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a b s t r a c t

Karst aquifers are important freshwater resources for the growing population in Brazil. The sandstones of
Urucuia plateau and the limestone of Bambui Group constitute important aquifer systems in the western
part of Bahia state. The Corrente River provides ~30% of the total water flow of the S~ao Francisco River
and crosses karstified structures. Surface and groundwater samples were collected during the dry period,
the beginning of the wet season, and the wet season. The main objective was to define sources and dis-
tribution of dissolved elements and to describe the geochemical processes that govern their mobility
within the system. Water samples are classified into three groups, depending on the dominant weath-
ering process. When carbonate dissolution governs, waters are bicarbonateecalcium-type; whereas
when the atmospheric precipitation signal is present, the samples in siliciclastic terrain are more Cl� -
Naþ. Groundwaters reflect bicarbonateemixed-type, with the highest dissolved concentrations. In
contrast to the major elements, trace elements, including Rare Earth Elements (REE), show seasonal
behavior: their concentrations increase with the beginning of the wet season, due to re-mobilization and
release into the solution of adsorbed elements from the system and the atmospheric dust. The total
dissolved REE concentration (800e7500 ng L�1) is one order of magnitude more concentrated in karsts
than in siliciclastic rocks. Principal component analysis was performed, explaining >77% of the variance.
First factor extracted (REE, Y, Th, Al, Fe) explain the washout and enhancement of atmospheric dust
weathering throughout the beginning of the wet seasons. The second component comprises variables
related to karsts lithology, representing calcite and dolomite dissolution.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Karsts are complex networks that include both surface and
groundwater drainage. They are a geomorphologic and hydro-
geological system formed by the dissolution of soluble rocks, such
as limestone, dolomite and gypsum. Therefore, karsts are highly
fissured carbonate rocks, with networks of fissures, caves, galleries,
underground streams and natural wells (Kiraly, 2003). They also
feed springs, which are, in turn, often used as sources of drinking
water, or that give rise to wetlands that have high environmental
value (Bradford and Watt, 1998). The evaluation of water
en Ciencias de la Tierra (CIC-
a, Av. V�elez Sarsfield 1611,

comte).
geochemistry of representative springs and streams reveals
important information about how karst aquifers function. In
particular, geochemical signature as a product of water-rock
interaction is an indicator of lithology (i.e., mineralogy) and the
water residence time, which have been extensively investigated by
geochemists (e.g., Chebotarev, 1955; Langmuir, 1997; Drever, 1997;
Depetris et al., 2014). Furthermore, karst response to seasonal
variation is other information that can be used to assess pollution
risks and to determine groundwater management policies. A great
deal of literature analyzes karst environments (e.g., Barbieri et al.,
2005; Bonacci, 1987, 2004, 2015; Bonacci and Andric, 2008;
Bonacci et al., 2012; Hartmann et al., 2013; Khaska et al., 2013;
Mance et al., 2014; Ozyurt et al., 2014; Valero-Garc�es et al., 2014).
It is a well-known fact that water flowing in an unpolluted water-
shed acquires salt content principally from leaching of the host
rock. However, the extent to which natural waters reproduce the
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composition of the dissolving rocks depends on several factors,
including both physical (temperature, residence time, flow rate,
and water-rock ratio in the aquifer) and chemical (mineral sus-
ceptibility to weathering, precipitation of secondary minerals,
presence of gas species). This paper reports new results for major,
minor and trace elements in a karstic zone. This allows for the
evaluation of the different sources, sinks, and fates of trace metals
during water-rock interactions, and to identify the main chemical
processes controlling the composition of their water discharges.

During recent decades, the state of Bahia has undergone a
marked process of economic growth driven by agricultural
modernization. This implied increased water consumption, along
with an anthropogenic impact. Western Bahia is known for its
abundant water resources (Gaspar, 2006). The karst aquifers in the
San Franciscan depression are located downstream of the Urucuia
sandstone aquifer, where the extraction of fresh water is intense.
The Corrente River provides nearly 30% of the S~ao Francisco River's
water flow. Like most karst aquifers, the San Franciscan units are
characterized by high contamination vulnerability, enhanced by
short residence times and low self-depuration capability. Relatively
to the behavior of contaminants in karst and porous aquifers, there
is a considerable controversy about some concepts as contaminant,
contamination, pollutant and pollution. According to Freeze and
Cherry (1979) and Prohic (1989) every solute introduced into the
hydrologic environment as a result of human's activities is referred
to as a contaminant, regardless of whether or not the concentration
reaches levels that cause significant degradation of water quality.
The term pollution is reserved for situations where contaminant
concentrations achieve levels that are considered to be objection-
able. Particularly, karst aquifers present a very limited capacity of
sorption and filtration which results in the rapid transport of con-
taminants. Moreover, due to high flow velocities and consequent
short residence time, the decay process is less effective and con-
taminants can reach wells and springs very quickly. The present
study region is even more vulnerable, due to its location, which is
directly downstream a very erodible unit, the Urucuia plateau
(CPRM/UFBA, 2007). While there has been some research on the
geological and hydrological features in this region (e.g., Atman
et al., 2011; de S�a C. Chaves et al., 2007; Galv~ao Carnier Fragoso
et al., 2011 and references therein), few investigations have
examined geochemistry.

This paper examines the factors controlling Corrente hydro-
logical basin weathering and seasonal influence in order to char-
acterize the chemical composition that results from the interaction
between waterdsurface and grondwaterdwith siliciclastic and
carbonate lithologies. It also analyzes the seasonal contrasting
behavior between major and trace/rare earth elements. Trace ele-
ments and REE are important source tracers (Gaillardet et al., 2003).
Knowing trace and RRE concentrations is important to determine
baseline conditions and better understand climate and environ-
mental changes, such as anthropogenic land use. The main aim of
the present study is to contribute to a better understanding of the
geochemical characteristics of a karst system, based on major, trace
and rare earth element analysis of springs, streams and well sam-
ples. Their seasonal influence is interpreted through statistical
analysis.

2. Materials and methods

2.1. Site description

The Corrente River, (42,732 km2 catchment area and an average
flow-rate of 36m3 s�1), one of the most important tributaries of the
San Francisco River, provides water to western Bahia (Fig. 1). With a
tropical climate, the average annual rainfall in the basin during the
last 74 years has been ~1000 mm. During the wet seasondfrom
October to Aprildthe region receives 96% of its annual precipita-
tion (HIGESA, 1995).

The geology of the Corrente basin is mainly characterized by the
presence of two distinct lithologies: the sandstone plateau of the
Urucuia Group and a series of carbonate formations. The predom-
inant formation in the Corrente River basin is the Urucuia sand-
stones. These sandstones comprise a very large intracratonic basin,
the San Franciscan basin, which extends NeS and is one of the most
important granular aquifers in Brazil. The aquifer is composed by
well-selected eolian quartz and feldspathic sandstones, with silic-
ified intervals, and subordinated conglomerates. The rest of the
basin is formed by carbonate and shale sequences interspersed
with calcarenite, siltstone, dolomite and calcareous shales, mud-
stones and siltstones (e.g., Lima et al., 2007; de S�a C. Chaves et al.,
2007; Galv~ao Carnier Fragoso, 2011; Simonetti and Fairchild,
2000). Finally, debris-ferruginous lateritic covers are predomi-
nant, while Cenozoic formations are restricted to small areas. Study
area location and lithology are shown in Fig. 1. Fig. 1b) shows the
entire Corrente hydrological basin with the uppermost catchments
draining fully throughout Urucuia Gr. (in green).

Mainly due to the great hydrologic and other abundant natural
resources this region underwent dramatic economic restructuring
through modern agribusiness in the 1980s (Alves et al., 2011). This
increased significantly the population of Western Bahia State,
characterized by an important migration from Southern and
Southeastern Brazil. The agribusiness in the study region has as
main product the soybean, followed by corn, coffee and cotton,
besides the cattle breeding. Those plantations have a common
feature: they are mechanized, supported by center pivots irrigation
(which has high water demand), and require high use of additives
(NPK) and pesticides. Although agricultural activities have a great
economic importance to the region, they trigger some alterations in
the surrounding environment due to the disorganized and poorly
planned occupation, like hydraulic regime alteration, natural
vegetation suppression and an increase of soil erosion (Gaspar,
2006; Alves et al., 2011).

2.2. Sampling

High density polyethylene (HDPE) sample collection bottles
were first double washed with sufficient amounts of distilled-
deionized water (18 MU-cm), and then placed in a 10e20% (v/v)
reagent grade nitric acid bath for three to five days. The sample
bottles were then rinsed three times with distilled-deionized wa-
ter, and doubled bagged in clean plastic bags. Surface and
groundwater samples were collected during three sampling cam-
paigns. In August 2011, the ‘dry period’ sampling was conducted,
while in November 2011 the “beginning of the wet season” sampling
was carried out. Lastly, during March 2012, the “wet season” sam-
ples were collected. A total of 55 samples that correspond to 18
sampling points were collected and analyzed (Table 1, Fig. 1). The
sampling points were chosen along the Corrente River network,
from the Urucuia sandstone to the proximities of the Corrente River
base level, before joining the main channel of the San Francisco
River. The basin's headwaters are represented by surface water
flowing through the Urucuia sandstone.

At each end-member (well, streams and springs), water was
collected with a large, collapsible polyethylene container suitable
that had been previously cleaned identically to the sample bottles.
Streams samples were collected from bridges near of the river
middle channel from 0.5 m belowwater surface. For the wells there
were used 1.5 L bailers. All the wells were domestic or public wells
used for water supply for local population and present depths
ranging between 20 and 60 m. The collected water samples were



Fig. 1. a) Study area in Brazil, b) The Corrente River hydrological basin and c) outcropping lithology and sampling points locations of the lake, springs, streams and wells from the
Corrente River Hydrological Basin.

Table 1
Date and sampling location of each sample.

Sample Location name Sampling date UTMX UTMY Altitude (m)

1- dry 2- beginning of the wet season 3- wet

1 Point 213 stream 03/08/11 22/11/11 29/03/12 585,411 8,556,781 645
2 Point 221 stream 05/08/11 24e25/11/2011 30/03/12 576,039 8,500,242 460
3 Santana stream 03/08/11 22/11/11 28/03/12 617,441 8,563,006 469
4 Santo Antônio stream 02/08/11 24/11/11 31/03/12 591,866 8,541,043 554
5 Sto Antônio stream (Urucuia) 07/08/11 30/03/12 534,005 8,542,088 645
6 Lake Da Pedra 06/08/11 23e24/11/2011 28/03/12 605,006 8,544,033 496
7 Dam spring 03/08/11 22/11/11 29/03/12 592,907 8,553,791 598
8 Do Cumbra spring 04/08/11 23/11/11 28/03/12 601,060 8,529,523 481
9 Invenç~ao Farm spring 06/08/11 23/11/11 28/03/12 614,543 8,534,900 452
10 Gruta do Salobro spring 02/08/11 22/11/11 29/03/12 588,681 8,554,253 643
11 Vaca Morta spring 03/08/11 24/11/11 29/03/12 579,783 8,560,651 696
12 Barreiro Fundo well 03/08/11 22/11/11 28/03/12 617,360 8,563,357 478
13 Invenç~ao Farm well 06/08/11 23/11/11 28/03/12 614,661 8,534,859 452
14 Sto Antonio well 02/08/11 24/11/11 31/03/12 591,807 8,541,221 548
15 Ressurgencia da Bananeira well 04/08/11 23/11/11 28/03/12 607,368 8,532,641 459
16 Ponta d'�agua spring 05/08/11 25/11/11 30/03/12 580,490 8,483,647 555
17 Do Meio River 07/08/11 25/11/11 30/03/12 541,019 8,542,375 553
18 Salobro stream 02/08/11 24/11/11 31/03/12 591,834 8,541,202 552
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then immediately filtered through 0.22 mm Millipore® cellulose
acetate filters, rinsing the sample bottles three times before they
were filled. The filtered samples for trace elements analysis were
then immediately acidified to pH < 2 with ultra-pure nitric acid
(65% Merck Millipore, sub-boiling, distilled in quartz). Samples for
the major solutes were collected identically, except for the anion
samples, which were not acidified. For each water sample, pH,
temperature (�C) and electrical conductivity (EC) were measured in
situ in separate sample aliquots, according to standard techniques.
Alkalinity was titrated within a day using a digital titrator (HACH,
Model 16,900).

2.3. Analytical determination, geochemical and statistical analysis

Major cations and anions (Table 2) were determined by ion
chromatography on a Metrohm 850®, following standard methods
(e.g., Welch et al., 1996). Anions were determined using a Met-
rossep A Supp 5e150 mm column, a self-regenerating anion sup-
pressor, with Na2CO3 2.0 mmol/L and NaHCO3 1.0 mmol/L as eluent
generator, and 18.2 MU cm�1 water as the reagent. The cations were
measured with a Metrosep C4-100 mm column, with 1.7 mmol/L
nitric acid (HNO3) and 0.7 mmol/L dipicolinic acid (DPA) as eluent.

Trace element concentrations were determined using induc-
tively coupled plasma - mass spectrometry (ICP-MS, Thermo Sci-
entific® model XSeries 2) with a 5 point external calibration curve
(prepared from SpecSol® tracked by NIST) using 115 an internal
standard to account for matrix effects, differences in sample vis-
cosity, solute build-up on the sampler and skimmer cones, and
instrument drift during the analyses (Graham et al., 1996; Guo,
1996). In this study, 18 elements, including Li, B, Al, V, Cr, Mn, Co,
Ni, Cu, Zn, As, Rb, Sr, Mo, Cd, Ba, Pb and U were measured. All el-
ements were analyzed using the normal mode (argon gas) with CRI
(collision reaction interface - helium gas) to avoid Ar interferences.
The sensitivity of the ICP-MS was optimized for each analytical run,
using a tuning solution containing 10 ppb (mg/L) of Li, Rh, Pb and U.
Method detection limits (MDL) were calculated as three times the
standard deviation of repeated 2% HNO3 concentrations analyses in
mg L�1: 5 � 10�4 for Li, V, U and Co; 1 � 10�3 for Mn and Mo;
2 � 10�3 for Pb, Sr and Rb; 3 � 10�3 for Cu and Cd; 5 � 10�3 for Ni,
6 � 10�3 for Cr; 8 � 10�3 for As; 1 � 10�2 for Zn, 5 � 10�2 for Fe,
9 � 10�2 for Ba and 1 � 10�1 for Al. Blanks for the entire procedure
ranged from 0.04 to 27% of the average sample values. The accuracy
of the analytical protocol was ascertained based on repeated
measurements of an externally certified reference solution (Accu-
Trace™ Reference Standard). The recoveries ranged from 92% for Cr
to 106% for Ni. Regarding the analytical precision, the corre-
sponding RSD values of all measured element concentrations in the
reference material were less than 5%. For most of the analyzed
stream waters, the charge imbalance between cations and anions
was less than 5%, whereas all were less than 10%.

REEs weremeasured during distinct analytical sessions (Table 2)
by direct measurement without pre-concentration (Smedley, 1991;
Halicz et al., 1999) using a concentric nebulizer, with platinum
sampler and skimmer cones. Isotopes 139La, 140Ce, 142Ce, 141Pr,
143Nd, 146Nd, 148Sm, 149Sm, 152Sm, 151Eu, 153Eu, 157Gd, 158Gd, 159Tb,
161Dy, 163Dy, 164Dy, 165Ho, 166Er, 167Er, 169Tm, 172Yb, 173Yb, 174Yb, and
175Lu were monitored. In general, the elements were measured
using the most abundant and least interfered isotopes. For the el-
ements with more than one isotope measurement, the average
concentration is below detection limits were generally in the low
ng/L level for the REEs, and analytical precision, except for Eu,
which was typically better than 8% RSD (relative standard devia-
tion), and as high as 3% RSD for Ce. Despite of the use of collision
reaction interface, analytical precision for Eu ranged from 3.9% RSD
to as high as 32.9% RSD, with a mean (±standard deviation) of
18.8 ± 14.8% RSD. The accuracy of the method was tested using the
National Research Canada SLRS-4 reference water standard and is
in agreement with Yeghicheyan et al., 2001. Both Tables 2 and 3
present some elements with “n.d. (not determined)”, there is data
not available.

In order to evaluate and interpret minerals over or under-
saturation, Saturation Index (SI) values were calculated through
PHREEQC geochemical software (Parkhurst and Apello, 1999) in
each sampling point. Moreover, to perform statistical analyses,
physicochemical data were transformed into their logarithms
whenever necessary to achieve univariate normality. These
matrices were used as the basic input database. Regression matrix
was performed to have a general idea of the relationship between
elements and finally, a Varimax rotation factor analysis (Davis,
1986) was undertaken using the logarithmic database. This anal-
ysis combines numerous variables into some independent variables
as principal components, which explain -in a statistically significant
way-the largest amount of variation in the multivariate data.

3. Results and discussion

3.1. Hydrochemical characterization

The Corrente River hydrological basin has diluted waters with a
mean value of total dissolved solids (TDS) of ~270 mg L�1 that
reaches up to 700mg L�1 in the groundwaters (Table 1). At the time
of sampling, surface water temperaturewas quite constant, ranging
between 20 �C during austral winter and ~28 �C during austral
spring. On the other hand, groundwater and lake water tempera-
tures were quite higher than those for surface waters streams,
ranging between 26 and ~33 �C. There are no meaningful pH var-
iations; waters generally have neutral pH, except Vaca Morta
springs (sample 11), where pH values decreased until ~5.

Fig. 2 shows the seasonal TDS variation analysis. Generally,
during the dry period, major dissolved concentrations increase,
whereas concentrations are diminished during the wet season. This
is a well-known process, which is caused by the combination of
some factors: evaporation and groundwater influence provoke the
increase of dissolved concentration during the dry period; and
dilution by precipitation during wet season, which clearly reduces
concentrations. Vaca Morta springs, along with Santo Antônio
(Urucuia) stream and the Do Meio River (samples 11, 5 and 17,
respectively), represent themost diluted samples. These are located
in the northern sector of the study area and mainly drain silici-
clastic sediments.Weathering kinetics of silicate minerals aremuch
lower than carbonate dissolution, thus we expect to find lower
chemical concentrations. On the other hand, the most concentrated
samples correspond to those extracted from wells, due to longer
residence time, which increases water-rock contact and facilitates
rock weathering.

As expected in a karst-influenced region, cation dissolved con-
centration increased in the order Kþ < Naþ << Mg2þ < Ca2þ. Naþ

behaves peculiarly: its concentrations are very low
(mean ¼ 5.7 mg L�1, range ¼ 0.2e45.8 mg L�1) except in ground-
waters showing higher Naþ amounts (mean ¼ 73.5 mg L�1,
range ¼ 21e143 mg L�1). These values are consistent with the
higher dissolved solids concentration in groundwater and reflect
Na-silicate weathering.

A Piper diagram (Piper, 1944) was performed (Fig. 3) to recog-
nize different hydrochemical signatures. Most of the samples are
clearly HCO3

�- Ca2þ type. The exceptions are Vaca Morta spring
(Sample 11) and Sto Antônio stream (Sample 5), which represent
more chloride-sodic waters. The karst-type classification proposed
by Bicalho et al. (2015) was not observed in the present Piper dia-
gram (Karst 1, 2 and 3, Fig. 3). The main groups of hydrochemical



Table 2
Major physicochemical variables measured in each sampling period. The first number corresponds to the sampling period, 1: dry, 2: Beginning of the wet seasons, 3: wet. The
second number corresponds to the sample number given in Table 1. nd: not determined.

Sample name T�C pH CE TDS HCO3� Cl� NO3� SO4
2� Ca2þ Mg2þ Naþ Kþ

�C ms cm�1 mg L�1

Point 213 stream 1-1 26.6 7.73 390 200 174.40 nd nd nd nd nd 2.48 2.31
2-1 27.8 7.45 270 170 184.00 nd nd nd 48.00 3.10 1.96 2.28
3-1 26.5 8.14 306 153 124.01 0.99 1.04 0.85 33.54 1.91 1.28 1.35

Point 221 stream 1-2 22.0 7.60 799 410 355.00 37.31 1.66 15.24 nd nd 2.22 2.87
2a-2 24.9 7.47 766 280 381.34 33.44 1.63 8.08 104.00 25.80 12.00 4.16
2b-2 23.2 7.34 340 220 160.95 4.98 1.77 13.69 41.50 12.50 0.26 4.21
3-2 25.0 7.86 654 326 338.48 14.78 2.36 7.70 87.30 23.50 8.77 3.15

Santana stream 1-3 25.0 7.80 600 300 258.20 16.89 0.69 14.57 nd nd 23.06 3.58
2-3 26.3 7.42 436 280 236.35 7.98 0.60 5.36 66.70 8.04 11.39 4.38
3-3 27.1 8.06 508 254 253.38 12.14 1.22 12.59 71.80 10.20 15.45 4.05

Santo Antônio stream 1-4 22.0 7.61 605 310 283.00 8.10 1.29 12.50 nd nd 7.92 2.11
2-4 23.6 7.23 200 130 97.01 2.25 1.03 5.29 27.80 3.57 2.21 4.56
3-4 25.2 7.93 599 299 320.24 6.05 2.12 10.13 102.00 9.73 5.45 2.34

Sto Antônio st. (Urucuia) 1-5 25.0 7.80 5.9 7.7 6.40 0.25 nd nd nd nd 0.32 0.76
2-5 28.3 6.36 e 5.5 3.50 0.58 nd nd 0.14 0.01 0.42 0.70

Lake Da Pedra 1-6 26.5 8.60 258 120 93.80 5.69 nd 4.06 nd nd nd nd
2a-6 27.9 7.67 240 160 129.45 8.45 nd 8.71 nd nd 5.14 9.85
2b-6 26.0 6.54 150 100 nd nd nd nd 26.90 6.16 5.23 11.10
3-6 32.9 8.33 174 86 91.60 4.39 nd 2.72 18.70 3.89 3.13 7.36

Dam spring 1-7 26.0 7.20 358 180 161.00 2.30 nd nd nd nd 5.80 2.95
2-7 26.8 7.04 350 220 178.18 5.59 2.69 10.29 57.20 4.88 5.55 2.97
3-7 26.5 7.69 428 214 162.55 3.32 3.92 6.55 73.32 11.00 4.54 1.82

Do Cumbra spring 1-8 24.2 7.21 503 250 364.00 nd nd nd nd nd 2.02 1.03
2-8 24.5 6.91 310 200 158.82 1.52 6.40 2.74 58.60 2.14 0.92 0.60
3-8 24.8 7.15 414 206 215.07 1.71 3.95 2.79 76.00 2.91 1.34 1.03

Invenç~ao Farm spring 1-9 20.0 7.80 391 190 196.20 nd nd nd nd nd 0.65 1.01
2-9 24.6 7.58 210 130 108.72 0.61 1.56 0.82 38.90 1.07 0.20 0.41
3-9 24.8 7.63 225 112 108.68 0.83 5.02 0.88 40.60 1.21 0.44 0.86

Gruta do Salobro spring 1-10 26.8 7.58 540 390 253.40 4.60 nd nd nd nd 5.85 2.27
2-10 26.9 6.89 530 340 305.36 3.60 2.43 6.97 99.10 6.62 5.24 2.33
3-10 26.7 7.33 615 307 316.20 6.45 3.74 12.47 103.00 8.21 7.03 1.99

Vaca Morta spring 1-11 21.2 5.40 17.3 nd 2.60 1.16 nd nd nd nd 0.57 0.29
2-11 23.3 4.64 20 4.6 2.15 2.26 nd nd 0.22 0.01 0.93 0.83
3-11 23.1 5.11 20 4 1.51 0.64 0.47 nd 0.13 0.01 0.80 0.40

Barreiro Fundo well 1-12 29.9 7.00 1145 590 160.00 64.63 nd 53.46 nd nd 143.58 4.49
2-12 29.0 6.66 1200 600 553.84 38.97 nd 16.64 108.00 25.60 100.20 3.41
3-12 28.4 6.93 1145 572 540.12 54.30 2.31 61.57 112.00 26.30 119.66 3.58

Invenç~ao Farm well 1-13 28.0 8.11 1400 700 324.80 251.63 nd 10.64 nd nd 66.42 0.00
2-13 26.1 7.59 830 530 373.27 78.92 nd 9.37 70.60 5.74 97.16 0.99
3-13 27.6 7.89 716 367 344.20 44.15 nd 7.63 74.00 5.47 67.90 0.98

Sto Antonio well 1-14 26.1 7.04 905 470 362.40 28.23 29.96 26.46 nd nd 22.38 7.01
2-14 26.7 6.77 860 550 392.88 21.88 19.62 42.54 139.00 15.20 21.13 6.90
3-14 26.8 7.22 993 497 408.93 23.84 26.54 20.09 147.00 16.00 23.03 6.78

Ressurgencia da Bananeira well 1-15 24.5 7.30 716 360 283.40 23.58 5.12 39.66 nd nd 16.52 1.94
2-15 25.1 7.39 570 360 342.05 8.31 3.19 14.12 90.80 10.70 45.78 15.36
3-15 24.1 7.16 284 144 138.54 3.33 3.92 6.55 45.00 4.16 3.17 3.69

Ponta d'�agua spring 1-16 24.0 7.60 909 460 463.00 10.54 7.65 6.62 nd nd 6.58 2.34
2-16 23.0 6.56 220 140 114.89 3.50 1.23 1.37 21.60 9.88 2.21 7.60
3-16 24.2 7.54 800 400 449.18 8.13 6.39 3.30 90.30 46.20 5.54 3.62

Do Meio River 1-17 25.0 8.30 41.5 10 21.20 nd nd nd nd nd 0.37 0.54
2-17 26.1 6.65 40 30 25.03 0.89 nd nd 6.27 0.39 0.48 0.59
3-17 26.7 7.76 33 17 19.96 0.48 0.41 nd 6.28 0.31 0.52 0.37

Salobro stream 1-18 23.5 7.60 627 320 282.60 nd nd nd nd nd 13.51 2.22
2-18 24.0 7.32 340 220 175.23 2.70 0.58 8.21 48.80 7.01 5.15 4.53
3-18 26.2 7.93 700 350 250.55 5.40 0.81 13.08 66.50 6.43 7.95 2.92
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water-types are: a) surface water draining siliciclastic rocks, b)
surface water draining carbonate rocks, and c) groundwater. This
grouping is also shown by the positive SI results, which are shown
in Fig. 4. Dry period analysis is not included due to lack of data.
Saturation Indexes (SI) are widely used to predict mineral precip-
itation in a solution with particular physic-chemical characteristics
(e.g., Plumber et al., 1983; Charlton and Parkhurst, 2011; Nordstrom
et al., 2015; Lecomte et al., 2016). If the solution is at equilibrium,
the SI ¼ 0. If the SI > 0, then the solution is supersaturated and the
mineral would tend to precipitate; if the SI < 0, the solution is
undersaturated and the mineral would tend to dissolve, if present
(Nordstrom, 2003).
Three minerals show positive SI values in some samples: calcite,
dolomite and aragonite (samples are ordered from > to < positive
Calcite SI values). These minerals are carbonates, and samples with
positive SI correspond to those that drain though karst formations
(e.g., Samples 4, 3, 13, 2, 18, 16, 14), indicating that oversaturation
and carbonate precipitation is possible. Moreover, the third sam-
pling campaign (wet season) has a higher SI than the second
campaign (beginning of the wet season). Likewise, it is expected to
find higher SI during the dry season, due to the major chemical
concentrations.



Table 3
Trace and REE dissolved elements measured in each sampling period. The first number corresponds to the sampling period, 1: dry, 2: Beginning of the wet seasons, 3: wet. The second number corresponds to the sample number
given in Table 1. nd: not determined. The subscript N denotes normalization.

Sample name Al Mn Fe Cu Zn As Sr Pb Ba Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th U LaN/LuN

mg L�1

1e1 5.65 20.49 6.88 0.95 1.48 0.48 444 1.30 69.7 5.589 0.256 0.148 0.172 0.076 0.142 0.066 0.052 0.031 0.052 0.054 0.053 0.046 0.037 0.03 0.064 0.485 0.287 0.026
2e1 82.97 19.71 151.2 0.55 1.52 0.46 314 0.52 66.3 5.764 0.512 0.694 0.904 0.216 0.663 0.166 0.073 0.135 0.065 0.108 0.063 0.072 0.04 0.048 0.067 0.488 0.28 0.117
3e1 6.63 19.05 34.46 0.84 0.74 0.48 355 1.24 62.8 5.505 0.245 0.203 0.246 0.092 0.199 0.076 0.052 0.038 0.053 0.056 0.053 0.046 0.037 0.03 0.064 0.486 0.278 0.036
1e2 2.32 24.87 8.06 0.51 0.63 1.11 552 0.72 102.6 6.146 0.15 0.082 0.111 0.061 0.074 0.053 0.053 0.017 0.05 0.043 0.05 0.039 0.037 0.025 0.063 0.485 0.301 0.015
2a-2 59.52 24.03 91.73 1.36 1.80 1.23 541 1.66 86.6 5.312 0.379 0.313 0.462 0.122 0.317 0.106 0.062 0.069 0.057 0.078 0.057 0.058 0.039 0.038 0.065 0.486 0.313 0.055
2b-2 50.37 1.28 30.96 2.05 1.14 0.65 195 1.26 38.5 2.231 0.336 0.379 0.412 0.137 0.374 0.111 0.057 0.074 0.057 0.078 0.057 0.056 0.039 0.037 0.065 0.486 0.314 0.066
3e2 6.22 26.76 10.47 0.83 1.87 0.83 373 0.71 73.7 3.948 0.221 0.12 0.165 0.07 0.115 0.061 0.05 0.025 0.051 0.05 0.052 0.044 0.038 0.029 0.064 0.485 0.318 0.021
1e3 3.13 25.01 6.28 3.67 0.97 1.07 750 1.47 89.6 5.684 0.165 0.092 0.135 0.064 0.092 0.058 0.053 0.02 0.051 0.046 0.051 0.041 0.037 0.027 0.063 0.484 0.345 0.017
2e3 54.39 9.33 127.30 0.71 1.96 0.99 557 0.54 70.7 5.265 0.229 0.225 0.363 0.101 0.234 0.086 0.056 0.05 0.054 0.062 0.054 0.047 0.038 0.032 0.064 0.485 0.355 0.040
3e3 9.59 3.30 14.33 1.16 0.75 1.09 635 1.01 69.9 4.97 0.2 0.12 0.166 0.072 0.124 0.064 0.051 0.026 0.052 0.052 0.052 0.044 0.038 0.028 0.064 0.484 0.37 0.021
1e4 4.37 43.73 11.20 0.76 6.32 0.61 1024 0.80 61.1 4.428 0.121 0.073 0.113 0.059 0.066 0.052 0.047 0.013 0.05 0.04 0.05 0.037 0.037 0.023 0.063 0.484 0.337 0.013
2e4 548.40 4.35 362.00 1.75 1.25 0.40 205 0.54 47.8 2.64 1.11 1.195 1.561 0.42 1.474 0.342 0.112 0.286 0.09 0.239 0.089 0.145 0.05 0.106 0.075 0.508 0.281 0.181
3e4 3.99 40.65 5.26 0.56 1.80 0.56 875 0.36 69.1 4.129 0.25 0.118 0.152 0.071 0.119 0.062 0.052 0.027 0.052 0.053 0.053 0.046 0.038 0.03 0.064 0.484 0.345 0.021
1e5 8.35 0.82 13.37 nd 0.29 0.19 2 0.29 7.7 2.678 0.094 0.066 0.097 0.057 0.062 0.05 0.039 0.012 0.05 0.039 0.05 0.036 0.036 0.023 0.063 0.484 0.255 0.012
2e5 15.16 0.64 26.78 0.22 1.17 0.23 1 0.54 4.3 3.043 0.105 0.074 0.12 0.06 0.07 0.053 0.039 0.014 0.05 0.04 0.05 0.037 0.037 0.024 0.063 0.484 0.254 0.013
1e6 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd e

2a-6 1170 7.39 719.80 1.79 1.37 0.59 143 1.56 15.0 2.642 0.61 0.737 0.994 0.239 0.765 0.205 0.072 0.16 0.071 0.15 0.071 0.095 0.044 0.073 0.071 0.539 0.265 0.118
2b-6 274.20 53.71 276.10 1.85 0.80 1.00 222 2.13 23.4 0.921 0.403 0.622 0.965 0.201 0.623 0.159 0.065 0.124 0.063 0.105 0.061 0.067 0.04 0.044 0.066 0.497 0.289 0.107
3e6 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd e

1e7 4.45 1.72 4.37 0.09 0.43 0.34 479 0.35 79.7 5.364 0.099 0.072 0.105 0.058 0.061 0.051 0.05 0.012 0.05 0.038 0.05 0.036 0.037 0.022 0.063 0.484 0.281 0.013
2e7 7.00 1.00 8.83 0.85 1.25 0.35 451 1.26 73.7 5.41 0.116 0.085 0.115 0.061 0.078 0.053 0.049 0.014 0.05 0.04 0.05 0.036 0.036 0.023 0.063 0.484 0.286 0.015
3e7 3.06 1.04 6.48 3.31 2.88 0.41 554 4.29 76.2 5.557 0.122 0.084 0.107 0.06 0.072 0.053 0.05 0.014 0.05 0.041 0.05 0.037 0.037 0.023 0.063 0.485 0.301 0.015
1e8 2.40 12.61 1.71 0.09 0.20 0.46 577 0.31 14.4 2.086 0.107 0.068 0.096 0.057 0.061 0.05 0.04 0.011 0.049 0.038 0.049 0.036 0.036 0.022 0.063 0.484 0.284 0.012
2e8 13.32 4.21 6.82 0.66 0.63 0.33 327 0.53 8.8 0.771 0.124 0.106 0.138 0.066 0.096 0.056 0.041 0.02 0.051 0.042 0.05 0.038 0.037 0.024 0.063 0.484 0.263 0.019
3e8 5.19 20.70 2.97 0.59 1.17 0.35 445 0.36 15.2 1.439 0.119 0.085 0.121 0.061 0.077 0.053 0.041 0.014 0.05 0.041 0.05 0.037 0.037 0.024 0.063 0.484 0.277 0.015
1e9 2.72 126.9 5.44 1.24 0.59 0.63 295 1.06 14.7 0.349 0.093 0.063 0.101 0.056 0.057 0.05 0.04 0.01 0.049 0.037 0.049 0.035 0.036 0.022 0.063 0.484 0.287 0.011
2e9 13.48 1.42 8.37 2.03 0.75 0.26 139 3.34 2.8 nd 0.112 0.094 0.133 0.064 0.088 0.055 0.039 0.015 0.05 0.042 0.05 0.037 0.036 0.023 0.063 0.484 0.259 0.017
3e9 8.68 8.85 15.69 1.13 1.42 0.31 166 1.11 10.1 nd 0.115 0.096 0.147 0.064 0.092 0.057 0.04 0.017 0.05 0.042 0.05 0.037 0.036 0.024 0.063 0.484 0.26 0.017
1e10 1.87 7.56 3.24 1.86 0.75 0.27 683 0.70 79.4 3.869 0.186 0.159 0.128 0.074 0.127 0.061 0.051 0.022 0.051 0.046 0.051 0.041 0.037 0.026 0.063 0.483 0.318 0.029
2e10 5.90 11.21 7.30 0.61 0.57 0.27 668 1.26 83.4 3.887 0.358 0.409 0.233 0.126 0.338 0.093 0.058 0.053 0.055 0.065 0.055 0.053 0.039 0.033 0.064 0.484 0.314 0.072
3e10 1.31 10.75 4.44 1.36 1.23 0.31 732 2.54 84.4 4.003 0.345 0.428 0.16 0.128 0.337 0.092 0.057 0.048 0.055 0.062 0.055 0.05 0.038 0.031 0.064 0.484 0.33 0.076
1e11 25.92 0.66 254.70 0.05 0.78 0.26 3 0.42 24.6 3.346 0.214 0.682 0.624 0.248 0.767 0.162 0.065 0.102 0.06 0.079 0.056 0.052 0.038 0.034 0.064 0.484 0.255 0.121
2e11 221.40 1.69 110.00 0.65 2.22 0.28 4 1.16 36.5 3.073 0.423 1.714 1.49 0.584 2.002 0.364 0.109 0.264 0.078 0.15 0.067 0.078 0.041 0.05 0.066 0.485 0.255 0.294
3e11 14.46 0.63 85.15 2.75 5.49 0.25 2 4.03 14.3 0.349 0.165 0.444 0.387 0.179 0.505 0.121 0.054 0.067 0.055 0.064 0.053 0.045 0.037 0.028 0.063 0.484 0.254 0.080
1e12 282.20 266.9 1846.0 27.02 60.29 22.01 24,590 15.21 334.8 nd 0.88 0.575 0.343 0.538 0.508 0.471 0.383 0.065 0.479 0.354 0.482 0.338 0.353 0.208 0.617 4.832 2.532 0.011
2e12 nd 37.67 46.73 27.02 21.33 2.39 5741 40.65 145.5 nd 0.889 0.587 0.847 0.552 0.522 0.483 0.387 0.084 0.49 0.366 0.488 0.346 0.36 0.211 0.625 4.832 2.539 0.011
3e12 nd 28.20 84.06 11.09 13.28 2.23 5534 3.87 101.4 nd 0.87 0.575 0.866 0.548 0.507 0.473 0.389 0.089 0.488 0.362 0.49 0.346 0.361 0.217 0.626 4.832 2.546 0.010
1e13 nd 29.02 104.70 0.83 2.47 2.37 5711 4.39 119.1 nd 0.837 0.577 0.04 0.537 0.509 0.466 0.365 0.059 0.473 0.352 0.475 0.333 0.344 0.197 0.607 4.837 2.478 0.011
2e13 0.16 2.96 2.04 3.54 1.23 0.57 346 5.25 5.2 2.213 0.157 0.122 0.187 0.07 0.11 0.058 0.045 0.021 0.051 0.043 0.051 0.038 0.037 0.024 0.063 0.485 0.273 0.022
3e13 3.12 67.85 9.70 0.66 0.46 1.30 2043 1.43 27.3 1.912 0.141 0.078 0.128 0.059 0.067 0.051 0.041 0.013 0.049 0.04 0.05 0.037 0.036 0.024 0.063 0.484 0.282 0.014
1e14 1.75 1.04 5.65 1.79 0.99 0.72 1617 2.69 54.0 4.986 0.249 0.105 0.103 0.066 0.101 0.058 0.047 0.022 0.051 0.048 0.052 0.042 0.037 0.026 0.063 0.484 0.376 0.019
2e14 4.33 3.45 7.70 0.35 3.51 0.67 1607 0.38 51.5 5.259 0.255 0.121 0.121 0.07 0.113 0.061 0.048 0.024 0.052 0.05 0.052 0.043 0.037 0.028 0.063 0.484 0.376 0.022
3e14 nd 2.82 4.45 1.22 2.96 2.11 1600 3.74 52.6 nd 0.946 0.605 0.767 0.554 0.552 0.486 0.381 0.093 0.487 0.366 0.489 0.35 0.357 0.21 0.626 4.832 2.632 0.011
1e15 2.78 6.25 1.95 0.37 0.72 0.73 1235 0.29 62.0 4.378 0.178 0.116 0.122 0.067 0.105 0.059 0.048 0.02 0.051 0.045 0.051 0.04 0.037 0.025 0.063 0.484 0.35 0.021
2e15 77.72 4.46 65.58 2.73 2.35 0.60 905 3.23 64.7 3.426 0.326 0.3 0.453 0.12 0.31 0.102 0.057 0.061 0.056 0.072 0.056 0.052 0.039 0.035 0.064 0.484 0.327 0.053
3e15 230.00 2.75 156.90 1.53 2.59 0.34 304 0.79 33.7 1.433 0.534 0.59 0.659 0.205 0.638 0.169 0.069 0.117 0.064 0.116 0.064 0.076 0.042 0.054 0.067 0.5 0.273 0.100
1e16 5.52 5.74 5.01 0.26 0.64 0.50 268 0.34 86.1 3.571 0.212 0.133 0.149 0.073 0.131 0.064 0.052 0.025 0.052 0.051 0.052 0.043 0.037 0.027 0.064 0.484 0.344 0.024
2e16 166.10 2.24 160.90 1.44 0.73 0.54 81 0.39 36.2 1.24 0.578 0.655 0.679 0.228 0.75 0.19 0.072 0.138 0.067 0.125 0.066 0.082 0.042 0.055 0.068 0.493 0.265 0.109
3e16 6.07 16.69 4.59 0.90 4.23 0.49 236 0.30 73.5 2.89 0.303 0.166 0.187 0.084 0.175 0.074 0.053 0.034 0.053 0.059 0.055 0.05 0.038 0.033 0.065 0.484 0.322 0.029
1e17 11.26 4.10 20.92 0.03 0.72 0.20 27 0.30 27.2 2.93 0.111 0.086 0.137 0.062 0.084 0.055 0.043 0.016 0.049 0.041 0.05 0.037 0.037 0.024 0.063 0.483 0.256 0.015
2e17 66.00 5.35 186.80 0.60 1.46 0.24 24 1.06 26.0 2.373 0.312 0.227 0.41 0.103 0.264 0.091 0.052 0.053 0.056 0.072 0.057 0.055 0.039 0.04 0.065 0.486 0.255 0.040
3e17 24.88 1.21 107.70 0.03 0.22 0.22 23 0.34 24.8 2.489 0.149 0.103 0.155 0.067 0.102 0.06 0.043 0.021 0.051 0.047 0.051 0.041 0.037 0.027 0.064 0.484 0.256 0.018
1e18 4.91 20.03 8.97 0.47 5.99 0.67 1317 0.46 65.5 4.222 0.128 0.083 0.132 0.061 0.075 0.053 0.048 0.015 0.05 0.04 0.05 0.037 0.037 0.024 0.063 0.484 0.346 0.015
2e18 629.20 9.41 446.90 6.67 2.74 0.50 455 7.41 53.4 2.707 0.872 1.099 1.669 0.344 1.198 0.289 0.097 0.227 0.078 0.194 0.077 0.108 0.046 0.088 0.071 0.507 0.333 0.175
3e18 6.12 37.93 9.72 0.50 1.79 0.70 1279 0.56 76.6 4.471 0.137 0.077 0.118 0.059 0.07 0.052 0.048 0.014 0.05 0.041 0.05 0.038 0.037 0.024 0.063 0.486 0.361 0.014
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Fig. 2. Samples TDS values in each sampling period.

Fig. 3. Piper's (1944) diagram showing the major ion chemistry of sampled lake, rivers, streams, springs and wells. Karts 1, 2 and 3 are those karst-type classifications proposed by
Bicalho et al. (2015).
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3.2. Geochemical sources

Samples were plotted in scatter diagrams of anions and cations
to analyze chemical weathering in the region. In the absence of
halite, which is normally the case, Cl� inwater is mostly supplied by
atmospheric precipitation in unpolluted areas. SO4

2� is provided
mainly by the dissolution of gypsum, which may be wind-
transported or present in outcropping sediments. Scatter diagram
representing halite mineral dissolution shows that, although Naþe
Cl� regression coefficient is high (r ¼ 0.87, not shown), Naþ is more
concentrated than the theoretical stoichiometric relationship (i.e.,
1:1 M correspondence) in the mineral. A similar behavior occurs
with gypsum, where Ca2þ is more concentrated than SO4

2�. This
suggests that dissolved chemistry in these surface waters is
controlled by two general sources: atmospheric input and rock
weathering. High bivariate relationships (Fig. 5a) between HCO3
�

and both Ca2þ and Mg2þ (r ¼ 0.90 and 0.77, respectively) suggest
carbonate weathering (calcite and dolomite). Calcite theoretical
stoichiometric relationship is similar to relationship's slope, con-
firming it as a source. Although dolomite doesn't match with the
theory, Mg2þ shows dependence with HCO3

�. Moreover, dissolution
of silicates (as anorthite) also results in HCO3eCa/Mgwaters. Fig. 5a
also shows groundwater samples (shown in red) and samples with
low karst influence (in yellow).

To differentiate possible sources of dissolved elements (silicates
vs carbonates), samples were plotted on the diagram represented
in Fig. 5b, modified from Gaillardet et al. (1999). This diagram
shows the end-members of silicate hydrolysis and carbonate or
evaporite dissolution. The samples can be clearly seen on a line: one
extreme is close to the ideal silicate source, while the other, along



Fig. 4. Carbonate minerals saturation index (SI) along the Corrente River basin. Sam-
ples are ordered by calcite SI. Wet season samples are marked in grey.

Fig. 5. a) Biplot relation between HCO3
� and Ca, Mg. The surface, groundwater samples

and those without karst influence are identified. b) Scatter graph showing likely solute
sources in the studied system. Notice that plotted points mainly fall around carbonate
composition. Some samples are labeled. c) Gibbs diagram (1970), showing processes
which are likely to occur. Some samples are labeled. Note weathering processes in
siliciclastic groundwater. Karts 1, 2 and 3 are those karst-type classifications proposed
by Bicalho et al. (2015).
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with most of the samples, is above the carbonate end-member,
revealing that ions are liberated into water by the weathering of
suchminerals. There are no differences among the sampling period.
The higher amount of Naþ (i.e., low HCO3

�/Naþ and Ca2þ/Naþ)
revealing silicate weathering corresponding to Samples 5, 11, 12, 13,
and 15 (Sto Antônio eUrucuia stream, Vaca Morta spring, Barreiro
Fundo and Invenç~ao Farm wells, and Ressurgencia da Bananeira
well, respectively). The rest of the samples reflect that Naþ comes
from atmospheric precipitations. This is consistent with previous
analyses: a) Samples 5 and 11 do not evidence karst as the domi-
nant influence, b) groundwaters and resurgence evidence silicate
weathering influence over carbonate dissolution. There is only one
exception, found in Sample 14. This sample, a well in the karst
formation, reflects both sources.

Finally, Fig. 5c shows a Gibbs (1970) diagram, where some of
processes are highlighted: dilution, incongruent weathering, and
evaporation, with an end-member of seawater and Amazonic
signature. Most of the samples are plotted on the leftmost corner of
the graph (Fig. 5c), suggesting that incongruent hydrolysis of sili-
cate minerals, evaporation and dilution are not dominant pro-
cesses. This emphasizes the idea that carbonate dissolution is the
dominant process in these samples. However, silicate weathering is
present in siliciclastic groundwaters and in samples with low car-
bonate influence. Some sampling legends were added.

3.3. Trace elements distribution

Table 3 lists the trace and rare earth elements (REE) measured in
samples. Trace metal concentrations in the Corrente hydrological
basin range from 0.3 to 40.6 mg L�1 for ultra-trace elements as Pb,
and up to 1e24590 mg L�1 for minor elements (e.g., Fe and Sr).
Groundwater samples have the most concentrated values (espe-
cially Barreiro Fundo wells, Sample 12), whereas those with no
carbonate influence are the most trace diluted samples. This is
consistent with major hydrochemical analyses based on kinetics
and residence time. The Da Pedra Lake has high concentrations of Al
and Fe. The total sum of trace element concentrations in each



K.L. Lecomte et al. / Journal of South American Earth Sciences 69 (2016) 119e130 127
sample decreases in the order
Sr > Fe > Al > Ba >Mn > Zn> Sc > Pb > Cu > As > Th >U> REE, with
some slight differences between samples. Strontium and Ba have
higher values thanwaters with no carbonate influence, due to their
commonly replacement of Caþ2 or Mgþ2 in calcite or dolomite
structures, respectively (e.g., Bicalho et al., 2015).

Fig. 6a shows the range of dissolved trace elements normalized
to upper continental crusts (UCC; McLennan, 2001) and the mean
concentration of each sampling period. Thewatererock ratios leads
from 10�2 to 10�8 when normalized to UCC. Mobile elements that
contain the highest normalized concentrations (i.e., ppm sample/
ppm UCC > 10�4) are Ca, Na, Mg, Sr, U, As, whereas K, Ba, Zn, Cu, Pb,
Sc are present only in some samples (e.g., groundwaters). This
relatively increased concentration is due the solubility of the
minerals and their abundance in the outcropping rocks. Some of
these elements (major cation, Sr, Ba) have high solubility, known as
“large ion lithophile” or LIL elements (ionic potential <40 nm�1).
Depleted elements exhibit ppm sample/ppm UCC <10�6 at the
Corrente River system, as Al and Fe. These elements are very
insoluble, small and highly charged cations. All the remaining el-
ements fall within the 10�6 e 10�4 concentration range.
Fig. 6. a) and b) upper continental crust (UCC) normalized dissolved concentration and
Post-Archean Australian shale (PAAS) normalized dissolved REE concentration distri-
bution diagrams in the Corrente River surface and groundwater samples. The shad-
owed areas are determined by dissolved element variability; lines correspond to mean
element concentration in the three sampling periods. There are also samples 1e5 and
1e12 in b) as examples. c) Seasonal dissolved REE distribution.
Analyzing the seasonal variation (Table 3), it is evident that
many elements contain their highest values during the beginning of
the wet season. Lecomte (2006) demonstrated that the first pre-
cipitation remobilized trace elements which had been trapped or
adsorbed onto land surface sediments, releasing them into the
solution.

Analyzing the total dissolved REE concentration in detail, it
ranges from 800 to 7500 ng L�1, with the highest concentrations
present in Samples 11 and 4 (without karst influence) during the
beginning of the rainy season, followed by groundwaters and that
from the lake. Fig. 6b shows Post Archean Average Shales (PAAS)-
normalized REE spidergrams (McLennan, 1989) and it is also rep-
resented the mean concentration of each period sampling. It is
evident that behavior differs with respect to light (LREE: La to Nd)
versus middle and heavy (MREE: Sm to Dy and HREE: Ho to Lu,
respectively). There is a predominance of HREE and MREE over
LREE, mostly in the groundwater samples (i.e., 12 and 14). This is
also evidenced by the low LaN/LuN values, which range from 0.01 to
0.3 (Table 3), with the highest values during the beginning of the wet
season. Another noteworthy point is the conspicuous positive Eu
anomaly. This anomaly is widely used in petrology, due to its
positive (enrichment) or negative (depletion) value, which results
from the substitution of Sr by Eu in both feldspars (notably in Ca-
plagioclase) and in carbonates (McLennan, 1989). In this case, the
Eu anomaly is a direct consequence of calcite weathering. Likewise,
the negative Ce anomaly occurs in response to the oxidation of Ceþ3

to Ceþ4 and its subsequent precipitation from solution as CeO2

(Brookins, 1989).
Comparing REE dynamics with other environments, dissolved

REE are more concentrated in the karst-influenced study area than
in crystalline or volcanic terrains. Moreover, in the spidergrams
obtained for samples collected in non-karstic landscape, the HREE
normalized predominance is not evident. While most REE spider-
grams from granite-dominated, volcanic sedimentary environ-
ments and estuaries sediments show a slight dominance of MREE
over LREE and HREE (e.g., García et al., 2007; Hannigan and
Sholkovitz, 2001; Lecomte, 2006; Lecomte et al., 2008; Pasquini
et al., 2004; Rousseau et al., 2015, and references therein). A car-
bonate environment such as the Xijiang River (Xu and Han, 2009),
is an example of PAAS-normalized REE patterns that have features
in common with this work: positive Eu and negative Ce anomalies,
and progressively HREE enrichment relative toMREE and LREE. The
low REE dissolved concentration in the Xijiang River is mainly
attributed to the interaction of high pH and lowDOC concentration,
whereas in the Corrente River there is no pH and REE relationship
and DOC was not measured.

REE seasonal behavior is also shown in Fig. 6b, whereas Fig. 6c
contains the REE concentration of each sample. Surface waters
demonstrate a significant marked seasonal variation, with clearly
increased concentration in the beginning of the wet season. This
behavior can be explained by two mechanisms. The first one is the
removal of adsorbed REE from sediments, as was previously stated
for trace elements. The second process, atmospheric precipitation,
represents a significant source of REE which probably comes from
application of fertilizer (airborne soil particles, due to soil re-
suspension). The phosphate that composes the most fertilizers
used in Brazil has magmatic source (carbonatites), which has high
concentrations of REE (Abram, 2011). Concerning this hypothesis,
an example of this is found in Samples 4, 18 (surface), and 14
(groundwater) collected in a restricted zone: surface waters exhibit
up to six times more REE concentrated solution. García et al. (2007)
showed a relatively high REE concentration in the atmospheric
signature. Moreover, they found that once REE got into the surface,
they were quickly removed by adsorption processes.

A regression matrix (not shown) evidences a statistically
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relationship between REE and some elements. LREE has a demon-
strable relationship, whereas most of MREE and HREE show a
positive relationship with Y, Th, U, Cu, Zn, As, and Pb, evidencing
their release into solution when the wet season starts. Moreover,
REE are slightly related to the Cl�, SO4

2� and Naþ concentration. It is
known that the precipitations, which occur near the sea, present
Naþ and Cl� high concentrations (e.g., Chang et al., 2005; Chudaeva
et al., 2006; Jawad Al Obaidy and Joshi, 2006; Zhang et al., 2007a,
2007b; Zhao et al., 2008). In the region, air masses are issued
from the south Atlantic, suggesting an atmospheric precipitation
origin for those elements.
3.4. Statistical analysis

A principal component analysis was performed to obtain sig-
nificant statistical relationship from the Corrente River dissolved
elements. As a first approach, factor analysis (with Varimax rota-
tion) was performed to convert a set of observations on possibly
correlated variables into a set of values of linearly uncorrelated
variables, called principal components. The result of this analysis
indicated three principal components which explained >77% of the
total sample variance. Factor loadings captured 51%, 19%, and 7% of
the total variability, respectively. Table 4 shows factor loadings with
their corresponding communalities. Communalities indicate the
Table 4
Factor analysis results: Principal Component matrix with varimax rotation. Elements are

Principal component

1 (51.4%) 2 (19.2%)

Dy 0.988 �0.116
Yb 0.987 �0.113
Er 0.987 �0.120
Sm 0.980 �0.147
Pr 0.973 �0.150
Ho 0.973 �0.140
Eu 0.970 �0.029
Y 0.968 0.048
Tb 0.967 �0.165
Gd 0.966 �0.093
Tm 0.959 �0.138
Nd 0.956 �0.110
Ce 0.947 �0.141
Lu 0.938 �0.194
La 0.937 �0.101
Th 0.881 �0.223
Al 0.839 �0.188
Fe 0.833 �0.107
T�C �0.568 0.447
U �0.111 0.856
Na �0.026 0.842
TDS �0.367 0.834
Cl �0.091 0.820
SO4

2� �0.042 0.807
Ca �0.466 0.744
Sr �0.378 0.736
Sc �0.214 0.642
Ba 0.064 0.634
K 0.499 0.548
NO3

� �0.408 0.183
As �0.022 0.450
pH �0.270 0.122
Pb 0.172 0.123
Cu 0.528 �0.134
Mn �0.045 0.206
Mg �0.010 0.612
Zn 0.090 0.533

PC-REE PC-KARST
*atmospheric signal *calcite/dolomite dissolut
*desorption process *cation exchange
*silicate weatheing
percentage explained by the factors. Most variables show com-
munalities of >0.90, which points to the fact that most of the
variability is accounted for by these factors.

The first factor (51.4% total variance) is interpreted as REE
dominant influence (PC-REE), involving each rare earth element
and also Y, Th, Al and Fe. To a lesser extent, Cu can be included with
positive loading coefficients, indicating a direct relationship be-
tween them. Based on the information analyzed, it can be said that
the PC-REE is interpreted as a group of elements from different
sources including: a) by atmospheric input, b) by release to the
solution via remobilization of Fe oxides and clays (aluminosilicate)
which are adsorbed by REE, and c) by silicate weathering (e.g.,
biotite). When the wet season begins, the first precipitation causes
the fine-grained sediments and clays that had been steadily
adsorbing elements -mainly REE, Y, TH- change course and begin to
release them into the solution. Afterwards a time, these elements
are again removed from the dissolved phase into the solid phase.
This adsorption process continues during dry season until the wet
season starts again.

The second extracted factor (19.2% total variance) represents the
control exerted by the carbonate lithology on the concentration of
the main physicochemical variables (PC-KARST). The variables that
have a significant loading in this factor are: TDS, EC, HCO3

�, Ca, Sr,
Ba, Mg, Cl, SO4

2�, U and Na. In each variable, the coefficient has a
ordered due to their statistical importance.

Communalities

3 (7%)

0.013 0.998
0.020 0.994
�0.002 0.990
�0.014 0.997
�0.058 0.993
�0.001 0.975
0.085 0.976
�0.061 0.975
�0.005 0.978
0.002 0.970
0.007 0.959
�0.061 0.972
0.136 0.960
0.055 0.933
�0.114 0.962
0.043 0.949
0.186 0.922
0.352 0.911
0.091 0.943
0.271 0.832
0.118 0.733
�0.170 0.919
0.126 0.908
�0.133 0.805
�0.280 0.931
�0.009 0.952
0.426 0.859
0.363 0.868
0.176 0.864
¡0.763 0.865
0.715 0.908
0.694 0.868
0.041 0.875
0.095 0.951
0.215 0.925
0.048 0.949
�0.032 0.795
PC-land use

ion *land use
*acidification/As adsorption
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positive loading, thus indicating that they have a direct relation-
ship. In those areas where carbonate influence is present, PC-
KARST's variables reach the highest concentration. Furthermore,
the samples collected in the siliciclastic lithology show the lower
concentrations in those variables. In thismanner, the significance of
carbonate and silicate lithology is evident, as well as seasonal in-
fluences on the production of solutes.

Finally, the third factor accounts for 7% of the total variance and
underlines the significance of three variables: NO3

�, As, and pH. In
this case, coefficients have opposite loadings: NO3

� has a negative
loading, whereas As and pH have a positive coefficient, thus indi-
cating that they have an inverse relationship. This points out that
the third factor highlights samples with a high NO3

� concentration
and low As and pH values. The direct association that pH controls
As adsorption processes is widely known. Nitrate concentration
could be linked to changes in land use. Mudry et al. (2015) explain
how land use changes result in a higher nitrate concentration,
which, in turn, promotes CO2 production (lowering pH). This rela-
tionship can explain the third factor: as a consequence of agricul-
ture in the area, nitrate and dioxide carbon values increase,
triggering the depletion of pH values and favoring As adsorption.

4. Conclusions

The Corrente River (42,732 km2) with an average flow-rate of
36 m3 s�1 and a significant influence of carbonate rocks, contains
EC ranging between 4 and 1400 mS cm�1 (mean EC ~500 mS cm�1).
Major physicochemical characteristics make water samples to be
divided into three different groups: 1) Urucuia Group surface wa-
ters, type HCO3

� - Cl� have great variability through both the Caþ2

and Naþe Kþ axes. They are evidence of silicate weathering, a clear
atmospheric signal and no influence of carbonate rocks. 2) Wells,
which are the most concentrated samples, due to their high water-
rock contact time.Weathering processes are both silicate hydrolysis
and carbonate dissolution with a mixing percentage dependent on
surrounding lithology. Finally 3) is composed of carbonate draining
surface samples. They are clearly HCO3

� - Ca2þ water type, showing
strong predominance of carbonate rocks as sources. Saturation in-
dex (SI), calculated by PHREEQC, show that this last group of
samples is supersaturated in calcite, dolomite and aragonite; and
that the SI is lower when the rainy season begins.

Seasonal analyses reveal that major and trace dissolved ele-
ments behave differently. While during precipitation events the
concentrations of major elements are diluted, the concentration of
trace and rare earth elements (REE) increases. This increase is due
to both remobilization and desorption processes, as well atmo-
spheric dust weathering.

REE concentrations in waters that drain from karstic terrains
show a PAAS-normalized pattern, showing enrichment through
high REE. Dissolved Lu concentration reaches 626 ng L�1 in karst
groundwater, whereas it is depleted by one order of magnitude in
non-carbonate surface waters. Finally, statistical analyses, namely
matrix regression, and PCA, were used to classify variables into
homogeneous groups. Principal component analysis shows that
>50% of the variance is explained by REE, Y, Th, Al and Fe; with a
statistically significant direct relationship (p < 0.05). This is inter-
preted as a silicate weathering process and also a desorption pro-
cess which occurs during the beginning of wet season, with the first
atmospheric precipitations. The second extracted factor explains
19% of the variability and comprises those variables related to karst
lithologies (i.e., Ca2þ, HCO3

�, Mg2þ, Sr, Ba, EC, TDS) and some vari-
ables associated as Naþ, Cl�, U, SO4

2�, Sc. These variables represent
both, calcite and dolomite dissolution, as well as cation exchange
occurring in karst environments. A third factor related to land use
explains 7% of the total variability. Agriculture increases NO3

� and
CO2 in solution, acidifying the environment. This is the first
parameter that would indicate anthropogenic influences in the
region.

In conclusion, during a hydrological year, the longer residence
time in groundwater samples facilitates mineral weathering
resulting in higher dissolved concentration. Moreover, in surface
samples it is evident both controls: seasonal (dilution of major el-
ements due to rainfall and enrichment of trace and rare earth el-
ements) and a lithological control which clearly differentiate those
samples taken from siliciclastic rocks from the carbonate ones.
Geochemical variables allow for the identification of the sources of
the dissolved elements. During the beginning of the wet seasons
slightly acidic water drops weather atmosphere dust, and precipi-
tation remobilizes trace and rare earth elements enriching their
dissolved concentration in surface waters.
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