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Abstract

The increasing dependence on groundwater resources especially in developing countries requires an in-depth evaluation of
the hydrogeochemical characteristics associated with any potential geological disposal site for radioactive waste. In particular,
the borehole disposal system (BDS) for disused sealed radioactive sources (DSRS) interfaces with groundwater resources
thereby necessitating detailed site characterization to generate requisite geostatistical information. In this study, the potential
BDS site for the conditioned DSRS was characterized by assessing the hydrogeochemical nature and processes at varied
depths of investigatory boreholes. Conventional hydrogeochemical, multivariate statistical, and multi-criteria decision-making
(MCDM) analysis were used. Durov and Piper diagrams show that sodium chloride constituted the primary water type. Na
versus Cl, and Gibbs diagrams demonstrated that weathering is a probable primary source of Na and ClI ions. Major ions
ratios demonstrated the occurrence of both ion exchange and reverse ion exchange hydrogeochemical processes. Multivariate
principal component analysis indicated three clusters of groundwater, whereby borehole BF cluster was influenced mainly
by nitrate due to associated agricultural activities. Na* and Cl~ ions primarily influenced boreholes BH1 and BH2 clusters.
MCDM preference ranking organization method for enrichment evaluation and geometrical analysis for interactive aid mod-
eling demonstrated that the shallow depth BF borehole offered the most conducive reducing hydrogeochemical environment
to host the borehole disposal system. The BF rock formation is associated with an alternating band of phyllite and quartzite.
Schist mixed with a brownish quartzitic formation that is within 110-130 m depth in BH1 also provides favorable reducing
conditions for the future disposal of conditioned DSRSs in Ghana.

Keywords Groundwater - Geostatistical evaluation - Hydrogeochemical characteristics - Borehole - Multivariate statistics -
Multi-criteria analysis

Introduction

Radioactive wastes have been generated and stored in Ghana
predominantly as disused sealed radioactive sources (DSRS)
for future geological disposal using borehole disposal sys-
tem (BDS) developed by the International Atomic Energy
Agency (IAEA) and key stakeholders notably the South

P4 Gustav Gbeddy
ggbeddy @gmail.com; g.gbeddy @gaec.gov.gh

Radioactive Waste Management Centre, Radiation
Protection Institute, Ghana Atomic Energy Commission,
Box LG 80, Legon-Accra, Ghana

National Isotope Hydrology, National Nuclear Research
Institute, Ghana Atomic Energy Commission, P. O. Box LG
80, Legon-Accra, Ghana

African Nuclear Energy Corporation (NECSA). The BDS
is essentially an engineered borehole with multiple barrier
system made up of stainless steel, concrete mixture and
high density polyethylene (HDPE) casing within suitable
host rocks located below thirty (30) m depth to isolate and
contain the conditioned DSRS from the biosphere during
the operational period of the disposal facility (Dawood et al.
2012; Glover and Essel 2020; IAEA 2011). Therefore, BDS
interfaces with the natural hydrogeochemical environment.
Significant global interest exists in the geological disposal
sites for hazardous and radioactive waste due to the con-
siderable public apprehension about the long-term safety
and security of the disposal facility (Grambow and Brete-
sché 2014). The conduct of generic and site-specific char-
acterization activities prior to the construction of the BDS
is essential in ensuring the safety of both present and future
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generations from the hazardous effects of the waste (IAEA
2011; OECD 2003). The geoscientific information obtained
from such investigations facilitate better comprehension of
how the disposal site may evolve with time based on the
natural temporal and spatial features, events and processes at
the site (IAEA 2011). As a result, the information will lead
to a well-informed decision making prior to the deployment
of the BDS in a specific environment (Akortia et al. 2021;
TIAEA 2011).

Among the various site characterization activities, hydro-
geochemical characterization describing the physicochemi-
cal characteristics and transformation of the chemical com-
ponents within the geospatial environment of underground
radioactive waste repositories is essential in determining
the suitability of any potential disposal site (Lakshmanan
et al. 2003). According to Grambow and Bretesché (2014)
the detailed comprehension of the physicochemical mecha-
nism of the disposal site is fundamental to the long-term effi-
ciency and effectiveness of the disposal facility. The ground-
water chemistry can affect the longevity of the engineered
barrier systems of the BDS due to oxidation and reduction
effects on the stainless-steel capsules and concrete matrix
used in conditioning the radioactive sources. Groundwater
characteristics can, therefore, affect the migration of radio-
nuclides through the host rock and aquifer systems in the
event that the integrity of the engineered barrier systems
gets compromised (Grambow and Bretesché 2014). Moreo-
ver, the groundwater characteristics may also provide vital
information on the origins of the water (Adewumi et al.
2018). Ghana is currently undertaking all the relevant site
characterization activities particularly the hydrogeochemical
investigations to meet both local and international require-
ments as part of the BDS implementation process.

The borehole disposal system interfaces with groundwa-
ter resources, and according to the UN (2022) World Water
Development Report 2022, groundwater accounts for circa
99% of all freshwaters on Earth and approximately 25% of
the water used in irrigation. The groundwater in the study
area for the BDS in Ghana is used for both domestic and
agricultural purposes. In this context, the necessity of man-
aging and protecting groundwater sustainably cannot be
overlooked (UN 2022). Therefore, there is the need to ensure
that the BDS for conditioned DSRSs will contain and iso-
late the waste in the long term (IAEA 2005, 2011) thereby
protecting the groundwater and promoting the continuous
reliance on this vital natural resource in the area. In this con-
text, the specific objective of the current study is to assess
the hydrogeochemical characteristics of the proposed site
for the BDS, and to unravel the physical and chemical fea-
tures at different depths of the boreholes. The study will also
evaluate the water—rock interaction, and sources of solutes
in the groundwater. This study will generate vital geoscien-
tific information that will ensure that adequate engineered
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multi-barrier systems are incorporated into the design of the
BDS against any potential unfavorable oxidizing condition.
However, it must be noted that although hydrogeological
site characterization entailing porosity, permeability, trans-
missibility amongst others are equally important geoscien-
tific parameters in terms of the BDS implementation, it is
not considered in this current study. In line with the study
objectives, geostatistical tools such as multivariate statistical
and multi-criteria decision-making (MCDM) methods were
deployed in evaluating the measured data so as to ascertain
the actual hydrogeochemical outlook of the site.

Materials and methods
Study area

The study was conducted in the most urbanized and densely
populated city, Greater Accra Region of Ghana, West Africa.
More than 50% of Ghana’s population dwell in urban set-
tings with its attendant challenge of increasing demand for
natural resources such as water. The study area is located
between 5° 6’ 7" N and 5° 6’ 9” N latitude and 0° 21" W to
0° 26" W longitude with an average elevation of 64 m. The
area is in the tropical region of West Africa and is char-
acterized by dry and rainy seasons. The area experiences
two rainy seasons normally from April to July, and Septem-
ber to November with average annual relative humidity of
approximately 80%. The sampling points are located within
the Ga East District of Accra as shown in Fig. 1, and Fig. S1
in the Supplementary Information. The mean annual rain-
fall in the area ranges from 1000 to 1400 mm (Logah et al.
2013). The area currently hosts the Ghana Atomic Energy
Commission (GAEC) where a nuclear research reactor and
Ghana’s National Radioactive Waste Management facility
are located. Three boreholes (BH1, BH2 and BF, see Fig. 1)
meant for the site-specific characterization activities for the
future geological disposal of conditioned DSRS are located
within the GAEC site. The groundwater resource in the area
serves as an important resource for irrigational activities at
both research and commercial levels.

The area is made up of two main geological forma-
tions, namely the Togo structural units and the Dahomeyan
supergroup as shown in Fig. 1. The Togo units are associ-
ated with Upper Precambrian age. The Togo units consist
of granitoid, phyllite and phyllonite, biotite gneiss, sand-
stones, quartz schist, quartzite, and quartzite minor mica
schist rocks. On the other hand, Dahomeyan supergroup
is connected with Middle-Late Precambrian age basement
rocks. The Dahomeyan supergroup is composed of Schis-
tose marbles, orthogneiss, amphibolites and metamicro-
gabbro, and quartz schist (Doku 2013). As represented in
Fig. 1, the Togo series occupy the north-western section
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Fig. 1 Geological map of the study area

and the highland areas of GAEC, whilst the Dahomeyan-
outcrop occupies the low-lying areas (Nude et al. 2009).
The area is characterized by unconfined and confined aqui-
fers which occur mainly within massive crystalline rocks
(Agbevanu 2015). The geologic formation associated with
the groundwater is characterized by secondary porosity
features such as joints, fractures, weathered zones and
faults. The aquifers can also be classified into fractured
and weathered zone aquifers. The unconsolidated layers
near the land surface have high transmissivity active zone
which serves as major conduits for groundwater move-
ment. The underlying clay layer beneath the unconsoli-
dated layer serves as aquitard, thereby separating the active
zone from the deeper depth rocks. The Dahomeyan and
Togo rocks in the area are normally associated with low
permeability (Akiti 1987; Salifu et al. 2015). The borehole
in the area generally yield between 0.41 to 29.8 m*/h of
water (Agbevanu 2015). The groundwater resource in the
area is essential for domestic and irrigation purposes, thus,
there is a need to guard against any future anthropogenic
source of contamination.

Sampling of groundwater

The boreholes were purged of stagnant water using sub-
mersible pump prior to groundwater sampling. Thirty-five
(35) groundwater samples were collected at varied depths
as indicated in Table S2 from the three boreholes using
Solinst discrete interval sampler (Model 425) as shown in
Fig. S2 during September 2020. This sampling approach
minimizes the mixing of samples from varied depths due
to the minor perturbation associated with the operation of
the equipment, thereby resulting in highly representative
samples at a particular depth. Further information on the
standard operating procedure of the equipment is provided
in the Supplementary Information. The samples for anions
analysis were filtered through 0.45 pm acetate cellulose
filter paper whilst those for cations were acidified after
filtration to a concentration of 0.2% v/v using ultra-pure
nitric acid. The air-tight samples in labelled pre-cleaned
330 mL HDPE bottles were preserved in a refrigerator at
4 °C for 3 days prior to analysis (Noble et al. 2011; Salifu
et al. 2015).
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Sample analysis

Physicochemical parameters such as temperature, electrical
conductivity (EC), pH, and total dissolved solids (TDS) were
determined in-situ using digital multi-parameter meter. De-
ionized water was used to rinse the digital multi-parameter
meter. Daily calibration of the meter was done using cali-
bration solutions. Field blanks were analyzed intermittently
to assess possible errors encountered during the sampling
and analysis of samples. The major ions entailing potas-
sium (K*) sodium (Na*), calcium (Ca®"), and magnesium
(Mg“), constitute the cations, whilst the anions consisting
of chloride (CI7), sulphate (SO42'), nitrate (NO;"7), bicar-
bonate (HCO; "), and silicate (Si044‘) were measured using
standard operating procedures as outlined in Table S1 of
the Supplementary Information. All the analyses were con-
ducted at the environmental chemistry laboratory of the
Water Research Institute (WRI), Centre for Scientific and
Industrial Research (CSIR), Accra, Ghana.

Data analysis

The generated physicochemical data as shown in Table S2
was subjected to conventional graphical hydrogeochemi-
cal analysis (such as Piper, Durov and Gibbs diagrams),
multivariate statistical and multi-criteria decision-making
(MCDM) techniques. These techniques facilitated compre-
hensive characterization of the hydrogeochemical processes.
The simultaneous utilization of these geostatistical meth-
ods maximizes the latent information in the research data,
thereby minimizing misinterpretation of the data to promote
attainment of accurate inferences and conclusions (Gbeddy
et al. 2020a; Kim et al. 2005). Principal component analysis
(PCA) was the main multivariate method deployed since it
provides both data reduction, pattern and cluster information
about the processes influencing the hydrochemistry (Gbeddy
et al. 2020b; Kim et al. 2005).

MCDM preference ranking organization method for
enrichment evaluation (PROMETHEE) and geometrical
analysis for interactive aid (GAIA) were used to assess and
model the role of key physicochemical parameters such as
chloride ion concentration due to its influence on the cor-
rosive properties of groundwater. PROMETHEE deter-
mines the ranking of an object compared to others for a set
of criteria based on relevant modelling scenarios. The sce-
narios entail whether maximized (high) or minimized (low)
criteria are preferred, allocation of weighting factors, and
the selection of suitable preference function. A subtraction
based pairwise comparison of all the data matrix entries in
all possible permutations is performed resulting in differ-
ence (d) for each comparison. The preference function then
transforms the difference into a degree of preference varying
from zero to one; the objects with results closer to one are
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preferred to those nearer to zero. GAIA on the other hand
represents the pictorial display or pattern between objects
and criteria for the PROMETHEE results (Ayoko et al. 2003,
2007; Doyi et al. 2018; Gbeddy et al. 2020a). The software
namely StatistiXL Version 1.8 and Visual PROMETHEE
Academic Edition Version 1.4.0.0 were used for the PCA,
and PROMETHEE and GAIA, respectively. More infor-
mation on these techniques can be found in Ayoko et al.
(2003), Ayoko et al. (2007), Gbeddy (2020) and Gbeddy
et al. (2020b).

Results and discussions

Geospatial hydrogeochemical characterization
of groundwater

The geology and geochemical processes occurring in
groundwater system influence the chemical composition
of groundwater. Therefore, it is essential to characterize
the relationship between these processes and groundwater
(Kazemi and Mohammadi 2012). This characterization is
particularly important for hydrogeological environment
meant for the disposal of conditioned disused sealed radio-
active sources. According to Larson and Skold (1958), the
presence of SO,*~ and CI~ anions in groundwater enhances
the occurrence of corrosion whilst bicarbonates impede cor-
rosion. Detailed hydrogeochemical information will there-
fore lead to well-informed decision making with respect to
the suitability of a prospective DBS site.

The Durov and Piper diagrams in Figs. 2 and 3, respec-
tively depict the synopsis of groundwater physicochemical
parameters, and these diagrams are significant in character-
izing the hydrogeochemical nature of an area (Kazemi and
Mohammadi 2012). With respect to the ionic composition of
the groundwater, Figs. 2 and 3 show that Na* and Cl~ consti-
tute the predominant cation and anion, making up over 60%
and 80%, respectively, in the study area. On the other hand,
the concentration of another corrosion causing SO,*~ anion
in the study area can be considered as negligible as shown
in Figs. 2 and 3. Furthermore, there exist a high positive
correlation of 0.983 between Na* and CI~ in Table S3 of
the Supplementary Information. This clearly indicates that
sodium chloride (NaCl) is the primary water type in the area.
This observation may pose some chemical challenges to the
longevity of the engineered barrier system incorporated
in the BDS due to the corrosive properties of C1™. In this
regard, the multi-barrier system for the future BDS must be
designed and developed taking into consideration the cor-
rosive properties of the hydrogeochemical environment.

Furthermore, the geospatial distribution of the chloride
ions in the groundwater with reference to the water level
is illustrated in Fig. 4. The borehole, BF measured the
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Fig.2 Durov diagram of groundwater hydrochemistry

lowest concentration of CI~, and the estimated concentration
remained constant across various depths of the borehole.
In this context, it can serve as a viable baseline borehole
for future of the BDS. The two boreholes, BH1 and BH2,
recorded high concentration of Cl™ in excess of the World
Health Organization (WHO) stipulated concentration thresh-
old of 250 mg/L (Salifu et al. 2015). The concentrations of
CI" in BH1 was not characterized by any significant varia-
tions across varied borehole depths compared to BH2, espe-
cially with lower depths around 100 m downwards.

Origin of ions and associated hydrogeochemical processes

The Gibbs diagram in Fig. 5a indicates that the major ions
in the groundwater reside within the rock dominance region
thereby showing that weathering of rocks constitutes the
fundamental factor in ions distribution in the groundwater.
According to WHO (2003), weathering is responsible for
the leaching of chlorides from rocks into water, thereby sup-
porting the high chloride levels measured in this study. The
Na versus Cl plot in Fig. 5b indicates that the groundwater
samples from BH1 and BF plotted above the theoretical 1:1

BH1-125
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* BH2-40
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9 More...

[ Bl |

equilibrium line, indicating the predominance of Na ions
over Cl ions. However, in the case of BH2 whilst most of
the samples plotted above the equiline, few samples can be
found below and on the line. Weathering via dissolution of
halite may be a probable source of chloride and sodium ions
in BH2 groundwater samples that aligned with the equiline
(Zaidi et al. 2015).

The hydrogeochemical processes taking place in the study
area were evaluated using ion ratio assessment notably major
ion/Cl1™ ratios versus CI~ concentration (McLean et al. 2011)
as shown in Fig. 6. All the ratios for the major ions exhib-
ited relative stability across varied depths of the boreholes
whereby BH1 and BH2 form a cluster and BF also form
another cluster. This may be an indication of relative stabil-
ity in the hydrochemistry of the groundwater across vari-
ous depths of the boreholes. However, BF measured lower
concentrations of CI™ and higher ratios for Na/Cl (Fig. 6a),
Mg/Cl1 (Fig. 6b), K/C1 (Fig. 6¢) and HCO,/Cl (Fig. 6d)
above the respective dashed Atlantic Ocean Seawater lines,
thus depicting excess Na, Mg, K and HCOj; ions in the BF
groundwater. Most of the groundwater samples from BH1
and BH2 borehole samples plotted below the Seawater Na/Cl
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line in Fig. 6a. As a result, reverse ion exchange process may
be responsible for Na ions elimination from the groundwater
(McLean et al. 2011).
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From Fig. 7a, all but two of the groundwater samples
have Ca+ Mg versus SO, +HCOj; plotted below the 1:1
theoretical line. In this regard, the two BH1 and BH2
groundwater samples that lie above the 1:1 line indicates
the potential occurrence of reverse ion exchange for these
two high salinity samples (McLean et al. 2011). These
high salinity samples also displayed Na/Cl ratios that plot-
ted below the Seawater line in Fig. 6a. In this context,
the study area is characterized potentially by both ion
exchange and reverse ion exchange processes, as earlier
evident in Fig. 5b by the high Na ions and enriched Cl
ions, respectively in some of the groundwater (Lufuno
2017). Ca+Mg versus Cl1+ SO, plot (see Fig. 7b) shows
that all BH1 and BH2 groundwater samples plotted below
the 1:1 line thereby indicating the potential occurrence
of equilibrium between Cl14 SO, with alkalis (Kazemi &
Mohammadi 2012). Furthermore, Fig. 7c indicates the pre-
dominance of alkalis over alkali earth metals in the hydro-
geochemical environment of the study area since most of
the samples plotted below the 1:1 line.
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Hydrogeochemical evaluation using multivariate
and multi-criteria decision-making analysis

Multivariate analysis

A data matrix consisting of 35 objects by 13 variables was
subjected to principal component analysis (PCA) to facilitate
pattern recognition in the data. The data were standardized
due to the differences in units and variance of the variables.
Using an Eigenvalue > 1, only two principal components
(PCs) were established to be significant and accounting for
85% of variance in the data.

The biplot of the analysis in Fig. 8 shows that the objects
segregated into three clusters. These clusters dovetail the
various locations of the groundwater. The cluster on the
negative axis of PC1 represents the borehole located at the
research site of the Biotechnology and Nuclear Agriculture
Research Institute (BNARI). The site is associated with crop
and animal research and thus, the attendant nitrate (NO;™)

concentration as evident in Fig. 8. The nitrate in the ground-
water may be emanating from organic and inorganic fertiliz-
ers laden in the upper soil layer. The shallow depth of the
BF borehole facilitates the hydrogeochemical interaction or
migration of the nitrate into the groundwater. The second
and third clusters on the positive axis of PC1 are made-up
of the two boreholes, BH1 and BH2 as shown in Fig. 8 for
the disposal project of conditioned DSRSs. BH1 cluster is
influenced mainly by calcium (Ca), sodium (Na) and potas-
sium (K) ions whilst BH2 cluster is affected predominantly
by magnesium ions. However, both clusters are influenced
by chloride and sodium ions. Considering the very high cor-
relation of 0.983 between Na and Cl as shown in Fig. 8,
and Table S3 of the Supplementary Information, it can be
estimated that the main water type is sodium chloride (NaCl)
as stipulated earlier.

The distance between the BF cluster, and the BH1 and
BH2 clusters as shown in Fig. 8, clearly demonstrates that
varied underlying natural conditions and anthropogenic
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Fig.7 Plot of Ca+ Mg versus
SO,+HCO; (a), C1+ SO, (b),
and Na+K (c)
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activities influence the hydrogeochemistry of the GAEC
site. The BF borehole is of shallow depth whilst BHI and
BH2 are relatively deeper. The hydrogeochemical properties
of BF does not correlate with the hydrogeochemical charac-
teristics of the shallow depth sections of either BH1 or BH2.
These are clear indications of varied geological features and
anthropogenic activities at different depths in the study area.

Multi-criteria decision-making analysis

The data matrix comprising of 35 actions by 13 criteria was
further evaluated using PROMETHEE-GAIA to rank the
various geological depths in terms of favorable hydrochemi-
cal condition for hosting the BDS. In this context, a favora-
ble hydrochemical condition refers a reducing groundwater
quality that will mitigate the rapid corrosion of the mul-
tiple engineered barrier system in the BDS. Two different
modeling scenarios were used to evaluate the data. In the
first model, pH was maximized (that is reducing condition)
whilst all other criteria were minimized in order to model a
reducing environment. Equal weighting was assigned to all
the criteria, indicating that all the criteria were given equal
consideration during the modelling. The generated complete
ranking of the objects/samples (PROMETHEE-II) is shown
in Table 1. As already specified under the data analysis sec-
tion, the objects with Phi results closer to one are preferred
to those nearer to zero.

The result indicates that the shallow depth borehole
BF offers the most conducive reducing hydrogeochemi-
cal environment for the disposal of conditioned DSRSs
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followed by borehole 1 (BH1) and then 2 (BH2). Consid-
ering the conducive reducing hydrogeochemical environ-
ment of the BF borehole which is characterized by phyl-
lite and quartzite rocks as specified in Table S4, it can be
inferred that these host rocks may offer suitable redox con-
dition for the safe disposal of conditioned DSRSs. How-
ever, since phyllites are characterized by marked fissility,
orientation of foliation surface, and anisotropy (Andrade
and Saraiva 2010; GeologyScience 2022) there is the need
to explore greater depth groundwater and rock formations
in BF. Conditioned DSRSs ought to be disposed at depths
that will minimize human intrusion, thus further explo-
ration on the BF may lead to more geoscientific infor-
mation to aid the decision-making process. Groundwater
from geological depths of 110-130 m for BHI indicates
favorable reducing environment for the disposal of condi-
tioned DSRSs by virtue of the high rank in Table 1 next to
BF. The main underlying lithology around the 110-130 m
depth in BH1 influencing the conducive condition is schist
mixed with brownish quartzitic materials as indicated in
Table 1.

To further verify the accuracy in the interpretation of the
generated data, a second modelling scenario entailing maxi-
mized pH, all other criteria been minimized, and chloride
and sulphate allotted weighting of five (5) to help select the
most reducing hydrogeochemical environment. The PRO-
METHEE-II output for the analysis is presented in Table 2,
and the result indicates similar pattern for the top ranking
and most reducing groundwater condition as observed using
the first model.
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Table 1 PROMETHEE-II results when pH is maximized, and other
criteria are minimized

Table2 PROMETHEE-II results when pH is maximized, all other
criteria are minimized, and CI™ and SO42’ weighted five (5)

Action Phi Phi+ Phi— Action Phi Phi+ Phi—

BF-10 0.6419 0.6855 0.0437 BF-10 0.7448 0.7718 0.0271
BF-20 0.5397 0.6195 0.0798 BF-20 0.6815 0.7310 0.0495
BF-40 0.4984 0.6131 0.1147 BF-40 0.6557 0.7269 0.0711
BF-60 0.4931 0.6036 0.1105 BF-60 0.6526 0.7210 0.0685
BH1-130 0.1457 0.2429 0.0972 BH1-130 0.1178 0.2229 0.1051
BH1-110 0.1280 0.2224 0.0944 BH1-110 0.0875 0.1940 0.1065
BH1-120 0.0987 0.1946 0.0959 BH1-120 0.0256 0.1405 0.1148
BH1-125 0.0943 0.1990 0.1047 BH1-125 0.0186 0.1418 0.1232
BH1-60 0.0404 0.1703 0.1299 BH1-60 0.0016 0.1326 0.1309
BH1-100 0.0358 0.1508 0.1151 BH1-105 —0.0003 0.1260 0.1262
BH1-90 0.0230 0.1394 0.1164 BH1-90 —0.0129 0.1115 0.1243
BH1-105 0.0203 0.1435 0.1232 BH1-70 - 0.0154 0.1217 0.1371
BH1-70 0.0111 0.1451 0.1339 BH1-50 —0.0186 0.1138 0.1325
BH1-80 — 0.0046 0.1365 0.1411 BH1-100 - 0.0204 0.1123 0.1327
BH1-40 - 0.0073 0.1217 0.1290 BH1-80 —0.0334 0.1071 0.1406
BH1-140 —0.0201 0.1238 0.1439 BH1-140 —0.0372 0.1028 0.1400
BH1-50 —0.0361 0.1025 0.1387 BH1-40 —0.0403 0.0952 0.1355
BH2-10 —0.0913 0.0769 0.1682 BH2-10 —0.1024 0.0662 0.1686
BH1-20 - 0.0914 0.0963 0.1877 BH1-20 —0.1062 0.0776 0.1837
BH1-45 —-0.1014 0.0758 0.1772 BH2-120 —0.1108 0.0641 0.1749
BH1-30 - 0.1070 0.0791 0.1861 BH1-45 —-0.1138 0.0599 0.1737
BH1-10 —0.1091 0.0894 0.1985 BH1-10 —0.1187 0.0720 0.1906
BH2-120 —0.1203 0.0726 0.1929 BH2-110 —0.1288 0.0530 0.1818
BH2-20 —0.1369 0.0618 0.1987 BH1-30 —0.1320 0.0653 0.1974
BH2-30 —0.1564 0.0533 0.2097 BH2-20 —0.1340 0.0552 0.1892
BH2-70 —0.1588 0.0704 0.2292 BH2-30 —0.1508 0.0458 0.1966
BH2-110 —-0.1617 0.0461 0.2078 BH2-140 —0.1686 0.0504 0.2190
BH2-40 —0.1653 0.0520 0.2174 BH2-70 - 0.1717 0.0509 0.2226
BH2-100 —0.1701 0.0537 0.2239 BH2-90 - 0.1807 0.0546 0.2354
BH2-90 —0.1725 0.0691 0.2416 BH2-100 —0.1853 0.0389 0.2242
BH2-80 —0.1789 0.0475 0.2264 BH2-40 —0.1856 0.0392 0.2248
BH2-140 - 0.1790 0.0512 0.2302 BH2-80 —0.1860 0.0381 0.2241
BH2-60 —0.1880 0.0441 0.2321 BH2-130 —-0.2019 0.0352 0.2371
BH2-130 —0.2038 0.0364 0.2402 BH2-50 —0.2035 0.0250 0.2285
BH2-50 —02.101 0.0299 0.2401 BH2-60 —0.2264 0.0280 0.2544

Conclusions and recommendations

The present study characterizes the hydrogeochemical pro-
cesses within the potential geological disposal site for dis-
used sealed radioactive sources (DSRS) in Ghana. With the
aid of Piper and Durov diagrams, sodium and chloride ions
were found to be the major cation and anions, respectively
in the groundwater thereby resulting in sodium chloride
water type. Gibbs diagram shows that the major ions plot-
ted within the rock dominance region thereby implying that
weathering of rock minerals is the main source of ions in
the area. The major ion/CI™ ratio versus Cl~ concentration

mostly indicated the prevalence of alkalis over alkali earth
metals in the hydrogeochemical environment. Principal com-
ponent analysis shows that the groundwater in borehole, BF
is influenced mainly by nitrates that may be emanating from
the upper soil layer via leaching. Preference ranking organi-
zation method for enrichment evaluation (PROMETHEE)
and geometrical analysis for interactive aid (GAIA) multi-
criteria decision-making analysis indicates that the hydro-
geochemical environment around BF offers the most con-
ducive reducing condition for any future implementation
of the borehole disposal system for conditioned DSRSs in
Ghana. Considering the location of the study area relative to

@ Springer
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the Atlantic Ocean, the potential movement of saline water
(seawater intrusion) and its influence on the water type of the
area may be investigated using relevant isotopic and chemi-
cal techniques in order to produce a holistic knowledge of
the hydrogeochemical characteristics of the area.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12665-023-10900-8.
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