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Abstract This study investigated the impact of soil 
type, pH, and geographical locations on the accumu-
lation of arsenic (As), lead (Pb), and cadmium (Cd) 
in rice grains cultivated in Ghana. One hundred rice 
farms for the sampling of rice grains and soil were 
selected from two regions in Ghana—Volta and Oti. 
The concentrations of As, Pb, and Cd were analyzed 
using ICP-OES. Speciation modeling and multivari-
ate statistics were employed to ascertain the relations 

among measured parameters. The results showed 
significant variations in soil-As, Pb, and Cd levels 
across different soil types and pH ranges, with the 
highest soil-As and Cd found in alkaline vertisols. 
For soil-As and Cd, the vertisols with a pH more than 
7.0 exhibited the highest mean concentration of As 
(2.51 ± 0.932  mgkg-1) and Cd (1.00 ± 0.244  mgkg−1) 
whereas for soil-Pb, the luvisols of soil types with a 
pH less than 6.0 exhibited the highest mean concen-
tration of Pb (4.91 ± 1.540  mgkg−1). Grain As, Pb, 
and Cd also varied across soil types and pH levels. 
In regards to grain-As, the vertisols soil type, with a 
pH less than 6.0, shows the highest mean concentra-
tion of grain As, at 0.238 ± 0.107  mgkg−1. Further-
more, vertisols soil types with a pH level less than 6.0 
showed the highest mean concentration of grain Cd, 
averaging at 0.231 ± 0.068  mgkg−1 while luvisols, 
with a pH less than 6.0, exhibited the highest mean 
concentration of grain Pb at 0.713 ± 0.099  mgkg−1. 
Speciation modeling indicated increased bioavailabil-
ity of grains  Cd2+ and  Pb2+ ions in acidic conditions. 

Highlights • Soil As, Pb, and Cd varied by soil type, 
pH, location; highest in alkaline vertisols
• Grain As, Pb, and Cd also varied; grain-As highest in 
acidic vertisols, Pb in acidic luvisols
•  Cd2+ and  Pb2+ are more bioavailable in acidic soils; 
 HAsO4

2−,  HAsO2− in neutral to alkaline
• Soil Cd and pH interaction affected grain As uptake
• 51% of area had hazard risk >1 for grain consumption, 
but no carcinogenic risk found
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A significant interaction was found between soil-Cd 
and pH, affecting grain-As uptake. The average con-
centrations of soil As, Pb, and Cd aligned with inter-
national standards. Generally, the carcinogenic metals 
detected in grain samples collected from the Volta 
region are higher than that of the Oti region but the 
differences are insignificant, and this may be attrib-
uted to geographical differences and anthropogenic 
activities. About 51% of the study area showed a haz-
ard risk associated with grain metal levels, although, 
no carcinogenic risks were recognized. This study 
highlights the complex soil-plant interactions govern-
ing metal bioaccumulation and emphasizes the need 
for tailored strategies to minimize metal transfer into 
grains.

Keywords Carcinogenic metals · ICP-OES · Rice · 
Soil · Hazard risk

Introduction

Elevated levels of non-threshold carcinogens such as 
arsenic (As), lead (Pb), and cadmium (Cd) in cereal 
crops (e.g., rice, millet, sorghum, etc.) and their by-
products have negative impacts on human health (Xu 
et  al., 2022). According to Liu et  al. (2012), long-
term exposure to As, Pb, and Cd causes a variety of 
malignancies and other health complications.

To date, an extensive body of research has been 
conducted throughout many regions of the globe to 
evaluate the variables, processes, and routes under-
lying the absorption of Pb, Cd, and As from cereal 
grains (Aslam et  al., 2021; Souza et  al., 2020). Soil 
contents of sorbent, including hydroxides and oxides 
of manganese (Mn), zinc (Zn), aluminum (Al), and 
iron (Fe), have been observed to significantly affect 
the bioavailability, mobility, and absorption of 

metalloids and metals in cereal systems (Violante 
et  al., 2010). Sorbents reduce the uptake of As, Pb, 
and Cd by metalloids and metals present on their sur-
faces, rendering the metals immobile and unsuitable 
for absorption by plants (Amoah-Antwi et al., 2020; 
Radziemska, 2018). However, the bioavailability, 
solubility, and motility of As, Pb, and Cd in soil pore 
water are determined by the kind and quantity of sor-
bents present in the soil or pore water (Sipos et  al., 
2018). According to García-Sánchez et  al. (2010) 
and Lin et  al. (2008), the mobility of As in soil is 
negatively correlated with the concentration of sorb-
ing elements in the soil’s pore water. Specifically, 
the mobility of As in soil is inversely proportional 
to the levels of Al and Fe. Therefore, the amount of 
As immobilized decreases with the soil’s Al and Fe 
contents. As in soil or soil/water solution has been 
demonstrated to be immobilized by adsorption onto 
Fe oxides, which occurs when the As ions displace 
the surface  OH− groups and cause the production of 
amorphous Fe(III) arsenate (Yang et al., 2023).

Speciation in soil has a significant impact on the 
bioavailability and toxicity of Pb towards plants and 
microorganisms (Yang et  al., 2023). With soil con-
stituents, it produces permanent complexes. Pb mobi-
lization and soil-borne Fe dissolution are intimately 
related. Soil zinc also regulates the mobility and phy-
toavailability of Cd in the soil; research has shown 
that zinc significantly reduces Cd absorption (Kabata-
Pendias, 2000). When considering the process of 
absorption, Cd and Zn are in competition for the same 
site. Consequently, the implementation of soil amend-
ments functioning as adsorbents or sorbents can 
effectively mitigate the accumulation of grain borne 
As, Pb, and Cd in cereal crops like rice and millet (Yu 
et al., 2017)

According to Yang et al. (2023), the bioavailability 
and mobility of As, Pb, and Cd in soil pore water are 
influenced by sorbents through desorption/adsorption 
and co-precipitation with metalloid oxides. Numerous 
research investigations have been conducted on the 
potential of soil amendments to sorb As, Pb, or Cd 
onto their surfaces, rendering the elements immobile 
and unsuitable for absorption. To immobilize As, for 
instance, soil amendments comprising media con-
taining Fe as sorbents have been the subject of much 
investigation (Mlangeni et  al., 2022; Yang et  al., 
2023). According to a study by Moreno-Jiménez et al. 
(2016), zero-valent iron (Fe°) exhibits significant 
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adsorption capacities for arsenic (As), particularly 
pentavalent arsenic  (As5+), in oxic soils. The authors 
specifically note that the As species, which is pre-
dominant in oxic soils, firmly binds to the minerals 
of Fe°. Trivalent arsenic, As (III) mobility is greater 
than that of arsenic  (As5+) in saturated soils, however, 
due to reductive dissociations of Fe-oxides and the 
subsequent reduction of Arsenic V to Arsenic III, a 
process prevalent in reducing ecosystems(Moreno-
Jiménez et  al., 2016; Yang et  al., 2023; Yu et  al., 
2017). There has been speculation over the signifi-
cant reduction in bioavailability of As in continuous 
flooding (CF) water systems resulting from the addi-
tion of Fe° (Mlangeni et al., 2022). On the contrary, 
the impact of incorporating Fe° into alternate wet-
ting and drying (AWD) water management systems 
remains undisclosed. Selenium (Se) has also been 
proposed as a soil addition to reduce Cd/Pb accumu-
lation (Moreno-Jiménez et al., 2016; Yu et al., 2017). 
Se-soil amendments significantly decreased Cd levels 
in rice seedlings, particularly by reducing Cd trans-
fer from roots to shoots under hydroponic conditions 
(Derakhshan Nejad et  al., 2021). Derakhshan Nejad 
et al. (2021) and Wang, Ma, and Yang (2018); Wang, 
Liu, et al. (2018) demonstrated that via decreasing Cd 
bioavailability, Se may also inhibit the absorption and 
accumulation of Cd in plants.

Rice plants grown in vertisol have the unique abil-
ity to accumulate less Cd due to the high  CaCO3 
content of vertisol, which limits the amount of acces-
sible Cd in the plant and, consequently, the plant’s 
Cd absorption (Sebastian & Prasad, 2014; Yu et  al., 
2017). However, rice plants continue to uptake a 
significant amount of Cd even in soils with low Cd 
concentrations, owing to the facile transfer of Cd 
from soil to plants via the bio-concentration factor. 
Cd absorption by plants is negatively impacted by 
the concentrations of Fe and Zn in soil and soil solu-
tion, according to Ronzan et  al. (2017). This is due 
to the fact that Cd has chemical characteristics with 
 Fe2+ and  Zn2+, which vie for the same cellular trans-
porters. Due to the fact that  Zn2+ and  Cd2+ are trans-
ported by the same transporters,  Zn2+ can inhibit the 
transport of Cd2+ inside rice (Mlangeni et al., 2022). 
Cd mobilization into an ecological system may be the 
result of geogenic, anthropogenic, or both processes 
(Asare et  al., 2019; Asare et  al., 2022). The mining 
of zinc-bearing ores may result in the discharge of 

measurable Cd into agricultural land and rivers as 
byproducts (Xie et al., 2016).

Scholars and researchers have extensively investi-
gated the impact of soil types, soil pH, and soil sor-
bents on the accumulation of As, Pb, and Cd in rice 
grains (Du et al., 2020; Miller et al., 1977; Mlangeni 
et al., 2022; Ronzan et al., 2017; Sebastian & Prasad, 
2014) For instance, soil pH is crucial for the bioavail-
ability of metals in soil (Violante et al., 2010). Low 
pH soil tends to inhibit the sorption of most metal-
loids, including As, Pb, and Cd, increasing their 
bioavailability and mobility in pore water (Yu et al., 
2017). Soil pH also regulates pH-dependent surface 
charges on sorbents, which influences the attraction 
of As, Pb, and Cd for sorption sites. Consequently, 
the dissolution of these elements is reduced under 
alkaline soil circumstances relative to acidic soil con-
ditions (Violante et  al., 2010). Consequently, when 
soil pH increases, so do the mobility and bioavailabil-
ity of As, Pb, and Cd in the soil (Rafiq et al., 2014). 
Additionally, most studies have shown that the bio-
availability of As, Pb, and Cd is soil-type dependent, 
with some soil types retaining As, Pb, and Cd better 
than others. Rice grown in andisols develops a more 
limited grain yield in comparison to rice grown in 
alternative soil types. The observed fluctuations can 
be attributed to the restricted bioavailability of As in 
andisols (Ishikawa et al., 2016).

Moreover, Mandal and Suzuki (2002) have docu-
mented that some alluvial and vertisol soils have the 
greatest levels of As, whereas sandy soils exhibit the 
lowest. In comparison to other soil types, vertisols 
have been shown to have a relatively low Cd accumu-
lation. This has been attributed to the vertisol’s high 
 CaCO3 concentration, which hinders the mobilization 
of Cd in pore water and its availability and absorption 
by rice plants (Sebastian & Prasad, 2014). Neverthe-
less, the impact of Ghana’s geographical location, soil 
metalloids, soil types, and soil pH on the accumula-
tion of As, Pb, and Cd in Ghanaian rice has not been 
addressed in any of the aforementioned research. 
Therefore, the objective of this study was to exam-
ine the impact of Ghana’s geographical location, soil 
metalloids, soil types, and soil pH on the accumula-
tion of As, Pb, and Cd in rice grains. Concerning the 
sustainable cultivation of safe, high-quality rice and 
the pollution-free preservation of Ghana’s paddy-pro-
ducing soils, this concern is critical.
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Materials and methods

Sample collection and characterization

The procedure for sampling collection and characteri-
zation was adopted from the work of Mlangeni et al. 
(2022). From June to October 2021, a total of 100 
rice grain samples and 100 soil samples were sam-
pled from 30 distinct peasant rice farms situated in 
two distinct areas of Ghana: the Volta region (VoR; 
44) and the Oti region (OtR; 56). Among the stations 
that were sampled, fluvisols, vertisols, and luvisols 
comprised the soil types at 42, 25, and 33 stations, 
respectively. Furthermore, a total of 30, 43, and 27 
soil samples were identified based on their respective 
soil pH values: 6.0, 6.0 to 7.0, and > 7.0. Sampling 
involves the recording of several data points, such as 
the type of soil, geographical location, and soil pH.

Sample preparation

Every rice gain and soil sample underwent a 24-h 
drying process in an oven set at a temperature of 95 
°C (h). By employing a Retsch MM400 ball mill, 
oven-dried samples were ball-milled (Retsch, Ger-
many). In reference to the rice grain sample, a volume 
of around 0.30 g was utilized for both the certified 
reference material (CRM) NIST2039a and rice flour 
obtained from the National Institute of Technology 
(NIST), MD, USA. These materials were digested in 
3.0 g of concentrated nitric acid (70%  HNO3 procured 
from Mallinckrodt Chemicals, USA) and left to react 
overnight in 60 mL centrifuge tubes. The subsequent 
day, the reaction was facilitated through the utiliza-
tion of an open vessel microwave digestion system 
(MARS5, purchased from CEM, UK).

Concerning the soil samples, a volume of 0.20 g of 
each was combined with 5.0 g of concentrated nitric 
acid (70%  HNO3 procured from Mallinckrodt Chemi-
cals, USA) and certified reference material (CRM) 
DC36102, which was obtained from the National 
Analysis Centre for Iron and Steel (NACIS), Bei-
jing, China. The mixture was left to digest overnight 
in sterile glass digesting tubes. The next day, about 
5.0 g of hydrogen peroxide (30%  H2O2, purchased 
from Mallinckrodt Chemicals, USA) was added to 
the sample solution, which was subsequently cooked 
using the following Bloc Digestion System program: 
45 min at 90 °C, 90 min at 110 °C, and 135 min at 

130 °C, with a 15-min ramping interval between each 
level. Following filtration via a 0.45 μm microfilter, 
the digested materials were placed into a 25 mL cen-
trifuge tube. A 15 g sample solution was obtained by 
diluting 1.5 g of the filtrates produced to a total of 
15 g with 13.5 g of de-ionized water in separate 25 
mL centrifuge tubes. Diluting factors were calculated 
using w/w for rice grain and soil sample digests.

Assessment of total As, Pb, and Cd in rice grain and 
soil samples

The analytes (As, Pb, and Cd) present in rice grains 
and soil were identified by means of inductively cou-
pled plasma optical emission spectrometry (model 
7000 DV ICP OES, Agilent Technologies, Santa 
Clara, CA, USA) operating in inorganic mode and 
standard multi-element turning conditions with exter-
nal calibrations. The operational parameters for the 
ICP-OES equipment were as follows: 13 L/min for 
coolant gas, 0.9 L/min for nebulizer gas, 0.75 L/min 
for auxiliary gas, 1550 W for forward power, and 10 
ms for dwell duration of the isotope. Ten duplicates of 
the total amounts of As, Pb and Cd in rice grain and 
soil samples were analyzed. Multi-element standards 
with appropriate ranges were generated using Accu-
traceTM stock solution of ICP-OES grade, including 
1000 mg As/kg, 1000 mg Pb/kg, and 1000 mg Cd/kg. 
Rhodium (103Rh) was employed as an internal stand-
ard (ISTD), while helium (He) was utilized in the col-
lision cell at a flow rate of 4.5 mL/min.

Quality control and assurance (QC/QA)

Using certified reference materials (CRM) NCS 
DC36102 (n = 6) and NIST2039 (n = 6), an accu-
racy test was performed. The mean concentrations 
of As, Pb, and Cd in rice grain and soil samples 
collected with NCS DC36102 and NIST2039 were 
found to be within the p > 0.05 confidence interval 
limits of CRM values (Table 1). There were no sig-
nificant discrepancies between certified and meas-
ured values, as determined by the paired t tests. This 
is because the paired t test significance values were 
all below α = 0.005, which indicates a high degree 
of accuracy and precision. In order to assess the 
dissimilarity in concentrations of As, Pb, and Cd 
among the certified reference materials, a t test was 
conducted to determine the equality of means with 
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a confidence level of 95%. As determined by the 
laboratory mean concentrations in NCS DC36102 
CRM, the p values (As-Pb), (As-Cd), and (Pb-Cd) 
were <0.05 (Table  1). All three (As-Pb), (As-Cd), 
and (Pb-Cd) p values were less than the significance 
level of 0.05. Therefore, the laboratory values were 
deemed significant at a p value less than 0.05. On 
the contrary, the p values obtained from the labo-
ratory mean concentrations of (As-Cd) and (Pb-Cd) 
in NIST2039 were both below the α-value threshold 
of 0.05, thus signifying substantial variations. Fur-
thermore, the p value obtained from the laboratory 
mean concentrations of As and Pb in NIST2039 
(As-Pb) surpassed the α-value of 0.05, indicating 

that there is no statistically significant distinction 
between the average amounts of these elements.

Exposure and health risk assessment

The assessment of the safety of Ghanaian rice 
involved the comparison of grain-bound arsenic 
(As), lead (Pb), and cadmium (Cd) concentrations 
with threshold limits set by multiple regulatory bod-
ies, including the Ghana Food and Drugs Authority 
(GFDA). In order to determine the extent of soil con-
tamination, the obtained soil-bound arsenic, Pb, and 
Cd concentrations were also compared to the Chinese 
environmental quality standards for agricultural soils 
and the Soil UK CLEA soil guideline values (SGV) 
(Table  2). The daily intake (EDI) of As, Pb, or Cd 
 (mgkg−1day−1person−1) from oral consumption of 
Ghanaian rice was estimated using a model (Eq.  1) 
that was developed from the work of Zeng et  al. 
(2011).

where  CW represents the ‘obtained mean concentra-
tion’ of As, Pb, or Cd  (mgkg−1) in rice, IR denotes 
a ‘mean ingestion rate of rice  (kgday−1person−1), and 
 Bwt signifies the calculated ‘body mass for Ghanaian 
adult consumers (kg)’.

The average body mass of Ghanaian adult consum-
ers was estimated by weighing four hundred inhabit-
ants’ body mass and the average body mass recorded 
(i.e.,  Bwt = 59.53 kg). During the estimation, IR of 
0.05 and 0.10  kgday−1person−1 were used. Equation 
(2) was employed in calculating the cancer risk (CR) 
of ingesting As, Pb, or Cd via rice consumption.

where CR is ‘the likely of excess lifetime of cancer 
risk and SF is ‘the gradient factor of cancerous metals 
 (Bwt  kgdaymg−1) (Mlangeni et al., 2022).

The hazard quotient (HQ) can be described as the 
ratio of EDI and oral reference (RfD) was estimated 
using Eq. (3) adapted from Zeng et  al. (2015). HQ 
were estimated employing the oral RfD for As = 3 × 
 10-4  mgkg−1day−1, Pb = 6.0 ×  10-2  mgkg−1day−1, and 
Cd = 1 ×  10-3  mgkg−1day−1 established by the US 
EPA (Mlangeni et al., 2022).

(1)EDI =
Cw − IR

Bwt

(2)CR =
EDI × ACD

SF

Table 1  Obtained results and t test for equality of means of 
analyses of NCS DC36102 and NIST2039 concentrations of 
As, Pb, and Cd (mg/kg)

SD represents the standard deviation
df denotes the degree of freedom

Results of analyses of NCS DC36102 and NIST2039 concen-
trations of As, Pb, and Cd

Parameter As Pb Cd
NCS DC36102
Certified values 35.5 40.2 5.70
Laboratory values 35.0 39.4 5.48
% recovery of Lab 

value
98.7% 98.1% 96.1%

N 6.00 6.00 6.00
SD ± 1.09 ± 3.51 ± 0.26
t test for equality of means
t test d.f. p value Mean difference
−2.95 11 0.013328 (As-Pb) = −4.40
+29.6 11 ˂0.00001 (As-Cd) = +29.54
+10.6 11 ˂0.00001 (Pb-Cd) = +33.94
NIST2039
Certified values 0.394 0.528 0.018
Laboratory values 0.386 0.513 0.017
% recovery of Lab 

value
98.0% 97.2% 94.4%

N 6.00 6.00 6.00
SD ± 0.06 ± 0.09 ± 0.003
t test for equality of means
t test d.f. p value Mean difference
+1.29 11 > 0.05 (As-Pb) = −0.127
+6.72 11 < 0.05 (As-Cd) = +0.369
+4.16 11 < 0.05 (Pb-Cd) = +0.343
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Sum of HQ (Eq. (4)) which is called hazard 
index (HI) was employed to determine the possi-
ble adverse health impact of consuming Ghanaian 
local rice.

where RfD denotes ‘reference dose’  (mgBwt
−1kgday) 

(Ma et al., 2016).

(3)HQ =
EDI

RfD

(4)HI = HQAs + HQPb + HQCd

Statistical analysis

The FactoMineR module (Lê et  al., 2008) of the R 
statistical software (R Core Team, 2023) was utilized 
for all statistical calculations. In order to determine 
the level of significance of the interaction impact 
between grain-As, Pb, or Cd and soil-pH, soil type, or 
geographical location, one-way analysis of variance 
(ANOVA) plots of means were utilized. The Pearson 
correlation coefficient was utilized to examine the 
correlations among soil-Pb and Cd concentrations, 

Table 2  Average concentrations for As, Pb, and Cd evaluated 
in this study; Chinese environmental quality standards for agri-
cultural soils (GB15618-1995) for As, Pb, and Cd contents in 
uncontaminated soil; UK CLEA soil guideline values (SGV); 

normally reported As, Pb, and Cd concentrations (NRMC) in 
uncontaminated soils; maximum acceptable levels (MAL) for 
As, Pb, and Cd, (mg/kg)

Parameter As Reference Pb Reference Cd Reference

Average soil-As, 
Pb, and Cd 
levels detected 
in this study

1.76 ± 0.65 mg/
kg (pH < 6.0)

This study 3.75 ± 
0.85 mg/
kg (6 < 
pH < 7)

This study 0.733 ± 0.255 
mg/kg (pH < 
6.0)

This study

2.51 ± 0.93 mg/
kg (pH > 7.0)

4.91 ± 
1.54 mg/
kg (pH < 
6.0)

1.00 ± 0.244 mg/
kg (pH > 7.0)

Chinese environ-
mental quality 
standards for 
agricultural soils

30 (pH < 6.5) Xie et al. (2016) 250 Yang et al. (2023) 0.3 (pH < 5.5) Liu et al. (2012)
25 (6.5 < pH < 

7.0)
0.4 (5.5 < pH < 

6.5)
Wang et al. (2018)

UK CLEA soil 
guideline value

32 300 10

Normally reported 
As, Pb, and Cd 
concentrations 
(NRMC) in 
uncontaminated 
soils

1 – 25 Liu et al. (2012) 3 – 8 Liu et al. (2012)

Maximum accept-
able levels 
(MAL)

20 Liu et al. (2012) 10 Liu et al. (2012)

Ghana Food and 
Drugs Authority 
standard value 
(GFDASV)

15 20 10

Average soil-As 
and Cd concen-
trations meas-
ured in 3 regions 
of Malawi

2.2 (0.9 – 4.2) Mlangeni et al. 
(2022).

0.56 (0.48 – 0.65) Mlangeni et al. 
(2022).
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grain-As and Pb or Cd concentrations, grain-Pb and 
Cd concentrations, and soil-pH in diverse soil types 
and geographic regions where data were collected. 
For speciation analysis, we use PHEEQC (Parkhurst 
& Appelo, 2021), a computer program written in 
C++ designed for diverse aqueous geochemical 
calculations.

Results and discussion

Results

Concentrations of soil‑As, Pb, and Cd

The amounts of carcinogenic metals identified in 
soils, with differences specified by soil type, topo-
graphical location, and soil pH, are illustrated in 
Figs. 1, 2, 3, and 4 and the supplementary materials 
(Supplementary Table 1, 2, and 3).

Soil‑As The Fluvisols of soil types with a pH less 
than 6.0 exhibited the lowest mean concentration of 

As (1.76 ± 0.651  mgkg−1), whereas the Vertisols 
with a pH more than 7.0 exhibited the highest mean 
concentration of As (2.51 ± 0.932  mgkg−1) (Sup-
plementary Table  2). The influence of soil type and 
pH on soil-As concentrations is underscored by the 
box plots. It is evident that different soil types, par-
ticularly Vertisols, exhibit distinct As distributions, 
especially in more alkaline conditions (pH > 7). The 
distribution also tends to vary with pH across all soil 
types, with increased variability observed in more 
acidic conditions (pH < 6).

The data visually confirms differences in medians 
and spreads across two regions (Oti region and Volta 
region), suggesting that regional factors, potentially 
including natural soil composition, and environmen-
tal conditions, significantly influence arsenic levels 
in soil. The correlation between soil pH and soil-As 
concentration, while not strongly linear, does exhibit 
a weak positive correlation. This implies that soil pH 
might influence arsenic solubility and bioavailability. 
However, the correlation coefficient of 0.130, with 
a p value of 0.198, suggests that this correlation is 
not statistically significant, pointing to the potential 

Fig. 1  a Variation of Arsenic (As) concentration by soil type 
and pH level. b Comparison of Arsenic (As) levels across soil 
types in different locations. c Distribution of Cadmium (Cd) 
concentration across various soils and pH ranges. d Cadmium 

(Cd) levels in different soil types by location. e Lead (Pb) con-
tent variation in soils categorized by pH values. f Concentra-
tion of Lead (Pb) across soil types in contrasting regions
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Fig. 2  a Heat map of average chemical species (As, Cd, Pb) concentrations in soil across pH ranges; b soil chemical species (As, 
Cd, Pb) concentration averages by soil type; c regional comparison of average chemical species (As, Cd, Pb) concentrations in soil

Fig. 3  a Arsenic (As) levels in grain across soil types, delin-
eated by pH range; b spatial distribution of grain As concen-
tration by soil type; c cadmium (Cd) content in grain relative 
to soil type and acidity; d grain Cd concentration comparison 

by soil types and regions; e lead (Pb) concentration in grains, 
sorted by soil pH categories; f regional variation of grain Pb 
levels across different soil types
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influence of other factors on arsenic levels in soil. 
Interestingly, the average soil-As concentration in 
this study falls below the thresholds set by Chinese 
environmental quality standards, UK CLEA guide-
lines, and the Ghana FDA standard value (Table 2). 
It aligns with concentrations typically reported in 
uncontaminated soils and is comparable to average 
levels measured in Malawi. Despite the average soil-
As concentration being below international standards, 
the presence of arsenic poses health risks, particularly 
if it enters the food chain. It can lead to arsenic poi-
soning, disrupt soil nutrient cycles, and inhibit plant 
growth. Lastly, the ANOVA reveals no significant 
interaction effect between soil type and geographical 
location on soil-As concentrations. This suggests that 
the impact of soil type and location on arsenic levels 
is independent of each other within this dataset. This 
independence further emphasizes the complexity of 
the factors influencing soil-As concentrations.

Soil‑Cd The Vertisols of soil types with a pH less 
than 6.0 exhibited the lowest mean concentration of 
Cd (0.733 ± 0.255  mgkg−1), whereas the Vertisols 
with a pH more than 7.0 exhibited the greatest mean 

concentration of Cd (1.01 ± 0.244  mgkg−1) (Sup-
plementary Table  2). Geographical variations are 
evident, with different regions showing distinct soil-
Cd concentrations (Fig. 1e). This could be attributed 
to regional environmental conditions, agricultural 
practices. It is interesting to note that soil type also 
impacts soil-Cd concentrations, with different soil 
types displaying varying levels of cadmium. This 
suggests that the physical and chemical properties of 
the soil play a role in Cd accumulation.

The relationship between soil pH and soil-Cd 
concentration is not strongly linear, as a weak posi-
tive correlation is observed, hinting at a possible, but 
not dominant, influence of pH on cadmium avail-
ability in soil. The correlation coefficient between 
soil pH and soil-Cd concentration is 0.091 with a p 
value of 0.368, representing a very weak positive cor-
relation. This is not statistically significant, indicat-
ing that other factors may play more crucial roles in 
determining cadmium levels in soil. Comparing with 
international standards, the average soil-Cd concen-
tration in this study exceeds the Chinese environmen-
tal quality standards but remains well below the UK 
CLEA guideline and the Ghana FDA standard value 

Fig. 4  a Rice consumption Hazard Index from soil type and 
pH level; b cancer risk associated with rice grain consumption 
across soil pH ranges; c regional comparison of Hazard Index 

from rice grain consumption by soil type; d cancer risk from 
rice consumption compared by soil type and location
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(Table  2). Interestingly, the concentration is also 
higher than the average levels measured in Malawi. 
The ANOVA test does not show a significant interac-
tion effect between soil type and geographical loca-
tion on soil-Cd concentrations for all the samples. 
This suggests that these two factors independently 
influence cadmium levels in the soil. The plots indi-
cate that Cd concentrations are sensitive to both soil 
type and pH (Fig. 1b). For example, Luvisols show a 
consistent distribution across different pH levels, but 
there is noticeable variability in Cd levels at different 
pH values for Fluvisols and Vertisols.

Soil‑Pb The Luvisols of soil types with a pH less 
than 6.0 exhibited the highest mean concentration of 
Pb (4.92 ± 1.54  mgkg−1), whereas the Fluvisols with 
a pH range 6 < pH < 7 exhibited the lowest mean 
concentration of Pb (3.75 ± 0.845  mgkg−1) (Sup-
plementary Table 2). However, the range for soil-Pb 
concentrations is quite wide at 6.40  mgkg−1, indicat-
ing considerable variability. Geographical variation 
plays a significant role in soil-Pb concentrations. 
Factors such as regional industrial activities, histori-
cal land use, and environmental conditions can influ-
ence Pb deposition and retention in soils, leading to 
varied concentrations across different regions (Varol 
et al., 2020). The type of soil also appears to have an 
impact on soil-Pb concentrations. Different types of 
soil exhibit varied levels of Pb, suggesting that soil 
composition and properties play a crucial role in Pb 
mobility and bioavailability. However, the relation-
ship between pH and soil-Pb concentration is not 
strongly pronounced, implying that while pH may 
have some effect, it is not a dominant factor in deter-
mining Pb concentration in soil. Statistical analysis 
reveals a weak correlation between pH and soil-Pb 
concentration, with a correlation coefficient of just 
0.018 and a p value of 0.856. This suggests that fac-
tors other than pH are more significant in determining 
the lead levels in soil. Comparing the average con-
centration of soil-Pb in this study with international 
standards, it is significantly lower than the limits set 
by Chinese environmental quality standards and the 
UK CLEA guidelines (Table 2). However, it exceeds 
the Ghana FDA standard value, indicating a potential 
concern for local environmental and health impacts. 
Interestingly, the ANOVA test shows no significant 
interaction effect between soil type and geographical 
location on soil-Pb concentrations. This suggests that 

these factors independently contribute to the variabil-
ity in Pb levels in soils. The box plots (Fig. 1c) for Pb 
concentrations demonstrate that while soil type has a 
discernible impact on the distribution of Pb levels, the 
effect of pH is more nuanced (Fig. 1a). For instance, 
Fluvisols show a distinct increase in the median Pb 
concentration in more acidic conditions. Lead con-
centrations also exhibit geographical variability, with 
some soil types like Fluvisols and Vertisols showing 
significant differences in spread and median values 
between regions. The study of soil-Pb concentrations 
is a multifaceted issue, influenced by a range of fac-
tors including geographical location, soil type, and 
pH levels (Fig.  1). While some correlations exist, 
the complexity of the issue suggests that a compre-
hensive approach is needed to fully understand and 
address the presence of Pb in our soils. Generally, 
concentrations of selected cancerous-metal in soil 
increased in the order: fluvisols(6.0 ≤ soil-pH ≤ 7.0) 
≤ fluvisols(soil-pH < 6.0) ˂ luvisols(soil-pH < 6.0) ˂ 
luvisols(6.0 ≤ soil-pH ≤ 7.0) ≤ vertisols(6.0 ≤ soil-
pH ≤ 7.0) ˂ vertisol(soil-pH < 6.0) ˂ luvisol(soil-pH 
> 7.0) ˂ fluvisol(soil-pH > 7.0) ≤ vertisol(soil-pH > 
7.0) (Supplementary Table 1).

Grain As, Cd, and Pb concentration

Grain‑As The concentration of arsenic (As) in 
grains varies significantly across different soil types 
and pH levels. The Luvisols soil type, with a pH less 
than 6.0, has the lowest mean concentration of grain 
As, recorded at 0.171 ± 0.075  mgkg−1 (Supplemen-
tary Table  3). On the other hand, the Vertisols soil 
type, also with a pH less than 6.0, shows the high-
est mean concentration of grain As, at 0.238 ± 0.107 
 mgkg−1. Fig.  2, indicating this variability, shows 
the concentration of arsenic in grains across three 
soil types (Fluvisols, Luvisols, and Vertisols), and 
across different pH ranges (less than 6, between 6 
and 7, greater than 7). Interestingly, when compar-
ing two geographical locations (Oti and Volta region) 
(Fig.  3a), the figure shows similar distributions for 
each soil type in both regions. This implies a consist-
ent behaviour of arsenic uptake in grains, regardless 
of the location. After analyzing the p values for the 
interaction between soil-As and soil-pH, a signifi-
cant relationship (p < 0.05) was found for Luvisols. 
In contrast, in the Fluvisols and Vertisols the associa-
tion with grain As, Cd, and Pb was not statistically 
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significant (p > 0.05). For all soil types, the p values 
for the interactions between soil Cd and pH and soil-
Pb and pH are more than 0.05, suggesting that these 
relationships are not statistically significant.

Grain‑Cd The concentration of Cd in grains varies 
across different soil types and pH levels. Specifically, 
Luvisols soil types with a pH less than 6.0 have the 
lowest mean concentration of grain Cd, averaging at 
0.160 ± 0.080  mgkg−1 (Supplementary Table 3). On 
the other hand, Vertisols soil types with the same pH 
level exhibit the highest mean concentration of grain 
Cadmium (Cd), averaging at 0.231 ± 0.068  mgkg−1. 
The variability in grain Cd concentration is intrigu-
ing. Despite the discernible variation in concentra-
tions among several soil types and pH levels, the box 
plots (Fig.  2b) fail to illustrate a robust correlation 
between soil pH and either an increase or decrease in 
concentration. This suggests that Cd concentrations in 
grains only vary slightly with soil pH. When consid-
ering the locations, Oti region and Volta region, none 
of the interactions between soil elements and soil pH 
are significant (Fig.  2d). This is also the case when 
considering the overall grain Cd concentration.

Grain‑Pb There is variability in the concentra-
tion of Pb in grains across different soil types and 
pH levels. Fluvisols, with a pH less than 6.0, dem-
onstrated the lowest mean concentration of grain Pb 
at 0.611 ± 0.131  mgkg−1 (Supplementary Table 3). 
On the other hand, the luvisols, also with a pH less 
than 6.0, exhibited the highest mean concentration 
of grain Pb at 0.713 ± 0.099  mgkg−1. The p values 
for the interaction between Soil As, Soil Cd, and 
Soil Pb with Soil pH were 0.270, 0.864, and 0.844 
respectively. These values indicate a lack of signifi-
cant interaction effects between these soil elements 
and pH on the concentration of Pb in grains. When 
considering the location factor, the p values for the 
Oti region and Volta region regions suggest some 
variability in the interaction effects between soil ele-
ments and soil pH on grain Pb concentration. This 
could be related to regional differences in environ-
mental Pb levels or variations in how grains accu-
mulate lead from the soil. For different soil types, 
the p values for the interaction between soil ele-
ments and soil pH in luvisols, fluvisols, and vertisols 
reveal a significant interaction only in the case of 
Soil As and Soil pH in vertisols (p value = 0.020). 

This suggests that the type of soil might play a cru-
cial role in the uptake of Pb in grains.

We explored the interaction effects between vari-
ous soil properties and contaminants, specifically 
focusing on the concentrations of As, Cd, and Pb in 
grains. In a general interaction analysis encompass-
ing all data, a significant interaction was discovered 
between soil Cd and pH, which notably affected the 
concentration of As in grains (p value < 0.05). How-
ever, other interactions involving soil As, Cd, Pb, 
and soil pH with grain As, Cd, and Pb did not yield 
statistically significant results. When the analysis 
was narrowed down to specific locations, the loca-
tion “Volta region” stood out. Here, a significant 
interaction was observed between soil-Cd and pH, 
which had a substantial impact on the concentration 
of As in grains (p value < 0.05). No other signifi-
cant interactions were detected within specific loca-
tions. Examining the interactions within the same 
soil type, Luvisols, significant interactions were 
found between soil As and soil pH affecting grain 
As concentration (p value < 0.05), and between 
soil Cd and pH affecting grain Cd concentration (p 
value < 0.05). In Vertisols, a significant interaction 
was noted between soil As and pH, which influenced 
grain Pb concentration (p value < 0.05). However, 
other interactions within specific soil types did not 
yield significant results. These findings suggest that 
while most interactions between soil contaminants 
and soil pH do not significantly influence the con-
centrations of grain contaminants, there are some 
notable exceptions. Specifically, the interaction 
between soil Cd and pH has a significant impact on 
grain As concentration, both across the entire data-
set and within the Volta region soil samples. Fur-
thermore, within Luvisols, the interactions of both 
soil As and soil Cd with pH significantly affect grain 
As and Cd concentrations, respectively. In Vertisols, 
the interaction between soil As and pH significantly 
influences grain Pb concentration. This highlights 
the complexity of soil-grain interactions and the 
need for further research in this area.

Speciation analysis

The PHREEQC hydrogeochemical modeling software 
was utilized to simulate and analyze the various forms 
of As, Cd, and Pb that could potentially be bioavailable 
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for grain absorption. Figure 2 represents heat map of 
average chemical species. Figure 2a reveals how the 
average concentrations of different chemical species 
within soil fluctuate across three pH ranges: less than 
6, between 6 and 7, and greater than 7. It is intriguing 
to note that the concentration of certain species, such 
as  Cd2+ and  Pb2+, was more available in more acidic 
conditions (pH < 6). This could imply that these ions 
are more mobile or bioavailable in acidic soils. On the 
other hand, species like  HAsO4

2− and  HAsO2− appear 
to be present in higher concentrations in neutral to 
slightly alkaline conditions (pH between 6 and 7), sug-
gesting a pH-dependent solubility or adsorption behav-
ior. The average concentrations of the same species by 
soil type (Fluvisols, Luvisols, and Vertisols) suggest 
that the concentrations of  Cd2+ and  Pb2+ are signifi-
cantly higher in Vertisols (Fig.  2b). Interestingly, the 
average concentrations of the arsenic species are rela-
tively consistent across the different soil types, indicat-
ing that soil type may not have as profound an impact 
on arsenic speciation as it does on cadmium and lead. 
A look at Fig.  2c, which compares the average con-
centrations of the species between two locations, the 
Oti and Volta regions, shows that the concentration of 
 Pb2+ is higher in the Oti region compared to the Volta 
region, which could suggest local environmental fac-
tors or anthropogenic activities influencing lead levels 
(Varol et  al., 2020). Meanwhile, the concentrations 
 Cd2+ and the arsenic species remain relatively consist-
ent between the two regions, implying that regional 
factors might not strongly influence these contami-
nants or that their sources are widespread in both areas 
(Varol et al., 2020).

Correlation analysis

Table  3 delineates the correlations between various 
soil parameters and grain contaminants, quantified 

using Pearson’s coefficients. The analysis showed 
moderate correlations amongst certain parameter 
pairs: notably, Soil-As and Soil-Cd (r = 0.313; p < 
0.05), indicating a substantial link between As and Cd 
levels in the soil. Additionally, a moderate relation-
ship was found between Soil-As and Grain-Cd (r = 
0.322; p < 0.05), suggesting that soil arsenic levels 
have a considerable impact on Cd accumulation in 
grains. Another moderate correlation is between Soil 
Cd and Grain As (r = 0.356; p < 0.05), illustrating 
the influence of soil cadmium on arsenic concentra-
tion in grains. Soil-Cd and Grain-Cd also exhibited 
a moderate correlation (r = 0.286; p value < 0.01), 
indicating a meaningful relationship between soil-Cd 
levels and Cd concentration in grains. The significant 
correlations highlight specific interactions between 
soil contaminants and their accumulation in grains, 
emphasizing the importance of monitoring and man-
aging soil contamination to ensure food safety. Con-
versely, certain pairs relationships displayed very 
weak and no significant correlation (p > 0.05), such 
as pH with Soil-As (r = 0.138), pH with Grain-Cd (r 
= 0.083), and Soil-Pb with Soil-Cd (r = −0.002).

Health risk assessment

Figure 4 shows the Hazard Index (HI) associated with 
consuming rice grown in the study area. The average 
consumption rate of rice is considered to be 0.10 kg 
per day per person, with an average body weight of 
59.5 kg, considering the current concentrations of As, 
Cd, and Pb in grain. The hazard risk of consuming 
rice grown in Fluvisols and Luvisols soil types in the 
study was approximately 46.5% and 46.9% respec-
tively. However, the risk significantly increases to 
around 64% when consuming grain associated with 
Vertisols. The study also considers the pH level of 
the soil in which the grains are grown. Grains grown 

Table 3  Correlation 
matrix (Pearson) displaying 
relationships between soil 
pH, As, Pb, Cd levels, and 
their concentrations in 
grains

Values in bold are different 
from 0 with a significance 
level alpha = 0.05

Variables Soil pH Soil As Soil Pb Soil Cd Grain As Grain Pb Grain Cd

Soil pH 1 0.138 0.030 0.111 −0.035 0.070 0.083
Soil As 0.138 1 0.128 0.313 0.109 0.165 0.322
Soil Pb 0.030 0.128 1 −0.002 0.089 0.182 0.146
Soil Cd 0.111 0.313 −0.002 1 0.356 0.055 0.286
Grain As −0.035 0.109 0.089 0.356 1 0.090 0.148
Grain Pb 0.070 0.165 0.182 0.055 0.090 1 0.069
Grain Cd 0.083 0.322 0.146 0.286 0.148 0.069 1
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in soil with a pH less than 6 have a lower proportion 
(approximately 40%) of HI greater than 1. Interest-
ingly, the proportions increase for grain samples 
in soil with a pH range of 6 to 7 and above 7, with 
about 55.8% and 55.6% respectively. The hazard risk 
for grains from both the Oti Region and Volta Region 
exceeds 50%, with approximately 50% and 52.2% of 
grain sampled having an HI greater than 1, respec-
tively. Overall, within the study area, approximately 
51% of the area is associated with a hazard risk (HI 
greater than 1) linked to the consumption of grains. 
However, it is important to highlight that there was 
no cancer risk associated with the consumption of 
grains within the study area (Cancer Risk greater than 
(1 ×  10−4) (Fig.  4c,d). This is a significant finding 
in terms of understanding the potential health risks 
associated with consuming rice from this area.

Discussion

Interpretation

Our findings indicate a significant variation in the 
concentrations of soil-As, Pb, and Cd, contingent on 
soil types and pH levels. Notably, our results dem-
onstrate that Vertisols, particularly in alkaline con-
ditions, exhibit higher concentrations of As and Cd. 
Vertisols, particularly in alkaline conditions, exhibit 
higher concentrations of As and Cd due to their 
high clay content and pH-dependent metal solubil-
ity, which enhance the adsorption and retention of 
these metal ions (Gankhurel et  al., 2020). The spe-
ciation analysis, facilitated by PHREEQC modeling, 
revealed that certain metal species like  Cd2+ and 
 Pb2+ are more bioavailable in acidic soils (Nouri & 
Hashempour, 2023), while species like  HAsO4

2− and 
 HAsO2− predominate in neutral to slightly alkaline 
conditions. Moreover, the higher concentrations of 
 Pb2+ in the Oti region as compared to the Volta region 
suggest local environmental or anthropogenic factors 
significantly influencing Pb levels. The observed con-
centrations of As, Cd, and Pb in rice grains across 
various soil types and pH levels highlight the com-
plex dynamics of metal uptake in plants. This is par-
ticularly evident in the significant interaction between 
soil-Cd and pH affecting grain-As concentration, 
found in this study. Such specificity in interaction 
patterns underscores the necessity for targeted strate-
gies in agricultural practices to mitigate metal uptake 

(Hussain et al., 2021). Interestingly, despite the varia-
tions in metal concentrations and speciation, the aver-
age concentrations of soil-As, Cd, and Pb are gener-
ally aligned with international standards, indicating a 
lower risk of immediate toxicity. However, this does 
not negate the potential long-term health risks associ-
ated with continuous exposure to these metals leading 
to the cumulative effects of low-level metal exposure 
on human health (Williams et  al., 2009), especially 
through the consumption of contaminated rice. The 
Health Risk Assessment, showing a Hazard Index 
(HI) greater than 1 in about 51% of the study area, 
is a significant concern. It denotes a potential health 
risk associated with consuming rice from these areas, 
especially concerning the higher risk associated with 
Vertisols (Hosseini Koupaie & Eskicioglu, 2015).

Comparative studies

We compared our findings with other studies con-
ducted in Africa, such as the study by Mlangeni 
et  al. (2022). Their study investigated the impact of 
soil type, soil pH, and geographical location on the 
accumulation of As and Cd in rice grains. Mlangeni 
et al. (2022) found that the highest concentrations of 
soil As were present in alkaline vertisols (pH > 7) 
and the lowest in acidic fluvisols (pH < 6). The high-
est grain As was observed in rice grown in central 
region (CR) vertisols with soil As ≥ 2.5  mgkg−1 and 
pH > 7. In contrast, the highest grain Cd was found 
in CR luvisols with soil As of 2.0–3.0  mgkg−1 and 
pH < 6. They also noted a strong correlation between 
soil As and grain As (r = 0.512). Our study corrobo-
rated Mlangeni et al. (2022)’s findings regarding soil 
As levels, with the highest levels in alkaline verti-
sols and the lowest in acidic fluvisols. However, we 
observed the highest grain As and Cd accumulations 
in acidic vertisols (pH < 6), differing from Mlangeni 
et  al. (2022)’s findings. We also found a strong cor-
relation between soil As and grain As, particularly in 
fluvisols (0.74) and vertisols (0.65). We also compare 
our results with other studies other than Africa, For 
instance, Zeng et  al. (2021) reported a soil-As con-
centration of 16.8 mg/kg in Hunan Province, China, 
which is much higher than the current study. Singh 
et  al. (2011) also found a higher soil-As concentra-
tion of 7 mg/kg in Ramgarh Lake, Gorakhpur, UP, 
India. However, the soil-As concentrations in the cur-
rent study are more comparable to those reported by 
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Choi et al. (2015) (0.54 mg/kg) in Gangneung, South 
Korea, and Juen et al. (2014) (0.6 mg/kg) in Kubang 
Pasu, Kedah, Malaysia. Regarding rice grain-As 
concentrations, the current study found the highest 
mean value in vertisols with soil-pH < 6.0 (0.238 ± 
0.107 mg/kg) and the lowest in luvisols with soil-pH 
< 6.0 (0.171 ± 0.075 mg/kg). These values are gen-
erally higher than those reported in previous stud-
ies. For example, Singh et  al. (2011) found a rice 
grain-As concentration of 0.08 mg/kg in Ramgarh 
Lake, Gorakhpur, UP, India, while Choi et al. (2015) 
reported 0.22 mg/kg in Gangneung, South Korea, and 
Juen et al. (2014) found 0.06 mg/kg in Kubang Pasu, 
Kedah, Malaysia.

The current study found the highest mean soil-Pb 
concentration in luvisols with soil-pH < 6.0 (4.913 
± 1.536 mg/kg) and the lowest in fluvisols with 6.0 
≤ soil-pH ≤ 7.0 (3.746 ± 0.845 mg/kg) were lower 
compared to studies by Zeng et al. (2021) (51.4 mg/
kg) in Hunan Province, China, and the mean soil-Pb 
levels (23 mg/kg) in Ramgarh Lake, Gorakhpur, UP, 
India found by Singh et al. (2011). The soil-Pb con-
centrations in the current study are more comparable 
to those reported by Payus et al. (2015) (8.03 mg/kg) 
in Kompipinan, Papar district, Sabah, Malaysia, and 
Choi et al. (2015) (5.93 mg/kg) in Gangneung, South 
Korea.

For rice grain-Pb concentrations, the current study 
found the highest mean value in luvisols with soil-pH 
< 6.0 (0.713 ± 0.0988 mg/kg) and the lowest in fluvi-
sols with soil-pH < 6.0 (0.611 ± 0.131 mg/kg). These 
values were generally higher than those reported by 
Zeng et  al. (2021) (0.02 mg/kg) in Hunan Province, 
China, while Choi et al. (2015) reported 0.1 mg/kg in 
Gangneung, South Korea, and Juen et al. (2014) found 
0.21 mg/kg in Kubang Pasu, Kedah, Malaysia. With 
regard to Soil-Cd concentration, our study found the 
highest mean soil-Cd concentration in vertisols with 
soil-pH > 7.0 (1.01 ± 0.244 mg/kg) and the lowest in 
vertisols with soil-pH < 6.0 (0.7325 ± 0.255 mg/kg). 
These values are generally higher than those reported 
by Singh et al. (2011) (0.05 mg/kg) in Ramgarh Lake, 
Gorakhpur, UP, India, 0.1 mg/kg reported in Gangne-
ung, South Korea (Choi et al., 2015), and Juen et al. 
(2014) (0.2 mg/kg) in Kubang Pasu, Kedah, Malay-
sia. However, the soil-Cd concentrations in the our 
study were lower than those reported by Zeng et  al. 
(2021) (1.4 mg/kg) in Hunan Province, China, and 
Ismail et  al. (2009) (0.78 mg/kg) in Kota Marudu, 

Sabah, Malaysia. On rice grain-Cd concentrations, 
our study found the highest mean value in vertisols 
with soil-pH < 6.0 (0.231 ± 0.0683 mg/kg) and the 
lowest in luvisols with soil-pH < 6.0 (0.16 ± 0.0804 
mg/kg) all higher than those reported by Singh et al. 
(2011) (0.01 mg/kg) in Ramgarh Lake, Gorakhpur, 
UP, India, 0.001 mg/kg in Gangneung, South Korea 
(Choi et al., 2015), and Juen et al. (2014) (0.01 mg/
kg) in Kubang Pasu, Kedah, Malaysia. However, the 
rice grain-Cd concentrations in our study are lower 
than those reported by Zeng et  al. (2021) (0.31 mg/
kg) in Hunan Province, China, and Aziz et al. (2015) 
(0.54 mg/kg) in Ranau Valley, Sabah, Malaysia.

The study discovered that the consumption of 
grains is associated with a hazard risk (HI > 1) in 
about 51% of the study area, with grains grown in 
vertisols carrying the highest risk (64%). However, no 
cancer risk was found associated with the consump-
tion of grains within the study area (Cancer Risk > 
1×10−4). These findings differ from previous studies, 
which generally reported lower non-carcinogenic risks 
and higher carcinogenic risks. For Pb, previous stud-
ies reported HRI values ranging from 0.269 to 1.11 
for adults and 0.234 to 1.09 for children (Djahed et al., 
2018; Huang et al., 2007; Ihedioha et al., 2016; Satpa-
thy et al., 2014; Wang, Liu, et al., 2018; Wang, Ma, & 
Yang, 2018). For Cd, HRI values ranged from 0.042 
to 11.8 for adults and 0.036 for children (Djahed et al., 
2018; Fan et al., 2017; Ihedioha et al., 2016; Satpathy 
et al., 2014; Zeng et al., 2015). For arsenic (As), HQ 
values ranged from 0.34 to 8.18 for adults and 0.44 
for children (Djahed et al., 2018; Fan et al., 2017; Fu 
et al., 2015; Huang et al., 2007; Zeng et al., 2015).

Regarding carcinogenic risk assessments, previ-
ous studies reported CR values for As ranging from 
0.0003 to 0.04864 (Djahed et al., 2018; Fakhri et al., 
2018; Fan et  al., 2017; Fu et  al., 2015; Praveena & 
Omar, 2017; Zeng et al., 2015), which are higher than 
the current study’s finding of no cancer risk. The dif-
ferences in heavy metal concentrations and associated 
health risks between the current study and previous 
studies can be attributed to a complex interplay of 
factors, including geographical location, soil proper-
ties, agricultural practices, industrial activities, rice 
cultivars, and analytical methods. Geographical dif-
ferences play a significant role in the observed varia-
tions. For instance, the variation in Cd concentration 
in Hunan Province, China, was associated with the 
geological area and human mining activities (Zeng 
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et al., 2021). Soil properties, such as pH, organic mat-
ter content, and clay composition, also play a cru-
cial role in heavy metal mobility and bioavailability 
(Zakaria et al., 2021). This is evident in the observed 
variation of soil heavy metal concentration for each 
soil type (Supplementary Table 3). Additionally, agri-
cultural practices have also been reported to increase 
soil heavy metals for example, Zakaria et  al. (2021) 
mentions that the application of phosphate fertiliz-
ers containing cadmium can increase soil-Cd levels 
over time, emphasizing the importance of agricul-
tural practices in heavy metal accumulation. The use 
of different rice cultivars across studies could also 
contribute to the observed differences in rice grain 
concentrations. Zakaria et  al. (2021) states that dif-
ferent rice varieties have shown significant differ-
ences in accumulating As, partly due to the surface 
characteristics of the rhizosphere and the formation 
of iron plaque on the root surface. This suggests that 
the genetic variability among rice cultivars influences 
their ability to absorb and accumulate heavy metals.

Conclusion

This research examined the concentrations and bio-
accumulation patterns of arsenic, lead, and cadmium 
in rice grown in Ghana, considering factors such as 
soil types, pH, and geographical locations. The study 
found that the levels of these metals in the soil varied 
significantly across different soil types and pH ranges. 
Vertisols and acidic conditions were associated with 
higher arsenic and cadmium content and maintaining 
near-neutral pH in acidic vertisols could help reduce 
Cd and Pb uptake. Continuous monitoring of heavy 
metals in agricultural soils is essential to detect accu-
mulation over time and implement timely mitigation 
measures. There were also noticeable regional dif-
ferences in soil metal concentrations. The study used 
speciation modeling to reveal the impact of pH on the 
bioavailable fractions of metals in soils. It was found 
that  Cd2+ and  Pb2+ were dominant in acidic soils, 
and soil type also affected speciation. The research 
observed complex interactions between soil met-
als and properties that influenced grain accumulation 
patterns. Notably, there was a significant interaction 
between soil cadmium and pH that affected grain arse-
nic uptake. The hazard risk assessment conducted as 
part of the study indicated that over half of the study 

area had grain metal levels that could pose health risks 
from dietary exposure. However, no cancer risks were 
identified. The study suggests that further research 
on multi-element interactions, speciation, geographi-
cal sourcing, and health risk pathways could support 
effective mitigation policies to prevent metal transfer 
into the food chain. These findings will contribute to 
safe and sustainable agricultural practices and rice 
cultivation in Ghana and similar contexts worldwide.
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