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Abstract: The present study evaluated the spatiotemporal variation in concentration of cadmium,
lead and copper ions in groundwater wells in the stratigraphic subdivision “Santo Anastácio” that
belongs to the Bauru aquifer system in the western region of São Paulo State. Exploratory statistics
methods were employed to investigate the response of the concentration of these metals in the aquifer
through the pluviometric index of the region. The results show a direct dependence of the mean
monthly flow of the metals in the groundwaters to the monthly rainfall flow. The observed behavior
was cyclic with a gradual increase and decrease in the flow throughout time. Two groups of cyclic
variation were identified. The seasonality of the mean monthly flow of Cd2+ and Pb2+ was inversely
proportional to the magnitude of the pluviometric index of the region studied. Meanwhile, the
seasonality of Cu2+ was directly correlated to the seasonable rainfall variability. These behaviors
lead us to point out that cadmium and lead come from minerals present in the aquifer itself and the
presence of copper in groundwater is associated with an anthropogenic action due to the region’s
agricultural activity. The study helps us better comprehend the behavior of the whole groundwater
system through a comparison with temporal hydrogeochemistry.

Keywords: spatiotemporal distribution; metal transport; correlation analysis; groundwater

1. Introduction

The exploitation of groundwaters has been taking great proportions due to its various
advantages, such as the quality of the water, the costs of the exploitation and the reduction
in the treatment phases until it reaches the final consumer. Its use for public supply
has gained significant relevance in areas where surface water is scarce. The increase in
its consumption is mainly due to populational growth, climate changes, which cause a
shortage of surface water, and the increase of surface water pollution [1–4].

Groundwater reserves are a dynamic resource subjected to qualitative and quantita-
tive modifications as a result of various contamination sources (e.g., agricultural, industrial
and domestic) [5–7]. The quality and characteristics of groundwaters are a function of
natural processes (e.g., geology, groundwater flow direction, quality of groundwater
recharge/water and rock interactions), anthropogenic activities (e.g., agricultural produc-
tion, industrial growth, urbanization with an increase in groundwater exploitation) and
atmospheric input [4,8–10]. The index of potentially toxic elements discard has been intensi-
fied especially due to irregular discard in natural reservoirs through anthropogenic actions,
such as mining, industrialization, irregular landfill constructions, indiscriminate usage of
pesticides and fertilizers in agriculture, domestic sewage, etc. The presence of these poten-
tially toxic elements is responsible for adverse effects in the environment, causing damage
to public health and the economy [11]. Apart from anthropogenic actions, the insertion of
potentially toxic metals in aquatic systems occurs naturally through geochemical processes
like weathering, the region’s geological structure and climate changes, in addition to the
interaction of atmospheric particulate matter in the rain composition and its interactions
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when there is the percolation of this water in the soil, mixing into the existing aquifers
throughout the leaching course in soil [12,13].

Facing the enormous importance of groundwater previously mentioned, countless
researches towards identification and quantification of potentially toxic metals in hydro-
graphic basins and aquifers have been conducted [14,15]. The seasonality of rainfall affects
dynamically the conditions of groundwater quality and quantity, resulting in alterations in
the redox conditions, in the concentrations of substances in situ and the levels of water in
the aquifer. Studies of seasonal identification and spatial variation of the anthropogenic
and natural effects aiming to improve and comprehend hydrogeochemical processes based
on pluviometric indexes have been described in the literature [16–20]. In this present paper,
we present the identification of seasonable characteristics and spatial variations in the
natural and anthropogenic effects aiming to improve and comprehend hydrochemical pro-
cesses of groundwater in the western region of São Paulo State. The study was conducted
for 17 months following the variations in concentrations of lead, cadmium and copper
in groundwaters.

2. Methods
2.1. Study Area

The study area is located in the west of the São Paulo State—Brazil. With an area of
approximately 17,500 km2 and an estimated population of about 540,000 inhabitants (de-
mographic density of 30.76 inhabitants/km2), where the Presidente Prudente municipality
stands out as a major regional economic pole, the economy is based on agriculture, live-
stock, industry and commerce. The area belongs to the geomorphological province called
Planalto Ocidental Paulista and the relief is characterized by a succession of smoothed hills
composed of sandstone spikes. According to the Köppen classification [21], the climate in
the Presidente Prudente region is Aw: mesothermal with hot summers and dry winters,
annual rainfall, with an average of 130 mm (driest month in July, with an annual average
of 39 mm), average temperature of the warmest month (February) of 25.5 ◦C and that of
the coldest month (June) of 20 ◦C.

The hydrogeological study area is based on the Bauru Aquifer System highlighted
as a green area on the map of the São Paulo State (Figure 1), composed of the Marilia,
Adamantina, Araçatuba, Santo Anastácio and Caiuá aquifers [22]. The system behaves
as a hydrogeological unit of regional extension, continuous, free and locally confined.
Groundwater was collected from the Santo Anastácio aquifer. The Santo Anastácio Aquifer
emerges in a narrow strip parallel to the Paraná River (yellow highlighted in Figure 1),
but on a subsurface it advances in an easterly direction, extending for approximately
67,000 km2.

The Santo Anastácio Formation consists predominantly of very fine to medium-
grained sandstones, rounded to sub-angular grains, reddish-brown in color, ferruginous
and locally carbonate cementation. It is poor in sedimentary structures, with massive
strata with a maximum thickness of 80 m, with incipient plane-parallel stratification.
Regarding the classification from the point of view of chemical composition, the aquifer has
a predominance of calcium or magnesium bicarbonated water. The aquifer transmissivity
is around 50 to 100 m2/day.
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Figure 1. Hydrogeologic map of the Bauru Group in São Paulo state showing its outcropping lithostratigraphic units which
correspond to homologous hydrogeologic units in the study area (modified from Ref. [22]). Highlighting the saturation and
transmissivity of the Bauru Aquifer System in the portion of the study area.

2.2. Groundwater Sampling and Analysis

Groundwater samples were collected from 7 monitoring wells over a period of
17 months from August 2017 to December 2018. The sampling points were identified
by W1, W2, W3, W4, W5, W6 and W7 (Figure 2). Samples were collected every two weeks
throughout the collection months. Table 1 presents the data and characteristics of the
locations where the collections were performed (points 1 to 7).

Samples were collected after pumping based on the International Standard MSZ EN
ISO 5667–1. In the field, temperature and pH were measured in a Metrohm pH meter. The
concentrations of copper, lead and cadmium in water were determined by differential pulse
stripping voltammetry, according to the Metrohm procedure (VA Application Note nº V-86
version 01). All measurements were made in triplicate, the reproducibility of the analytical
data was 5%. Results were statistically characterized and analyzed using Excel 2016 and
Origin 2019 statistical software (OriginLab Corporation, Northampton, MA, USA).

Table 1. Characteristics of the areas where were acquired as sampling.

Point W1 W2 W3 W4 W5 W6 W7

22◦08′32.98” S 22◦9′0.14” S 22◦05′47.72” S 22◦07′11.62” S 22◦07′20.57” S 22◦07′21.18” S 22◦07′31.86” S
51◦27′49.79” W 51◦25′23.60” W 51◦25′42.95” W 51◦24′50.49” W 51◦24′30.98” W 51◦24′29.77” W 51◦24′42.25” W

Altitude (m) 435 420 449 408 446 445 422
Depth (m) 120 110 175 195 170 190 172

Use Irrigation Human
consumption

Human
consumption Recreation Maintenance

and sanitation Irrigation Public supply

Local aspect

Green area.
Low

population
flow.

Residential
area. High

vehicular and
population

flow.

Green area.

Residential
area. High

vehicular and
population

flow.

Green area.
High vehicular
and population

flow.

Green area.
High vehicular
and population

flow.

Urbanized
area.
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Figure 2. Location of sampling wells in the study area.

3. Results and Discussion

The employment of exploratory statistics aimed to estimate the degree of variability
assuming that the variables studied are affected by the pluviometric index. Thus, the
discussion in the present paper is distributed in topics to each biweekly analyzed chemical
component in groundwater.

3.1. Spatiotemporal Distribution and Exploratory Statistic of Cadmium in Groundwater

From the data obtained in the analysis of Cd2+ concentration, a basic descriptive
statistic was performed (minimum, maximum, mean, standard deviation and median
values) to understand the relation between the main parameters and the sampled wells in
the research field. The values of mean monthly cadmium flow, among all wells, variated
from 1.48 to 44 µg L−1. Table 2 presents the mean monthly values and their respective
standard deviations of the obtained concentrations in the samples, as well as the values
of minimum, maximum, mean, standard deviation and median in each well during the
period studied.

The influence of the spatiotemporal behavior of the aquifer hydraulic charge on the
mean monthly cadmium concentration was correlated to the parameter of mean monthly
pluviometric level of the study region as if it was the recharge level or water volume level
of the aquifer [23]. A Figure 3A shows a seasonable or cyclic behavior of the increasing and
decreasing in the mean monthly flow of the mentioned metallic cation throughout time.
With a statistical technique to aid the data interpretation, a trend curve was elaborated
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(short-dash-dot curve of Figure 3A) for the cadmium concentration in the aquifer in a
temporal function in which the analysis occurred.

Table 2. Mean monthly cadmium concentration (µg L−1) with standard deviation value determined for each studied well
(W) during the 17 months.

Month W1 W2 W3 W4 W5 W6 W7

Aug/XX 12.7 ± 2.7 5.40 ± 3.29 38.5 ± 1.2 24.1 ± 5.6 10.2 ± 0.3 15.3 ± 4.4 19.9 ± 5.2
Sep/XX 9.93 ± 3.84 18.8 ± 1.2 44.0 ± 6.4 26.6 ± 0.8 33.9 ± 5.6 30.1 ± 8.3 23.8 ± 1.1
Oct/XX 6.63 ± 0.83 10.2 ± 2.9 15.6 ± 4.0 23.5 ± 3.7 17.6 ± 3.7 11.8 ± 4.6 7.58 ± 2.99
Nov/XX 4.48 ± 0.77 7.55 ± 0.39 3.24 ± 0.72 8.20 ± 0.37 5.76 ± 1.65 6.34 ± 0.75 3.48 ± 0.09
Dec/XX 2.03 ± 1.40 2.22 ± 1.46 2.39 ± 0.14 7.09 ± 0.51 2.63 ± 1.74 5.33 ± 0.35 1.48 ± 0.16
Jan/YY 1.75 ± 0.29 1.57 ± 0.51 1.87 ± 0.29 2.53 ± 0.73 3.74 ± 0.14 1.52 ± 0.15 1.99 ± 0.31
Feb/YY 3.78 ± 0.17 2.80 ± 0.09 2.54 ± 0.45 3.41 ± 0.48 3.94 ± 0.11 2.18 ± 0.24 3.02 ± 0.07
Mar/YY 4.71 ± 0.27 4.25 ± 0.67 3.22 ± 0.09 3.94 ± 0.06 5.46 ± 0.37 3.55 ± 0.04 5.08 ± 0.22
Apr/YY 6.05 ± 0.53 5.65 ± 0.10 4.15 ± 0.67 5.06 ± 0.95 6.99 ± 0.02 3.97 ± 0.26 6.05 ± 0.40
May/YY 8.80 ± 0.57 8.16 ± 0.35 6.03 ± 0.93 7.44 ± 1.19 8.55 ± 1.13 7.10 ± 0.30 8.10 ± 1.19
Jun/YY 11.4 ± 0.1 9.81 ± 0.60 8.27 ± 0.34 12.2 ± 4.4 11.8 ± 1.0 10.1 ± 0.1 10.9 ± 1.8
Jul/YY 13.9 ± 0.2 12.7 ± 2.7 25.9 ± 3.8 18.9 ± 0.2 14.1 ± 0.3 13.6 ± 3.4 20.2 ± 2.4

Aug/YY 17.2 ± 7.0 13.11 ± 9.1 33.3 ± 6.5 22.5 ± 3.7 16.3 ± 7.4 19.6 ± 6.4 24.1 ± 6.6
Sep/YY 15.7 ± 5.9 15.7 ± 3.6 40.3 ± 5.6 22.7 ± 4.6 28.9 ± 7.5 32.0 ± 6.2 26.9 ± 6.0
Oct/YY 7.10 ± 1.87 8.45 ± 2.74 19.5 ± 5.6 20.2 ± 4.6 14.05 ± 4.9 14.6 ± 4.7 9.71 ± 4.0
Nov/YY 3.98 ± 0.73 6.01 ± 1.84 5.72 ± 2.93 7.87 ± 0.49 4.50 ± 1.79 6.05 ± 1.10 4.91 ± 1.71
Dec/YY 1.76 ± 0.87 2.12 ± 1.17 4.74 ± 2.73 4.65 ± 2.95 2.51 ± 1.01 3.99 ± 1.84 3.40 ± 2.23

Average * 7.76 ± 4.96 7.91 ± 4.99 15.2 ± 15.1 13.0 ± 8.7 11.2 ± 9.0 11.0 ± 9.1 10.6 ± 8.7
Minimum 1.75 1.57 1.87 2.53 2.51 1.52 1.48

Median 6.63 7.55 6.03 8.20 8.55 7.10 7.58
Maximum 17.2 18.8 44.0 26.6 33.9 32.0 26.9

* Average value per well.

Through the model, we can observe that the cadmium concentration exhibits a crescent
tendency in the dry season (April through September) and a decrescent tendency in the
rainy season (October through March). The transformation of the concentration data
and pluviometric index to the logarithmic base (see Figure 3B) demonstrates correlative
and significative cycles in both parameters analyzed in temporal sampling function. The
model indicates that the phenomenon has a periodicity, or it obeys a periodical function,
where the mean logarithmic concentration of cadmium is inversely proportional to the
magnitude of the monthly seasonable variability of rainfall. The cyclic variation in the
cadmium mean monthly flow is indicative that the chemical element does not come from
an external source and it is found in the aquifer’s area itself. During the rainy season, there
is a dilution effect due to the increase in the aquifer’s water volume. Meanwhile, during
the dry season, the low water level in the aquifer causes the opposite process, when the
cadmium concentration increases.

Figure 4 presents a boxplot diagram [24] that provides a better representation of
the observed data variation in each well for the cadmium concentration during the dry
(Figure 4A) and rainy seasons (Figure 4B). The distinction between the rainy and dry
seasons is very clear as it is shown in both boxplot diagrams. A general seasonal distinction
is based on the only components from the hydric balance on a monthly scale as shown in
Figure 3B. Analyzing the dataset of each well during the dry season (Figure 4A), well W3
presents the highest dispersion on the values of cadmium concentration in the interquartile
range, which consists in a difference between the third and the first quartile. One of the
concentration variability factors is the process of groundwater pumping during the driest
seasons, influenced by the extremely low levels of the groundwater, resonating significantly
in the chemical compound’s concentration in the aquifer [16]. Comparatively, the lowest
dispersion in the interquartile range for the values of cadmium concentration was observed
in the well W1. A factor for the lowest dispersion in the concentration of cadmium may be
related to the location of the well W1 that is situated in a green area with a low population
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density. Analyzing the median lines, the wells W5 and W6 present a positive asymmetric
distribution, indicating that the median is close to the first quartile or that the median
value is lower than the mean value. Meanwhile, the wells W2, W3, W4 and W7 present a
negative asymmetric distribution. It was verified for the well W1 that the mean and median
values are coincidental demonstrating a symmetric distribution. It is important to point out
that the median is the central tendency measure more appropriate when the data present
asymmetric distribution since the arithmetic mean is influenced by the extreme values.

Figure 3. (A) Average temporal evolution of average cadmium concentration (n = 7) and the plu-
viometric levels (n = 39) in accordance with the seasonal period. The red short-dash-dot curve
corresponds to the trend curve of the variability of cadmium concentration in the aquifer during the
17 months of study. (B) Normalized flow of cadmium concentration (black circle) and pluviometric
index (red circle) throughout the sampling period. The results are presented as the mean value of
3 point.
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Contrastingly, cadmium concentration is lower in groundwater collected during the
rainy season (Figure 4B) with a mean monthly below 10 µg L−1. As previously shown in
Figure 3B, this result is due to the dilution of the concentration by groundwater recharge.
However, the descriptive parameters in the boxplots present anomalous values (outliers) in
almost every well studied (except in wells W1 and W2). The anomalous values are related
to the first rainy month (October) in which the cadmium concentrations are still high in
comparison to the dataset for the period, implying that the dilution factor is in the initial
phase in the aquifer due to the dependence of the groundwater recharge rate [25].

Table 3 presents mean values for the monthly rainfall index (MRI), pH and cadmium
concentration. The monthly mean values of pH were calculated based on the pH measure-
ments of groundwater in each well studied.

Table 3. Monthly rainfall index (MRI), mean monthly cadmium(II) concentration and mean monthly
pH values determined by the average of all studied wells.

Month MRI
(mm) Mean [Cd] (µg L−1) Mean pH Value

Aug/XX 38 18.0 ± 10.9 7.97 ± 1.15
Sep/XX 37 26.7 ± 10.9 8.03 ± 1.08
Oct/XX 121 13.3 ± 6.0 7.93 ± 1.06
Nov/XX 129 5.58 ± 1.9 7.84 ± 1.31
Dec/XX 172 3.31 ± 2.07 7.92 ± 0.91
Jan/YY 222 2.14 ± 0.78 8.54 ± 1.16
Feb/YY 179 3.09 ± 0.65 8.43 ± 0.78
Mar/YY 151 4.32 ± 0.81 8.43 ± 1.30
Apr/YY 80 5.42 ± 1.09 8.26 ± 1.34
May/YY 84 7.74 ± 0.96 8.26 ± 1.08
Jun/YY 51 10.6 ± 1.36 8.17 ± 1.36
Jul/YY 39 17.0 ± 4.8 8.22 ± 1.08

Aug/YY 38 20.8 ± 6.6 8.24 ± 1.14
Sep/YY 37 26.0 ± 8.9 7.99 ± 1.33
Oct/YY 121 13.4 ± 5.2 7.68 ± 1.08
Nov/YY 129 5.58 ± 1.3 7.59 ± 1.31
Dec/YY 172 3.31 ± 1.2 7.67 ± 0.91

To verify the dependence degree of the mean monthly flow to the rainfall index and
the pH of the water collected, Pearson correlation coefficient was applied with paired
Student’s t-test with a significance level of 5% on the correlation coefficient obtained, where
H0: r = 0 and H1: r 6= 0. As shown in Table 4, there is a moderate relation between the MRI
parameters and the mean cadmium concentrations in groundwater.

Table 4. Pearson correlation coefficient matrix for monthly rainfall index (MRI), cadmium(II) concen-
tration and pH values for 17 months.

MRI Mean Cd Mean pH Correlation R2 n

MRI 1 12
Mean Cd −0.70161 1 moderate 0.4923 17
Mean pH 0.03187 −0.09685 1 weak 0.0094 17

Comparing the calculated t value (−5.352) to the critical value for the Student’s
t-distribution (±2.131), t value is out of the region for the H0 hypothesis to be accepted.
Thus, we can conclude that there is enough evidence to correlate the concentration pa-
rameters of Cd(II) to MRI. Concerning the mean monthly of Cd(II) and the mean pH, the
Pearson coefficient obtained shows that there is a weak relation. Comparing the calculated
t value (−0.379) to the critical value for the Student’s t-distribution (±2.131), t value is in
the region for the H0 hypothesis to be accepted. Thus, we can conclude that there is not
enough evidence suggesting that there is a relation between the cadmium concentration
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and the pH. The statistical result obtained through Pearson’s correlation indicates that the
variability in groundwater pH is not caused by the variation in cadmium concentration in
function of the region’s rainfall index.

Figure 4. Boxplot diagram for cadmium concentration in 7 wells during the 17 months of study.
(A) Dry season and (B) Rainy season. Lines and crosses within boxes represent the median and mean,
respectively. The asterisk corresponds to outlier (atypical values).

3.2. Spatiotemporal Distribution and Exploratory Statistic of Lead in Groundwater

Table 5 presents the mean monthly values and their respective standard deviations
of the obtained samples concentrations, as well as minimum, maximum, mean, standard
deviation and median values in each well for study period.
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Table 5. Mean monthly lead(II) concentration (µg L−1) with standard deviation value determined for each studied well (W)
during the 17 months.

Month W1 W2 W3 W4 W5 W6 W7

Aug/XX 35.2 ± 9.6 27.2 ± 0.7 19.3 ± 3.4 22.9 ± 2.6 26.7 ± 5.6 24.2 ± 1.8 23.0 ± 3.2
Sep/XX 18.7 ± 11.4 19.9 ± 0.2 37.7 ± 13.1 16.9 ± 3.1 28.2 ± 7.9 40.5 ± 5.5 23.4 ± 2.1
Oct/XX 7.30 ± 0.50 14.3 ± 3.51 8.18 ± 0.71 8.67 ± 0.15 19.0 ± 4.4 13.5 ± 1.6 10.2 ± 1.9
Nov/XX 4.05 ± 0.23 9.49 ± 0.69 6.23 ± 1.86 3.93 ± 0.23 8.12 ± 1.10 5.77 ± 0.47 6.27 ± 0.55
Dec/XX 2.07 ± 0.59 3.50 ± 0.46 2.17 ± 0.20 1.46 ± 0.60 4.32 ± 0.59 3.39 ± 0.59 1.39 ± 0.13
Jan/YY 2.77 ± 0.14 3.56 ± 1.10 2.06 ± 0.36 2.24 ± 0.25 3.54 ± 0.60 1.73 ± 0.75 3.39 ± 1.02
Feb/YY 6.67 ± 1.72 5.00 ± 0.55 2.86 ± 0.17 3.49 ± 0.31 4.79 ± 0.48 2.89 ± 0.21 4.85 ± 0.47
Mar/YY 8.50 ± 0.74 8.09 ± 0.40 3.49 ± 0.18 3.91 ± 0.10 6.08 ± 0.15 3.82 ± 0.06 5.36 ± 0.16
Apr/YY 12.5 ± 4.8 10.3 ± 0.3 4.80 ± 0.13 4.82 ± 0.81 6.95 ± 0.11 4.23 ± 0.08 5.85 ± 0.13
May/YY 16.8 ± 0.4 11.5 ± 0.7 7.41 ± 1.78 8.73 ± 2.33 10.7 ± 2.8 6.52 ± 0.84 6.72 ± 0.53
Jun/YY 17.4 ± 0.1 20.0 ± 3.4 11.0 ± 0.6 14.4 ± 0.24 16.3 ± 0.8 9.05 ± 1.14 9.56 ± 2.70
Jul/YY 23.0 ± 3.2 37.4 ± 5.35 13.4 ± 2.1 16.4 ± 0.29 44.9 ± 4.4 16. 3± 6.5 17.8 ± 1.89

Aug/YY 33.7 ± 6.9 41.6 ± 8.5 18.6 ± 2.9 22.5 ± 1.65 41.1 ± 0.9 37.8 ± 4.9 25.4 ± 5.3
Sep/YY 23.4 ± 2.1 16.7 ± 4.4 35.5 ± 8.8 18.3 ± 2.5 32.7 ± 6.1 34.3 ± 9.0 29.4 ± 7.2
Oct/YY 12.2 ± 1.1 10.8 ± 4.5 8.94 ± 1.10 11.5 ± 3.8 13.5 ± 6.7 16.2 ± 6.4 12.2 ± 5.1
Nov/YY 8.80 ± 2.75 6.77 ± 3.17 7.44 ± 1.77 7.09 ± 3.66 7.17 ± 1.66 6.92 ± 1.53 6.50 ± 2.12
Dec/YY 2.62 ± 1.61 2.78 ± 0.60 3.04 ± 1.02 4.46 ± 3.71 3.24 ± 0.20 4.54 ± 2.21 3.36 ± 2.28

Average * 13.9 ± 10.3 14.6 ± 11.5 10.1 ± 7.1 11.3 ± 10.8 16.3 ± 13.6 13.6 ± 12.9 11.24 ± 8.8
Minimum 2.07 2.78 1.46 2.06 3.24 1.73 1.39

Median 12.2 10.8 8.7 7.44 10.7 6.92 6.72
Maximum 35.2 41.6 22.9 37.7 44.9 40.5 29.4

* Average value per well.

The mean monthly lead flow variation (minimum = 1.39µg L−1 and maximum = 44.9µg L−1)
in the wells was similar to what was observed for the cadmium concentrations. The concen-
tration magnitude varied with the monthly period of the sampling and the geographical
position of the wells studied. With the obtained data of lead concentrations, a spatiotempo-
ral graph for the variation in total mean lead concentration was plotted in the logarithmic
base (Figure 5B).

The profile of lead concentration variation in groundwater followed a periodicity
model in function of time and the highest concentration magnitudes were observed dur-
ing the dry season. Analyzing comparatively the lead spatiotemporal behavior, we can
conclude that this element is found in the aquifer itself. Its dilution in the groundwater is
due to increasing in hydric volume and consequently to the recharge flow (pluviometric
level). For better visualization of what was verified before, Table 6 presents the lead mean
concentration in wells W1 to W7 with their respective standard deviations, in the rainy sea-
son (October through March) and in the dry season (April through September). Evaluating
the boxplot diagram, the highest dispersions and lead concentration distributions were
observed during the dry season (Figure 6A). As observed before, well W1 presented the
lowest variability of concentration in the sampling temporal scale. In general, the medians
are very close to the concentration means, indicating that the observed concentrations in the
dry season are a symmetrical normal distribution. For the rainy season, the mean monthly
lead flow values (Figure 6B) were below 10 µg L−1. However, outlier concentrations were
observed in wells W5, W6 and W7 and these outlier values correspond precisely to the
beginning of the rainy season.

In the Pearson test to analyze the dependence degree of Pb2+ concentration to the
mean pH of the collected water, with a correlation coefficient (ρ) of −0.0066, there is an
indication that these two variables are not correlated. To confirm that the variability in
lead concentration is not influenced by the pH or vice versa, a two-tailed Student’s t-test
with a significance level of 5% was applied and considering the null and true hypothesis
as r = 0 and r 6= 0, respectively. Comparing the calculated t value (−0.26) to the critical
value for the Student’s t-distribution (±2.131), the calculated t value is in the region for the
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H0 hypothesis to be accepted. Thus, we can conclude that there is not enough evidence to
support that Pb2+ concentration and pH are correlated.

Figure 5. (A) Average temporal evolution of average lead concentration (n = 7) and the pluviometric
levels (n = 39) in accordance with the seasonal period. The red short-dash-dot curve corresponds to
the trend curve of the variability of cadmium concentration in the aquifer during the 17 months of
study. (B) Normalized flow of lead concentration (black circle) and pluviometric index (red circle)
throughout the sampling period.
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Figure 6. Boxplot diagram for lead concentration in 7 wells during the 17 months of study. (A) Dry
season and (B) Rainy season. Lines and crosses within boxes represent the median and mean,
respectively. The asterisk corresponds to outlier (atypical values).

Table 6. Mean total lead(II) concentration by well in dry and rainy season.

Well Dry Rainy

W1 22.6 ± 8.1 6.10 ± 3.45
W2 23.1 ± 11.5 7.14 ± 3.89
W3 15.6 ± 6.3 5.19 ± 3.26
W4 18.5 ± 12.2 4.93 ± 2.74
W5 25.9 ± 13.8 7.75 ± 5.26
W6 20.8 ± 14.0 7.10 ± 5.68
W7 18.7 ± 10.7 6.41 ± 3.78
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3.3. Spatio-Temporal Distribution and Exploratory Statistic of Copper in Groundwater

In the copper concentration spatiotemporal distribution study, it was identified an
inverted behavior when compared to the cadmium and lead in groundwater. The mean
monthly copper flow values, among all wells, variated from 4.8 to 2.479 µg L−1 (see
Table 7). In addition, the standard deviation values are higher than the mean, indicating
that the copper concentrations are distributed around a wide range of values throughout
the entire period.

Table 7. Mean monthly copper(II) concentration (µg L−1) with standard deviation value determined for each studied well
(W) during the 17 months.

Month W1 W2 W3 W4 W5 W6 W7

Aug/XX 14.5 ± 1.2 24.6 ± 15.5 8.62 ± 2.04 9.03 ± 3.05 9.94 ± 3.32 6.72 ± 0.52 35.2 ± 15.4
Sep/XX 27.5 ± 4.2 32.7 ± 20.0 8.28 ± 7.06 43.6 ± 2.04 4.80 ± 3.59 18.0 ± 1.0 52.3 ± 42.3
Oct/XX 63.5 ± 5.9 86.4 ± 46.1 46.7 ± 3.3 48.1 ± 3.2 23.3 ± 8.5 63.8 ± 43.2 87.9 ± 27.6
Nov/XX 116.3 ± 27.0 181.6 ± 21.5 94.9 ± 9.5 115.1 ± 26.8 93.9 ± 46.6 157.6 ± 1.6 240.4 ± 20.3
Dec/XX 356.9 ± 50.9 333.0 ± 106.1 516.4 ± 168.6 637.0 ± 62.2 344.0 ± 136.2 249.9 ± 122.2 569.6 ± 90.8
Jan/YY 1031 ± 76 2479 ± 167 1060 ± 73 942.5 ± 79.7 925.9 ± 131.4 1949 ± 76 1971 ± 14
Feb/YY 534.2 ± 37.0 867.6 ± 191.8 601.1 ± 39.8 506.6 ± 63.2 553.8 ± 26.3 1207 ± 41 1791 ± 153
Mar/YY 327.1 ± 150.0 365.0 ± 43.8 350.1 ± 36.6 396.4 ± 16.8 404.6 ± 0.4 474.3 ± 5.12 521.0 ± 17.1
Apr/YY 152.0 ± 24.1 265.1 ± 58.0 247.5 ± 56.5 338.9 ± 14.4 337.7 ± 39.2 336.5 ± 65.3 433.7 ± 33.3
May/YY 71.8 ± 17.0 199.1 ± 14.8 129.9 ± 62.7 186.4 ± 62.2 184.0 ± 76.1 144.1 ± 9.4 282.0 ± 98.2
Jun/YY 34.3 ± 13.8 106.6 ± 14.2 41.3 ± 3.0 96.6 ± 0.6 79.5 ± 16.8 27.6 ± 17.6 84.8 ± 2.98
Jul/YY 20.4 ± 3.0 66.2 ± 27.8 27.0 ± 1.8 49.9 ± 9.4 22.4 ± 0.5 9.44 ± 1.53 57.1 ± 7.3

Aug/YY 14.5 ± 1.1 24.6 ± 12.6 8.62 ± 1.7 9.03 ± 2.5 10.0 ± 2.8 6.72 ± 0.42 35.2 ± 12.6
Sep/YY 52.3 ± 4.2 30.1 ± 12.2 25.9 ± 20.8 46.9 ± 4.9 6.53 ± 5.0 11.4 ± 7.9 11.8 ± 7.7
Oct/YY 87.9 ± 2.8 74.9 ± 29.9 47.4 ± 19.4 95.4 ± 57.9 35.0 ± 13.6 43.6 ± 34.2 63.8 ± 43.2
Nov/YY 240.4 ± 20.3 148.0 ± 42.6 105.0 ± 20.1 171.2 ± 71.2 94.4 ± 27.5 125.7 ± 45.6 157.6 ± 1.6
Dec/YY 569.6 ± 90.8 295.0 ± 80.9 426.7 ± 146.6 610.1 ± 150.6 405.2 ± 119.8 222.0 ± 86.3 399.9 ± 89.9

Average * 218.5 ± 275.3 328.2 ± 591.1 220.3 ± 289.1 253.1 ± 275.1 207.9 ± 256.1 297.2 ± 516.7 399.7 ± 586.9
Minimum 14.5 24.6 8.28 9.03 4.8 6.72 11.8

Median 87.9 148 94.9 115.1 93.9 125.7 157.6
Maximum 1031 2479 1060 942.5 925.9 1949 1971

* Average value per well.

The copper mean monthly concentration through time and its relation of its logarith-
mic base to the pluviometric index are represented in Figure 7A,B, respectively. Analyzing
Figure 7A, it can be observed that the copper concentration in the aquifer increases sig-
nificantly during the month with higher rainfall intensity. After its concentration peak,
the reduction of copper presence in groundwater is gradual and concomitantly with the
pluviometric index. Its residence time or memory effect in the aquifer is around 5 months
approximately. Through Figure 7B it is possible to observe that the copper concentration
in groundwater is directly proportional to the pluviometric level. This behavior indicates
strongly that the greater source of copper in groundwater is originated out of the aquifer.
It is known that the recharge time can be around days to years depending directly on the
hydrogeology properties of the aquifer and of the levels of direct recharge areas. Through
the copper variability characterization in groundwater (see Figure 7B), the present study
points out that the response of the aquifer’s recharge in function of rainfall regime is
between 1–2 months, given that the magnitude of the maximum copper concentration is
reached after the first period of rainfall. This result corroborates studies of the water table
monitoring facing correlations to the pluviometric level in the region [26].



Water 2021, 13, 1450 13 of 18

Figure 7. (A) Average temporal evolution of average copper concentration (n = 7) and the pluviomet-
ric levels (n = 39) in accordance with the seasonal period. The red short-dash-dot curve corresponds
to the trend curve of the variability of cadmium concentration in the aquifer during the 17 months of
study. (B) Normalized flow of copper concentration (black circle) and pluviometric index (red circle)
throughout the sampling period. The results are presented as the mean value of 3 point.

Applying the boxplot diagram (Figure 8) to the copper concentration variability
for both pluviometric periods, it is observed more clearly the pluviometric influence
when the higher copper concentrations happen during the rainy season (October through
March) and its reduction during the dry season (April through September). Differently
from the data obtained for cadmium and lead during the dry season, all wells presented
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outliers concentrations, which contributed to a higher asymmetric distribution of the
data (Figure 8A). This adverse characteristic is related to the beginning of the dry season
(April, May and June) when the copper concentration is still relatively high in the aquifer.
Through Figure 8B that represents the rainy season, the concentrations magnitudes are
about 5 times higher in comparison to the dry season mean. From this observation, it is
presented in the item “Conclusion” an analysis of the possible causes of the increase in its
concentration during the rainy season. Analyzing the dataset, wells W2, W5, W6 and W7
are the ones that present the higher concentration variability during the rainy season. With
the mean monthly pluviometric index values, pH and Cu2+ concentration, it was verified
the dependence degree of these parameters through Pearson’s test. As shown in Table 8,
there is a strong correlation between the parameters MRI and copper mean concentrations
in groundwater. This conclusion is confirmed through Student’s t-test with a significance
level of 5%, where H0: r = 0 and H1: r 6= 0. Comparing the calculated t value (8.743) to the
critical value for the Student’s t-distribution (±2.131), the calculated t value is out of the
region for the H0 hypothesis to be accepted. Thus, we can conclude that there is enough
evidence that the parameters of Cu2+ concentration and mean monthly pluviometric index
are correlated.

Table 8. Pearson correlation coefficient matrix for monthly rainfall index (MRI), copper(II) concentra-
tion and pH values for 17 months.

MRI Mean Cu Mean pH Correlation R2 n

MRI 1 12
Mean Cu 0.80274 1 strong 0.6444 17
Mean pH 0.03187 0.58840 1 weak 0.3462 17

As for the relation between Cu2+ concentration and the groundwater pH, the Pearson
coefficient value obtained shows that there is a moderated correlation. This conclusion
is confirmed by the obtained t value (3.486) being higher than the critical value for the
Student’s t-distribution (±2.131), indicating that the calculated t value is out of the region
for the H0 hypothesis to be accepted. Thus, we can conclude that the pH of the aquifer is
influenced by the presence and concentration of Cu2+.
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Figure 8. Boxplot diagram for copper concentration in 7 wells during the 17 months of study. (A) Dry
season and (B) Rainy season. Lines and crosses within boxes represent the median and mean,
respectively. The asterisk corresponds to outlier (atypical values).

3.4. Principal Component Analysis

A Principal Component Analysis (PCA) was employed to determine the discriminant
functions in order to confirm the spatiotemporal variations of chemical elements in ground-
water. Table 9 presents two principal components (PC) that obtained the most significant
percentage of variability (totalizing 98.3% of the data variability) and the vectors’ values
per parameter.
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Table 9. Retention of data variability for the CP1 and CP2 axes and the relationships between
cadmium, lead and copper concentrations.

Variable
Cumulative: 98.3%

Coefficient of CP1 (82.2%) Coefficient of CP2 (16.1%)

[Cd2+] 0.60925 0.34847
[Pb2+] 0.60657 0.37380
[Cu2+] −0.51077 0.85956

The criterion employed in this kind of analysis was the evaluation of the weight of the
variable associated with a component. Weights above 0.7 are indicative of strong associ-
ation; for values between 0.5–0.7, the variable is considered to be moderately associated;
weights inferior to 0.5, the variable has a weak association to the component [27]. The
first component (82.2%) is associated with a positive moderate variance for cadmium and
lead during the dry season. In the same component, the copper variability presented a
negative and moderate association for the same period. The second component (16.1%)
was strongly associated solely with copper, which can be interpreted as the influence of
the rainy season. According to a visual interpretation of the bidimensional representation
of the two first principal components (Figure 9), the influence vectors are identified into
two groups, as evidenced previously in the exploratory statistics analysis. The variable
of copper concentration was close to CP2 axis, showing that the months of January and
February (months of the highest pluviometric levels) present high correlations.

Figure 9. Graph of PC1 and PC2 weights for the three observed variables (Cu2+; Cd2+; Pb2+).

Contrastingly, cadmium and lead are more representatives to the CP1 axis, where we
can observe that the vectors are equivalent and that the concentrations of these elements
are correlative to the months of lowest pluviometric index (July through September). The
acute angle of the vectors’ points to a high correlation between the two variables.
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4. Conclusions

The results obtained through exploratory statistics in cadmium, lead and copper
concentration variability provided some information about the processes that control the
chemistry of groundwater in the study area. Cadmium and lead ions showed high concen-
trations in the low pluviometric index period, which can be reintroduced in groundwater
through natural interaction water-mineral. During the dry season, the water table becomes
lower and more constant [28], causing the phenomenon of concentration of these elements.
In our research group, we have been studying the emanation of radon gas and its correla-
tion to lead in soil in the region [29]. The presence of radon in the subsoil is an indication of
alkaline igneous rocks and feldspathoids that present minerals with the content of uranium
and that the lead in the aquifer is originated from radioisotopes generated in the series of
radioactive decay of uranium.

The seasonality of copper in the aquifer was different and contrary to the results
previously observed. The copper concentration increased exponentially in months that
have the highest pluviometric level in the region and it decreases gradually during the
months that follow the maximum peak in concentration. To analyze possible sources
of copper in groundwater, reference materials about aquifer contamination correlated
to economic activities and the land usage and occupation were consulted. Due to the
observed characteristics, copper comes from a diffuse source originated by agricultural
activity. The diffuse sources are characterized by presenting a wide area of contribution,
deriving from activities that deposit pollutants sparsely, reaching bodies of water only
in an intermittent way, associated with rainy periods [30,31]. The increment in copper
concentration in groundwaters may have an origin in the leaching of agricultural chemicals
through rainfall. The main economic base of the region is agribusiness, where it is most
prominent the cultivation of sugar cane and yam. Agricultural inputs or subproducts
employed with a corrective or nutritional purposed for both sugar cane and yam crops
are copper salts-based [32]. Since we have no evidence of the contribution of the chemical
elements of rain, further research should be done in the future to determine the composition
of rain in the region and understand the contribution seasonal to underground water.
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