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Abstract: In arid and semiarid watersheds, groundwater is the most reliable source of
water all year-round, being used for domestic, agricultural, and industrial purposes. In
such a context, conflicts over groundwater quality and/or supply are not rare. The lack of
communication tools between the stakeholders hinders conflict resolution. A categorical
example of such areas can be found at the Caetité Experimental Basin (CEB), where, from
time to time, conflicts between stakeholders and the Uranium Production Unit (URA)
take place. The CEB is a headwater, semiarid, ephemeral, hard-rock watershed, and
groundwater vulnerability and radioecological hazard studies in this area are rare and
outdated. Therefore, the present work aimed to map groundwater vulnerability and
radioecological hazards posed by the URA to the CEB groundwater system through three
index-based methodologies: the standard DRASTIC model, a locally-adapted DRASTIC-
URA, and the Radioecological Hazard Index (RHI). Although most of the CEB presents
low intrinsic groundwater vulnerability, the areas under the source terms are not equally
vulnerable, and the most hazardous source term, from the point of view of radioecological
impacts, is close to a highly vulnerable area. Such maps and indexes may be proven useful
as a screening and communicative tool, since they illustrate the groundwater vulnerability
distribution at CEB, as well as provide a way to compare it to other areas around the
world.

Keywords: groundwater vulnerability, DRASTIC, uranium mining, radioecological
hazard, semiarid hydrogeology.
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Vulnerabilidade da agua subterrianea e
avaliagdo do perigo radioecologico em
uma bacia semiarida no contexto da
minerag¢ao de uranio em Caetité, Brasil

Resumo: Em bacias hidrograficas aridas e semiaridas, as aguas subterraneas constituem
a fonte de agua mais confiavel ao longo do ano, sendo utilizadas para fins domésticos,
agricolas e industriais. Nesse contexto, nao sao raros os conflitos relacionados a qualidade
e/ou ao abastecimento dessas 4dguas. A falta de ferramentas de comunica¢io entre as
partes interessadas representa um obstaculo a resolu¢io de conflitos. Um exemplo
emblematico dessas areas pode ser encontrado na Bacia Experimental de Caetité (CEB),
onde, de tempos em tempos, ocorrem conflitos entre as partes interessadas e a Unidade
de Concentragao de Uranio (URA). A CEB ¢ uma bacia hidrografica de cabeceira,
semiarida, efémera e de rocha dura, e os estudos sobre vulnerabilidade das aguas
subterraneas e riscos radioecolégicos nessa area sao escassos e desatualizados. Portanto,
o presente trabalho teve como objetivo mapear a vulnerabilidade das dguas subterraneas
e os perigos radioecoldgicos representados pela URA para o sistema de dguas subterraneas
da CEB por meio de trés metodologias baseadas em indices: o modelo DRASTIC padrao,
um DRASTIC-URA adaptado localmente e o Indice de Risco Radioecolégico (RHI).
Embora a maior parte da CEB apresente baixa vulnerabilidade intrinseca das aguas
subterraneas, as areas sob os termos de fonte nao sao igualmente vulneraveis, e o termo
de fonte mais perigoso, do ponto de vista dos impactos radioecoldgicos, esta proximo a
uma area altamente vulneravel. Tais mapas e indices podem se mostrar uteis como
ferramenta de triagem e comunica¢ao, uma vez que ilustram a distribuicdo da
vulnerabilidade das aguas subterraneas na CEB, além de fornecerem uma maneira de
compara-la com outras areas ao redor do mundo.

Palavras-chave: vulnerabilidade da agua subterranea, DRASTIC, minera¢ao de uranio,
perigo radioecolégico, hidrogeologia de semiarido.
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1. INTRODUCTION

In arid and semiarid areas, groundwater is the most reliable and, sometimes, the only
year-round available source of water. Sustainable management of water resources is a crucial
and expensive activity, especially under such climatic constraints |[1|. In these areas, conflicts
over water usage are common, as evidenced in the semiarid region of northeastern Brazil.
The Caetité Experimental Basin (CEB), located in Bahia State, is a rural, headwater,
ephemeral watershed underlain by a fractured hard-rock aquifer, containing the only active
uranium production center in Brazil, the Uranium Production Unit (URA). Evidence
suggests that the groundwater system has a fast turnover time, which contributes to its
vulnerability [2]. This nuclear installation is operated by Industrias Nucleares do Brasil (INB)
and, occasionally, conflicts over groundwater resources occur in the city of Caetité. The lack
of visual tools to ease tension and facilitate communication among stakeholders appears to
be a hindrance. Maps are efficient graphical tools that can aid in filling this communication

gap |3, especially through the use of groundwater vulnerability maps.

The concept of groundwater vulnerability conveys the susceptibility of adverse effects
imposed by contaminant loads from the land surface, implying that the unsaturated zone has
varying protective capacity over groundwater systems |[4|. Groundwater vulnerability
screening and mapping tools can be used not only to prioritize protective, monitoring, and
remediation efforts [5] but also to graphically represent the fragility of a given groundwater
system. The term vulnerability in the present work should not be confused with risk or
probability |6]. Probability is the quantified likelihood of a deleterious event (0 to 100%),

while risk is the quantified magnitude of a probable deleterious event.

Hazard identification is the first step towards risk characterization and management | 7.
A hazard, in the context of groundwater, can be defined as a potential source of contamination

resulting from anthropogenic actions on the surface. Vulnerability and hazard assessments can
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be a cost-effective way of visualizing and communicating the fragility of a groundwater system
and the plausible relationships between hazard and contamination [8]. Most groundwater
vulnerability mapping systems are purpose-constrained to support decision-making and should
illustrate the spatial variation of the potential vertical pathways of contamination |9|. The most
common type of groundwater pollution potential assessment is “intrinsic groundwater
vulnerability” mapping, which considers only the characteristics of the hydrogeologic setting,

regardless of the presence and/or type of contaminants on the surface |10)].

There is no standard methodology for groundwater vulnerability assessments |1 1], and
the most widely used approaches to this purpose are qualitative index-based GIS-aided
methodologies, notably the DRASTIC method and its adaptations [12]. Also, DRASTIC
parameters can be modified for a refined representation of local hydrogeologic settings |5].
Although more recent and sophisticated Al-based approaches have been proposed to
optimize the DRASTIC method |[13|, their use requires sufficient groundwater

contamination data to train the models, which are often unavailable.

Risk and probability assessments are cumbersome and cost-demanding, while the
semi-quantitative Hazard Index approach can be used to support groundwater management

at a much more accessible level [8].

These so-called qualitative and semi-qualitative index-based methods consist basically
of (1) the selection of relevant/available thematic layers; (2) the ranking/weighting of the
selected layers; (3) the integration of the superposed layers into a numeric index; and, (4) the
categorization of the computed values into classes (e.g., from low to high). Usually, this
procedure is performed in a Geographic Information System (GIS) environment, resulting
in a map of groundwater vulnerability and, depending on the hazards distribution, on a
hazard map. The advantages of these methods are operational (abundance of GIS tools and
available digital databases), structural (simplicity and flexibility of the methodology), and
communicational (stakeholders can see intuitive color schemes related to the groundwater

system). The numerical value of the calculated index does not necessarily reflect the
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probability or risk of contamination, but rather the relative (qualitative) importance of a given
area compared to others. Such importance or relevance consists in the concurrence of factors

that are well-known to favor or hamper groundwater contamination.

Previous assessments at CEB are scarce and outdated. The operator, using GOD and
POSH methods based on pre-operational data and a coarse pre-1997 digital elevation model
(DEM), classified most of the area (93%) as having negligible to low vulnerability, except for
narrow patches along the drainage system [14|. The limitations of the DEM used at that time
likely underestimated local variation in the potentiometric surface and drainage delineation.
Following this scheme, all source terms in the area (Figure 1) were considered by the operator
in their study as having a high pollution potential. In addition, (a) the industrial plant and the
tailing ponds were considered as having a low to moderate risk; (b) the solid waste pile,
moderate risk; and (c) the Cachoeira open pit mine, the highest pollution risk level. Also, the
POSH-based hazard and risk evaluations considered the chemical risks but not the

radioecological ones.

Therefore, the present work aimed to assess groundwater vulnerability and
radioecological hazards posed to the groundwater system in an experimental headwater basin
in a semi-arid climate in the context of uranium mining and beneficiation through index-

based methodologies.

2. MATERIALS AND METHODS

2.1. Study area

The Caetité Experimental Basin (CEB) (Figure 1) is an 81 km? watershed located in
Caetité, Bahia State, Brazil (13°49'51"S 42°17'15"W). The CEB contains the only uranium

production center in Brazil, the URA, operated by INB, a Brazilian state-owned company.
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Figure 1: Cactité's Experimental Basin (CEB), in red, and the Uranium Production Unit (URA), in detail.
Numbers 1 to 6 are the source terms of the URA, except for the administrative buildings (5b).
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The study area is under a semi-arid climate (Bsh), with an average rainfall of c.a. 700 mm,
concentrated during summer (November to January); the average temperature is around 20 °C;
and the estimated average evapotranspiration is 920 mm per year |15]. Since the eatly 90’s, and
more intensively between the years 2011-2016, the region has experienced the most severe
drought ever recorded in the history of the Brazilian semi-arid region |106]. Besides the national
meteorological stations at Caetité, the INB maintains a meteorological station within its area

monitoring air temperature, precipitation, air moisture, and atmospheric pressure since 2000.

The topography at CEB varies from around 718 to 1000 masl and can be described as
a gentle relief with flattened hilltops and smooth divides. The drainage system is tectonic

fault-controlled, and the streams are ephemeral.

The CEB is located within the LLagoa Real Complex, in the Caetité Massif. CEB’s
hydrogeological setting consists of a fractured aquifer system underlain by crystalline hard
rock and covered by a relatively deep vadose zone. The volume of water cycling in this system
depends on the semiarid climate budget, and hence groundwater is expected to be restricted
to the fractured zone. The uranium resources in the Caetité region amount to 87,000 tonnes
distributed across 17 mineral deposits. The Cachoeira deposit, located within the Cachoeira
sub-basin, contains c.a. 17,000 t U. From 2000 to 2015, the INB produced 3,750 t UsOs by
open-pit mining followed by heap leaching. Upon depletion of the Cachoeira deposit, the
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adjacent Engenho deposit, located in the Engenho sub-basin, was brought into operation in
2020, employing the same extraction and processing methods. A comprehensive description

of the geological setting in which the CEB is located can be found in [17].

The operator identified four major soil classes: Inceptisol, Ultisol, hydromorphic soils,
and Oxisol [18]. The regolith cover can vary from absent in outcrops to 48 m deep at the
hilltops, but the most frequent profile consists of a soil cover of less than 10 m deep, above

a fractured hard-basement [14].

About 90 % of CEB’s land use (LU) and Land Cover (LC) is either Cerrado (79.0 %),
Capoeira (11.1 %), or bare soil (5.4 %). Only 0.1 % is built-up area, while the remaining 4.4
% is distributed between grasslands (3.6 %) and agriculture (0.8 %) [19].

2.2. DRASTIC-GIS models

The standard vulnerability map is referred to herein as DRASTIC [5], while the map
produced by modifications of the original DRASTIC model using local-specific data is
referred to as DRASTIC-URA. The modifications consisted of changing the ranges of the

layers D, R, T, and C, using local values instead of default values.
The DRASTIC index can be integrated as a weighted sum, following Equation 1:
D,.D, + R.R, + A, A, +S,S, +T.T, + L., + C,.C,, = DRASTIC Eq.1

where D is Depth to water; R is net Recharge; 4 is for the Aquifer media; S indicates
the Soil media; T, the Topography; I is the Impact of the vadose zone; while C'is the hydraulic

conductivity of the aquifer. » is the layer-related weight, and r1is the rating given to each range.

It can be assumed that the longer the path for a contaminant from the surface to cross
the vadose zone and reach the groundwater, the more it retards the plume and increases the
chance for its attenuation [5]. The D-layer accounts for this assumption. The mine operator

monitored 55 wells at CEB in March 2004 and found a strong linear relationship (r> = 0.98)
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between groundwater level and topography |14|. This relationship was used to generate the

digital potentiometric model of CEB.

The DRASTIC method categorizes groundwater levels in ranges, attributing a rating
tor each range (Table 1). Following this categorization, the groundwater level digital model
was converted into a “D-factor” layer. The same data were categorized using local range

magnitudes (Table 1), and a “local D-factor” was then generated.

Infiltrating water is the main carrier of contaminants from the land surface into
groundwater. Hence, annual net groundwater recharge is expected to be directly proportional
to groundwater vulnerability [5]. According to [20], natural recharge at CEB varies from 2.9
to 16.4 mm.year” (0.4 to 2.3% of annual precipitation). Similar rates were found elsewhere
for the fractured aquifer system [21]. Following the DRASTIC methodology, this value of
net recharge falls within the lowest range (Table 1) and receives the smallest rate (DR = 1),

and hence, the R-layer was rated a single value for the conventional DRASTIC calculations.

To increase the local resolution of the vulnerability assessment map, the local
groundwater recharge range and the groundwater recharge potential map [20] were used to

generate the local R-layer for the DRASTIC-URA calculations.

The A-layer accounts for the properties of the aquifer related to the flow system.
Depending on how consolidated or unconsolidated, porous or fractured, an aquifer is, the

ratings of this parameter will reflect the easiness for water movement within the aquifer [5].

According to the hydrogeological domains identified by the operator [14], the
geological map was used to generate this raster layer following the DRASTIC rating system
(Table 1). This layer was used for both calculations: DRASTIC and DRASTIC-URA.

The S-layer represents the capacity of the soil to attenuate a percolating contaminant
plume, while the I-layer is rated according to relevant impeding layers above the water table
|5]. The soil map and the soil profile surveys performed by the operator |22,14| were used to

derive both layers. The S-layer ratings followed the most restrictive textural class per profile.
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The I-layer grouped non-hydromorphic soils as "Sand and Gravel with significant Silt and
Clay" (rating 4) and hydromorphic soils as "Sand and Gravel" (rating 8). Both layers were
used for DRASTIC and DRASTIC-URA calculations (Table 1).

The T-layer represents the likelihood of runoff or infiltration taking place due to the
slope of the land surface [5]. The steeper the slope, the higher the chances of runoff, and
hence, the lower the groundwater vulnerability at a given point, and vice versa. This factor
receives the smallest weight of all seven DRASTIC factors (TW = 1). The slope layer was
derived from the Shuttle Radar Topography Mission (SRTM) digital model 23] in QGIS.
For the conventional DRASTIC map, the T-factor raster was created following the default
ranges and rating values (Table 1). For the DRASTIC-URA calculations, local ranges were
used to generate a local T-layer by categorizing the local slope amplitude into five equal

ranges (Table 1).

The C-layer indicates the rate at which a contaminant would move away from the

entering point due to the hydraulic conductivity of the aquifer [5].

Since hydraulic conductivity at CEB is remarkably low, varying from 10® to 10° m.s™!
|14], the entire CEB falls into the smallest rating range according to the standard DRASTIC
methodology (Table 1). Thus, a single value was attributed for the C-factor (CR = 1). For
the DRASTIC-URA calculations, a local C layer was generated by categorizing the local
amplitude of measured hydraulic conductivities into 6 classes, matching the default

DRASTIC rating system (Table 1).
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Table 1 : Rating and Weighting schemes for DRASTIC and DRASTIC-URA methods.

RANGE
PARAMETER DRASTIC RANGES LOCAL RANGES RATE WEIGHT
[m.b.s.1] 0 ()
0-15 7.97 - 8.25 10
1.5-4.6 8.25-8.53 9
Depth to Water 4.6-9.1 8.53 - 8.81 7
D) 9.1-15.2 8.81-9.10 5 5
15.2-22.9 9.10-9.38 3
22.9-30.5 9.38 - 9.66 2
>30.5 9.66 - 9.94 1
[mm.year!]
0-50.8 2.9-5.6 1
Recharge 50.8 - 101.6 56-83 3
R) 101.6 - 177.8 83-11.0 6 4
177.8 - 254 11.0-13.7 8
> 254 13.7-16.4 9
Geology
Massive Shale 1-3(2
Metamorphic/Igneous 2-503)
Weathered Metamorphic/Igneous 3-5(4)
. . Glacial Till " 4-6(5
Aquifer Media Bedded Sandstone, Limestone, and Shale Sequences W?athﬂEd " 5-9(6)
(A) . Metamorphic/Igneous" and 3
Massive Sandstone "Sand and Gravel” 4-9(6)
R and and Grave
Massive Limestone 4-9(0)
Sand and Gravel 4-9(8)
Basalt 2-10(9)
Karst Limestone 9-10 (10)
Soil limiting layers
Nonshrinkin and Nonaggregated Clay 1
Muck 2
Clay Loam 3
Silt Loam 4
Soil media Loam "Nonshrinkin and 5
0] Sandy Loam Nonaggregated Clay " and 6 2
Shrinking and/or Aggregated Clay "Clay Loam" 7
Peat 8
Sand 9
Gravel 10
Thin or Absent (< 25.4 cm) 10
Slope [%]
0-2 0-13 10
Topography 2-6 13- 26 9
@) 6-12 26 - 39 5 1
12-18 39 - 52 3
>18 52 - 65 1
Vadose zone limiting layers
Confining Layer 1(1)
Silt/Clay 2-6(3)
Shale 2-5(3
Limestone 2-7(6)
Impact of vadose zone Sandstone "Sand and Gravel with 4-8(6)
) Bedded Limestone, Sandstone, Shale significant Silt and Clay" and 4-8(0) 5
Sand and Gravel with significant Silt and Clay "Sand and Gravel" 4-8(0)
Metamorphic/Igneous 2-8(4)
Sand and Gravel 6-9(8)
Basalt 2-10(9)
Karst Limestone 8-10 (10)
[ms]
4.72E-07 - 4.72E-05 9.46E-08 - 4.50E-06 1
Hvdraulic conductivity 4.72E-05 - 1.41E-04 4.50E-06 - 8.90E-06 2
¥ R 1.41E-04 - 3.30E-04 8.90E-06 - 1.33E-05 4 3
3.30E-04 - 4.72E-04 1.33E-05 - 1.77E-05 6
4.72E-04 - 9.43E-04 1.77E-05 - 2.21E-05 8

> 9.43E-04

> 2.21E-05

—_
]
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2.3. Radioecological Hazard Index

An adaptation of the methodology described in [8] was used in the present work. A
semi-quantitative Radioecological Hazard Index (RHI) was developed by integrating the
contribution of mobile radionuclide loads and aspects of their behavior for source terms on

the land surface. The RHI; was calculated following equation 2:

where RHI; is the radioecological hazard index of the source term j Cj is the
contribution of radionuclide 7 from source term ; due to its behavior; and {; is the normalized
(0 to 1) potentially infiltrating contaminant load of radionuclide 7 from source term /. The

term Cj; was calculated from equation 3:

where R;, Mj, and Dj are normalized (0 to 1) ratings for radiotoxicity, mobility, and
degradation of radionuclide 7 from source term j, respectively. In this equation, the decimal
factors are importance weights proposed by [8], meaning that mobility and degradation are
equally important, and both are considerably less important than toxicity from the point of view

of groundwater protection. For the present work, the chemical toxicity was not considered.

Specific activity (Bq.g') [24] was used to quantify radiotoxicity. Mobility was
accounted for in terms of average distribution coefficients (Kd) in soils |25], and degradation,
which indicates persistence of a given radionuclide in the system, was calculated in terms of

its half-life times [26|. These data are presented in Table 2.
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Table 2 : Radionuclide data used to quantify radiotoxicity, mobility, and degradation. Kd is the liquid-to-
solid distribution coefficient. #,. is the half-life.

SPECIFIC

RADIONUCLIDE() ACTIVITY Kd1 ‘a2
Bq.g] [L.kg ] [years]
nat (] 2.54E+04 2.00E+02 4.47E+09
maeTh 4.06E+03 1.90E+03 1A1E+10
2R, 3.63E+10 2.50E+03 1.60E+03
25R, 8.66E+12 2.50E+03 5.75E+00
210}, 3.26E+12 2.00E+03 2.22B+01

Three source terms were chosen according to their permanence and available data
|27,28]. A comprehensive inventory and characterization of all source terms was not available
at the time of this investigation. However, some of the source terms that were already
inventoried by the operator (e.g., milling area, heap leach piles, Engenho mine pit) could not
be considered for this study, given the lack of information about mobile aqueous phases
and/or mobilization rates. Therefore, only the waste rock pile, the Cachoeira mine pit, and
the tailing ponds (Figure 1) were considered in this study. Due to their permanence and
radiological composition, these source terms may in fact be the most relevant from the
groundwater vulnerability and risk perspective. The main radionuclides in the study area,
their respective concentrations, and the calculations of RHI; are presented in Table 3. The
mobile radionuclide concentrations were used for the contaminant load calculations. To
represent the waste rock pile, the water that drains beneath the pile was sampled during
January 2003, and its average (n = 3) concentration was used for the calculations. The water
that accumulates from both rainfall and eventual groundwater emanations at the bottom of
the Cachoeira mine pit was sampled (n=4) for radionuclide activities during the same period.
The supernatant water from the tailing ponds was monitored, and the multiannual average

(2002 to 2006) was used in the calculations.

The calculated RHIj is shown in Table 3. The source terms (i.c., hazards), in terms of
RH]Ij, are ranked as follows: Tailings ponds (RHIj = 0.10) < waste rock pile (RHIj = 0.56) <
Cachoeira open pit (RHIj = 0.64).
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Table 3 : RHI, calculations for three source terms at the CEB.
WASTE ROCK PILE ()

RADIONUCLIDE() Bl Q; T; M; Dy G
ma) L15E+00 037 000 000 032 006

matTh 1.29E-01 000 000 074 100 035

26Rq 2.88E+00 100 000 100 000 020

25Rq 2.59E-01 005 100 100 000 080

210}, 2.25E+00 077 038 078 000 038

RHI, 056

RADIONUCLIDE() CACHOEI;?Bf]INE PIT ) Q; T; M; Dy G
) 4.22E+00 093 000 000 032 006

matTh 1.03E-01 000 000 074 100 035

26Rq 3.96E+00 087 000 100 000 020

25Rq 2.28E-01 003 100 100 000 080

210p}, 4.53E+00 100 038 078 000 038

RHIL, _ 0.64

RADIONUCLIDE() TAILITBGOE%NDS 9 Q; T M, D, c
) 483102 100 000 000 032 006

matTh 1.72E+00 000 000 074 100 035

26Rq 4.22E+01 008 000 100 000 020

25Rq 4.39E+00 001 100 100 000 0.0

210p}, 2.08E+01 004 038 078 000 038

RHI, __ 0.10

3. RESULTS AND DISCUSSIONS

Most of the area (91%) was classified as having low (77%) or very low (14%)
vulnerability, with some areas presenting high (5%) to very high (4%) vulnerability (Figure
2). DRASTIC values varied from 64 to 134 (x = 91 * 11). According to the modified
approach, the DRASTIC-URA, the CEB was classified as having very low (32%), low (38%),
high (27%), and very high (4%) vulnerability (Figure 3). DRASTIC-URA values varied from
58 to 193 (x = 118 £ 23).

The areas with lower vulnerability are evenly widespread, while those with higher
vulnerability are limited to elongated patches. Source terms are located mostly in low to high-
vulnerability areas, but parts of the Cachoeira and Engenho mine pits are close to very high-

vulnerability areas.
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Figure 2: DRASTIC index vulnerability map. Figure 3: DRASTIC-URA index vulnerability
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Both DRASTIC and DRASTIC-URA maps (Figures 2 and 3) followed the same
general tendency reported by the operator using the GOD method [14], that is, the more
vulnerable areas being concentrated at the valley bottoms, and the less vulnerable ones at the
topmost areas. The DRASTIC map indicates the groundwater vulnerability at CEB in
comparison to the natural diversity of hydrogeological settings around the world (default
DRASTIC amplitude), while the DRASTIC-URA provides a way of discriminating the local
variation of groundwater vulnerability at CEB (local amplitude). For context, Mondal et al.
|29] found DRASTIC values varying from 39 to 132 in a fractured granitic terrain in India,
while El Mountassir et al. [30] reported values varying between 114 and 191 in an area with
karstic and porous aquifers. The DRASTIC index can vary theoretically between 23 and 230;
therefore, the DRASTIC values found at CEB — falling in the lower portion of the DRASTIC
range — can be considered low. According to the DRASTIC assessment, most source terms
at the CEB are located in low vulnerability areas (Figure 2). However, according to the
DRASTIC-URA map (Figure 3), it can be noticed that the vulnerability of the groundwater
system beneath almost all source terms is higher than expected according to the standard
DRASTIC map. While the DRASTIC map shows that groundwater vulnerability at CEB is
considerably low compared to other hydrogeological settings around the world, the

DRASTIC-URA provides a more detailed map showing that areas classified as low
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vulnerability by the DRASTIC method are not equally vulnerable. Factors D and I (W=5)
dominate the vulnerability signal, followed by R (W=4). Because R and C received a uniform

value across the basin in the standard DRASTIC, their spatial contribution only becomes

visible in the DRASTIC-URA (Figure 3).

Coincidentally, RHI; followed the same pattern as the chemical pollution risk
classification reported by the operator according to the POSH method [14|. The hazard
assessment performed in the present work is limited not only by the lack of data on the
radionuclide inventory in all source terms present at the CEB, but also by its dynamics. For
example, although an enormous amount of waste rock (about 12,210,000 t) and consequently
a considerable mass of radionuclides are present in the waste rock pile, the rate at which they
are liberated from the bearing minerals and percolated out of the pile is not known. It is
worth highlighting the proximity between the Cachoeira and Engenho mine pits and the
drainage channels, which are areas of higher vulnerability in both DRASTIC and DRASTIC-
URA maps. The Engenho mine pit could not be included in the RHI; due to the lack of
aqueous-phase data for post-2020 operations. However, its operational and hydrogeological
similarities to Cachoeira suggest that this source term is likely to present the same

radioecological hazard profile.

Beyond the scientific description of the groundwater system, vulnerability and
hazard maps at the CEB serve two operational purposes. First, they support risk-based
prioritization of monitoring and containment efforts by identifying the coincidence of
vulnerable zones and high-hazard source terms — in this case, the drainage valley near the
Cachoeira and Engenho pits. Second, they provide an objective cartographic basis for
stakeholder dialogue in a region where groundwater disputes have historically escalated to
operational interruptions at the URA. Eventually, by providing a shared understanding of
the vulnerability of groundwater resources, groundwater vulnerability maps can help to
promote constructive dialogue and collaboration among stakeholders, leading to better

outcomes for all involved.
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4. CONCLUSIONS

The DRASTIC map illustrated the vulnerability of groundwater at CEB within the
broader context of hydrogeologic systems worldwide, while the DRASTIC-URA is a
graphical representation of the local variation in groundwater vulnerability at CEB. The
DRASTIC map reflected the expected low vulnerability of a semiarid hard rock watershed,
while the DRASTIC-URA highlighted that, although most of the watershed presented low
vulnerability, areas beneath the source terms are not equally vulnerable. The RHI assessment
indicated that, among the three analyzed source terms, the relatively most hazardous source,
L.e., the Cachoeira open pit, although being in a low vulnerability area, is close to a drainage
valley, which is classified as a highly vulnerable area. The Engenho mine pit is expected to
share the same radioecological hazard profile. The results presented herein can be useful
both for management purposes as well as for eventual communication with stakeholders
about groundwater vulnerability and radioecological risks at the CEB, since they illustrate
and provide a means of comparison of the CEB with other areas around the world, as well

as locally, between different points at the CEB.
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