CON-
AMA 2005, 2011) for  F−, Cd, U, Zn, Al, Mn, Fe, and pH 
(Figs. 2, 3). These parameters violated their quality limits 
as a consequence of effluent discharges from pond A1-75 
(with the exception of iron). No radionuclide concentra-
tion exceeded the activity concentration limits established 
by the Brazilian Ministry of Health (MS 2011) and by the 
World Health Organization (WHO 2011).

There was non-compliance to standard values for Al, 
Mn, and Fe in water samples collected at stations upstream 
the CUM (Figs. 2, 3), in an environment where geogenic 
influences should prevail. Among these three elements, the 
iron concentrations were those which most exceeded the 
water quality standarts. This is relevant because it ques-
tions the validity of applying legal quality limits for these 
parameters in the study area. Thus, the regulators should 
take into account such natural high concentrations.

Environmental isotopes

The δ values of the stable isotopes 2H and 18O, measured in 
12 samples from streams and ponds in the study area, are 
plotted in Fig. 6a, together with the Global Meteoric Water-
line (GMWL) and the regional Belo Horizonte Meteoric 
Waterline (BHMWL) (IAEA 2015).

Fig. 5  226Ra/238U versus sulfate (a) and pH (b)
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Figure 6a shows that the isotopic signature of the col-
lected samples scatters along and close to the BHMWL 
and above the GMWL. The isotope signature at pond 
A1-75 plots over the regional meteoric waterline. This 
is an indication that evaporation was not an important 
control on the water chemistry in this effluent pond. This 
likely reflects the short residence time for water in the 
pond, which is pumped continuously to the acid neutrali-
zation unit.

On the other hand, water from A2-25 pond displays 
a typical isotopic signature associated with evaporation, 
i.e., it plots below the meteoric waterline (Clark and Fritz 
1997; Domenico and Schwartz 1997). As the tailings dam 
behaves as a lentic hydrological system, water in this 

structure is exposed to a long period of evaporation before 
flowing into the A2-25 pond, in which further evapora-
tion occurs. At station A1-2, the water also shows signs of 
having undergone some evaporation, because of the lentic 
conditions that also predominate there. This is consistent 
with the rather lentic characteristics prevailing at the upper 
stretch of the Consulta Brook.

The variation of δ18O and δ2H values along the water-
courses plotted in Fig. 6b suggests that (1) discharges from 
pond A1-75 promote a depletion of 2H and 18O in the river 
water flowing past its discharge from A1-2 to A1-76; (2) 
the effluent from pond A2-25, which is highly enriched in 
2H and 18O, causes an enrichment of these heavy isotopes 
of the waters downstream its discharge, as measured at sta-
tion A2-71.

Multivariate statistical analysis (first approach): 
considering fluvial and pond samples (all 48 
samples)

The dendogram in Fig. 7a shows the application of the clus-
ter technique, grouping all 48 samples into three groups. 
Cluster 1 consists of the samples from the A1-75 pond, 
while the samples from the A2-25 pond constitute Cluster 
2. Cluster 3 includes the samples collected at the stations 
located in the watercourses. Thus, cluster analysis distin-
guished each one of the ponds from the fluvial sampling 
stations.

It is observed that water quality in the A2-25 pond is 
more similar to that in the fluvial sampling stations than to 
water from pond A1-75. This may be due to AMD in the 
A1-75 pond imposing a hydrochemical signature that is dis-
similar from the other samples.

PCA/FA analysis was executed in 16 parameters for all 
48 samples, and an eigenvalue greater than 1 was used as 
a criterion for extracting the factors required to explain 
data variance (Kaiser 1960). The eigenvalues (> 1) of the 
three extracted factors, their loadings, their percentage of 
variance, and the cumulative percentage of the parameters 
variations are shown in Table 2. Factor loadings which 
had absolute values higher than 0.70 (Kaiser 1960) were 
considered to show a strong association and are marked in 
bold. The three factors explain 93.2% of the total variance, 
and the respective biplot graph is shown in Fig. 7b.

Factor 1 explains 73.3% of the total variance and has 
strong loadings on EC, pH,  SO4

2−,  F−, Al, As, Cd, Pb, Mn, 
U, Zn, 238U, and 232Th. These parameters are strongly related 
to the AMD, whose occurrence is well characterized in the 
A1-75 pond (Figs. 2, 3, 7b) that receives acidic effluents gen-
erated in WRP#4. Therefore, this factor was termed “AMD-
WRP#4 factor.” Calcium in this factor had a low loading 
that should be reflecting only the dissolution of the Ca-rich Fig. 6  a δ18O and δ2H water composition from fluvial and pond sta-

tions; b δ18O and δ2H variation along the sampling stations
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minerals, as calcite and fluorite (Eqs. 7 and 14), and not the 
addition of calcium-rich neutralizing agents.

Factor 2 explains 13.2% of the total variance and has 
strong loadings only for Ca and Mo. This is well charac-
terized in the A2-25 pond (Figs. 2, 3, 7b). Due to the high 
loading for calcium, Factor 2 is interpreted as being asso-
ciated with the calcium-rich neutralizing agents applied 
in the effluents deposited in the TD, and secondarily 
with the dissolution of Ca-mineral as calcite and fluo-
rite. It also reflects Mo, whose solubility increases with 
the medium’s alkalinity (Takeno 2005; Montero-Serrano 
et al. 2009). Thus, the Factor 2 was named “Ca-Mo-TD 
factor.”

Factor 3 explains 6.7% of the total variance and has 
a strong loading only for Fe. As previously discussed, 
Fe is the analyzed parameter whose spatial distribution 
best reflects the geogenic influence on water quality in 
the study area. Thus, this factor was termed as “Fe-geo-
genic factor.” Due to the scale of Fig. 7b and to the huge 
reflection of Factors 1 and 2 in A1-75 and A2-25 ponds, 
respectively, it is not possible to identify a clear segrega-
tion between the samples from the other stations.

Multivariate statistical analysis (second approach): 
considering only fluvial samples (40 samples)

Three groups were individualized by the dendogram 
shown in Fig. 8a. Cluster 1 includes chemical parameters 

Fig. 7  Dendogram (a) and 
biplot (b) for all 48 samples
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that are characteristic of AMD, such as those present at 
high concentrations in pond A1-75. Cluster 2 consists 
of Ca and Mo, at high concentrations predominantly in 
the A2-25 pond. Iron, the only constituent of Cluster 
3, has a relatively low similarity with the other groups, 
suggesting that it does not have a significant relation to 
the ponds’ waters.

For eigenvalue > 1, the same three factors identified by 
first approach were extracted. They explain 91.4% of the 
total variance (Table 3; Fig. 8b): AMD-WRP#4 factor 
explains 72.6%; Ca-Mo-TD factor explains 11.2%; and 
Fe-geogenic factor explains 7.6%.

The biplot graph of Fig. 8b suggests that the fluvial sam-
ples can be segregated into four groups. Groups (1) and 
(2) are composed, respectively, of the samples collected at 
stations A1-76 and A1-1, located immediately downstream 
of the A1-75 pond in Consulta Brook. These two groups 
reflect the changes in water quality associated with AMD 
impacts (AMD-WRP#4 factor) in these two fluvial stations 
due to effluent discharges from the A1-75 pond. Group (3) 
is composed mostly of samples collected at station A2-71, 
located immediately downstream of the A2-25 pond, in the 
Soberbo Creek. This group depicts the Ca-Mo-TD factor 
influence in the waters of station A2-71 due to the A2-25 
pond discharges.

Group (4) consists predominantly of samples collected 
at station A4-2, located in the Soberbo Creek and down-
stream the Consulta Brook mouth. These samples mainly 
reflect the influence of the AMD-WRP#4 and Ca-Mo-TD 
factors, as well as the samples that makeup Group (5) 
located further downstream in the Taquari River. Group 
(6) consists of almost 90% of samples collected at the sta-
tions located upstream of the CUM facilities. This group 
does not have any influence from the previous factors, i.e., 
it should be representing the geogenic conditions in the 
study area.

Conclusions

The research has shown that CUM effluents, particularly 
from the WRP#4 and the TD, are having significant influ-
ences in downstream water quality. This conclusion is 
based on the results obtained by means of all the consid-
ered techniques. In particular, the measured variations in 
18O and 2H provide evidence for the migration of efflu-
ents from these two parts of the mine to nearby streams. 
The hydrochemical evaluation has shown that effluents 
from the WRP#4 caused in the downstream watercourses, 
an increase of up to 10 times for EC, 232Th, Pb, 226Ra, 
and 228Ra; from 10 to 100 times for Cd, Zn, Al, Mn, Ca, 
and As; from 100 to 500 times for  SO4

2− and  F−; and 
about 800 times for U and 238U. The increases caused by 
discharges from the tailings dam are up to 10 times for 
EC, Zn, Al, Ca, F, and Mo; and about 50 times for  SO4

2−.
The changes in  SO4/Cl ratio clearly depicted the AMD 

pathway from the ponds to downstream watercourses. It 
was demonstrated that the extent of disequilibrium between 
226Ra and 238U is directly associated with the extent to which 
water in the area has been affected by AMD discharges and 
can be a natural tracer to monitoring the extent of AMD 
contamination in the area.

The multivariate analysis yielded a three-factor model 
which could be used to distinguish between mine-related and 
natural geogenic sources of chemical constituents in water. 
The AMD-WRP#4 factor represents the acid mine drainage 
generated by the WRP#4 and is associated with low pH val-
ues and high concentrations of sulfate and dissolved metals 
downstream. The Ca-Mo-TD factor depicts the chemical 
characteristics of the effluents from the TD. It mainly reflects 
the impact of the addition of neutralizing Ca-rich agents and 
also the Mo high concentrations. The Fe-geogenic factor 
involves only Fe and represents the natural characteristics 
of the study area waters.

It is strongly recommended that measures be taken to 
mitigate the generation of acid mine drainage as well as to 

Table 2  Factor loadings of the varimatrix-rotated factors, eigenvalues 
(> 1), percentage of variance and cumulative percentage of the three 
extracted factors

Parameter Factor 1 Factor 2 Factor 3

EC 0.890 0.444 − 0.040
pH − 0.757 0.036 0.004
SO4

2− 0.929 0.332 − 0.088
F− 0.845 0.044 0.013
Al 0.962 0.075 − 0.138
As 0.969 0.041 − 0.085
Cd 0.987 0.078 − 0.107
Pb 0.978 0.040 − 0.136
Fe 0.146 − 0.114 − 0.979
Mn 0.992 0.064 − 0.087
Mo − 0.138 0.951 0.088
U 0.990 0.065 − 0.083
Zn 0.987 0.065 − 0.087
Ca 0.313 0.918 0.042
U-238 0.990 0.065 − 0.083
Th-232 0.964 0.078 − 0.114
Eigenvalue 11.724 2.109 1.076
% of Variance 73.3 13.2 6.7
Cumulative % 73.3 86.5 93.2
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avoid its flow to the water bodies. It is also recommended 
that the neutralization process be constantly monitored and 
optimized in order to reduce the application of calcium-
based neutralizing agents. In addition, it is suggested 
that procedures such as adsorption and/or precipitation 
be adopted in order to decrease the concentration of Ca 

and Mo in the waters that pour from TD. It should be 
highlighted that a chance exists that the excess of calcium 
in the water may considerably increase the mobility of 
the uranium due to the formation of soluble complexes of 
Ca-U-CO3. The operator has already begun to implement 
some necessary measures.

Fig. 8  Dendogram (a) and 
biplot (b) for fluvial stations 
samples
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