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Abstract
The presence of emerging contaminants, including caffeine, in groundwater can represent an anthropogenic contamination that can impact
human health. The present research aims to use caffeine as a wastewater pollution marker of shallow groundwaters in the peri-urban area of
Campinas/SP. For a better evaluation of caffeine as an anthropogenic marker, more conventional markers were also analyzed, such as Cl-, NO3

-,

K+, B, NH4
+, NO2

- and DOC, and physicochemical parameters such as pH, Eh and EC. Two samplings campaign were done, the �rst in April (wet
season) and the second in August 2019 (dry season), where 18  domestic wells, one sample from the river and one sample from an abandoned
meander were selected points to collect water for physicochemical analysis. Nine wells and an abandoned meander waters were selected for the
analysis of caffeine. Results show correlations between NO3

- and Cl- indicating apport of domestic septic tanks sewage in groundwater. Caffeine,
however, was detected in three samples and quanti�ed in one during the wet season and was detected in two samples and quanti�ed in one
during the dry season. In the area, caffeine and nitrate have opposite behavior due to reducing conditions of the environment. The study area is
rich in dissolved organic carbon, so the conditions for caffeine conservation are not ideal, because it degrades rapidly in groundwaters rich in
bacteria and organic matter. Even in this scenario, caffeine was detected in groundwater in the study area, providing unambiguous evidence of
anthropogenic pollution of the phreatic aquifer.

1. Introduction
Over the past few decades, the pharmaceutical personal care products (PPCPs) including the caffeine, have been detected in the aqueous
environment worldwide. They are new products or chemicals without regulatory status and whose effects on environment and human health are
unknown (Deblonde et al., 2011). PPCPs may enter the aqueous environment directly or indirectly through anthropogenic activities such as
sewage discharge, livestock breeding, fertilizing and land�ll leachate (Sui et al., 2015).

Shallow aquifers are especially vulnerable to PPCP’s because of their high hydraulic conductivity and the lack of con�ning layers allowing the
in�ltration of on-site domestic sewage (Schaider et al., 2014). Caffeine and other PPCP’s are unique to human use and provide a relatively
unambiguous source identi�cation of septic system discharge (Nitka et al., 2019).

Caffeine (C8H10N4O2) is a xanthine alkaloid compound, a PPCP from the stimulant group and is widely used as a psychoactive drug in the world.
To date, research concerning the occurrence and transformation of PPCPs including caffeine in water matrices focus mainly the surface water
and wastewater, in which higher concentrations of PPCPs have been identi�ed (Chen et al., 2002; Daughton and Ternes, 1999; Knee et al., 2010;
Li et al., 2020; Linden et al., 2015; Sharma et al., 2019; Yu et al., 2006). Only recently researchers began to study the contamination of
groundwater by PPCPs in general, and caffeine in particular (Buerge et al., 2003; Knee et al., 2010; Seiler et al., 1999).

Caffeine can enter into the domestic wastewater through human urine or household plumbing as it is present at an average amount of
approximately 360 mg/L in coffee, tea and soft drinks as a stimulant (Buerge et al., 2003; Sui et al., 2015). In surface waters, caffeine is
becoming one of the most used tracers for identi�cation of anthropogenic contamination (Buerge et al., 2003). However, concerning groundwater,
caffeine can function as a discharge indicator only in certain circumstances where biodegradation is not signi�cant, as it degrades rapidly in
bacteria-rich groundwater (Knee et al., 2010).

Similar to nitrate, chloride, potassium, boron and other inorganic elements, caffeine has been widely used as conventional markers for
groundwater contamination in several studies (Huan et al., 2020; Lapworth et al., 2017; McCance et al., 2018; Samatya et al., 2006; Schaider et
al., 2016, 2014). It can also be a potential chemical marker of contamination from domestic wastewater because it is clearly from anthropogenic
origin (Koroša et al., 2016; Seiler et al., 1999), and it has become a common and powerful method in assessing an anthropogenic impacts in
groundwater (McCance et al., 2018; Schaider et al., 2016).

Edwards et al. (2019) showed that caffeine was detected in groundwater seasonal sampling campaigns and concluded that groundwater was
being contaminated by in�ltration of wastewater into the aquifer. In contrast, in another study, caffeine was not detected in any groundwater
samples presumably due to the microbial degradation in the septic system or within the soil pro�le, vadose zone, and/or underlying groundwater
(Yang et al., 2017a).

In principle, the bioavailability of organic markers is largely controlled by sorption processes, which are associated with the physical-chemical
properties of contaminants, such as molecular structure, water solubility, hydrophobicity and the type of soil (Karnjanapiboonwong et al., 2010;
Laws et al., 2011).

The present work intends to use caffeine as an indicator of contamination of shallow groundwater by domestic septic tanks, as well as nitrate,
chloride, boron and potassium in the peri-urban area of   Campinas / SP, Brazil.

2. Study Area
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The study area is located in the north portion of Campinas municipality, in the state of São Paulo, Brazil, between the coordinates UTM
7484800N to 7484200N and 286700E to 287500E (Datum: Sirgas 2000, Zone 23S). It lies 34 km away from the city center, (Fig. 1). It borders
Jaguariuna (N) and Paulinia (NW) municipalities and has an area of approximately 0.5 km². It is situated on the left margin of Atibaia river’s
alluvial plain where many allotments and small villages of country houses are located. The water supply comes from domestic hand dug wells
and deep tubular wells, and the sewage is collected and discharged to septic tanks and cesspools (Muraro et al., 2019).

3. Climate, Geology And Hydrogeology
According to the Koppen classi�cation, the Campinas has humid subtropical climate (Cwa), with rainy summers (January, February and March)
and dry winter (June, July and August). The precipitation average of Campinas is of 1,404.2 mm/year, with the highest precipitation in January
(273 mm) and the lowest in August (31.4 mm); the average temperature is 22.4 oC, the highest average being of 25.3 oC in February and the
lowest being 18,5 oC in July (CEPAGRI, 2021).

The alluvial plain lies over rocks of the crystalline basement and the Paraná sedimentary basin. The crystalline basement presents Proterozoic
igneous and metamorphic rocks of the Itapira Complex and granites of Morungaba and Jaguariuna Suites that outcrop to the east portion of the
study area. The permo-carboniferous sedimentary rocks of the Itararé Subgroup are located in the northwest and southwest portions of the area.
They are medium to thick sandstones, massive diamictites, sand-silt-clayey or silt-clayey lamites and ritmites. Diabase dykes and sills (Jurassic -
Cretaceous) occur in the south part of the area (Geological Institute, 2009). The most recent sediments are composed by alluvial and colluvial
deposits (Cenozoic covertures). These sediments are unconsolidated, varying from thin to thick sand, silt-clayey sediments (with �ne or very �ne
micaceous sand lenses), clays and silts, forming the plains of Atibaia river (Geological Institute, 2009; Muraro et al., 2019; Yoshinaga-Pereira and
Silva, 1997).

Concerning hydrogeology, the alluvial plain is a phreatic, anisotropic, discontinuous aquifer of small extension, with shallow water level and high
permeability. The plain receives water from super�cial runoff from the slopes, from rainfall (direct runoff and aquifer recharge) and from Atibaia
river (Muraro et al., 2019).

4. Materials And Methods
4.1 Registration and Sampling

Forty-six hand dug wells were registered in the study area by Alencar (2021). Eighteen of these wells were selected water sampling in two
seasonal campaigns - April/2019, rainy season, and in August/2019, the dry season. One sample was also collected from the river and one from
the lake of an abandoned meander in each campaign. These samples were tested for the following hydrochemical parameters (pH, Eh, Cl-, NH4

+,

NO2
-, NO3

-, K+, B, dissolaved organic carbon - DOC).  Nine out of the eighteen wells were selected for caffeine analysis. One sample was also
collected from the lake in the abandoned meander. The selection criteria were based on a pre-evaluation of contamination suspicion due to the
precariousness of constructive characteristics (domestic well and septic tank), including the conditions around the well and the distance between
the wells and septic tanks. The location of the sampling points is presented in Figure 1.

The sampling procedures, including cleaning, �ltering, preservation and transport, followed the standards proposed by APHA (2005). 

The water samples were collected using disposable bailers, one for each well. Water samples for cations and anion determinations were
immediately �ltered in the �eld using a 0,22 µm polyester membrane �lter and placed in polyethylene bottles of 60 ml. Water sample for DOC
determination was also �ltered in the �eld using 0,22 µm polyester membrane �lter and placed in amber glass bottles of 30 ml. For caffeine
analysis, waters were stored in PET bottles of 1L and vacuum-�ltered in vacuum in the laboratory using polyethylene �lters with pore size of 0,22
µm and 1L Erlenmeyer �ask. All water samples were immediately preserved in the �eld after the �ltering process in a 4ºC temperature. For cation
analysis the samples where acidi�ed (1% v/v ultrapure HNO3) for preservation.

4.2 Major and Minor Ions Laboratory Analysis

The analysis of cations was performed by mass spectrometry with inductively coupled plasma (ICP-MS) using a device model XSeriesII
(Thermo) equipped with CCT (Collision Cell Technology) and according to 6020B method proposed by USEPA (2014). The Multi N/C 2100
Carbon Analyzer (Analytik Jena) analyzed Dissolved Organic Carbon (DOC) according to the method ISO 8245 (1999). Both analyses were
performed in the laboratories of Isotope Geology and Geochemistry of the University of Campinas (UNICAMP).

The anions chloride, nitrite and nitrate (Cl-, NO2
- e NO3

-) and the cation ammonium (NH4
+) were analyzed by Ionic Chromatography (Dionex ICS

2500) technique, according to EPA 300.0 — 300.1 method (USEPA, 1993). The analyses were done in the Laboratory of Hydrogeology and
Hydrochemistry of São Paulo State University (UNESP).
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4.3 Caffeine Determination

Caffeine was analyzed in the laboratory of IEBRAM Institute, using High Performance Liquid Chromatography technique (HPLC), according to the
method proposed by Hillebrand et al. (2012). The chromatograph equipment (Shimadzu) constitutes of a degassed (model DGU-20A5) and a
isocratic pump (model LC-20AT) automatic injector (model SIL-20A), one column of reverse phase C18 (model Luna® 5 µm C18 100 Å, LC
Column 150 x 4.6 mm) The mobile phase was of MeOH:H2O (60/40) (v/v) and the UV-visible detector (model SPD-20A) was adjusted to 272 nm
(Maria and Moreira, 2007). All the reagents used during the chromatographic procedure were of high purity grade (HPLC grade). For the quality
control and to guarantee reliability of the results, the analysis was carried out in triplicates. All the samples were �ltered twice using the cellulose
ester �ltering membrane, �rstly with 0,45 μm and secondly with 0,22 μm of pore size (Millipore). 

The compound identi�cation was done by comparing the retention time of the samples with patterns or with the calibration curve. The
quanti�cation was done through an external standardization. The pattern curve was constructed with 6 points in which the concentrations varied
from 1 to 15 μg/mL of caffeine. The percentage of each analyte in the sample was calculated using equation 1:

       (1)

% de analyte = (μg of analyte x 100)/(g of sample x10000)

4.4 Data analysis

Data was analyzed using computer programs as ArcGis® v. 10.6 for maps using spatial statistical analyst module and kriging interpolation
technique and XlStat® v. 2021.2  for statistical analysis

5. Results And Discussions
The hand-dug wells in the study area have an average of 4.2 meters depth, and 1.0 to 1.2 m diameters. They have a circular concrete lid,
exception for wells P31 and P39 that have improvised lids with roof tiles and sheet metal (Alencar, 2021). 

The domestic septic tanks area made by bricks and cement, out of the standards recommendations of the United States Public Health Service
(1975). The depths of the septic tanks have an average of 1.8 m and distances between wells and nearest septic tanks vary from 8.6 to 50 m.
Only two septic tanks did not comply with the minimum distance of 15 m between wells and septic tanks, as recommended by United States
Environment Protection Agency. (Ananth et al., 2018; USEPA, 2002).

5.1. Groundwater Flow

The hydraulic heads measured in the sampled wells in the rainy season (Figure 2a) and dry season (Figure 2b) reveal small variations of
hydraulic heads during the year.

The groundwater �ow net is topography controlled (Figure 2) showing northeast and southeast �ows, towards Atibaia river and to lower areas.
 Groundwater discharges to the Atibaia river (north area) and to an area with paleo meanders (south area). In this paleo meanders area, the
groundwater is �owing from east to west area, also discharging in the Atibaia river. 

5.2.   Inorganic Parameters and Caffeine

The results of 11 physical-chemical parameters (pH, Eh, EC, Cl-, NH4
+, NO2

-, NO3
-, K+, B e DOC) analyzed in a total of 40 samples, and the caffeine

analyzed in 20 samples, are shown in Tables 1 and 2. 

The pH varied from 4.94 to 7.41 in the rainy season, and from 5.63 to 7.57  in the dry season, corresponding to shallow conditions and a short
residence time (Freeze and Cherry, 1979; Hem, 1985), probably associated with the decomposition of organic matter (Mokhtar et al., 2008). 

During the wet season the highest values of pH were in the central and south portion of the area. In the dry season, the highest values were in the
central and east sections. The lower pH values are situated mainly at west portion of the area in both periods (Figure 3).

The Eh varied from 150.83 to 348.91 mV in the wet season, and 166.06 to 381.53 mV in the dry season, suggesting a reduced and anoxic aquifer
environment (Figure 4).  According to Landon et al. (2011), the anoxic conditions in areas with shallow depths of water tables can occur due to
the recent water recharges that contain a high amount of organic carbon as an electron donator, resulting from interactions of the shallow water
table with soil.
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The Eh maps (Figure 4) show the distribution of the lowest Eh values in the south-southeast portions of the study area in the two sampling
periods. 

The pH and Eh maps indicate the existence of two different reduced environments: (a) northeast to west area (low pH and higher Eh) –
occurrence of natural levee, and (b) south portion (high pH and lower Eh) is a swampy area, presenting lower elevation of the alluvial plain, with
abandoned meanders, outcropping water table and high contents of organic material.  

Chloride varied from 1.02 to 34.4 mg/L in the rainy season, and 1.17 to 52.50 mg/L in dry season. Chloride is a traditional wastewater marker,
but also be related to the contribution of meteoric water recharge (Ibrahim et al., 2019; Kawo and Karuppannan, 2018). 

NH4
+ was detected in four samples in the wet season (<0.05 to 4.98 mg/L), and in �ve samples during the dry season (<0.05 to 15.7 mg/L). No

maximum values were proposed by World Health Organization (WHO, 2017). The European Union, however, established 5 mg/L as the maximum
value permitted for NH4

+ (Di Lorenzo et al., 2014); thus groundwater sample P04 in the rainy period, and P04 and P31 in the dry season show

values of NH4
+ above the permitted value. Nitrite (NO2

-) was detected in only two samples during the rainy season and three samples during the
dry season, below the maximum permitted value of 3 mg/L (WHO, 2017). 

Nitrate (NO3
-) varied from <0.04 to 60.40 mg/L during the wet season, and <0.04 to 42.60 mg/L in the dry season. NO3

- has been widely used as a
contamination indicator of groundwaters in different studies (Huan et al., 2020; Lapworth et al., 2017; Samatya et al., 2006). In three wells of the
study area the contents of NO3

- were close or above the maximum value permitted for potability (50 mg/L or 10 mg/L N-NO3
-, WHO, 2017); and 4

wells presented nitrate contents above 20 mg/L (5mg/L of N-NO3
-) indicating anthropic contamination (WHO, 2017). 

Higher nitrate concentrations were detected in P46, P29, P14 and P11 in the wet season and P31, P29 and P10 in the dry season, indicating a
contamination source. The abandoned meander water sample presented lower concentration of NO3

- , and it can be associated with the loss of
some total nitrogen by denitri�cation or assimilation with organic nitrogen, in reducing environment (Schaider et al., 2016).

Potassium (K+) varied from 0.75 to 16.01 mg/L in the wet season, and from 0.77 to 9.85 mg/L in the dry season. In natural waters, it has a
strong tendency to be reincorporated especially in certain clay minerals (Hem, 1985). The presence of potassium in domestic e�uent can be a
result of consumption of foods or from cleaning and disinfecting products (Arienzo et al., 2009).

Dissolved Organic Carbon varied from 0.63 to 7.7 mg/L in the wet season, and from 0.55 to 9.40 mg/L in the dry season, indicating an
occurrence of dilution in the wet season. 

Boron varied from 2.6 to 24.9 μg/L in the wet season, and 0.06 to 17.63 μg/L. Boron can be authigenic, or can come from soaps and detergents
wastewater due to its conservative propriety in groundwater (Barber et al., 1988; Schaider et al., 2014; Schreiber and Mitch, 2006).

Caffeine was detected (Detection Limit = 0.23 μg/L) in four samples of the wet season (P07, P12, P46 and Meander) and in three samples of the
dry season (P07, P46 and meander). Moreover, only the concentration of the water sample from the abandoned meander reached the
quanti�cation limit (QL = 0.7 μg/L) showing values of 0.87 μg/L and 1.16 μg/L for rainy and dry seasons, respectively. This lowest contents of
caffeine during the wet season can be associated with the dilution process.

The presence of caffeine in groundwater samples shows an in�ltration of residual domestic waters (Edwards et al., 2019). Most sampling points
with detectable caffeine levels have relatively low values of nitrate, and higher values of K+, B and DOC, and are found in the west and southeast
regions of the study area.

The absence of caffeine in the majority of the monitored domestic wells is consistent with the results obtained by Godfrey et al, (2007); Nitka et
al., (2019); Schaider et al., (2014); Seiler et al., (1999), con�rming the association of low levels of caffeine in groundwaters with a fast
degradation, or in circumstances where the biodegradation is not signi�cant (Knee et al., 2010). Godfrey et al., (2007) suggest that the physical
(sorption) and biological processes (microbial degradation) active in the vadose zones are responsible for the absence or lower concentration of
caffeine and PPCPs in shallow groundwaters. 

Swartz et al. (2006) studies showed preferential loses of caffeine along the most oxic �ow lines. The intensive degradation of caffeine can occur
inside an anaerobic septic system or in an environment with aerobic lixiviation (Seiler et al., 1999). 

Albaiges, Casado & Ventura (1986) add that the low values of caffeine can undergo dilution of leachates by the in�ltration of non-polluted
groundwaters, or simply removal by degradation or adsorption in the aquifer. Godfrey et al. (2007); Yang et al. (2017a) also attributed this low
caffeine concentrations to the transport processes and transit time. 
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The Figure 5 (a,b) shows the spatial distribution of ions NO3
- and caffeine. The higher concentrations of nitrate are evident in the west and east

regions during the wet season and in the east area in the dry season, Chloride presented similar NO3- behavior. 

Caffeine was not quanti�ed in samples that had a high concentration of chloride and nitrate. However, caffeine was detected in the west portion
area. The concentrations determined in the meander water suggest anthropogenic pollution. 

Figure 6 (a, b) presents the spatial distributions of DOC and caffeine; K+ and B showed similar spatial distribution in wet and dry season, with
higher values in the central and south region and lower values in the north area. Similarities in the spatial distribution of these parameters can
indicate transport in the same relative speed (Barber et al., 1988). The interaction of caffeine with DOC in the vadose zone can in�uence its
transport (Yang et al., 2017b). 

5.3. Correlations and bi-variate plots between Inorganic Parameters

Tables 3 and 4 are shown the Pearson correlation matrixes with signi�cance levels of 5% (p < 0.05) calculated for 19 samples of wet season and
20 samples of dry season. Parameters pH, Eh, EC, chloride (Cl-), nitrate (NO3

-), Potassium (K+), DOC and Boron (B) were considered for this
analysis. Caffeine was not included in the correlation matrix due to the low concentrations. 

NO3
- showed correlation with EC in the dry season, but no correlation was observed in the wet season (Table 3 and Figure 11a), due to dilution of

groundwaters during the rainwater recharge. NO3
- presented a positive correlation with Cl- in the dry season and wet season (Tables 3 and 4,

Figure 7b), suggesting that both elements are being simultaneously added to groundwater, from domestic sewer sources (Ismail et al., 2020;
Reddy, 2013). Although the nitrate values do not reach the potability standards in most of the samples and chloride seems to show low
concentration values, the correlation between chloride and nitrate is signi�cant. The septic systems offer nitrogen continuously to groundwaters,
generating seasonal variations in the concentration of nitrate and in the mixing rate with groundwaters (Nitka et al., 2019). The high
concentrations of NO3

- detected in the area suggest that the septic systems are the main source of NO3
- in groundwaters (Schaider et al., 2016).

The rate B/Cl- (Figure 7d) can be used for understanding the origin of B in water resources (Dotsika et al, 2006; Rodriguez-Espinosa et al., 2020).
The slightly correlation with Cl- during dry season and no correlation with NO3

- (tables 3 and 4), suggests origin of B from meteoric water and
fresh water (Dotsika et al., 2006).  

The positive correlations between B and K+ and K+ and DOC (Tables 3 and 4, and �gures 8a and 8b) can be attributed to the partial dissolution of
potassium feldspar and its association with authigenic boron (Rodriguez-Espinosa et al., 2020). 

EC showed no correlation with DOC in the wet season and positive in the dry season (Table 4 and Figure 8d). The contents of DOC in relation to
the meander area, rich in organic matter, are product of the biota living there.  

5.4. Relationship between caffeine and other parameters. 

Caffeine was detected in wells P07, P12, P46 and meander in the wet season, and in wells P07, P46 and meander in the dry season. They are
situated in the west portion of the study area and have bad constructive characteristics, precarious septic tanks nearby and poor sanitation
conditions in their surroundings. In the abandoned meander water during the dry season, the value of caffeine is higher than in wet season, and
the Eh is lower.  

It shows that the biodisponibility of caffeine is also widely controlled by sorption processes that are associated with the physicochemical
properties of the contaminants, type of soil (Karnjanapiboonwong et al., 2010; Laws et al., 2011), and the volume of sewer discharge.
Karnjanapiboonwong et al., (2010) suggests that the adsorption behavior of caffeine is hard to predict simply based in the type of sorbent,
considering that caffeine possess a high-water solubility (2.16×104 mg/L a 20 oC; low Kow). 

In relation of the four samples in discussion (P07, P12, P46 and Meander), the reducing environment and the presence of organic matter can
favor the presence of caffeine in detectable levels (Schaider et al., 2016). On the other hand, this environment is rich in organic matter and
bacteria and favors the biodegradation processes of caffeine. It stands out, however, that the tendencies are not conclusive due to the fact that
concentrations were bellow analytical quanti�cation limit for caffeine.

In all 20 monitored wells in the study area, nitrate showed lower contents in the four wells with detectable levels of caffeine (with the exception of
P46, which showed nitrate values of 60.4 and 11.2 mg/L for wet and dry seasons respectively) and relatively higher values in the wells with non-
detectable caffeine concentrations. The higher values of NO3

- suggests the septic systems are the main source of NO3
- in groundwaters of the

study area (Schaider et al., 2016). 
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The presence of low levels of caffeine in the groundwaters containing high concentrations of nitrate does not discard the possibility that the
residual domestic waters are a source of contamination. The rapid degradation of caffeine in groundwater can justify the absence of this
substance in the aquifer. The detection of caffeine can indicate the aquifer recharge by residual domestic waters, even when nitrate is not present
in the water (Seiler et al., 1999).

In this study, the low caffeine concentration (above the quanti�cation limit) in groundwater and water samples (abandoned meander and
domestic wells) can be related to a (bio)degradation processes in presence of DOC concentrations, which is found in higher concentrations. The
reduced environment is favorable to the caffeine presence in waters. However, the biodegradation of caffeine is fast in tropical climate alluvial
plain, in environments like swamps and marbles, rich in organic material and bacterial �ora. 

6. Conclusions
In groundwaters, caffeine can work as a marker of pollution only under certain circumstances where the biodegradation is not signi�cant,
because it degrades rapidly in groundwaters that are rich in bacteria and organic matter. In the study area, caffeine did not constitute an
adequate tracer for contamination studies of groundwater by septic wells because the area is swampy and has high DOC concentrations, an
environment where caffeine is likely to undergo rapid degradation.

Despite this fact, caffeine was detected in groundwater and in the lake of an abandoned meander in the alluvial plain of the Atibaia river.
 Considering its high speci�city to human origin, this is a clear evidence of pollution via domestic sewers wastewater. The reducing environment
in the meander and in the swampy region can be the responsible factors for the detection of caffeine in wells with low nitrate concentrations.

In other places in the studied area, Cl- and NO3
- concentrations indicate pollution in areas with densi�cation of septic tanks and poorly built

wells.. Potassium and boron were not related to pollution in this case.
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Table 1: Inorganic Parameter Results for 20 samples and caffeine for 10 samples analyzed in the wet season

Samples pH Eh
(mV)

CE
(μS/cm)

Cl-
(mg/L)

NH4
+ (mg/L) NO2

-(mg/L) NO3
-(mg/L) K+

(mg/L)
B
(ppb)

DOC
(mg/L)

Caffeine
(μg/L)

 

P01 6.09 220.51 120 8.04 0.55 0.01 0.02 2.24 8.88 2.8 -  

P04 6.14 267.65 220.1 21.8 4.98 0.01 0.88 3.46 7.49 2.4 <0.23  

P07 6.68 307.43 294.1 9.04 0.025 0.01 2.92 4.41 11.3 1.5 0.43  

P11 5.31 329.5 126.6 16.1 0.025 0.01 17.6 4.42 9.51 0.69 -  

P12 5.8 322.76 277.6 17.7 0.37 0.01 11.9 8.00 12.65 2.4 0.33  

P14 5.13 339.42 113.6 15.1 0.025 0.01 23.6 2.32 3.76 0.63 -  

P16 6.27 267.05 199.7 17.2 0.025 0.01 0.02 2.89 7.62 1.7 -  

P18 5.71 334.2 144.2 16.8 0.025 0.01 12.3 3.84 5.44 1.4 <0.23  

P19 5.73 307.47 138.6 11.6 0.025 0.01 10.9 2.07 6.20 0.97 -  

P27 6.14 257.72 218 25.4 0.43 0.01 4.58 2.15 4.34 2 <0.23  

P28 6.52 150.83 197.1 2.53 1.21 0.01 0.02 3.01 6.33 3 -  

P29 6.59 297.17 409.2 30.1 0.025 0.06 34.5 4.86 18.4 1.2 <0.23  

P31 6.48 298.97 333.4 19.6 0.025 0.01 2.13 2.80 14.4 1.5 <0.23  

P37 5.53 217.87 52 7.62 0.025 0.01 0.02 0.75 2.60 0.76 -  

P39 6.53 189.49 200.4 1.02 0.39 0.01 0.02 2.09 6.69 3.5 <0.23  

P43 5.57 329.49 51.7 6.1 0.025 0.01 0.093 1.62 3.05 0.7 -  

P45 6.99 259.98 410.8 8.85 2.17 0.01 0.02 16.01 24.9 7.7 -  

P46 4.94 348.81 274.4 34.4 0.025 0.01 60.4 3.15 5.34 1.1 0.35  

Meander 7.41 316.81 194.7 8.75 0.025 0.01 0.02 11.00 24.1 5.7 0.87  

River 7.06 309.14 112.6 10.7 0.025 0.4 6.9 5.09 20.1 4 -  

Min. 4.94 150.83 51.7 1.02 < 0.05 < 0.02 < 0.04 0.746 2.6 0.63 <0.23  

Max. 7.41 348.81 410.8 34.4 4.98 0.4 60.4 16.01 24.9 7.7 0.87  

Mean 6.13 283.61 204.44 14.42 0.52 < 0.02 9.44 4.31 10.16 2.28 0.27  

SD 0.67 54.06 103.73 8.78 1.18 0.09 15.25 3.61 6.84 1.82 0.24  

For the calculation of average and standard deviation of the parameters that presented values below LD, half of the respective value of LD
was used. SD=Standard Deviation
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Table 2: Inorganic Parameter Results for 20 samples and caffeine for 10 samples analyzed in the dry season.

Samples pH Eh
(mV)

EC
(uS/cm)

Cl-
(mg/L)

NH4
+

(mg/L)
NO2

-

(mg/L)
NO3

-(mg/L) K+

(mg/L)
B
(μg/L)

DOC
(mg/L)

Caffeine
(ug/L)

 

P4 6.24 245.85 161.6 9.83 11.8 <0.02 <0.04 2.67 5.36 3.1 < 0.23  

P7 7.16 269.52 238.9 8.92 0.58 0.8 4.89 6.44 9.44 3.3 0.57  

P10 5.63 306.27 196.5 20.4 <0.05 <0.02 22.5 2.67 3.65 1.2 -  

P11 5.84 286 80.5 9.15 <0.05 <0.02 6.02 1.67 2.43 1.4 -  

P12 6.15 287.65 182.8 15.2 1.24 <0.02 0.92 4.81 9.06 3.6 < 0.23  

P14 6.14 315.15 90.2 12.3 <0.05 <0.02 15.7 0.85 0.6 0.55 -  

P16 6.58 273.41 175.2 6.06 0.37 <0.02 0.02 3.13 5.54 3 -  

P18 6.53 299.78 113.1 8.98 <0.05 <0.02 1.69 2.43 2.26 1.9 < 0.23  

P27 6.26 166.06 218.1 11.6 1.12 <0.02 <0.04 1.71 2.91 3.3 < 0.23  

P29 6.84 295.44 383.6 37.6 <0.05 <0.02 42.6 2.57 7.63 1.3 < 0.23  

P31 7.16 307.69 543 52.5 15.7 2.03 40.7 9.85 11.28 7.9 < 0.23  

P36 6.37 232.24 310.1 15.7 4.74 <0.02 <0.04 2.64 2.29 3.1 -  

P37 6.46 258.09 68.8 4.53 <0.05 <0.02 0.25 1.32 0.6 0.94 -  

P38 6.81 293.84 68.9 7.53 <0.05 <0.02 10.6 0.77 1.65 0.7 -  

P39 7.19 282.08 123.6 1.17 <0.05 <0.02 1.31 1.64 3.63 3.8 < 0.23  

P43 5.98 381.53 71.1 6.91 <0.05 <0.02 0.4 1.42 0.6 0.94 -  

P44 7.02 291.99 202.6 9.81 <0.05 <0.02 0.55 2.71 3.89 1.6 -  

P46 5.71 295.7 106.6 12.6 <0.05 <0.02 11.2 1.84 0.6 1.1 0.47  

Meander 7.57 281.61 193.1 9.12 <0.05 <0.02 <0.04 9.09 14.26 9.4 1.16  

River 7.08 270.18 109.8 13 <0.05 0.65 11.5 4.26 17.63 3.5 -  

Min. 5.63 166.06 1.17 <0.05 <0.02 <0.04 0.77 0.6 0.55 < 0.23  

Max. 7.57 381.53 52.5 15.7 2.03 42.6 9.85 17.63 9.4 1.16  

Mean 6.54 282.00 181.91 13.65 1.79 <0.02 8.55 3.22 5.26 2.78 0.3  

SD 0.55 40.65 118.95 11.78 4.27 0.49 12.98 2.54 4.85 2.30 0.35  

For the calculation of average and standard deviation of the parameters that presented values below LD, half of the respective value of LD
was used. SD= Standard Deviation. ND=No Data.
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Table 4: Pearson correlation matrix of dry season parameters.    

Variables pH Eh (mV) EC (uS/cm) Cl- (mg/L) NO3
-(mg/L) K+ (mg/L) B (μg/L) DOC (mg/L)

pH 1              

Eh -0.096 1          

EC 0.350 -0.136 1          

Cl- 0.123 0.129 0.868 1        

NO3
- 0.081 0.285 0.639 0.884 1      

K+ 0.583 0.021 0.632 0.501 0.265 1    

B 0.633 -0.083 0.402 0.344 0.237 0.784 1  

DOC 0.625 -0.182 0.524 0.323 0.062 0.888 0.712 1

Bold numbers are signifcant at the 0.05 level (2-tailed)      

Table 3: Pearson correlation matrix of wet season parameters

Variables pH Eh (mV) EC (μS/cm) Cl- (mg/L) NO3
-(mg/L) K+ (mg/L) B (μg/L) DOC (mg/L)

pH 1              

Eh -0.307 1

EC 0.322 0.084 1

Cl- -0.302 0.488 0.567 1

NO3
- -0.497 0.505 0.350 0.723 1

K+ 0.492 0.355 0.323 0.070 0.038 1

B 0.746 0.220 0.431 0.062 -0.025 0.799 1

DOC 0.779 -0.297 0.052 -0.349 -0.373 0.624 0.633 1

Bold numbers are signifcant at the 0.05 level (2-tailed)    
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Figure 1

Location of the sampled wells and geological map in the study area.
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Figure 2

(a) Potentiometric map in wet season (April, 2019); (b) Potentiometric map in dry season (August, 2019).
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Figure 3

Spatial Distribution of pH and caffeine in the study area, (a) Wet season (b) Dry season.

Figure 4

Spatial distribution of Eh e caffeine in the study area, (a) Wet season (b) Dry season.
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Figure 5

Spatial distribution of NO3- and caffeine in the study area, (a) Wet season (b) Dry season.
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Figure 6

Spatial distribution of DOC and caffeine in the study area, (a) Wet season (b) Dry season.

Figure 7

The diagrams show the bi variate plots to determine the trend and relationship between a) NO3- vs EC; b) NO3- vs Cl-; c) NO3- vs K+; d) B vs Cl-.
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Figure 8

The diagrams show the bi variate plots to determine the trend and relationship between a) B vs K+; b) DOC vs K+; c) B vs DOC and d) DOC vs CE.


