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Abstract
Cadmium is a toxic non-essential metal for almost all living systems. It is one of the biggest challenges for farmlands and 
the food chain because of its toxic effect on human health. This research aims to determine the Cd content in soils, litter and 
cacao beans, following the Cd fluxes within each cacao system using the two-dimensional electrical resistivity tomogra-
phy technique. The study was carried out in four farms located in the Magdalena basin in Antioquia, Colombia. The farms 
showed a heterogeneity in relation to cacao cultivars, altitude, topography and geology. The soil cation electrical capacity, 
pH and soil organic matter levels, as well as the Al, Al3+H+, Ca, K, Mg and P contents were measured at different depths. 
Moreover, the Cd content was correlated to the resistivity values of samples taken in situ using ERT. Soil Al3+H+ and the 
altitude of the farms fitted as the best predictors of the beans’ Cd content. Furthermore, the Cd content in soils from the 
assessed farms ranged between 1.22 and 2.03 mg kg−1. The Cd content in cocoa beans ranged from 0.07 to 1.44 mg kg−1, 
with a value of 0.40 mg kg−1 on average. The resistivity values obtained in field showed a high correlation with the soil Cd 
content determined (R2 = 0.82). The predictive tomography plots highlighted topsoil Cd dynamics between litter, amend-
ments and fertilizers. Therefore, these results underlie the utility of the combined geophysical techniques and soil chemical 
properties including the analysis of fertilizer amendments to improve the understanding of Cd dynamic.
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Introduction

Cadmium (Cd) is a non-nutritive element and has adverse 
effects on living systems (McGrath 1999). Therefore, no 
beneficial effects have been observed on biological systems 
related to metal consumption. Cd can be found in eight frac-
tions (Christensen and Haung 1999), where the free Cd2+ 
fraction in soil solution is absorbed at a faster rate (Helmke 
1999). The labile fraction of Cd in soils might also be found 
as phytoavailable, which means that the Cd flux pumping 
through the ion exchange cellular system in vascular tissues 
of hyperaccumulator plants is higher (Menzies et al. 2007). 
Moreover, Cd solubility in soils is affected by several chemi-
cal properties, where pH and soil organic matter (SOM) are 
the critical physical properties influencing the dynamics of 
inorganic complexes and metallic oxides, which influence 
the Cd total content in soils (Yi et al. 2020).

In cacao-growing soils, the presence of Cd in both 
surface and subsoils is one of the biggest challenges in 
Central and South American cacao-producing coun-
tries, such as Honduras, Colombia, Ecuador and Peru 

(Arévalo-Gardini et al. 2017; Bravo et al. 2018; Gramlich 
et al. 2018; Argüello et al. 2019), due to the mobility and 
the high loading ratio of this metal which moves forward 
from the soils into the cacao beans.

Particularly in Colombia, in some cacao-growing 
regions, higher Cd contents have been found in both soils 
and beans, especially in farms located in the northeast 
(Bravo et al. 2018). This is an issue, since the current 
Codex Alimentarius regulation has established the maxi-
mum permissible levels of Cd in chocolate and end-prod-
ucts derived from cacao beans (Points 2017).

Interestingly, Colombia has several cacao-growing 
regions with diverse agroecological features, including 
climate conditions, soil types and crop systems. This has 
resulted in the production of fine flavour cacao beans, 
mainly derived from the ‘Criollo’ and ‘Trinitario’ cacao 
varieties across the country (Barrientos et al. 2019). The 
Antioquia district, after Santander, is the second largest 
producing region of cacao where important productive 
areas are located in the basin of the Magdalena valley, 
limiting with the Santander district. This region shows 
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a topography marked by complex mountain systems as 
part of the central cordillera, with slopes ranging 25–50%, 
loams to sandy-loam soil textures, with moderate outcrop-
pings ≤ 50% (Malagon and Pulido 1995), annual mean 
temperature of 27.1 °C and 2270 mm of annual precipita-
tion on average (Poveda 2006).

The district of Antioquia is located in the northwest 
region of Colombia. The geological depositions and moun-
tain complex systems are characterized by great geodiversity 
(Rivera et al. 2013). The rock outcroppings in this area vary 
in age from the Proterozoic–lower Paleozoic to the Holo-
cene, and in origin, from igneous to metamorphic and sedi-
mentary (González et al. 2001). Cadmium concentrations are 
generally higher in sedimentary rocks than in igneous rocks 
(Alloway and Steinnes 1999), with concentrations ranging 
from 0.07 to 0.25 mg kg−1 Cd in igneous rocks, from 0.11 
to 1.00 mg kg−1 Cd in metamorphic rocks and from 0.01 to 
2.60 mg kg−1 Cd in sedimentary rocks (Traina 1999).

From mostly affecting Cd dynamics in cacao-growing 
farmlands and cacao beans, it has been observed that several 
soil parameters should be assessed. Particularly, one could 
take into account: 1. soil pH, as highlighted in previous stud-
ies (He et al. 2015), showing that as pH decreases, Cd uptake 
by plant increases; 2. cationic composition, as the uptake of 
Cd is frequently related to a decrease in the uptake of other 
essential elements, due to a competitive process (Mourato 
et al. 2019); 3. SOM, considering that the organic constitu-
ents, introduced through natural vegetation and farming form 
both soluble and insoluble complexes with Cd and, thereby, 
play a role in Cd transformation, have the ability to perturb 
the hydrolytic reactions of aluminium (Al) and the crystal-
lization of their precipitation products; 4. the ratio of alumi-
nosilicates/Al oxides, as these have specific adsorption sites 
for Cd ions induced by forming covalent bonds by the affinity 
of Cd for oxygen (Ramtahal et al. 2019); and 5. the genetic 
of cacao varieties (Lewis et al. 2018; Engbersen et al. 2019), 
because between varieties, the biotranslocation/bioaccumu-
lation ratio may vary even if ‘as species’, Theobroma cacao 
L. has been classified as hyperaccumulator (Kirkham 2006).

Cd toxicity affects Ca, Mg, P and K input, transport 
and utilization (Haider et al. 2021). Looking at the role of 
macronutrients in Cd availability, other studies have reported 
that the abundance of Ca in acidic soils reduces Cd toxic-
ity, mainly by reducing its uptake and competing with it at 
the transport site in the rhizosphere (Naeem et al. 2019). 
Regarding the same study, it was shown that Mg content 
can have a protective effect mainly due to the improved anti-
oxidant status inhibiting Cd plant absorption. Another study 
(Nezhad et al. 2014) pointed out that high Cd concentrations 
in soils can be explained by the occurrence of magmatic 
rocks in the area, whereas areas characterized geomorpho-
logically as alluvial deposits have the lowest altitudes within 
the region with lower heavy metal content. Interestingly, 

in the same study it was pointed out that Cd content was 
significantly positively correlated with sand and elevation 
(r = 0.720, p < 0.01). Therefore, assessing the spatial distri-
bution of Cd taking into account the soil geology, climate, 
elevation, biomineralization and human activity, in both top-
soil and subsoil, is critical for cocoa crop management and 
clean production.

However, the parameters above are not enough to explain 
the Cd soils/beans distribution in cacao systems with the 
complexity of edaphoclimatic conditions mentioned; there-
fore, it is necessary to come up with new non-destructive and 
highly sensitive techniques to assess these metal distribu-
tions. In the last decade, several techniques based on geo-
physical principles, for example, electrical resistivity tomog-
raphy (ERT) were used for characterizing soil heavy metals 
distribution (Cuong et al. 2016; Benyassine et al. 2017).

A recent study has used ERT to study Cd soil distribu-
tion in cacao-growing farms from Colombia (Bravo and 
Benavides-Erazo 2020). Several correlations between high 
loads of specific heavy metals content (Cd, Pb, Al, Fe, Mn, 
Zn, Mo, V, Cr, Ni and Co) and electric response have been 
proposed (Abu-Zeid et al. 2004). For instance, the physico-
chemical characterization of phosphogypsum pond using 
geochemical and geophysical techniques based on ERT 
measurements allowed the prediction of the heavy metals 
spatial distribution through statistical models showing that 
the most concentrate metal is chromium with a maximum 
of ≈ 900 mg kg−1 and Cd is the least concentrated of maxi-
mum ≈ 23 mg kg−1 (Vásconez-Maza et al. 2021). Previous 
studies reported a decreasing tendency of resistivity with the 
increase of heavy metal ion concentrations (Zn2+, Cd2+ and 
Pb2+) in contaminated soils (Chu et al. 2017).

This technique has also been previously used to study min-
eralogical properties in agricultural subsoils (Domra Kana 
et al. 2015). The 2D-ERT technique is a low cost field data 
acquisition proxy to determine the spatial variability and dis-
tribution of physical properties of soils, such as soil structure, 
water content, soil contaminants and distribution of soil sol-
utes, (Zhou et al. 2020) as shown in Fig. 1, where representa-
tive materials found in both solid-phase state and soil solution 
are located according to their resistivity values. The under-
ground components respond differently to electrical currents 
generating an electrical contrast signal. The presence of some 
metals decreases the electrical resistivity values generating a 
significant electrical contrast with the background; that is why, 
heavy metals resistivity is a proxy for predicting soil contami-
nation distribution (Vásconez-Maza et al. 2020). In the context 
of soil mapping, electrical resistivity exhibits a large range of 
values; for instance, from 1 Ω m for saline soils to 105 Ω m 
for dry soils overlaying crystalline rocks (Samouëlian et al. 
2005). Interestingly, Cd content, after calibration, could also 
be observed in solid-phase Cd-like compounds in the assessed 
soil (Bravo and Benavides-Erazo 2020).
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The 2D-ERT technique including other physics, chemical, 
biological and geo-statistic tools has demonstrated advan-
tages in studying Cd in cacao fields, which includes 1. the 
analysis of several soil types with specific ratio of surface/
subsoil, 2. assessing local variability of Cd content within 
the cacao farm, 3. having accurate measurements correlated 
with inductive coupled plasma (ICP) Cd counts and 4. yield-
ing a cost-efficient diagnostic approach for farmers. However, 
both soil parameters and geologic features have just recently 
been included to assess the Cd flux integrated in a predictive 
manner.

Therefore, this is the first study that comprehensively inte-
grates the Cd flux between soils and beans in cacao-growing 
farms in Antioquia. This research aims to determine Cd con-
tent in soils, soil litter and cacao beans, following the Cd fluxes 
within each cacao system using the 2D-ERT. The hypothesis 
of bioaccumulation of Cd, from both soil minerals and applied 
fertilizers, in cacao tissues and its release to soil surface at 
highly bioavailable forms by soil litter was evaluated. This 
hypothesis implies cadmium cycling within the system, which 
manifests as a thermodynamically ‘open’ system, where both 
the cacao varieties, the soil parameters (resistivity, effective 
CEC, electrical conductivity -EC, pH, SOM, Aluminium 
[Al], Al3+H+, Ca, K, Mg, and P content) and the geology and 
weather (mainly altitude) from every farm were assessed. 
This research study was carried out in cacao farms from the 
Antioquia´s Magdalena basin, in Colombia, between Septem-
ber 2019 and March 2020.

Materials and methods

Study area and sampling setup

This research was carried out in farms located in Antio-
quia’s district, in the municipalities of San Roque and 
Maceo, which are part of the northeast region of the Antio-
quia’s Magdalena basin. The location of the assessed farms 
is shown in Fig. 2.

Due to the protection of farmers, the farms assessed 
here were classified as farms A–D. The farms showed dif-
ferences in productivity, cacao genetic varieties, age of 
culture, planting distribution, topography and agronomic 
management. The edaphoclimatic characteristics were 
contrasting, with an altitude ranging between 850 and 
1113 m, temperatures ranging from 23 to 28 °C, annual 
precipitation ranging from 1500 to 2500 mm and relative 
humidity ranging from 7 to 80% (Martínez Covaleda et al. 
2005; Pacheco-Montealegre et al. 2020).

Each farm had an average of 4 ha of cacao, within farms 
ranging from 2 to 70 ha. Sampling plots had an area of 
2 ha and included 12 cacao trees. The cacao trees were 
identified and marked on their trunks to provide trace-
ability of collected samples and monitoring individuals.

Farm A was located in the municipality of San Roque, 
in the sidewalk of San José del Nus at an altitude of 850 m, 
with an average temperature of 27  °C. The observed 
ground slope was ≥ 40%. The cacao varieties correspond 

Fig. 1   The charge capacity of different material occurring in both natural and farming soils ( modified from Samouëlian et al. 2005)
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to TCS01, TCS06, TCS13, TCS19 and CCN51, with an 
average age of 4 years.

Farm B was located in the municipality of Maceo, in 
the sidewalk of Betulia at an altitude of 1113 m and with a 
mean temperature of 24.1 °C. The plot was categorized by 
a slightly flat topography. The cacao varieties found were 
FSV41, FSV155, FCH8, FTA2 and CCN51, with an average 
age of 8 years.

Farm C was located in the municipality of Maceo, in the 
sidewalk of La Unión, at 990 m of altitude, with a tem-
perature of 28 °C on average. The ground slope was > 50%. 
The cacao varieties found were FSV41, BETULIA8, BETU-
LIA18 and BETULIA19, with an age of 5 years. It is worth 
mentioning that the ‘Betulia’ materials are from the group 
of ‘creoles’; they have low adaptability to changing climate 
conditions, as they have been recognized with low vigour 
and high susceptibility to pests and diseases (López-Hernán-
dez et al. 2019). Nevertheless, they are known for their high 
quality due to them featuring large beans of white cotyledons 
that develop an adequate aromatic intensity during process-
ing and roasting, with high content of chemical precursors of 
fine flavour (Avendaño-Arrazate and Cueto-Moreno 2018).

Farm D is located in the municipality of Maceo, in the 
San Luis sidewalk at 1058 m of altitude, with a mean tem-
perature of 30.7 °C and with a ground slope ≥ 90%. The 
selected plot was established with the cacao varieties ICS95 
and CCN51 with an age of 9 years on average. The CCN51 
variety is considered a precocious tree of high quality and 
productivity, tolerant to diseases, with large pods and seeds 
and easy to handle since it does not reach great heights 
(Jaimes et al. 2017). Furthermore, the CCN51 genotype is 
currently the most commercialized variety in several coun-
tries, such as Ecuador, due to its high productivity (Santana 
et al. 2018).

Previous studies have reported differences in Cd allo-
cation and bean accumulation between cacao cultivars 
(Arévalo-Gardini et al. 2017; Lewis et al. 2018; Engbersen 
et al. 2019). Nonetheless, the role, the impact based on the 
analysis of absorption and translocation effect of the genetic 
materials, which could play an important role in Cd distribu-
tion in cacao crops, was outside of the scope of this research.

Physicochemical analysis

To determine soil texture, a set of disturbed soil samples 
of 1 kg was sent to the Laboratory of Soils, from the Cor-
poración Colombiana de Investigación Agropecuaria 
AGROSAVIA, in C.I. Nataima, located in El Espinal, 
Colombia. The soil samples were passed through different 
sieves using an automatic shaker for 5 min. The particle 
size was measured on air-dried soil < 2 mm following the 
methodology proposed elsewhere (Bouyoucos 1962) using 
a hydrometer (ASTM Soil Hydrometer 152H; Temp. 20 °C), 

after removal of carbonate with HCl treatment and organic 
matter with 30% H2O2.

Composite samples of soils of 1 kg each were collected 
under the cacao canopy of the sampling plots at a soil depth 
of 0–20 cm. The A boundary corresponds to the layer where 
the larger proportion of roots are located in cacao crops, as 
previously mentioned (Moser et al. 2010; Carr and Lock-
wood 2011). In farm A, three topsoil samples were collected 
both at the top and the bottom of the slope, one extra topsoil 
sample was collected in the middle of the slope, and three 
soil samples were collected a depth from the soil pit. In 
farms B, C and D, one topsoil sample was collected at both 
the top and the bottom of the slope, and two samples were 
collected from depths defined by the thickness of observed 
horizons differentiated by macro morphological character-
istics in the soil pits. In all cases, the sampling distribution 
was defined by the arrangement of cacao clones within the 
plots. Samples of soil litter were collected from eight points 
following a zigzag path, to reach a final weight of 1 kg per 
sample. Fresh cacao seeds were collected from 3 mature 
fruits by variety in each farm. Soil samples, soil litter and 
cacao beans were stored at 4 °C and sent to the Labora-
tory of Soil Chemistry in the Corporación Colombiana de 
Investigación Agropecuaria AGROSAVIA, C.I. Tibaitatá, in 
Mosquera, Colombia, for chemical analysis. The soil sam-
ples were dried at 40 °C and sieved using a 2-mm size pore 
filter. The EC was determined with a conductometer elec-
trode in soil/water solution (1:5 w/v), using the methodol-
ogy proposed in a previous study (Richards 1954), with an 
electrode type conductivity sensor InLab 720 (Automatic 
Titrator T90, Mettler Toledo, Columbus, Ohio, U.S). The 
soil pHH2O was determined by a potentiometric method in a 
soil/water solution (1:2.5 w/v) using the pH electrode InLab 
Max Pro, according to the standard method (Peech 1965). 
The SOM content was measured using the gold standard 
(Walkley and Black 1934) modified method, where soil was 
treated with potassium dichromate and twice the volume 
with sulphuric acid. Once the oxide reduction has occurred, 
the SOM was quantified using a UV–visible spectrophotom-
eter (PerkinElmer spectrophotometer Lambda 25, Waltham, 
Massachusetts, U.S). The Al3+H+ was determined in a potas-
sium chloride (KCl)-based soil extract solution which was 
titrated with sodium hydroxide (NaOH) 0.01 M by the titri-
metric method (Coleman and Thomas 1967) using an Auto-
matic Titrator T90 (Mettler Toledo, Columbus, Ohio, U.S). 
The Al content was determined using atomic absorption 
spectrometry -AAS (Agilent 280FS AA, California, United 
States) and dissolved in a KCl solution according to the clas-
sical method (Pratt and Bair 1961). The exchangeable cati-
ons Ca2+, K+, Mg2+ were extracted using a CH3COONH4 
solution 1 M at pH 7.0 by the method proposed elsewhere 
(Shuman and Duncan 1990), where interchangeable bases 
are replaced by ammonium ion and the extracted elements 
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were quantified using AAS. The CEC was calculated as the 
sum of the cations. The P content was determined by reduc-
tion with ascorbic acid using the Bray II method (Bray and 
Kurtz 1945), where the soil samples were treated with an 
extraction solution of ammonium fluoride in chloric acid 
(NH4F 0.03 M-HCl 0.1 M), dissociating some phosphates 
from soil, due to the presence of NH4F in the acid solution 
which make complexes with trivalent Fe and Al ions and 
releasing P content. The quantification of P was performed 
using the UV–visible spectrophotometer at 887 nm of wave-
length. The samples with a P content below the detection 
limit for analytical measurement (Bray II) of 3.87 mg kg−1, 
defined on the basis of the Eurachem Guide for measurement 
uncertainty (Ellison 2014), were not taken into account in 
the statistical analysis. The soil samples collected to deter-
mine the cadmium contents were previously pre-treated. The 
samples were oven-dried at 40 °C, and then, the samples 
were pulverized in a mill and sieved with a sieve of 0.5 mm 
of opening. The pseudo-total Cd content was obtained by 
digestion using nitric acid (HNO3)-perchloric acid HClO4 
(9:3 v/v) in a heating plate to 160 °C under an extraction 
cabin, method modified in previous studies (Chavez et al. 
2015; Bravo et al. 2018). The Cd content was measured 
using an inductive coupled plasma spectrometer with opti-
cal emission (ICP-OES) (Thermo Scientific ICAP 6000, 
Waltham, Massachusetts, US). Soil Cd content exceeding 
0.5 mg kg−1 was considered evidence of soil contamination 
(McBride 1994). The soil litter for the Cd contents was pre-
treated, washed using a solution of HCl 0.1 M and rinsed 
with deionized water for 30 s. The samples were dried in a 
stove at 68 °C for 48 h, and then, in a mill, the dry material 
was homogenized. For digestion o soil litter, 0.50 g of sam-
ple was digested with a solution of HNO3–HCl3O4 (5:2 v/v) 
using a microwave digester (Milestone ultraWAVE, Sorisole, 
Bergamo, Italy), and the Cd content also was determined 
using the ICP-OES equipment. Cd in beans was quantified 
using the protocol reported in a previous work (Chavez et al. 
2015). Briefly, the samples were dried between 70 and 80 °C 
for 24 h. The cacao beans were powdered and sieved using 
a 0.5-mm filter; 0.30 g of sample powder was digested in a 
solution of HNO3–H2O2 (v/v), using a heating plate. The 
Cd determination in beans was also performed using the 
ICP-OES.

On each farm, the fertilization plan for the cocoa crop 
was consulted with the farmer owners to determine possi-
ble anthropogenic sources of contamination with Cd that 
was considered for analysis of the methodological setup. 
To analyse the chemical fertilizers, 500 g of each of the 
fertilizers used in the farms were collected to make a survey 
related to its chemical composition, type of packing (granu-
lated or emulsified) and the method of application (soil or 
foliar). Also, the doses and frequencies of these products 
were requested to the farmers. The nutritional requirements 
of cocoa vary according to cultivars, crop conditions and, 
especially, with the degree of shading. The frequency of 
fertilization is given in two annual periods depending on the 
rains. Usually, the fertilization is carried out at the beginning 
and end of the rainy season (Álvarez-Carrillo et al. 2015). 
The sampling in all the farms was carried out during the 
month of November, two months after the fertilization pro-
cess that traditionally takes place during the month of Sep-
tember corresponding to the rainy season in the study area.

Laboratory calibration of 2D‑ERT

The calibration of the electrical resistivity was performed 
at the laboratory of Physics in the University of Nariño, 
Pasto, Colombia. To perform the calibration test, the ASTM 
D4700—15 method was used (ASTM 2012). Briefly, five 
concentrations of cadmium chloride (CdCl2) were used to 
determine the resistivity of amended soils. The concen-
trations were 0.30, 0.60, 0.95, 1.50 and 2 mg kg−1 of the 
reagent (CdCl2 Sigma-Aldrich, Chicago Illinois, US). Con-
taminated soil samples, collected from the excavation pits 
dug in the studied farms here assessed, were compacted in 
three glass containers of a cubic geometry with 4 mm thick-
ness. Because the interest in this study was to determine 
the apparent electrical resistivity in the soil sample, it was 
essential to avoid procedures such as sieving or treatments to 
separate component materials (Mostafa et al. 2018). Fifty g 
of the samples was pressed to 50 ± 0.5 kPa and homogenized 
with each Cd concentration into the plastic cube moulds. 
The samples were compacted using a universal multi-test 
machine UTM-P (Ubique Systems, Maharashtra, India). 
(Bravo and Benavides-Erazo 2020). In each glass container, 
four electrodes were inserted at 0.01 m distance based on the 
Wenner method (Turki et al. 2019). For safety issues, the 
entire resistivity measurement process was carried out inside 
an extraction hood. Resistivity measurements were made 
using the resistivity meter UT523A (UNI-T, Hong Kong, 
China). The relation between soil resistivity values and soil 
Cd content was established at the laboratory, according to 
the ASTM G57-06 method, reported elsewhere (Domra 
Kana et al. 2015). The results of the standardization are 
shown in Table 1 as the standard deviation of the 60 lectures 
corresponding to each cadmium concentration.

Fig. 2   Geographical distribution of assessed farms. The farms were 
located in two geological units out of five reported in the Antioquia 
district. Geological abbreviation: J2se: Batolite of Segovia; Kqd: 
Intrusive rocks. Antioqueño Batolite. Cuarzodiorite; Kqdf: Phelsique 
Cuarzodiorite; MPnsl: Saint Lucas Kneiss; Other: Other rock geo-
forms; Qal: Alluvial quartz deposits; nf: metamorphic rocks from 
central cordillera located at the west of out fault. Feldespar alumin-
ium kneiss, with migmatite and intrusive kneiss (ni); nq: quarzite, 
dark quartz biotite and quartz kneiss as part of the metamorphic com-
plex in Central Cordillera. (Moya-Berbeo 2012)

◂
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After achieving calibration with the five cadmium amend-
ments, the linear regression was used to obtain electrical 
resistivity values when no cadmium amendment was per-
formed. The first line in Table 1 shows the electrical resistiv-
ity counts determined with the lineal regression of the data 
when cadmium content is the ‘natural’ Cd occurring within 
the soil samples. A positive correlation between electrical 
resistivity and cadmium concentration has been observed 
and documented in previous studies, i.e. for low concentra-
tions of CdCl2 varying between 0.02 and 20 mg kg−1, the 
resistivity is very high (Ayoub et al. 2003). Regarding the 
soil cubes amended with small amounts of Cd, the change of 
electrical resistivity values was consistent with the increas-
ing Cd concentrations, even at low enrichments of CdCl2.

2D‑ERT field measurements

The resistivity tomography technique can provide a highly 
detailed information of the subsoil structural pattern based 
on high resistivity contrasts that characterize geological 
environments (Piegari and Di Maio 2010), as the primary 
objective of on-site geoelectric prospecting in both the top-
soil and subsoil. On each studied farm, three prospecting 
lines were installed in parallel and separated by a distance 
of 1 m, in such a way that they were always transversal to 
the slope of the land, since the greatest interest lies in the 
exploration of soil boundaries close to the surface, which 
was achieved by applying the Wenner array method (Turki 
et al. 2019). Each line consists of 36 electrodes of high-
quality stainless steel rods (AISI 316) of 0.005 m diameter 
and 0.4 m length. Electrodes were positioned in a straight 
line with 0.35 ± 0.02 m spacing, for a total line length of 
12.2 ± 0.7 m. Nine resistivity levels were measured for a 
total of 198 points per Sect. 36 sections were linked together 
to achieve a full coverage per soil profile. Electrode spacing 

was selected in a way to reach 2 m of penetration depth 
which may provide information of Cd distribution. Appar-
ent resistivity data (ρA) data were plotted in a pseudo-sec-
tion. Once the geoelectrical profile was obtained, soil pits 
were dug to collect soil samples from the cacao subsoil, for 
both physicochemical analysis and standardization of the 
2D-ERT technique at laboratory. The geoelectrical profile 
need to be converted into sections with true resistivity values 
and depths through a data inversion procedure to facilitate 
profile interpretation. For that, the Res2Dinv of Geotomo 
Software (Barker 1981; Loke et al. 2003) was used in the 
present study to process ρA data to real electrical resistivity 
data in the field. Data processing steps included removing 
bad data points by selecting the inversion method. Res2Dinv 
programme employs the inversion technique with a softness 
constraint to produce a 2D model of the ρA data in rectan-
gular blocks. The depth of the bottom row of blocks is set to 
be approximately equal to the equivalent depth of investiga-
tion (2 m). The inversion routine used by the programme is 
based on the least square method with softness constraint 
(deGroot-Hedlin and Constable 1990; Sasaki 1992). The 
inversion model tomography was obtained using the robust 
data constraint option, which tends to produce models with 
a much sharper limit between different regions where dif-
ferent resistivity values may occur (Loke et al. 2003, 2014).
The field tomography of the three lines was generated. Based 
on them, the sector with the highest contrast of resistivities 
was located, also called anomalies, determining the length 
and depth of sampling points.

Data analysis

Data analysis was performed using R Project 3.6.2 (R-Core, 
2019). A Pearson correlation analysis was carried out with 
the ’Hmisc’ software package (Harrell 2017), including the 
variables of Cd content in soils, soil litter, cacao beans, the 
farm altitude, the age of the crop and 10 soil parameters: 
CEC, EC, pH, SOM, Al, Al3+H+, Ca, K, Mg, and P con-
tent. In addition, a principal component analysis (PCA) was 
performed with the ’stats’ and ’ggbiplot’ packages for R 
software (Vu 2011), applying the same parameters used to 
perform the correlation analysis. Only the P content was 
not taken into account because the values were below the 
threshold. To compare the Cd content in both soil and beans, 
a Kruskal–Wallis test and a Conover multiple comparisons 
test were performed, using the ’agricolae’ package for R 
software (de Mendibru 2017). To determine the best pre-
dicting variables to Cd contents in cocoa beans, a backward 
stepwise regression analysis was conducted including soil 
and environmental variables without logarithmic transfor-
mation taking into account the number of samples. The 
test was performed using the ’caret’ package to R statistics 

Table 1   Standardization of electrical resistivity measurements in lab-
oratory

*The ± symbol correspond to the standard deviation of the measure-
ments
‡The electrical resistivity value was obtained from the first intersec-
tion point of the lineal regression

Cd 
amended 
[mg kg−1]

Electrical resistivity [Ohm m]*

Soil farm A Soil farm B Soil farm C Soil farm D

Natural ‡515.12 ‡2016.00 ‡992.72 ‡928.07
0.18 516 ± 7.76 2016 ± 16.86 990 ± 12.10 925 ± 11.81
0.37 517 ± 7.76 2017 ± 13.55 996 ± 11.25 939 ± 14.71
0.58 525 ± 5.79 2017 ± 14.26 995 ± 10.36 945 ± 11.62
0.92 528 ± 4.67 2020 ± 16.50 998 ± 10.63 946 ± 12.60
1.23 533 ± 3.04 2020 ± 14.07 999 ± 10.30 960 ± 12.52
R2 0.95 0.89 0.63 0.83
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(Kuhn et al. 2020). The variables were selected based on 
the maximization of adjusted R2 and minimization of Root 
Mean Square Error or RMSE. Statistical significance was 
considered at a P value ≤ 0.05.

The 2D-ERT calibration was done on a laboratory scale. 
The collected information was statistically processed using 
a CERN’s ROOT data analysis framework and ORIGIN 8 
to determine the initial apparent electrical resistivity, which 
is given in Ohm per meter (Ω m). Processing and interpreta-
tion of the measured resistivity data were performed using 
the 2D finite difference inversion programme (Loke 1999).

2D‑ERT predictions

The tomograms were redefined according to a grey scale 
following a previous methodology (Bazin and Pfaffhuber 
2013). Briefly, the chromatic values of the ‘standard’ tomog-
raphy were conversed to grey scales, where light–weak 
colours corresponding to low resistivity values were rep-
resented in low grey scales; meanwhile, dark–strong col-
ours corresponding to high resistivity values were left 
in yellow to better notice its distribution (Metwaly and 
AlFouzan 2013). Therefore, the range of resistivity values 

corresponding to the measured Cd counts from the labora-
tory calibration process for each farm is highlighted avoiding 
the noise of surrounding non-Cd-like compounds. This is 
derived from predictive tomography, because it indicates 
the most likely route of distribution of Cd or solid-phase 
Cd-like compounds across the underground assessed section 
in four vectors.

Results and discussion

Soil parameters

The soils of farms A–D, exhibit acidic pH, with values 
ranging from 4.58 to 7.01; the average value in A, B and 
D was ≥ 5 units. In farm C, a higher acidity with a pH of 
4.75 on average was found, accompanied by a higher Al3+ 
and interchangeable acidity content (Table 2). The SOM of 
3.1% was very similar to all farms assessed at the soil sur-
face (0–20 cm depth). Farm D has the lowest SOM content, 
with 2.55% on average. Low CEC was observed with 5.2 
cmol+ kg−1 on average and low-medium Ca2+, Mg2+ and K+ 
contents were observed. The highest Ca2+ content was found 

Table 2   Chemical properties of soils in studied in cacao farms

* Position in the hill slope: ↑ Top; ↔ Middle; ↓ Bottom
Cds: Cd in soils; Cdb: Cd in beans; ND: No data

Farm Position* Depth pH EC SOM CEC Ca Mg K AlH Al P Cds Cdb

[cm] [dS·m−1] [%] [cmol+ kg−1] [mg kg−1]

A Topsoil ↑ 0–20 5 0.22 2.83 3.02 1.77 0.73 0.12 0.33 0.1  < 3.87 1.54 1.44
A Topsoil ↓ 0–20 6.74 0.41 3.28 12.65 9.88 2.47 0.23 0 0  < 3.87 1.61 0.96
A Topsoil ↑ 0–20 7.01 0.42 3.59 14.19 11.72 2.12 0.28 0 0  < 3.87 1.8 0.84
A Topsoil ↔  0–20 5.36 0.3 4.05 4.28 2.97 0.81 0.3 0.12 0  < 3.87 1.66 0.62
A Topsoil ↓ 0–20 4.93 0.32 3.63 3.82 2.18 0.63 0.41 0.52 0.34  < 3.87 1.74 –
A Topsoil ↑ 0–20 6.74 0.35 2.89 11.83 9.39 2.18 0.16 0 0  < 3.87 1.71 0.65
A Topsoil ↓ 0–20 5.62 0.34 3.56 5.62 4.34 1.07 0.14 0 0  < 3.87 1.72 0.75
A Underground 100–120 5.06 0.12 0.7 1.73 1.02 0.51 0.09 0.1 0  < 3.87 1.76 –
A Underground 58–78 5.18 0.14 1.01 1.51 1.11 0.28 0.09 0.03 0  < 3.87 1.76 –
A Underground 21–41 4.86 0.13 2.18 1.67 0.89 0.27 0.09 0.37 0.21  < 3.87 1.66 –
B Topsoil ↑ 0–20 5.94 0.27 3.62 9.33 7.34 1.69 0.2 0 0 14.5 1.99 0.09
B Topsoil ↓ 0–20 5 0.21 3.48 4.8 3.07 0.4 0.09 1.17 0.84 10.31 1.87 0.11
B Underground 50–70 4.68 0.06 1.34 2.68 0.59 0.2 0.09 1.98 1.71  < 3.87 2.02 0.11
B Underground 10–30 4.79 0.2 2.99 4.08 1.82 0.61 0.13 1.43 1.03  < 3.87 2.03 0.14
C Topsoil ↑ 0–20 4.76 0.37 3.23 6.42 2.44 0.94 0.13 2.83 2.3  < 3.87 1.53 0.11
C Topsoil ↓ 0–20 4.7 0.27 3.9 7.09 3.1 0.87 0.14 2.9 2.31  < 3.87 1.45 0.08
C Underground 90–110 4.98 0.03 1.01 1.94 0.59 0.2 0.09 1.4 1.19  < 3.87 1.66 0.08
C Underground 28–48 4.58 0.15 2.31 4.35 0.59 0.23 0.13 3.38 3  < 3.87 1.57 0.12
D Topsoil ↑ 0–20 5.09 0.18 2.84 3.76 1.99 0.87 0.24 0.57 0.27 6.73 1.33 0.13
D Topsoil ↓ 0–20 5.02 0.16 2.51 3.71 1.69 0.73 0.4 0.81 0.5  < 3.87 1.29 0.21
D Underground 85–105 5.09 0.05 0.6 2.45 0.59 0.55 0.09 1.41 1.05  < 3.87 1.62 –
D Underground 9–29 4.96 0.21 2.32 3.49 1.75 0.96 0.14 0.56 0.27  < 3.87 1.22 –
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in farm A, where a maximum value of 9.88 cmol+ kg−1 
was found. The Mg2+ and K+ contents were similar in the 
assessed farms with averages of 0.88 and 0.17 cmol+ kg−1, 
respectively. Phosphorus content was below the threshold of 
3.87 mg kg−1. Farm B has the highest phosphorus content 
with 8.13 mg kg−1 on average, which continues to be a low 
level, according to the average thresholds for agricultural 
soils intended for cocoa cultivation (Snoeck et al. 2016). In 
the assessed farms, the soil Cd content ranged from 1.22 to 
2.03 mg kg−1.

Soil samples for texture analysis were collected at differ-
ent depths for each farm according to the distribution and 
thickness of observed horizons, based on macromorphologi-
cal characteristics (colour, structure; data not shown) studied 
within soil pits. This was corroborated when observing the 
depth of electrical resistivity anomalies in the geoelectrical 
profile from four farms. The soil textural analysis shows a 
predominance of clay at a depth ranging from 10 to 85 cm, 
as shown in Table 3. An increase in clay content with soil 
depth was observed at all of the studied farms. This can be 
explained by soil evolution and taxonomy as all the stud-
ied soils belong to the subgroup Oxic Dystrudepts (IGAC 
2015). This means that the soil is classified as an Inceptisol, 

characterized by the presence of a Cambic horizon, but hav-
ing an extragrade condition determined by the illuviation of 
clay from the upper horizons, conferring certain character-
istics of an Oxic subsurface horizon (Staff 2014).

Cd in soils and cacao beans

The Cd content for both soils and beans is shown in Table 4. 
Farm B shows the major soil Cd content, with 1.98 mg kg−1 
on average, followed by farm A with 1.70 mg kg−1 and farms 
C and D without significant differences between them. To 
farms B, C and D, the Cd content in cacao beans was below 
the critical level of 0.60 mg kg−1 defined by the European 
Union (European Comision 2014) for cocoa powder. On the 
contrary, beans Cd content in farm A ranged between 0.62 
and 1.44 mg kg−1.

The soil litter Cd content was 0.43, 0.61, 0.85 and 
3.34 mg kg−1 in farms C, B, D and A, respectively. In farms 
B–D, the Cd contents decrease in the order of soil > soil lit-
ter > beans. In farm A, the average Cd content was higher in 
the soil litter, followed by soils and beans.

Interestingly, from the evaluated variables, only percent-
age of clay in the soil was significantly correlated with soil 
Cd content (0.69; P value < 0.05). Soil texture was not cor-
related with bean Cd content (see supplementary Table S2). 
However, the beans’ Cd content has a highly significant 
correlation (P value < 0.01) with the soil litter Cd content 
(0.91), the altitude of the farms (− 0.82) and the age of the 
crop (− 0.62). It is noticed that due to the low number of 
farms evaluated (N = 4) these results must be validated for 
a district overview. A medium significant correlation (P 
value < 0.05) of the Cd content in beans was found, with 
the soil pH values (0.53), electrical conductivity (0.50), Al 
content (− 0.59) and interchangeable acidity (− 0.60). A low 
correlation (P value < 0.1) was found between the beans Cd 
content with Ca and Mg contents (0.45 and 0.49, respec-
tively). It is highlighted at this point that the correlation 

Table 3   Textural analysis of soil samples collected in the four cacao 
farms from Antioquia, Colombia

Farm Soil sample depth [cm] Textural classification

A 21 Clay-loam
A 58 Clay
A 100 Silty-clay
B 10 Clay-loam
B 50 Clay
C 28 Clay-loam
C 90 Clay
D 9 Sandy-clay-loam
D 85 Clay-loam

Table 4   The test of Conover 
for multiple comparisons was 
applied previous the analysis 
using the Kruskal–Wallis test 
for Cd content in both cacao 
beans and soils from the studied 
farms

**  Letters indicate the observed significant differences between Cd content in soils or cocoa beans in the 
assessed farms, using a 95% confidence level

Cd origin Farm Mean Min Max Mean rank
[mg kg−1]

Cocoa beans A 0.88 0.62 1.45 13.50 a*
B 0.11 0.09 0.14 5.75 bc
C 0.10 0.08 0.12 3.50 c
D 0.17 0.13 0.21 9.00 b

Soils A 1.70 1.54 1.80 12.90 b*
B 1.98 1.87 2.03 20.50 a
C 1.55 1.45 1.66 6.75 c
D 1.37 1.22 1.62 3.75 c
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between the Cd content of soils and beans was not signifi-
cant at this site-specific condition.

The PCA results are shown in Fig. 3. The first three 
principal components (PC) explain 80.2% of the total vari-
ability of the soil parameters. The PC1 represents 54.2% 
of total variance and is related to soil reaction. The high-
est coefficients are associated with variables such as pH 
(0.333), EC (0.306), Ca (0.323), Mg (0.328) contents, and 
the soil litter Cd content (0.318). The PC2 explains 14.5% 
of the variance and is related to the cacao crop and soil Cd 
content. The highest coefficients were associated with the 
age of the crop (0.530), the altitude of the farm (0.429) and 
the soil Cd content (0.404). The PC3 explains 11.4% of the 
variance and is related to the acidity of soils. The highest 
coefficients were associated with the Al3+ (− 0.487) con-
tent and the interchangeable acidity (Al3+H+) (− 0.466). 
Each of the remaining PCs represents less than 10% of the 
total variability (supplementary data in Table S1).

The graphic representation of PC1 and PC2, which 
together sum up 68.7% of the total variance of the data, 
shows specific relationships of certain variables with the 
farms analysed (see Fig. 3). Farm A is associated with high 
Cd content in soil litter and cacao beans, whereas farm B 

is more associated with the highest age of the crop, alti-
tude and soil Cd content. In farm C, the variance of data is 
associated with the presence of Al3+, low CEC and low Cd 
contents of soil, soil litter and cacao beans; meanwhile, in 
farm D there are half-conditions between farms B and C.

Based on the stepwise linear regression analysis carried 
out with the variables measured in farms A–D, it was found 
that the beans Cd content could be estimated by the inter-
changeable acidity (Al3+H+) and the altitude of the farm 
with an adjusted R2 = 0.72, according to [Eq. 1]:

On the one hand, Eq.  1 indicates that, for the 
assessed farms, bean Cd content decreases by a factor of 
0.118 mg kg−1 when each unit increases in interchangeable 
acidity (Al3+H+ cmol+ kg −1), at a constant altitude. On the 
other hand, the application of Eq. 1 indicates also that beans 
Cd content decreases 0.00253 mg kg−1 for each unit increas-
ing in altitude, when the interchangeable acidity is constant.

The calculated beans’ Cd content using the Ec. 1 was in 
a range of − 0.04 to 0.86 mg kg−1, while the actual beans 

(1)

Bean Cd
(

mgkg−1
)

= 3.009 −
(

0.1183 ∗ Al3+H+
)

− (0.0025 ∗ Altitude)

Fig. 3   A PCA biplot showing 
the PC1 and PC2. The PCA 
analysis was performed using 
soil parameters and productive 
parameters of the cacao-grow-
ing farms assessed in this study. 
The ellipses represent the vari-
able dispersion in farms A–D, 
located at the municipalities of 
Maceo and San Roque in the 
Antioquia northwester district 
from Colombia
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Cd content was between 0.08 and 1.44 mg kg−1. As shown 
in Fig. 4, only the observed value of 1.44 mg kg−1 of bean 
Cd content is outside the confidence interval (95%) and the 
prediction interval of the model. The maximum value esti-
mated by the model barely exceeds the maximum content 
of Cd established at 0.8 mg kg−1 by the European Union 
and Codex Alimentarius for chocolates with ≥ 50% of cocoa 
(European Comision 2014; FAO/WHO 2018).

2D‑ERT profiling

The 2D-ERT tomography of the assessed farms is shown in 
Fig. 5. Three lines were generated for each farm. Once the 
first geoelectrical profile was generated, soil pits were exca-
vated when ERT did show contrasting properties in the sub-
soil. In this study, these points corresponded to high resistiv-
ity values represented by dark colours (from red to violet). 
A widespread distribution of soil Cd content was observed. 
Soil samples collected from the pits showed higher Cd con-
tent than the threshold value established for contaminated 
soils (Table 2).

The resistivity values of farm A showed great variabil-
ity between 6.73 and 5020 Ω m (see Fig. 5a). Changes in 
resistivity values of soil surface were observed between the 
electrodes 16–20, which corresponds to 4.8–6 m of soil dis-
tance, at a depth of 0.4 m and between the 24–28 electrodes 
which corresponds to 7.2–8.4 m in soil distance, at a depth 
of 0.2 m, where there is a highly saturated material having a 
very low resistivity, with values between 8.78 and 20.3 Ω m. 
The possible cause of this is due to water retention with the 
consequent formation of salts, water retention potential or 

higher water table indicator. After the pit excavation, six 
types of constituent material were detected, which was dis-
tributed in three observed strata. At a depth between 0 and 
0.40 m, the strata were seen to be disturbed by anthropic 
activity.

In the same way, three non-uniform boundaries were 
observed in their distribution and rather with highly altered 
strata. The tomography showed a conglomerate of materi-
als with resistivities of 17.1–517 Ω m at a depth of 0.55 m. 
Between electrodes 4–11, which corresponds to the soil dis-
tance between 1.12 and 3.3 m and as a tank, at a depth of 
0.6 m to more than 0.60 m, a material with a resistivity of 
517 Ω m was observed. According to Fig. 1, that material 
could correspond to calcites or sandstones.

In the 2D-ERT tomography of farm B (Fig. 5b), two 
highly saturated zones were observed between electrodes 
2–7 which represents the surface distance between 0.6 and 
2.1 m, and electrodes 13–26 which corresponds to 3.9–7.8 m 
in soil surface, with a depth of 0.2–1 m, which could be 
related to saturated silty material or clay sands separated by 
a high resistivity material, of 1132 Ω m, such as consolidated 
sand-clay or limestone. An outcrop of material with resistiv-
ity > 2314 Ω m was observed. In Fig. 5b, it was observed 
between the electrodes 15–20 which corresponds to a surface 
distance between 4.5 and 6 m, and at a depth of 10 cm the 
existence of a compacted material with greater consolidation 
or rocky with a resistivity of more than 4731 Ω m, which 
probably corresponds to granites and stoneware from altera-
tion in the recent soil formation. It is also noticed that the 
soils boundaries were combined or altered, probably due to 
an anthropogenic action, as described previously. The most 
superficial soils and their resistivity values of 133–271 Ω m 
indicate loam-type materials and saturated clayey silt.

In the tomography of farm C (Fig. 5c), the combination 
of different types of materials is observed in the profile of 
measured apparent resistivity, indicating layers altered by 
anthropogenic activity. Between electrodes 12–22 (corre-
sponding to 3.6–6.6 m in soil surface distance) and at a depth 
of 0.4 m, there is highly saturated material with resistivities 
of 15.4–34.5 Ω m. Between electrodes 16 and 18 (which 
corresponds to 4.8–5.4 m in soil surface distance), outcrop-
pings of high resistivity material 4425 Ω m are observed 
due to the presence of limestone or consolidated clay sands. 
There is no evidence of the presence of objects with very 
high resistivities, undercuts or the presence of groundwater, 
although in theory, low resistivity values are due to a high 
level of water in the ground, as the water is characterized by 
high electrical conductivity.

In the tomography of farm D (Fig. 5d), due to the com-
plex topography of the assessed soil, it was possible to deter-
mine three boundaries with a certain degree of alteration, 
according to the levels of resistivity. The first boundary 
of 7.74–135 Ω m corresponded to saturated silt or loam, 

Fig. 4   Calculated Cd content vs. observed Cd content in fresh beans 
collected in the four farms assessed in this research. The coefficient of 
correlation adjusted r2 = 0.72
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followed by another layer between 135 and 348 Ω m, at 
0.896  m, which corresponds to the particulate mate-
rial with spots of SOM with resistivity values between 
18 and 425 Ω m. The second horizon was presented at a 
depth of 0.9–1.43 m, with resistivities between 425 and 
935 Ω m, which corresponds to typical values of muddy 

silt or saturated clay loam. The third horizon at a depth 
between 1.43 and 1.79 m, with resistivities between 935 
and 2054 Ω m, corresponded to the loamy-sandy texture. In 
the first boundary (0.2 m soil depth), granitoid inlays with 
resistivities between 2054 and 4512 Ω m were observed, as 
in subsoil (1.79–1.97 m depth). This soil was characterized 

A

B

D

C

Fig. 5   The 2D—ERT inverse model resistivity section plots of farms in Antioquia. a Municipality of San Roque, farm A b Municipality of 
Maceo, farm B and c Municipality of Maceo, farm C and d Municipality of San Roque, farm D
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by registering low resistivity values due to its higher water 
content, and regarding the tomography, also due to compac-
tion from 0.80 m. There was no evidence of the presence of 
solid-state phase content with very high resistivities. Regard-
ing the surface to 0.8 m depth, resistivities correspond to 
typical texture of sandy-clay soils with a sand component 
observed in a spot of soil with a resistivity between 2054 
and 4512 Ω m.

2D‑ERT predictions

The previous tomography was redefined chromatically 
according to a grey scale (Bazin and Pfaffhuber 2013), 
compiling 1. the chemical analysis of Cd content, 2. the 
values of electrical resistivity measured during standardi-
zation (data not shown), and 3. the resistivity values that 
were obtained during the trial field. Figure 6 shows the 
predictive 2D-ERT profiles. As mentioned before, light 
grey colours were assigned to low resistance values and 

A

B

D

C

Fig. 6   Predictive 2D-ERT plots, using the inverse model section plots, belonging to the assessed farms in Antioquia. a Municipality of San 
Roque, farm A b Municipality of Maceo, farm B, c Municipality of Maceo, farm C and d Municipality of San Roque, farm D
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dark grey colours to high resistivity values. The yellow 
colour was assigned to the range of electrical resistivity 
values corresponding to Cd content, as used in a previ-
ous work (Metwaly and AlFouzan 2013). The result was 
predictive tomography, which indicates the most probable 
route of distribution of Cd-like compounds.

This analysis was achieved once the initial tomogra-
phy was determined. To each farm, the predictive models 
were assessed from the iterations of the resistivity inverse 
model.

In farm A, a large amount of soil litter and cacao pod 
husk was found with saprophytic activity and the release 
of organic carbon around the cacao trees. The Cd content 
was 1.70 mg kg−1 which correlate to a resistivity value of 
515.12 ± 5.8 Ω m on average (see Fig. 6a). In this farm, 
there were a block formation of materials close to Cd resis-
tivity with a horizontal extension from 1.40–3.85, 5.95–7, 
8.05–8.40 and 10.15–12.6 m in the soil surface distance, 
some of them reaching the tail of the profile in underground. 
In that section of the tomogram, the direction of the Cd-
enriched compounds is perceived to go from the surface to 
the subsoil.

In farm B (Fig. 6b), a great amount of soil litter and pod 
husk were observed on the surface of the profile. In this 
farm, an average Cd value was found in soils of 1.98 mg kg−1 
associated with a resistivity of 2016 Ω m on average. The 
predictive 2D-ERT showed a distribution of Cd-like com-
pounds from the surface to the centre of the pit, between 
1.75 and 2.80 m and extending to 5.25 m. Some blocks 
with Cd-like material were observed in the topsoil, at 0.2 m 
depth. These blocks exhibit a horizontal extension in the 
range 4.9–5.6, 5.95–8.05, 8.75–10.5 and at 11.55 m in soil 
surface distance, which also showed a sense of expansion 
from the topsoil to the underground.

In farm C (Fig. 6c), less soil litter and pod husk were 
observed on the surface. The farm has 1.55 mg kg−1 on aver-
age of soil Cd content within the ERT profile, which was 
well correlated to a resistivity value of 992.72 ± 97 Ω m on 
average. As seen in the predictive tomography of Cd-like 
compounds (Fig. 6c), there is a mobility of the metal from 
the surface, superficially covering a material with higher 
resistivity, at a depth of 0.35 m. The dispersion of the 
enriched materials follows a horizontal distribution between 
0 and 4.5 m and then continues vertically towards the soil 
profile. There are two zones forming blocks with a contour 
of Cd composite material very close to the surface, between 
0 and 0.2 m deep and horizontally between 4.9 and 7 m of 
surface distance. Two continued intrusions that start in top-
soil and move towards depth (2.1 m) are also highlighted, 
extending in two dimensions. The first is between 7.7 and 
8.4 m and the second distributed between 8.75 and 12.6 m 
surface distances.

In farm D (Fig.  6d), the soil Cd content was of 
1.37 mg kg−1 on average, which corresponds to a resistiv-
ity value of 928.1 ± 12.2 Ω m on average. Regarding the 
predictive ERT of the most probable distribution of soil Cd 
(Fig. 6d), three blocks of particulate material with resis-
tivities close to Cd content were also observed. The blocks 
were observed at the Ap boundary, in the range 6.65–7.35, 
7.35–8.40 and 11.55 m in the soil surface distance of the 
performed profile. All were located in the topsoil.

Soil parameters and its relation to Cd distribution

The soil Cd content of the assessed farms ranged from 1.22 
to 2.03 mg kg−1, reaching levels above a threshold for natu-
ral or uncontaminated soils of 0.5 mg kg−1 (McBride 1994). 
As previously mentioned, the soil Cd content has no correla-
tion with Cd found in beans. Previous studies have described 
high correlations of soil Cd with beans Cd contents, both in 
Ecuador (Chavez et al. 2015; Argüello et al. 2019) and in 
Honduras, where the soil available Cd content, determined 
by the thin layer diffusion gradients (DGT) technique, was 
the best predictor of Cd content in cocoa beans, followed by 
pseudo-total soil Cd content (Gramlich et al., 2018). How-
ever, average values of Cd in cocoa beans exceeding the limit 
of 0.80 mg kg−1 proposed by the European Union (European 
Comision 2014) have been reported in places where the soils 
show low Cd contents, less than 0.43 mg kg−1 (Gramlich 
et al. 2018; Argüello et al. 2019).

Regarding the positive correlation observed between Cd 
content in soil litter and cocoa beans, it has been reported 
that the decomposition of soil litter might come up as an 
important source of bioavailable Cd on the soil surface 
(Gramlich et al. 2018; Maddela et al. 2020), as corrobo-
rated in Ecuador with the isotopic Cd fractionation (Barraza 
et al. 2019). According to our data, the positive correlation 
observed between soil pH and beans Cd content contrasts 
with previous reports (Argüello et al. 2019; Barraza et al. 
2019), where increasing concentrations of Cd in beans occur 
with a decrease in soil pH. It has been highlighted that pH is 
the most influential factor in the availability of Cd to migrate 
from soils to the plant, since the strength of the cations’ 
adsorption in soil surface increases at an acidic pH (Chris-
tensen and Haung 1999).

The model showed in Ec.1 features an interesting applica-
bility in cocoa-producing regions which might be confirmed 
by further studies using a larger number of farms, including 
environmental variables such as the altitude and the age of 
the crop, that will improve the understanding of Cd fluxes 
and have not been considered in other related studies. In 
this study, when the beans Cd values increased, the error 
has been found greater, as in the farms here assessed, the 
predicted values were in the range of 0.04–0.86 mg kg−1. 
Interestingly, other studies have reported levels of up to 
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10.4 mg kg−1 (Argüello et al. 2019), 9.6 mg kg−1 (Vander-
schueren et al. 2020), 7.1 mg kg−1 (Gramlich et al. 2018), 
3.92 mg kg−1 (Barraza et al. 2019) and 3 mg kg−1 (Chavez 
et al. 2015), in beans Cd content. Therefore, in other regions 
with higher beans Cd counts, a modification should be made. 
Likewise, the negative relationship of interchangeable acid-
ity with beans Cd content was shown in Ec. 1 contrasts with 
previous studies (Christensen and Haung 1999; Argüello 
et al. 2019; Barraza et al. 2019) that reported a positive cor-
relation between acidity and Cd bioavailability. The results 
of this study could be due to the fact that 86% of the soil 
samples have an acid pH between 4.58 and 6.5 units, where 
a significant percentage of available Cd might occur in a 
bioaccumulation frame of 4–8 years of cacao varieties estab-
lished in the assessed farms. The 14% of the samples had 
a pH close to neutrality between 6.5 and 7.1. Some studies 
have analysed the correlation of soil Cd content with pH, 
CEC and content of clays (Chavez et al. 2015), Zn (Maddela 
et al. 2020) and Fe, K and Mg, showing high correlation 
with Fe (Bravo and Benavides-Erazo 2020) and low correla-
tion with Mg and K (Gramlich et al. 2018). Furthermore, it 
has been reported that total soil Cd content and pH are the 
best explaining factors to accumulation of Cd in beans, while 
other variables such as SOM and the content of extracta-
ble—oxalate Mn increases the predictive power (Argüello 
et al. 2019). However, we would like to make aware of the 
differences between total soil Cd and beans Cd contents. 
The amount of available Cd in soils that cacao plants uptake 
may differ considerably, and it is lower than the total soil Cd 
content. This is due to, in part, Cd ions forming ligands with 
aluminosilicate compounds, after the isomorphic substitu-
tion of Al, Mg or Si, or because it could be found hydrated 
fully or partially and adhered to clay surfaces or to organic 
matter. The small fraction could be associated with hydrated 
cations available in the soil solution (Dharma-Wardana 
2018). Such chemical complexation would explain the lack 
of correlation between soil and bean Cd content observed in 
this study. The determination of micro-elemental composi-
tion of soil, which was not measured in this study, or other 
factors such the Cd-tolerant bacteria (CdtB) that might affect 
the availability of Cd in soils, should be also considered in 
order to have a deeper overview of Cd dynamics. None-
theless, an important input of Cd to the cacao system, as 
mentioned in this manuscript, is the application of chemical 
and organic fertilizers, which could reveal some of these 
relationships in the soils of Antioquia. As discussed later, the 
data show a possible intrusion of Cd into the cacao system 
with an anthropic contamination source, which, as a function 
of time, is generating a gradient of Cd availability.

The negative relationship between beans Cd content and 
the altitude of the studied farms (Ec. 1, Fig. 4) could be 
associated with a low scale geological differences that can-
not be observed on the geological overview of Fig. 2, due to 

its large scale of 1:100.000 (Gómez et al. 2015). However, it 
is pointed out that cacao-growing soils in Antioquia exhibit 
high geodiversity featuring igneous, metamorphic and sedi-
mentary rocks as possible parent material (Rendón Rivera 
et al. 2013), which differs in Cd content (Traina 1999). The 
farm A, for instance, belongs to the Kqd geological unit, 
which features intrusive rocks, ‘Antioqueño batholith’ and 
quartzodiorite; meanwhile, the farms B–D belongs to the nf 
geological unit featuring metamorphic rocks from central 
cordillera, feldspathic and Al gneiss, including migmatite 
and some intrusive gneiss (see Fig. 2). In other cacao-grow-
ing regions, such as Honduras, a significant correlation was 
found between the geology of the system, the available soil 
Cd and beans Cd contents (Gramlich et al. 2018). Interest-
ingly, other studies have related the quality attributes with 
the farm altitude in other crops such as coffee (Morales-
Ramos et al. 2020) and in cacao (Cubero et al. 1992).

As shown, the soil pollution due to Cd presence and its 
plant uptake risk is very harsh to assess only based on a 
few parameters, due to multiple factors involved in final Cd 
bioavailability and beans deposition. There are just a few 
examples of regulations for Cd in farmland soils elsewhere. 
For instance, according to the agricultural land soil pollution 
prevention law of Japan, a polluted area is designated by the 
Cd concentration in rice grains produced, with a threshold 
of 0.4 mg kg−1, instead of the soil Cd concentration itself 
(Makino et al. 2019). Similarly, according to critical levels 
for Cd content in cocoa products (FAO/WHO 2018), farms 
producing cocoa beans with Cd contents above 0.6 mg kg−1, 
as the case of farm A of this study, could be considered 
polluted by Cd. Even when the European regulation refers 
to transformed cocoa as powder or chocolates, there is no 
doubt that the permissible limit affects the international 
trade of dry cocoa beans, because European clients demand 
raw materials rather than end-products for chocolatery. In 
Colombia, there is still no regulation for agricultural soils 
nor chemical or organic fertilizers contaminated with Cd.

Predicting Cd soil fluxes in cacao farm soils

As shown in Fig. 2, due to the geological description of the 
municipalities of Maceo and San Roque, the most recur-
rent mineral found corresponds to ‘Antioqueño batholith’ 
(Restrepo-Moreno et al. 2009). Geomorphologically, the 
batholith is released due to continuous weathering of rock. 
This could be observed in the formation of hills and den-
dritic drainage.

The analysis of the predictive 2D-ERTs, proposes a flux 
or path of Cd compounds from the surface into the subsoil 
(Morelli et al., 2007; Jung 2008), due partially, to the per-
colation of agents contaminated with Cd by anthropogenic 
activity such as fertilizers application (Kuriakose and Prasad 
2019; Satarug 2019) and due in part, to the leached organic 
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matter on the surface by saprophytic decomposition of soil 
litter and fallen pods with Cd content (Meunier et al. 2003, 
2004).

The 2D-ERT has an accuracy for Cd measurement of 
0.03–2.76 mg kg−1, which is higher in comparison with 
other in situ non-invasive techniques (Bravo and Benavides-
Erazo 2020). The predictive ERT addresses the Cd distri-
bution in both material vectors and direction in the two-
dimensional overview (Morelli et al. 2007) of the cacao 
subsoil. Therefore, a mobility route could be established, 
which is important to further amendment applications or 
soil correctives. In this study, the presence of blocks or spots 
of Cd related to solid material was highlighted mainly in 
topsoil with a patchy distribution to the underground. The 
percolation and leaching processes mentioned above might 
be mediated through mechanical and biological interactions 
between the rhizosphere niche and the mineral composition 
surrounding the cacao root system.

The primary source of soil Cd is from the parent mate-
rial, as the case of the igneous rock ‘Antioqueño batholith’ 
to farm A, and metamorphic rocks to farms B–D. However, 
as igneous rocks are reported to have Cd concentrations 
in the range of 0.07–0.25 mg Cd kg−1 and metamorphic 
rocks in the range of 0.11–1.00 mg Cd kg−1 (Traina 1999), 
soil Cd contents above the threshold for unpolluted soils of 
0.5 mg kg−1 (McBride 1994) observed in the studied farms 
from Antioquia could be associated also to anthropogenic 
input, such as fertilizer application.

The use of the ERT technique, by itself, does not allow 
assess concentrations of materials; however, it provides the 
location of soil dots by which variations of electrical resis-
tivity values are determined. This study proposes an inno-
vative use of the 2D-ERT technique, compile with an inter-
disciplinary confluence, between other field techniques and 
laboratory tests, to be able to take advantage of the physical 
property of electrical resistivity in the analysis of the con-
centration of pollutants within the materials assessed in the 
subsoil (Coelho et al., 2020).

The role of fertilizers and amendments as Cd input

The Cd content in soils, soil litter and beans could be associ-
ated with agricultural practices, such as the application of 
foliar fertilizers. Table 5 shows the fertilization programme 
the farmers are using in their cocoa plantations. In farm A, 
for instance, it has been observed a monthly frequency and 
doses application of 1 L ha−1 of fertilizers. The application 
of diammonium phosphate (18–46–0) in doses of 0.080 kg 
tree−1 it was noticed as especially high. In this way, the strat-
egies to tackle Cd inputs must include the incorporation of 
mineral remediation and bioremediation, with an effect on 
the mixed addition of chelating minerals and immobiliz-
ing CdtB that in an integrative manner should diminish the 

bioavailable Cd, on time (Bravo et al. 2018). In addition, due 
to the soil litter Cd content found in farm A, the removal of 
litter and crop residues, which could become a highly avail-
able source of Cd when decomposing on the soil surface, 
should be considered as a mitigation strategy as it has been 
suggested in other studies (Gramlich et al. 2018; Barraza 
et al. 2019).

Farm B showed the highest soil Cd content in the context 
of the assessed farms, that could be associated with applica-
tions of a phosphate rock formulated fertilizer, potassium 
feldspar, ground serpentine, B, Cu, Mo, Co and Zn in doses 
of 0.120 kg tree−1, twice a year, as a source of phospho-
rus, managing to slightly increase its content in the soil at 
low; however, the detectable values in the laboratory were 
between 10 and 14.5 mg kg−1 of P. In the forthcoming study, 
an analysis of the Cd content in fertilizers used in farms 
A and B is needed. However, this hypothesis is based on 
the fact that some phosphoric fertilizers have proved to be 
an important income of Cd in soils (Snoeck et al. 2016; Li 
et al. 2020). This could be addressed also, regarding the 
significant percentage of ground serpentine on its compo-
sition, which could represent a greater contribution of Cd 
than expected, due to the chemical and mineralogical com-
position of serpentine, with ’van der Waals’ bounds associ-
ated with easily released Cd2+ ions in soil solution (Singh 
et al. 2020). Cd content in phosphate rocks can vary widely, 
depending on the origin, with contents ranging from 0.2 
to 340 mg kg−1, and the edaphic application of phosphate 
rock, or simple super phosphate, in tropical acid soils, might 
increase the risk of contamination with Cd in food, due to 
the greater availability of Cd with the concomitant soil 
pH dropping (Helmke 1999). There is an increasing need 
for cost-effective and environmentally friendly techniques 
to reduce metal accumulation in chocolate. According to 
previous studies (Trakal et al. 2011; Scaccabarozzi et al. 
2020; Ondrasek et al. 2021; Rumney et al. 2021), liming 
using dolomitic limestone, restricted metal leaching from 
the soil substrate and, at the same time, in willow, allevi-
ated plant stress imposed by toxic elements resulting in bet-
ter plant growth. Moreover, a very recent paper (Liu et al. 
2021) shows the benefits of dolomite phosphate rock (DPR), 
humic acid-activated dolomite phosphate rock (ADPR) and 
biochar (BC) in immobilizing Cd in subtropical soils. How-
ever, regarding the application in cocoa crops during the 
past years, although the application of liming material such 
as dolomite it has been extensively studied as an option to 
stabilize Cd in the soil, neutralize acidic soil and enhance 
metal stabilization in soil by reducing the extractable Cd 
concentration (Hamid et al. 2018; Ramtahal et al. 2019; 
Argüello et al. 2020), it has been shown that this technique 
needs to be reconsidered due to its efficiency in terms of 
time and cost for cacao in field. Furthermore, the chloride 
ions released from the application of KCl fertilizers, might 
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form Cd-Cl soluble compounds, increasing Cd bioavailabil-
ity (Nino-Savala 2019), which could be the case in farms 
A, B and D, where the application of KCl is regularly used.

In China, for instance, Cd content in the most 
widely used phosphoric rock fertilizers is in the range 
of 0–27.2  mg  kg−1, with an average Cd content of 
0.75 mg kg−1, being diammonium phosphate (DAP) and 
monoammonium phosphate (MAP) the sources of 83.31% 
of the Cd input to the agricultural soils (Li et al. 2020). 
In rice-producing areas, it was found that phosphate rock 
fertilizers and organic fertilizers could cause Cd contam-
ination in the soils in the order of 0.04–2 g ha−1 year−1 
and 0–10 g ha−1 year−1, respectively (Zhao et al. 2015; 
Wang et  al. 2019). In Brazil, the Cd content in the 

most used phosphoric rock fertilizers is in the range of 
0.40–40.03 mg kg−1, with an average of 9.39 mg kg−1, 
exhibiting the highest concentrations of Cd in phosphate 
rock; hence, the higher annual contributions to the soil 
are generated by simple superphosphate and MAP appli-
cation, due to the volumes used, that can reach values up 
to 6.6 ± 1.1 and 4.8 ± 2.0 g Cd ha−1 year−1, respectively 
(Vieira da Silva et al. 2017). Likewise, a new concern in 
cacao beans Pb content is emerging in this country (Fer-
reira de Oliveira et al. 2021).

In this study, urea (CON2H4) was applied to farms A and 
B, which is an important source of nitrogen. In previous 
studies in a pot experiment (Zaccheo et al. 2006), it was 
found that the applications of N in the form of NH4 caused 

Table 5   The annual fertilizer 
programme used by farmers in 
the studied cacao farms

* Fertiliser dose expressed in L ha−1

Farm Product Dose [kg tree−1] Fre-
quency 
[year−1]

A Urea (46–0–0) 0.12 2
Diammonium phosphate (18–46–0) 0.08 2
Potassium chloride (0–0–60) 0.15 2
8–5–0–6 + microelements 0.08 2
48% B2O3 21% Na 0.01 2
Dolomite lime (57% CaCO3; 38% MgCO3) 1 1
Chicken manure 1 1
Complete foliar fertilizer 1* 12

B Urea (46–0–0) 0.06 2
Phosphate rock, potassium feldspar, ground serpentine, B, 

Zn, Cu, Mo and Co
0.12 2

Potassium chloride (0–0–60) 0.12 2
Dolomite lime 4400 1
Foliar fertilizer (diluted fertilizers in 200 L of water) 200* 3
Na2B4O7·10H2O (0.8 kg ha-)
Magnesium sulphate (0.8 kg ha−)
Potassium sulphate (0.8 kg ha−)
Zn (0.8 kg ha−)
Si (4 kg ha−)

C Worm compound
Compound lime 0.7 1

D Drench (diluted fertilizers in 200 L of water): 200* 1
Potassium chloride (0–0-60) (20 kg)
Diammonium phosphate (18–46–0) (5 kg)
21–0–0 + 11 (CaO) + 7.5 (MgO) (7 kg)
H3BO3 (1.5 kg)
Zn (0.5 kg)
Potassium sulphate (2 kg)
Magnesium sulphate (1 kg)
Bovine manure (7 kg)
Horse manure (7 kg)
Gypsum 0.5
12–24–24 0.3 2
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the pH dropping in the rhizosphere and significantly reached 
the accumulation of Cd in sunflower plants compared to 
nitrogen applications in the form of nitrate (NO3). Thus, our 
data from the Magdalena basin region farms in Antioquia 
suggest that both phosphate and nitrogen fertilizers could 
be a triggering factor in Cd bioavailability to cacao-growing 
farms.

Conclusion

This study has shown that key factors, such as altitude and 
soil interchangeable acidity, are the best predicting variables 
for bean Cd content in the assessed cacao-producing farms 
from Antioquia. The 2D-ERT technique proved to be useful 
in predicting the possible path and Cd convergence from 
topsoil to subsoil due to both geogenic and anthropogenic 
Cd inputs. It was highlighted that fertilizer applications and 
decomposition of soil litter might have an impact on Cd 
dynamics through the assessed cacao systems in Antioquia. 
As mentioned before, the complexity of Cd dynamics in 
cacao systems should imply the assessment of biota and 
weather conditions, which have an important effect on Cd 
rations due to their buffer capacity in cacao-growing soils. 
Thus, further studies will imply the use of several factors, 
including those here assessed to understand Cd bioavail-
ability and final beans deposition. The multi-approach over-
view will increase the opportunity to install fitted strategies 
adapted to each farming scenario. As bean Cd content was 
not correlated to soil Cd in cacao farms from Antioquia, 
future research is necessary to study the roll of the biota, 
microelements soil content and fertilizers Cd content in soil 
Cd bioavailability, as the effects of soil physical properties 
and oxygen flow through the root zone on the Cd uptake 
ability of cacao trees. The predictive power of the 2D-ERT 
technique to describe the soil Cd distribution could be 
improved by including topographic data and detailed soil 
profile descriptions in future studies.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13762-​021-​03299-x.

Acknowledgements  The authors would like to thank the Colombian 
Ministry of Agriculture and Rural Development (MADR) and the Cor-
poración Colombiana de Investigación Agropecuaria AGROSAVIA for 
supporting this study through the Project entitled ‘Cd and the strategies 
to tackle it F1′ Grant No. 1000664. The soil samples were collected 
according to the Colombian Resolution No. 1466 of 3rd December 
2014, by which Agrosavia has permission to collect biological diversity 
samples (including soil samples) for non-commercial and scientific 
research purposes. To the farmers of the assessed farms who signed 
an agreement to soil and vegetal material sampling for research pur-
poses, thank you. We would also like to thank to Dr. Rachel Atkinson 
from Bioversity Peru for proofreading this manuscript, to Gustavo 
Araujo MSc. from Agrosavia C.I. Tibaitatá for providing geographical 

distribution of the assessed farms, and to the anonymous reviewers for 
their kind suggestions to improve this manuscript.

Authors contribution  Daniel Bravo contributed to conceptualiza-
tion, methodology, formal analysis, writing/original draft preparation, 
writing/reviewing and final editing, visualization, supervision, project 
administration and for funding acquisition. Nesrine Chaali contributed 
to in methodology, formal analysis, writing/original draft preparation, 
writing/reviewing and final editing. Juan Pablo Gil contributed to in 
formal analysis, writing/original draft preparation, writing/reviewing 
and editing and visualization. Javier Benavides-Erazo contributed to 
methodology, formal analysis, writing/original draft preparation, writ-
ing/reviewing and editing. Ruth Yesenia Quiroga Mateus and Santiago 
López contributed to writing/original draft preparation, writing/review-
ing and editing. All authors have read and agreed to the published 
version of the manuscript.

Data Availability  The datasets used and/or analysed during this study 
are available from the corresponding author on reasonable request.

Declarations 

Conflict interests  The authors declare no conflict of interest either be-
tween the institutions implied in data acquisition or in data analysis. 
There is no competing interest with research, authorship or publication 
of this manuscript.

References

Abu-Zeid N, Bianchini G, Santarato G, Vaccaro C (2004) Geochemi-
cal characterisation and geophysical mapping of landfill lea-
chates: the marozzo canal case study (ne italy). Environ Geol 
45(4):439–447

Alloway BJ, Steinnes E (1999) Anthropogenic additions of cadmium to 
soils. In: McLaughlin MJ, Singh BR (eds) Cadmium in soils and 
plants. Springer Netherlands, Dordrecht, pp 97–123

Álvarez-Carrillo F, Rojas-Molina J, Suárez-Salazar JC (2015) Con-
tribución de esquemas de fertilización orgánica y convencional 
al crecimiento y producción de theobroma cacao l. Bajo arreglo 
agroforestal en rivera (huila, Colombia). Cienc Tecnol Agropecu 
16:307–314

Arévalo-Gardini E, Arévalo-Hernández CO, Baligar VC, He ZL (2017) 
Heavy metal accumulation in leaves and beans of cacao theo-
broma cacao l in major cacao growing regions in peru. Sci Total 
Environ 605–606:792–800. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2017.​06.​122

Argüello D, Chavez E, Lauryssen F, Vanderschueren R, Smolders E, 
Montalvo D (2019) Soil properties and agronomic factors affect-
ing cadmium concentrations in cacao beans: a nationwide survey 
in ecuador. Sci Total Environ 649:120–127. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2018.​08.​292

Argüello D, Montalvo D, Blommaert H, Chavez E, Smolders E (2020) 
Surface soil liming reduces cadmium uptake in cacao seedlings 
but subsurface uptake is enhanced. J Environ Qual 49(5):1359–
1369. https://​doi.​org/​10.​1002/​jeq2.​20123

ASTM (2012) Standard test methods for field measurement of soil 
resistivity using the wenner four-electrode method. In: Consho-
hocken W (ed) Pa: Annual book of astm. American Society for 
Testing and Materials Standards, Pennsylvania

Avendaño-Arrazate C, Cueto-Moreno J (2018) Lacandón: Nuevo clon 
de cacao criollo (theobroma cacao l.) mexicano. AGROProd 
11(9):1–3

https://doi.org/10.1007/s13762-021-03299-x
https://doi.org/10.1016/j.scitotenv.2017.06.122
https://doi.org/10.1016/j.scitotenv.2017.06.122
https://doi.org/10.1016/j.scitotenv.2018.08.292
https://doi.org/10.1016/j.scitotenv.2018.08.292
https://doi.org/10.1002/jeq2.20123


2474	 International Journal of Environmental Science and Technology (2022) 19:2455–2476

1 3

Ayoub M, Hage-Ali M, Koebel J, Zumbiehl A, Klotz F, Rit C, Regal R, 
Fougeres P, Siffert P (2003) Annealing effects on defect levels of 
cdte: Cl materials and the uniformity of the electrical properties. 
IEEE Trans Nucl Sci 50(2):229–237

Barker RD (1981) The offset system of electrical resistivity sounding 
and its use with a multicore cable. Geophys Prospect 29(1):128–
143. https://​doi.​org/​10.​1111/j.​1365-​2478.​1981.​tb010​15.x

Barraza F, Moore RET, Rehkämper M, Schreck E, Lefeuvre G, Kreis-
sig K, Coles BJ, Maurice L (2019) Cadmium isotope fractiona-
tion in the soil–cacao systems of ecuador: a pilot field study. RSC 
Adv 9(58):34011–34022

Barrientos LDP, Oquendo JDT, Garzón MAG, Álvarez OLM (2019) 
Effect of the solar drying process on the sensory and chemical 
quality of cocoa (theobroma cacao l.) cultivated in antioquia 
colombia. Food Res Int 115:259–267. https://​doi.​org/​10.​1016/j.​
foodr​es.​2018.​08.​084

Bazin S, Pfaffhuber AA (2013) Mapping of quick clay by electrical 
resistivity tomography under structural constraint. J Appl Geo 
98:280–287. https://​doi.​org/​10.​1016/j.​jappg​eo.​2013.​09.​002

Benyassine EM, Lachhab A, Dekayir A, Parisot JC, Rouai M (2017) 
An application of electrical resistivity tomography to investigate 
heavy metals pathways. JEEG 22(4):315–324

Bouyoucos GJ (1962) Hydrometer method improved for making par-
ticle size analyses of soils. Agron J 54(5):464–465. https://​doi.​
org/​10.​2134/​agron​j1962.​00021​96200​54000​50028x

Bravo D, Benavides-Erazo J (2020) The use of a two-dimensional elec-
trical resistivity tomography (2d-ert) as a technique for cadmium 
determination in cacao crop soils. Appl Sci 10(12):1–17. https://​
doi.​org/​10.​3390/​app10​124149

Bravo D, Pardo-Díaz S, Benavides-Erazo J, Rengifo-Estrada G, Brais-
sant O, Leon-Moreno C (2018) Cadmium and cadmium-tolerant 
soil bacteria in cacao crops from northeastern colombia. J Appl 
Microbiol 124(5):1175–1194. https://​doi.​org/​10.​1111/​jam.​13698

Bray RH, Kurtz LT (1945) Determination of total, organic, and avail-
able forms of phosphorus in soils. Soil Sci 59(1):39–46

Carr MKV, Lockwood G (2011) The water relations and irrigation 
requirements of cocoa (theobroma cacao l.): a review. Exp Agric 
47(4):653

Chavez E, He ZL, Stoffella PJ, Mylavarapu RS, Li YC, Moyano B, 
Baligar VC (2015) Concentration of cadmium in cacao beans 
and its relationship with soil cadmium in southern ecuador. Sci 
Total Environ 533:205–214

Christensen TH, Haung PM (1999) Solid phase cadmium and the reac-
tions of aqueous cadmium with soil surfaces. In: McLaughlin 
MJ, Singh BR (eds) Cadmium in soils and plants. Springer Neth-
erlands, Dordrecht, pp 65–96

Chu Y, Liu S, Wang F, Cai G, Bian H (2017) Estimation of heavy 
metal-contaminated soils’ mechanical characteristics using elec-
trical resistivity. Environ Sci Pollut Res 24(15):13561–13575. 
https://​doi.​org/​10.​1007/​s11356-​017-​8718-x

Coelho CVS, Moreira CA, Rosolen V, Bueno GT, Salles J, Furlan 
LM, Govone JS (2020) Analyzing the spatial occurrence of 
high-alumina clays (brazil) using electrical resistivity tomogra-
phy (ert). Pageoph 177(8):3943–3960. https://​doi.​org/​10.​1007/​
s00024-​020-​02444-w

Coleman NT, Thomas GW (1967) The basic chemistry of soil acidity. 
In: Adams RPF (ed) Soil acidity and liming. American Society 
of Agronomy, Madison, Wisconsin, USA, pp 1–41

Cubero E, Enríquez G, Hernández A, Rodríguez T (1992) Efecto de 
la altitud sobre el proceso de fermentación. In: Turrialba IICA, 
pp 294–298

Cuong LP, Van Tho L, Juzsakova T, Rédey A, Hai H (2016) Imaging 
the movement of toxic pollutants with 2d electrical resistivity 
tomography (ert) in the geological environment of the hoa khanh 
industrial park, da nang, vietnam. Environ Earth Sci 75(4):1–14. 
https://​doi.​org/​10.​1007/​s12665-​016-​5253-x

da VieiraSilva FB, doNascimento A, Williams C, Muniz Araújo R 
(2017) Environmental risk of trace elements in p-containing fer-
tilizers marketed in brazil. J Soil Sci Plant Nutr 17(3):635–647

de Mendibru FA (2017) Agricolae: statistical procedures for agricul-
tural research. R package version 1.2-4. 2017

deGroot-Hedlin C, Constable S (1990) Occam’s inversion to gener-
ate smooth, two-dimensional models from magnetotelluric data. 
Geophysics 55(12):1613–1624

Dharma-Wardana MWC (2018) Fertilizer usage and cadmium in soils, 
crops and food. Environ Geochem Health 40(6):2739–2759

Domra Kana J, Djongyang N, Danwe R, Njandjock Nouck P, 
Abdouramani D (2015) A review of geophysical methods for 
geothermal exploration. Renew Sustain Energ Rev 44:87–95. 
https://​doi.​org/​10.​1016/j.​rser.​2014.​12.​026

Ellison SLR (2014) Implementing measurement uncertainty for ana-
lytical chemistry: the eurachem guide for measurement uncer-
tainty. Metrologia 51(4):S199

Engbersen N, Gramlich A, Lopez M, Schwarz G, Hattendorf B, 
Gutierrez O, Schulin R (2019) Cadmium accumulation and 
allocation in different cacao cultivars. Sci Total Environ 
678:660–670

European Comision (2014) Commission regulation (eu) no 488/2014 of 
12 may 2014 amending regulation (ec) no 1881/2006 as regards 
maximum levels of cadmium in foodstuffs. Union E, editor, 488: 
2014

FAO/WHO (2018. Joint fao/who food standards program, codex 
committee on contaminant in food, 12th session, utrecht, the 
netherlands, 12–16 march 2018, discussion paper on the devel-
opment of a code of practice for the prevention and reduction 
of cadmium contamination in cacao

Ferreira de Oliveira AP, Milani RF, Efraim P, Morgano MA, Tfouni 
SAV (2021) Cd and pb in cocoa beans: occurrence and effects 
of chocolate processing. Food Control 119:1–6. https://​doi.​org/​
10.​1016/j.​foodc​ont.​2020.​107455

Gómez J, Nivia A, Montes NE, Jiménez DM, Tejada ML, Sepúlveda 
MJ, Osorio JA, Gaona T, Diederix H, Uribe H (2015) Mapa 
geológico de colombia. Instituto Geográfico Agustin Codazzi 
IGAC, 1st edn. Bogotá, D.C., Colombia, pp 1–200

González H, Cossio U, Maya M, Vásquez E, Holguín M (2001) Mapa 
geológico del departamento de Antioquia. Memoria explica-
tiva. INGEOMINAS, Bogotá D.C., Colombia, pp 1–7

Gramlich A, Tandy S, Gauggel C, López M, Perla D, Gonzalez V, 
Schulin R (2018) Soil cadmium uptake by cocoa in honduras. 
Sci Total Environ 612:370–378. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2017.​08.​145

Haider FU, Liqun C, Coulter JA, Cheema SA, Wu J, Zhang R, Wen-
jun M, Farooq M (2021) Cadmium toxicity in plants: impacts 
and remediation strategies. Ecotox Environ Safe 211:1–22. 
https://​doi.​org/​10.​1016/j.​ecoenv.​2020.​111887

Hamid Y, Tang L, Wang X, Hussain B, Yaseen M, Aziz MZ, Yang 
X (2018) Immobilization of cadmium and lead in contami-
nated paddy field using inorganic and organic additives. Sci 
Rep 8(1):1–10. https://​doi.​org/​10.​1038/​s41598-​018-​35881-8

Harrell Jr. FE (2017) Hmisc: Harrell miscellaneous. R package ver-
sion 4.0–3. 2017

He S, He Z, Yang X, Stoffella PJ, Baligar VC (2015) Chapter four - 
soil biogeochemistry, plant physiology, and phytoremediation 
of cadmium-contaminated soils. In: Sparks DL (ed) Advances 
in agronomy. Academic Press, Cambridge, pp 135–225

Helmke PA (1999) Chemistry of cadmium in soil solution. In: 
McLaughlin MJ, Singh BR (eds) Cadmium in soils and plants. 
Springer Netherlands, Dordrecht, pp 39–64

https://​www.​ncbi.​nlm.​nih.​gov/​pmc/​artic​les/​PMC71​74660/. DOI 
https://​doi.​org/​10.​3389/​fmicb.​2020.​00650

IGAC (2015) Suelos y tierras de Colombia - Subdirección de 
Agrología, tomo 1. Instituto Geográfico Agustin Codazzi, 

https://doi.org/10.1111/j.1365-2478.1981.tb01015.x
https://doi.org/10.1016/j.foodres.2018.08.084
https://doi.org/10.1016/j.foodres.2018.08.084
https://doi.org/10.1016/j.jappgeo.2013.09.002
https://doi.org/10.2134/agronj1962.00021962005400050028x
https://doi.org/10.2134/agronj1962.00021962005400050028x
https://doi.org/10.3390/app10124149
https://doi.org/10.3390/app10124149
https://doi.org/10.1111/jam.13698
https://doi.org/10.1007/s11356-017-8718-x
https://doi.org/10.1007/s00024-020-02444-w
https://doi.org/10.1007/s00024-020-02444-w
https://doi.org/10.1007/s12665-016-5253-x
https://doi.org/10.1016/j.rser.2014.12.026
https://doi.org/10.1016/j.foodcont.2020.107455
https://doi.org/10.1016/j.foodcont.2020.107455
https://doi.org/10.1016/j.scitotenv.2017.08.145
https://doi.org/10.1016/j.scitotenv.2017.08.145
https://doi.org/10.1016/j.ecoenv.2020.111887
https://doi.org/10.1038/s41598-018-35881-8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7174660/
https://doi.org/10.3389/fmicb.2020.00650


2475International Journal of Environmental Science and Technology (2022) 19:2455–2476	

1 3

2nd edn., IGAC, Bogota D.C., Colombia,  pp 1–72. ISBN: 
9789588323831

Jaimes YLV, Guerrero JSR, Castrillo LCL (2017) Caracterización 
fisicoquímica, microbiológica y funcional de harina de cás-
cara de cacao (theobroma cacao l.) variedad ccn51. Cuad Act 
9:65–75

Jung MC (2008) Heavy metal concentrations in soils and factors affect-
ing metal uptake by plants in the vicinity of a korean cu-w mine. 
Sensors 8:2413–2423

Kirkham MB (2006) Cadmium in plants on polluted soils: effects of 
soil factors, hyperaccumulation, and amendments. Geoderma 
137(1–2):19–32. https://​doi.​org/​10.​1016/j.​geode​rma.​2006.​08.​
024

Kuhn M, Wing J, Weston S, Williams A, Keefer C, Engelhardt A, 
Cooper T, Mayer Z, Kenkel B, R.C. Team (2020) Package ‘caret’. 
The R Journal

Kuriakose SV, Prasad MNV (2019) Chapter 7 - cadmium-induced tox-
icity in sorghum bicolor - alleviation by zinc and aggravation 
by phosphate. In: Hasanuzzaman M, Varaprasad MN, Nahar K 
(eds) Cadmium tolerance in plants. Academic Press, Cmabridge, 
pp 193–221

Lewis C, Lennon AM, Eudoxie G, Umaharan P (2018) Genetic vari-
ation in bioaccumulation and partitioning of cadmium in theo-
broma cacao l. Sci Total Environ 640:696–703

Li H, Yang Z, Dai M, Diao X, Dai S, Fang T, Dong X (2020) Input 
of cd from agriculture phosphate fertilizer application in China 
during 2006–2016. Sci Total Environ 698:134149

Liu B, He Z, Liu R, Montenegro AC, Ellis M, Li Q, Baligar VC 
(2021) Comparative effectiveness of activated dolomite phos-
phate rock and biochar for immobilizing cadmium and lead in 
soils. Chemosphere 266:1–9. https://​doi.​org/​10.​1016/j.​chemo​
sphere.​2020.​129202

Loke M (1999) Electrical imaging surveys for environmental and 
engineering studies. A practical guide to, 2

Loke MH, Acworth I, Dahlin T (2003) A comparison of smooth and 
blocky inversion methods in 2d electrical imaging surveys. 
Explor Geophys 34(3):182–187

Loke MH, Dahlin T, Rucker DF (2014) Smoothness-constrained 
time-lapse inversion of data from 3d resistivity surveys. Near 
Surf Geophys 12(1):5–24

López-Hernández JA, Ortiz-Mejía FN, Parada-Berríos FA, Lara-
Ascencio F, Vásquez-Osegueda EA (2019) Caracterización 
morfoagronómica de cacao criollo (theobroma cacao l.) y su 
incidencia en la selección de germoplasma promisorio en áreas 
de presencia natural en el salvador. Rev Cient Multidiscip de 
la Univ de El Salvador-Rev Minerva 2(1):31–50

Maddela NR, Kakarla D, García LC, Chakraborty S, Venkateswarlu 
K, Megharaj M (2020) Cocoa-laden cadmium threatens human 
health and cacao economy: a critical view. Sci Total Environ 
720:137645. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​137645

Makino T, Murakami M, Ishikawa S, Abe T (2019) Regulations for 
cadmium in rice and soil in japan and countermeasures to reduce 
the concentrations. Cadmium toxicity, Springer, New York

Malagon C, Pulido J (1995) IGAC Suelos de Colombia: origen, evolu-
ción, clasificación, distribución y uso. In: Instituto Geografico 
Agustin Codazzi. IGAC, Bogotá, D.C., Colombia, p 78

Martínez Covaleda H, Espinal C, Hermida L (2005) La cadena 
del cacao en colombia: Una mirada global de su estructura y 
dinámica 1991–2005.

McBride MB (1994) Environmental chemistry of soils, 1st edn. Oxford 
University Press, New York, US

McGrath SP (1999) Adverse effects of cadmium on soil microflora and 
fauna. In: McLaughlin MJ, Singh BR (eds) Cadmium in soils and 
plants. Springer Netherlands, Dordrecht, pp 199–218

Menzies NW, Donn MJ, Kopittke PM (2007) Evaluation of extractants for 
estimation of the phytoavailable trace metals in soils. Environ Pol-
lut 145(1):121–130. https://​doi.​org/​10.​1016/j.​envpol.​2006.​03.​021

Metwaly M, AlFouzan F (2013) Application of 2-d geoelectrical resis-
tivity tomography for subsurface cavity detection in the eastern 
part of saudi arabia. Geosci Front 4(4):469–476. https://​doi.​org/​
10.​1016/j.​gsf.​2012.​12.​005

Meunier N, Laroulandie J, Blais JF, Tyagi RD (2003) Cocoa shells 
for heavy metal removal from acidic solutions. Biores Technol 
90(3):255–263. https://​doi.​org/​10.​1016/​S0960-​8524(03)​00129-9

Meunier N, Blais J-F, Tyagi RD (2004) Removal of heavy metals from 
acid soil leachate using cocoa shells in a batch counter-current 
sorption process. Hydrometallurgy 73(3):225–235. https://​doi.​
org/​10.​1016/j.​hydro​met.​2003.​10.​011

Morales-Ramos V, Escamilla-Prado E, Ruiz-Carbajal RA, Pérez-Sato 
JA, VelázquezMorales JA, Servín-Juárez R (2020) On the soil-
bean-cup relationships in coffea arabica l. J Sci Food Agric 
100(15):5234–5441. https://​doi.​org/​10.​1002/​jsfa.​10594

Morelli G, Zenone T, Teobaldelli M, Fischanger F, Matteucci M, 
Seufert G (2007) Use of ground-penetrating radar (GPR) and 
electrical resistivity tomography (ERT) to study tree roots vol-
ume in pine forest and poplar plantation, vol 21. Napier, New 
Zealand, pp 1–4

Moser G, Leuschner C, Hertel D, Hölscher D, Köhler M, Leitner 
D, Michalzik B, Prihastanti E, Tjitrosemito S, Schwenden-
mann L (2010) Response of cocoa trees (theobroma cacao) to 
a 13-month desiccation period in sulawesi, indonesia. Agrofor 
Syst 79(2):171–187

Mostafa M, Anwar MB, Radwan A (2018) Application of electrical 
resistivity measurement as quality control test for calcareous soil. 
HBRC J 14(3):379–384

Mourato M, Pinto F, Moreira I, Sales J, Leitão I, Martins LL (2019) 
The effect of cd stress in mineral nutrient uptake in plants. In: 
Hasanuzzaman M, Prasad MNV, Fujita M (eds) Cadmium tox-
icity and tolerance in plants. Academic Press, Cambridge, pp 
327–348

Moya-Berbeo, H.G. (2012) Memoria explicativa del mapa de amenazas 
por movimientos en masa, plancha 132 Yolombó, departamento 
de Antioquia Servicio Geológico Colombiano SGC. In: Servicio 
Geológico Colombiano, Ministerio de Minas y Energía. SGC, 
Bogotá D.C., Colombia, p 108

Naeem A, Zafar M, Khalid H, Zia-ur-Rehman Z, Ahmad Z, Ayub MA, 
Farooq Qayyum M (2019) Cadmium-induced imbalance in nutri-
ent and water uptake by plants. In: Hasanuzzaman M, Prasad 
MNV, Fujita M (eds) Cadmium toxicity and tolerance in plants. 
Academic Press, Cambridge, pp 299–326

Nezhad KTM, Khosro M, Ali G, Abbas H, Sediq SM (2014) Cadmium 
and mercury in topsoils of babagorogor watershed, western iran: 
Distribution, relationship with soil characteristics and multivari-
ate analysis of contamination sources. Geoderma 219–220:177–
185. https://​doi.​org/​10.​1016/j.​geode​rma.​2013.​12.​021

Nino-Savala AGX, Zhuang Z, Fangmeier A, Li H, Tang A, Liu X 
(2019) Cadmium pollution from phosphate fertilizers in arable 
soils and crops: An overview. Front Agr Sci Eng 6(4):419–430. 
https://​doi.​org/​10.​15302/j-​fase-​20192​73

Ondrasek G, Kranjčec F, Filipović L, Filipović V, Bubalo Kovačić M, 
Badovinac IJ, Peter R, Petravić M, Macan J, Rengel Z (2021) 
Biomass bottom ash & dolomite similarly ameliorate an acidic 
low-nutrient soil, improve phytonutrition and growth, but 
increase cd accumulation in radish. Sci Total Environ 753:1–12. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​141902

Pacheco-Montealegre ME, Dávila-Mora LL, Botero-Rute LM, Reyes 
A, Caro-Quintero A (2020) Fine resolution analysis of microbial 
communities provides insights into the variability of cocoa bean 
fermentation. Front Microbiol 11:650–650

https://doi.org/10.1016/j.geoderma.2006.08.024
https://doi.org/10.1016/j.geoderma.2006.08.024
https://doi.org/10.1016/j.chemosphere.2020.129202
https://doi.org/10.1016/j.chemosphere.2020.129202
https://doi.org/10.1016/j.scitotenv.2020.137645
https://doi.org/10.1016/j.envpol.2006.03.021
https://doi.org/10.1016/j.gsf.2012.12.005
https://doi.org/10.1016/j.gsf.2012.12.005
https://doi.org/10.1016/S0960-8524(03)00129-9
https://doi.org/10.1016/j.hydromet.2003.10.011
https://doi.org/10.1016/j.hydromet.2003.10.011
https://doi.org/10.1002/jsfa.10594
https://doi.org/10.1016/j.geoderma.2013.12.021
https://doi.org/10.15302/j-fase-2019273
https://doi.org/10.1016/j.scitotenv.2020.141902


2476	 International Journal of Environmental Science and Technology (2022) 19:2455–2476

1 3

Peech M (1965) Hydrogenion activity. Methods Soil Anal Part 2 Chem 
Microbiol Prop 9:914–926

Piegari E, Di Maio R (2010) Water storage mapping and stability 
analysis of pyroclastic covers through resistivity measurements. 
In Conference proceedings: 72nd EAGE conference and exhibi-
tion incorporating SPE EUROPEC 2010 (pp. cp-161). European 
Association of Geoscientists & Engineers. https://​doi.​org/​10.​
3997/​2214-​4609.​20140​1005

Points TCC (2017) Subject request for comments at step 3 on pro-
posed draft maximum levels for cadmium in chocolate and 
cocoa-derived products deadline 25 March 2017. Codex 
150(2017/24):1–25

Poveda G (2006) El clima de Antioquia. In: Hidrologia de la cuenca 
Amazonica. IGAC, Bogotá, D.C., Colombia, pp 1–17

Pratt P, Bair F (1961) A comparison of three reagents for the extraction 
of aluminum from soils. Soil Sci 91(6):357–359

R-Core Team (2019) R: a language and environment for statistical com-
puting. R foundation for statistical computing software; 2013. 
Vienna, Austria

Ramtahal G, Umaharan P, Hanuman A, Davis C, Ali L (2019) The 
effectiveness of soil amendments, biochar and lime, in mitigating 
cadmium bioaccumulation in theobroma cacao l. Sci Total Envi-
ron 693:133563. https://​doi.​org/​10.​1016/j.​scito​tenv.​2019.​07.​369

Rendón Rivera ADJ, Henao Arroyave AM, Osorio Cachaya JG (2013) 
Propuesta metodológica para la valoración del patrimonio 
geológico, como base para su gestión en el departamento de 
antioquia—colombia. Bol de Cienc de la Tierra 33:85–92

Restrepo-Moreno SA, Foster DA, Stockli DF, Parra-Sánchez LN (2009) 
Long-term erosion and exhumation of the “altiplano antioqueño”, 
northern andes (colombia) from apatite (u–th)/he thermochronol-
ogy. Ann Rev Earth Planet Sci 278(1):1–12. https://​doi.​org/​10.​
1016/j.​epsl.​2008.​09.​037

Richards LA (1954) Diagnosis and improvement of saline and alkali 
soils. Soil Sci 78(2):154. https://​doi.​org/​10.​1097/​00010​694-​
19540​8000-​00012

Rivera ADJR, Arroyave ÁMH, Cachaya JGO (2013) Propuesta 
metodológica para la valoración del patrimonio geológico, como 
base para su gestión en el departamento de antioquia–colombia. 
Bol Cienc Tierra 33:85–92

Rumney RHM, Preston MD, Jones T, Basiliko N, Gunn J (2021) Soil 
amendment improves carbon sequestration by trees on severely 
damaged acid and metal impacted landscape, but total storage 
remains low. For Ecol Manag 483:1–11. https://​doi.​org/​10.​
1016/j.​foreco.​2020.​118896

Samouëlian A, Cousin I, Tabbagh A, Bruand A, Richard G (2005) 
Electrical resistivity survey in soil science: a review. Soil Tillage 
Res 83(2):173–193. https://​doi.​org/​10.​1016/j.​still.​2004.​10.​004

Santana JO, Gramacho KP, Ferreira KTDSE, Rezende RP, Mangabeira 
PAO, Dias RPM, Couto FM, Pirovani CP (2018) Witches’ broom 
resistant genotype ccn51 shows greater diversity of symbiont 
bacteria in its phylloplane than susceptible genotype catongo. 
BMC Microbiol 18(1):1–10

Sasaki Y (1992) Resolution of resistivity tomography inferred from 
numerical simulation. Geophys Prospect 40(4):453–463

Satarug S (2019) Cadmium sources and toxicity. Toxics 7(2):25
Scaccabarozzi D, Castillo L, Aromatisi A, Milne L, Búllon Castillo A, 

Muñoz-Rojas M (2020) Soil, site, and management factors affect-
ing cadmium concentrations in cacao-growing soils. Agronomy 
10(6):1–15

Shuman LM, Duncan RR (1990) Soil exchangeable cations and alu-
minum measured by ammonium chloride, potassium chloride, 

and ammonium acetate. Commun Soil Sci Plan 21(13–16):1217–
1228. https://​doi.​org/​10.​1080/​00103​62900​93683​00

Singh S, Kumar V, Datta S, Dhanjal DS, Sharma K, Samuel J, Singh J 
(2020) Current advancement and future prospect of biosorbents 
for bioremediation. Sci Total Environ 709:135895. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2019.​135895

Snoeck D, Koko L, Joffre J, Bastide P, Jagoret P (2016) Cacao nutrition 
and fertilization. In: Lichtfouse E (ed) Sustainable agriculture 
reviews. Springer, New York, pp 155–202

Staff SS (2014) Keys to soil taxonomy. Natural Resources Conservation 
Service, United States Department of Agriculture, Washington, D.C.

Traina SJ (1999) The environmental chemistry of cadmium. In: 
McLaughlin MJ, Singh BR (eds) Cadmium in soils and plants. 
Springer, Netherlands, Dordrecht, pp 11–37

Trakal L, Neuberg M, Tlustoš P, Száková J, Tejnecký V, Drábek O 
(2011) Dolomite limestone application as a chemical immo-
bilization of metal-contaminated soil. Plant Soil Environ 
57(4):173–179

Turki N, Elaoud A, Gabtni H, Trabelsi I, Khalfallah KK (2019) Agri-
cultural soil characterization using 2d electrical resistivity 
tomography (ert) after direct and intermittent digestate applica-
tion. Arab J Geosci 12(14):1–11

Vanderschueren R, De Mesmaeker V, Mounicou S, Isaure M-P, 
Doelsch E, Montalvo D, Delcour JA, Chavez E, Smolders E 
(2020) The impact of fermentation on the distribution of cad-
mium in cacao beans. Food Res Int 127:108743. https://​doi.​org/​
10.​1016/j.​foodr​es.​2019.​108743

Vásconez-Maza MD, Bueso MC, Faz A, Acosta JA, Martínez-Segura 
MA (2020) Assessing the behaviour of heavy metals in aban-
doned phosphogypsum deposits combining electrical resistiv-
ity tomography and multivariate analysis. J Environ Manag 
278:1–10

Vásconez-Maza MD, Bueso MC, Faz A, Acosta JA, Martínez-Segura 
MA (2021) Assessing the behaviour of heavy metals in aban-
doned phosphogypsum deposits combining electrical resistiv-
ity tomography and multivariate analysis. J Environ Manag 
278:1–10

Vu VQ (2011) Ggbiplot: A ‘ggplot2’ based biplot. R package version 
0.55

Walkley A, Black IA (1934) An examination of the degtjareff method 
for determining soil organic matter, and a proposed modification 
of the chromic acid titration method. Soil Sci 37(1):29–38

Wang P, Chen H, Kopittke PM, Zhao F-J (2019) Cadmium contamina-
tion in agricultural soils of china and the impact on food safety. 
Environ Pollut 249:1038–1048. https://​doi.​org/​10.​1016/j.​envpol.​
2019.​03.​063

Yi Z, Lehto NJ, Robinson BH, Cavanagh J-AE (2020) Environmental 
and edaphic factors affecting soil cadmium uptake by spinach, 
potatoes, onion and wheat. Sci Total Environ 713:1–9

Zaccheo P, Crippa L, Pasta VDM (2006) Ammonium nutrition 
as a strategy for cadmium mobilization in the rhizosphere of 
sunflower. Plant Soil 283(1):43–56. https://​doi.​org/​10.​1007/​
s11104-​005-​4791-x

Zhao F-J, Ma Y, Zhu Y-G, Tang Z, McGrath SP (2015) Soil contami-
nation in china: current status and mitigation strategies. Environ 
Sci Technol 49(2):750–759. https://​doi.​org/​10.​1021/​es504​7099

Zhou B, Bouzidi Y, Ullah S, Asim M (2020) Full-range gradient sur-
vey for 2d electrical resistivity tomography. Near Surf Geophys. 
https://​doi.​org/​10.​1002/​nsg.​12125

https://doi.org/10.3997/2214-4609.201401005
https://doi.org/10.3997/2214-4609.201401005
https://doi.org/10.1016/j.scitotenv.2019.07.369
https://doi.org/10.1016/j.epsl.2008.09.037
https://doi.org/10.1016/j.epsl.2008.09.037
https://doi.org/10.1097/00010694-195408000-00012
https://doi.org/10.1097/00010694-195408000-00012
https://doi.org/10.1016/j.foreco.2020.118896
https://doi.org/10.1016/j.foreco.2020.118896
https://doi.org/10.1016/j.still.2004.10.004
https://doi.org/10.1080/00103629009368300
https://doi.org/10.1016/j.scitotenv.2019.135895
https://doi.org/10.1016/j.scitotenv.2019.135895
https://doi.org/10.1016/j.foodres.2019.108743
https://doi.org/10.1016/j.foodres.2019.108743
https://doi.org/10.1016/j.envpol.2019.03.063
https://doi.org/10.1016/j.envpol.2019.03.063
https://doi.org/10.1007/s11104-005-4791-x
https://doi.org/10.1007/s11104-005-4791-x
https://doi.org/10.1021/es5047099
https://doi.org/10.1002/nsg.12125

	Cadmium distribution in soils, soil litter and cacao beans: a case study from Colombia
	Abstract
	Graphic abstract

	Introduction
	Materials and methods
	Study area and sampling setup
	Physicochemical analysis
	Laboratory calibration of 2D-ERT
	2D-ERT field measurements
	Data analysis
	2D-ERT predictions

	Results and discussion
	Soil parameters
	Cd in soils and cacao beans
	2D-ERT profiling
	2D-ERT predictions
	Soil parameters and its relation to Cd distribution
	Predicting Cd soil fluxes in cacao farm soils
	The role of fertilizers and amendments as Cd input

	Conclusion
	Acknowledgements 
	References




