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Abstract 
Potentiometric and pluviometric datasets were evaluated to understand the be-
havior of aquifer recharge in the bauxite plateaus in the Porto Trombetas re-
gion, Pará, Northern Brazil. The datasets are originated from three monitoring 
wells and an automatic climatological station. The local groundwater is related 
to the Alter do Chão Aquifer System, which despite being unconfined in valley 
regions, is semiconfined in the plateaus areas. The aquifer recharge occurs by 
direct infiltration and by leakage from the aquitard in the unconfined and se-
miconfined portions, respectively. Precipitation declined by 27% between 2002 
and 2017. The rains accumulated between February and April are the most 
important for the recharge processes since this period is marked by higher ab-
solute precipitation (up to 300 mm/month) and less deviation from the histori-
cal pattern. The recharge measured by the annual fluctuation of the water table 
also declined significantly in the 2010-2016 period. Statistical analysis demon-
strates that in the case of a permanent climate change, expressed by rainfall re-
ducing, the aquifer recharge would diminish at a non-linear rate, which is also 
expected for the base flow rates. In addition, data evaluation reveals that de-
forestation intensely decreases the recharge rates, as observed in the Aviso Pla-
teau mining site. The results demonstrate that the water table fluctuations must 
be considered when modeling Global Climate Changes since the maintenance 
of surface flow rates (springs, lakes and streams) depends on aquifers baseflow. 
The result of the statistical analysis can be also applied to regions where climate 
patterns are strong seasonal, as the Savannah of Central Brazil. 
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1. Introduction 

Groundwater hydrodynamic processes represented by recharge, storage, trans-
mission and aquifers discharge are responsible for regulating surface water sys-
tems [1]. In times of drought, groundwater discharges as subsurface flow, inter-
flow and baseflow, contribute to maintaining the surface water bodies (springs, 
lakes, streams and rivers) [2]. 

Groundwater systems assume strategic importance due to the geological ex-
ploitation potential or surface water interface in the case that the projections 
about Global Climate Change (GCCs) are confirmed [3]. Another important as-
pect of aquifer discharge is related to the quality of water since aquifers are 
represented by geological materials (soil, saprolith, and rock) that play an im-
portant role in functioning as filter [4] [5] [6]. 

Green, T.R. et al. [7], Smerdon, B. D. [8], and Dragoni, W. et al. [9] discuss 
about the potentially negative environmental impacts of the GCCs on recharge 
and base flow rates, as well as on water from the quantitative and qualitative 
point of view. However, these authors are unanimous to indicate the need for 
developing further studies, including a multidisciplinary approach. Zhang, E. et 
al. [10] discuss the water transfer by interflow and baseflow is an important in-
dicator of the vulnerability of water resources to global climate changes. 

In Africa, Anyah, R. O. et al. [11] dealt with the relationship between climate 
change and storage of water resources, which can be either linear or nonlinear, 
depending on the particularities of hydroclimatologic features, hydrological 
subsurface processes and land use activities. Hirata, R. et al. [3] argue that, de-
spite many forecasts pointing out to an increasing rainfall, the distribution pat-
terns are going to be more irregular. The simultaneous evaluation of recharge 
pulses and isolated rainfall events shows that the percentage of what effectively 
becomes recharge varies systematically according to the characteristics of the 
rainfall event [13] [14] [15] [16]. This indicates that the climate change scenario 
can influence significantly the aquifer water supply. Likewise, Nimmo, J.R. et al. 
[15] argue that increasing average intensity of rain events can either increase or 
reduce the rate of recharge, due to fill pre-storm soil water deficit or providing 
runoff facilitation. 

After Hirata, R. et al. [3] concern about aquifers recharge in the North and 
Northeast regions of the Brazil, the Alter do Chão Aquifer System, defined as the 
second groundwater reservoir in the country (after the Guarani Aquifer System, 
[17], should be thoroughly investigated in face of the possibly changing pluvi-
ometric regime in the Amazonia. 

Thematic research involving Amazonia is generally directed to greenhouse gas 
emissions caused by deforestation and slash-and-burn areas conversion, as well 
as to possible changes in the rainfall regime [18] [19] [20]. However, the number 
of studies aimed at investigating the behavior of the water regime in this region 
is still reduced [21] [22], particularly those incorporating the hydrogeology. 

The limitations for obtaining extensive climate data series, the difficulties for 
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establishing future projections for land use, the lack of data on aquifer hydrody-
namics, the complexity of validating prediction models, and the reduced model 
ability for considering the associated interdisciplinary problems culminate with 
high degrees of uncertainty, thus becoming the main obstacles for researching 
the effects of the GCCs on hydrogeology, particularly, on aquifer recharge 
processes [7] [23] [24] [25]. 

In view of the strategic role played by the Alter do Chão Aquifer in the Ama-
zon region and the insufficient research towards integrating hydrogeological and 
climatic studies, this paper aims to describe the aquifer recharge behavior in the 
lateritic plateaus, for a possible changing scenario regarding to rainfall regime. 

2. Hydrogeological and Climate Setting 

The Alter do Chão Aquifer System, related to the homonymous geological for-
mation, is an important component of the Hydrogeological Amazonas Province 
[26], with approximately 300.000 km2 outcrop area, partially located in the States 
of Pará, Amazonas, and Amapá ([27] [28] [29]. It consists of an exposed area 
that continues underground to the West, under the Içá and Solimões formations 
[30]. The Alter do Chão Formation is represented by the fluvio-lacustrine and 
fluvial deposits of Cenozoic age [31], consisting of medium to coarse sandstone 
with clay fragments, medium to coarse caulinitic sandstone, fine sandstone, 
massif mudstone interbedded with thin to medium sandstone and mudstone. 
The thickness varies from tens to hundreds of meters up to 600 meters in the 
depositional centers [32] [33] [30]. 

The hydrogeological potential of the Alter do Chão Aquifer System is defined 
by these geological features and the regional climate pattern. The groundwater 
reserve is approximately 86,550 × 106 m3, and the annual recharge is about 226 × 
106 m3 [34] [35] [36] [37] [30]. 

The regional climate pattern presents isohyet varying from 1800 to 2000 mm 
annually [38] [39] distributed in the rainy season that lasts from December to 
June and the dry season between July and November. The average annual tem-
perature remains around 26˚C. Although November is the hottest month and 
July the coldest, historically the variations between temperatures of these months 
do not usually exceed 4˚C [38]. 

This climate characterized as tropical humid allows the entire region to be 
covered by a dense rain forest, even in areas with less naturally fertile soil, thus 
contributing to the aquifer recharge. 

The same regional climate pattern is observed in the study areas. However, the 
aquifer occurs under lateritic plateaus distributed in the Amazon plain, whose 
profiles, from the top to the base, include yellow oxisol horizon, iron and alu-
minum crusts, bauxite horizon, and silt-clay layer (mottled clay). This multilayer 
set [40]-[45] shows aquitard properties so that in the plateau areas the aquifer is 
classified as semiconfined type. 

The analysis of data obtained at a local meteorological station, for the period 
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of 2002 to 2017, indicates annual averages of 2111.40 mm for precipitation and 
27.1˚C for temperature. Figure 1 illustrates the rainfall distribution regime dur-
ing that same period, as well as those accumulated each month. 

The water balance, obtained for the set of climatic data from 1961 to 1990 for 
the Óbidos Station (Pará State), demonstrates that the surpluses occur from 
February to July, with March the month characterized by higher volumes of wa-
ter in the soil, occurring water deficit between August and December, where 
September is the most critical month [46]. 

3. Material and Methods 
3.1. Study Areas and Research Sites 

The piezometric and meteorological monitoring datasets used in the analysis 
were produced by the Rio do Norte Mining Company (MRN) as a requirement 
for obtaining the environmental license for the bauxite mining projects in the 
lateritic plateaus of the Saracá-Taquera National Forest (Figure 2). The National 
Forest is a sustainable conservation unit, where the mining operation is allowed, 
located in Porto Trombetas, Oriximiná County, in the state of Pará. 

Two of the piezometric monitoring sites are distributed in areas without sig-
nificant anthropogenic changes, characterized by the dense rain forest coverage 
of the low Amazon plateaus [47] [48] [49] [50]. Despite the same context, the 
third site is located in an area affected by mining activity, but currently under-
going an environmental recovery process. The bauxite ore extraction includes 
main operations such as deforestation of natural forest; removal of barren ma-
terial and organic soil; excavation, loading and ore transport; and environmental 
recovery of the affected area, consisting of replacement of the barren material and 
organic soil, topographic regularization, and reforestation [43]. Table 1 shows the 
study sites, the dimensions and the main features of land use and natural cover. 

The monitoring wells, specifically built for piezometric measurements and 
water sampling for hydrochemical studies, are 102 meters deep and have a PVC 
cased-screen column in the entire borehole. The screen section is limited to 6 
meters at the bottom, and then a gravel pack is positioned in the column space 
between the case-filter and the borehole (Figure 3). At the upper portion, there 

 

 
Figure 1. Annual rainfall and accumulated monthly rainfall. 
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Figure 2. Map showing the three studied lateritic plateaus. Anthropic interference is more significant over the Aviso Plateau area. 
 
Table 1. Monitoring sites characteristics. 

Site Altitude (m) Lat S Long W Plateau Area (ha) Characteristic 

W-MB 191.00 01˚37'26" 56˚32'05" Monte Branco 3750 Amazon rainforest cover 

W-AV 159.00 01˚45'14" 56˚30'07" Aviso 1400 Mine in environmental recovery process 

W-AR 139.00 01˚50'20" 56˚26'10" Aramã 375 Amazon rainforest cover 

(W—Deep Wells; MB—Monte Branco; AV—Aviso; AR—Aramã). 
 

 
Figure 3. Schematic profile showing constructive and lithological logs (adapted from [51]). 
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is a 5-meter sanitary seal. This well design ensures that the assessed waters are 
from the deep aquifer, related to the semiconfined portion of the Alter do Chão 
Aquifer System. 

3.2. Procedures 

The piezometric monitoring included a monthly data series from January 2010 
to December 2016, measured with an electric level meter. To minimize possible 
problems related to data quality, common in monitoring datasets produced by 
non-automated tools, the following procedures were adopted: removing meas-
ures notably characterized as typos and outliers defined as the result of the mean 
± two times the standard deviation; and, performing the control measures in 
April 2016. The control measurements resulted in data similar to those listed in 
the monitoring series for that same month (differences of ~0.2 meters). 

The study of hydrodynamic behavior of the aquifers is based on analyzing the 
potentiometric data given by the distance from the surface to the water level that 
represents the water table or the hydraulic head at each measurement point. The 
annual water table fluctuation (WTF) method, in which the seasonal variation of 
water level in the wells represents the rainwater contributions to the saturated 
zone of the aquifer system, was employed for evaluating the recharge. This me-
thod was proposed by [15] [52] for cases in which the annual monitoring pie-
zometric series are available and provide good estimation of the actual recharge 
since it identifies the portion of infiltration water that, minus the evapotranspi-
ration and interflow losses, effectively reaches the saturated zone. 

Nimmo, J.R. et al. [15] defined that the annual recharge rate is expressed as 
the difference between the minimum and highest potentiometric level (Δh), ob-
tained in the period defined by the groundwater rise curve during the year. 
Larger or smaller recharge rates are represented by increasing or decreasing val-
ues of Δh, respectively. 

The precipitation data are obtained from automated weather station records 
operated by MRN in the Saracá Plateau. The present analysis employed data 
from 2002 to 2017 to assess the variability of rainfall in recent years and from 
2010 to 2016 for comparing with the piezometric data. 

Statistical treatments consisted of analysis of variance (ANOVA) to compare 
the means, and Tukey method for testing variability, trend analysis of time series 
and cross-correlations. 

4. Results 
4.1. Rainfall 

Although the mean annual precipitation did not vary significantly in the study 
areas for the 2002-2017 period (Table 2) according to ANOVA with 95% relia-
bility (P-value = 0.76; F = 0.72; FCRITICAL = 1.72), the trend analysis (Figure 4) 
assuming a Mean Absolute Percentage Error (MAPE) up to 10%, indicated that 
rainfall tends to decrease over time. However, this tendency had some atypical  
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Table 2. Monthly and accumulated precipitation, in mm, for the study area (2002-2017). Data obtained from the automated 
weather station owned by MRN. 

Year 
Rainfall (mm) 

Total 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2002 344.0 271.6 339.8 438.6 326.2 191.0 114.2 64.4 24.8 26.6 46.1 182.9 2370.2 

2003 191.0 290.6 332.2 449.8 193.5 85.6 130.2 77.4 83.8 105.0 224.8 524.0 2687.9 

2004 358.9 523.0 559.9 215.8 193.0 103.8 95.6 85.6 51.0 214.0 47.4 35.8 2483.8 

2005 86.6 477.4 636.8 244.6 226.8 59.2 141.8 42.0 85.6 70.6 110.2 309.4 2491.0 

2006 214.4 424.4 452.0 173.8 348.6 142.4 87.4 34.2 42.2 54.4 106.6 154.8 2235.2 

2007 119.0 163.2 476.2 362.4 391.2 95.8 59.6 47.4 29.2 58.4 33.0 107.0 1942.4 

2008 402.5 302.2 393.4 445.6 457.4 94.2 37.6 8.2 99.8 183.8 192.6 250.6 2867.9 

2009 228.8 342.6 516.0 308.0 306.4 227.2 71.2 14.2 12.8 105.2 12.2 140.8 2285.4 

2010 85.0 192.8* 183.6 363.5 205.6 190.6 149.0 55.8 30.0 71.8 68.6 94.6 1498.1 

2011 364.3 348.2 335.4 371.8 248.4 58.6 131.6 64.0 21.6 166.0 161.6 135.2 2406.7 

2012 238.0 255.8 382.4 313.2 92.0 50.4 7.2 10.2 53.8 44.2 35.6 254.4 1737.2 

2013 167.2 310.6 274.4 209.8 12.0 143.0 130.9 135.4 124.6 33.2 15.4 183.2 1739.7 

2014 160.0 389.2 290.0 212.2 155.6 152.0 104.0 30.8 46.8 67.6 72.8 76.0 1757.0 

2015 223.4 189.0 327.1 254.2 225.8 83.2 147.8 9.0 1.2 38.6 50.8 0.6 1550.7 

2016 33.0 154.6 494.0 241.8 164.8 106.8 52.2 76.2 47.2 49.0 83.2 296.0 1798.8 

2017 260.0 240.2 286.6 262.2 79.0 10.2 70.2 39.6 11.2 83.2 98.4 297.2 1738.0 

*Data failure filled with nearest pluviometric station data (Porto Trombetas). 
 

 
Figure 4. Trend analysis plot for annual rainfall (2002-2017). 

 
years, whose importance is highlighted by the much higher Quadratic Average 
Standard Deviation compared to the Absolute Average Standard Deviation. The 
accumulated rainfall decreased by approximately 27% between 2002 and 2017. 
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Paired comparisons of monthly average rainfall, produced by the Tukey Method 
with 95% confidence (Table 3) indicate that February, March and April are the 
most representative of the rainy season (December to June). However, even within 
the limits of the first and second quartiles, deviations in rainfall distribution in 
each of these months can exceed 200 mm (Figure 5), thus explaining the outliers 
observed in a few monitoring years. Regardless of climate changes, the data of the 
studied time series demonstrated a quite variable pattern for the rain distribution. 

4.2. Potentiometry 

The potentiometric data from 2010 to 2016 (Table 4) is significantly different  
 

Table 3. Tukey method for pairwise comparisons of monthly rainfall means (2002-2017). 
Groups that do not share a letter are significantly different. 

Factor N Mean Grouping 

Mar 16 392.5 A 
    

Feb 16 304.7 A B 
   

Apr 16 304.2 A B 
   

May 16 226.6 
 

B C 
  

Jan 16 217.3 
 

B C 
  

Dec 16 190.2 
  

C D 
 

Jun 16 112.1 
   

D E 

Jul 16 95.7 
   

D E 

Oct 16 85.7 
    

E 

Nov 16 85.0 
    

E 

Aug 16 49.65 
    

E 

Sep 16 47.85 
    

E 

 

 
Figure 5. Boxplot of the monthly rainfall over 16 years (2002-2017). 
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Table 4. Potentiometry (meters)—2010-2016 (Δh is the difference between the highlighted values). 

Sample Sites Years Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Well - Monte Branco 
Plateau 

2010 * 126.9 128.1 128.0 128.6 128.5 127.6 128.3 127.5 128.7 128.5 128.9 

2011 128.9 125.5 125.5 126.5 128.8 127.9 * 126.3 128.0 128.7 129.2 128.4 

2012 127.5 127.2 127.3 127.7 128.5 127.9 127.6 126.0 127.8 127.8 127.0 127.1 

2013 127.5 126.8 126.8 127.2 127.0 126.3 124.9 124.5 124.6 125.0 124.6 123.9 

2014 125.4 125.3 125.5 125.6 125.5 125.5 125.8 126.1 125.8 126.0 126.5 125.9 

2015 125.3 125.1 124.5 124.5 * * 123.9 123.4 123.2 123.2 123.1 123.1 

2016 123.3 123.3 123.1 123.2 125.3 * 124.9 124.6 125.3 125.3 123.6 123.7 

Well - Aviso Plateau 2010 91.8 * * 90.3 89.8 90.0 90.1 90.3 90.0 90.3 89.7 90.4 

2011 91.0 90.8 90.8 91.5 90.8 90.8 89.4 86.5 88.0 88.2 87.0 87.9 

2012 88.0 88.6 87.8 87.7 87.2 87.4 87.6 87.9 87.9 87.8 87.9 * 

2013 * * 87.2 87.1 87.0 87.0 86.2 86.5 86.3 86.7 86.1 86.1 

2014 * 88.1 89.2 * * 88.1 88.1 88.6 89.2 89.4 89.3 89.3 

2015 89.0 88.9 88.6 88.3 88.1 88.0 87.2 87.2 87.2 87.4 87.3 * 

2016 87.0 86.9 86.8 86.5 86.4 87.0 85.6 * 85.2 85.0 84.9 84.8 

Well - Aramã Plateau 2010 * 66.8 66.9 63.3 62.9 65.3 64.7 64.6 64.3 61.9 61.6 61.8 

2011 61.8 61.8 61.8 62.1 61.7 61.7 60.9 64.4 63.9 63.4 63.7 63.5 

2012 63.5 63.5 * 63.7 * 63.4 63.7 63.7 65.8 63.4 63.4 63.4 

2013 * 63.6 63.4 62.2 * 63.1 63.2 63.2 * * 62.9 62.9 

2014 64.6 64.1 64.5 * 65.0 65.2 65.4 65.6 65.5 65.5 65.8 * 

2015 66.5 65.8 64.8 64.5 64.6 65.0 64.9 65.0 65.0 65.0 64.4 64.4 

2016 63.8 63.8 63.4 63.4 63.2 63.0 63.2 63.0 63.9 62.8 62.6 63.5 

*Failed data or deleted suspicious values. 
 

between few pairs of annual averages within each of the observations sets, ac-
cording to analysis of variance (ANOVA) with 95% confidence (Table 5). These 
differences are attributed to the declining trend of annual rain during this same 
period, in addition to response to the outliers observed in some years. 

The differences observed in months when there are the higher and lower wa-
ter levels are attributed to three causes: annual rain distribution patterns, dimen-
sion of each plateaus and different forest preservation (Aramã and Monte Bran-
co plateaus are original forest and Aviso plateau is mining area in environmental 
recovery). 

The average potentiometry declined smoothly and linearly over the years on 
the Monte Branco Plateau, the most extensive area with a thicker lateritic profile. 
Also, it indicates a response time of about 1 year, where the accumulated rainfall 
in a given year reflects the potentiometric average levels after about 12 months. 
The rain effects are detected more sharply, including reproduction of the effects 
of precipitation outliers with less than 1-year time delay, on the Aramã Plateau, a 
smaller area with thinner lateritic profile. The potentiometric level in the sam-
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pling site on the Aviso Plateau resembles the Aramã Plateau, with slight differ-
ence regarding the responses to the precipitation outliers; the Aviso plateau has 
an intermediate dimension with changing forest cover and lateritic profile due to 
bauxite mining activity. Figure 6 summarizes the potentiometry results for each 
sampling site. It is noteworthy that the mean surface shows significant absolute 
values for each plateau varying from 124.0 to 128.1 m on the Monte Branco Pla-
teau, from 86.0 to 90.3 m on the Aviso Plateau, and from 62.5 to 65.0 m on the 
Aramã Plateau. 

 
Table 5. Analysis of Variance of the potentiometric data (Results in bold: F-value exceeds 
F-critical). 

Sample Site Source DF Adj SS Adj MS F-Value P-Value 

Well - Monte Branco Plateau 

Factor 6 169.80 28.30 24.87 0.00 

Error 74 84.20 1.14 
  

Total 80 254.00 
   

Well - Aviso Plateau 

Factor 6 142.78 23.80 27.89 0.00 

Error 67 57.16 0.85   

Total 73 199.95    

Well - Aramã Plateau 

Factor 6 60.91 10.15 9.71 0.00 

Error 70 73.21 1.05 
  

Total 76 134.12 
   

 

 
Figure 6. Annual mean potentiometry (from 2010 to 2016). 
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Considering the aquifer recharge rate expressed by the seasonal fluctuations of 
the water table in wells (Δh), the relationship with the pluviometric regime be-
comes more evident, especially when considering the volume accumulated in 
February, March and April (Figure 7). 

Cross-correlations with coefficients above the significance index calculated for 
the 7 years of observations (0.76) confer representation to the relationship be-
tween Δh variation and accumulated annual rain (Figure 8). This analysis indi-
cates noticeable rainfall influence on the recharge within the 1 year period (Lag 
= 0), meaning that the water table elevation is associated with the accumulated 
rainfall in the immediately preceding period since the beginning of the rain sea-
son that contributes to recharge every year. The period between February and 
April is, on average, the most important for the effective recharge process. 

The lowest water levels in the Monte Branco Plateau are observed between 
February and March and the highest, between October and December, causing 
the raising water levels due to recharge to last more than 6 months and indicat-
ing the high regulation capacity of this plateau, possibly due to its large area. The 
lowest water levels in the Aviso Plateau are seen between May and July while the 
raising levels occur from then on, lasting up to 3 months. It is noteworthy that 
this plateau is characterized by mining interventions, including, deforestation. 
On the other hand, the Aramã plateau displayed a random fluctuation pattern 
during the 7 years of monitoring; this randomness was attributed to the smaller 
area and, consequently, the lower capacity to regulate the underground flows. 

Still according to Figure 8, the Δh values for the wells in the Monte Branco 
and Aramã plateaus (W-MB and W-AR), areas with low human intervention, 
are higher than those recorded for the well in the Aviso Plateau (W-AV), an area 
that underwent more intensive anthropogenic change (mining and currently 
undergoing environmental recovery process). Azevedo, J.H. [53] reported mean  

 

 
Figure 7. Rainfall and water level fluctuation in the wells—Δh. Note that, despite similar rainfall recorded along the 
rainy season as a whole (2012-2014), the Δh curves responds to changing pluviometric patterns during the key 
months of February to April. 
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Figure 8. Cross-correlation between rainfall and water table variation ((a) Monte Branco 
Plateau; (b) Aviso Plateau; and (c) Aramã Plateau). 

 
Δh values of 1.6 and 1.7 meters on the Monte Branco and Aramã plateaus, re-
spectively, and 0.8 meter on the Aviso Plateau, almost 50% lower than the aver-
age found for areas with preserved natural characteristics. 

5. Discussion 

The 16 years historical series for rainfall and 7 years potentiometric data are rel-
atively small since they represent only a short period within a longer hydrocli-
matologic cycle. However, it allowed understanding the recharge behavior of the 
Alter do Chão Aquifer System as a function of rainfall regime. In the present 
case, a higher or lower recharge rate results from the annual accumulated rain-
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fall, as well as the frequency and magnitude of the outlier values. The correlation 
between the Δh values and the accumulated precipitation in the wettest months, 
mostly February, March and April, shows the importance of the water surplus to 
the recharging process. The soil field capacity ensured during the water surplus 
period leads to the maximum hydraulic conductivity [54], maximizing the des-
cendent movements of moisture plumes toward the saturated zone of the aquifer. 

The recharge process is particularly important from February to April since 
the rainy season begins in November/December. The rainfall during the subse-
quent months (December and January) is responsible for filling up the soil 
moisture to its field capacity, so that the additional humidity can migrate to the 
saturated zone as moisture plumes. Before the field capacity conditions are es-
tablished, rainwater supplies the vegetation water demand and increases soil 
moisture. Satisfied all the conditions for full water movement in the soil, the 
precipitation volume registered from February to April determines the recharge 
amount of a specific year. 

Azevedo, J.H. [53] explain that the recharge of the Alter do Chão Aquifer in 
the study area occurs by local rainfall as infiltration pulses, which can also be 
characterized as direct infiltration in the unconfined aquifer system, and leakage 
from the aquitard in the semiconfined aquifer. These conclusions are based on 
hydrodynamic and isotope studies. 

Pearson correlation coefficients ranged from 0.75 to 0.82 for the annual Δh 
values in the three studied sites suggesting that the studied areas have the same 
hydraulic behavior, so that varying recharge magnitude and response time can 
be attributed to the extension and thickness of the lateritic profiles. Generally, 
the data indicate that the larger the plateau area the smaller the anthropogenic 
disturbance, and better recharge rates are observed. 

Assuming a linear approximation for the recharge (y = −0.22x + 2.26) and 
rainfall (y = −48.87x + 2007) variations in the 2010-2016 period, the mean an-
nual reduction rates were 0.20 m for Δh in lateritic profiles and 50 mm for rain-
fall (considering the three research sites). Due to the greater capacity of lateritic 
profiles for regulating the groundwater flow [55], areas where the Alter do Chão 
Formation sediments outcrop and these soils are not present, the mean annual 
reduction rate of Δh tends to be even greater. 

Furthermore, these changes are not important when considering the possibil-
ity of a new cycle with plenty rainfall. However, they become relevant and 
alarming in case decreasing precipitation becomes a new standard in the region, 
and two aspects must be particularly critical: water availability and support to 
eco-hydrologic processes [56] [57]. 

As the base flow is the product of the groundwater hydrodynamic processes 
[1], the potential impacts on recharge loss tend to decrease the direct discharge 
regimes into the river, springs and effluent streams, and consequently, reducing 
the discharge of the surface watercourses as well. 

Under this perspective, it is essential to develop strategies for dealing with the 
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potential impacts on the recharge rates of the Alter do Chão aquifer system, 
emphasizing the planning and execution of protective and conservation meas-
ures for the main infiltration areas, as well as artificial recharge practices to ur-
ban areas and forest preservation in rural regions. 

6. Conclusions 

The annual recharge increments must be estimated by the Δh water table values 
which are obtained by subtracting the higher value of the second semester from 
the smaller water table value of a month from the first semester. 

The height of the accumulated rainwater decreased about 27% over the 
16-year period (from 2002 to 2017). In general, the recharge of local aquifers de-
creased in a non-linear rate, but strongly correlated with the rainfall reduction. 

The deforestation also affects directly the recharge pattern (as shown by the 
monitoring well on the Aviso Plateau), not only in terms of amount but also be-
cause the decreasing trend becomes closer to a linear fit. 

Future modeling of Global Climate Changes must take into account the po-
tential decrease of the aquifer recharge due to less rain and its consequences to 
the surface stream discharge rates (mainly in the low water periods). In this 
sense, even a small change in the rainy season (and not necessarily the total ac-
cumulated rain) may affect considerably the recharge amount. 

Moreover, the statistical analysis would benefit from using longer data series 
so the monitoring efforts must be continued or even optimized by improving the 
potential for generating data from the environmental monitoring of groundwa-
ter, following those required for mining projects. 

The dataset shows clearly how the aquifer recharge is controlled by rain dis-
tribution over time and space. The rains accumulated from February to April 
seem to be the most important to the aquifer recharge processes. 
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